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function in neurological disorders. This comprehen-
sive reference surveys the literature related to the con-
trol of spinal cord circuits in human subjects, showing
how they can be studied, their role in normal move-
ment, and how they malfunction in disease states. The
distinguished authors each bring to the book a life-
time’s research and practice in neuroscience, motor
control neurobiology, clinical neurology and rehabili-
tation. Chapters are highly illustrated and consistently
organised, reviewing, for each pathway, the experimen-
tal background, methodology, organisation and con-
trol, role during motor tasks, and changes in patients
with CNSlesions. Each chapter concludes with a helpful
résumé that can be used independently of the main text
to provide practical guidance for clinical studies. This
is therefore the last word on the role of the spinal cord
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Preface

Spinal mechanisms in the control of movement. In
the 1910-1920s Paul Hoffmann demonstrated that
percutaneous electrical stimulation of the posterior
tibial nerve in human subjects produced a synchro-
nised response in the soleus muscle with the same
central delay as the Achilles tendon jerk. This land-
mark study long preceded Lloyd’s identification of
the corresponding pathway in the cat (1943). Subse-
quently, much of the primary knowledge about the
spinal circuitry has come from animal experiments,
but human studies have retained a unique role: the
ability to shed directlight on how spinal mechanisms
are used in the control of voluntary movement. In
the 1940-1950s, many spinal pathways were an-
alysed in ‘reduced’ animal preparations with regard
to their synaptic input and to their projections to
other neurones.

Modern views about spinal pathways began to
emerge when Anders Lundberg and colleagues
showed in the 1960s and 1970s that, in the cat,
each set of spinal interneurones receives extensive
convergence from different primary afferents and
descending tracts, and that the integrative function
of spinal interneurones allows the motoneurones
to receive a final command that has been updated
at a premotoneuronal level. Methods have now
been developed to enable indirect but nevertheless
valid measurements of spinal interneuronal activ-
ity in human subjects, and these techniques have
demonstrated reliability, particularly when congru-
ent results are obtained with independent meth-
ods. Their use has allowed elucidation of how
the brain modulates the activity of specific spinal



Preface

interneurones to control movement. This, together
with the abnormalities of motor control resulting
fromlesions in the central nervous system (CNS) and
the underlying pathophysiology of movement disor-
ders, is the subject of this book.

Over recent years, reappraisal of the role of direct
cortico-motoneuronal projections in higher pri-
mates including humans has led to the view that
the control of movement resides in the motor cor-
tical centres that drive spinal motoneurone pools to
produce the supraspinally crafted movement. This
view belies the complex interneuronal 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. While the capacity
of the spinal cord to generate or sustain even simple
movements, particularly in human subjects, is lim-
ited, the influence that it plays in shaping the final
motor output should not be underestimated. The
recent recording by Eberhard Fetz and colleagues
from spinal interneurones during, and before, volun-
tary movement in the awake monkey well illustrates
this role of the spinal cord. A goal of rehabilitation of
patients with upper motor neurone lesions should
be to harness the residual motor capacities of the
spinal cord and, for this to occur, the information
in this book is critical. The techniques described in
this book will also allow assessment in patients of
whether any regeneration is ‘appropriate’.

Studying motor control in human subjects. There
has been an explosion of studies on human move-
ment and of the dysfunction that accompanies dif-
ferent neurological disorders, and the prime ration-
ale for this book is to summarise the literature
related to the control of spinal cord circuitry in
human subjects. Of necessity, only some interneu-
ronal circuits can be studied reliably in human sub-
jects, and no one book can provide a complete
overview of the role of spinal circuitry in normal and
pathological movement: there are no data for the
many circuits that cannot yet be studied in human
subjects, let alone the cat. This book is intended to
provide a comprehensive account of (i) how some
well-recognised and defined circuits can be stud-

ied, (ii) how they are used in normal movement, and
(iii) how they malfunction in disease states.

It is as well to retain some reservations about con-
clusions of studies in human subjects: (i) All studies
on human subjects are indirect and cannot be con-
trolled as rigorously as in the cat. (ii) Some path-
ways cannot be explored quantitatively, because
their effects are contaminated by effects due to other
afferents (e.g. effects due to group II afferents are
always contaminated by group I effects whatever
testing method is used). (iii) For methodological
reasons (stability of the stimulating and recording
conditions), isometric voluntary contractions have
been the main motor tasks during which changes in
transmission in spinal pathways have been investi-
gated. However, recent technological advances now
allow the investigation of spinal pathways during
natural movements, including reaching and walking.
(iv) With transcranial magnetic stimulation of the
motor cortey, it is possible to investigate the corti-
cospinal control of spinal interneurones, but there
are little data for other descending controls from
basal ganglia and the brainstem, other than vestibu-
lar projections. (v) In patients, spinal circuitry has
usually been explored under resting conditions,
but the functionally important deficits may appear
only during attempted movements (reinforcement
of spasticity during movement, dystonia).

Methodological advances. The Hreflex has served
motor control well but, over the last 30 years, other
techniques have been developed to allow more accu-
rate probing of spinal pathways in human subjects,
providing data that can validate and extend the find-
ings from H reflex studies. As a result, knowledge of
the role of spinal pathways in normal and pathologi-
cal motor control has increased greatly, and this pro-
vides a further motivation for this book. For example,
the use of post-stimulus time histogramshas allowed
the investigation of single motoneurones in human
subjects, the technique of spatial facilitation allows
the exploration of the convergence of different vol-
leys on spinal interneurones, and transcortical stim-
ulation of the motor cortex allows the corticospinal
control of spinal pathways to be investigated. This
book details this newer knowledge for the use of



those who have an interest in the subject but who
have not had time to read the rapidly accumulating
original literature. Inevitably, there will be inconsis-
tencies in conclusions from studies on intact human
subjects who can respond to a stimulus. Greater
validity comes from using a number of independent
techniques to demonstrate the same finding, as is
emphasised in the following chapters. Inconsistent
or irreproducible findings can lead to controversy
about the nature and the functional role of a specific
pathwayinnormal subjects and in patients, and such
inconsistencies are presented, and the validity of the
method(s) used to explore that pathwayis addressed.
Possible future directions for the research are
discussed.

Organisation of individual chapters. The differ-
ent spinal pathways for which there are reliable and
non-invasive methods of investigation are consid-
ered with, for each pathway:

(i) A brief background from animal experiments.
Human investigations are indirect and it is
crucial to know the essential characteristics
of each pathway described in animal experi-
ments with recordings from motoneurones
and/or interneurones. Caution should always
be taken in extrapolating from data obtained
in ‘reduced preparations’ (anaesthetised, decer-
ebrate or spinalised animals) to awake intact
human subjects, but the validation of a tech-
nique for exploring a given pathway mayrequire
controls only possible in animal experiments
and is more credible when there is a close anal-
ogy with animal experiments.

(i) A critical description of the available method(s)
thathave beenused to explore the relevant path-
ways selectively. Methodological details allow-
ing the reader to use reliable methods are
described.

The organisation and descending control (in
particular corticospinal) of these pathways in
human subjects. The basic organisation of each
pathway may well be the same in humans and
cats, but the strength of the projections of indi-

(iii
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vidual spinal pathways on different motoneu-
rone pools and their descending control have
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xvii

been the subject of phylogenetic 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.

(iv) The changes in transmission in these pathways
during various motor tasks. How spinal reflex
pathways are used in motor control cannot be
deduced from experiments on ‘Teduced’ ani-
mal preparations. It requires experiments per-
formed during natural movements, as can be
done in humans. This has been one major con-
tribution ofhuman 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 func-
tional implications of the described changes in
transmission in spinal pathways during move-
ment.

(v) Changes in transmission in these pathways in
patients with various lesions of the CNS. This
has provided new insights about the patho-
physiology of the movement disorder in these
patients.

Overall organisation of the book. The general
methodologies that are used for investigating path-
ways are considered in a first chapter with, for each
method, its advantages and its disadvantages. There
is a risk that starting with a technical chapter would
dissuade the non-specialist reader from delving fur-
ther into the book. This initial chapter is useful to
understand fully the particular techniques used for
the investigation of the different pathways, but it
is not essential for comprehension of the following
chapters.

For those who wish to know how methods 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
theirinterpretation(s) are critically evaluated in each
chapter. Because human studies are fraught with
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technical difficulties, much space has been alloted
to methods and potential pitfalls.

For those who want to get to the gist of the mat-
ter 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
functional role of the particular pathway in motor
control and in the pathophysiology of movement
disorders.

The final two chapters summarise and synthesise
the changes in transmission in spinal pathways dur-
ing movement and how these changes contribute to
motor control, and spinal mechanisms underlying
spasticity and motor impairment in patients with
Parkinson’s disease. In these chapters, the physio-
logical (Chapter 11) and pathophysiological (Chap-
ter 12) roles of different spinal pathways, considered
in the previous chapters, are presented with another
approach: (i) how different motor tasks are controlled
by spinal pathways (Chapter 11); (ii) how these path-
ways contribute to motor disorders (Chapter 12).
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Abbreviations

5-HT
ACh
Aff.
AHP
APB

Bi

CFS

Co FRA
CPN
CS or (Cort. sp.)
CUSUM
Cut
Desc.
DPN
ECR
ED
EDB
EDL
EHB
EHL
EMG
EPSP
Erect sp
Exc
FCR
FCU
FDB
FDI
FDS
FHB
FN
FPL

5-hydroxytryptophan
acetylcholine

affected
afterhyperpolarisation
abductor pollicis brevis
biceps

critical firing stimulus
contralateral FRA
common peroneal nerve
corticospinal

cumulative sum
cutaneous

descending

deep peroneal nerve
extensor carpi radialis
extensor digitorum
extensor digitorum brevis
extensor digitorum longus
extensor hallucis brevis
extensor hallucis longus
electromyogram
excitatory post-synaptic potential
erector spinae

excitatory

flexor carpi radialis

flexor carpi ulnaris

flexor digitorum brevis
first dorsal interosseus
flexor digitorum superficialis
flexor hallucis brevis
femoral nerve

flexor pollicis longus
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List of abbreviations

FRA flexion reflex afferent

Glut Max (or Glut) gluteus maximus

GM gastrocnemius medialis

GS gastrocnemius-soleus

GTO Golgi tendon organ

H hamstrings

IN interneurone

Inhib. inhibitory

IPSP inhibitory post-synaptic
potential

ISI inter-stimulus interval

L-Ac L-acetylcarnitine

LC (or Loc. coer). locus coeruleus

MC musculo-cutaneous

MEP motor evoked potential

MLR medium-latency response

MN motoneurone

MRI magnetic resonance imaging

MT motor threshold

MVC maximal voluntary
contraction

NA noradrenaline

NRM nucleus raphe magnus

PAD primary afferent depolarisation

Per Brev peroneus brevis

PL

PN

Ps

PSP

PT

PTN

Q

RC

Rect Abd

RS or (Ret. Sp).

Rubr. sp.
SLR
Sol
SPN
SSEP
Stim.
TA
TFL
™S
TN
Tri
Unaff.
VI

VL

VS

peroneus longus
propriospinal neurone
psoas

post-synaptic potential
perception threshold
posterior tibial nerve
quadriceps

Renshaw cell

rectus abdominis
reticulo-spinal
rubro-spinal
short-latency response
soleus

superficial peroneal nerve
somatosensory evoked potential
stimulus

tibialis anterior

tensor fasciae latae

trans cranial magnetic stimulation
tibial nerve

triceps brachii

unaffected

vastus intermedius

vastus lateralis
vestibulo-spinal



General methodology

The following chapters discuss methods that allow
the selective investigation of different spinal path-
ways. Whatever the pathway investigated, its activa-
tion produces changes in the excitability of spinal
motoneurones, ‘the final common path’ in the
motor system. A prerequisite for any investigation
of changes in the spinal circuitry in human sub-
jects is therefore to be able to assess changes in
motoneurone excitability quantitatively, using valid
reproducible methods. Several non-invasive meth-
ods have been developed, and these are considered
in this chapter with their advantages and disadvan-
tages. All are, of course, indirect, and valid conclu-
sions can only be obtained if congruent results are
obtained with different methods relying on different
principles. All may be, and many have been, used
in studies on patients, but here the methodology
should be simple and rapid.

This initial chapter is technical and non-specialist
readers could bypass it, referring back if they need
to clarify how results were obtained or understand
the advantages and limitations of a particular tech-
nique. However, the chapter is required reading for
those who want to understand fully the particular
techniques used for the different pathways and how
to use those techniques.

The monosynaptic reflex: H reflex
and tendon jerk

The ‘monosynaptic reflex’ forms the basis of the first
technique available to investigate spinal pathways

in animals and humans. The principle is based on
the apparent simplicity of the monosynaptic projec-
tion of Ia afferents to homonymous motoneurones.
Subsequent studies have shown that the so-called
monosynaptic reflex is not as simple as was initially
thought. We will consider successively: (i) the initial
findings; (ii) the principles underlying the mono-
synaptic reflex testing method; (iii) the basic
methodology of the H reflex; (iv) limitations related
to mechanisms which can change the size of the
reflex by altering its afferent volley; (v) ‘pool prob-
lems’ related to the input-output relationship within
the motoneurone pool.

Initial studies

Animal studies

The monosynaptic reflex depends on the projec-
tion of muscle spindle Ia afferents to homonymous
motoneurones and was used in the early 1940s as
a tool for investigating changes in excitability of
the motoneurone pool (Renshaw, 1940; Lloyd, 1941).
When used as a test reflex, the monosynaptic reflex
allows one to assess the effect on the motoneu-
rone pool of conditioning volleys in peripheral affer-
ents or descending tracts. During the 1940s and
early 1950s this method was used to reveal impor-
tant features of the input to spinal motoneurones.
Intracellular recordings later allowed more detailed
analysis of the synaptic input to motoneurones in
animals (see Baldissera, Hultborn & Illert, 1981), but
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Fig. 1.1. Sketch of the pathway of the monosynaptic reflex. Ia afferents from muscle spindle primary endings (dotted line) have

monosynaptic projections to « motoneurones (MNs) innervating the corresponding muscle (homonymous MNs). The H reflex is

produced by electrical stimulation of Ia afferents, and bypasses muscle spindles. The tendon jerk is elicited by a tap that stretches

muscle spindles and therefore also depends on the sensitivity to stretch of primary endings, a property that may be altered by the

activity of y efferents (however, see Chapter 3, pp. 117-18). The pathway of presynaptic inhibition of Ia terminals (see Chapter 8) is

represented.

interestingly this greater precision did not change the
main conclusions that had emerged from the experi-
ments employing the monosynaptic reflex. This sug-
gests that the monosynaptic reflex method produces
reliable results.

Human studies

Percutaneous electrical stimulation of the posterior
tibial nerve produces a synchronised response in the
soleus muscle (Hoffmann, 1918, 1922). This became
known as the Hoffmann reflex or H reflex (Magladery
& McDougal, 1950). Magladery et al. (1951a) showed
that the first motoneurones discharging in the H
reflex do so at a latency consistent with a mono-
synaptic pathway (see Chapter 2). After the pioneer
investigations of Paillard (1955), the H reflex, which
is the equivalent of the monosynaptic reflex in ani-
mal studies, became the main tool in many motor
control investigations and diagnostic studies per-
formed on human subjects (for reviews, see Schiep-
pati, 1987; Burke et al., 1999; Pierrot-Deseilligny &
Mazevet, 2000).

Underlying principles

The monosynaptic reflex arc
Pathway

Ia fibres from muscle spindle primary endings have
monosynaptic excitatory projections to motoneu-
rones innervating the muscle from which the affer-
ents emanate (homonymous projections, Fig. 1.1).
This pathway is responsible for the tendon jerk (see
Chapter 2). The H reflex is produced by electrical
stimulation of Ia afferents, which have a lower elec-
trical threshold than o motor axons, particularly for
stimuli of relatively long duration (see p. 6).

The H reflex, tendon jerk and short-latency
spinal stretch reflex

These are all dependent on monosynaptic excitation
from homonymous Ia afferents. However, the affer-
ent volleys for these reflexes differ in many respects
(cf. Chapter 3): (i) the electrically induced afferent
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Fig. 1.2. Principles of the monosynaptic reflex. (a) Orderly recruitment of motoneurones (MNs) by a given Ia input: the size of the

Test EPSP

VT~

monosynaptic Ia EPSP (upper row) decreases as MN size increases (lower row). The dotted horizontal line represents the threshold
for discharge of the MNs. Only the smallest MNs (black) are fired by the test Ia volley, and the excitability of subliminally excited
MNs decreases from the smallest to the largest (as indicated by the decreasing tone of grey). (b) Facilitation by an excitatory input.
There is summation of the conditioning (thin lines) and test (thick lines) EPSPs. As a result, MNs which had just failed to discharge
in the control reflex are raised to firing threshold and the size of the reflex is increased. (c) Inhibition by an inhibitory input. There is
summation of the conditioning IPSP (thin line) and of the test EPSP (the test EPSP is also reduced by changes in the membrane
conductance, see p. 27). As a result, MNs which had just been recruited in the control reflex cannot be discharged, and the size of the
reflex is reduced. Note that the excitability of the MNs in the subliminal fringe of excitation is also modified by the conditioning
input. Modified from Pierrot-Deseilligny & Mazevet (2000), with permission.

volley for the H reflex bypasses muscle spindles
and produces a single synchronous volley in group
Ia and Ib afferents; (ii) the tendon tap produces
a highly dynamic stretch, which activates mainly
muscle spindle primary endings and elicits a pro-
longed discharge in Ia afferents; (iii) the short-
latency Ia spinal stretch reflex is overlapped by
a medium-latency response due to a group II
volley from muscle spindle secondary endings (see
Chapter 7).

The orderly recruitment of motoneurones in
the monosynaptic reflex

Figure 1.2(a) shows that, in the cat, the size of the test
Ta excitatory post-synaptic potential (EPSP) evoked
in individual motoneurones by a given afferent vol-
ley is larger in small motoneurones supplying slow
motor units than in large motoneurones supplying
fast units. As a result, motoneurones are recruited in
anorderly sequence by the Iainput, from the smallest
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to the largest, according to Henneman’s size prin-
ciple (see Henneman & Mendell, 1981). Motoneu-
rones contributing to the human H reflex are
recruited in a similar orderly sequence from slow to
fast motor units (Buchthal & Schmalbruch, 1970).
This orderly recruitment of motoneurones is pre-
served when they receive a variety of excitatory and
inhibitoryinputs (thoughnotall, see pp. 18-20), such
that facilitation will initially affect those motoneu-
rones that just failed to discharge in the control reflex
(dark grey motoneurones in Fig. 1.2(b)) and inhibi-
tion will affect those that had just been recruited
into the controlreflex (largestblackmotoneuronesin
Fig. 1.2(a).

Principles of the monosynaptic
reflex method

In the control situation, the test Ia volley elicited
by stimulation of constant intensity causes some
motoneurones to discharge producing the control
test reflex (black motoneurones in Fig. 1.2(a)) and
creates EPSPs in other motoneurones which thereby
become subliminally excited (grey motoneurones in
Fig. 1.2(a)). If motoneurones are now facilitated by
a subthreshold conditioning volley, motoneurones
thathad justfailed to fire in the control reflex will dis-
charge when the conditioning and test EPSPs sum-
mate (Fig. 1.2(b)). The size of the test reflex will
increase. By contrast, if motoneuronesreceive condi-
tioning inhibitory post-synaptic potentials (IPSPs),
the test Ia volley will not be able to discharge the
motoneurones that had been recruited last into
the control reflex, and the size of the test reflex
will be decreased (Fig. 1.2(c)). The method allows
one to distinguish between: (i) conditioning stimuli
without effect on the excitability of motoneurones;
(ii) those which evoke only subliminal excitation
of the motoneurones when applied alone; and (iii)
those which inhibit motoneurones. A variant of
the method is to compare the amplitude of the
reflex in two situations (e.g. ‘natural reciprocal inhi-
bition’ of the reflex with respect to rest during

voluntary contraction of the antagonistic muscle,
cf. Chapter 5).

Basic methodology

H reflexes cannot be recorded with equal ease in dif-
ferent motor nuclei (cf. Chapter 2). In most healthy
subjects at rest, H reflexes can usually be recorded
only from soleus (Hoffmann, 1918), quadriceps
(Gassel, 1963), hamstrings (Magladery et al., 1951a)
and flexor carpiradialis (FCR) (Deschuytere, Rosselle
& DeKeyser, 1976). However, when a weak voluntary
contraction is used to potentiate the reflex by raising
motoneurone excitability close to firing threshold,
H reflexes can be recorded from virtually all limb
muscles, if the parent nerve is accessible to elec-
trical stimulation (cf. Burke, Adams & Skuse, 1989;
Chapter 2).

General experimental arrangement
Subject’s posture

The subject should be comfortably seated in an arm-
chair with the examined limb loosely fixed in a posi-
tion avoiding stretch of the test muscle (see Hugon,
1973; Burke et al., 1999). Thus, the lower limb is com-
monly explored with the hip semi-flexed (120°), the
knee slightly flexed (160°) and the ankle at 110° plan-
tarflexion. The upperlimbis explored with the shoul-
der in slight abduction (60°), the elbow semi-flexed
(110°), and the forearm pronated and supported by
the arm of the chair. In patients, recordings can be
performed supine, again avoiding stretch on the test
muscle.

Awareness

The state of awareness of the subject may modify the
amplitude of the H reflex, often in an unpredictable
way. The H reflex increases during alertness, at least
when the level of attention is high (Bathien & Morin,
1972). Task demands can induce variations in the
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Fig. 1.3. Recruitment curve of the H and M waves in the soleus. (a)—-(h) Sample EMG responses ((e)-(h)) and sketches of the
corresponding volleys in Ia afferents and motor axons ((a)-(d)) when the stimulus intensity is progressively increased. MNs
discharged by the Ia volley are black, muscle fibres activated by the H reflex are speckled and those activated by the M wave are
hatched. (a) and (e), stimulation (9 mA) activates Ia afferents only and causes MN ‘X’ to fire in the H reflex. (b) and (f), stronger
stimulation (12 mA) activates more la afferents and this causes MNs ‘X’ and ‘Y’ to fire in the H reflex, which increases in size. It also
elicits a motor volley in the axon of MN ‘Z’ and an M wave appears in the EMG. The antidromic motor volley in MN ‘Z’ does not
collide with the reflex response, because this MN does not contribute to the reflex. (¢) and (g), even stronger stimulation (15 mA)
causes MNs X’ and ‘Y’ to fire in the H reflex and elicits a motor volley in the axon of MNs ‘Z’ and ‘Y’: as a result, an M wave appears
in the muscle fibres innervated by MN ‘Y’. The antidromic motor volley collides with and eliminates the reflex volley in the axon of
MN Y, and the H reflex decreases. (d) and (h), yet stronger stimulation (30 mA) produces Mpax, and the H reflex is eliminated by
collision with the antidromic motor volley. The vertical dashed line in (e)-(g) indicates the latency of the H reflex. (i), the amplitudes
of the H reflex (@) and of the M wave (O) are plotted against stimulus intensity. Modified from Pierrot-Deseilligny & Mazevet (2000),
with permission.

H reflex related to the particular characteristics of =~ Recording the H reflex
the mental effort required by the task itself (Brunia,
1971). In practice, H reflexes should be recorded in
a quiet room, and the influence of the mental effort Reflexes generally appear in the EMG as triphasic
involved in a difficult motor task should be taken into waveforms, particularly with soleus where the elec-
account. Conversely, the H reflex decreases during trodesarenotover themotor point (cf. Fig. 1.3(e)—(g)).
the early stages of sleep and is abolished during REM (i) Bipolar surface electrodes are commonly placed
sleep (Hodes & Dement, 1964). 1.5-2 cm apart over the corresponding muscle belly

Recording
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for recording H and tendon reflexes. For the quadri-
ceps the best place is on the anterior aspect of the
thigh, 5-10 cm above the patella over the vastus
intermedius. In the forearm, a selective voluntary
contraction can be used as a first step to focus the
reflex response on the desired motoneurone pool,
because during the contraction the reflex discharge
canbe obtained atlower threshold in the contracting
muscle.

(ii) Monopolar recordings, with an ‘active’ elec-
trode over the mid-belly of the muscle and a ‘remote’
electrode over its tendon, have been recommended
to minimise the effects of changes in geometry of
the muscle during voluntary contraction (Gerilovsky,
Ysvetinov & Trenkova, 1989). However, these changes
are adequately taken into account if the reflex is
expressed as a percentage of the maximal M wave
(see p. 8) measured under the same conditions. In
addition, the more distant the remote’ electrode, the
less likely is the recorded activity to come from only
the muscle underlying the ‘active’ electrode.

Measurement

(i) Reflex latency is measured to the first deflection
of the H wave from baseline, not to the first positive
peak of the commonly triphasic waveform (see the
vertical dashed line in Fig. 1.3(e)-(g)).

(ii) In practice it makes little difference whether the
amplitude or the surface area of the reflexis assessed
or whether amplitude is measured for the negative
phase only or from negative peak to the following
positive peak. Whichever way the H reflex is mea-
sured, the same method should be used for the max-
imal M wave, ‘M. (see p. 8), and the amplitude
of the H reflex must be expressed as a percentage of
Mmax-

Cross-talk

Pickup of the EMG potentials from an adjacent mus-
cle can occur if there is spread of the test stimulus —
electrical to another nerve (H reflex), or mechanical
to another muscle (tendon jerk) (see Hutton, Roy &
Edgerton, 1988). Even if this does not occur, it can

still be difficult to be certain that a surface-recorded
EMG potential comes exclusively from the under-
lying muscle rather than a synergist (e.g. responses
elicited in the FCR and finger flexors after median
nerve stimulation). In addition, responses evoked
by a conditioning stimulus may also contaminate
the test reflex, e.g. the H reflex in the antagonist
FCR when studying reciprocal inhibition from wrist
flexors to wrist extensors. Muscle palpation may
help recognise inadvertent activation of inappropri-
ate muscles. Another simple way of ensuring that
the reflex response originates from the muscle over
which it is recorded is to check that it increases dur-
ing a selective voluntary contraction of that muscle.

Stimulation to elicit the H reflex

H reflexes are produced by percutaneous electrical
stimulation of Ia afferents in the parent nerve. The
technique is now well codified (see Hugon, 1973;
Burke et al., 1999).

Duration of the stimulus

The diameter of Ia afferents is slightly larger than
that of « motoraxonsand theirrheobasic threshold is
lower, such thatitis generally possible, particularlyin
soleus, to evoke an H reflex with stimuli below motor
threshold (1 x MT). The strength—duration curves
for motor axons and Ia afferents differ and, as a
result, the optimal stimulus duration for eliciting the
H reflex is long (1 ms; see Paillard, 1955; Panizza,
Nilsson & Hallett, 1989). The stimulus intensity for
the threshold H reflex then approaches rheobase
for low-threshold Ia afferents, approximately 50% of
rheobase for motor axons (Lin et al, 2002).

Unipolar and bipolar stimulation

The best method for ensuring that Ia afferents are
excited atlower threshold than motor axons involves
placing the cathode over the nerve and the anode
on the opposite side of the limb, so that current
passes transversely through the nerve. The soleus
and quadriceps H reflexes are commonly evoked by
monopolar stimulation of the posterior tibial nerve



(cathode in the popliteal fossa, anode on the anter-
ior aspect of the knee) and the femoral nerve (cath-
ode in the femoral triangle, anode on the poster-
ior aspect of the thigh), respectively. However, in
areas where there are many nerves, bipolar stimula-
tion may avoid stimulus encroachment upon other
nerves: the median nerve (FCR) is so stimulated at
the elbow. The same applies to the stimulation of
the deep peroneal branch of the common peroneal
nerve (tibialis anterior) at the fibular neck and of
the sciatic nerve (hamstrings) at the posterior aspect
of the thigh. It is generally stated that the cathode
should then be placed over the nerve with anode dis-
tal (orlateral) to avoid the possibility of anodal block.
However, there is little evidence that this is really a
problem in practice.

Frequency of stimulation

Because of post-activation depression (see
Chapter 2), there is reflex attenuation as stim-
ulus rate is increased above 0.1 Hz. This attenuation
requires at least 10 s to subside completely, but
its effects are sufficiently small after 3—4 s to allow
testing at 0.2-0.3 Hz. Use of these frequencies consti-
tutes a compromise between reflex depression and
the necessity to collect a large number of responses
because of reflex variability. During a background
contraction of the tested muscle, the attenuation
with increasing stimulus repetition rate is reduced
or even abolished (cf. Chapter 2).

Magnetic stimulation

The H reflex may also be evoked by magnetic stimu-
lation of the parentnerve (or nerve root) and appears
with the same latency as with electrical stimulation
(Zhu et al., 1992). One advantage of magnetic stim-
ulation is the ease with which an H reflex can be
elicited from deep nerves, such as the sciatic nerve in
the thigh or the sacral nerve roots, which are difficult
to access with percutaneous electrical stimulation
unless needle electrodes are inserted (Abbruzzese
etal., 1985). However, with magnetic stimulation, the
threshold for the H reflex is usually higher than that

The monosynaptic reflex

for the M wave. This difference is probably due to
the extreme brevity (~0.05 ms) of the effective stim-
ulus produced by magnetic stimulation, a stimulus
duration that favours motor axons with respect to Ia
afferents (Panizza et al., 1992).

H and M recruitment curve
The recruitment curve

As the intensity of the electrical stimulus to the pos-
terior tibial nerve is increased, there is initially a pro-
gressive increase in amplitude of the soleus reflex
due to the stronger Ia afferent volley (Fig. 1.3(a), (b),
(e), (f)). When motor threshold is reached, the short-
latency direct motor response (M wave) appears in
the EMG due to stimulation of motor axons ((b) and
(f)).Furtherincreasesin theintensity of the test stim-
ulus cause the M wave to increase and the H reflex
to decrease ((¢) and (g)). Finally, when the direct
motor response is maximal, the reflex response is
completely suppressed ((d) and (h)). This is because
the antidromic motor volley set up in motor axons
collides with and eliminates the H reflex response
(Hoffmann, 1922, Fig. 1.3(d)). Note that, when it first
appears in the EMG, the M response involves axons
of thelargest motoneurones (e.g. MN ‘Z’ in Fig. 1.3(b)
and (f)), which have a high threshold for recruit-
ment into the H reflex. Because they are not acti-
vated in the reflex, stimulation of these motor axons
does not interfere with the reflex response. The vari-
ations of the H and M responses with the test stimu-
lus intensity can be plotted as the recruitment curve
of Fig. 1.3(7). Because of the orderly recruitment of
motoneurones (see pp. 3-4), the sensitivity of the
reflex to facilitation and inhibition depends on the
last motoneurones recruited by the test volley (as
long as the reflex is not on the descending limb of
the recruitment curve, see below).

Maximal M wave (M,,ay)

Mmax is evoked by the stimulation of all motor axons
and provides an estimate of the response of the
entire motoneurone pool. This estimateis actuallyan
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overestimate, because the necessarily strong stimu-
lus will produce EMG activity in synergists in addi-
tion to the test muscle. Accordingly, the M« follow-
ing median nerve stimulation at the elbow comes
from the FCR, finger flexors and pronator teres.
Ignoring this issue, Mpax should always be measured
in the same experiment with the same recording
electrode placement because: (i) comparing it with
the reflex response provides an estimate of the pro-
portion of the motoneurone pool discharging in the
reflex; (ii) expressing the reflex as a percentage of
Mmax enables one to control for changes in mus-
cle geometry due to changes in muscle length or
contraction; (iii) expressing the test reflex as a per-
centage of M,y allows the investigator to be sure
that the test reflex remains within the ‘linear’ range
of the input/output relationship for the motoneu-
rone pool (i.e. between ~10 and 60% of My, for the
soleus H reflex, see pp. 16-18).

The test reflex should not be on the descending
limb of the recruitment curve

This is because the component of the H reflex seen
in the EMG is generated by low-threshold motoneu-
rones, which are insensitive to excitation or inhibi-
tion. Small motoneurones innervating slow motor
units are first recruited in the H reflex (see pp. 3-4),
whereas electrical stimulation will first activate
motor axons of large diameter from high-threshold
motoneurones. As a result, on the descending limb
of the recruitment curve, the reflex response seen in
the EMG will be produced by small motoneurones,
in which the collision in motor axons has not taken
place. The reflex response in the fastest motor units
of the H reflex, i.e. those that were last recruited
into the reflex and are thus sensitive to excitation
and inhibition, will be eliminated by collision with
the antidromic motor volley (Fig. 1.3(c) and (g)) (see
Pierrot-Deseilligny & Mazevet, 2000).

Monitoring the stability of the stimulation
conditions

If the H reflex is performed during a manoeuvre
that can alter the stimulating conditions (e.g. muscle
contraction, stance or gait), it is necessary to ensure

that changes in the test H reflex are not due to a
change in the position of the stimulating electrode.
The reproducibility of a M wave can then be used
to monitor the stability of the stimulation. To that
end, stimulation should be adjusted to produce a
small M wave in addition to the H reflex. If there is
need for a test response without a M wave, the sta-
bility of stimulation can be monitored by alternating
the test stimulus with a stimulus evoking a M wave
through the same electrode. This procedure raises
questions about the acceptable range of variability of
theMwaveinsuchstudies. Some authorshaveused a
range of £10% of M.y, but thisis alarge range when
compared to the changes expected in the H reflex,
and changes not exceeding +10% of the recorded M
wave, not+10% of M,,.x, are recommended. It should
be realised that, during experiments involving a vol-
untary or postural contraction of the tested muscle,
there will be changes in axonal excitability unrelated
to stability of the stimulating conditions (Vagg et al.,
1998), and there will inevitably be some variability in
the M wave from trial to trial.

Recruitment curves in other muscles

Therecruitment curves for the quadricepsand FCRH
reflexes are similar. However, the threshold of the M
and Hresponses of FCR and quadriceps are generally
closer than in soleus.

Tendon jerk

In proximal muscles (e.g. biceps and triceps brachii),
the H reflex is difficult to record at rest without the
M wave, and it then appears merged into the end
of the M wave. For routine testing, it may be more
convenient to test the excitability of these motoneu-
rone pools using tendon reflexes. An electromag-
netic hammer (such as a Briiel and Kjaer shaker,
Copenhagen, Denmark) will produce reproducible
transient tendon percussion. In healthy subjects at
rest, a tendon jerk reflex can be elicited in the soleus,
quadriceps, biceps femoris, semitendinosus, biceps
and triceps brachii, FCR, extensor carpi radialis
(ECR) and the masseter. Use of the tendon jerk intro-
duces two complications.



Delay due to the tendon tap

The tendon tap introduces a delay, and in the soleus,
the afferent volley for the tendon jerk will reach
motoneurones ~5 ms later than the electrically
induced volley producing the Hreflex (cf. Chapter 2).
An estimate of the central delay of the effect of a con-
ditioningvolleyonatesttendonjerkmaybeobtained
by comparing the first interstimulus interval (ISI) at
which this effect occurs to the first ISI at which a
heteronymous monosynaptic Ia volley delivered to
the same nerve facilitates the tested motoneurones
(see Mazevet & Pierrot-Deseilligny, 1994). An exam-
ple would be the group Ia projection from median-
innervated forearm muscles to biceps and triceps
motoneurones.

Fusimotor drive

The amplitude of the reflex response produced by
tendon percussion maydepend onthelevel of y drive
directed to muscle spindle primary endings of the
tested muscle (see Fig. 1.1). Accordingly, it has been
argued thatdifferencesin thebehaviour ofHand ten-
don jerk reflexes reflect the involvement of y drive in
thetendonjerk (e.g. see Paillard, 1955). Thisbeliefhas
been called into question because H and tendon jerk
reflexes differ in a number of other respects, as dis-
cussed in detail in Chapter 3. Of greater importance
could well be the effects on the spindle response to
percussion of the thixotropic properties of intrafusal
fibres (see Chapter 3).

Random alternation of control and
conditioned reflexes

In most investigations, the monosynaptic reflex is
used as a test reflex to assess the effect of condition-
ing volleys on the motoneurone pool. The size of the
reflexis compared in the absence (control reflex) and
in the presence (conditioned reflex) of the condition-
ing volley. Control and conditioned reflexes should
be randomly alternated, because: (i) this avoids the
possibility of the subject voluntarily or involuntarily
predicting the reflex sequence; and (ii) regular alter-
nation produces erroneously large results (Fournier,
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Katz & Pierrot-Deseilligny, 1984), possibly due to
post-activation depression (see Pierrot-Deseilligny
& Mazevet, 2000).

Estimate of the central delay of a conditioning
effect. Time resolution of the method

Itis essential to estimate the central delay of an effect
in order to characterise the neural pathway activated
by a conditioning stimulus as mono-, di-, or poly-
synaptic. This can be done by comparing the earliest
conditioning-test interval at which the test reflex is
modified with the interval estimated for the simulta-
neous arrival of the conditioning and test volleys at
spinallevel. The greater the difference between these
two values the longer the intraspinal circuit, and
this could be because more synapses are involved.
It should be noted that the H reflex method under-
estimates the true central delay. For example, despite
the extra 0.8 ms due to the interneurone interposed
in the pathway of disynaptic reciprocal Ia inhibition,
the earliest conditioning-testinterval with inhibition
corresponds to the simultaneous arrival of the two
volleys at spinal level (Chapter 5). This is due to two
reasons (Fig. 1.4).

PSPs in individual motoneurones

The rise time of the EPSP is sufficiently long that the
discharge of thelast recruited motoneurones evoked
by the monosynaptic input will not occur before the
arrival of a disynaptic IPSP. This is so even though the
synaptic delay at the interneurone delays the onset
of the IPSP by 0.5-1.0 ms relative to the beginning
of the monosynaptic EPSP (see Matthews, 1972, and
Fig. 1.4(a)). In addition, an EPSP elicited by a condi-
tioning volley entering the spinal cord after the test
volley may summate with the decay phase of the test
Ta EPSP and cause the motoneurone to discharge at
a ‘too early’ ISI.

Motoneurones do not discharge at the same time
in the test reflex

Eveninthe catthereis 0.5 msbetweenthefiringofthe
firstand lastrecruited motoneurones contributingto
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Fig. 1.4. A disynaptic IPSP can inhibit the monosynaptic reflex. (a) Post-synaptic (PSP) potentials in an individual motoneurone

(MN): when volleys eliciting a monosynaptic Ia EPSP and a disynaptic IPSP enter the spinal cord simultaneously, the rise time of the
EPSP in individual MNs allows the spike in the last recruited MNs to be inhibited by the IPSP, even though the latter does not begin
until 0.5-1.0 ms after the beginning of the EPSP. (b) MNs contributing to the H reflex do not discharge simultaneously in the test

reflex. Thus, a disynaptic IPSP elicited by a conditioning volley entering the spinal cord at the same time as the test monosynaptic

Ta volley may inhibit the last spikes (thin interrupted lines) contributing to the monosynaptic reflex discharge, while the first
spikes (thick continuous lines) are not modified. Adapted from Matthews (1972) (a), and Araki, Eccles & Ito (1960) (D), with

permission.

the monosynaptic reflex (Araki, Eccles & Ito, 1960).
In human subjects, where the afferent pathway is
longer and the conduction velocity of Ia afferents
slower, this interval has been estimated at 1.5 ms
for the quadriceps H reflex (Fournier et al., 1986)
and ~2 ms for the soleus H reflex (Burke, Gandevia
& McKeon, 1984). There are differences in the rise-
times of mechanically and electrically evoked EPSPs
(~10 ms for tendon percussion; ~2 ms for the elec-
trically evoked volley), but this is not obvious in the
reflex EMG potentials because the axons of the last
recruited motoneurones have a more rapid conduc-
tion velocity than those first recruited. Figure 1.4(b)
shows that, because of the desynchronisation at

spinal level, the last individual spikes contributing to
the monosynaptic test reflex discharge can be inhib-
ited by a disynaptic IPSP elicited by a conditioning
volley entering the spinal cord at the same time as
the monosynaptic test volley.

The recovery cycle of the H reflex

The recovery cycle of the H reflex investigates the
time course of the changes in the H reflex after a
conditioning reflex for conditioning-testintervals up
to 1-2 s. Such studies were in vogue in the 1950-
1960s (Magladery et al., 1951b, 1952; Paillard, 1955).
However, the recovery cycle is no longer employed,



because it results from too many phenomena to be
of practical use. Factors that could alter the test reflex
include changes in excitability of Ia afferents (see
below), post-activation depression (cf. pp. 13-14),
presynaptic inhibition of Ia terminals activated by
the conditioningvolley (cf. Chapter 8), afterhyperpo-
larisation and recurrent inhibition of motoneurones
(cf. Chapter 4), muscle spindle receptor unloading
by the conditioning twitch (cf. Chapter 3), Golgi
tendon organ activation by the conditioning twitch
(cf. Chapter 6), and effects mediated by long loops
(Taborikova & Sax, 1969).

When the conditioning and test volleys involve the
same population of afferents, the conditioning dis-
charge will change the excitability of the stimulated
afferents for ~100 ms, and this is an additional com-
plicating factor. Figure 1.5 shows the recovery cycle
of the H reflex after a conditioning volley that was
subthreshold for the H reflex even during contrac-
tion, comparing the results obtained with ‘threshold
tracking’ ((a), see below) with those of conventional
‘amplitude tracking’ (b). There is an initial period of
decreased excitability, corresponding to ‘refractori-
ness’, followed by a period peaking at 7-8 ms corre-
sponding to ‘supernormality’ and a final phase cor-
responding to ‘late subnormality’. These changes in
excitability are those of the stimulated peripheral
nerve axons (Chan et al.,, 2002), and this finding indi-
cates that two identical stimuli delivered to a nerve
will not excite the same population of afferent axons
when the interval between them is <100 ms.

Amplitude and threshold tracking of the
compound H reflex

With threshold tracking, test stimuli are varied auto-
matically by computer, much as in conventional
threshold tracking (Bostock, Cikurel & Burke, 1998),
to maintain a constant compound H reflex, the cur-
rent being then referred to as the threshold for the
H reflex. Reflex facilitation will produce a decrease
in the required current, and reflex inhibition will
produce an increase (cf. Chan et al, 2002). This is
illustrated in Fig. 1.5 where the curves obtained with
threshold (a) and amplitude (b) tracking show recip-
rocal changes. A similar principle has been exploited
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by Shindo et al. (1994) in studies on the unitary H
reflex (see pp. 37-9).

Advantages with threshold tracking

There are advantages with threshold tracking over
amplitude tracking for H reflex studies.

(i) The results are less variable (cf. Fig. 1.5, @).

(ii) The recorded response involves a constant
population of motoneurones, and clamping the
reflex response to a fixed size avoids the problem
of size-related changes in test reflex sensitivity (see
pp. 16-18).

(iii) The dynamic range of threshold tracking is
wide, enabling threshold changes of 200% or more
to be tracked. In contrast, amplitude tracking suf-
fers from ‘floor’ and ‘ceiling’ effects: there is a lim-
ited range within which the size of test response can
reflect changes in excitability and, once the response
reaches maximum or is reduced to zero, further
increases or decreases in excitability can no longer
be reflected in the size of the test response.

Disadvantages with threshold tracking

(i) In order to maintain a constant reflex response,
the intensity of the afferent volley must be altered,
and this could introduce inaccuracies, because the
reflex size also depends on mechanisms acting on
the afferent volley (cf. pp. 12-16).

(i) When excitability changes, there is a delay
with threshold tracking before the new threshold
is reached as the computer tracks to it. By con-
trast, with amplitude tracking, changes in reflex
excitability produce instantaneous changes in the
reflex response.

Limitations related to mechanisms acting
on the afferent volley of the reflex

The pathway of the monosynaptic reflex is not as
simple as it at first seems. Reflex size also depends on
mechanisms acting on the afferent volley. As a result,
many mechanisms other than changes in excitability
of the motoneurone pool can alter the size of the
reflex.
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Fig. 1.5. The recovery cycle of the H reflex following a single subthreshold conditioning stimulus. The soleus H reflex was
conditioned by a weak stimulus to the posterior tibial nerve (65% of the unconditioned test stimulus, subthreshold for the H reflex

during contraction). Data representing the deviation from the unconditioned value (horizontal dashed line), using threshold

tracking (a) and amplitude tracking (b) at rest (O) and during tonic soleus voluntary contractions (@) are plotted against the

conditioning-test interval. In () the intensity of the test stimulus was altered to keep the test H reflex constant: an increase in

excitability would therefore require less current. In (b), the test stimulus was constant: an increase in excitability would therefore
increase the amplitude of the test H reflex. Note the logarithmic scale for the x-axis. Mean data + SEM for six subjects. Adapted from

Chan et al. (2002), with permission.

Alterations in the excitability of Ia afferents

Repetitive activation of cutaneous afferents (Kiernan
etal., 1997) and natural activity of motor axons (Vagg
et al., 1998) produce axonal hyperpolarization and
thereby a significant reduction in the excitability of

the active axons. The extent of hyperpolarization
depends on the impulse load, but can be prominent.
For example, with motor axons, contractions last-
ing only 15 s increase threshold by 10-20%, i.e. after
the contraction, the stimulus had to be increased
by 10-20% to activate the same number of axons
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Fig. 1.6. Post-activation depression produced by different ways of activating the Ia afferent-MN synapse repetitively. (A) Sketch of
the pathway (the grey area indicates the Ia afferent-motoneurone [MN] synapse). (b) The recovery of the soleus H reflex (expressed
as a percentage of its control value) after various conditioning stimuli, plotted against the conditioning-test interval: preceding H
reflex (M), subliminal tendon tap ([J), passive dorsiflexion of the ankle (@), voluntary contraction of the tibialis anterior (A) or of the
soleus (v). Modified from Crone & Nielsen (1989) and Hultborn et al. (1996), with permission.

(Vagg et al, 1998). This issue is probably impor-
tant for group Ia afferents and the H reflex, because
the excitability of the afferents will decrease dur-
ing a voluntary contraction if there is a fusimotor-
driven increase in discharge from the active muscle
(cf. Chapter 3). As a result, the reflex response to a
fixed stimulus could change, independently of the
other contraction-related changes (presynapticinhi-
bition of Ia afferents, post-activation depression,
motoneurone excitability). Additionally, the contrac-
tion will activate Ib afferents and thereby reduce
their excitability to electrical stimulation. This would
reduce the number of Ib afferents in the afferent
volley and the extent to which they limit the size of
the H reflex (see pp. 14-16).

Presynaptic inhibition of Ia terminals

Ia terminals mediating the afferent volley of the
monosynaptic reflex are subjected to presynaptic
inhibition accompanied by primary afferent depo-
larisation (PAD). Changes in presynaptic inhibition
oflaterminals can cause major changes in the ampli-
tude of the H reflex, and the possibility that a change
in presynaptic inhibition accounts for a change in
the amplitude of the H reflex must therefore always

be considered. Several methods have been devel-
oped to assess presynaptic inhibition of Ia termi-
nals in human subjects, as described in detail in
Chapter 8.

Post-activation depression

A different presynaptic mechanism limiting
monosynaptic reflexes is post-activation depression
at the Ia fibre-motoneurone synapse, probably due
to reduced transmitter release from active Ia affer-
ents, a phenomenon which is described in detail
in Chapter 2 (pp. 96-100). Post-activation depres-
sion occurs when (and only when) the conditioning
stimulus or manoeuvre activates the very afferents
responsible for the test response. Hreflex depression
has been reported to occur following a preceding H
reflex (Magladery & McDougal, 1950), a subliminal
tendon tap (Katz et al., 1977), passive dorsiflexion
of the ankle (Hultborn et al., 1996), and voluntary
contraction of soleus or stretch of soleus produced
by contraction of tibialis anterior (Crone & Nielsen,
1989; see also Wood, Gregory & Proske, 1996). The
effects of this phenomenon can be profound, as
illustrated in Fig. 1.6, showing the time course
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of the recovery of the soleus H reflex after these
manoeuvres. In all cases, there was dramatic reflex
depression at short intervals (1-2 s), with gradual
recovery over 10 s. The depressive effects of the
stimulus rate on reflex size are generally taken
into consideration in reflex studies, but the same
cannot be said for the post-activation depression
occurring under other circumstances. It is likely
that misinterpretations have arisen because this
phenomenon was neglected in studies comparing
changes in the test reflex during or after a voluntary
contraction. In addition, when the effects of a
conditioning volley are compared at rest and during
contraction, post-activation depression may also
alter the transmission through the conditioning
pathway (e.g. see Chapter 5, p. 221), though not
all afferent inputs are similarly affected (see Lamy
et al., 2005; Chapter 7, p. 310).

Contribution of oligosynaptic pathways
to the H reflex

Limitation of the size of the H reflex

In soleus, when the intensity of the test stimulus is
increased, the amplitude of the H reflex commonly
reachesits peak before the antidromicvolley setup in
motor axons collides with and annihilates the reflex
response (see p. 7). Thus, there is a limitation to the
size of the H reflex independent of the collision with
the antidromic volley in motor axons. Tdborikova &
Sax (1968) demonstrated that, in normal subjects, the
percentage of soleus motoneurones activated in the
Hreflex by maximal stimulation ofIa afferents ranges
from 24 to 100, usually ~50%. In the homogeneous
soleus, this implies the existence of factors limiting
the size of the reflex.

Curtailment of the compound EPSP by an
oligosynaptic IPSP

The first motoneurones discharging in the H reflex
do so at a latency consistent with a monosynaptic
pathway (Magladery er al, 1951a). However, based
on estimates from post-stimulus time histograms
(PSTHs) of the discharge of single motor units, it

has been argued that the duration of the compound
group I EPSP underlying the H reflex is so short
(some 1-2 ms) that the monosynaptic Ia compo-
nent of the EPSP must be curtailed by oligosynap-
tic inhibition, and that this would help limit the size
of the H reflex (Burke, Gandevia & McKeon, 1984).
Transmission in two disynaptic inhibitory path-
ways could truncate the monosynaptic la excitation:
(i) Ibinhibitory interneurones activated by the group
I test volley produce autogenetic inhibition with an
onset ~0.7 ms after the onset of the facilitation due
to the group Ia monosynaptic EPSP in motoneu-
rones (Pierrot-Deseilligny et al., 1981; Chapter 6,
pPp- 253-5); (ii) Renshaw cells are activated by the
reflex discharge of low-threshold motoneurones
(Chapter4, p. 159) and could produce recurrent inhi-
bition that would prevent the discharge of higher-
threshold motoneurones.

Disynaptic limitation of the group la excitation

Recent experimental evidence for a disynaptic lim-
itation of the group Ia excitation that is the basis
of the H reflex has been provided for the quadri-
ceps (Marchand-Pauvert et al., 2002). The evidence
is as follows. At rest and during weak contractions of
quadriceps stimulation of the deep peroneal nerve
produces a late facilitation of the quadriceps H
reflex with a central delay of 6-12 ms (Fig. 1.12(c),
A), but this is suppressed during a contraction
of 10-20% maximum voluntary contraction (MVC)
(Fig.1.12(0), @, and thickline in Fig. 1.7(b)). However,
the correspondingfacilitation of the on-going EMGis
not suppressed (Fig. 1.12(b), @). Such a discrepancy
raises the possibility of an inhibitory mechanism ga-
ting the afferent volley of the test reflex, the nature of
which was clarified in experiments involving PSTHs
of single motor units in quadriceps (Fig. 1.7(c)-(f)).
Panel (c¢) shows the peak of homonymous group I
excitation evoked by femoral stimulation, panel (d)
the weak facilitation at around 27 ms elicited by sep-
arate stimulation of the deep peroneal nerve, and
(e) the significant reduction of the femoral excitation
on combined stimulation. Suppression on combined
stimulation when the stimuli by themselves produce
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Fig. 1.7. Evidence for suppression of the H reflex by disynaptic autogenetic inhibition from afferents in the test volley. (a) Sketch of
the presumed pathway: when facilitated by the deep peroneal nerve (DPN) volley, ‘Ib’ inhibitory interneurones (IN) co-activated
by Ia and Ib afferents in the femoral nerve (FN) test volley truncate the monosynaptic EPSP in the last recruited quadriceps (Q)
motoneurones (MN). (b) The rectified and averaged Q H reflex (20 sweeps, 5 kHz sampling rate) during a contraction (10% of MVC),
showing control responses (thin line) and conditioned responses (thick line, stimulation of the DPN at 2 x MT, 13 ms ISI). (c)-(e)
PSTHs of the discharge of a single unit in vastus lateralis (after subtraction of the background firing, 0.2 ms bin width, quadriceps
contraction 20% MVC). (¢) Stimulation of FN by itself (0.8 x MT); (d) the DPN by itself (2 x MT), and (e) both nerves, the DPN
preceding the FN stimulus by 16 ms. (f) The suppression of the FN group I excitation, calculated as (e) - ((¢) + (d)). The number of
counts in each bin is plotted against the latency after FN stimulation (even in (d) where only DPN stimulation was given). Note the
lack of suppression in the initial bins of the femoral group I excitation (the dashed and dotted vertical lines highlight the onset of
the femoral peak at 24.6 ms and the suppression at 25.4 ms, respectively). Adapted from Marchand-Pauvert et al. (2002), with

permission.

facilitation reflects convergence (see p. 47) of the two this interneuronal delay. Thus, post-synaptic inhi-
volleys onto common inhibitory interneurones (as bition due to afferents in the test volley should not
in the wiring diagram in Fig. 1.7(a)). The suppres- affect the onset of the femoral excitation, and initial

sion spared the first 0.8 ms of the femoral group I sparing should be demonstrable, as it was.
excitation. This is consistent with disynaptic inhi-
bition elicited by the test group I volley. Because of
the synaptic delay at the interneurone, the inhibitory
input would reach the motoneurone after the direct
monosynaptic Ia input, and there should be no So far, evidence for a limitation of the H reflex by disy-
change in the bins of the histogram appropriate for naptic inhibition elicited by the test group I volley

Can the results obtained for the quadriceps
be generalised?
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has only been demonstrated for the quadriceps.
However, the limitation should be more pronounced
for the soleus than for the quadriceps, because the
degree of desynchronisation of the reflex discharge
is more marked in the former (see p. 10). This pre-
sumably reflects the longer afferent pathway of the
soleus H reflex, which would allow greater disper-
sion of the afferent volley and thereby a greater influ-
ence on the reflex discharge from Ib afferents acti-
vated by the test stimulus. It is therefore probable
thatsoleus Hreflexes are also truncated by disynaptic
inhibitory activity. This limitation could contribute
to the absence of H reflex at rest in muscles such
as tibialis anterior and extensor carpi radialis (see
Chapter 2, p. 81).

Recurrent inhibition

Thereissofarno experimental evidence for recurrent
inhibition elicited by the discharge of low-threshold
motoneurones preventing the discharge of higher-
threshold motoneurones, and it is probable that the
peak of recurrent inhibition occurs too late to curtail
significantly the test H reflex (see Chapter 4).

Consequences for the use of the H reflex

The sensitivity of the H reflex to di- or oligosynap-
tic inhibition by afferents in the test volley limits the
value of Hreflex studies. Motoneuronesrecruited last
into the reflex will be most dependent on pathways
with interposed interneurones, and the changes in
the reflex, e.g. during movement, are largely deter-
mined by the recruitment of these motoneurones. It
is possible to test for an oligosynaptic limitation of
the H reflex by the test volley by comparing system-
atically the effects of a given input on the Hreflexand
onthepeak of monosynaptic group I excitationin the
PSTH of single units of the same muscle. Only those
changes affecting the entire excitatory peak and, in
particular, the initial 0.5-1.0 ms can be considered
to have affected the monosynaptic pathway. This is
because the onset of the test excitation, whether in
PSTHs or in the H reflex itself, should be free from
contamination by non-monosynaptic inputs from
afferents in the test volley (Marchand-Pauvert et al.,
2002).

‘Pool problems’ related to the
input-output relationship in the
motoneurone pool

Size-related sensitivity of the test reflex
(non-linearity within the motoneurone pool)

The effects of a constant conditioning volley are dif-
ferent when the unconditioned test reflexes are of
different size. This is due in part to the method of
normalising the results but, in addition, there is a dif-
ferent sensitivity of reflexes of different size to facili-
tation and inhibition, reflecting a non-linear input—
output relationship within the motoneurone pool.
This property of the motoneurone pool has been
implied by several authors (e.g. Hunt, 1955; Meinck,
1980). The question was extensively investigated in
human subjects and in the cat by Crone et al. (1990),
using conditioning stimuli that produce excitation
or inhibition at pre- and post-synaptic levels.

The distorting effects of normalisation

These areillustrated in Fig. 1.8(a). The soleus H reflex
was conditioned by a heteronymous monosynaptic
Iavolley from the femoral nerve. When expressed as a
percentage of the control reflex, as is the case in most
studies using the H reflex, the degree of facilitation
is enormous with the smallest test H reflexes, and
decreases the larger the test reflex. However, this is
essentiallyanumerical artefact produced by normal-
isation of a fixed degree of facilitation to an increas-
ing control reflex.

Sensitivity of reflexes of different size to
facilitation and inhibition

The ‘absolute’ increase, expressed as a percent-
age of Mpay, is @ more suitable expression of the
change in reflex size. Fig. 1.8(b) shows the data from
Fig. 1.8(a). The amount of facilitation initially
increased as the amplitude of the control H reflex
increased, reached a maximum when the control
reflex was around 30% of M.y, and then decreased
with further increases in the amplitude of the control
Hreflex. The finite size of the soleus motor pool must
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Fig. 1.8. Non-linearity within the MN pool. (a), (b) The amount of heteronymous monosynaptic Ia facilitation of the soleus H reflex
(conditioned minus control reflex) elicited by a conditioning stimulus to the femoral nerve (1.1 x MT, 4.8 ms conditioning-test

interval) expressed as a percentage of the control reflex size (a) or of Mmax (b) and plotted against the control reflex size (in
percentage of Mp,x). (¢) Summarising diagram showing the sensitivity of monosynaptic reflexes to facilitation (upper part) or
inhibition (lower part). Strong conditioning inputs, continuous lines; weak conditioning inputs, dashed lines. Modified from Crone

et al. (1990), with permission.

put a limit to the amount of facilitation in the case
of very large test H reflexes. It turned out, however,
that the amount of facilitation caused by the condi-
tioning stimulus decreased considerably before the
facilitated H reflexes approached My, In human
subjects and in the cat, monosynaptic reflexes of
small and large size have a lower sensitivity than
reflexes of intermediate size for various facilitatory
and inhibitory inputs. This is summarised in the
sketch in Fig. 1.8(c) where the amount of facilitation
or of inhibition elicited by a constant conditioning
input, facilitatory (upper part) or inhibitory (lower
part), is plotted against the size of the control reflex.
When the conditioning input is strong (continuous
line), the number of additionally recruited (facilita-

tion) or derecruited (inhibition) motoneurones first
increases with increasing size of the control test
reflex, and then decreases. When the effect of the
conditioning input is modest (dashed lines), there is
a ‘plateau’ region between the phases of increase and
decrease.

Input-output relationship within the
motoneurone pool

In the cat, the relationship between the Ia input and
the reflex discharge is sigmoid (Hunt, 1955). The first
part of the recruitment curve of the H reflex also
conforms to a sigmoid relationship (see Fig. 1.3(7).
The mechanism behind this characteristic pattern
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is probably a combination of the intrinsic properties
of the individual motoneurones and the excitabil-
ity profile of the motor pool (see Crone et al,
1990), as well as the properties of the afferent vol-
ley. Whatever its mechanism, the relationship illus-
trating the changes in the amount of facilitation
(or inhibition) with increasing control reflex size is
the first derivative of the sigmoidal input-output
relationship, and should be bell-shaped: ‘however,
if small conditioning stimuli are used the differen-
tial function will have a relatively flat peak, which
could be interpreted as a plateau when dealing with
inherently variable experimental data’ (Capaday,
1997).

Consequences when using the monosynaptic
reflex

The changes in sensitivity of the monosynaptic reflex
can be large enough to lead to misinterpretations of
results obtained using H reflexes. This factor must be
taken into account: (i) when comparing the effects of
a conditioning input under two situations (e.g. rest
and contraction) which alter the size of the uncondi-
tioned Hreflex; (ii) when using the spatial facilitation
technique (see p. 48); (iii) when assessing the effects
of conditioning stimulation on the H reflex in differ-
ent subjects (a factor that has often been neglected
when comparing normal and spastic subjects).

(a) When the conditioning effect is modest, the
sensitivity of reflexes of medium size does not
change significantly with the control reflex size
as long as it remains in the ‘plateau’ region in
Fig. 1.8(¢). The intensity of the test stimulus
should be chosen so that the control reflex
remains within this range in the two situations
which are compared. In practice, this implies
using a control H reflex of at least 10% of Max
in soleus (Crone et al, 1990) and quadriceps
(Forget et al., 1989), and 5% in FCR (Malmgren
& Pierrot-Deseilligny, 1988). However, this does
not guarantee a reliable comparison, because
reflex responses of equal size may lie on
input-output curves of different steepness (see
pp- 18-20). Alimitation of this strategy is that it is

possible to study the behaviour of only a sample
of motoneurones in the pool. This would repre-
sent no real limitation if all motoneurones in the
pool behaved in a homogeneous way, but this is
not the case (see pp. 18-20).

(b) When the sizes of the control reflexes evoked
by the same test stimulus differ greatly in the
two situations (e.g. the enormous facilitation of
the H reflex at the onset of a contraction of the
tested muscle), the above strategy is not feasible,
and an alternative must be employed. ‘Adjust-
ing’ the test stimulus intensity to keep the size of
the unconditioned reflex constant may obviate
the problem. However, changing the intensity
of the test stimulus creates its own problem: it
altersthe afferentvolley responsible for the reflex
and, as seen above, this could introduce inaccu-
racies, because the reflex size also depends on
mechanisms acting on the afferent volley (see
pp- 12-16).

Conclusions

Because of the non-linearity of the input-output
relationship of the motoneurone pool, and of the
possible changes in the recruitment gain of the reflex
(see below), there is no absolutely reliable way of
comparing results obtained with the H reflex under
all circumstances. The results of reflex studies should
therefore be confirmed in single unit recordings
(pp. 28-39).

Changes in the recruitment gain of the reflex
Definition

Changes in the size of the test reflex evoked by a con-
ditioning input are commonly used to estimate the
mean input to different motoneurones in the pool.
However, problems can occur if the distribution of
the conditioning input within the motoneurone pool
differs from that of the monosynaptic Ia excitatory
input, i.e. the input does not affect small motoneu-
rones preferentially. Such a skewed distribution of
conditioning inputs may produce a change in the
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arrow), (ii) the conditioning femoral EPSP at rest (dotted
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(= the slope of the relationship). Output (i.e. the number of motoneu

rones recruited in the reflex) is represented by vertical arrows:

unconditioned test reflex (continuous line; the intensity of stimulation having been ‘adjusted’ to produce control reflexes of the

same size at rest and during contraction), and the amount of femoral

-induced facilitation of the reflex at rest (dotted line) and at the

onset of soleus voluntary contraction (dashed line). Modified from Pierrot-Deseilligny & Mazevet (2000), with permission.

‘recruitment gain’ of the reflex (Kernell & Hultborn,
1990).

Change in the slope of the input-output
relationship

Figure 1.9 presents the input-output relationships
for the soleus motoneurone pool under two situ-
ations, rest (dotted lines) and voluntary contraction
(dashed lines), for a single example: the enhanced
femoral-induced facilitation of the soleus H reflex
observed at the onset of a soleus contraction.
The femoral facilitation represents a heteronymous
monosynaptic Ia projection, and its enhancement
is due to decreased presynaptic inhibition of Ia ter-
minals (see Chapter 8, p. 355). The input to the
motoneurone pool (the ‘pool drive’) includes three

factors: (a) the Ia EPSP evoked by the test volley; (b)
the conditioning effect due to the femoral mono-
synaptic Ia projection; (c) the ‘recruitment gain’ of
the reflex, i.e. the slope of the input-output rela-
tionship (which is assumed to be linear for this
example). The vertical arrows on the left show the
size of (i) the unconditioned test reflex, adjusted so
that its size remains constant, (ii) the reflex facili-
tation produced by the conditioning femoral EPSP
at rest, and (iii) the increased femoral facilitation of
the reflex at the onset of contraction. If the slope
of the input-output relationship were not modified
during contraction, the increased femoral facilita-
tion of the reflex at the onset of contraction would
reflect a bigger conditioning EPSP (dashed horizon-
tal arrow), presumably due to a decrease in pres-
ynaptic inhibition ofIa afferents. However, increased
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reflex facilitation could occur if the various inputs
associated with contraction had different effects on
low- and high-threshold motoneurones, thus com-
pressing the range of thresholds in the motoneurone
pool (much as occurs when playing an accordion).
This would increase the slope of the input-output
relationship of the test reflex, as illustrated by the
dashed oblique line in Fig. 1.9. As aresult, a constant
conditioning Ia EPSP would fire more motoneurones
during contraction than at rest and produce greater
facilitation of the reflex, without this being due to
change in the specific pathway explored. Conversely,
adecrease in the recruitment gain of the reflex could
produce a decrease in the reflex facilitation evoked
by a constant EPSP.

How to control for a change in ‘recruitment gain’

A change in the ‘recruitment gain’ of the reflex has
been observed in the tibialis anterior after stim-
ulation of the sural nerve, where it resulted from
a skewed distribution of cutaneous inputs within
the motoneurone pool, with inhibition of early-
recruited and facilitation of late-recruited motoneu-
rones (Nielsen & Kagamihara, 1993; cf. Chapter 9,
p- 425). The only way to discount this possibility
with certitude is to record PSTHs of single units in
order to detect whether the conditioning heterony-
mous Ia EPSP is changed in individual units (e.g.
see Katz, Meunier & Pierrot-Deseilligny, 1988). How-
ever, it is somewhat reassuring that changes in the
recruitment gain have so far been observed only in
heterogeneous muscles with fast and slow units, like
the tibialis anterior, and not in more homogeneous
muscles, such as soleus.

Plateau potentials

In animal experiments it has been demonstrated
that motoneurones and interneurones in the spinal
cord can develop plateau potentials due to persis-
tent inward currents that outlast the input and can
thereby distort the relationship between input cur-
rent and firing rate. In the extreme, plateau poten-
tials can produce self-sustained firing (for review, see

Hultborn, 1999). Plateau potentials would change
the slope of the input-output relationship of the
motoneurone pool (Hultborn et al., 2003), and evi-
dence for plateau-like behaviour has been demon-
strated for human motoneurones (Gorassini, Ben-
nett & Yang, 1998; Gorassini et al., 2002). They may
play a role in normal motor behaviour: plateau-
like behaviour can be triggered by voluntary effort
(Collins, Burke & Gandevia, 2001, 2002), particu-
larly if it produces cramps (Baldissera, Cavallari &
Dworzak, 1994). This newly discovered possibility
would greatly distort the input—-output relationship
of the H reflex, and should be considered in situ-
ations where plateau-like behaviours can appear. Itis
uncertain whether phasic inputs such as those asso-
ciated with the H reflex or tendon jerk are sufficient
to trigger plateau potentials, even during voluntary
effort. If so, there is a problem. If not, there is a con-
cern that H reflex studies might provide insight into
circuitry but not how that circuitry is normally used.

Normative data and clinical value

Normative data
Amplitude

The amplitude of the H reflex varies widely in
normal subjects, and amplitude measurements in
patients are therefore of little value except when
pathology is asymmetrical. In human subjects there
is no handedness-related side asymmetry in the
Hmax/Mmax ratio for soleus and FCR (Aymard et al.,
2000).

Latency

Reflex latencies depend on the duration of the stim-
ulus current, being longer the longer the stimulus
(Mogyoros et al., 1997). This means that the mini-
mal latency for the reflex arc is not measured using
a stimulus of 1 ms duration, an issue that is rele-
vantiftestand conditioning stimuli of different dura-
tion are used in an experiment. Reflex latencies have
a strong correlation with the length of the reflex



pathway (measured as limb length or more simply
asheight) and a weak but significant correlation with
age (Schimsheimer er al., 1987). With older patients,
itmaybe more accurate to use the height reported by
the patient rather than that measured at the time of
the test because the length of neural pathways does
not change with age. Latency must be measured to
the onset of the first deviation of the EMG poten-
tial from baseline. The following values are from the
study of Schimsheimer et al. (1987) in which the
stimulus duration was 1.0 ms:

Soleus H reflex: (94 control subjects)
mean latency: 30.0 + 2.1 ms (mean =+ SD)
right/left difference (i.e., symmetry): 0.09
0.70 ms (mean =+ SD)
H reflex = 3.00 4 0.1419 x height (in cm) +
0.0643 x age (in years) £ 1.47 (= SD)
FCR H reflex: (80 control subjects)
mean latency: 16.84 £+ 1.33 ms (mean + SD)
right/left difference: 0.002 & 0.42 ms (mean + SD)
H reflex = 0.44 4 0.0925 x height (in cm) +
0.0316 x age (in years) =+ 0.83 (+ SD)

Clinical value

H reflexes have a defined role in diagnostic test-
ing, particularly when assessing polyneuropathies
or when assessing proximal conduction. If testing is
performed duringavoluntary contraction, Hreflexes
can be recorded for all spinal segments innervat-
ing the upper and lower limbs, including those
likely to be compromised by, e.g. disc prolapse (see
Chapter 2, p. 95). Reflexes are attenuated in periph-
eral neuropathies (see p. 95) and the soleus H reflex
is exaggerated in spastic patients (see Chapter 12,
p. 562).

Critique: limitations, advantages
and conclusions

The technique of the H reflex is simple, but strict
methodology is required for valid interpretations of
the results. The physiological mechanisms affect-
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ing the reflex discharge are not quite as simple
as they first seem, and the complexity of the so-
called monosynaptic reflex pathway imposes limi-
tations on H reflex studies. Reflex size depends on
the excitability of the motoneurones, but also: (i)
on mechanisms acting on the afferent volley, and
(i) on ‘pool problems’ related to the input-output
relationship in the motoneurone pool. However, they
can usually be controlled by parallel investigations
recording from single motor units (see pp. 28-39),
and these should be performed systematically when
studying motor control physiology in human sub-
jects. Because it enables a comparison of the results
obtained at rest and during movement, the H reflex
remains the only available method with which it is
possible to investigate how transmission in spinal
pathways is changed when human subjects under-
take motor tasks.

The F wave

Underlying principles and basic
methodology

Antidromic re-excitation of motoneurones

A supramaximal electrical shock delivered to a nerve
often elicits a late response, termed the F wave
because it was initially recorded in muscles of
the foot (Magladery & McDougal, 1950). The F wave
occurs only when the stimulus excites motor axons
directly, producing a M wave, and is produced by an
antidromic motor volley (cf. Eisen & Fisher, 1999).
Because the F response in single motor units is seen
only when the axon of the unit has been activated
(Trontelj, 1973), it is believed that the F response
is evoked by antidromic reactivation (‘backfiring’)
of motoneurones (for review see Eisen & Fisher,
1999; Espiritu, Lin & Burke, 2003). An antidromic
volley in a single motor axon may produce an F
wave, provided that the axon hillock and proximal
axon are not refractory when the antidromic action
potential discharges the soma. Biologically, the F
wave is an artefact: F waves would occur under
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M waves

100 ms

Fig. 1.10. F waves of the thenar muscles in response to supramaximal stimulation of the median nerve at the wrist at 1 Hz.

(a) 20 consecutive responses superimposed at relatively high gain. (b) The same 20 responses shown in raster format, at lower

gain. Note the variability of latency and morphology of consecutive responses. This occurs because different motoneurones

produce F waves in each trial and the number of responding motoneurones per trial is very low, often only one.

natural conditions only if a motor axon had an
ectopicfocus thatgaverise to an antidromicimpulse.
Studying F waves can provide little insight into how
motoneurones behave normally because this man-
ner of exciting the motoneurone differs from its exci-
tation through a synaptic event.

Motoneurones involved in the F wave

Ithasbeen postulated that recurrent discharges only
occur in a limited number of motoneurones, in part
because the initial segment may not be excitable
again after the antidromicimpulse enters the somata
of the motoneurones. If so, blockage at the initial
segment may occur more commonly in the smaller,
slower conducting motoneurones which are more
rapidly depolarised, leading to preferential activa-
tion of the larger, faster conducting motoneurones.
(Kimura et al., 1984). Moreover, if some motoneu-
rones in a muscle can produce H reflex discharges
in response to the maximal afferent volley set up by
the supramaximal stimulus for the F wave, F waves
will not be recordable for these presumably low-
threshold slowly conducting motor units (Esperitu,

Lin & Burke, 2003). This is the case in panels D and
H of Fig. 1.3: motoneurone ‘Z’ could produce an F
wave because it was not activated in the H reflex but
motoneurones ‘X’ and ‘Y’ could not.

Characteristics of the F wave

Occurrence in different muscles

F waves can occur when the nerve innervating any
muscle is stimulated, but they may not be identifi-
able when their latency is so short that they merge
with the end of the M wave. In contrast to the Hreflex,
the F response is most readily recorded in intrinsic
hand and foot muscles, and it has attained special
interest for the investigation of these muscles.

Variability and persistence

The F waves typically vary from trial to trial in ampli-
tude, latency and shape (Fig. 1.10(a), (b)) because
different motoneurones contribute to successive
responses. The persistence is the percentage of



stimuli that produce F waves: it is usually >80% for
the median, ulnar and tibial nerves, but can be as low
as 5% for the peroneal nerve (Eisen & Fisher, 1999).

Latency

The F wave appears with a latency similar to the H
reflex, slightly longer for soleus but slightly shorter
for the thenar muscles (Burke, Adams & Skuse, 1989).

Amplitude

With stimuli delivered at a frequency of 1 Hz or less,
the morphology of successive F waves varies con-
siderably from trial to trial, reflecting the activity of
different motor units in the muscle (Fig. 1.10(b)).
The amplitude of individual F waves is normally that
of a single motor unit, below 5% of M.y (Eisen &
Odusote, 1979). This is because the axon hillock is
reactivated in only a small number of motoneurones
(usually 1-2) in response to the stimulus. The vari-
ability of latency and morphology results from dif-
ferent motoneurones ‘backfiring’ in different trials.

Chronodispersion

Clinical studies ordinarily assume that the minimal
and maximal F wave latencies represent the fastest
and slowest motor conduction times to and from the
spinal cord, respectively. Thus, the degree of spread
of latency of consecutive F waves (F chronodisper-
sion) is often taken as a measure of the spread of
conduction velocities of motor axons innervating the
muscle (Yates & Brown, 1979). However, such meas-
ures apply only to those motoneurones that gener-
ate F waves. Reasons for the under-representation
of slowly conducting motor units in F wave meas-
urements are mentioned above. Comparison of F
waves in tibialis anterior, abductor pollicis brevis and
soleus has shown that there is an inverse relationship
between F wave chronodispersion and F wave per-
sistence at rest, and the shorter the chronodisper-
sion the easier to elicit the H reflex in the motoneu-
rone pool. During a steady contraction that allows
the H reflex to appear in the tibialis anterior and
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the abductor pollicis brevis, overall F wave activity in
these muscles increases in amplitude but decreases
in duration. These findings are consistent with the
view that reflex discharges prevent F waves in low-
threshold motor units, and that chronodispersion is
affected by the extent of reflex activity. In other words,
chronodispersion and related Fwave measures (such
as mean F wave latency) do not assess motor prop-
erties exclusively (Espiritu, Lin & Burke, 2003).

F wave as a measure of excitability
of motoneurones

Low sensitivity of the F response to changes in
motoneuronal excitability

It has been suggested that the size of the F response
depends on motoneurone excitability (Fisher, 1992).
However, the sensitivity of the F response to changes
in motoneurone excitability is much less than that
of the H reflex. For example, the sensitivity of soleus
motoneurones to the heteronymous monosynaptic
Ta excitation from quadriceps is ten times less when
assessed with the F wave than with the H reflex
(Hultborn & Nielsen, 1995).

Comparison of the H and F responses

In contrast to the H reflex, the F response is not
elicited by a group Ia volley, and it has therefore been
argued that a comparison of the two responses could
provide an indirect estimate of changes in presynap-
tic inhibition of Ia terminals. However, Hultborn &
Nielsen (1995) have shown that the comparison of H
and Fresponses may notbe valid, for several reasons.

(i) Because re-excitation depends on a somatic
spike elicited at a time when the axon is not refrac-
tory, a decreased F response may be seen when-
strong facilitation of motoneurones produces a
very short initial segment-soma delay as well as
with inhibition (which prevents the somatic spike).
In addition, as seen above, because an H reflex
discharge protects motoneurones from antidromic
invasion, the increased H reflex occurring with
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higher motoneuronal excitability would decrease the
number of motoneurones that could produce an F
response.

(ii) The two responses do not recruit preferentially
the same motor units: small units with slow axons
for the H reflex (p. 4), but large units with fast axons
for the F response (p. 22).

(iii) The methods of activation of the motoneu-
rones in the H reflex and the F response are so differ-
ent that their sensitivity may be drastically different,
even when the changes in motoneurone excitabil-
ity are evenly distributed across the neuronal mem-
brane. For all these reasons, the F wave provides a
flawed measure of the excitability of the motoneu-
rone pool.

Clinical applications

Peripheral neuropathies

F wave studies are sensitive in detecting acquired
demyelinating polyneuropathies, where the latency
of the F wave may be quite prolonged (see Eisen &
Fisher, 1999). In acute demyelinating polyneu-
ropathies, this may be the only conduction abnor-
mality, apart from absence of H reflexes. In chronic
demyelinating polyneuropathies, F waves may be
absent.

Proximal lesions

F waves provide one of the few well-standardised
tests of proximal conduction available for the assess-
ment of motor conduction in nerve root and plexus
lesions. A major limitation in the upper limb is that
nerve root compression more commonly involves
segments other than C8-T1 (innervating intrinsic
hand muscles in which F waves can be easily
recorded).

Spasticity

Anincreased mean Fwave amplitudeisagoodreflec-
tion of spasticity: the mean F wave amplitude is then
above 5% of M,,x and often above 10% (see Eisen &
Fisher, 1999; Chapter 12, pp. 562-3).

Conclusions

Fwaves are useful in routine clinical studies to assess
motor conduction to and from the spinal cord but
have a limited role in motor control investigations.

Modulation of the on-going
EMG activity

Initial studies

Gassel & Ott (1969, 1970) showed that the time
courses of the changes in the monosynaptic reflex
and in the on-going averaged rectified EMG of tri-
cepssurae produced by a conditioning stimulus were
similar.

Underlying principles and basic
methodology

Basic methodology

The on-going EMG is full-wave rectified to sum both
positive and negative deflections in the raw EMG
and then averaged. The background EMG activity is
measured, by assessing the EMG in the period pre-
ceding the conditioning stimulus (e.g. see Fig.
1.11(¢)) or immediately following it or by randomly
alternating conditioned and unconditioned trials,
measuring the background EMG activity in the latter.
Short sequences of 50-100 s are recommended to
avoid muscle fatigue when using ‘strong’ contrac-
tions of >20% of MVC. The data recorded during 2—-4
sequences may then be averaged to produce a single
run containing 100-200 conditioned responses. The
grand average is expressed as a percentage of the
unconditioned baseline EMG. The baseline con-
traction level can be calibrated by comparing it to
the averaged rectified EMG produced by a MVC for
~10 s. The rectified EMG is then plotted against
the conditioning stimulus. An excitatory input to
motoneurones will produce an increase in the on-
going EMG activity (Fig. 1.12(b)), and an inhibitory
input asuppression (Fig 1.11(c)). Note, however, that
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Fig. 1.11. Reciprocal Ia inhibition from ankle flexors to soleus measured by the H reflex technique and stimulus-triggered averaging
of the on-going voluntary EMG activity. (a) Sketch representing the pathway of disynaptic reciprocal Ia inhibition from tibialis
anterior (TA) to soleus (Sol) motoneurones (MN). The conditioning stimulus was applied to the deep peroneal nerve (1.2 x MT)

and the subject performed a soleus voluntary contraction 5% of maximum voluntary contraction (MVC). (b) Time course of the

inhibition of the soleus H reflex (conditioned reflex expressed as a percentage of its control value); the inhibition starts at the 1 ms
ISI, is maximal (~22%) at the 2 ms ISI and lasts only 4 ms. (¢) Modulation of the rectified on-going soleus EMG. The EMG inhibition
(difference between the two dashed horizontal lines) amounts to ~60% of the background EMG level and lasts ~15 ms. Adapted

from Petersen, Morita & Nielsen (1998), with permission.

suppression may also result from a disfacilitation of
motoneurones due to suppression of the excitatory
inputatapremotoneuronallevel. Disfacilitation pro-
duces a smaller suppression of the EMG than inhi-
bition of the motoneurones because it is not accom-
panied by changes in the membrane conductance of
the motoneurones, which are the major factor sup-
pressing motoneurone discharge with postsynaptic
inhibition (see below).

Other methods

Other methods of treating the raw EMG, such as
integrating the averaged unrectified EMG (advanta-
geous when studying a relatively synchronous dis-
charge of the motoneurones, e.g. see Fig. 2.3(b)) have
been recommended (Poliakov & Miles, 1992).

Recruitment order of motoneurones

In isometric voluntary contractions motoneurones
are recruited with increasing contraction force from
slow to fast in a similar orderly sequence as in the H
reflex (Milner-Brown, Stein & Yemm, 1973; Aimonetti
et al., 2000), in accordance with Henneman’s ‘size
principle’ (see p. 4).

Estimate of the central delay

The central delay can be deduced from the expected
time of arrival of the conditioning volley at the seg-
mental level of the motoneurone pool being tested.
The calculations involve measuring the latency of
the H reflex in the tested pool and correcting this
value for the difference between the afferent conduc-
tion times of the conditioning and homonymous Ia
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Fig. 1.12. Comparison of the changes in the on-going EMG and the H reflex of the quadriceps, and estimate of the central delay of
the changes in the on-going EMG. (a) Sketch of the presumed pathways activated by a deep peroneal nerve (DPN) volley: the

group II volley from pretibial flexors activates excitatory group Il interneurones (IN) facilitating quadriceps (Q) motoneurones (MN),
whereas other afferents (possibly joint afferents from the ankle) activate excitatory INs projecting onto Ib inhibitory INs co-activated
by Ia and Ib afferents in the test volley. (b), (c) Results obtained in the same subject during the same experimental session. Effects of
DPN stimulation on the on-going EMG activity (b) and the H reflex (c) of the Q during a weak tonic contraction involving only a few
motor units (A) and a relatively strong tonic contraction of Q (20% MVC, @). The difference in afferent conduction times between
the fastest Ia afferents in the DPN and femoral volleys from stimulation sites to the segmental level for Q MNs was 6 ms (see Meunier
etal., 1990). (b) Changes in the rectified averaged EMG of Q (100 sweeps, 1 kHz sampling rate), normalised to the background level,
plotted against the central delay: the latency of the H reflex being 21 ms, the 0 central delay (arrival of the DPN volley at the
segmental level of Q MNs) was 27 (21 + 6) ms. Despite the normalisation to the enhanced level of the ongoing control EMG, early
and late facilitations of the EMG are greater with the 20% contraction than with the 5% contraction. (¢) The size of conditioned

H reflex is expressed as a percentage of unconditioned reflex and is plotted against the central delay. Each symbol represents

the mean of 20 measurements, vertical bars 1 = SEM. The central delay of zero corresponds to a 6-ms IS], i.e. when the femoral

and DPN volleys would have arrived simultaneously at the Q MN pool. Modified from Marchand-Pauvert et al. (2002), with

permission.
volleys from the stimulation sites to the spinal cord during a voluntary contraction of soleus, the
(see the legend of Fig. 1.12). peroneal-inducedreciprocal Iainhibition elicits only

weak inhibition of the soleus H reflex, but more
profound suppression of the on-going EMG of
soleus (see Chapter 5, pp. 203-4). The duration
of inhibition is also much longer when assessed
as the modulation of on-going EMG (15 ms,
Fig. 1.11(c)) than when using the H reflex (2-3 ms,
The on-going EMG is more sensitive to inhibi- Fig. 1.11(b)). These findings probably reflect a num-
tion than the monosynaptic reflex. For example, ber of factors.

Changes in the on-going EMG and in the
H reflex need not be identical

Inhibition of the motoneurone pool



Artefact of normalisation

Thisisanalogous to the apparently greater sensitivity
of small H reflexes to inhibition or facilitation when
expressed as a percentage of their control value (see
p. 16). If only a small fraction of the pool is active
(e.g. 5% MVC), inhibition (expressed as a percentage
of control EMG value) will have a profound effect
on the on-going EMG, whereas with the H reflex the
same inhibition, which affects only the last-recruited
motor units, will suppress a limited part of a test
reflex of reasonable size (~15% of Mmay)-

Hyperpolarisation and changes in conductance

Secondly, the hyperpolarisation of motoneurones
during the decay phase of the Ia IPSP could be suffi-
cient to prevent the asynchronous firing of motoneu-
ronesinthe EMG butnot theirsynchronousresponse
to the large monosynaptic Ia EPSP evoking the H
reflex. This second explanation is consistent with
animal experiments. The monosynaptic reflex is sig-
nificantly depressed only during the initial phase of
the underlying IPSP when the hyperpolarisation is
accompanied by changes in the membrane conduc-
tance of the motoneurones, and is depressed little
during the following decay phase (Araki, Eccles & Ito,
1960).

Further cause of discrepancy

A further factor that could cause a discrepancy
between the changesin the Hreflexand the on-going
EMG is discussed below.

Mechanisms gating the afferent volley
of the H reflex

A conditioning volley can affect the mechanisms act-
ing on the afferent volley of the test H reflex (cf.
pp- 12-16), and this is a further reason for a dis-
crepancy between changes in the H reflex and the
on-going EMG. An example of such a discrepancy is
illustrated in Fig. 1.12, which compares the modula-
tionbyaperoneal volley of the on-going EMG activity
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(b) and of the H reflex (c) of the quadriceps. During
weak tonic contraction of quadriceps, the H reflex
and the on-going voluntary EMG underwent quali-
tatively similar biphasic facilitations, with early non-
monosynaptic group I and subsequent group II exci-
tations (see Chapter 7, pp. 293-7). In this instance,
the effects obtained with the two methods were sim-
ilar. In contrast, the changes in the H reflex and
in the on-going voluntary EMG were different dur-
ing stronger voluntary contractions of ~20% MVC.
The reflex facilitation was replaced by inhibition at
central delays of 6-12 ms, while the on-going EMG
was facilitated more than with the weak contrac-
tion. The discrepancy between the EMG and H reflex
modulations during the strong voluntary contrac-
tions suggests the existence of an inhibitory mech-
anism gating the afferent volley of the test reflex.
As discussed on pp. 14-15, this is due to potentia-
tion by the peroneal volley of oligosynaptic inhibi-
tion produced by group I afferents in the test volley
for the H reflex. More generally, this illustrates that,
while the results obtained with the two methods
depend on motoneurone excitability, the H reflex
also depends on factors that can alter the efficacy
of the group I afferent volley in firing motoneu-
rones. In this respect, changes in presynaptic
inhibition of Ia terminals have been inferred from
discrepancies between changes in the Hreflexampli-
tude and in the on-going EMG recorded in the same
muscle during various motor tasks (see Chapter 8,
p. 340).

Critique: limitations, advantages
and conclusions

Advantages
Ease and rapidity of the experiment

Gassel and Ott (1969, 1970) pointed out that the
method allows one to obtain the full time course of
the changesin motoneuronal excitability much more
easily and rapidly than when using the monosynap-
tic reflex. This is a distinct advantage when investi-
gating patients.
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Absence of test stimulation

It is often difficult to ensure that the stimulus for
the H reflex remains constant when overt move-
ment occurs (such as in phasic contractions, cycling
or gait). In addition, the gain of the input-output
relationship on which the H reflex is operating (see
pp. 18-20) may change as a function of the recruit-
ment level during a motor task and at the same
recruitment level in different tasks (see Capaday,
1997). Modulation of the on-going EMG has the merit
of avoiding such limitations.

Comparison of the modulation of the on-going
EMG obtained in different situations

It is possible with this method to compare easily the
effects of conditioning stimuli on the on-going EMG
recorded during various motor tasks, at an equiv-
alent level of EMG activity. Thus, for example, it
has been possible to compare: (i) cutaneomuscular
responses in hand muscles during precision and grip
tasks (Chapter 9, pp. 427-8), (ii) reciprocal Ia inhi-
bition of ankle muscles during voluntary contrac-
tion and gait (Chapter 5, pp. 227-9), (iii) heterony-
mous recurrent inhibition of ankle muscles dur-
ing voluntary contraction and postural adjustments
(Chapter 4, pp. 183-4), and (iv) peroneal-induced
group II excitation to quadriceps during voluntary
contraction and gait (Chapter 7, pp. 318-19).

Limitations
Active motoneurone pool

The most obvious limitation of the method is that
it can only be used in an active motoneurone pool.
The method does not allow changes in transmission
in neural pathways to be studied when moving from
rest to activity.

Temporal resolution

The temporal resolution of the method is limited
because of the different conduction velocities for
individual motor units and the duration of their

EMG potentials. It is therefore not possible with this
method to estimate with precision the central delay
of an effect evoked by conditioning stimulation. In
addition, itislikely that the latency of onset of inhibi-
tion is overestimated when measured to the onset of
the decrease in rectified EMG because the averaged
rectified EMG trace cannot decrease until the end of
the motor unit EMG potential.

Initial facilitation and subsequent suppression

Initial facilitation is obligatorily followed by a sup-
pression, that results from the post-spike after-
hyperpolarisation (AHP) and recurrent inhibition of
the motoneurones. Accordingly, when there is an
initial facilitation (due, e.g. to monosynaptic Ia exci-
tation), differences in later events observed between
two motor tasks may be difficult to interpret unless
the initial facilitation is not modified.

Type of motoneurones involved

Surface EMG studies cannot reveal whether the
different motoneurones in the pool respond uni-
formly to the stimulus, i.e. whether high-threshold
motoneurones respond differently to low-threshold
motoneurones.

Conclusions

Modulation of rectified on-going EMG activity
recorded with surface electrodes has the greatadvan-
tage of simplicity. This method gives a general
overview of the response to a stimulus, but it is
usually not a quantitative measure of motoneurone
activity and its temporal resolution is weak.

Post-stimulus time histograms
(PSTHs) of the discharge of single
motor units

Changes evoked by a conditioning stimulus in a
motoneurone pool depend on the distribution of



conditioning effects within the pool (see pp. 18-20).
Such ‘pool problems’ are not an issue when study-
ing the responses of single motor units. The abil-
ity to record post-stimulus histograms (PSTHs) of
the discharge of single motor units represented a
major breakthrough in motor control investigations
in human subjects (for review, see Awiszus, 1997).
Indeed, when a motoneurone is activated volun-
tarily, the effect of a particular input can be deter-
mined by constructing a histogram of the occurrence
of motoneurone discharges following repeated pre-
sentation of a suitable stimulus. Pioneering studies
were performed by Stephens, Usherwood & Garnett
(1976), who pointed out that ‘this procedure extracts
from the naturally occurring spike train only those
changes in firing time-locked to the stimulus’.

Underlying principles

Extraction of the changes in firing probability
time-locked to the stimulus

The method does not assess the amplitude of a post-
synaptic potential (PSP) in a motoneurone, but the
resulting changes in its probability of discharge. The
principles are presented in the sketch of Fig. 1.13,
which shows the construction of the PSTH (bottom
row) based on the time of occurrence of motor units
potentials in a voluntarily activated motoneurone
with the repeated presentation of a stimulus. When
a motoneurone is activated voluntarily (first row),
motor unit EMG potentials are recorded (second
row) and converted into standard trigger pulses by
avariable window discriminator (third row). Stimuli
are delivered to produce an EPSP in the motoneu-
rone, insufficient to cause the motoneurone to dis-
chargeinresponse to everystimulus, and acomputer
measures the latency of the trigger pulses follow-
ing each stimulus. When the stimulus-induced EPSP
doesnotreach discharge threshold for the motoneu-
rone, the first spike to occur after the stimulus will
be due to the motoneurone’s background discharge,
i.e. the ‘spontaneous’ spike in Fig. 1.13 (thin dashed
lines in the first two rows of the figure). Its latency
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is unaffected by the stimulus. ‘Spontaneous’ spikes
occur randomly with respect to the stimulus and,
after many stimuli are delivered, the PSTH will be
flat. However, if the EPSP produces a motoneurone
discharge, a spike will occur after the stimulus at a
latency determined by the latency of the EPSP (thick
continuous lines of the first two rows of Fig. 1.13).
With repetition, there will be an increased number
of motoneurone discharges at that particularlatency,
creating a peak in the PSTH due to the increased
probability of motoneurone discharge in response
to the EPSP (bottom row). If the conditioning stimu-
lus elicits an IPSP in the motoneurone, there will be
a trough in the PSTH at the corresponding latency
(Ashby & Labelle, 1977).

Different models

Anumber of different models have been proposed for
estimating the size of PSPs underlying the changes
in firing probability of a repetitively activated motor
unit (for review, see Miles, 1997). Most of these mod-
els are theoretical and lack the synaptic noise which
is particularly important in determining the dis-
charge of spikes (Matthews, 1996). Kirkwood & Sears
(1978, 1982) observed that the relationship between
the shape of the primary peak in the PSTH and ‘the
common excitation potential’ could be described as
the sum of two linear terms, one being proportional
to the EPSP and the second to its first derivative.
Their conclusion was tested directly by Gustafsson
& McCrea (1984). They confirmed that the shape of
the PSTH for EPSPs and IPSPs is a combination of the
PSP itself and of its first derivative, the influence of
the derivative being less when the PSP is small with
respect to the synaptic noise.

Basic methodology

Different authorities have adopted different
methodologies for generating PSTHs, and the
discussion below focuses on one of these (Fournier
et al., 1986), but with some reference to other

techniques.
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Fig. 1.13. The experimental design used in constructing PSTHs for single motor units. First row: consecutive spikes in the MN, with

the post-spike afterhyperpolarisation (AHP) following the first spike and the firing level (dashed horizontal line). Second row:

corresponding motor unit (MU) potentials. Third row: conversion of the MU potentials into trigger pulses by a discriminator with

variable trigger level. The vertical thick arrow indicates the timing of stimulation, delivered with a fixed delay after the previous MU

discharge. The latencies of MU potentials following stimulation are measured, and a histogram of these latencies is constructed

(fourth row). The dashed spike and MU potential represent when the discharge due to the ‘spontaneous firing’ of the MN would

have occurred. After an afferent conduction time (ACT, dashed oblique upward arrow) and a central delay, the stimulus produces an

EPSP that advances the MN spike and the corresponding MU potential (thick continuous lines). The efferent conduction time (ECT)

is represented by the dotted vertical downward arrow. Adapted from Fournier et al. (1986), with permission.

Recording
How to isolate one motor unit?

It is necessary to record reliably from a single motor
unit that is voluntarily activated. To record from sin-
gle motor units does not necessarily require nee-
dle electrodes. With the help of visual and audi-
tory feedback, carefully placed surface electrodes
and some training, most subjects can isolate a

single unit by controlling a liminal contraction so
that the motor unit action potential is the only one
visible on the screen or is of greatest size. When there
are several active units, it may be possible to isolate
one of them with a window discriminator with vari-
able upper and lower levels. Of necessity, the units
so isolated are of low threshold, recruited at levels
of force below 5% MVC, and presumably represent
small motoneurones with slowly conducting axons.



A significant technical advance has been the use of
differential surface electrodes (DE-2.3, Delsys Inc.,
Boston, USA), with which it is possible to isolate
units during contractions as strong as 20% of MVC
(Marchand-Pauvert et al., 2002). However, record-
ings from high-threshold units still require the use
of needle electrodes or intramuscular wires. Sophis-
ticated template-matching paradigms now allow the
automatic identification of a number of different
motor units in the same recording sequence (e.g. see
LeFever & De Luca, 1982; Miles, Le & Tiirker, 1989).

How to be sure that the results originate from
the same unit?

The EMG potentials of different motor units may dif-
fer only slightlyin shape and size. A simple procedure
allows one to ensure that potentials recorded dur-
ing the same session originate from the same unit
(Fournier et al., 1986). A conditioning stimulus is
delivered, triggered by the motor unit potential but
with a zero delay. The afferent volley will arrive at
the motoneurone when it is still refractory due to
the AHP, and this will prevent the conditioning EPSP
from firing the motoneurone. If these stimuli cause a
peakin the histogram, the data in the PSTH are from
more than one motor unit or are contaminated by
another unit.

Stability of the frequency of firing of the unit

Because the size of the peak (or trough) recorded in
the PSTH to a constant conditioning stimulus varies
with the motoneurone’s discharge rate (see below),
it is essential that the discharge remains as stable as
possible, between 5 and 10 Hz in different muscles.
It is important that there is stable background firing
in the absence of stimulation, because irregularities
in the background firing can produce the appear-
ance of false peaks (or troughs) in the final PSTH (see
p. 35).

Characterisation of the recorded units

The threshold and size of motor units may be
inferred from the force at their recruitment, the
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macro-potential area of the EMG potential and the
twitch contraction time (see Milner-Brown, Stein &
Yemm, 1973; Aimonetti et al., 2000).

Recordings from pairs of motor units

When comparing results obtained for low-threshold
(slow) units and high-threshold (fast) units, it may
be difficult to be certain whether different results
are due to a difference in the inputs to these units
or to the fact that high-threshold fast units require
a stronger descending excitatory (and peripheral)
drive. This can be tested by recording simultane-
ously with needle electrodes from pairs of units (one
low-threshold, the other high-threshold), in which
case there will be, of necessity, the same descend-
ing excitatory and peripheral drives (Aimonetti
etal., 2000).

Stimulation
Stimuli delivered randomly

Stimuli may be delivered randomly with respect to
the motoneurone discharge (Stephens, Usherwood
& Garnett, 1976; Ashby & Zilm, 1982b). The size of
the peak elicited by a given EPSP then decreases
when the frequency of firing increases (Ashby & Zilm,
1982a), because the higher the frequency, the higher
the probability of the EPSP occurring during the AHP
following a previous discharge. This simple method
requires a longer recording because the EPSP will
often reach the motoneurone during the AHP follow-
ing a discharge and be unable to make the motoneu-
rone discharge again. The more efficient alternative
is to avoid the AHP by triggering the stimulator from
the motor unit potential (see below). However, there
is an advantage in delivering the stimuli randomly:
if more than one motor unit can be discriminated
reliably in the recording, it is possible to construct
PSTHs off-line for each unit for the same recording
sequence. This allows a more valid comparison of the
responses of different units.
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Stimulation may be triggered by the discharge of
the single motor unit (Fournier et al., 1986;
Fig. 1.13)

Each stimulus is then triggered at a fixed delay
after the preceding motor unit action potential, but
with the overall stimulus repetition rate limited to
2-3Hz. Thistechnique hasadvantages under two dif-
ferent conditions. (i) Stimuli can be delivered so that
the peak of excitation occurs towards the end of the
AHP following the previous motoneurone discharge,
when the probability that the EPSP can make the
motoneurone discharge is highest. (ii) Conversely
the AHP can be used to attenuate the monosynaptic
discharge of the motor unit. The monosynaptic dis-
charge of a motoneurone is followed by a depression
due to the AHP, and this will obscure later EPSPs or
IPSPs. Preventing the monosynaptic discharge of the
motoneurone could allow these late synaptic effects
to become apparent. This can be done by delivering
the stimulus at an appropriately short delay follow-
ing the previous discharge. The delay is chosen so
that the AHP reduces the probability of firing due to
the monosynaptic EPSP, but not the effects of the
late synaptic events which occur later on the recov-
ery from the AHP. With this method of discharge-
triggered stimulation, the size of the peak elicited by
a given EPSP increases with the frequency of firing:
the higher the frequency the lower the possibility of
the EPSP occurring during the critical period of the
AHP (see Katz, Meunier & Pierrot-Deseilligny, 1988).
Note, however, that, while the technique may pre-
vent discharge due to the monosynaptic input, the
late events will be distorted in amplitude by the sub-
liminal excitation produced by that input. When the
stimulusis triggered by the preceding motor unit dis-
charge, itis essential that there be counts in bins pre-
ceding the increased probability of discharge. Oth-
erwise the AHP could be obscuring the onset of
the peak. This is important because the initial 0.5—
1.0 ms of the peak represents the only unequivo-
cally monosynaptic component of the group I peak
(cf. p. 34). A disadvantage of triggering the stimu-
lus from the motor unit discharge is that, of neces-
sity, only that one motoneurone can be studied in

the recording sequence, even when more than one
motor unit is active.

Intensity of the stimulation

The intensity of stimulation should be below thresh-
old for a compound response (be it the H reflex,
polysynaptic response or motor evoked potential)
because, if not, small motor unit potentials might
exceed the trigger level when superimposed on the
compound response. This would cause a peak in the
PSTH at the appropriate latency even when there
was no effect on the discharge probability of the unit
being studied.

Assessment of the timing of the changes in
firing probability

Recording window

A computer cannot distinguish between counts due
to the unit (i.e. those that must be analysed) and
those due to stimulus artefact and/or the compound
M wave. Itis convenient to delay the beginning of the
recording until such activity has subsided.

Estimation of the latency of a change in
discharge probability

Within the recording, analysis is focused on the
region of expected and/or visually identifiable peaks
and troughs in the histogram. Consecutive bins with
an increase (or a decrease) in firing probability are
grouped together and tested with a x 2 test to deter-
mine whether the firing probability after stimulation
within the group differs from that in the control situ-
ation. A peak of excitation (or a trough of suppres-
sion) is accepted if there is a significant increase (or
decrease) in firing probability in a group of adjacent
bins. The latency of the first bin of the change in fir-
ing probability is taken to be the latency of the effect,
but must be corrected for the trigger delay on the
motor unit action potential. The trigger pulse that
is fed into the computer is generated on the rapidly
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Fig. 1.14. Changes in firing probability of a FCR motor unit after stimulation of the homonymous and heteronymous group I

afferents. (a) Sketch of the presumed pathways: a flexor carpi radialis (FCR) motoneurone (MN) receives monosynaptic excitation
from homonymous (dashed line) and heteronymous (dotted line) Ia afferents, the latter from intrinsic hand muscles innervated by
the median nerve. (b)-(e) PSTHs (0.5 ms bin width) after stimulation of homonymous Ia afferents in the median nerve at elbow level

(0.8 x MT (b), (¢)), and of the median nerve at wrist level just below 1 x MT ((d), (e)). The number of counts (expressed as a

percentage of triggers) is plotted against the latency after stimulation. (J and B in (b) and (d) show the control and conditioned

histograms, respectively, and columns in (¢) and (e) the difference between them. Vertical dashed lines in (¢) and (e) indicate the

latency of the early homonymous (27.5 ms (¢)) and heteronymous (32 ms (e)) peaks, respectively. Distance between wrist and elbow

electrodes: 0.30 m. Conduction velocity in the fastest Ia afferents in the median nerve: 69 ms~!. The difference in latencies of

heteronymous and homonymous peaks (32-27.5 = 4.5 ms) is explicable by the difference in afferent conduction times (0.30/69 =

4.35 ms). Adapted from Marchand-Pauvert, Nicolas & Pierrot-Deseilligny (2000), with permission.

rising phase of the EMG potential, a few milliseconds
afteritsonset, and this delaymustbe subtracted from
the latency of the peak (or trough) in the PSTH (see
Fig.2.2(0), (d)). However, when comparing the effects
of different conditioning stimuli, the trigger delay
will be the same for all changes in firing probability
of any one motor unit, provided that the recordings
come from the same sequence. The trigger delay does
not affect the difference in latencies in two PSTHs,
and this is the critical measurement in such experi-

ments (e.g. Fig. 1.14). The time resolution of the
method depends only on the bin width. However,
the narrower the bin width, the greater the number
of stimulinecessaryto produce asignificantincrease
in each bin of the peak.

CUSUM

Ellaway (1978) devised a procedure (cumulative
sum or CUSUM) to enhance the detection of small
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changes in firing probability. The first step in con-
structing a CUSUM involves estimating the mean
countin the bins of a control histogram (or the mean
count in the pre-stimulus bins). The mean value is
then subtracted from the counts in each bin of the
entire PSTH. The residual counts in each bin are then
summed sequentially (bin 1, then bins 1 + 2, then
bins 1+ 2 + 3, etc. .. .) and plotted against time after
the stimulus. The resulting function is an integral
with respect to time. Normalisation of the counts in
the PSTH as counts/stimulus/bin results in a meas-
ure with units ofimpulses/stimulus/s. Given that the
CUSUM is the time integral of the PSTH, its units
are then impulses/stimulus. The onset of a period
of increased (or decreased) firing probability is indi-
cated in the CUSUM by the onset of a positive (or
negative) slope, and this allows amore confident esti-
mate of latency than could reasonably be achieved
using the raw histogram which inevitably contains
irregular bin-to-bin fluctuations. In the CUSUM, the
duration of an excitatory event is given by the dura-
tion of the increasing phase of the CUSUM. If the
discharge then falls below control levels, the CUSUM
begins to fall, but if it does not, the CUSUM remains
at the higher level (as one would expect with a true
integral).

Estimating the central delay of an effect

The latency of a peak (or trough) in the PSTH is
the sum of the afferent and efferent conduction
times plus the central delay of the pathway. To esti-
mate the latter, it is convenient to record another
PSTH for the same unit for homonymous mono-
synaptic Ia excitation, and to compare the laten-
cies. Since it is the same unit, the trigger delay
and the efferent conduction time are the same.
The afferent conduction times for the homony-
mous Ja and the relevant afferent volleys may be
estimated from the conduction velocities of the
fibres (e.g. Fig 1.16) and the distance from stim-
ulation sites to the spinal cord (cf. Chapter 2,
pp- 70-3). From these calculations it is possible to
compare the central delay of the tested effect to that
of homonymous monosynaptic Ia excitation.

Changes in the mono- and non-monosynaptic
components of the Ia peak

As discussed above (pp. 14-16), oligosynaptic path-
ways activated by the testvolley canlimit the extent of
group I excitation. Only those changes affecting the
entire excitatory peak and, in particular, the initial
0.5-1.0 ms have affected the monosynaptic pathway
(cf. p. 16). This can only be ensured in experiments
using PSTHs from single motor units because the
temporal resolution of compound EMG responses is
limited (see p. 28). To be certain that the first bins are
capturing the true onset of monosynaptic excitation
it is necessary that there are counts in earlier bins
(see p. 32).

Assessment of the size and significance of
the peaks and troughs in the PSTH

When stimulation is delivered randomly with
respect to the firing of the unit

The background firing is then calculated during the
period immediately preceding the stimulus. Using
1 ms bins, Mao et al. (1984) accepted a period of
increased (or decreased) firing probability if the fir-
ing probability in 3 or more adjacent bins was above
(or below) the mean background firing plus 2 SD.

When stimulation is triggered by the
previous discharge

The probability of firing then depends on the AHP
following the previous discharge. In the control situ-
ation, there is a progressive increase in the probabil-
ity of discharge with increasing time intervals as the
AHP subsides. To take such changes in firing prob-
ability into account, a control histogram of firing
probability is constructed without stimulation. The
control and conditioned situations (Jand W, respec-
tively, in Figs. 1.14(b), (d) and 1.15(b)) are randomly
alternated in the same sequence and the control
count is subtracted from the conditioned count for
each bin in the PSTH (Figs. 1.14(¢c), (¢) and 1.15(c)). A
x 2 testis used within different time-interval windows
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Fig. 1.15. Heteronymous la facilitation and recurrent inhibition from quadriceps to tibialis anterior. (a) Sketch of the presumed

pathway: heteronymous Ia afferents from quadriceps (Q) produce monosynaptic excitation of a tibialis anterior (TA) motoneurone
(MN), and recurrent collaterals from Q motor axons inhibit the TA MN through Renshaw cells. (b), (¢) PSTHs (1 ms bin width,
number of counts as a percentage of number of triggers) for a TA unit. (b) Control ((J) and conditioned (M) histograms.

(¢) Difference between conditioned and control histograms. Femoral nerve stimulation that produced an H reflex in the quadriceps

(20% of Mmay) also produced an early peak of excitation in the TA motor unit, at a latency consistent with monosynaptic Ia

excitation, followed by short-latency long-lasting recurrent inhibition. Adapted from Meunier et al. (1990), with permission.

to determine the extent to which the distribution
of firing probability after stimulation differs from
that in the control situation. A peak of excitation (or
a trough of suppression) is accepted as genuine if
there is a significant increase (or decrease) in firing
probability in a group of adjacent bins. Sequences
in which irregularities in the control sequence con-
tribute significantly to the difference between the
two situations are not retained for further analysis.
Asdiscussed earlier, bin-to-bin variability in the con-
trol PSTH is commonly due to failure to maintain a
steady background discharge rate. Figure 1.14(b), (¢)
shows the large homonymous monosynaptic Ia peak
evoked in a FCR unit by stimulation of the median
nerve at the elbow. Stimulation of afferents in the
median nerve at the wrist from intrinsic muscles of

the hand elicited a peak at a longer latency ((d),
(e)), and this difference in latency was explicable
by the difference in the afferent conduction times
for the homonymous and heteronymous Ia volleys
(seethelegend of Fig. 1.14). Figure 1.15showsthatthe
PSTH can also effectively demonstrate inhibition: in
this case, recurrent inhibition from quadriceps to
tibialis anterior.

Normalisation of the results

It is convenient to express the number of counts in
each bin as a percentage of the number of triggers.
Although the relationship between the amplitude of
a peak (or a trough) in the PSTH and that of the
underlying PSP is complex (see p. 29), the larger the



36

General methodology

o 87 (b
(a) § 4 TN 1 x MT

£

2 o1 [ H 0 (AT

° [ | | 53.6 ms

g -2 T \ \ \ \

g : 7.2ms :

2 %0

g 4 PTNO.7xMT§

5, M p o

z 346.4ms H ” H
-2 \ \ '

\ \ \ [
51 53 55 57

Latency (ms)

Fig. 1.16. Conduction velocity of tibial Ia afferents between the ankle and knee. (a) Sketch of the experimental paradigm: Ia afferents,

with monosynaptic excitatory projections on homonymous motoneurones (MN), from intrinsic plantar muscles (flexor digitorum
brevis, FDB) are stimulated at the ankle and knee. (b), (c) PSTHs (after subtraction of the background firing, 0.2 ms bin width) for a
FDB unit are shown after stimulation of the tibial nerve (TN) at ankle level (1 x MT (b)) and of the posterior tibial nerve (PTN) at
knee level (0.7 x MT (c)). The difference between the latencies was 7.2 (53.6-46.4) ms, and the distance between the electrodes

42 cm. This gives a conduction velocity (CV) of 58 m s™! (0.42/0.0072). Modified from Marque et al. (2001), with permission.

PSP the higher the peak or the deeper the trough.
Thus, the absolute size of the peak (or trough) can be
estimated as the sum of the differences (conditioned
minus control counts) in the different consecutive
bins with increased (or decreased) firing probability
contributing to a given peak or trough.

Assessment of the conduction velocity
of Ia afferents

The PSTH method may also be used to calculate the
conduction velocity of Ia afferents. The calculations
involve measuring the latency of the monosynaptic
Ia peaks measured in PSTHs for the same unit after
stimulation of homonymous Ia fibres at two differ-
ent sites (Chapter 2, p. 72), and dividing the distance

between the two stimulation sites by the difference
in the latencies (see Fig. 1.16).

Critique: limitations, advantages
and conclusions

Limitations
Voluntary activation

The most obvious limitation of the method is that,
like the modulation of the on-going EMG, PSTHs can
be constructed only for an active motoneurone pool.
Some subjects find it difficult to maintain the dis-
charge of a specific motor unit in isolation, and when
more activity develops there is a risk of spurious



counts not due to the original unit. Needle electrodes
can allow better unit isolation but are inherently
unstable, and less suited for the multiple recordings
needed to characterise a response fully. Hook-wire
electrodes allow selectivity and stability, but cannot
be moved easily to record from different motor units
in a different site in the muscle.

Afterhyperpolarisation

When Ia or corticospinal volleys produce a clear peak
in the PSTH, the following AHP can suppress firing
and obscure weaker effects of longer latency. Weak
late effects may then be demonstrated (i) by decreas-
ing the stimulus intensity (though this could reduce
the size of the late effects), and (ii) by using the AHP
to suppress the early peak. This would involve trig-
gering the stimulus earlier after the previous spike
so that the early peak falls within the AHP, but not
so early that the late activity was also obscured (see
p. 32).

Multiple peaks (or troughs)

The rising phase of the EPSP synchronises spikes
at a fixed interval after the stimulus and generates
secondary and tertiary peaks and troughs in the
PSTH reflecting the auto-correlation function of the
motoneurone discharge. These ‘synchronisation-
related errors’ occur with time lags of the same
order as the spontaneous mean inter-spike inter-
val (Tiirker & Powers, 1999, 2003). Thus, the double
peaks which occur in the PSTH at shorter intervals
may be safely attributed to double EPSPs, e.g. the two
peaksinFig. 1.18(f) are probablydueto corticospinal
D and [ waves evoked by transcranial electrical stim-
ulation of the motor cortex (see p. 42).

Conclusions

The PSTH is a powerful technique that allows single
motoneurones to be investigated in human subjects
with good time resolution. It can be applied in vir-
tually all muscles and, if needle or wire electrodes
areused, high-threshold and low-threshold units can
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be studied. It is an indispensable complement to H
reflex experiments to overcome various ‘pool prob-
lems), to detect oligosynaptic limitation of the reflex
by the test volley or to ensure a change in presynaptic
inhibition of Ia terminals. The only important limi-
tations are that it requires selective voluntary con-
traction involving only one detectable unit, and this
unit may not be representative of the motoneurone
pool.Itisalsoimpossible to document the changesin
transmission produced by voluntary effort. For this
reason the unitary H reflex described by Shindo et al.
(1994) is important (see below).

Unitary H reflex

Underlying principles and basic
methodology

Underlying principles

By carefully controlling the stimulus it is possible
to study the H reflex of single motor units. An in-
genious (but demanding) method has been
described by Shindo et al. (1994), utilising essen-
tially the same principles as those used for threshold
tracking of the compound H reflex (cf. p. 11), but
doing so for a single motor unit and estimating the
size of the test Ia EPSP necessary to reach firing
threshold for that unit.

Recording

The EMG potential of a single motor unit discharging
in the H reflex is recorded with a needle electrode.
This constitutes a ‘unitary’ H reflex, a single soleus
motor unit potential contributing to the compound
soleus H reflex.

Stimulation

The posterior tibial nerve is stimulated to produce an
H reflex. The excitability of a single motoneurone is
assessed as the stimulus intensity that activates the
unit at rest with a 50% probability, referred to as the
‘critical firing stimulus’ (CFS). This stimulus intensity
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Fig. 1.17. The principle of the CFS method (unitary H reflex). (a) The size of the test EPSP increases almost linearly with the increase
in stimulus intensity. The ‘CFS’ is the difference between the Ia threshold (measured as the weakest stimulus to produce a Ia peak in
the PSTH of the voluntarily activated unit) and the stimulus necessary at rest to discharge the motoneurone in the H reflex with a
firing probability of 50% (FPso). (b)-(d) The size of the test Ia EPSP (top) and the resulting changes in the sequence of stimulation to
reach FPsgy (bottom) in the control condition (b) in the presence of a conditioning IPSP (¢) and a conditioning EPSP (d). The sizes of
the test EPSPs (double-headed arrows in the top row of sketches in (b)-(d)) correspond to the CFS. Conditioning inhibition and
facilitation are shown as increases and decreases in the CFS, respectively. Presence (®) and absence (O) of discharge of the motor
unit are shown in the bottom row. (b) In the control situation, the firing probability is 50%. (c) When there is a conditioning

IPSP, the motor unit does not discharge (O) until stimulus intensity is increased (downward) to reach FPsgg. (d) When there is a
conditioning EPSP, the motor unit discharges (®) and stimulus intensity has to be decreased (upward) to reach FPs¢q. Adapted from

Shindo et al. (1994), with permission.

is expressed relative to the threshold intensity for
the group Ia EPSP, which is estimated by meas-
uring the threshold for the homonymous peak in
PSTHs of the same unit when voluntarily activated.
It is assumed that the latter threshold represents
the threshold for the test EPSP in the motoneurone
under study. At rest, the test stimulus intensity is
determined automatically by computer. Repeated
automatic adjustments of the test stimuli make the
firing probability of the unit converge to 50% (FPsog)
(O and @ showing the absence and the presence of
firing of the unit, respectively, in the bottom rows of
Fig. 1.17(b)-(d)). The stimulus intensity is increased
if the unit fails to discharge in response to the pre-
ceding stimulus (O in C), and decreased if the unit
does discharge (® in D).

Significance of changes in CFS produced
by conditioning stimuli

Figure 1.17(a) shows diagrammatically the relation-
ship between the intensity of the test stimulus and
EPSP size within a single motoneurone. The Ia
threshold indicates the weakest stimulus intensity
that affects the discharge probability of the voluntar-
ily activated motoneurone. The intensity that pro-
duces FPsy corresponds to the weakest stimulus
intensity that causes the motor unit to discharge
with a 50% probability when at rest, and the differ-
ence between these intensities is the CFS, an indi-
rect measure of the size of the test Ia EPSP ne-
cessary to make the motoneurone discharge when
at rest. When conditioning stimuli hyperpolarise or



depolarise the motoneurone, there are appropriate
changes in the CFS (double-headed arrows in the
sketches in the top rows of Fig. 1.17(b)—(d)). The CFS
for a motor unit should therefore be a function of
the test Ia EPSP in the corresponding motoneurone,
measured as the voltage excursion between the rest-
ing membrane potential and the firing threshold of
the motoneurone. The relationship between the CFS
and the size of the test EPSP is approximately linear,
and thesize of the CFS canbe used asameasure of the
size of the average test [a EPSP. When conditioning
stimuli produce an IPSP, the resulting hyperpolar-
isation prevents the unit from firing (O in Fig.
1.17(¢)). A stronger stimulus intensity is then
required to produce an EPSP sufficiently large for the
motoneurone to fire with a probability of 50%. Con-
versely, when conditioning stimuli produce depolar-
isation, the sum of the conditioning and test EPSPs
causes the unit to fire with a probability greater than
50% (@ in (d)), and the stimulus intensity must be
reduced to produce the smaller test EPSP required
to reach the FPsgy, (Fig. 1.17(d)). The technique was
validated by the demonstration that the sensitivity
to femoral-induced heteronymous Ia facilitation was
the same for the unitary and the compound soleus
H reflexes.

Critique: limitations, advantages
and conclusions

Advantages

(i) Conditioning effects may be explored avoiding
any ‘pool problems’ (see pp. 16-20), and may be
compared at rest and during contraction. (i) As
with the H reflex, and unlike the PSTH, varying the
conditioning-test interval allows the full time course
of an effect to be investigated without the risk that
weak effects at long latency are obscured by the AHP
or by recurrent inhibition elicited by a large condi-
tioning monosynaptic discharge (Ia or corticospinal
in origin) (see p. 37).

Limitations

(i) Asingle motor unit must be held for along time
using a needle electrode - first for a number
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of PSTHs (to document the threshold for the Ia
EPSP) and then during the experimental studies.
(ii) The method can be applied only in muscles in
which an H reflex is recordable at rest.
(iii) Only motor units of relatively low threshold can
be studied.

Stimulation of the motor cortex

The development of techniques to stimulate the
motor cortex through the intact scalp and skull
allows studies of corticospinal function in intact
co-operative human subjects, and has led to new
diagnostic procedures and considerable advances
in motor control physiology. Most of the pioneer
work was undertaken by Marsden, Rothwell and col-
leagues, and this section is largely based on a com-
prehensive review by Rothwell (1997).

EMG responses evoked by
cortical stimulation

Motor evoked potentials (MEPs) evoked by
transcranial stimulation

These are recorded by surface electrodes over the
corresponding muscle belly as is done for reflex stud-
ies. MEPs may be recorded at rest. However, as for
the H reflex, a weak voluntary contraction raises the
active motoneurone pool to firing threshold, thereby
potentiating the response and helping to focus the
MEP on the target muscle. In addition, the appro-
priate cortical circuits are facilitated by the volun-
tary activity, and this is particularly relevant when
using magnetic stimulation, which activates the cor-
ticospinal system trans-synaptically (see below).

Surface electrodes are not selective

Surface electrodes can record EMG potentials gen-
erated at a distance. The detection of cross-talk is
particularly important in the context of motor cortex
stimulation, because: (i) the stimulus is not focal; (ii)
even if it were, the response rarely involves a single
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muscle; (iii) the effect observed following stimula-
tion at a given site over the motor cortex depends on
the existing level of background activity and can be
reversed by switching voluntary activity from ago-
nists to antagonists; (iv) reorganisation of the motor
cortex may occur after neurological lesions. Cross-
talk may be recognised by muscle palpation (except
with near-threshold stimuli), and by the fact that the
frequency content of EMG activity generated at a dis-
tance is narrower, the power spectrum being shifted
to lower frequencies (see Capaday, 1997).

PSTHs

PSTHs of single motor units may be constructed after
cortical stimulation. The intensity of the stimulation
should then be set so that during voluntary activa-
tion of a unit cortical stimulation only changes its
firing probability (i.e. the unit does not contribute
to a compound MEP, or can be reliably recorded in
isolation, usually with a needle electrode).

Mono- and non-monosynaptic transmission
of corticospinal excitation

The sharp increase and short duration of the early
peak in the PSTH of single units and its short latency
(see Fig. 1.18(f)) strongly suggest that the onset of
the excitation involves monosynaptic transmission,
as might be expected from studies in higher pri-
mates. However there is considerable evidence (see
Chapter 10) that, in human subjects, a significant
component of the corticospinal excitation of upper
limb motoneuronesis relayed through propriospinal
interneurones rostral to the motoneurone pool.

Electrical stimulation

The impetus for transcranial stimulation came from
thestudies of Merton and Morton (1980). They used a
single high-voltage transcranial capacitive discharge
and showed that stimulation over the motor cortex
could produce a twitch of contralateral limb muscles.

Methodology

Anodal transcranial stimulation has a lower thresh-
old than cathodal stimulation (Rothwell et al., 1987;
Burke, Hicks & Stephen, 1990). Merton and Morton
used a bipolar electrode arrangement. For activation
of hand muscles, the anode was placed 7 cm lateral
to the vertex and the cathode at the vertex; for acti-
vation of the leg muscles, the anode was placed at
the vertex and the cathode 6 cm anterior. Close bi-
polar stimulation with an inter-electrode distance
2 cm or less is more focal, but less effective, since
higher stimulus intensities are needed to produce
EMG responses (Cohen & Hallett, 1988), and this is
more painful.

Multiple descending volleys elicited
by cortical stimulation

In monkeys, a single stimulus applied at threshold
intensity to the surface of the motor cortex activates
pyramidal tract axons directly, eliciting a descending
pyramidal volley termed the D wave (‘D’ for ‘direct’,
due to direct stimulation of the corticospinal neu-
rone or its axon). With higher stimulus intensities,
the size of the D wave increases and the stimulus
begins to recruit a series of subsequent volleys, ‘I
waves’, which descend the pyramidal tract with the
same velocity as the D wave, at intervals of ~1.5 ms
(Patton & Amassian, 1954). I waves are due to trans-
synaptic activation of pyramidal tract neurones, and
are so termed because the corticospinal neuronesare
activated ‘indirectly’. Precisely how I waves are gen-
erated is unknown, i.e. whether they result from suc-
cessive discrete excitatory inputs to the corticospinal
neurone, whether they involve alternating excitatory
and inhibitory inputs, or whether an essentially sin-
gle input sets up a reverberating response from the
neurone. The I waves are recruited in a particular
order as stimulus intensity is increased. The rea-
son for this is that the stimulus intensities neces-
sary to recruit I waves are higher than those needed
for D waves. Thus, at intensities above threshold for
I waves, the stimulus will have already activated a
number of corticospinal neurones in the preceding
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Fig. 1.18. Comparison of EMG responses evoked in human muscle by electrical and magnetic transcranial stimulation. (a) Sketch of

the presumed pathways: a pyramidal neurone projecting to a first dorsal interosseus (FDI) motoneurone (MN) is activated at the

level of its axon (dashed arrow) by anodal electrical stimulation, and trans-synaptically (continuous arrow) by transcranial magnetic

stimulation (TMS). (The grey matter is only sketched in the motor area of the stimulated hemisphere.) (), (¢) Surface EMG

responses in pre-activated FDI muscle after different intensities of stimulation (60% (b), and 100% (c)) following electrical

stimulation (anodal, dashed lines) and TMS (induced current flowing in posterior-anterior direction over the lateral part of the

motor strip, continuous lines) (from Day et al., 1989). (d)-(f) Comparison of the effects of anodal electrical stimulation (f) and TMS
(at intensities of 60% and 45% (d), (e)) on the PSTH of the same FDI motor unit (calibration 2.5 ms). The two peaks in (f) are thought
to be due to corticospinal D and I waves. Adapted from Rothwell (1997), with permission.

D wave. These may be refractory during the first I-
wave input and only able to respond in the second or
the third I wave. In human subjects, the recruitment
of D and I waves after transcranial electric stimu-
lation seems very similar to that seen after direct
stimulation of the exposed motor cortex in monkeys.
Intra-operative recordings during scoliosis surgery
from the spinal epidural space of descending vol-
leys produced by transcranial stimulation show ini-
tialrecruitment of an early rapidly conducted D wave
followed by a series of I waves that have a sim-

ilar conduction velocity as the D wave (Boyd et al.,
1986; Burke, Hicks & Stephen, 1990). From a practi-
cal point of view, only with relatively weak transcra-
nial electrical stimuli does the D wave arise at corti-
cal level: with relatively strong stimuli, the shortest
latency component of the D wave produced by scalp
stimulation probably arises from the decussation of
the pyramids (Rothwell et al., 1994). At threshold, D
wave responses to transcranial electrical stimulation
probably arise from the axon, several nodes distant
to the cell body (see Rothwell, 1997).
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Motor evoked potentials (MEPs) elicited
by electric stimulation

Figure 1.18(b), (¢) (dashed line) shows the EMG
potential produced in the first dorsal interosseus
(FDI) muscle by anodal electrical stimulation of the
brain. The latency of EMG responses elicited by elec-
trical stimulation is short, and the calculated cen-
tral motor conduction time from the cortex to spinal
motoneurones (using F wave estimates of peripheral
conduction times) is about 4 ms for biceps motoneu-
rones at C5 and 5 ms for C8 hand muscles (see Roth-
well et al., 1991). Such short latencies suggest that
at least the onset of the MEP is produced by activity
in the fast-conducting corticospinal axons, probably
the monosynaptic component of the corticospinal
tract.

Changes induced in the PSTH of single units

The PSTH of a FDI unit in Fig. 1.18(f) shows that
anodal electrical stimulation produces an early peak
with a sharp increase and short duration, prob-
ably due to the D wave activating the motoneurone
monosynaptically (Day et al., 1989). Increasing the
stimulus intensity recruits further peaks which fol-
low the initial peak at intervals of ~1.5 ms, and are
thought to be due to the arrival at the motoneu-
rone pool of I-wave volleys. This is illustrated in
Fig. 1.18(f), where the initial peak is followed ~4 ms
later by a second peak due to the I, wave (pyrami-
dal neurones being refractory at the latency of the
I;-wave, cf. above).

Disadvantages

The major problem with transcranial electrical stim-
ulation is that only a small fraction of the current
flows into the brain. Much of the current flows
between the electrodes on the scalp and produces
strong discomfort, local pain and contraction of the
scalp muscles.

Magnetic stimulation

Like electrical stimulation, transcranial magnetic
stimulation of the motor cortex (TMS) readily evokes

EMG responses in contralateral muscles. However,
the magnetic field can penetrate scalp and skull with
minimal discomfort, perhaps only that due to the
contraction of scalp muscles. TMS is therefore now
used exclusively for clinical studies and almost exclu-
sively in research studies. In general, electrical stim-
ulation is only used (with TMS) when testing the
excitability of corticospinal neurones (cf. p. 44).
Because the responses in arm muscles appear to
behave differently to those in the leg, they will be
considered separately.

General methodology
The magnetic stimulation coil

This consists of coils of wire connected to a large
electrical capacitance. When the capacitance is dis-
charged, a large but transient current flows through
the coil, some several thousand amperes within
200 ps. The current produces amagnetic field of up to
3 tesla oriented perpendicular to the coil (see Barker,
Jalinous & Freeston, 1985). The skull presents a low
impedance to magnetic fields of this frequency, and
the magnetic field induces eddy currents in superfi-
cial layers of the brain at right angles to the field. It is
these which stimulate the neural tissue, specifically
the axons of cortical neurones. It is worth noting that
the neural tissue is stimulated electrically with both
forms of transcranial stimulation. What differs is the
method of delivery.

Electrical currents induced by the magnetic field

These flow parallel to the surface of the brain. The
magnetic field falls off rapidly with distance from the
coil: with a typical 12 cm-diameter round coil,
the strength falls by half at a distance of 4-5 cm from
the coil surface (Hess, Mills & Murray, 1987). Experi-
ments in monkeys suggest that, even at the highest
stimulus intensities, there is no significant activa-
tion of corticospinal fibres outside the grey matter
(Edgley et al., 1990).

Stimulation using different coils

With standard round coils, the induced current in
the brain flows from an annulus underneath the



coil, which is usually some 8-12 cm in diameter. The
direction of current flow in the coil is optimal for
stimulation of the left hemisphere when counter-
clockwise and the right when clockwise. Coils wound
in a figure-of-8 shape provide a more focal stimulus,
and the lowest threshold occurs when the induced
current in the brain flows from posterior to anter-
ior at an angle approximately perpendicular to the
line of the central sulcus (Mills, Boniface & Schubert,
1992). Cone-shaped coils are now often used to evoke
responses in foot, leg or thigh muscles.

Responses in upper limb muscles

Longer latency of EMG responses evoked by
magnetic stimulation

When current in the coil flows in an antero-medial
to a latero-posterior direction (i.e. in the direction
opposite to that of the induced current in the brain),
the latency of EMG responses evoked in active mus-
cles is 1-2 ms longer than those evoked by threshold
transcranial electrical stimulation (Day et al., 1989).
This holds for both the MEP (Fig. 1.18(h)) and the
earliest peak in the PSTHs from single units
(Fig. 1.18(d)—(f)).

Trans-synaptic activation of pyramidal tract
neurones by cortical stimulation

The most likely explanation for the difference in
latency of the EMG responses in human hand mus-
cles is that originally put forward by Day et al. (1989):
magnetic stimulation at threshold activates pyra-
midal tract neurones trans-synaptically (continuous
horizontal arrow in the sketch in Fig. 1.18(a)) to pro-
duce I waves in the pyramidal tract, whereas electri-
cal stimulation activates axons directly to produce
D waves (dashed horizontal arrow in Fig. 1.18(a)).
This view has been confirmed by epidural record-
ings in conscious co-operative patients of the corti-
cospinal volleys produced by transcranial electrical
and magnetic stimulation (di Lazzaro et al, 1998).
Thus, the latency difference between EMG responses
produced by the two techniques is the time taken
for trans-synaptic activation of pyramidal neurones
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following excitation of cortical elements oriented
parallel to the surface, such as stellate cells or cortico-
cortical connection fibres (see Rothwell, 1997).

TMS can also activate pyramidal
axons directly

ADwaveis produced in corticospinal axons to upper
limb motoneurones when the coil is rotated or the
intensity of stimulationisincreased significantly (e.g.
see Fig. 1.18(c); Werhahn et al., 1994). Direct record-
ings of descendingactivity obtained in anaesthetised
human subjects during surgeryhave shown that TMS
can produce D waves with a lower threshold than I
waves (Burke et al., 1993), but: (i) the combination
of relaxation and deep anaesthesia is then likely to
depress the synaptic activity responsible for gener-
ating I waves (Hicks et al., 1992); (ii) the threshold
for recruiting such D waves in the pyramidal tract
in unconscious individuals is usually two or more
times higher than the usual threshold for producing
EMG responses in normal active muscles (Berardelli
etal., 1990; Burke et al., 1993; Fujiki et al., 1996). The
situation has, however, been complicated by further
recordings of corticospinal volleys in two unanaes-
thetised subjects using epidural leads: stimulation
using clockwise current through a large circular coil
appeared to be more diffuse than with a figure-of-8
coil and induced D waves preferentially in one of the
two subjects (Di Lazzaro et al., 2002), much as occurs
regularly in the anaesthetised patients.

Responses in leg muscles

The responses evoked by either anticlockwise trans-
cranial magnetic or anodal electrical stimulation of
the leg area are of equal latency in the tibialis ante-
rior (Priori et al., 1993). This was thought to indi-
cate that both activate pyramidal axons at the same
site, at a point near the cortical surface, where they
bend to leave the cortex and curve towards the inter-
nal capsule (Priori ef al, 1993). The implication is
that magnetic stimulation of the leg area readily
produces D-wave activity. An alternative possibil-
ity was raised by Nielsen, Petersen and Ballegaard
(1995). They found that the EMG responses evoked
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by anodal stimulation 2-3 cm lateral to the vertex
occurred 1-2 ms earlier than those evoked from the
vertex, and they interpreted this as direct stimula-
tion of corticospinal axons deep to cortex. In accor-
dancewith thisinterpretation, epidural recordings of
corticospinal volleys in awake co-operative human
subjects have revealed that both anodal stimulation
at the vertex and magnetic stimulation produce I
waves at threshold; however, electrical stimulation
consistently evoked D waves only when the anode
was shifted 2 cm lateral to the vertex (Di Lazzaro
etal., 2001).

Critique: advantages, limitations,
conclusions

Cortical stimulation may be used to evoke test
responses and conditioning stimuli

Test responses

During voluntary contraction, the recruitment
sequence in a voluntarily activated motoneurone
pool is similar for Ia and corticospinal inputs
(cf. below). The H reflex and the MEP should there-
fore be modified similarly by conditioning stimuli,
unless the conditioning volley alters (i) motor cortex
excitability (see below); (ii) presynaptic inhibition of
Ia terminals mediating the afferent volley of the test
reflex (Chapter 8, pp. 343-4); or (iii) transmission
of that part of the corticospinal volley transmitted
through an interneuronal relay (Chapter 10). A prac-
tical consequence of the difference in the sites of acti-
vation in the hand area is that threshold responses to
electrical stimulation (due to direct activation of cor-
ticospinal axons) should be less affected by changes
in cortical excitability than those evoked by magnetic
stimulation (due to trans-synaptic activation of pyra-
midal neurones). This has been used as a method
for suggesting that changes in the MEP observed
in various experimental situations reflect changes
in excitability of cortical neurones: e.g. cutaneous
modulation of the MEP in the tibialis anterior
(Chapter 9, pp. 422-4).

Conditioning stimulation

Subliminal transcranial magnetic stimulation has
been used extensively to investigate the corti-
cospinal control of all spinal cord circuits for
which there are reliable methods of investigation
(cf. Chapters 3-10).

Limitations
Diffuse stimulation

It is impossible to focus the magnetic field in order
torestrict the extent of the induced current flow only
to specific cortical areas and, at rest, TMS induces
responses in several muscles. A good way of focus-
ing the stimulation on one muscle is to record the
response from a voluntarily activated muscle, but it
is then impossible to investigate changes in trans-
mission produced by a voluntary contraction. It is
essential that the position of the coil on the scalp
is stable throughout an experiment, and different
methods have been proposed to ensure this. Man-
ual fixation against a reference grid marked on the
scalp is the simplest way (see Capaday, 1997). Alter-
natively the position of the coil may be secured by a
harness (Schubert et al., 1997). In any event, because
the focusing of the response on a particular muscle is
dependent on the position of the coil over the scalp, it
isimportant that the subject does not move the neck
during the session. Long experiments can become
uncomfortable.

Input-output relationship within the
motoneurone pool

As for the H reflex, the input-output relationship
within the motoneurone pool is sigmoid, and it is
important to set the stimulus intensity within the
range corresponding to the steep (roughly linear)
part of the relationship (see Capaday, 1997).

Motoneurones responsible for the MEP

During voluntary contractions, the recruitment
sequence in the activated motoneurone pool is



the same for Ia and corticospinal inputs, i.e. from
small slow-twitch to large fast-twitch units (Bawa &
Lemon, 1993). However, with the technique of the
unitary H reflex, it has been shown that, in ECR at
rest, H reflexes and MEPs of similar size do not ne-
cessarily recruit the same population of motoneu-
rones (Nielsen et al., 1999). This could be because
the component of the corticospinal excitation trans-
mitted through the propriospinal relay is dis-
tributed evenly across motoneuronesin the pool (see
Chapter 10, pp. 469-71). The consequence of this is
that a different modulation of the MEP and the H
reflex at rest should be confirmed in single motor
units with the technique described pp. 37-9 before
inferring a specific effect on the volley mediating
either response.

Multiple corticospinal volleys

The multiple volleys set up by a single stimulus pro-
duce temporal summation in the motoneurone pool,
and it may be difficult to define the exact arrival time
of the first corticospinal volley. This is particularly
so in a muscle at rest where it is usual for motoneu-
rone discharge to depend on summation of sublim-
inal EPSPs.

Conclusions

The ability to study the effects of corticospinal volleys
in awake subjects has been a major breakthrough in
human motor control physiology (and pathophysiol-
ogy), because this has made it possible to investigate:
(i) the transmission of corticospinal excitation to
motoneurones, and (ii) the corticospinal control of
spinal pathways.

Spatial facilitation

Underlying principles

Excitatory convergence

In animal experiments, the indirect ‘spatial facil-
itation technique’ has been used to demonstrate
the existence of: (i) interneurones interposed in a
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given pathway (R. M. Eccles & Lundberg, 1957),
and (ii) convergence from two different fibre sys-
tems onto common interneurones (e.g. I and II in
Fig. 1.19(a); cf. Lundberg, 1975). The intensity of the
stimuli is adjusted so that separate stimulation of
either I or II does not elicit a post synaptic poten-
tial (PSP) in the motoneurone (first two rows in
Fig. 1.19(¢)) indicating that the volleys were sub-
threshold in the interneurone (first two rows in
Fig. 1.19()). If combined stimulation of I and II
then produces an EPSP in the motoneurone (last
row in Fig. 1.19(c)), there must have been excita-
tory convergence onto common excitatory interneu-
rones projecting to the motoneurone. In order to be
sure that stimuli are sufficient to create EPSPs in
the interneurones, it has proved convenient to use
stimuli that separately excite at least a few interneu-
rones, thus evoking small EPSPs in the motoneu-
rone. When EPSPs from different sources are evoked
simultaneously in one motoneurone the resulting
EPSP can, at most, be equal to their algebraic sum
(see Eccles, 1964, his Fig. 13(J), (M)). Thus, excita-
tory convergence onto common interneurones can
be inferred when the EPSP on combined stimula-
tion is larger than the algebraic sum of the EPSPs
evoked by separate stimuli. The method can also be
used to show convergence of two excitatory inputs
onto common inhibitory interneurones, recording
the resultant IPSP in the motoneurone.

Convergence of excitation and inhibition onto
common interneurones

A modification of the technique is used to establish
convergence of excitation and inhibition onto com-
mon interneurones. Activation of system I evokes
a test PSP (either EPSP or IPSP) in motoneurones,
whereas activation of system II is without effect in
the motoneurone by itself. If the test PSP is decreased
or abolished with combined stimulation, the condi-
tioning stimulus II probably had an inhibitory effect
ontheinterneurones, provided thatitdid not change
membrane conductance of the motoneurone or pro-
duce presynaptic inhibition of the primary afferents
of system I (cf. Lundberg, 1975).



General methodology

PSTH Q MU
16 (d)
84
. - -
(a) Stim. 1l o Qt——repda
g7 (@
s o
IN i;/ 0 ;‘JJ_HLJ]_n_ﬂlj_l_n_nT
Stim. | € 167 ()
8 g4
§ Mwﬁmﬂlﬂ.lﬂ;
2 0 [ \
E 16 H
(b) (c) :

28 32 36 40
IJ_/\ I Latency (ms)
4l
20 - (M) Q H reflex

Interneurone Motoneurone

Reflex facilitation
S

VL VM VL +VM

Fig. 1.19. Spatial facilitation. (@) Diagram showing convergence of two inputs (stimulus [Stim.] I and II) onto common
interneurones (IN), while recording intra-cellularly from one motoneurone (MN). (b) Either input by itself evokes a subliminal EPSP
in INs, but combined stimulation (I + IT) summates the EPSPs and fires the INs. () Neither input by itself has an effect on the MN,
but combined stimulation evokes an EPSP in the MN. (d)-(g) PSTHs in a quadriceps (Q) unit (0.2 ms bins, latency after TMS even
when peripheral stimulation is given alone) showing: the background firing (d), the effect of common peroneal nerve stimulation
by itself ((e) 0.7 x MT), the effect of TMS by itself ((f) 26% of the maximal stimulator output), the effect of combined stimulation
((g) 11 ms ISI). Dashed and dotted vertical lines in (f), (g): onset of the corticospinal peak and of the extra facilitation on combined
stimulation, respectively. (7) Amount of facilitation (conditioned - control reflex as a percentage of control reflex) of the quadriceps
(Q) H reflex after separate ((J) and combined (M) stimulation of the vastus lateralis (VL) and vastus medialis (VM) nerves (0.4 x MT,
8 and 9 ms IS, respectively). Adapted from Baldissera, Hultborn & Illert (1981) ((@)-(c)), Marchand-Pauvert, Simonetta-Moreau &
Pierrot-Deseilligny (1999) ((d)-(g)) and Fournier et al. (1986) (h), with permission.

Spatial facilitation judged in the PSTH of Summation of two PSPs at a
single units recordings premotoneuronal level
Summation of EPSPs

Here spatial facilitation involves comparing the This is illustrated in Fig. 1.19(d)—(g). In this quadri-
effects of two volleys delivered separately and ceps unit, the background firing (d) was not modified
together on the PSTHs of a single motor unit. by a common peroneal nerve volley (e), and TMS at



threshold only evoked a small peak of corticospinal
excitation (f). However, when the two stimuli were
combined (g), there was a large facilitation of the
corticospinal peak (Marchand-Pauvert, Simonetta-
Moreau & Pierrot-Deseilligny, 1999).The summation
of two excitatory inputs in a motoneurone pro-
duces little more than the sum of their effects in
the PSTH (cf. below), and such a large extra facilita-
tion therefore implies spatial facilitation of the two
inputs at an interneuronal level (Pauvert, Pierrot-
Deseilligny & Rothwell, 1998). Convergence of the
two volleys onto interneurones is further supported
by the absence of extra facilitation in the first bins
of the corticospinal peak (between vertical dotted
and dashed lines in (f), (g)). This is what would be
expected if cortical and peripheral volleys converged
onto common interneurones rather than directly
onto themotoneurone. Because of the synapticdelay
at the interneurone, this input would arrive at the
motoneurone after the direct monosynaptic cortico-
motoneuronal input. Thus facilitation transmitted
through an interneuronal relay should not affect the
onset of the corticospinal response, and ‘initial spar-
ing’ should be demonstrable, as it was.

Convergence in inhibitory pathways

This may be demonstrated with a similar method.
Thus, Fig. 1.7(c)-(f) reveals that separate stimulation
of the deep peroneal and femoral nerves produced
facilitation, but combined stimulation resulted in a
suppression of the peak of femoral excitation. Here
again, the convergence at interneuronal level was
confirmed by the finding that suppression on com-
bined stimulation spared the initial bins of the peak
of excitation.

Limitations

Under resting conditions, the summation of EPSPs
in a motoneurone is linear (cf. p. 45). However, when
using the PSTH method described in this chapter,
there may be facilitation on combined stimulation if
the two stimuli are delivered appropriately early in
the AHP. Two monosynaptic EPSPs can be evoked
at a point in the recovery from the post-spike AHP

Spatial facilitation
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where a single EPSP would cause the motoneurone
to fire only occasionally, but where a combination
of two EPSPs would often produce a discharge. As
a result the effect on combined stimulation would
be greater than the sum of effects of separate stim-
uli. However, this problem can be identified because:
(i) the facilitation affects the whole peak of excitation
in the PSTH, including its initial part, i.e. there is no
‘initial sparing’ (Pauvert, Pierrot-Deseilligny & Roth-
well, 1998); (ii) there should be few or no counts in
PSTH bins preceding the peaks produced by each
input alone and when they are given together (see
p- 34).

Spatial facilitation judged from
monosynaptic test reflexes

Method

The principles of spatial facilitation can also be
applied when using a monosynaptic reflex to assess
the excitability of the motoneurone pool: the excita-
tory effects of two conditioning stimuli (I and II) are
measured when applied separately and together, and
summation of excitatory effects elicited by the two
inputsin common interneurones is likely when facil-
itation of the reflex on combined stimulation islarger
than the algebraic sum of the facilitations evoked by
separate stimuli. Thus, Fig. 1.19(h) shows that weak
conditioning stimuli to the vastus lateralis and vas-
tus medialis nerves evoked significant reflex facilita-
tion when applied together (M), much greater than
the sum of the individual effects shown in the open
columns (Fournier et al, 1986). This suggests that
the two conditioning volleys converged onto com-
mon interneurones.

Limitations

Because the H reflex assesses the excitability of a
motoneurone pool, the extra facilitation on com-
bined stimulation could also result from non-
linearity or inhomogeneity within the pool. Such
possibilities must be ruled out before inferring sum-
mation at a premotoneuronal level.
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(i) At low reflex amplitudes the sensitivity of the H
reflex to facilitation increases with increasing size of
the control reflex (see pp. 16-18). An excitatory con-
ditioning stimulus increases the size of the test reflex
and, if the reflex is small, this enhances its suscep-
tibility to facilitation by the second stimulus. Such
problems can be avoided by adjusting the strength
of the conditioning stimuli so that at least one of
them does not evoke any H reflex facilitation by itself
(Fournier et al., 1986).

(ii) Inhomogeneity would occur if the distribution
of the conditioning EPSPs within the pool was differ-
entfrom that of the testIa EPSPs (which excite prefer-
entially slow motoneurones, see pp. 3—4). Each con-
ditioning EPSP might then excite preferentially fast
motoneurones but insufficiently to allow them to be
recruited by the testreflex, thus givingno demonstra-
ble effect with separate stimuli. On combined stim-
ulation, summation of conditioning EPSPs in these
fast motoneurones would increase their excitability
enough to fire them in the test reflex, producing an
extra facilitation at motoneurone level. Experiments
on single motor units are required to eliminate this
possibility.

Conclusions

Spatial facilitation is an important technique
because it allows one to study interneuronal circuits
in human subjects by providing evidence for con-
vergence of different inputs (e.g. peripheral and cor-
ticospinal) onto common interneurones. However,
theresults of such studies need to be interpreted with
caution, because false-positive results can occur due
to non-linear summation in the pool of motoneu-
rones, and there may be problems even in a single
active motoneurone.

Coherence analysis between
EMG/EMG or EEG/EMG signals

Traditional techniques for studying neural cir-
cuitry underlying motor commands in man involve

conditioning stimuli which generate artificially syn-
chronised signals in the central nervous system.
Recent methodological advances based on fre-
quency (Fourier) analysis (calculation of spec-
tra, cross-spectra, coherence and phase between
simultaneously recorded natural EMG/EMG and/or
EMG/EEGinputs) allow the motor system to be stud-
ied without the use of artificial inputs (see Farmer
etal., 1997; Brown et al., 1998). However, these meth-
ods are now developing and require further clarifica-
tion before being applied in routine clinical or phy-
siological studies, and they will only be considered
briefly in this edition of the book.

Cross-correlation

Valuable information about the organisation of
the synaptic input to motoneurones during motor
behaviour may be obtained from analysing the cou-
pling between motor units in the active muscles.
The framework for this has been established over
the past 15-20 years (Amjad et al., 1989; Halliday
et al., 1995; Farmer et al., 1997). Based on theoret-
ical considerations and experimental data, it may
be concluded that two neurones receive a common
drive from branches of common last-order neurones
when the discharges of the two neurones are tightly
coupled within a few milliseconds of each other
(Sears & Stagg, 1976). Such short-term synchrony is
observed for the discharges of pairs of human motor
units recorded from the same or synergistic muscles
(Bremner, Baker & Stephens, 1991a,b). The duration
of the short-term synchrony is usually longer than
required to reject other mechanisms, but it is gener-
ally accepted that a common drive from last-order
neurones, is of major importance for its occurrence
(see Farmer et al., 1997).

Coherence techniques

It is also possible to demonstrate coupling of motor
unit activity in the frequency domain (Davey et al.,
1994; Farmer et al., 1993, 1997; Halliday et al., 1995).



Generally, coherenceis observed inafrequencyband
between 15 and 30 Hz, although coherence peaks
may also be seen around 40-60 Hz (Farmer et al.,
1993, 1997; McAuley, Rothwell & Marsden, 1997;
Brown et al., 1998). The coherence peaks reflect
the frequency content of the last-order input to the
spinal motoneurones, and in the case of the coher-
ence between 15 and 30 Hz, the evidence suggests
that it depends on intact transmission in the pyra-
midal tract (cf. Farmer et al., 1993, 1997).

General conclusions

Methods

Anumber of methods have been developed to inves-
tigate the changes in excitability ofhuman motoneu-
rones after a conditioning volley. The simplest one is
the modulation of the on-going EMG, which pro-
vides rapidly a full-time course of the changes in
motoneuronal excitability. This is a distinct advan-
tage when investigating patients, but the temporal
resolution of the method is weak. Because the H
reflexenables a comparison of the results obtained at
rest and during movement, it remains the only avail-
able method with which it is possible to investigate
how transmission in spinal pathways is changed by
motor tasks in human subjects. The technique of the
H reflex is simple but, besides changes in motoneu-
ronal excitability, the size of the reflex depends on
mechanisms acting on the afferent limb of the reflex
and on ‘pool problems’. The drawbacks related to
the complexity of the so-called monosynaptic reflex
pathway can usually be controlled by parallel inves-
tigations on single motor units (using post-stimulus
time histograms for voluntarily activated units, or
the unitary H reflex). Such studies should be per-
formed systematically when studying motor control
physiology in human subjects, keeping in mind the
fact that the recordings provide data only for the
lowest-threshold motoneuronesin the pool, and that
the fractionation and focusing of voluntary drives
necessary for PSTHs may result in an unnaturally
biased input to the pool. The F wave provides a
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flawed measure of the excitability of the motoneu-
rone pool and has little place as a research tool. Cor-
tical stimulation has made it possible to investigate
corticospinal excitation of motoneurones and the
corticospinal control of spinal pathways. However, a
single stimulus can generate multiple corticospinal
volleys and this complicates the interpretation of
the results. Spatial facilitation is an indirect tech-
nique used to demonstrate the convergence of two
inputs onto common interneurones projecting to the
motoneurone(s) being tested, and is an indispens-
able toolfor probinginterneuronal circuitsin human
subjects.

Development

There has been considerable development of meth-
ods available to explore spinal pathways in human
subjects since the firstinvestigations performed with
the H reflex in the 1950s: PSTHs of single units,
spatial facilitation techniques, cortical stimulation.
These developments have resulted in considerable
advances in motor control physiology and in new
diagnostic procedures. An important principle is
that, in human experiments, conclusions are more
firmly based when supported by evidence using
more than one technique.

Résumé

Monosynaptic reflex

Initial studies

The monosynaptic reflex was introduced in animal
studies in the early 1940s as a tool for investiga-
ting excitability changes in the motoneurone pool. In
human subjects, the first motoneurones discharging
in the soleus H reflex elicited by electrical stimula-
tion of the posterior tibial nerve have been shown to
do so at a latency consistent with a monosynaptic
pathway.
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Underlying principles

Ia afferents have monosynaptic excitatory projec-
tions onto homonymous motoneurones, and this
pathway is responsible for the tendon jerk. In
the control reflex, a group Ia volley causes some
motoneurones to discharge and creates EPSPs in
other motoneurones which, though they do not dis-
charge, are slightly depolarised. If motoneurones are
facilitated by a conditioning volley, the size of the test
reflex increases because some of these subliminally
excited motoneurones will discharge in response
to the summation of conditioning and test EPSPs.
Conversely, if motoneurones receive conditioning
IPSPs, the test Ia volley will no longer be able to
discharge the motoneurones last recruited into the
control reflex, and the size of the test reflex will be
decreased.

Basic methodology

(i) H reflexes can be recorded at rest from soleus,
quadriceps, semitendinosus, and FCR, and
from virtually alllimb muscles during weak vol-
untary contractions.

(ii) Reflexes are recorded through bipolar surface
electrodes placed over the corresponding mus-
cle belly. Reflex latency is measured to the first
deflection of the H wave from baseline, and
its amplitude usually assessed peak-to-peak.
Contamination of the recording by the EMG of
another muscle may occur due to spread of the
test or conditioning stimuli, volume conduc-
tion of the conditioning potential, or to the fact
that the reflex response occurs in a number of
muscles, not just the one being studied. Palpa-
tion of muscle tendons may help identify this
problem. Another simple way of ensuring that
the reflex response originates from the mus-
cle over which it is recorded is to check that it
increases during voluntary contraction of that
muscle.

(iii) H reflexes are obtained by percutaneous elec-
trical (or magnetic) stimulation of Ia afferents
inthe parentnerve. The optimal stimulus dura-

(iv)

(V)

(vi

=

tion for eliciting the H reflex is long (1 ms).
The best method involves placing the cathode
over the nerve and the anode on the opposite
side of the limb. However, in areas where there
are many nerves, bipolar stimulation should
be used to avoid encroachment of the stimulus
upon other nerves. Reflex attenuation due to
post-activation depression is sufficiently small
after 3-4 s to allow routine testing at 0.2-0.3 Hz
for relaxed muscles.

H and M recruitment curves: when increas-
ing the intensity of the electrical stimulus to
the parent nerve, there is initially a progres-
sive increase in the reflex amplitude. When
the threshold of motor axons is exceeded, a
short-latency direct motor response (M wave)
appears in the EMG. Further increases in sti-
mulus intensity cause the M wave to increase
and the H reflex to decrease. The test reflex
should never be on this descending part of
the recruitment curve. Finally, when the direct
motor response is maximal (Mmay), the reflex
response is totally suppressed, because the
antidromic motor volley set up in motor axons
collides with and eliminates the reflex dis-
charge. M,y provides an estimate of the
response of the entire motoneurone pool and
must always be measured, and the amplitudes
of the reflexes should be expressed as a per-
centage of Mp,.. The constancy of a small M
wave may be used to monitor the stability of
the stimulation conditions.

Tendon jerks may be convenient for test-
ing the excitability of motoneurones of prox-
imal muscles, although this introduces two
complications: the mechanical delay due to the
tendon tap, and the possibility that changes in
v drive might alter the sensitivity of muscle
spindle primary endings to percussion (how-
ever, see Chapter 3).

Control and conditioned reflexes should be
randomly alternated, because this prevents the
subject from predicting the reflex sequence,
and regular alternation produces erroneously
large results.



(vii) The H reflex technique underestimates the
central delay: in individual motoneurones,
the rise time of the EPSP ensures that the
spike evoked by the monosynaptic input in
the last recruited motoneurones occurs suffi-
cientlylate to be altered by a disynaptic PSP. An
EPSP elicited by a conditioning volley enter-
ing the spinal cord after the test volley may
summate with the test Ia EPSP and cause the
motoneurone to discharge ‘too early’ In the
motoneurone pool, the test reflex discharge is
desynchronised.

(viii) The recovery cycle of the H reflex is the result
of too many phenomena to allow useful phys-
iological insights.

(ix) With threshold tracking, test stimuli are var-
ied to maintain an H reflex of constant size.
Reflex facilitation produces a decrease in the
current required to produce the test reflex.
There are advantages of threshold tracking
over the conventional technique of ampli-
tude tracking: less variability, constant popu-
lation of motoneurones contributing to the
test response, avoiding the problem of size-
related changesin testreflex sensitivity, and the
dynamic range of threshold tracking is wide.
There are also disadvantages: changing stimu-
lus intensity changes the intensity of the affer-
ent volley, and the reflex size also depends on
mechanisms acting on the afferent volley (see
below); when excitability changes, there is a
delay before a new threshold can be reached.

Reflex size also depends on mechanisms acting
on the afferent volley

As aresult, many mechanisms other than changes in
motoneurone excitability can alter reflex size.

(i) Changes in the excitability of Ia afferent axons
willoccurwhen thereisachangeinthedischargerate
of those axons. An increased discharge rate will pro-
duce ‘activity-dependent hyperpolarisation’ of the
active axons. When axons hyperpolarise, a constant
stimulus will produce a smaller afferent volley.
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(i) Changes in presynaptic inhibition of Ia ter-
minals must always be considered when there is a
change in the amplitude of the monosynaptic reflex.
To that end, several methods have been developed
(see Chapter 8).

(iii) Post-activation depression of the monosynap-
tic reflex is due to reduced transmitter release from
previously activated Ia afferents, and is prominent
at short intervals of 1-2 s or less (see Chapter 2).
The depressive effects of stimulus rate on the reflex
size are generally taken into account in reflex studies,
but post-activation depression occurs under any cir-
cumstance that activates the Ia afferents responsible
for the test reflex, and this is often ignored. Misinter-
pretations have arisen when comparing test reflexes
recorded at rest and during or after a voluntary con-
traction because this phenomenon was neglected.

(iv) Autogenetic inhibition elicited by the test vol-
ley helps limit the size of the reflex. The quadriceps
H reflex may be suppressed by conditioning volleys
that, by themselves, do not depress the on-going
EMG or the background firing of single motor units.
The suppression is due to convergence between the
conditioning volleys and group I (Ib) afferents in the
test volley for the H reflex onto inhibitory interneu-
rones mediating disynaptic group I inhibition. This
helpslimit the size of the Hreflex, and creates a prob-
lem for H reflex studies, because the reflex cannot
be considered exclusively monosynaptic. Only those
changes that affect the entire monosynaptic excita-
tory peak in the PSTH of single units to the same
extent, and specifically those that affect the initial
0.5-1.0 ms of the peak, can be considered to have
affected the monosynaptic pathway.

‘Pool problems’

(i) Expressing the changes in the H reflex size as
a percentage of control values causes changes to
appear much larger with the smaller test H reflexes.
This is a mathematical consequence of normalising
to control Hreflexes of different size, and can be avoi-
ded by expressing the results as a percentage of M.

(ii) Size-related sensitivity of the test reflex (non-
linearity within the motoneurone pool). Because the
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input-output relationship in the motoneurone pool
is sigmoid, when the conditioning input is strong,
the number of additional motoneurones recruited
(or de-recruited) by a constant input increases with
increasing size of the control test reflex and then
decreases. When the effect of the conditioning input
is more modest, the relationship is relatively flat
between the two phases of increase and decrease.
The input-output relationship must be taken into
account when the size of the control H reflex evoked
by a constant test stimulus is different (e.g. when
comparing rest and contraction). To set the test sti-
mulus intensity so that the reflex remains within the
linear range may be a solution when the condition-
ing effect is moderate. Otherwise, the intensity of
the test stimulus may be adjusted so that the size of
the unconditioned reflex is the same in the two situ-
ations, but this introduces problems because chan-
ging the intensity of the test stimulus alters the
afferent volley responsible for the reflex.

(iii) Changes in the recruitment gain of the reflex.
Despite a control reflex of constant size, a greater
change in the H reflex could occur (e.g. during
movement) if the conditioning input had different
effects on low- and high-threshold motoneurones,
thus compressing the range of thresholds in the
motoneurone pool and increasing the slope of the
input-output relationship for the test reflex (i.e.
altering the ‘recruitment gain’ of the reflex). As a
result, a constant conditioning volley would then
recruit more motoneurones than in the control
situation, even though there was no change in the
specific pathway explored. The only way to control
for this possibility is to investigate whether the
conditioning EPSP is changed in single motor units.

(iv) Plateau potentials can develop in motoneu-
rones, and may be triggered by peripheral inputs
and/or voluntary effort. The triggering of ‘plateaux’
would greatly distort the input—output relationship
of the pool.

Normative data

Reflex amplitude varies widely in normal subjects,
and amplitude measurements in patients are oflittle

value except when pathology is asymmetrical. Reflex
latency has a strong correlation with height and a
weak but significant correlation with age.

Conclusions

The H reflex technique is attractively simple, but
strict methodology is required for valid results. The
reflex pathway is not as simple as it first seems,
but most of the complexities may be controlled
by parallel investigations on the discharge of sin-
gle motor units. The H reflex enables a compari-
son of results obtained at rest and during move-
ment, and it therefore remains the standard method
for investigating how transmission in spinal path-
ways is changed during motor tasks in human
subjects.

F wave

Principles of the method and
basic methodology

A supramaximal electrical shock delivered to a nerve
will elicit, in addition to the My, response, a late
response, termed the F wave. The pathway involves
an antidromic volley in motor axons, ‘backfiring’ of
motoneurones and conduction of an orthodromic
volley to the muscle. For many muscles, F waves
occur in high-threshold motoneurones preferen-
tially.

Characteristics

Fwaves can be recorded from any muscle. They typi-
cally vary from trial to trial in amplitude, latency and
shape. The persistence is the percentage of stimuli
that produce F waves. The latency of the F wave is
roughly similar to that of the H reflex, and its ampli-
tude is normally below 5% of M. Its sensitivity to
changes in motoneurone excitability is low and it has
little place as a research tool.



F wave studies

These are useful clinically in detecting acquired
demyelinating polyneuropathies, where the latency
of the F wave may be quite prolonged, and in sus-
pected proximal nerve lesions that are otherwise
inaccessible to routine testing.

Modulation of the on-going EMG

Principles of the method and basic
methodology

The on-going EMG during a steady voluntary con-
traction is full-wave rectified, averaged, and plot-
ted against the conditioning stimulus. An excitatory
input to motoneurones will facilitate the on-going
EMG activity, and an inhibitory one will suppress it.
The central delay of a conditioning effect can be cal-
culated from the expected time of arrival of the con-
ditioning volley at the segmental level of the tested
motoneurone pool.

Changes in the on-going EMG do not
necessarily parallel those in the H reflex

This is because: (i) the on-going EMG is more sensi-
tive to inhibition than the monosynaptic reflex, and
(ii) mechanisms that can alter the efficacy of the
group I test volley can alter the H reflex.

Critique: advantages, limitations, conclusions
Advantages

The full time course of the changes in motoneu-
ronal excitability can be recorded more easily and
more rapidly than when using the monosynaptic
reflex; comparing the modulation of the on-going
EMG during various motor tasks may give a gen-
eral idea of the different patterns elicited by a given
stimulus in these tasks; the absence of test stimu-
lation avoids problems due to instability of the
stimulating electrodes for the test volley during
movement.
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Limitations

The technique can be used only in an active
motoneurone pool; the temporal resolution of the
method is limited; when there is an initial facilita-
tion, the subsequent post-spike AHP and recurrent
inhibition can obscure late synaptic events; the type
of motor unit involved in the EMG modulation can-
not be specified.

Conclusions

Modulation of on-going EMG activity has the advan-
tages of simplicity and speed, and this is an asset par-
ticularly in studies on patients. However, the tech-
nique can only provide a general idea of the response
of the motoneurone pool to a stimulus.

Post-stimulus time histograms (PSTHs) of
the discharge of single motor units

Almost by definition, the ‘pool problems’ inherent in
the compound H reflex are not an issue when study-
ing the responses of single motor units.

Underlying principles

The effect of a particular input to a single
motoneurone can be determined by constructing a
histogram of the timing of motoneurone spikes fol-
lowing repeated presentation of an appropriate sti-
mulus. This procedure extracts from the naturally
occurring spike train only those changes in firing
probability that are time-locked to the stimulus.

Basic methodology
Recording

A prerequisite for PSTH investigations is the isola-
tion of a single motor unit during voluntary contrac-
tion. This is possible with a window discriminator
with variable upper and lower levels, and has been
made easier with sophisticated template-matching
paradigms that allow automatic recognition of the
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shape of motor units. The background discharge of
theunitmustbe stable to avoid false peaks or troughs
in the PSTH.

Stimulation

Stimuli may be delivered randomly, or with respect
to the discharge of the motor unit, each stimulus
then being triggered at a fixed delay after the preced-
ing motoneurone discharge. The latter allows one to
avoid the AHP or conversely to use the AHP to atten-
uate the monosynaptic discharge of the motor unit.
The intensity of the stimulation should be subliminal
for the compound response.

Assessment of the timing of the changes in
firing probability

The recording window usually begins after a fixed
delay following the stimulus, when stimulus arte-
fact and the M wave have disappeared. The latency
of the first bin of a group of consecutive bins with
a significant change in firing probability is taken
as the latency of the effect. The time resolution of
the method is excellent, dependent only on the bin
width. The onset of a period of increased (EPSP)
or decreased (IPSP) firing probability may be iden-
tified from a cumulative sum (CUSUM) display by
the onset of a positive (or negative) slope. CUSUMs
commonly allowmore confident estimates oflatency
than can reasonably be achieved using raw his-
tograms which inevitably contain irregular bin-to-
bin fluctuations. To estimate the central delay of an
effect, it is convenient to compare the latency of
the peak (or trough) to that of homonymous mono-
synaptic Ia excitation in the same unit.

Assessment of the size and significance of the
peaks and troughs in the PSTH

When stimulationis delivered randomly withrespect
to the discharge of the motor unit, the background
firing is calculated during the period immediately
preceding the stimulation. When stimulation is trig-
gered by the previous motor unit discharge, the

probability of firing is affected by the AHP follow-
ing this discharge. To take the gradual recovery of
membrane potential during the inter-spike inter-
val into account, a histogram of firing probability
is constructed under control conditions without sti-
mulation, control and conditioned situations being
randomly alternated in the same sequence. The con-
trol histogram is then subtracted from the condi-
tioned one. To normalise the results it is convenient
to express the number of counts in each bin as a per-
centage of the number of triggers. The PSTH method
may be used to calculate the conduction velocity of
the Ia afferents.

Conclusions

The PSTH is a valuable method, which allows the
investigation of single motonerones in human sub-
jects with good time resolution. It can be applied in
virtually all muscles, and the use of needle electrodes
allows studies on high-threshold motor units. It is an
indispensable complement of the H reflex in avoid-
ing ‘pool problems’. The mostimportantlimitation is
that it requires a voluntary contraction of the tested
muscle.

Unitary H reflex

Methodology

A ‘unitary’ H reflex is the H reflex of a single motor
unit and is recorded with a needle electrode. Using
a threshold tracking technique, measurements are
made of the current required to just discharge the
motoneurone at rest and of the current required to
produce a liminal homonymous Ia peak in PSTHs
for the unit. The difference between these values has
been termed the ‘critical firing stimulus’ (CFS) and
represents the size of the EPSP needed to produce a
discharge of the single motoneurone.

The CFS size

This can be used as a measure of the size of the test Ia
EPSP necessary to activate the motoneurone. When
conditioning stimuli produce an IPSP or EPSP within



a motoneurone, stronger or weaker test stimuli are
required to discharge the motoneurone, and the CFS
changes accordingly.

Conclusions
Advantages

Conditioning effects may be explored avoiding ‘pool
problems’ atrest and during contraction; varying the
ISI allows the investigation of the full time course
without risk that a large early facilitation obscures
weak effects of longer latency.

Limitations

Themethodrequiresholdingasingle motorunitwith
aneedle electrode for along time; it can be used only
in muscles in which the H reflex is recordable at rest;
only motor units with a relatively low firing threshold
can be examined.

Stimulation of the motor cortex

EMG responses evoked by cortical stimulation

Transcranial stimulation of the motor cortex pro-
duces motor evoked potentials (MEPs) which can be
recorded by surface electrodes placed over the cor-
responding muscle belly. MEPs can be recorded at
rest, but a weak voluntary contraction potentiates
the response and helps focus the MEP on the tar-
get muscle. The detection of cross-talk is particularly
important, because the response is rarely restricted
to a single muscle, and the effect observed following
simulation at a given site over the motor cortex can
be reversed merely by switching activity from ago-
nists to antagonists. Cross-talk may often be recog-
nised by muscle palpation. PSTHs of single units may
be constructed after cortical stimulation, the stimu-
lus intensity then being set so that during volun-
tary activation of the unit cortical stimulation does
not affect the unit, other than to change its firing
probability.

Résumé
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Multiple cortical volleys

Asingleanodal electrical stimulus at threshold inten-
sity activates pyramidal tract axons directly, eliciting
the D wave. At higher stimulus intensities, the stimu-
lus recruits a series of subsequent volleys (I waves),
which are due to trans-synaptic activation of pyra-
midal tract neurones.

Transcranial magnetic stimulation (TMS)

Magnetic stimulation is now used almost exclusively
because the discomfort is minimal compared with
that caused by electrical stimulation. The magnetic
stimulator consists of coils of wire connected to a
large electrical capacitance. When the capacitance
is discharged, a large current flows through the coil,
and this produces a magnetic field oriented per-
pendicularly to the coil. The magnetic field induces
eddy currents which stimulate the axons of cortical
neurones. A number of different coils is available.
The latency of EMG responses evoked by magnetic
stimulation in upper limb muscles is 1-2 ms longer
than those evoked by threshold transcranial electri-
cal stimulation. This is probably due to a difference
in the point at which the two methods of stimula-
tion activate the corticospinal pathways: magnetic
stimulation at threshold tends to activate pyramidal
tractneurones trans-synaptically (producing I waves
in the pyramidal tract) whereas electrical stimula-
tion tends to activate axons directly producing D
waves. The abrupt increase and short duration of
the early peak in the PSTH of single units strongly
suggests monosynaptic onset of corticospinal exci-
tation in motoneurones. The EMG responses evoked
by transcranial magnetic and electrical stimulation
in leg muscles have similar latency in tibialis anter-
ior, probably because they both produce D waves,
activating corticospinal axons at the same site, near
the cortical surface (however, see pp. 43-4).

Critique: advantages, limitations, conclusions

(i) Cortical stimulation may be used to produce a
testresponse: motoneurone excitability tested by the
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H reflex and the MEP should be similarly modified
by conditioning stimulation, unless the conditioning
volley alters presynaptic inhibition of Ia terminals
mediating the afferent volley of the test H reflex, or
transmission of that part of the corticospinal volley
which traverses an interneuronal relay. On the other
hand, the difference in sites of activation of pyra-
midal neurones in the hand area to electrical and
magnetic stimulation may be used as a method to
determine whether changes in the MEP result from
changes in motor cortex excitability.

(ii) Cortical stimulation may also be used as a con-
ditioning stimulus to investigate the corticospinal
control of spinal pathways (see Chapters 3—10).

(iii) Limitations: at rest, TMS induces responses in
several muscles, and H reflexes and MEPs of similar
size do not necessarily recruit the same population
of motoneurones.

(iv) Conclusions: The ability to evoke corticospinal
volleys in awake subjects has been a major break-
through in human motor control physiology (and
pathophysiology), because this has made it possible
to investigate corticospinal control of spinal path-
ways, and the transmission of corticospinal excita-
tion to motoneurones.

Spatial facilitation

Principles of the method

The spatial facilitation technique was developed
in animal experiments to document the existence
of interneurones by demonstrating convergence
between two excitatory inputs on the putative
interneurones while recording any resulting PSP
(either EPSP or IPSP) in a motoneurone. Spatial sum-
mation at a premotoneuronal level is inferred when
the PSP on combined stimulation is larger than the
sum of PSPs evoked by separate inputs.

Spatial facilitation judged in single motor
unit recordings

Summation of two excitatory inputs at a premo-
toneuronal level produces significant extra facilita-
tion on combined stimulation such that the peak of

excitation in the PSTH is significantly greater than
the sum of the effects of separate stimuli. The extra
facilitation will not involve the initial part of the peak
produced by combined stimulation if the onset of
the synaptic effect in the motoneurone involves a
monosynaptic pathway.

Spatial facilitation judged from monosynaptic
test reflexes

The excitatory effects of two conditioning stimuli
are measured when applied separately and together.
Summation in common interneurones is considered
likely when facilitation of the reflex on combined
stimulationis greater than the sum of the facilitations
produced by separate stimuli. However, because the
H reflex assesses the excitability of a motoneurone
pool, the extra facilitation on combined stimulation
could also result from non-linearity or inhomogen-
eity within the pool. Concordant results from experi-
mentsonsingle motor units arerequired to eliminate
this possibility.

Coherence analysis in EMG/EMG or
EEG/EMG signals

Recent advances based in frequency analysis (cal-
culation of spectra, cross-spectra, coherence and
phase between simultaneously recorded natural
EMG and/or EEG inputs) allow the motor system to
be studied under natural conditions, without artifi-
cialinputs. However, these recently developed meth-
odsrequire further clarification before being applied
routinely.
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Monosynaptic la excitation and

post-activation depression

The extent to which the spinal stretch reflex is
involved in normal motor control and the contri-
bution of monosynaptic Ia connections in its gen-
eration are not yet completely clarified. Regardless
of these uncertainties, there is continuing interest
in the reflex connections of the primary endings of
muscle spindles, as detailed below.

Muscle synergies laid down in the spinal cord

The execution of even the simplest movement
involves a large number of muscles, but the pattern
of muscle activity is consistent for any given type
of movement (see Illert, 1996). Beevor (1904, cited
by Illert, 1996) claimed that the neuronal arrange-
ments for stereotyped movements are laid down
in the spinal cord. The various muscle synergies
could thus be represented by different sets of spinal
connections, which have been termed ‘spinal func-
tional units’ (Baldissera, Hultborn & Illert, 1981),
and are thought to be mobilised during voluntary
movements, as was postulated long ago by Forster
(1879, cited by Hultborn, 2001). One objective in the
study of reflexes is to identify the pattern of con-
nections underlying a particular form of behaviour.
This entails tracing the effects of a given input to see
how widely it is distributed to excite or inhibit differ-
ent neurones. The classical example of such a study
was provided by Sherrington (1910), who detailed
the muscles that contract or relax in the flexor
reflex (see Chapter 9). In this respect, monosynap-
tic excitatory effects conveyed by Ia afferents occupy
a unique place, because the monosynaptic action

on motoneurones occurs without a complicating
interneurone. Thus, ‘all that need be sought is the
simple wiring diagram of which motoneurones are
supplied by the Ia fibres of each individual muscle,
and how powerfully’ (Matthews, 1972). Of course this
does not mean that the strength of the monosynap-
tic Ia excitation is fixed by hardwired connections.
Presynaptic inhibition of Ia terminals (see Chapter 8)
and post-activation depression (see pp. 96-101) are
mechanisms capable of modulating transmission of
Ia excitation within the spinal cord.

Phylogenetic adaptation of reflex pathways

This adaptation may also be studied easily by docu-
menting the evolution of heteronymous Ia connec-
tions. As emphasised by Hongo et al. (1984), limb
muscles are similar in cats, monkeys and humans,
despite the considerable change from digitigrade
to plantigrade walking and from quadrupedal to
bipedal upright stance and the differences in size of
the different species. Evolutionary changes in the use
of the limbs are therefore likely to depend largely on
changesin the central nervous system, and to involve
either altered use of existing pathways or changed
connections to motoneurones. It is a challenging
problem to determine how the different feedback
systems have become adapted to the evolutionary
demands for changed movement patterns, and here
again investigations of distribution of monosynaptic
Ia connections provide the easiest way to approach
the issue. The differences in the distribution of het-
eronymous monosynaptic Ia excitation are relatively
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small between cats and baboons but become more
prominent between baboons and humans, as is dis-
cussed on p. 93. The fact that these adaptations have
occurred indicates that the reflex assistance pro-
vided by the widespread Ia connections is function-
ally important in human subjects.

Ease to investigation

Because the synaptic input from Ia afferents is
the first to arrive at motoneurones after peripheral
nerve stimulation and can be evoked at the lowest
threshold, it is technically the easiest to explore. This
explains why the reflex effects of the group Ia fibres
have lent themselves to more detailed study than any
other group of afferent fibres, both in animals and
humans.

Fusimotor drive

The existence of a separate efferent innervation
ofintrafusal fibres (the y-efferent or fusimotor inner-
vation) that can modulate the sensitivity of spindle
endings and thereby alter Ia feedback implies that
modulating fusimotor drive can effectively alter the
Ia support to movements (see Chapter 3).

Post-activation depression at the la
afferent-motoneurone synapse

Areduction in post-activation depression may be an
important spinal mechanism underlying spasticity.
Post-activation depression following repetitive acti-
vation of a synapse is a general phenomenon in the
nervous system, but again monosynaptic Ia connec-
tions on motoneurones provide the most convenient
way to study the phenomenon, both in animals and
humans (see pp. 96-100).

Background from animal
experiments

Initial findings

Since the clinical description of the tendon jerk at
the end of the nineteenth century, it took along time:

(i) torecognise the reflex origin of the response (Jolly,
1911, cited by Matthews, 1972), (ii) to demonstrate
that it had a monosynaptic pathway (Lloyd, 1943b),
and (iii) to establish conclusively that Ia fibres form
the afferent limb of the reflex pathway (Lundberg &
Winsbury, 1960). The history of thelaborious demon-
stration of the pathway of the tendon jerk is docu-
mented in Matthews (1972). Lloyd demonstrated
that a peripheral group I volley evokes, in addition
to the homonymous reflex response (1943a), sub-
threshold facilitation of motoneurones of syn-
ergistic muscles acting at the same joint (1946).
A wider distribution of monosynaptic Ia excitation
was subsequently documented (Eccles, Eccles &
Lundberg, 1957).

Pathway of monosynaptic Ia excitation

Ia afferents

Ia afferents originate from muscle spindle primary
endings, which are on the central region of both bag
and chain fibres. They are sensitive mechanorecep-
tors, responsive to the static and dynamic compo-
nents of muscle stretch and also to high-frequency
vibration (see Matthews, 1972). The non-linear char-
acteristics of the primary ending enable it to signal
the very initiation of a length change. Ia afferents
are the largest and most rapidly conducting periph-
eral nerve fibres, with conduction velocities up to
~120 m s~! for the cat hindlimb, but up to only
~70 ms~! in humans (see Chapter 3). Group Ia affer-
ents bifurcate on entering the spinal cord through
the dorsal root and run in both the rostral and
caudal directions in the dorsal columns (Fig. 2.1).
Several collaterals from each Ia fibre leave the dorsal
columns and enter the ventral horn to make contact
with motoneurones of the homonymous and syner-
gistic muscles (see Fig. 2.1 and below). The rostro-
caudal spread of individual collaterals within the
ventral horn is limited, and it is unlikely that more
than a single collateral of a Ia fibre has access to a
given motoneurone. All dendritic regions accessible
to investigation as well as the soma receive monosy-
naptic connections (see Henneman & Mendell,
1981).
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Fig. 2.1. Connections of monosynaptic Ia excitation. Ia
afferents (dashed lines) originating from muscle spindle
primary endings of the soleus have monosynaptic projections
to homonymous soleus motoneurones (MNs), and to
heteronymous MNs supplying its close synergist, the
gastrocnemius medialis (GM), located at the same S1
segmental level and also, after running in the dorsal column, to
MNss of the quadriceps located more rostrally in L4. The
particular projections sketched here have been observed in
human experiments (Meunier, Pierrot-Deseilligny &
Simonetta, 1993).

Strength of monosynaptic Ia projections to
individual motoneurones

Homonymous and heteronymous motoneurones

Monosynaptic Ia excitation is generally stronger in
homonymous than heteronymous motoneurones
(see Henneman & Mendell, 1981) and, accordingly,
reflex responses can be recorded at rest only in the
homonymous muscle. This is because each Ia fibre
sends terminals to all or nearly all of its homony-
mous motoneurones but only to some synergistic
motoneurones. However, heteronymous Ia EPSPs
may be larger than the homonymous ones in some
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motor nuclei (e.g., in the baboon flexor digitorum
communis, Clough, Kernell & Phillips, 1968).

A further factor influencing the size of la EPSPs is
the type of motoneurone

EPSPsare largestin small motoneurones innervating
slow-twitch motor units (Eccles, Eccles & Lundberg,
1957), and monosynaptic Ia EPSPs evoked on max-
imal stimulation of the homonymous nerve scale
quite precisely with motor unit type. There is thus
a direct correlation with the fatigue resistance and
an inverse correlation with the tetanic force pro-
duced by the motor unit and with the size of the
motoneurone (seeR. E.Burke, 1981). Thisisinaccord
with Henneman’s size principle (Chapter 1, pp. 3-4).
The mechanism underlying this particular distri-
bution has been extensively debated. Apart from
the fact that small motoneurones have a higher
input resistance, it has been assumed that invasion
of Ia terminals is a graded process that is gener-
ally more complete in the terminal arborisations
on small motoneurones because they have fewer
branch points (see Henneman & Mendell, 1981).
Whatever the underlying mechanism, this particu-
lar distribution favours the units that are commonly
involved in postural reflexes.

Distribution of heteronymous
monosynaptic Ia excitation

Hindlimb

Whereas early studies emphasised the homonymous
nature of monosynaptic Ia excitation, the technique
of facilitating the monosynaptic reflex allowed Lloyd
(1946) to reveal effects from synergistic (heterony-
mous) muscles acting at the same joint. This led
him to propose the concept of the ‘myotatic unit’
in which all muscles acting at the same joint with
the same function are welded into a functional
unit by monosynaptic Ia excitation with recipro-
cal Ia inhibition of antagonists. Later investigations
with intracellular recording techniques revealed that
the Ia synergism is by no means restricted to the
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mechanical agonists operating at the same joint,
but may include distant muscles operating at differ-
ent joints, e.g. bidirectional excitatory connections
between quadriceps and adductor femoris, and uni-
directional projections from quadriceps to soleus
(Eccles, Eccles & Lundberg, 1957; R. M. Eccles &
Lundberg, 1958). These heteronymous Ia connec-
tions were believed to have evolved to assist feline
locomotion (R. M. Eccles & Lundberg, 1958; Engberg
& Lundberg, 1969), and differences found between
the cat and baboon hindlimb Ia connections sup-
port this view (Hongo et al., 1984).

Cat forelimb

The above data promoted the view that the Ia syner-
gism is rather rigid and that, by not allowing much
flexibility, it is optimised for assisting the flexion—
extension movements oflocomotion (cf. Illert, 1996).
However, the cat forelimb has a less stereotyped
movement repertoire than the hindlimb and a more
extensive distribution of Ia connections, with many
transjoint connections from proximal to distal mus-
cles. It has been argued that this system should be
capable of coping with and assisting the larger reper-
toire of manipulatory paw movements (Fritz et al.,
1989; Illert, 1996).

The stretch reflex

MonosynapticIa excitation contributes to the stretch
(or ‘myotatic’) reflex described in the decerebrate cat
(Liddell & Sherrington, 1924). Reflex responses aris-
ing from Ia afferents during locomotion have been
studied in detail in many ‘reduced’ animal prepara-
tions in which walking can be elicited. Thus, it was
shown in the ‘mesencephalic’ cat that, during selec-
tive peripheral nerve block of fusimotor axons, the
EMG activity of the triceps surae was reduced by
half (Severin, 1970). This indicates that muscle spin-
dle afferents contribute significantly to muscle acti-
vation during locomotion (however, see Chapter 3,
p. 114), but it gives no quantitative insights into the
functional relevance of the stretch reflex, in terms

of force production. Recently, it has been shown
that, in the high decerebrate cat, muscle reflexes due
to group I volleys evoked by length changes during
the stance phase of walking produce over one third
of the force of ankle extension (Stein, Misiaszek &
Pearson, 2000). However, the relative contributions
oflaandIb afferentsis unknown: the inhibitory effect
of Ib afferents may be reversed to facilitation during
locomotion (Chapter 6, p. 248).

Methodology

Underlying principles

Stimulation of Ia afferents elicits in motoneurones
an excitation that can be assessed in human sub-
jects using the H reflex, the PSTHs of single motor
units or the modulation of the on-going voluntary
EMG. Several properties may be used to confirm
that a response results from monosynaptic Ia exci-
tation: (i) a central delay consistent with monosy-
naptic transmission; (ii) a low electrical threshold of
the responsible afferents; (iii) a similar effect pro-
duced by a tendon tap, and (iv) the first response to
be blocked by ischaemia.

Homonymous monosynaptic Ia excitation

Homonymous monosynaptic Ia excitation provides
the excitatory drive responsible for motoneurones
discharging in the H reflex and the tendon jerk, and
is the sole input contributing to the onset of the early
low-threshold peak ofhomonymous excitationin the
PSTHs of single motor units.

Evidence for a two-neurone arc in the
human soleus

Soleus H reflex

As discussed in Chapter 1, percutaneous electri-
cal stimulation of the posterior tibial nerve below
1 x MT produces a synchronised response in the



soleus muscle, a response that has become known
as the Hoffmann reflex or H reflex. Monosynaptic
transmission from Ia afferents to motoneurones was
confirmed for human subjects by intrathecal record-
ings of the afferent and efferent volleys of the soleus
H reflex by Magladery et al. (1951). They showed
that, at the lower end of the spinal cord, the ven-
tral root deflection (reflex) was separated from the
dorsal root volley (elicited by the lowest threshold
group I afferents) by only 1.5 ms. When allowance
was made for the conduction in proximal portions
of roots and within cord itself, the time left was too
short for interneuronal transmission. This indicates
that the first motoneurones discharging in the soleus
Hreflex do so at a latency consistent with a monosy-
naptic pathway. In support of this view, the variabil-
ity in latency of a single motor unit in the H reflex
is low, consistent with the existence of only a sin-
gle central synapse (Trontelj, 1973). The conclusion
that the latency of the soleus H reflex is determined
by monosynaptic transmission has been confirmed
by Ertekin, Mungan & Uludag (1996), again using
intrathecal recordings of the dorsal and ventral root
volleys associated with the soleus H reflex.

Monosynaptic la excitation of soleus
motoneurones may also be demonstrated
using the PSTH method

Stimulation of Ia afferents in the posterior tibial
nerve consistently evokes a peak of homonymous
monosynaptic excitation in soleus motor units at the
same latency as the H reflex (Ashby & Labelle, 1977;
Mao et al., 1984). The equivalence of the latencies
with the two methods is illustrated in Fig. 2.2, taking
into account the trigger delay of the unit in the PSTH
(Chapter 1, pp. 32-3). The H reflex at rest (b) and
the posterior tibial-induced discharge of a single unit
duringvoluntary contraction (¢) occur atvirtually the
same latency, and this is the latency of the first bin
of the peak of excitation in PSTHs from the unit ((d),
(e). This therefore reflects monosynaptic excitation
(cf. Magladery et al., 1951, and above). The duration
of the peak (1.1 ms in Fig. 2.2(e)) corresponds to the
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rise-time of the composite monosynaptic EPSP
(Burke, Gandevia & McKeon, 1984; Mao et al., 1984).

Initial bins of the peak

However only the first 0.7 ms of the peak (i.e. the
interval between the two vertical dashed lines in
Fig. 2.2(e)) may be attributed unequivocally to
monosynaptic excitation. The later bins of the peak
can be contaminated by oligosynaptic pathways (see
Chapter 1, pp. 14-16). Similarly, when the H reflex
is of reasonable size, only with the first recruited
motoneurones will the monosynaptic Ia EPSP not
be contaminated by oligosynaptic inputs (Burke,
Gandevia & McKeon, 1984).

Ia origin of the afferent limb of the
homonymous monosynaptic pathway
of the soleus

Apart from the monosynaptic transmission, several
other arguments support the view that Ia fibres form
the afferent limb of the monosynaptic pathway.

Effect of tendon taps

A broader peak of facilitation is produced in the
PSTHs of soleus motoneurones by percussion on
the Achilles tendon (Birnbaum & Ashby, 1982;
Burke, Gandevia & McKeon, 1983), a potent stimu-
lus for muscle spindle primary endings (Lundberg &
Winsbury, 1960). The onset of the peak of excitation
insingle soleus motor units occurs about 5-6 mslater
with tendon percussion than with electrical stimula-
tion, a difference consistent with the time required
forreceptoractivation and afferent conduction to the
popliteal fossa (Burke, Gandevia & McKeon, 1983).

Low electrical threshold

In agreement with the finding thatIa afferents are the
largest afferent fibres in the cat, the afferent volley of
the soleus H reflex is produced by the afferents of the
very low electrical threshold (0.67 x MT, Fukushima,
Yamashita & Shimada, 1982). The threshold of the
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Fig. 2.2. Methods of investigating homonymous monosynaptic Ia excitation. (a) Sketch of the pathway of homonymous
monosynaptic Ia excitation of soleus (Sol) motoneurones (MN). Stimulation is applied to the posterior tibial nerve (PTN) or the
inferior soleus (Inf Sol) nerve. A sphygmomanometer cuff is positioned around the upper part of the leg (below the electrode
eliciting the H reflex, but above that eliciting the Inf Sol nerve volley). (b)—(e) Results obtained from a single subject during the same
experiment. (b) Sol H reflex elicited by PTN stimulation at 1 x MT at rest (thin line) and during weak Sol voluntary contraction
(thick line). The latency of the H reflex (30.6 ms) is indicated by the vertical dashed line. (c¢) Potential from a single voluntarily
activated Sol motor unit elicited by PTN stimulation at 0.7 x MT (subthreshold for the compound H reflex). The dashed horizontal
line indicates the trigger level of the window discriminator, and the interval between the latency of the unit (30.8 ms, dotted vertical
line) and when the rapidly rising phase of the potential crosses the trigger level (38.7 ms, dashed vertical line) represents the trigger
delay of the unit (7.9 ms, double headed horizontal arrow). (d), (e) PSTHs (after subtraction of the background firing) of the unit
illustrated in (¢) following PTN stimulation at 0.7 x MT, using 0.5 and 0.1 ms bin widths ((d) and (e), the latter with an expanded
abscissa). The two vertical dashed lines in Eindicate the first 0.7 ms of the peak (i.e. its purely monosynaptic part). (f), (g) The Sol H
reflex (expressed as a percentage of its unconditioned value) was conditioned by stimulation of the Inf Sol nerve at 0.8 x MT and is
plotted against the ISI (f) and the time after the onset of ischaemia ((g), 3.5 ms ISI). (g) 17 minutes after the onset of ischaemia the
Achilles tendon jerk started to decrease (indicated by the vertical dashed line) and disappeared 4 minutes later (vertical dotted line),
while the maximal M response was not modified, indicating that « motor fibres were not blocked. The suppression of the tendon
jerk may therefore be attributed to the blockade of Ia afferents, as also may be the facilitation of the H reflex induced by Inf Sol
stimulation. Each symbol represents the mean of 10 (f) and 5 (g) measurements. Vertical bars +£1 SEM. Modified from
Pierrot-Deseilligny et al. (1981) ((f), (g)), with permission.



monosynaptic homonymous peak observed in the
PSTHs of single motor units is even lower (~0.5-
0.6 x MT, Mao et al., 1984; Meunier et al., 1990),
because the excitation s (i) then subthreshold for the
compound H reflex, and (ii) obtained in a motoneu-
rone whose excitability has been raised by voluntary
activation.

Facilitation by a homonymous volley

It is possible to stimulate selectively the inferior
branch of the soleus nerve on the lower border of the
soleus muscle (Pierrot-Deseilligny et al., 1981). Such
stimulation facilitates the soleus H reflex with the
time course shown in Fig. 2.2(f). The facilitation has
a low threshold with respect to motor fibres (<0.4 x
MT), probablybecause o motor fibres have branched
at this distal site, whereas there is almost no branch-
ing of Ia afferents (see the discussion in Pierrot-
Deseilligny et al., 1981). Activation of Ia fibres by
the conditioning stimulus could render some fibres
refractory to the more proximal test stimulus. Even
so, the Ia facilitation can manifest itself because only
some of theIa afferents recruited by the conditioning
stimulus are activated by the test stimulus (probably
because of their location within the posterior tibial
nerve; Meunier & Pierrot-Deseilligny, 1989).

Effect of ischaemia

Ischaemia affects large fibres preferentially
(Magladery, McDougal & Stoll, 1950), and is often
used to demonstrate that an excitation is due to Ia
afferents. Thus, to provide further evidence for the
Ia origin of the inferior soleus-induced facilitation of
the soleus H reflex, a sphygmomanometer cuff was
inflated at the upper part of the leg below the elec-
trode eliciting the test reflex but above that eliciting
the conditioning volley (Fig. 2.2(a)). Figure 2.2(g)
shows that the facilitation of the H reflex produced
by inferior soleus stimulation was suppressed at the
same time as the Achilles tendon jerk. This supports
the view that the homonymous facilitation of the
soleus H reflex is Ia in origin (Pierrot-Deseilligny
etal, 1981).
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Homonymous monosynaptic Ia excitation in
other muscles

Diagnostic studies

There are a number of advantages to testing the
reflex pathway during a weak voluntary contraction
(cf. Burke, Adams & Skuse, 1989). The contraction
will potentiate the reflex by raising the excitabil-
ity of the active motoneurone pool close to firing
threshold and possibly by diminishing the limitation
placed on reflex size by Ib afferents in the test vol-
ley (Chapter 6, pp. 268-71). During a voluntary con-
traction, (i) H reflexes may be recorded in virtually
all accessible limb muscles; (ii) ‘clamping’ motoneu-
rone excitability at a standard level eliminates the
component of latency variability due to the rise-time
of the composite EPSP responsible for the H reflex;
(iii) responses can be obtained with a lower thresh-
old and, as a result, the onset of the H wave can
be distinguished more easily from the end of the M
wave, and latency measurements can be made more
accurately in proximal muscles; (iv) higher stimulus
rates can be used because the attenuation of reflex
amplitude with rate is greatly diminished (see p. 99);
(v) the contraction ‘directs’ the reflex response to
the active motoneurone pool so that specific reflex
arcs (and specific segmental levels) can be investi-
gated. For different limb muscles, superficial nerves
are activated most conveniently by electrical stimu-
lation, even when proximal. For example, group Ia
afferents from biceps brachii are conveniently acti-
vated electrically at Erb’s point (Miller, Mogyoros &
Burke, 1995). Deep nerves are more of a problem, but
may be accessed using magnetic stimulation (Zhu
etal., 1992).

Homonymous peak in the PSTHs of single
motor units

For all limb muscles tested, stimulation of the parent
nerve evokes an early peak with all the characteris-
tics of homonymous monosynaptic Ia excitation —
same latency as the H reflex after allowance for the
trigger delay of the unit; low electrical threshold; elic-
itation by tendon taps (see references concerning the
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different motor nuclei on p. 79). As discussed in
Chapter 1 (p. 34), it is convenient to calculate the
central delay of any given effect with respect to the
latency of the homonymous monosynaptic Ia peak.

Critique

(i) The same arguments (low electrical thresh-
old, elicitation by a tendon tap, early blockade by
ischaemia) demonstrate that Ia afferents are the
afferent limb of the H reflex and of the early low-
threshold peak in the PSTHs of single units of other
muscles. The latency of both the H reflex and the
early Ia peak is consistent with monosynaptic trans-
mission, when the afferent and efferent conduction
times are taken into account. Given that homony-
mous monosynaptic Ia EPSPs exist in all cat and
baboon motor nuclei, the existence of homony-
mous monosynaptic la excitation in motoneurones
ofhuman limbsis likely. However, so far, unequivocal
evidence for a ‘two-neurone-arc’ in human subjects
has been reported only for soleus. (ii) The ampli-
tude of the H reflex cannot be used to assess the
absolute strength of Ia connections within a given
motoneurone pool, i.e. the effectiveness of a given
Ia input in discharging motoneurones, because the
amplitude of the H reflex is affected by other factors
(cf. pp. 79-81).

Heteronymous monosynaptic
Ia excitation

Heteronymous facilitation of the H reflex
cannot provide unequivocal data

Monosynaptic excitation cannot be inferred from
the timing of the H reflex facilitation

In humans, heteronymous monosynaptic Ia projec-
tions were first studied from quadriceps to soleus,
using the H reflex method (Bergmans, Delwaide &
Gadea-Ciria, 1978). However, monosynaptic con-
nections cannot be demonstrated unequivocally
with this technique, as illustrated in Fig. 2.3(d)-(f).
Stimulation of the femoral nerve facilitates the soleus
H reflex, and this appears at low threshold (0.6 x MT,

(e), (), consistent with a group Ia effect (cf. p. 75).
However, Fig. 2.3(d) shows that the reflex facilita-
tion appears at the —6.8 ms IS, i.e. earlier than the
expected synchronous arrival of the two volleys at
motoneuronal level (see the arrow at the —5.4 ms ISI
in Fig. 2.3(d) corresponding to the difference in con-
duction times of the conditioning and test Ia volleys,
and legend of Fig. 2.3(c); Hultborn et al., 1987). This
facilitation of the H reflex is ‘too early’ because of the
poor time resolution of the H reflex technique (as
discussed in Chapter 1, pp. 9-10).

Contamination by oligosynaptic effects

In addition, Fig. 2.3(e) shows that at the —6.5 ms ISI,
i.e.0.3msafter the onset ofreflexfacilitation, increas-
ing the conditioning stimulus intensity from 0.5 to
0.9 x MT resulted in a continuous increase in the
soleus H reflex facilitation. With alonger ISI (-5.5ms,
Fig. 2.3(/)), the reflex stopped increasing for condi-
tioning stimuli beyond 0.8 x MT, indicating contam-
ination of the volley by Ib afferents, producing non-
reciprocal group I (Ib) inhibition (see Chapter 6). In
another paradigm, gastrocnemius medialis facilita-
tion of the quadriceps H reflex, Pierrot-Deseilligny
etal. (1981) found that non-reciprocal group I inhibi-
tion starts to appear 0.8 ms after the onset of the pre-
sumably monosynaptic Ia facilitation, again indica-
ting that only the first 0.7 ms of the Ia excitation is
not significantly contaminated by subsequent oligo-
synaptic effects.

PSTH method

A more valid method for demonstrating heterony-
mous lamonosynaptic projectionsrelies on the com-
parison in the PSTHs of single motor units of the dif-
ference in the latencies of the peaks of homonymous
and heteronymous Ia excitations with the difference
in afferent conduction times for the two volleys.

Principle of the procedure

The principle has been established in the experi-
mental paradigm from quadriceps to soleus
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Fig. 2.3. Methods to investigate heteronymous monosynaptic Ia connections from quadriceps. (a) Sketch of the pathways (dashed
and dotted lines) of homonymous and heteronymous monosynaptic Ia excitations from quadriceps (Q) to a soleus (Sol)
motoneurone (MN). (b) Facilitation of the averaged on-going unrectified voluntary Sol EMG (128 sweeps, contraction 20 % MVC,
one trace recorded at 1 Hz and the other at 3 Hz), after stimulation of the femoral nerve (FN) at 1.4 x MT (the arrow indicates the
onset of the excitation at 28.5 ms). (c¢) PSTH (after subtraction of the background firing, 0.2 ms bin width) of a single Sol unit to
stimulation of the posterior tibial nerve (PTN, 0.9 x MT, [J) and of the FN (1.5 x MT, B). The 5.4 ms difference in latencies of the
two peaks (35 ms - 29.6 ms) corresponds exactly to the difference in afferent conduction times. (Distances from stimulation sites to
motoneuronal level of 0.66 and 0.29 m and conduction velocities of 64 and 59 m s~! for PTN and FN Ia volleys, respectively, produce
a difference of 5.4 ms: 10.3 [0.66/64] — 4.9 [0.29/59]). (d)-(f) Amplitude of the Sol H reflex conditioned by FN stimulation and
expressed as a percentage of its unconditioned value. (d) Time course after FN stimulation at 0.85 x MT; the vertical arrow at the
-5.4 ms ISI indicates the synchronous arrival of the two volleys at motoneuronal level; the negative value results from the more
proximal position of the conditioning electrode. (e), (f) The abscissa is the FN intensity ((e) — 6.5 ms ISI, (f) - 5.5 ms ISI). (g) PSTH
(after subtraction of the background firing, 1 ms bin width) of a single peroneus brevis unit after stimulation of the FN (1 x MT, l)
or a Q tendon tap ([J), evoking an H reflex () or a tendon jerk (i) of similar size in the Q EMG. Estimate of the afferent conduction
times showed that the FN-induced peak in (g) occurred at a latency (32 ms) consistent with a monosynaptic linkage. The peak
elicited by the tendon tap appeared 6 ms later, and this corresponds to the difference in the latencies of the Q H (k) and tendon (i)
reflexes. Modified from Meunier et al. (1996) (b), Hultborn et al. (1987a) ((c)-(f)), Meunier, Pierrot-Deseilligny & Simonetta-Moreau
(1994) ((g)-(i)), with permission.
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(Hultborn et al, 1987). Thus, in the PSTH of
Fig. 2.3(c), the difference in the latencies of the early
facilitation evoked in the same soleus motor unit
by stimulation of the homonymous posterior tibial
nerve (35 ms) and the heteronymous femoral nerve
(29.6 ms) was 5.4 ms. Because the efferent conduc-
tion time and the trigger delay were the same, the
difference between the two latencies must reflect the
difference in the afferent conduction times and/or
the central (synaptic) delay of the effects evoked
by the two volleys. If the heteronymous excitation
was mediated through a monosynaptic pathway,
much as is the homonymous Ia excitation of soleus
motoneurones (see above), the difference between
the latencies of the two peaks should be entirely
explained by the difference in afferent conduction
times.

Estimate of the afferent conduction times

Afferent conduction times for the fastest homony-
mous and heteronymous Ia volleys can be estimated
from: (i) the distance from stimulation sites to the
entrance of the afferent volleys to the spinal cord (L2
and C7vertebrae in thelower and upperlimb, respec-
tively) measured on the skin, and (ii) the conduction
velocity of Ia afferents. The latter can be calculated
from the latency of the monosynaptic Ia peaks meas-
ured in the PSTH of the same unit after stimulation
of homonymous Ia afferents at two levels (Chapter 1,
p- 36). In the experiment illustrated in Fig. 2.3(c),
the distances from stimulation sites to motoneurone
pool were 0.66 m and 0.29 m, and the conduction
velocities for the posterior tibial and femoral volleys
were 64 and 59 m s, respectively. The difference in
afferent conduction times was 5.4 ms (i.e. 10.3 ms
(0.66/64) — 4.9 ms (0.29/59)). Thus the difference in
afferent conduction times was identical to the differ-
ence in latencies of the homonymous and heterony-
mous peaks in the PSTHs of Fig. 2.3(c). This allows
no time for transmission across an interneurone and
indicates that the onset of the heteronymous excita-
tion, like that of the homonymous one, is presumably
monosynaptic.

Critique

The validity of the conclusion depends on the accu-
racy of latency measurements, the reliability of the
estimates of Ia conduction velocities, the accuracy of
distance measurements, and the possible contribu-
tion of oligosynaptic pathways.

(i) Because of the trigger delay, there is some uncer-
tainty in the absolute latency of the peaks, but the
trigger delay is the same for homonymous and het-
eronymous peaks in a given unit, when they are
investigated in the same sequence. This will there-
fore not alter the difference in latencies of the two
peaks, and this is the critical measurement in these
experiments. The shorter the bin width, the better
the time resolution of the method. Notwithstanding,
because the central delay of the earliest disynaptic
group I effects in humans is 0.7 ms longer than that
of the monosynaptic Ia excitation (see above), 0.5 ms
bins should allow a disynaptic effect to be detected.

(ii) The longer the distance between the two points
of stimulation of Ia fibres, the greater the precision
of the measurement of the Ia afferent conduction
velocity. The calculated velocity is that of the fastest
Ia afferents, but the onset of the aggregate EPSP
underlying the monosynaptic Ia EPSP in individual
motoneurones is given by the fastest Ia afferents, and
this same issue applies to both homonymous and
heteronymous pathways, while the critical measure-
ment in these experiments is the difference between
the two pathways.

(iii) A greater source of uncertainty is the measure-
ment of conduction distances. When the homony-
mous and heteronymous volleys are in the same
nerve (e.g. Iavolleys from the FCR and intrinsic hand
muscles in the median nerve), the difference in the
distances to the spinal cord can be measured accu-
rately. This is not the case when the two volleys are
in nerves located on different aspects of the limb
(e.g. the median and the radial nerve), or a fortiori
for the posterior tibial and femoral nerves where the
common ‘intra-abdominal part’ of the two nerves
can be measured only approximately. However, a
3-cm error in this segment would alter the difference
between heteronymous and homonymous afferent



conduction times by only 0.1 ms, and this is the criti-
cal measurement in these experiments (see Meunier
etal., 1990).

Evidence drawn from bidirectional
connections

Underlying principle

To eliminate uncertainties associated with the esti-
mates of peripheral afferent conduction times, stud-
ies have been performed on Ia connections linking
a pair of muscles in both directions (i.e. bidirec-
tional connections; Meunier, Pierrot-Deseilligny &
Simonetta, 1993). Two motor units in different mus-
cles were investigated in the same experiment, using
the same stimulation sites for the two units, so that
the homonymous volley for one unit was the het-
eronymous volley for the other unit and vice versa.
Because of this, the absolute value of the difference
in afferent conduction times between the homony-
mous and heteronymous volleys was the same for
the two units, and the conclusions do not depend on
peripheral afferent conduction times.

Cogent evidence for monosynaptic connections

If the heteronymous connection is monosynaptic for
both units of the pair, the difference (A) between
thelatencies of the homonymous and heteronymous
peaks for each unitwill depend only on the difference
in afferent conduction times for the homonymous
and heteronymous Ia volleys. Because the homony-
mous volley for one unit is the heteronymous volley
for the other, the algebraic sum of these two differ-
ences should be nil. This appears to be so for the
pair of units illustrated in Fig. 2.4, one in the soleus
((b), (¢)), the other in the peroneus brevis ((d), (e)).
After stimulation of the posterior tibial ((b), (e)) and
superficial peroneal ((¢), (d)) nerves, the differences
in latencies of the homonymous and heteronymous
peaks were -1 and 1 ms, respectively. Similar results
have been found for units in soleus and quadri-
ceps, and this represents a powerful argument for
heteronymous Ia monosynaptic connections. The
calculations underlying the technique as they apply
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to the units in Fig. 2.4 are elaborated further in the
figure legend.

Validation of other results

It is of particular interest that the evidence for
heteronymous monosynaptic connections drawn
from bidirectional connections supports conclu-
sions from studies relying on calculations of afferent
conduction times. Indeed, the afferent conduction
time was 0.9 ms longer for the superficial peroneal
volley than for the posterior tibial volley (cf. legend of
Fig. 2.4), while the PSTHs in Fig. 2.4 show that, for the
two units of the pair, the latencies of the superficial
peroneal peaks, whether heteronymous (soleus) or
homonymous (peroneus brevis), were 1 ms longer
than the posterior tibial peaks (i.e. virtually identi-
cal to the difference in afferent conduction times).
Hence, the results in these bidirectional studies sug-
gest that any errors in the estimates of afferent con-
duction times were not significant and validate the
conclusions based upon those estimates.

Facilitation of the on-going voluntary EMG

Heteronymous monosynaptic la connections
described in PSTH experiments may be demonstra-
ble by averaging the rectified on-going voluntary
EMG activity. This is the case for the median-induced
excitation of biceps brachii (Miller, Mogyoros &
Burke, 1995), the femoral-induced excitation of
soleus (Fig. 2.3(b)) or tibialis anterior (Meunier
et al., 1996), and the ulnar (at the wrist)-induced
excitation of wrist flexors (G. Lourenco, C. Iglesias,
E. Pierrot-Deseilligny & V. Marchand-Pauvert,
unpublished data). The averages cannot prove
monosynaptic transmission but, if on other grounds
such a connection is known to exist, averaging the
EMG represents a simple method for demonstrating
such activity in routine studies.

Evidence that monosynaptic heteronymous
excitation is Ia in origin

In addition to the evidence for the monosynaptic
transmission obtained in PSTH experiments using
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Fig. 2.4. Bidirectional monosynaptic Ia connections between soleus and peroneus brevis. (a) Sketch of the Ia pathways from soleus
(Sol) and peroneus brevis (Per brev) (dotted and dashed lines) to motoneurones (MN) of Sol and Per Brev. Note the extra intra-spinal
distance (d) between the L5 and S1 segments. (b)-(e) PSTHs (after subtraction of the background firing, 0.2 ms bin width) for a

Sol unit ((b), (c)) and a Per Brev unit ((d), (e)) to stimulation of the posterior tibial (PT) and the superficial peroneal (SP) nerves
during the same experimental session (CJ, Ml homonymous and heteronymous peaks). Homonymous stimulation for the

Sol unit (PT, (b)) was heteronymous for the Per Brev unit (e), and homonymous stimulation for the Per Brev unit (SP, (d)) was
heteronymous for the Sol unit (c). For the Sol unit the latency of the homonymous peak ((b), 39.8 ms) was 1 ms shorter than that of
the heteronymous peak ((c), 40.8 ms). For the Per Brev unit the latency of the homonymous peak ((d), 39 ms) was 1 ms longer than
that of the heteronymous peak ((e), 38 ms). Stimulation of the PT nerve was more proximal than that of the SP nerve: given
distances from stimulation sites to motoneuronal level of 0.70 m and 0.61 m, and conduction velocities of 68 m s~! and 65 m s~! for
SP and PT volleys, respectively, the difference in afferent conduction times was 0.9 ms (10.3 ms [0.70/68] — 9.4 ms [0.61/65]). The
differences in latencies of the homonymous and heteronymous peaks in both units (1 ms) therefore correspond almost exactly to
the differences in afferent conduction times of the homonymous and heteronymous volleys. However, with bidirectional
connections, evidence for monosynaptic connectivity is independent of estimates of afferent conduction times. Indeed, the
difference in the latencies of the two peaks (A = homonymous latency minus heteronymous latency) depends on two factors:

(i) the difference in peripheral afferent conduction times (PT.aff. and SP.aff.) from stimulation sites to the entrance in the spinal cord;
(i) the supplementary central delay that has to be added if the heteronymous connection is not monosynaptic (d1 and d2 for each
member of the pair, respectively). (The intraspinal conduction time taken by the heteronymous superficial peroneal volley to run
caudally along the distance [d] can be omitted, because it has been estimated to be only 0.1 ms [Meunier et al., 1990]). Thus, one has:

—A1 (soleus) = PT.aff. — (SP.aff. + d1) = PT.aff. — SP.aff. - d1
—AZ2 (peroneus brevis) = SP.aff. — (PT.aff. + d2) = SP.aff. - PT.aff. - d2

Adding these equations gives:
Al + A2 =PT.aff. - SP.aff. - d1 + SP.aff. - PT.aff. - d2 =-d1 -d2.

If heteronymous projections are monosynaptic in both directions, i.e. when d1 and d2 are nil, this sum (A1 + A2) must be nil, as it is
(=1 + 1). Modified from Meunier, Pierrot-Deseilligny & Simonetta (1993), with permission.
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Fig. 2.5. Low electrical threshold for monosynaptic Ia excitation from gastrocnemius medialis to biceps femoris. (a) Sketch of the

pathway (dashed and dotted lines) of homonymous and heteronymous monosynaptic Ia excitations to biceps femoris (Bi)
motoneurones (MN), the latter from gastrocnemius medialis (GM). (b), (d), (f), (h), (j) PSTHs (1 ms bin width), for a biceps femoris
unit, with (l) and without stimulation (O). (¢), (e), (g), (i), (k) Difference between control and conditioned histograms. (b), (¢)
Stimulation of the sciatic nerve (1 x MT). (d)-(k) Stimulation of the nerve of the GM muscle at 1 x MT ((d)-(e)), 0.7 x MT ((f)-(g)),
0.5 x MT ((h)-(i)), and 0.4 x MT ((j)-(k)). The difference in latencies of the homonymous and heteronymous peaks corresponds to

the difference in afferent conduction times. Modified from Meunier, Pierrot-Deseilligny & Simonetta (1993), with permission.

the methods described above, a number of findings
indicate that the heteronymous excitation is due to
Ia afferents.

Low electrical threshold

When the connection is strong, its electrical thresh-
old is as low as that of homonymous monosynaptic
Ia excitation (Meunier, Pierrot-Deseilligny & Simon-
etta, 1993). Thus Fig. 2.5 shows, for a motor unit
in biceps femoris, that the heteronymous excitation
produced by stimuli of different intensity to the gas-
trocnemius medialis nerve ((d)—-(k)) appeared with
an intensity of 0.5 x MT. This corresponds to the

lowest threshold thathas been observed forhomony-
mous la excitation (Mao et al., 1984; Meunier et al.,
1990), other than stimulation of the inferior branch
of the soleus nerve (cf. p. 69).

Tendon tap

Heteronymous monosynaptic excitation may also be
produced by a tendon tap which, at rest, strongly
activates muscle spindle primary endings and Ia
afferents (see p. 67). Thus Fig. 2.3(g)—(7) shows that
monosynaptic excitation is evoked in the PSTH of
a peroneus brevis unit (g) by femoral volleys pro-
duced by electrical stimulation ((h2), 1 x MT) and by
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Fig. 2.6. Increasing the electrical threshold for median-induced monosynaptic Ia excitation of biceps brachii motoneurones by
prolonged vibration to the tendon of flexor carpi radialis. (a) Sketch of the pathway (dashed and dotted lines) of homonymous

and heteronymous (from FCR) monosynaptic Ia excitations to biceps brachii motoneurones (MN). (b), (c¢) The size of the biceps
tendon jerk conditioned by a median nerve volley is plotted against the ISI (b) or the intensity of the conditioning stimulus (c).

(b) Because of the mechanical delay introduced by the tap, the synchronous arrival of the two volleys at motoneurone level (vertical
arrow at the —4.5 ms ISI) occurs when the conditioning stimulus is delivered after the test tap (negative ISIs). Parallel PSTH
experiments, analogous to that in Fig. 2.3(c), have shown that the facilitation is monosynaptic. (c) At the —4.5 ms ISI, changes in
the test reflex when the stimulus intensity is increased are compared in the control situation (®) and following long-lasting
vibration (O, 166 Hz, for 25 minutes) to the FCR tendon (arrow in (a)). Modified from Cavallari & Katz (1989), with permission.

percussion on the patellar tendon (i), evoking reflex
responses of similar size in the quadriceps EMG.

Effects of long-lasting tendon vibration

High-frequency vibration constitutes a potent sti-
mulus formuscle spindle primaryendings (see p. 64).
In the cat prolonged vibration raises the electrical
threshold of the responding Ia afferents because it
produces activity-dependent hyperpolarisation of
the activated Ia fibres (Coppin, Jack & MacLennan,
1970; Fetz et al., 1979). This technique may also be

used in humans (Heckman et al., 1984). The results
shown in Fig. 2.6 illustrate monosynaptic Ia projec-
tions from FCR to biceps brachii (Cavallari & Katz,
1989). Median nerve stimulation at 0.9 x MT facili-
tated the biceps tendon jerk (Fig.2.6(b)). The facilita-
tion appeared at the —4.5 ms IS and was shown to be
monosynaptic in parallel PSTH experiments. At this
early IS, the threshold for the facilitation was signi-
ficantly increased (Fig. 2.6(c)) and its extent signifi-
cantly decreased after prolonged vibration applied
to the FCR tendon, evidence that it was due to acti-
vation of Ia afferents.



Absence of early excitation from
cutaneous afferents

In the human upper limb, the conduction velocity
of the fastest cutaneous afferents is not significantly
slower than that of the fastest Ia fibres (Macefield,
Gandevia & Burke, 1989). It is therefore important
that cutaneous stimulation that evoked the same
sensations as elicited by the mixed nerve stimulation
failed to reproduce the early peak of Ia excitation (as
in the experiment illustrated in Fig. 2.9(c), (d)).

Conclusions

The best evidence for heteronymous Ia excitation
is provided by demonstrating in PSTH experiments
that the connection is monosynaptic. The most
cogentarguments are drawn from experiments using
bidirectional connections where the conclusions do
not rely on peripheral afferent conduction times.
Notwithstanding this, strong evidence is also pro-
vided by experiments showing that the differences in
thelatencies of thehomonymous and heteronymous
peaks canbeexplained by differencesin afferent con-
duction times. Finally, the Ia origin of the heterony-
mous excitation is supported by (i) a low electrical
threshold, (ii) elevation of the electrical threshold by
long-lasting vibration to the tendon of the ‘condi-
tioning’ muscle, and (iii) the demonstration that it
can be elicited by tendon taps.

Range of electrical thresholds of
Ia afferents when stimulating
using surface electrodes

When stimulating peripheral nerves directly, as in
cat experiments, the stimulus strength has to be
increased to twice the threshold of the most excitable
afferents to set up a maximal group I volley (Brock,
Eccles & Rall, 1951). Given a threshold for human Ia
afferents of ~0.5 x MT, one might expect a maxi-
mal group I volley with stimuli ~1 x MT. However,
in many muscles other than the soleus, the H reflex
appears and continues to increase at stimulus inten-
sities well above 1 x MT provided that the reflex dis-
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charge is not occluded by the antidromic motor vol-
ley. The question then arises what is the range of the
electrical thresholds of Ia afferents in humans when
stimulating nerves through surface electrodes.

Growth of heteronymous
Ia monosynaptic excitation

The growth of the Ia EPSPs has been estimated in the
PSTHs of single motor units as the stimulus inten-
sity was increased up to 4-5 x MT (Gracies, Pierrot-
Deseilligny & Robain, 1994). Figure 2.7 illustrates
the heteronymous facilitation evoked in a peroneus
brevis unit after stimulation of the femoral nerve.
The excitation was weak at 1 x MT ((b), (c)), but
became clearer at 2-3 x MT at a latency of 31 ms
((d)-(g)), and increased further at 4-5 x MT, associ-
ated with a decrease in latency to 30.5 ms ((h)-(k)).
Similar results were found with the femoral-induced
excitation of tibialis anterior units and the superfi-
cial peroneal excitation of soleus units. Figure 2.7(/)
shows that the mean amplitude of the excitation for
25 units increased with stimulus intensity to a maxi-
mum at 4 x MT. Given a threshold for Ia afferents of
~0.5 x MT (see above), full recruitment of Ia affer-
ents at4 x MT corresponds to 8 x Ia threshold. As in
Fig. 2.7(f)-(i), there was often a decrease in latency
of 1 bin (0.5 ms) with one of the step increases in
intensity from, e.g. 3 to 4 x MT. The mean decrease
in latency of the monosynaptic peak relative to the
latency at 1 x MT is plotted against the stimu-
lus intensity in M. It reached 0.53 ms at 4 x MT.
The decrease in latency is probably due to two
phenomena: stimulation of the afferents at more
proximal nodes as stimulus intensity increased, so
producing an effectively shorter afferent path, and
a more rapidly rising EPSP as more group I affer-
ents were recruited. The latter has been shown in
the cat to produce a decrease in the latency of the
corresponding peak in the PSTH of up to 0.35 ms
(Fetz & Gustafsson, 1983). A greater latency shorten-
ingwould be expected in humans because the extent
of shortening will depend on the dispersion of the
excitatory input and on the EPSP rise-time, both of
which are greater in human subjects.
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Fig. 2.7. Wide range of electrical thresholds for human Ia afferents. (a) Sketch of the pathway of heteronymous monosynaptic Ia

excitation (dotted line) from quadriceps (Q) to a peroneus brevis motoneurone (MN). (b), (d), (f), (h), (j) PSTHs (0.5 ms bin width)

for a peroneus brevis unit with (ll) and without stimulation of the femoral nerve (). (¢), (e), (g), (i), (k) Difference between
control and conditioned histograms. (b)-(k) Stimulation of the femoral nerve at 1 x MT ((b)-(c)), 2 x MT ((d)-(e)), 3 x MT
((N-(g)), 4 x MT ((h)-(i)), and 5 x MT ((j)-(k)). (1), (m) Mean results from 25 motor units. (/) Mean amplitude of the excitation,
expressed as the statistical significance (x?) of the difference between conditioned and control histograms during the first two bins

of the peak, plotted against the intensity of stimulation. (1) Average decrease in latency of the monosynaptic peak (referenced to

the latency at 1 x MT, which is the zero of the ordinate), plotted against the stimulus intensity. Modified from Gracies,

Pierrot-Deseilligny & Robain (1994), with permission.

Difference between the full recruitment
of Ia afferents in cat and human experiments

This difference (at 2 and 8 x Ia threshold, respec-
tively) is probably due to the fact that in human
experiments afferents are stimulated through elec-
trodes on the skin surface, at a distance from the
nerve. Human nerves have a larger diameter and
the relevant fascicle may not always be optimally
orientated to the surface. As a result, the thresh-
old for a fibre will be determined as much by its
distance from the stimulating electrodes as by its
size.

Conclusions

Whatever the mechanism responsible for the wide
range of electrical thresholds of Ia afferents, this
factor needs to be taken into account for two rea-
sons. (i) Reflex latency approaches the ‘true mono-
synaptic latency’ only at intensities far above motor
threshold. (ii) If some Ia afferents are only activated
by strong stimuli, the potential Ia reflex contribu-
tion may be underestimated in human experiments,
which are generally performed with much lower
stimulus intensities (<1 x MT) in an attempt to acti-
vate group I afferents selectively.
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connections

The efficacy of a given Ia input in discharging a
motoneurone is referred to as the ‘strength of Ia
excitation’ in the following and depends on several
factors: (i) the number of Ia afferents projecting to
the tested motoneurone; (ii) the level of presynaptic
inhibition and the level of post-activation depres-
sion at Ia terminals; (iii) any limitation produced by
inhibitory circuits activated by the test volley, and
(iv) the motoneurone type.

Homonymous monosynaptic Ia excitation

Evidence for homonymous Ia excitation in all
motoneurone pools

H reflex

At rest, H reflexes can be recorded from the
soleus, quadriceps and FCR in most healthy subjects
(Fig. 2.8(b), (d), (g)), often from hamstrings (in thin
subjects (e)), and rarely from other muscles ((c), (f),
(h)).However, an Hreflex can be obtained in virtually
all limb muscles during a weak voluntary contrac-
tion of the test muscle (see p. 69), without changing
reflexlatency significantly (see thick and thin lines in
Fig. 2.8).

Homonymous monosynaptic la excitation
in single motor units

Stimulation of the parent nerve evokes an early peak
ofincreased probability of discharge in PSTHs of sin-
gle motor units in all limb muscles tested, and this
has the characteristics of homonymous monosynap-
tic excitation (see p. 69): soleus (Ashby & Labelle,
1977), tibialis anterior (Ashby & Zilm, 1982), gas-
trocnemius medialis (Mao et al., 1984), peroneus
brevis (Meunier, Pierrot-Deseilligny & Simonetta,
1993), quadriceps (Fournier et al., 1986), hamstrings
(Bayoumi & Ashby, 1989), intrinsic foot muscles
(Marque et al., 2001), biceps brachii (Cavallari &
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Katz, 1989), flexor carpi radialis (FCR) and flexor
carpiulnaris (FCU) (Malmgren & Pierrot-Deseilligny,
1988), deltoid, triceps brachii, extensor carpi radi-
alis (ECR), flexor digitorum superficialis (FDS) and
extensor digitorum (ED) (Gracies et al., 1991), flexor
pollicis longus (where the excitation is weak, Inglis
et al, 1997) and the intrinsic hand muscles
(Marchand-Pauvert, Nicolas & Pierrot-Deseilligny,
2000). It must be emphasised that these investiga-
tions were performed during weak voluntary con-
tractions (below 5% MVC), and the motor units stud-
ied were all in the low-threshold range.

Differences in the efficacy of homonymous
Ia excitation in firing motoneurones

Estimate of the efficacy of the Ia input in firing
homonymous motoneurones

This efficacy may be assessed by the ease with which
the H reflex can be elicited at rest and by the size of
the peak of excitation elicited in the PSTHs of sin-
gle motor units by stimulation subthreshold for the
compound H reflex (e.g. 0.7 x MT). Generally, these
two measures are closely linked: e.g. in accordance
with the ease with which the H reflex is obtained
at rest in the soleus and FCR, the peak of homony-
mous la excitation elicited by a Ia input of compar-
able strength is significantly larger in soleus than in
tibialisanterior (Mao etal., 1984),and in the FCR than
in the ECR (Chalmers & Bawa, 1997). The difficulty
in activating some motoneurone pools reflexly can-
not be attributed to low excitability of the motoneu-
rone pool: tibialis anterior is more excitable to corti-
cospinal inputs than soleus, while the reverse is true
for Ia afferent inputs.

Preferential distribution of the monosynaptic
Ia input to small motoneurones

In the cat, homonymous monosynaptic Ia EPSPs
are maximal in small motoneurones innervat-
ing slow-twitch units (cf. p. 65). The size of the
monosynaptic Ia peak should then decrease as
larger motoneurones ofhigher threshold innervating
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Fig. 2.8. H reflexes in different muscles. (a) Sketch of the monosynaptic pathway. (b)-(j) EMG recordings of the H reflex at rest

(thin lines) and during voluntary activation of the tested muscle (thick lines) for the soleus (b), tibialis anterior ((c) TA), quadriceps

((d) Q), semitendinosus ((e) ST), abductor pollicis brevis ((f) APB), flexor carpi radialis ((g) FCR), extensor carpi radialis ((2) ECR),

biceps brachii (i) stimulation at Erb’s point), triceps brachii (j). All reflexes were obtained in the same subject (1.80 m tall).

units with larger and faster twitch contractions are
recruited. This appears to be so in most mus-
cles in which the different motor unit types have
been investigated: second dorsal interosseus (Buller,
Garnett & Stephens, 1980), soleus (Awiszus & Feist-
ner, 1993), ECR (Fig. 8.5(a); Schmied et al., 1997) and

FCR (Nielsen & Pierrot-Deseilligny, unpublished
data). Given this preferential distribution of Ia exci-
tatory inputs to motoneurones innervating slow-
twitch units, it is not surprising that the soleus H
reflex may be obtained in all healthy subjects at
rest, because the soleus is a homogeneous muscle



with mainly slow-twitch units (Edgerton, Smith &
Simpson, 1975). However, in tibialis anterior (Ashby,
Hilton-Brown & Stalberg, 1986; Semmler & Tiirker,
1994) and in abductor digiti minimi (Mazzocchio,
Rothwell & Rossi, 1995), the largest responses to Ia
input have not been found in low-threshold units.

Inhibitory mechanisms limiting the efficacy
of the monosynaptic Ia input

Presynaptic inhibition of Ia terminals

This mechanism reduces the size of monosynaptic Ia
EPSPs, and there is a tonic level of presynaptic inhi-
bition of Ia terminals (see Chapter 8, pp. 353-4). The
larger the maximal soleus H reflex at rest, the smaller
the tonic on-going presynaptic inhibition of Ia ter-
minals (Meunier & Pierrot-Deseilligny, unpublished
data), and this supports the view that variations in
the size of the maximal H reflex in different subjects
(and perhaps in different muscles in the same sub-
ject) may reflect a different level of tonic presynaptic
inhibition.

Contamination by oligosynaptic IPSPs

Non-reciprocal group Iinhibition (so-called ‘Ib’ inhi-
bition, see Chapter 6) can limit the size of the H reflex
(Chapter 1, pp. 14-16). This limitation could also
contribute to the absence of a recordable H reflex
at rest in muscles, such as tibialis anterior, abduc-
tor pollicis brevis and ECR, though this would imply
that the Ia/Ib balance was then shifted in favour of
the Ib input. In these muscles, the appearance of an
H reflex during a tonic voluntary contraction could
involve depression of non-reciprocal group I inhibi-
tion to the active motoneurone pool (see Chapter 6,
Pp- 268-71), together with the increased excitability
of the motoneurones.

Thresholds for « motor axons and
Ia afferents

Alternatively, if the threshold for « motor axons was
closer to that of Ia afferents, the maximal H reflex
would probably be smaller and the reflex more diffi-
cult to obtain and, with single motor units, the peak

Organisation and pattern of connections

of excitation seen in PSTHSs to stimulation at 1 x MT
would be smaller.

Heteronymous monosynaptic Ia
excitation in the lower limb

Pattern and strength of distribution

In striking contrast with data for the cat and baboon
hindlimb (see pp. 65-6), connections between some
close synergists operating at the same joint are
weak or absent in the human lower limb and trans-
joint connections are almost the rule. Given the
constraints raised above, the conclusions advanced
below have generally been confirmed using more
than one method.

General pattern of heteronymous la excitation

Table 2.1 shows the general pattern of heteronymous
Ia excitation to leg and thigh muscles, estimated
from PSTHs (Meunier, Pierrot-Deseilligny & Simon-
etta, 1993; Marque et al.,, 2001). Grey cells represent
muscle-nerve combinations with a statistically sig-
nificant connection in humans. An attempt has been
made to estimate the strength of the excitation (num-
ber of asterisks in each cell, see legend of Table 2.1),
based on the average size of the heteronymous peak
relative to that of the homonymous peak, both in
response to stimulation at 1 x MT. As expected, the
stronger the connection, the more frequently was it
observed: e.g. the strongest connection (from gas-
trocnemius medialis to biceps femoris, five aster-
isks) was observed in 21/21 (100%) units and was,
on average, 54% of the homonymous peak, whereas
the weakest connection (from the intrinsic plantar
muscles to biceps, one asterisk) was observed in only
27% of the units and had an average amplitude of 3%
of the homonymous peak.

Connections between close synergists operating
at the same joint

At knee level, strong connections exist between the
two heads of the quadriceps (vastus lateralis and
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Table 2.1. Monosynaptic heteronymous Ia excitation in the lower limb

kkk  kkkkk

* 3k

Homonymous No MS Ia 0

Heteronymous - Not NE

explored

(> 5% Homo)

Columns: nerve stimulated: Sol (inferior soleus), GM (nerve to the gastrocnemius medialis), SP (superficial pero-

neal), DP (deep peroneal), FN (femoral nerve), TN (tibial nerve at the ankle). Lines: motoneurone pools (MN)

investigated with the PSTH method: Sol (soleus), GM (gastrocnemius medialis), Per Brev (peroneus brevis), TA

(tibialis anterior), Q (quadriceps), Bi (biceps femoris), ST (semitendinosus). Grey cells indicate the existence of

significant Ia excitation in humans (crossed cells correspond to homonymous pathways). The number of asterisks

indicates the average size of the heteronymous peak relative to the homonymous peak (both recorded using sti-
mulation at 1 x MT): * <10%; ** between 10 and 20%; *** between 20 and 30%, **** between 30 and 40%; ***** >40%
(from Meunier, Pierrot-Deseilligny & Simonetta, 1993; Marque et al., 2001; Marchand-Pauvert & Nielsen, 2002).
Connections are compared to those described in the cat (cells with horizontal lines, Eccles, Eccles & Lundberg,

1957) and the baboon (cells with vertical lines, Hongo et al., 1984). With the animal experiments, only connections

with a heteronymous EPSP >5% of the homonymous EPSP are shown.

medialis), but are absent from semitendinosus to
biceps, and doubtful from biceps to semitendinosus
(Bayoumi & Ashby, 1989). At ankle level, there is
weak Ia facilitation from gastrocnemius medialis
to gastrocnemius lateralis (Mao et al., 1984) and
from soleus to gastrocnemius medialis (Meunier,
Pierrot-Deseilligny & Simonetta, 1993). There is no
Ta excitation from gastrocnemius medialis to soleus,
a finding confirmed using different techniques: the
modulation of the on-going EMG, the H reflex or

PSTHs (Bouaziz, Bouaziz & Hugon, 1975; Pierrot-
Deseilligny et al., 1981; Mao et al., 1984; Meunier,
Pierrot-Deseilligny & Simonetta, 1993).

Connections linking ankle muscles
that are not close synergists

There are bidirectional connections between soleus
and peroneus brevis (Fig. 2.4), and from tibialis ante-
rior to gastrocnemius medialis.



Transjoint connections exist between all
muscle-nerve combinations tested

They can be very strong (e.g. gastrocnemius medialis
to biceps). However, it should be emphasised that
conclusions based on stimuli at 1 x MT underesti-
mate the strength of the connections because, as dis-
cussed on pp. 77-8, not all Ia afferents are activated at
this intensity. These connections are not confined to
units in the low-threshold range investigated with
the PSTH method. Many of the connections have
also been observed with methods that explore alarge
fraction of the motoneurone pool, e.g. (i) modulation
of the H reflex for the Ia excitation from gastrocne-
mius medialis to quadriceps and biceps motoneu-
rones (Pierrot-Deseilligny et al., 1981), and for the Ia
excitation from quadriceps to soleus motoneurones
(Bergmans, Delwaide & Gadea-Ciria, 1978; Hultborn
et al.,, 1987), and (ii) femoral modulation of the on-
going EMG of soleus and tibialis anterior (Meunier
et al., 1996). An early peak of peroneal-induced
monosynaptic Ia excitation has also been observed
in the on-going quadriceps EMG of some subjects
(Marchand-Pauvert & Nielsen, 2002). Proximal-to-
distal transjoint connections can be explored safely
only from the femoral nerve, because it does not
contain afferents from distal muscles. Because of
the difficulty in stimulating the nerves to hamstrings
without encroaching upon afferents from foot and
leg muscles in the sciatic nerve (or of stimulating
the posterior tibial nerve without encroaching upon
afferents from plantar foot muscles), it has not been
possible to determine whether the connections from
leg muscles to hamstrings (and from foot to proximal
muscles) are bidirectional.

Projections to antagonists acting at another joint

Aremarkable feature of these transjoint connections
is that they often link a muscle or group of muscles to
a pair of antagonistic muscles operating at another
joint, e.g. quadriceps to all tested muscles acting
at the ankle, soleus to quadriceps and hamstrings,
and from intrinsic foot muscles to all leg and thigh
muscles.

Organisation and pattern of connections
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Phylogenetic adaptations

In Table 2.1, the connections in the human lower
limb are compared to those in the hindlimb of the
cat (cells with horizontal lines, Eccles, Eccles & Lund-
berg, 1957) and the baboon (cells with vertical lines,
Hongo et al., 1984).

Connections between close synergists

The absence of connections between some close syn-
ergists operating at the same joint in humans is pre-
dictable because of their weakness in the baboon.
Thus, heteronymous Ia excitation from gastrocne-
mius medialis to soleus is absent in humans, very
small in the baboon and large in the cat (the max-
imal heteronymous Ia EPSP is 3% of the maximal
homonymous EPSP in the baboon and 41% in the
cat). Similarly, the absence of heteronymous con-
nections between medial and lateral hamstrings in
humans is predictable because they are weaker in
the baboon than in the cat.

Major differences in organisation

The most striking differences involve the presence of
heteronymous connections that do not exist in the
cat or the baboon or, when they exist, are <5% of the
homonymous Ia EPSP (e.g. Ia connections from tri-
ceps surae onto quadriceps motoneurones, Edgley,
Jankowska & McCrea, 1986; Hongo etal., 1984). Thus,
in human subjects, there are transjoint connections
between all muscle-nerve combinations tested. The
functional implications of these differences in organ-
isation of Ia connections are considered on pp. 92—4.
These ‘nhew’ connections raise questions about
whether the term ‘synergists’ should be used func-
tionally rather than anatomically.

Heteronymous monosynaptic
Ia excitation in the upper limb

Connections between close synergists

Connections have been investigated at wrist level,
using the PSTH method. There is bidirectional,
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though asymmetrical, heteronymous Ia excitation
between the two wrist flexors, FCR and FCU. Electri-
cal stimuli at 1 x MT applied to the median nerve at
elbow level often evoke monosynaptic Ia excitation
of FCU units, whereas similar stimulation of the ulnar
nerve rarely evokes significant excitation of FCR
units (Malmgren & Pierrot-Deseilligny, 1988). An
asymmetry has also been demonstrated using per-
cussion of the tendons of FCR and FCU (Chalmers &
Bawa, 1997), but this was less marked, possibly due
to spread of the mechanical stimulus. Weak ECU
facilitation by ED Ia afferents has been observed
consistently but, in contrast with forearm flexors,
there is no evidence for heteronymous Ia excitation
at a latency consistent with a monosynaptic linkage
between ECR and ECU (Chalmers & Bawa, 1997).

Transjoint connections and their
phylogenetic adaptation

Table 2.2 is arranged qualitatively as is Table 2.1,
and shows the pattern of transjoint heteronymous Ia
excitation in the human upper limb, estimated from
PSTHs.

Absence of proximal-to-distal projections

Again, there are striking differences from data in the
cat (cellswith horizontallines, Fritz et al., 1989). Con-
nections from proximal to distal muscles are bet-
ter developed in the cat forelimb (triceps to FCR
and ECU, biceps to ECR) than in its hindlimb, but
are absent in humans (Cavallari, Katz & Pénicaud,
1992). Because of the difficulty in stimulating the
median and ulnar innervation of wrist muscles with-
out encroaching upon afferents from hand muscles,
it has not been possible to investigate projections
from forearm muscles onto motoneurones innervat-
ing the intrinsic muscles of the hand. However, given
the absence of other proximal-to-distal connections
in the human upper limb, it is likely that projections
from intrinsic hand muscle are probably also uni-
directional (i.e. only distal-to-proximal, see below).

Table 2.2. Monosynaptic heteronymous Ia
excitation in the upper limb

Med &
Uln Uln
(wrist)

Iinmonymour\E No MSE Cat %
Hclcron}rmous- la

Columns: nerve stimulated: MC (musculo-cutaneous), Tri

(nerve of the triceps brachii), Med (median), Rad (radial at the
elbow), Uln (ulnar), Med & Uln (wrist) (median and ulnar at
the wrist). Lines: motoneurone pools (MN) investigated with the
PSTH method: Deltoid, Bi (biceps brachii), Tri (triceps brachii),
FCR (flexor carpi radialis), ECR (extensor carpi radialis), FCU
(flexor carpi ulnaris), ECU (extensor carpi ulnaris), FDS (flexor
digitorum superficialis), ED (extensor digitorum), Hand (intrin-
sic hand muscles). Grey cells indicate the existence of signifi-
cant Ia excitation in human subjects (crossed cells correspond
to homonymous pathways). The number of asterisks repre-
sents the frequency of occurrence of the heteronymous peak:
* <20%; ** between 20 and 60%; *** >60% (from Cavallari &
Katz, 1989; Créange et al., 1992; Cavallari, Katz & Pénicaud, 1992;
Katz et al., 1993; Mazevet & Pierrot-Deseilligny, 1994; Marchand-
Pauvert, Nicolas & Pierrot-Deseilligny, 2000 and Lourengo,
Iglesias, Pierrot-Deseilligny & Marchand-Pauvert unpublished
data). Connections are compared to those described in the cat
(cells with horizontal lines; Fritz et al., 1989).
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Fig. 2.9. Monosynaptic Ia excitation from intrinsic hand muscles to FCR motoneurones. (a) Sketch of the pathway (dashed and
dotted lines) of homonymous and heteronymous monosynaptic Ia excitations to a FCR motoneurone (MN), the latter from intrinsic
hand muscles innervated by the ulnar nerve. (b)-(d) PSTHs for a FCR unit (0.5 ms bin width, after subtraction of the background
firing) are compared after stimulation of homonymous Ia afferents in the median nerve at elbow level ((0.7 x MT, (b)), of the ulnar
nerve at wrist level (1 x MT (c)) and of the skin of the fourth and fifth fingers (d), mimicking the cutaneous sensation elicited by
ulnar nerve stimulation, and making allowance for the extra peripheral conduction time. The difference between the latencies of the
homonymous ((b) 24 ms) and heteronymous ((c) 28.5 ms) peaks is 4.5 ms, the distance between wrist and elbow electrodes,

29 cm, and the conduction velocity of the fastest Ia afferents 64 m s~!. The supplementary peripheral conduction time along Ia
afferents from wrist to elbow level (0.29/64 = 4.5 ms) accounts for the difference in the latencies of the two peaks of excitation

(4.5 ms, (b), (¢)), implying that the two excitations have a similar central linkage. Note the absence of effect of the cutaneous
stimulation at the latency of the heteronymous peak (d). Modified from Marchand-Pauvert, Nicolas & Pierrot-Deseilligny (2000a,b),

with permission.

Distal-to-proximal connections . . .
nuclei tested (biceps, triceps, FCR, FCU, FDS, ECR,

Unidirectional connections from distal to proxi-
mal muscles are, if anything, better developed in
the human upper limb than in the cat forelimb.
This is so for forearm muscles to biceps and tri-
ceps motoneurones (Cavallari & Katz, 1989), and
for projections from intrinsic hand muscles to
motoneurones belonging to all proximal motor

and ED; Marchand-Pauvert, Nicolas & Pierrot-
Deseilligny, 2000; Lourengo, Iglesias, Pierrot-
Deseilligny & Marchand-Pauvert unpublished data).
These projections can be quite strong (e.g. 12%
of the number of triggers for the ulnar-induced
monosynaptic excitation of the FCR unit illustrated
in Fig. 2.9(c)).



86

Monosynaptic Ia excitation

Strength of the heteronymous excitation

An estimate of the strength of the heteronymous
excitation relative to the homonymous excitation (as
in the lower limb) cannot be made, because elec-
trical stimuli below 1 x MT activate only a small
fraction of homonymous Ia afferents to proximal
muscles operating at the elbow. The strength of the
excitation, as indicated by number of asterisks in
each cell of Table 2.2, is therefore based on the fre-
quency of occurrence of the heteronymous exci-
tation (see the legend of Table 2.2). Here again,
results obtained for low-threshold motor units with
the PSTH method have been confirmed by other
methods: (i) modulation of the biceps and triceps
tendon jerk by Ia afferent volleys from forearm mus-
cles (Cavallari & Katz, 1989; Mazevet & Pierrot-
Deseilligny, 1994), (ii) modulation of the FCR H reflex
by Ia afferent volleys from intrinsic hand muscles
(Marchand-Pauvert et al., 2000a), and (iii) median-
induced modulation of the on-going EMG of biceps
(Miller, Mogyoros & Burke, 1995).

Conclusions

There are striking differences between different
species, with transjoint monosynaptic Ia connec-
tions in all the combinations tested in the human
lower limb. Ia projections from one muscle may be
to antagonist muscles operating at another joint. In
the human upper limb there are few or no trans-
joint proximal-to-distal connections, whereas the
distal-to-proximal projections are strong, particu-
larly those from intrinsic hand muscles.

Developmental changes in heteronymous
Ia connections

Newborn

In newborn animals, there are dense monosynaptic
Ia projections from homonymous muscles to direct
antagonists as well as to synergists, but the former
disappear during the first few post-natal days (kitten:
R. M. Eccles, Sheally & Willis, 1963; rat: Saito, 1979).

It has been reported that, in the normal newborn
baby, a tendon tap may elicit short-latency heterony-
mous excitatoryresponsesin antagonisticmuscles of
the lower limb (soleus and tibialis anterior, quadri-
ceps and hamstrings) at latencies consistent with
a monosynaptic connection (Myklebust & Gottlieb,
1993). This ‘reciprocal excitation’ disappears during
the first years of life. Similarly, in healthy human
neonates, reflex responses at monosynaptic latency
have been reported in the triceps brachii follow-
ing a tap to the biceps brachii tendon (O’Sullivan,
Eyre & Miller, 1991). This monosynaptic excitation
of a direct antagonist disappears during the first four
years of life (O’Sullivan et al., 1998).

Ia excitation of antagonists in adults?

By cross-correlating the surface EMG with a series
of ‘pseudo-random taps’, a similar ‘monosynaptic
excitatory response’ from biceps to triceps has been
reported in 14% of normal adults (McClelland, Miller
& Eyre, 2001). This result is surprising, given that all
normal adults manifest consistent and strong recip-
rocal Ia inhibition from biceps to triceps (cf. Katz,
Pénicaud & Rossi, 1991; Chapter 5, p. 210). The prob-
lem with above results, including those in the new-
born, is whether the response is due to field-spread
of the EMG response of the agonist and/or to spread
of the mechanical stimulus to spindles in the antag-
onist. Direct recordings from muscle spindle affer-
ents have shown that vibration and percussion of
the tendon of a muscle activates spindle endings in
the antagonist (Burke et al., 1976; Burke, Gandevia &
McKeon, 1983). Thus, even with a very weak tap to
the tibialis anterior tendon, it is impossible to elimi-
nate completely spread of the vibration to soleus, and
vice versa. This can produce an early, small and brief
facilitation of the soleus H reflex occurring before
the onset of presynaptic inhibition (see Hultborn
etal., 1987, and Fig. 8.2(b) in Chapter 8). To control
for artefactual results due to spread of the mechani-
cal stimulus, it is necessary to demonstrate that elec-
trical stimulation of biceps Ia afferents facilitates the
monosynaptic reflex of triceps.



Motor tasks and physiological
implications

Homonymous monosynaptic Ia
excitation. Stretch reflex responses

Abrupt stretch of an active muscle produces, in that
muscle, a reflex response, that has three quite sepa-
rate components (Fig. 2.11(b)-(d)): (i) the classical
short-latency Ia spinal reflex (M1), (ii) the medium-
latency component (M2), which is also automatic
but of more complex origin (see Lee & Tatton,
1975; Marsden, Rothwell & Day, 1983; Schieppati
& Nardone, 1999, and pp. 90-2), and, (iii) a long-
latency response which occurs without thought but,
because itis subject to will, can be considered quasi-
voluntary (cf. p. 92). The latency of onset of the M1
response is compatible with monosynaptic Ia exci-
tation. The extent to which oligosynaptic pathways
contribute to this ‘short-latency Ia stretch response’
is unknown (cf. Jankowska & McCrea, 1983; Burke,
Gandevia & McKeon, 1984).

The short-latency Ia spinal stretch reflex
during natural motor tasks

Movements are controlled by motor programmes
stored in the central nervous system and by spinal
reflex mechanisms. These two means of control,
once thought of as separate, are now known to inter-
act (see Hultborn, 2001). The Ia stretch reflex has
the simplest reflex pathway, and illustrates well the
interactions between pre-programmed and reflex
mechanisms during natural motor tasks. There is a
considerable literature about the contribution of the
short-latency Ia stretch reflex of triceps surae to vari-
ous natural movements, but few data for other limb
muscles.

Running

The contribution of the short-latency stretch reflex
of triceps surae to a natural task was first estab-
lished during the stance phase of running (Dietz,
Schmidtbleicher & Noth, 1979; Fig. 2.10(b)). Before
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ground contact, gastrocnemius EMG activity slowly
increases because of a centrally programmed acti-
vation and, after ground contact, there is an abrupt
increase in activity. This increase was attributed to
the short-latency Ia stretch reflex, because (i) its
latency (35-45 ms) was consistent with transmis-
sion through the monosynaptic Ia pathway, and
(ii) it was markedly reduced by a partial ischaemic
block of group I afferents, sparing « motor axons
(see p. 69). Thus, despite the increased presynap-
tic inhibition of Ia terminals that occurs during
running (Chapter 8, p. 367), the spinal stretch
reflex contributes to the muscle contraction dur-
ing the pushing off of the foot in the stance phase.
Because the stretch reflex enhances muscle stiff-
ness, a considerable amount of elastic energy can
be stored in tendons to be used during push
off, and this probably leads to greater mechani-
cal efficiency during running (Voigt et al., 1995).
To determine whether the stretch reflex contributes
to automatic load compensation, the activity pat-
terns have been compared when running on an
even surface and when the leg was unexpect-
edly lifted or lowered (Dietz, 1981; Fig. 2.10(b)-
(d)). When the leg was unexpectedly lifted, ground
contact occurred earlier than expected, the dor-
siflexion of the foot was slower and, as a result, the
reflex response was smaller (¢). In contrast, when the
legwaslowered, ground contact occurred later, dors-
iflexion was faster, and the stretch reflex response
was larger (d). Thus, the spinal stretch reflex pro-
vides a mechanism through which rapid automatic
resistance to an unexpected disturbance can be initi-
ated. When running under normal gravitational con-
ditions, there is a peak of EMG activity in vastus lat-
eralis after ground contact, at a latency consistent
with a short-latency Ia stretch reflex. Under simu-
lated reduced gravity, there is a prominent decrease
in this peak, in agreement with an anti-gravity role
for the quadriceps (Ferris et al., 2001, their Fig. 4).

Hopping

During hopping, abrupt passive ankle dorsiflexion
occurs on landing, and this produces short-latency
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Fig. 2.10. Evidence for a contribution of the short-latency triceps surae stretch reflex to load compensation during running.

(a) Sketch of the pathway of the triceps surae monosynaptic Ia stretch reflex. (b)—(d) Rectified and averaged (n = 30) on-going
gastrocnemius EMG (upper traces, expressed as a percentage of MVC, right ordinate) together with the goniometer signal of the

ankle position (lower traces, flexion downwards, left ordinate) during on-the-spot running. Results are compared when running on

an even surface (b) and when the right leg was randomly lifted (c) or lowered (d), by adding or withdrawing a pedestal of 8 cm (see
the sketches on the left of each trace). The vertical dashed line indicates ground contact. (Note that the peak of EMG activity during
running may greatly exceed the EMG of a maximal tonic contraction, i.e. >100% MVC.) Modified from Dietz (1981), with permission.

stretch responses, consistently in soleus and to
a lesser extent in gastrocnemius medialis, super-
imposed on centrally programmed activity (Voigt,
Dyhre-Poulsen & Simonsen, 1998; Funase et al.,
2001). The absence of spinal stretch reflex responses
previously reported by Melvill-Jones & Watt (1971a)
might be due to an inappropriate method used by
these authors to assess EMG activity (see the critique
by Dietz, Schmidtbleicher & Noth, 1979).

Landing

Lower limb muscles
After the impact of landing, there is an EMG
burst in the triceps surae, superimposed on activity

pre-programmed during the fall. Its origin has been
a matter of dispute, considered a stretch reflex
response by Greenwood & Hopkins (1976) but cen-
trally determined by others (Melvill-Jones & Watt,
1971b; Dyhre-Poulsen, Simonsen & Voigt, 1991).
Ingenious experiments compared the responses
following landing on a solid surface and on a
false floor, thought to be solid. These experiments
revealed robust evidence for strong short-latency
stretch reflexes in soleus and medial gastrocne-
mius triggered by the impact of landing (Duncan &
McDonagh, 2000). When the fall distance is suffi-
ciently great, the flexion of the knee and hip increases
and, as a result, there are also short-latency stretch
responses in rectus femoris and biceps femoris.



These stretch responses increase with the distance
fallen (Santello & McDonagh, 1998), and this sug-
gests that they contribute to the automatic braking
of the fall.

Upper limbs

In subjects falling intentionally forward onto their
arms, there is an early EMG burst in the triceps
brachii, the timing of which is compatible with a
short-latency Ia stretch response after touchdown.
When the subjects are blindfolded, these short-
latency responses persist, even though the sub-
jects lack knowledge about the depth of the fall.
This indicates that a large part of the EMG activ-
ity after impact must be reactive rather than pre-
programmed (Dietz, Noth & Schmidtbleicher, 1981).

Walking

Different results have been reported with two
methods to stretch ankle extensors: no short-latency
response was elicited by horizontal displacement
of the body produced by sudden acceleration of a
treadmill on which the subjects were walking (Berger,
Dietz & Quintern, 1984), while a rapid imposed ver-
tical rotation of the ankle has consistently produced
such areflexin the soleus (Yang, Stein & James, 1991;
Sinkjaer, Andersen & Larsen, 1996; Grey et al., 2001).
This discrepancy is probably due to the fact that
the vertical displacements produced a more rapid
rotation of the ankle (~300° s7!, in the experiments
of Grey et al., 2001) and, presumably, a greater Ia
discharge. Only small and variable stretch-induced
responses appear at monosynaptic Ia latency in the
tibialis anterior, when it is active in the swing phase
(Christensen et al., 2001). Stretch-induced responses
in the soleus only appear during the stance phase,
and in particular in early stance, when the torque
resulting from the soleus stretch reflex is greatest
(Kearney, Lortie & Stein, 1999). This particular timing
suggests that spinal reflexes play a role in the stabil-
isation of the supporting limb during walking rather
than contributing to propulsion during late stance
(Zehr & Stein, 1999). In contrast to therole of Ia spinal
pathways when ankle extensors are unexpectedly
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stretched, suppression of the Ia feedback when they
are unloaded in the stance phase of walking con-
tributes little to the suppression of soleus EMG
activity (Chapter 7, pp. 315-16). The explanation
could be related to the strong presynaptic gating of
Ia terminals on triceps surae motoneurones during
gait (see Chapter 8, pp. 365-7). Presynapticinhibition
would not have the same effect on a reflex response
produced by abrupt stretch, in which Ia afferents dis-
charge at high frequency, and on the background
discharge associated with the on-going movement,
in which Ia afferent discharge rates are lower (see
pp. 354-5).

Standing

Tilting the support toe-up or toe-down around the
ankle joint occurs rarely in real life, but it has been
used extensively in experimental studies, because
it offers the possibility of testing the responses of
ankle muscles to stretch in a stereotyped man-
ner. Toe-up tilt of the upright stance in subjects
standing on a rotating platform stretches soleus
and evokes a short-latency response followed by a
medium latency response (Diener et al., 1984a; see
Schieppati & Nardone et al., 1999; Fig. 2.11(d)). The
early response can be attributed to the short-latency
spinal stretch reflex, because (i) its latency is consis-
tent with transmission through the monosynaptic
Ia pathway (see Chapter 7, pp. 293-4); (ii) increas-
ing the velocity of platform displacement increases
its amplitude (Diener et al., 1984a), as would be
expected with muscle spindle primary endings;
(iii) it is markedly reduced by an ischaemic block of
group I afferents (Bussel et al., 1980), and (iv) it is
not dependent on cutaneous and muscle afferents
from the foot (Diener et al., 1984b). The loss of large-
diameter muscle spindle afferents in normal subjects
after ischaemic blockade applied above the knee
(Mauritz & Dietz, 1980) or in patients with Charcot—
Marie-Tooth type 1A disease (Nardone et al., 2000) is
not detrimental to the control of body sway during
upright stance. It has therefore been suggested that
the M1 response is not indispensable for appropri-
ate equilibrium control during stance. Short-latency
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Fig. 2.11. Different pathways for the long-latency stretch response in hand and leg muscles. (a) Sketch of the pathways of

long-latency Ia stretch responses in the flexor pollicis longus (FPL, a Ia-mediated transcortical response, the relays of the afferent

pathway are not represented) and in the soleus (a group II-mediated spinal reflex). (b), (c) Rectified and averaged on-going EMG

(n=16) of the flexor pollicis longus (b) and the biceps brachii (c) in response to stretch. The subject was instructed to maintain a

constant effort (C), to pull/press hard on perceiving the stimulus (P), or to let go (L). All three sets of trials are superimposed. The

latency of the monosynaptic Ia spinal (M1), the long-latency automatic (M2) and the voluntary components (Voluntary) are

indicated. (d) Rectified and averaged (n=15) EMG of the soleus in response to stretch induced by toe-up platform rotation.
Modified from Marsden, Rothwell & Day (1983) (b), (c¢), and Schieppati & Nardone (1999) (d), with permission.

la-mediated responses might have a role when sub-
jects have to correct rapid perturbations to stance
(Dietz, Mauritz & Dichgans, 1980), although these
responses can also destabilise the posture (cf. Diener
et al., 1984a; Chapter 11, pp. 540-1). Unless the per-
turbation is very fast (300° s~
2003), there is no short-latency spinal stretch reflex

1 Nakazawa et al.,

in thetibialis anterior to passive ankle plantar flexion
during stance.

Spinal and transcortical stretch reflexes

Although transcortical reflexes fall outside the theme
of a book centred on spinal circuitry, it is impossible
not to mention them briefly because: (i) the origin
of long-latency stretch reflexes, spinal vs. transcorti-
cal, haslong been a matter of dispute, (ii) the history

of this dispute enlightens how human neurophysiol-
ogy progresses by successive steps, and (iii) the final
conclusion is that some responses are spinal and
others transcortical. The following section is based
on comprehensive reviews by Marsden, Rothwell &
Day (1983) and by Matthews (1991).

History of the long-latency reflexes in humans

Initial findings

Hammond (1956, 1960) showed that, when the
human elbow is suddenly and forcibly extended,
the voluntary EMG activity in biceps brachii con-
tains a small burst at spinal monosynaptic latency
followed by a larger response with a latency too
long for the classical monosynaptic spinal reflex,
but too short for the reaction to be ‘voluntary.



Hammond’s interpretation of his late recordings is
now known to be incorrect (cf. below), even though
his original traces contain true long-latency auto-
matic responses (i.e. responses independent of will).
The study of Marsden, Merton & Morton (1972)
was the first to document unequivocally large long-
latency automatic responses to stretch, following
weak and inconstant responses at monosynaptic Ia
spinal latency in the voluntarily activated flexor pol-
licis longus (Fig. 2.11(b)). Hammond had originally
suggested that the extra delay of the second response
might be produced by either a longer pathway in
the central nervous system or by a longer conduc-
tion time in the peripheral afferent pathway (see the
sketchesin Fig.2.11(a), showing the pathways for the
hand and leg, respectively).

Evidence continued to accumulate in favour of
the transcortical hypothesis

Thus, it was shown that: (i) in the monkey, pyra-
midal tract neurones can respond very rapidly to
a peripheral disturbance (Evarts, 1973), (ii) there is
ample time for afferent information carried by the
fastest (Ia) afferents from the stretched muscles of
the thumb to reach motor cortex, and to produce
the cortico-motoneuronal volleys responsible for the
long-latency responses recorded in the flexor polli-
cis longus (Marsden, Merton & Morton, 1972), and
(iii) lesions of the dorsal columns caused the M2
response to disappear (Marsden et al., 1977).

Counter-arguments

An alternative mechanism for the M2 response was
proposed on the basis of recordings from Ia affer-
ent fibres in humans (Hagbarth et al, 1981). The
response to muscle stretch often consisted of repeti-
tive bursts of spindle firing reminiscent of the burst-
ing EMG pattern. An alternative possibility that the
long-latency response to stretch was due to slow
afferents was examined using vibration which excites
rapidly conducting Ia afferents more than slowly
conducting group II afferents (cf. Chapter 7, p. 289).
Because of the failure of vibration to elicit a long-
latency response, Matthews (1984) suggested that
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the long-latency response might be mediated by
slower conducting group II afferents.

Denouement

To confirm his slow afferent hypothesis, Matthews
(1989) used cooling of the arm, with the rationale
that this would slow a reflex mediated by slowly con-
ducting group II afferents disproportionately more
than a long-loop response mediated by Ia afferents
(cf. Chapter 7, pp. 297-9, for experimental details on
the technique of cooling). Contrary to his original
hypothesis, the experiments provided evidence that
the afferentlimb of the long-latency stretch response
ofhand muscles does depend on Ia afferents. Further
support for the existence of a transcortical Ia loop
emerged from studies on patients with Klippel-Feil
syndrome, with mirror movements because corti-
cospinal axons branch abnormally to supply homol-
ogous motoneurones bilaterally. In these patients,
stretch of one hand muscle evoked typical long-
latency stretch responses bilaterally, whereas the
M1 response was restricted to the stretched muscle
(Matthews, Farmer & Ingram, 1990).

Origin of long-latency stretch reflexes in different
muscles

Lower limb

Long-latency responses have been recorded regu-
larly in calf muscles after a sudden distur-
bance of the ankle joint and, somewhat unfortu-
nately, were termed the ‘functional stretch reflex’
by Melvill-Jones & Watt (1971a,b). The response
occurs only when subjects actively oppose the
disturbance, and has a variable but long latency
of >120 ms. It thus resembles more the vol-
untary contraction, which follows the stretch
reflex in the upper limb (see below). However,
medium-latency stretch responses can be recorded
regularlyin footand leg muscles (Fig. 2.11(d)), where
they are probably due to a spinal pathway fed by
slow group II afferents (see Schieppati & Nardone,
1999; Chapter 7, pp. 297-9). Thus, interestingly, the
two hypotheses proposed by Hammond (1960) to
accountforM2responsesarelikely to bevalid: along-
loop (transcortical) pathway fed by rapid Ia afferents



92

Monosynaptic Ia excitation

in hand muscles, but a spinal pathway fed by slow
afferents (group II) in foot and leg muscles. However,
there is evidence that a transcortical pathway fed by
Ia afferents may contribute to stretch reflexes in the
tibialis anterior (Petersen et al., 1998), and group II
pathways probably contribute to the M2 response in
wrist muscles (Cody et al., 1986).

Upper limb

The responses to stretch in the voluntarily activated
flexor pollicis longus and biceps are compared in
Fig. 2.11(b), () (Marsden, Rothwell & Day, 1983).
The early excitation at spinal monosynaptic latency
(M1) is small in the flexor pollicis longus but large
in the biceps. A later response can also be seen in
the biceps, but is much smaller than the equivalent
component in the flexor pollicis longus. Its latency is
compatible with a transcortical response, but it can-
not be excluded that spinal group II pathways also
contribute to M2 responses in proximal upper limb
muscles.

Interaction with voluntary intent

In Hammond’s experiments the late response to
stretch depended on the subject’s intention: it was
well-developed when the subject was instructed to
resist the stretch, butsmall wheninstructed to ‘letgo’.
This dependence on voluntary control introduced
doubts about the reflex nature of the long-latency
response, and further experiments showed that it
was not automatic. Thus, Fig. 2.11(b), (¢) compares
the responses in the flexor pollicis longus and biceps
when the subject was instructed to maintain a con-
stant effort (C), to pull/press hard on perceiving the
stimulus (P), or to let go (L). The M1 and M2 stretch
responses are not influenced by intent and are truly
automatic. In contrast, the following activity (‘Volun-
tary’ in Fig. 2.11(b), (¢)) is enhanced when the sub-
jectresists the stretch and suppressed when the sub-
ject lets go. This activity is still subject to will, even
though it occurs without thought, and represents
the voluntary reaction to a known proprioceptive
stimulus: such reactions can occur with a remark-
ably short latency (Marsden, Rothwell & Day, 1983).

Functional significance

Investigations performed in the human hand have
demonstrated that long-latency stretch reflexes
play a role in positional servo-assistance. However,
although the reflex may compensate fully for small
disturbances that are only just perceived, the com-
pensation for larger disturbances is less satisfactory.
When prediction of the external conditions is rea-
sonably accurate, mechanisms involving the long-
latency stretch reflex machinery could automatically
tune the motor program to match the actual loading
conditions on thelimb. When these mechanismsfail,
conscious intervention by the subject becomes ne-
cessary. ‘Such a control system trades off automati-
city against flexibility in the face of a largely unpre-
dictable world’ (Marsden, Rothwell & Day, 1983).

Heteronymous monosynaptic
Ia excitation

In contrast with the abundant literature dealing with
the role of the homonymous monosynaptic reflex,
there are scarce data demonstrating a functional role
for heteronymous Ia connections. However, there
are differences in the organisation of these connec-
tions in the hindlimb of the cat and baboon and
in the human lower limb (see p. 83, and Table 2.1),
and this suggests that the human connections have
evolved to provide the particular reflex assistance
required for bipedal stance and gait. In this respect,
Hongo et al. (1984) stated that the wide range of
Ia projection strength (homonymous and heterony-
mous) in the baboon probably represents a pur-
poseful adaptation: ‘adequate control of movements
may require a very exact balance between direct «-
excitation and indirect y -route excitation via spindle
afferents, which ultimately depends on the amount
of Ta-excitation that can be evoked in motoneu-
rones via the existing connections. If so, it is not
surprising that the projection strength is not the
same in different motor nuclei and between different
animal species.” The possible functional role of the
particular organisation of Ia connections observed
in human subjects is discussed below.



Lower limb

Weakness of the connections between some close
synergists acting at the same joint

In the cat heteronymous monosynaptic Ia facilita-
tion is strong between close synergists operating
at the same joint, e.g. between the different ankle
extensors, or between medial and lateral hamstrings
(Eccles, Eccles & Lundberg, 1957).

Ankle extensors

In humans heteronymous Ia connections from
soleus to gastrocnemius medialis or from gas-
trocnemius medialis to gastrocnemius lateralis are
weak. They are absent from gastrocnemius medi-
alis to soleus, something that might have been pre-
dicted given the near-absence of Ia excitation from
gastrocnemius medialis to soleus in the baboon
(Hongo et al.,, 1984). The reason for the absence
may be related to the role of the gastrocnemius-
soleus during plantigrade gait. As discussed on p. 89,
reflex contraction of gastrocnemius-soleus does not
contribute greatly to propulsion during the late
stance of human walking, but it resists and thereby
slows the passive ankle dorsiflexion produced by
extrinsic mechanisms, such as kinetic and gravi-
tational forces. This calf muscle resistance needs
to be overcome if the body is to be brought for-
ward, and, together with other mechanisms, weak
Ia connections between the different heads of tri-
ceps surae would be expedient. Conversely, Ia con-
nections between ankle muscles that are not syner-
gistic in flexion-extension movements (soleus and
peroneus brevis, tibialis anterior and gastrocne-
mius medialis) might help stabilise the ankle dur-
ing the stance phase of locomotion (see Chapter 11,
p. 546).

Hamstrings

Connections between lateral and medial hamstrings
are weaker in the baboon than in the cat, and weaker
still in humans. Hongo et al. (1984) argued that
weak connections between hamstrings might be an
advantage in lateral limb movements. Such move-
ments occur particularly during unipedal stance,
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and this would therefore be of greater value for
baboons than cats, and for humans than baboons.

Widespread transjoint connections and walking

Transjoint heteronymous Ia connections are almost
the rule in the human lower limb (cf. Table 2.1).
Some may appear weak (e.g. those from the intrin-
sic plantar muscles), but their strength is underesti-
mated (as pointed out on p. 78) and, in any case, they
would be sufficient to modulate the excitability of
already depolarised motoneurones. It has been sug-
gested that the particular pattern of heteronymous
monosynaptic Ia connections observed in the cat
and baboon has evolved to assistlocomotion in each
species (Engberg & Lundberg, 1969; Hongo et al.,
1984). Similarly, it has been proposed that the more
widespread pattern of Ia connections found in the
human lower limb might have evolved to provide the
more elaborate reflex assistance required for bipedal
stance and gait, in which the equilibrium is much
less stable than in quadrupeds (Pierrot-Deseilligny
et al., 1981; Meunier, Pierrot-Deseilligny & Simon-
etta, 1993). Any role of heteronymous Ia connec-
tions during human walking must also take into
account that the pattern of activation of muscles is
more complex than in the cat, with activity of exten-
sors that is not in phase and a pattern which, as a
whole, is not one of reciprocal activation of flexors
and extensors (see Capaday, 2002; Chapter 11, p. 544;
Fig. 11.3).

Running, hopping and landing

During the stance phase of these tasks, all extensors
(intrinsic plantar muscles, triceps surae, quadriceps,
and hamstrings [hip extensors]) are co-contracted
and undergo a lengthening contraction. This will
evoke a strong Ia discharge from the contracting
muscles (see Chapter 3, p. 137). As aresult, the short-
latency Ia stretch reflex of the gastrocnemius-soleus
contributes to the pushing off of the foot. There is
also a short-latency stretch response in the quadri-
ceps during running and landing (see pp. 87-9).
It is probable that Ia connections linking the
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different extensors (from intrinsic plantar muscles
to all proximal muscles; from gastrocnemius-soleus
to hamstrings; from gastrocnemius-soleus to quadri-
ceps and vice versa) help control the contribution of
these different muscles to load compensation. Thus,
duringstanding, stretch of quadriceps elicits an overt
excitation of soleus « motoneurones at monosynap-
tic latency (Capaday, 2002).

Projections onto antagonists operating
at another joint

These projections do not occur in the cat or baboon
hindlimb, but are quite common in the human lower
limb (cf. p. 83). Functionally, this may be explained
in different terms.

(i) Versatile synergisms are required to accomplish
the various tasks in the repertoire of the human
lower limb, tasks that are more variable than in
the cat hindlimb. Thus, for example, there is a co-
contraction of all extensors in running, hopping
and landing (see above), of gastrocnemius-soleus
and intrinsic plantar muscles with hamstrings when
leaningforward, and of quadriceps and tibialis anter-
ior when leaning backward.

(ii) When stumbling over an obstacle in the swing
phase of walking, monosynaptic responses occur
simultaneously in flexors and extensors (Schillings
et al.,, 1999). Collision of the limb with the obstacle
will create a sudden jar that is transmitted through
thelimb and causes widespread muscle spindle acti-
vation (see Lance & de Gail, 1965). However, it is
likely that heteronymous monosynaptic Ia connec-
tions also contribute to the diffusion of the reflex
responses. The resulting co-activation of antagonists
and the lack of obvious kinaesiologic consequences
following the responses suggest that the diffuse reflex
activity is used to stiffen the limb.

Suppression of unwanted la connections

An invariant diffuse pre-wired pattern of mono-
synaptic connections in the human lower limb could
be functionally inconvenient, because the activation
of Ia afferents from one contracting muscle might

then result in the automatic activation of unwanted
muscle(s) linked in Ia synergism. Through focused
corticospinal drive, two mechanisms allow the selec-
tion of the heteronymous Ia connections appropri-
ate for a given task: increased presynaptic inhibition
of Ia afferents directed to unwanted motoneurones
(Chapter 8, pp. 359-60), and recurrent inhibition of
unwanted motoneurones (Chapter 4, pp. 183-4). It
has been consistently observed that there are sup-
pressive mechanisms, such as these, opposing the
unintended contractions that would result from het-
eronymous la discharges during voluntary or pos-
tural contractions. This finding suggests that het-
eronymous la discharges do have a functional role,
because their pathways are suppressed in tasks for
which they are not required.

Upper limb
Proximal-to-distal projections

Proximal-to-distal projections from elbow to wrist
muscles are presumed to assist locomotion in the
cat (Fritz et al., 1989). Accordingly they are absent in
the human upper limb.

Ia projections from intrinsic hand muscles

Those projections supplied by the median and ulnar
nerves are much more widely distributed than in the
cat. They have been found on motoneurones of all
tested proximal muscles operating at finger, wrist
and elbow levels. They reach both flexors and exten-
sors and cross the radio-ulnar plane. This diffuse dis-
tribution and the finding that the connections are
stronger on muscles operating at the wrist than on
long flexors and extensors of the fingers suggest that
these projections might be used to stabilise the wrist
and the elbow in order to provide a firm support
to hand muscles during grasping and manipulatory
movements (Marchand-Pauvert, Nicolas & Pierrot-
Deseilligny, 2000). The strength of these connections
could then simply reflect the greater requirement for
such movements in humans.



Studies in patients and
clinical implications

Methodology

H reflex

When testing the H reflex in patients, there is a
number of advantages to performing studies dur-
ing voluntary contractions (see p. 69). It is then
possible: (i) to record the reflex in virtually all access-
ible limb muscles; (ii) to reduce the latency vari-
ability; (iii) to increase stimulus repetition rates up
to 3 Hz to minimise the duration of the test, and (iv)
to focus the reflex response on the active motoneu-
rone pool so that specific reflex arcs (and specific
segmental levels) can be investigated.

Modulation of the on-going EMG by a
heteronymous volley

This modulation (see p. 73) may be a useful way to
access a motoneurone pool, using afferent inputs
that do not traverse the same nerve or nerve root as
homonymous afferents, particularly in patients with
lateralised disturbances in whom the uninvolved
side would serve as a control.

Peripheral neuropathies,
mononeuropathies and proximal
nerve lesions

Reflex attenuation

A decrease in the amplitude and an increase in the
latency of the H reflex have been observed in various
radiculopathies (C6, C7, L4, S1) (e.g. Schimsheimer,
Ongerboer de Visser & Kemp, 1985; Sabbahi & Khalil,
1988; Verhagen et al., 1988), plexus and nerve lesions
(e.g. Ongerboer de Visser, Schimsheimer & Hart,
1984), and polyneuropathies (e.g. Schimsheimer
et al., 1987). Reflex depression is usually due to an
afferent abnormality and will occur when there is
either loss of conducting afferents or dispersion of
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the afferent volley (because of uneven slowing of
conduction in the afferent fibres). When the lesion
is in the afferent limb of the arc, reflex slowing
may only be mild (~1-2 ms). Indeed, it is crit-
ical that the afferent volley remains sufficiently syn-
chronised to discharge the motoneurone pool: there
is a limit to the slowing and dispersion that can
occur in an afferent abnormality before the reflex is
abolished.

Location

Reflex function can be assessed for most clinically
relevant spinal segments, including those likely to be
compromised by, e.g. disc prolapse: biceps brachii
(C5-C6), ECR (C6), FCR (C6-C7), abductor pollicis
brevis (C8-T1), quadriceps (L2-L4), tibialis anterior
(L4-L5) and soleus (S1). They also may provide a
tool to distinguish between isolated peripheral nerve
lesions and lesions involving roots or plexus.

Advantage of reflex studies over
somatosensory evoked potentials (SSEPs)

Because the relationship between the size of a nerve
volley and the size of the cortical SSEP produced by
that nerve volley is not linear, sparing of only 10—
20% of the sensory fibres innervating the test region
will result in a SSEP that is within normal limits for
latency and amplitude (see Gandevia & Burke, 1984).
This is a disadvantage when trying to define a subtle
lesion that is producing few clinical changes, if any.
On the other hand, the H reflex depends on a syn-
chronised afferent volley and on the resulting exci-
tation being sufficient to discharge motoneurones
in the pool. Any pathology that prevents conduction
in some afferent axons or increases the dispersion
of the afferent volley could increase reflex latency or
abolish the reflex discharge.

Comparison with F wave studies

Routine reflex and F wave studies do not pro-
vide information on the conduction velocity of the
same motor axons: F wave studies may not explore



96

Monosynaptic Ia excitation

conduction in slowly conducting efferents, the very
efferents preferentially accessed in reflex studies (see
Chapter 1, p. 4). A major limitation of F wave stud-
ies is that, in practice, they cannot be performed on
proximal muscles, because F waves may not be iden-
tifiable when their latency is so short that they merge
with the end of the M wave. On the other hand, reflex
studies can be performed on any limb muscle pro-
vided thataccess can be obtained to the parentnerve
(for the H reflex) or the appropriate tendon (for the
tendon jerk).

Spasticity

H reflex

There is abundant literature showing that the ratio
Hmax/Mmax 1S, on average, increased in soleus in
spastic patients (see Chapter 12, p. 562). However,
it is not, or hardly so, in the FCR in hemiplegics
(Aymard et al., 2000). The mechanisms contribu-
ting to the increase in the Hpax/Mmax ratio of soleus
and the inhibitory mechanisms helping limit the
size of the FCR reflex are discussed in detail in
Chapter 12.

Reflex irradiation

Reflex irradiation in spastic patients is associated
with the transmission through skeletal structures
of a vibration wave set up by percussion of bone
or tendon, so that spindles are activated in mus-
cles throughout the limb (Lance & de Gail, 1965).
However, the widespread heteronymous Ia connec-
tions present in the lower limb contribute to reflex
irradiation and could even be a more important
mechanism.

Post-activation depression

Post-activation depression at the Ia afferent-
motoneurone synapse is reduced in spastic patients,
and this might be an important spinal mechanism
underlying spasticity (see pp. 99-100).

Post-activation depression at the Ia
afferent-motoneurone synapse

Previous activation of Ia fibres mediating the affer-
ent volley of the H reflex produces a dramatic reflex
depression at short ISIs (1-2 s), referred to as ‘post-
activation depression’ or ‘homosynaptic depres-
sion’ (Crone & Nielsen, 1989). This raises particular
methodological problems when using the H reflex
(see Chapter 1, pp. 13-14). In addition, a reduction
in post-activation depression at the synapse of the
Ia afferent on the motoneurone seems to be one of
the mechanisms underlying spasticity. The defini-
tive work on this phenomenon was undertaken by
Hultborn, Nielsen and colleagues and the following
section is largely based on a comprehensive review
by Hultborn & Nielsen (1998).

Background from animal experiments

It has long been known that the size of the mono-
synaptic reflex in the cat decreases during repetitive
stimulation (Eccles & Rall, 1951), and a frequency-
related depression of the reflex has been described
at stimulus intervals as long as 10-20 s (Lloyd &
Wilson, 1957). In a variety of preparations, inclu-
ding the Ia-motoneurone synapse in the cat spinal
cord, there is early facilitation of relatively short
duration, superimposed on a depression of much
longer duration (several seconds) when more than
one impulse is conducted (see Curtis & Eccles, 1960;
Mendell, 1984; Hultborn et al., 1996). Statistical ana-
lysis of the quantal release at the Ja-motoneurone
synapse suggests that the early facilitation and the
subsequent depression are both due to changes in
the probability of transmitter release at the synapse
(Kuno, 1964; Hirst, Redman & Wong, 1981). For the
[a-motoneurone synapse, it has been demonstrated
that facilitation and depression dominate at dif-
ferent frequencies (Liischer, Ruenzel & Henneman,
1983), and depend on the particular Ia-motoneurone
connection (facilitation being dominant for high-
threshold ‘fast’ motoneurones and depression for
low-threshold ‘slow’ ones, Honig, Collins & Mendell,
1983).



Functional significance

Ia afferents may have a background discharge and
commonly discharge in relatively long bursts dur-
ing natural movements. The overall synaptic efficacy
at a given Ia-motoneurone synapse depends on the
‘adapted’ state of synaptic transmission created by
the background Ia firing. If there is a pause in the dis-
charge, the EPSP due to thefirstspikein asubsequent
train of afferent impulses will be unaffected by these
facilitation/depression processes. During the train,
however, the post-activation depression would help
hold the synaptic efficacy of the Ia fibre at a rela-
tively low level during voluntary movements. This is
likely to be important functionally (see Hultborn &
Nielsen, 1998), because it would favour a low gain
for the stretch reflex, and thus help prevent oscil-
lations and clonus from developing (see Matthews,
1972). Differences in post-activation depression of
the synaptic actions of the collaterals of the same
group Il afferents have been found in the catin dorsal
horn and intermediate zone interneurones, suggest-
ing that post-activation depression could depend
on the different target neurones of these collater-
als (Hammar, Slawinska & Jankowska, 2002). Differ-
ences in the susceptibility of different terminals of
the same Ia afferent could allow rapid adaptation of
the monosynaptic Ia input to motoneurones but a
constant input to other spinal targets (such as lum-
bar propriospinal neurones, see Lamy et al., 2005)
and to supraspinal centres.

Methodology

Under normal conditions synapses are activated by
trains of impulses of varying frequency and pattern,
but the rules of the activity dependency are best
investigated under stereotyped conditions in which
the response in the post-synaptic cell to stimula-
tion of the presynaptic fibre covers a range of inter-
vals following a conditioning stimulus. In practice,
two methods may be used to assess post-activation
depression at the Ia fibre-motoneurone synapse in
humans. They are illustrated in Fig. 2.12.
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Post-activation depression following passive
stretch of the test muscle

Passive dorsiflexion of the foot produces a consider-
able reduction of the soleus H reflex at ISIsup to 2 s,
and the reflex only returns to its control value at ISIs
>10 s (cf. Hultborn et al., 1996; Fig. 2.12(b), @). This
depression is due to activity in large-diameter affer-
ent fibres with receptors located in the leg muscles:
an ischaemic block just below the knee joint abol-
ished the depression, but a similar block just proxi-
mal to the ankle joint was ineffective. The same pas-
sive dorsiflexion did not modify the amount of het-
eronymous Ia facilitation of the soleus H reflex pro-
duced by femoral nerve stimulation (Fig. 2.12(b), O).
This indicates that the depression: (i) is confined to
the Ia pathway activated by the passive stretch, and
(i) is not due to presynaptic inhibition with primary
afferentdepolarisation (PAD) of Ia terminals directed
to soleus motoneurones (because this should have
reduced the femoral-induced heteronymous facili-
tation of the H reflex by a similar extent; Chapter 8,
pp. 345-6, see also Wood, Gregory & Proske, 1996).
With passive wrist extension, there was similar
depression of the FCR H reflex 2 s after the end of
the stretch, (Fig. 2.12(i), (j)). However, passive wrist
extension did not modify the FCR MEP (Fig. 2.12(g),
(h)), indicating that the post-activation depression
was not due to post-synaptic inhibition of the tested
motoneurones. These results have been confirmed
in experiments in the decerebrate cat in which there
was depression of the EPSP originating from the pre-
viously activated Ia afferents without depression ofIa
EPSPs from other (heteronymous) nerves (Hultborn
etal., 1996).

Post-activation depression occurring when the
stimulus rate is increased

Depression at rest

It has long been known that stimulus rate has
a depressive effect on the size of the test
reflex (Magladery & McDougal, 1950; Fig. 2.12(c)).
This depression can be attributed to the previ-
ous activation of Ia afferents because it is also
observed after a conditioning stimulus that is
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Fig. 2.12. Evidence for post-activation depression in normal subjects. (a) Sketch of the pathway for post-activation depression at
the Ia-motoneurone (MN) synapse of soleus (Sol), and of heteronymous Ia facilitation from quadriceps (Q) to Sol. The pathway of
presynaptic inhibition of Ia terminals is also represented (PAD INs). (b) The size of the Sol H reflex (@) and the amount of
femoral-induced facilitation (1 x MT, — 5.4 ms ISI, O) of the Sol H reflex, both expressed as a percentage of their control value, are
plotted against the time after the end of a passive dorsiflexion (dotted line at the bottom of the panel, 10° in 600 ms, too slow and too
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explored in (g)-(j). (g)-() The size of the MEP ((g), (1)) and of the H reflex ((i), (j)) of the flexor carpi radialis (FCR) are compared
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with permission.



subthreshold for the H reflex or tendon jerk
(Taborikova & Sax, 1969; Katz et al., 1977; Crone &
Nielsen, 1989).

Depression during voluntary contraction

During voluntary contraction of the tested muscle
the depression is attenuated (Rothwell, Day & Mars-
den, 1986; Burke, Adams & Skuse, 1989; Hultborn &
Nielsen, 1998; Fig. 2.12c). The most parsimonious
explanation for this is that the enhanced Ia firing
during voluntary contraction (see Chapter 3, pp.
133-5) causes a background level of post-activation
depression, and this can only be enhanced slightly
by the additional depression caused by a preced-
ing H reflex. This interpretation is supported by
the finding that the difference between the amount
of post-activation depression observed at rest and
during contraction (Fig. 2.12(d), B, [J) disappears
when the activity of Ia afferents is blocked by
ischaemia (Hultborn & Nielsen, 1998; Fig. 2.12(e)).
That the H reflex is still facilitated during con-
traction indicates that other mechanisms outweigh
the reduction caused by the background post-
activation depression. These mechanisms include
increased motoneurone excitability and, for the H
reflex, decreased inhibitory mechanisms gating the
test volley. Driving spindle afferents by vibration of
the muscle tendon does not similarly abolish post-
activation depression of the H reflex (Van Boxtel,
1986) but this could be due to the additional presy-
naptic inhibition of Ia terminals produced by vibra-
tion (see Chapter 8, p. 341).

Reflexes elicited in small motoneurones

Reflexes elicited in small motoneurones are more
sensitive to post-activation depression, in agree-
ment with animal data (see above). As a result,
the decline of the reflex response when increasing
the stimulus rate is greater for soleus H reflexes
of small than of large size (Floeter & Kohn, 1997).
This difference in susceptibility to homosynaptic
depression may serve to concentrate the damping
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effect upon those motoneurones that are the most
likely to be activated by small stretches or pertur-
bations, without disabling the stretch responses of
higher-threshold motoneurones. The weaker sen-
sitivity to post-activation depression of reflexes
elicited in high-threshold motoneurones could also
account for the lesser susceptibility of FCR H
reflexes to high stimulus rates (Rossi-Durand et al.,
1999).

Post-activation depression
in spastic patients

Decreased post-activation depression
in spastic patients

The depression produced by passive dorsiflex-
ion is much less pronounced in spastic patients
with spinal cord lesion(s), whether due to trauma
or multiple sclerosis, than in healthy subjects
(Fig. 2.13(a); Nielsen & Hultborn, 1993; Nielsen,
Petersen & Crone, 1995; Hultborn & Nielsen, 1998).
Similarly, the amount of post-activation depression
of the FCR and soleus H reflexes, assessed as the size
of the H reflex elicited every 2 s and expressed as
a percentage of its value when elicited every 8 s, is
significantly reduced on the affected side of hemi-
plegic patients. In contrast, the depression is sim-
ilar on their unaffected side and in normal subjects
(Fig. 2.13(b), (c); Aymard et al., 2000).

Post-activation depression and
pathophysiology of spasticity

The reduction of post-activation depression would
enhance the synaptic efficacy of trains of Iaimpulses
and could contribute to the stretch reflex exag-
geration that characterises spasticity. As empha-
sised by Hultborn and Nielsen (1998), the decreased
depression seen in patients with a lesion of the
central nervous system does not necessarily imply
that post-activation depression is under direct
control by descending pathways. Several lines of
evidence suggest that adaptive changes in the
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Fig. 2.13. Reduction of post-activation depression in spastic patients. (@) The mean value (+ SEM) of the soleus H reflex (expressed

as a percentage of its control value) plotted against the time after the onset of passive dorsiflexion of the foot (illustrated by the

dotted line at the bottom of the panel, 10° in 600 ms, too slow and too small to evoke any EMG activity) in 30 healthy subjects (®)

and 17 spastic patients with multiple sclerosis or spinal cord injury (O). (b), (¢) The mean value (+ SEM) of the FCR (b) and soleus

(c) H reflex elicited every 2 s, and expressed as a percentage of its value when elicited every 8 s, is compared in 16 normal subjects

(0) and on the affected (M) and unaffected (dashed columns) of hemiplegic patients (n = 16 in (b), and 10 in (c)). Modified from
Hultborn & Nielsen (1998) (a), and Aymard et al. (2000) ((b), (c)), with permission.

efficacy of the Ia-motoneurone synapse develop
following the changes in activity of motoneurones
and Ia fibres resulting from the impairment of
the motor command. (i) The fact that spastic-
ity progresses during weeks or months after the
causal lesion (whether a spinal lesion or stroke)
fits this hypothesis, because such adaptive changes
develop over time. (ii) In this respect, a longitu-
dinal study of one patient with spinal cord injury
found that the reduction of post-activation depres-
sion developed with the transition from flaccid
to spastic paralysis, even though reduced post-
activation depression preceded clinically observ-
able spasticity (Schindler-Ivens & Shield, 2000).
(iii) Contrary to several other electrophysiological
changes explored (see Chapter 12, pp. 577-9), post-
activation depression is unchanged on the unaf-
fected side of patients with hemiplegia (Fig. 2.12(b),
(c), dashed columns). (iv) The synaptic efficacy of
primary afferents can be up- or down-regulated by
disuse or use of synapses, respectively (Gallago et al.,
1979).

Conclusions

Role of monosynaptic Ia excitation in
natural motor tasks

The short-latency spinal stretch reflex

This reflex has been extensively investigated in ankle
extensors, where it contributes to rapid automatic
load compensation in various motor tasks such as
running, hopping, landing, walking and standing
by helping the stabilisation of the supporting limb.
Available data concerning the functional role of the
stretch reflex in other muscles are more sparse, and
it would be important to investigate the role of
the short-latency spinal stretch reflexes for muscles
operating at knee and hip level in natural tasks. In
the upper limb, the well-developed homonymous
monosynaptic Ia excitation of muscles operating at
the wrist and elbow suggests that these connections
could be used to compensate rapidly and automat-
ically for errors in the programmed movement, but



so far experiments have focused on the role of the
long-latency stretch reflex rather than the spinal
reflex pathway.

Heteronymous monosynaptic Ia connections

In the cat and the baboon hindlimb these connec-
tions link motoneurones of muscles acting syner-
gistically at the same joint but, in the human lower
limb, these connections are more widespread and
transjoint connections are almost the rule. The more
widespread distribution of Ia connections found in
the human lower limb could have evolved to pro-
vide the more elaborate reflex assistance required
for bipedal stance and gait, in which the equilibrium
is less stable than in quadrupeds. In the upper limb,
there is also a different organisation, with absence
of the proximal-to-distal projections used in feline
locomotion, but with strong projections from intrin-
sic hand muscles to muscles acting at the wrist and
elbow, projections which serve to stabilise the limb
for manipulatory tasks.

Changes in monosynaptic Ia excitation
in patients

Reflex attenuation

A decrease in the amplitude (and an increase in
the latency) of the H reflex ocurs in various radicu-
lopathies, plexus and nerve lesions, and in polyneu-
ropathies, and will occur when there is loss of con-
ducting afferents and/or dispersion of the afferent
volley.

Spasticity

In spasticity the Hpax/Mmayx ratio is increased in
soleus, but is largely unchanged in FCR. Post-
activation depression following previous activation
of Ia fibres is reduced in spastic patients. This reduc-
tion could be a consequence of altered use due to
motor impairment, and may be an important spinal
mechanism underlying spasticity.
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Importance of studies of Ia connections

Several reasons account for the continuing interest
in studies of monosynaptic Ia excitation of motoneu-
rones.

(i) One objective of the study of reflexes is to trace
the effects of a given input. The monosynaptic exci-
tation of Ta afferents occurs without an interneurone,
and therefore constitutes the simplest example of
reflex function.

(i) It is a challenging problem to understand how
different feedback systems have adapted to evolu-
tionary demands for changed patterns of movement,
and here again investigations of the distribution of
monosynaptic Ia connections provides the easiest
way to approach evolutionary changes.

(iii) They are technically the easiest to study
because Ia effects are the first to appear in motoneu-
rones after peripheral stimulation and do so with the
lowest threshold.

(iv) y-innervation modulates the sensitivity of
spindle endings and the resulting Ia discharges, and
itis likely that this modulation helps maintain move-
ment (see Chapter 3).

(v) Reduction of post-activation depression at the
Ia-motoneurone synapse could be one of the main
spinal mechanisms underlying spasticity.

As discussed below, there is little doubt that the
monosynaptic Ia pathway contributes to the spinal
stretch reflex, but whether it is the sole input driving
the reflex discharge is debatable. With this caveat,
the following focuses on the Ia contribution.

Background from animal experiments

Ia afferents originate from the primary endings
of muscle spindles, and are sensitive to muscle
stretch and high-frequency vibration. They have
excitatory monosynaptic projections to homony-
mous motoneurones, and this constitutes the exci-
tatory pathway underlying the tendon jerk and the
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short-latency spinal stretch reflex. Projections are
stronger on motoneurones innervating slow-twitch
units than on those of fast-twitch units. Heterony-
mous projections are weaker than homonymous
projections, and exist to motoneurones of close syn-
ergists operating at the same joint. Transjoint con-
nections are more developed in the forelimb than in
the hindlimb of the cat.

Methodology

Homonymous monosynaptic Ia excitation

Evidence for a two-neurone arc in the
human soleus

Stimulation of the posterior tibial nerve produces
a synchronised response in the soleus muscle, and
this has become known as the Hoffmann reflex or H
reflex. Recordings of the action potentials from both
dorsal and ventral roots intrathecally have demon-
strated that the first motoneurones discharging in
the soleus H reflex may do so at a latency consistent
with a monosynaptic pathway. Besides the mono-
synaptic latency, several arguments indicate that the
pathway is fed by Ia afferents: low electrical thresh-
old, similar excitation elicited by a tap on the Achilles
tendon, facilitation by a homonymous volley to the
inferior branch of the soleus nerve, and simulta-
neous blockade by ischaemia of the homonymous
facilitation and of the Achilles tendon jerk.

Routine diagnostic studies

In routine studies there is a number of advantages
of studying the H reflex during voluntary contrac-
tion, because it is then possible to record the reflex
in virtually all accessible limb muscles, to reduce the
latency variability, to increase the stimulus rate, and
to direct the reflex response to the active motoneu-
rone pool.

PSTH method

Stimulation of the parent nerve evokes an early peak
in PSTHs with the characteristics of homonymous

monosynapticIaexcitationin alllimb muscles tested
(same latency as the H reflex after allowance for the
trigger delay of the unit, low threshold, elicitation by
tendon taps).

Critique

By analogy with the soleus H reflex, the H reflex and
the early peak in the PSTHs of single units in other
muscles are probably evoked by Ia afferents with a
monosynaptic linkage. However, so far, unequivo-
cal evidence for a ‘two-neurone-arc’ in humans has
been presented only for the soleus H reflex.

Heteronymous monosynaptic Ia excitation
Heteronymous facilitation of the H reflex

H reflex studies do not allow reliable assessment of
the central delay of the resulting facilitation.

PSTHs of single motor units

The principle is to compare the latencies of the early
facilitation evoked in the same unit by stimulation
of homonymous and heteronymous nerves. The dif-
ference between the two latencies must reflect the
differences in the afferent conduction times and
in the central (synaptic) delay of the Ia effects of
the homonymous and heteronymous volleys. If, like
homonymous excitation, heteronymous excitation
is mediated through a monosynaptic pathway, the
difference in latencies between heteronymous and
homonymous peaks should be explained by the dif-
ference in afferent conduction times. Afferent con-
duction times for the la homonymous and heterony-
mous volleys can be estimated from the distance
from stimulation sites to the arrival of the afferent
volleys at the spinal cord, as measured on the skin,
and the conduction velocityinIa afferents. The valid-
ity of the calculation depends on the reliability of
these estimates.

Bidirectional connections

To eliminate uncertainties in estimates of peripheral
conduction times, studies have been performed on



Ia connections linking a pair of motor units in two
different muscles (e.g. soleus and peroneus brevis).
In this case, the homonymous volley for one member
of the pair is the heteronymous volley for the other,
and vice versa. The absolute value of the difference
in afferent conduction times is the same for the two
members of the pair. Such studies provide cogent
evidence for heteronymous monosynaptic connec-
tions, independent of estimates of peripheral affer-
ent conduction times.

Facilitation of the on-going EMG

Some heteronymous monosynaptic la connections
described in PSTH experiments are sufficiently
strong to be demonstrable in averages of unrectified
on-going voluntary EMG activity.

Ia afferent origin

Besides the monosynaptic connection, several fea-
tures argue that the heteronymous pathway is fed by
Ia afferents: low electrical threshold, similar excita-
tion elicited by a tendon tap, increase in the thresh-
old of the excitation bylong-lasting vibration applied
to the tendon of the ‘conditioning’ muscle, a man-
oeuvre that raises the threshold of Ia afferents, and
inability of cutaneous stimulation to reproduce the
early peak of excitation.

The difference between the stimulus intensity
required for the full recruitment of Ia afferents
in cat and human experiments (2 x Ia threshold
and 8 xIa threshold, respectively) is due to the
fact that, in human experiments, the afferents are
stimulated through surface electrodes at a distance
from the nerve. This factor is important because:
(i) the ‘true monosynaptic latency’ can only be
disclosed at intensities much greater than 1 x MT;
and (i) if some Ia afferents are only activated by
such strong stimuli, the potential Ia reflex contri-
bution may have been underestimated in previous
human studies performed with stimulus intensities
<1 x MT.
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Organisation and pattern of connections

Homonymous monosynaptic Ia excitation

In virtually all limb muscles, stimulation of the par-
ent nerve can elicit an H reflex and a peak of mono-
synaptic Ia excitation in PSTHs of single motor units
during voluntary contractions. At rest, H reflexes
can be recorded from the soleus, quadriceps and
FCR in healthy subjects. The ease with which the
H reflex can be elicited at rest and the size of the
peak of excitation elicited by stimulation subthresh-
old for the compound Hreflexare closelyrelated. The
efficacy of the monosynaptic Ia input in activating
motoneurones depends on its preferential distribu-
tion to early recruited (small) motoneurones in most
muscles (Henneman’s size principle), and inhibitory
mechanisms limiting the efficacy of the Ia volley (e.g.
presynaptic inhibition of Ia terminals; contamina-
tion of monosynaptic EPSPs by oligosynaptic IPSPs).

Heteronymous monosynaptic Ia excitation
Lower limb

In the human lower limb, in striking contrast with
dataforthe cathindlimb, connections between some
close synergists operating at the same joint (e.g. the
different heads of triceps surae) are weak or absent.
This pattern is consistent with weaker connec-
tions in the baboon than the cat. Conversely, trans-
joint connections are rare in the cat and baboon
hindlimb, but are almost the rule in the human lower
limb. These transjoint connections can be strong,
e.g. gastrocnemius medialis to biceps femoris. They
often link a muscle or group of muscles to a pair
of antagonistic muscles operating at another joint,
e.g. quadriceps onto all tested muscles acting at the
ankle.

Upper limb

The upper limb lacks the proximal-to-distal trans-
joint connections used in feline locomotion, while
distal-to-proximal connections, in particular from
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intrinsic hand muscles, are stronger and more
widespread than in the cat.

Maturation of Ia connections during
development

It has been reported that, in the normal newborn
baby, a tendon tap may elicit short-latency heterony-
mous excitatory responses in antagonistic muscle
pairsintheupperandlowerlimbs (e.g. biceps and tri-
ceps brachii) at monosynaptic latencies. However, it
would be prudent to retain reservations about these
conclusions (see p. 86). This ‘reciprocal excitation’
disappears during the first years of life.

Motor tasks and physiological
implications

Muscle stretch elicits a reflex response from the
corresponding motoneurone pool, and this has at
least two separate components: the classical short-
latency spinal reflex (M1), the latency of which is
compatible with monosynaptic Ia excitation, and a
medium-latency component (M2) of more complex
origin.

The short-latency spinal stretch reflex during
natural motor tasks

The spinal stretch reflex utilises the simplest reflex
pathway and interacts with pre-programmed and
other reflex mechanisms to compensate for distur-
bances during natural motor tasks. There is con-
siderable literature about the contribution of the
short-latency stretch reflex of triceps surae to various
natural movements, but few data for other muscles.

Running, hopping and landing

During the stance phase of running and hopping and
after the impact of landing, the short-latency spinal
stretch reflex of the triceps surae is superimposed
on pre-programmed activity and contributes to the
muscle contraction responsible for the pushing off of

the foot. There is probably also a concomitant short-
latency stretch response in the quadriceps.

Walking

The spinal stretch reflex can produce a mechani-
cally effective contraction and provides a pathway
through which rapid automatic load compensation
to an unexpected disturbance can be generated.
Short-latency stretch reflexes in triceps surae, trig-
gered by unexpected ankle joint displacement, con-
tribute significant stabilisation of the supporting
limb during walking. Heteronymous Ia connections
between ankle muscles that are not synergistic in
flexion—extension movements probably contribute
further to the stability of the ankle.

Perturbations of upright stance

Perturbations of the upright stance in subjects stand-
ing on a rotating platform produce an early spinal
stretch reflex response (M1), which is prominent in
soleus. After loss of large-diameter muscle spindle
afferents, M1 is absent but posture is quite stable,
suggesting that M1 is not essential for equilibrium
control during quiet stance.

Spinal and transcortical stretch reflexes

The medium-latency (M2) response to stretch fol-
lowing the early spinal (M1) response has a different
origin in various muscles: in the flexor pollicis longus
(and intrinsic muscles of the hand) the long latency
is due to a transcortical pathway fed by Ia afferents,
whereas in foot and leg muscles the stretch response
is mediated through a spinal pathway fed by slowly
conducting group Il afferents. Both transcortical and
spinal group II pathways could contribute to the M2
response in proximal upper limb muscles, such as
the biceps brachii.

Heteronymous monosynaptic Ia excitation

There are little experimental data on the functional
role of heteronymous Ia connections. However, the



different organisation of these connections in the
cat and baboon hindlimb and the human lower
limb suggests that the connections are functionally
important, having adapted to provide the particular
reflex assistance required in each species.

Weak connections between ankle extensors

The weakness of the connections between ankle
extensors in human subjects may be related to the
role of triceps surae in walking: it resists and brakes
the passive ankle dorsiflexion produced by extrinsic
forces (kinetic force and gravity), but must be over-
come by these forces if the body is to be brought
forward. It would then be undesirable to have exces-
sive activity from the triceps surae stretch reflex, and
weak Ia connections between the different heads of
the muscle would help ensure this.

Transjoint connections

Widespread transjoint connections in the lower limb
have probably evolved to provide the more elabor-
ate reflex assistance required in bipedal stance and
gait, in which equilibrium is much less stable than in
quadrupedal stance and gait. Some of these connec-
tions are weak, but their strength has been under-
estimated in experimental studies and, in any case,
this would not prevent them from modulating the
excitability of motoneurones that are already depo-
larised. During the stance phase of running, hop-
ping and landing, all extensors undergo a lengthen-
ing contraction that evokes a strongla discharge, and
it is probable that the extensive Ia connections link-
ing muscles across joints modulate the role played
by the different muscles in load compensation.

Projections onto antagonists operating
at another joint

These projections are desirable functionally because
of the versatile synergisms required to accomplish
the various tasks of the human lower limb (e.g.
co-contraction of quadriceps and gastrocnemius-
soleus in running and hopping, but of quadriceps
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and tibialis anterior when leaning backward). On
the other hand, diffuse Ia connections could become
functionally inconvenient, because the activation of
Ta afferents from a contracting muscle might resultin
theautomaticunwanted activation of muscleslinked
by Ia synergism. Suppression of unwanted heterony-
mous Ia discharges can be achieved through focused
corticospinal control of presynaptic inhibition of
Ia terminals and of recurrent inhibition. The need
for this control suggests that the heteronymous Ia
discharge does play a functional role, because it
must be suppressed in tasks for which it is not
required.

Upper limb

The diffuse distribution of the Ia projections from
intrinsic hand muscles and the finding that they are
stronger on muscles operating at the wrist than on
long flexors and extensors of the fingers suggest that
these projections might be used to stabilise the wrist
to provide a firm support to hand muscles during
manipulatory movements.

Studies in patients and
clinical implications

In practice, assessing Ia connectivity involves meas-
urements of the H reflex. There are a number of
advantages of doing so during voluntary contrac-
tions (see above). Modulation of the on-going EMG
by a heteronymous volley may allow access to a
motoneurone pool by afferent inputs that do not tra-
verse the same nerve or nerve root as homonymous
afferents.

Peripheral neuropathies, mononeuropathies
and nerve lesions

These may be accompanied by a decrease in the
amplitude and an increase in the latency of the
H reflex. Reflex depression usually results from an
afferent abnormality and will occur when there is
either a loss of conducting afferents or dispersion of
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the afferent volley. Tests of reflex function provide a
toolto distinguish between isolated peripheral nerve
lesions and lesions involving roots or plexus.

Spasticity

The ratio Hmax/Mmax is, on average, increased in
soleus but not, or hardly so, in FCR in hemiplegics.

Post-activation depression at the
Ia-motoneurone synapse

Background from animal experiments

It has long been known that the size of the mono-
synaptic reflex decreases when it is repeatedly
elicited. This results from a decrease in transmit-
ter release due the repetitive activation of the Ia-
motoneurone synapse. The results from a variety of
preparations indicate the presence of an early facili-
tation of relatively short duration superimposed on a
depression of much longer duration. Post-activation
depression helps to maintain the synaptic efficacy of
the la-motoneurone synapse at a relatively low level
during voluntary movements.

Methodology
Passive stretch

Passive stretch of the tested muscle depresses the
H reflex, a phenomenon confined to the Ia pathway
activated by the passive stretch. There is experimen-
tal evidence that this depression is not due to pre-
synaptic inhibition of Ia terminals with primary
afferentdepolarisation or to post-synapticinhibition
of the motoneurones.

Increasing the stimulus rate

This produces a reflex depression that is prominent
at relatively high stimulus rates (>0.3 Hz), lessens
when the stimulus rate is decreased, and disappears
at stimulus rates below 0.1 Hz. During a voluntary
contraction of the test muscle, the reflex depres-

sion is markedly attenuated, probably because the
enhanced Ia firing during voluntary contraction
causes a background level of post-activation depres-
sion, which can be increased further by only a small
amount.

Post-activation depression in spastic patients

Whether measured as the depression induced by
passive stretch of the test muscle or by high stimu-
lus rate, post-activation depression is significantly
decreased in spastic patients due to spinal cord
injury and multiple sclerosis, and on the affected
side of patients with hemiplegia. This reduction is
probably a consequence of the disuse due to motor
impairment, and may be an important spinal mech-
anism underlying spasticity.
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Muscle spindles and fusimotor drive:
microneurography and other techniques

The muscle spindle has intrigued physiologists
since it was first described anatomically more than
100 years ago. Its in-parallel response during twitch
contractions of musclewas definedin 1933 by B.H. C.
Matthews. The fascination has been heightened by
the fact that the muscle spindle is a sensory organ
that receives a motor innervation, an unusual but
not unique property. The attention paid to the mus-
cle spindle in the control of movement has often
been at the expense of the Golgi tendon organ (cf.
Chapter 6), intramuscular free nerve endings and, in
particular, cutaneous mechanoreceptors (cf. Chap-
ter9), all of which play importantroles in modulating
motor output and (probably) in generating appro-
priate movement or contraction-related sensations.
The attention paid to the muscle spindle/fusimotor
system may be disproportionate for its role in the
control ofnormal and pathological movement. How-
ever, despite this attention, its role is still the sub-
ject of debate, possibly because no unitary hypo-
thesis satisfactorily explains the findingsin allanimal
species. Human muscle spindles areinnervated, asin
the cat, by y and B motoneurones, the former exclu-
sively motor to the ‘intrafusal’ muscle fibres within
the muscle spindle, the latter motor to both the con-
tractile (‘extrafusal’) muscle as well as the spindle.
The term ‘fusimotor’ (i.e. motor to the fusiform struc-
ture) was coined by Hunt and Paintal (1958) to refer
to the y efferent innervation of the muscle spindle,
and ‘skeleto-fusimotor’ by Emonet-Dénand, Jami &
Laporte (1975) for B innervation. The latter may be
more important in small muscles where the spindle
is more likely to be close to the motor point.

Background from animal
experiments

Data from animal experiments are reviewed in detail
elsewhere (e.g. Matthews, 1972, 1981; Hulliger, 1984;
see the book edited by Taylor, Gladden & Durbaba,
1995), and the following is restricted to background
data relevant to controversies concerning muscle
spindle behaviour and fusimotor function in human
subjects.

Initial investigations

During an ischaemic block of large («) motor axons
innervating muscle, it proved possible to stimulate
smally motor axons selectively to produce a contrac-
tion of intrafusal muscle fibres without contraction
of extrafusal muscle fibres (Leksell, 1945). Selective
fusimotor stimulation (whether during ischaemic
block of « motor axons or following dissection and
isolation of single y axons) increases the discharge
of spindle afferents (Kuffler, Hunt & Quillian, 1951),
and peripheral afferent inputs may alter spindle
discharge reflexly by altering the discharge of ~y
motoneurones (e.g. Hunt, 1951; Hunt & Paintal, 1958;
Grillner, 1969). A conceptual leap occurred with the
landmark studies of P. B. C. Matthews in the 1960s
demonstrating that the static and dynamic sensi-
tivity of muscle spindle primary endings can be
controlled independently by two kinds of vy effer-
ents, static (ys) and dynamic (yq), respectively (see
Matthews, 1972).
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From follow-up length servo to
servo assistance

That the activation of y motoneurones could lead
to muscle spindle activation and, thereby, to excita-
tion of & motoneurones led Merton (1951, 1953) to
postulate that some movements might be controlled
as in a follow-up length servo. The hypothesis that
the central command first activated y motoneurones
and that this then led to « motoneurone recruit-
ment dominated the literature for many years. This
hypothesis was invalidated as a mechanism for driv-
ing movement, but retained in modified form, in
which movements receive ‘servo assistance’ from
spindle inputs (see Matthews, 1972). There are differ-
ent supraspinal projections onto « and y motoneu-
rones, but there are also striking parallels, and Granit
(1955) therefore suggested that voluntary movement
involved an a-y linkage (or co-activation), a sugges-
tion that received some support from human stud-
ies using microneurography (e.g. Hagbarth & Vallbo,
1968; Vallbo, 1971, 1974; Vallbo et al., 1979), but has
been roundly criticised (Prochazka & Hulliger, 1983).

Current views of spindle structure
and function

Intrafusal fibres

Muscle spindles contain modified muscle fibres
(intrafusal fibres) with nuclei collected into a cen-
tral bulbous region (‘nuclear bag’ fibres, usually
1-2/spindle in the cat) or arranged serially along
the central region of the fibre (‘nuclear chain’
fibres, usually 3-5/spindle) (see Fig. 3.1). There
are two types of bag fibre, the bag, and the bag,
fibre with morphological and functional differences.
The dynamic bag; fibre receives terminals from
only the primary ending and is innervated by
dynamic fusimotor (yq) axons, which can increase
the dynamic sensitivity of the ending. The bag,
fibre has terminals of both primary and secondary
endings and is innervated by static fusimotor (ys)
axons, which increase the static sensitivity of the
primary and secondary endings.

There are two types of sensory endings

The primary ending spirals around the central region
of the bag and chain fibres and gives rise to a sin-
gle large group Ia afferent (i.e. there is only one pri-
mary ending and one group Ia afferent per spindle).
Secondary endings are more distal, on either side of
the central region, mainly on chain fibres but also on
one of the bag fibres (the static bag, fibre), and give
rise to several group II afferent axons/spindle (i.e.
there may be several secondary endings and several
group II afferents per spindle). Primary endings are
sensitive to both the static and dynamic components
of muscle stretch and also to high-frequency vibra-
tion, while secondary endings are similarly sensitive
to the static component of stretch, but are much
less sensitive to the dynamic component of stretch
and less sensitive to vibration (see Matthews, 1972).
The properties of the bag, fibre (not the bag; fibre)
largely determine both the background firing rate
of the group Ia afferent and the dynamic response
to stretch of passive spindles (Gioux, Petit & Proske,
1991; Scott, 1991; Proske, 1997). The chain fibres are
largely responsible for the static response to stretch
of both the primary and secondary endings.

v innervation

Fusimotor (y) efferents cause the peripheral regions
of intrafusal muscle fibres to contract and increase
the stiffness of the intrafusal fibre, thereby exciting
spindle endings and increasing their sensitivity to
stretch. There are two types of fusimotor efferents:
static fusimotor (ys) axons, which increase the static
sensitivity of the primary and secondary endings
by causing contraction in bag, and chain fibres;
dynamic fusimotor (y4) axons, which can increase
the dynamic sensitivity of the primary ending by
causing contraction in bag; fibres (see Matthews,
1972;Fig. 3.1). The B (skeleto-fusimotor) innervation
is considered below (p. 117). Note that the dynamic
response of primary endings in passive spindles
arises from the bag, fibre, but the increase in the
dynamic response due to yq4 action comes from the
bag, fibre.
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Capsule

Fig. 3.1. Sketch of the muscle spindle and its afferent and efferent innervation. The capsule of the spindle (dotted line) contains
intra-fusal muscle fibres — the so-called nuclear bag (bag; and bag,) and chain fibres. The primary ending spirals around the central
region of the bag and chain fibres and gives rise to a single large group Ia afferent. Secondary endings are more distal (asterisks), on
either side of the central region (although shown on only one side, for simplicity), mainly on chain fibres but also on the static bag,
fibre, and give rise to several group II afferent axons. Chain fibres and static bag, fibres receive efferent innervation from static
fusimotor (ys) neurones, while dynamic bag; fibres receive efferent innervation from dynamic fusimotor (y4) neurones. g
(skeleto-fusimotor) efferents innervate both intra- and extra-fusal muscle fibres. Only the g innervation of bag; fibres is represented,
but some bag, fibres also receive g innervation. The main innervation of extra-fusal muscle fibres comes from large () efferents.

Differences in spindles

In the cat, there are differences in spindle
morphology in different muscles

Complex spindles involving more than one spindle
or a spindle/tendon organ combination, and spin-
dles in tandem with two or more spindles end to
end, are common in neck muscle. There are also
differences in conduction velocity of the afferent
axons innervating muscle spindles in different mus-
cles, slower, for example, for spindles in jaw muscles
than for spindles in the hindlimb (where most stud-
ies have focussed). These morphological differences

within a single species seem to be greater than the
morphological differences between species.

Morphological differences between feline and
human spindles

The differences are summarised by Prochazka &
Hulliger (1983) and Gandevia & Burke (2004). Some
may be of some functional relevance.

(i) The size of the muscle spindle varies with the
muscle in which it is located, often some 7-10 mm
(but only 1-3 mm in the lumbrical muscles). How-
ever, overall, the human spindle is slightly longer
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Fig. 3.2. Ambiguous responses of a spindle afferent during graded twitch-induced contractions of tibialis anterior. (a) Sketch of the

experimental paradigm: recording with a microelectrode in the common peroneal nerve (CPN) from a tibialis anterior (TA) muscle

spindle ending (a presumed primary ending). (b)-(d) Single sweeps showing the responses during graded twitch contractions

produced by intrafascicular stimulation. Upper traces, neural activity from the afferent; lower traces, rectified EMG, with the

amplification for (b) twice that for (¢) and (d). (b) Liminal twitch involving three motor units. (c) Moderately strong but

submaximal twitch. (d) Near-maximal twitch. (e) Superimposed responses to three maximal twitch contractions produced by

stimulation at the motor point using EMG electrodes. Upper trace, afferent potentials; lower trace, twitch force, calibration: 1 Nm.

(f) Superimpositions of all afferent potentials recorded during intrafascicular stimulation. The potentials (upper trace) are displayed

without filtering, after passage through a digital delay line. The oscilloscope sweep was triggered by the potential, filtered as in

(b)-(e) (lower trace). From Burke, Aniss & Gandevia (1987), with permission.

than the feline spindle. The spindle is always shorter
than the muscle fibres with which it is associated,
but muscle fibres are longer in human muscles.

(ii) There seem to be more fascial connections
between human spindles and nearby muscle fibres,
and sometimes muscle fibres insert into the spindle
capsule. This would produce a greater tendency for
human spindles to be stimulated when nearby mus-
cle fibres contract (Burke, Aniss & Gandevia, 1987).
The muscle afferent in Fig. 3.2 was classified as of
spindle origin using maximal twitch contractions
produced by strong stimuli to the peroneal nerve
(panel (e)). However, weaker twitch contractions in
Fig. 3.2(b), (¢) and (d) reveal an in-series coupling
with some motor units, such that the spindle affer-
ent discharges during the rising phase of the con-
traction when a truly ‘in-parallel’ receptor would be
unloaded (to appreciate the timing, see the twitch
contraction in panel (e)).

(iii) The human spindle contains more intrafusal
fibres (1-4 bag fibres and up to 14 chain fibres) than
in the cat, and

(iv) the fusimotorinnervation maybeless selective
in primates (and human subjects) than in the cat.

(v) There is evidence suggesting that the primary
ending of the human spindle is distributed more
around bag fibres than chain fibres.

(vi) The unmyelinated afferent terminal is longer
than in the cat, perhaps allowing greater sensitivity
to metabolites that have accumulated in the intra-
capsular space around the spindle.

(vii) The afferent and efferent axons appear to be
of similar size in the two species, but the conduction
velocities of human axons, afferent at least, appear
to be much lower than in the cat. This implies that
the ‘Hursh constant’ (the relationship between con-
duction velocity and diameter for large myelinated
axons) is lower in humans than the cat.



Spindle density

The facial muscles and the digastric lack identifi-
able muscle spindles or spindle-like structures. The
number of spindles in other muscles varies from
<50 for intrinsic muscles of the hand to >1000 for
quadriceps femoris. However, spindle density seems
to be greatest for the muscles of the neck (where
theymay have a complexmorphology, particularlyin
deep paraspinal muscles, see above) and the intrin-
sic muscles of the hand.

B (skeleto-fusimotor) neurones

These neuronesinnervate bothintra- and extra-fusal
muscle fibres (Bessou, Emonet-Dénand & Laporte,
1965) and, in the cat hindlimb, perhaps 30% spin-
dles receive such innervation. Their activity would
obligatorily result in a coupling of spindle excitation
and muscle contraction. However, this is unlikely
to account for the consistent finding that voluntary
effort results in parallel activation of muscle and
muscle spindle endings because (i) during pressure
block experiments to the point of paralysis (presum-
ably blocking large o axons before small y axons),
voluntary effort can still activate spindle endings
(Burke, Hagbarth & Skuse, 1979); (ii) specific search
for a coupling of spindle discharge to EMG activity
using spike-triggered averaging has been unreward-
ing in one study (Gandevia, Burke & McKeon, 1986a)
though not in a subsequent study (Kakuda, Miwa &
Nagaoka, 1998); and (iii) there have been anecdotal
reports of changes in spindle discharge that could
be produced in relaxed muscles without the appear-
ance of detectable EMG (Gandevia etal., 1986b, 1994;
Aniss et al., 1990a; Ribot-Ciscar et al., 1991). There
is anatomical evidence of B innervation of human
spindles and suggestive evidence that this may be
physiologically significant: corticospinal volleys and
voluntary effort seem capable of activating B effer-
ents (Rothwell, Gandevia & Burke, 1990; Kakuda &
Nagaoka, 1998, respectively), as also may volleys in
low-threshold cutaneous afferents (Aniss, Gandevia
& Burke, 1988). In general, B efferents innervate the
dynamic bag; fibre (cf. Fig. 3.1) and their action is
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therefore to increase the dynamic sensitivity of the
primary ending. However, there are also static  effer-
ents (notrepresented in Fig. 3.1), which are of slightly
larger size than the dynamic B efferent and, when
present, they innervate the long chain fibre, so alter-
ing the static behaviour of the primary ending.

Methodology

Discredited techniques

Comparisons of tendon jerk and H reflex as
measures of fusimotor drive

Underlying principle

Based on the fact that the H reflex bypasses the mus-
cle spindle while the tendon jerk does not, many
authors have, following Paillard (1955), implicitly
accepted that comparisons of the H reflex and ten-
don jerk can be used to provide a reliable measure of
fusimotor activity. As a result of such comparisons,
and of the uncritical use of local anaesthetic nerve
blocks, it became accepted that (i) there is a sig-
nificant level of background fusimotor drive in the
relaxed state, particularly in dynamic y motor axons;
(i) this background fusimotor drive sensitises spin-
dleendingsto percussionintherelaxed state; and (iii)
without this background fusimotor drive there would
be no tendon jerk. These views have been the sub-
ject of critical reappraisal, as have many of the con-
clusions about motor control mechanisms in health
and disease that were based on them (Burke, 1983;
e.g. see Fig. 3.11). Each of the above statements is
probably erroneous: there is now substantial experi-
mental evidence to support the view that valid con-
clusions about fusimotor function cannot be drawn
from such comparisons (e.g. Burke, McKeon & Skuse,
1981a,b; Burke, Gandevia & McKeon, 1983, 1984;
Morita et al., 1998).

Differences in the afferent volleys of the
two reflexes

Tendon jerk
Because of the properties of the tendon, tendon
percussion presents an oscillatory stimulus to the
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muscle spindle, and sensitive primary endings
discharge multiple times to a single percussion,
responding to the damped oscillating disturbance
that reaches the ending. The afferent volley for the
soleus tendon jerk reaches the popliteal fossa some
4-5 ms after percussion on the Achilles tendon,
reaches a peak some 5-10 ms later and lasts some
30-40 ms (Burke, Gandevia & McKeon, 1983). Due
to the extreme sensitivity of primary spindle end-
ings, it is not necessary to percuss the appropri-
ate tendon directly: percussion on a bony protu-
berance will result in a vibration wave that trav-
els along the bone exciting muscle spindles in
nearby muscles and, in subjects with brisk ten-
don jerks, may produce tendon jerks in multiple
muscles throughout the limb - the phenomenon of
‘reflex irradiation’, best seen in patients with spas-
ticity (Lance & de Gail, 1965). The muscle spin-
dle is not the only receptor responsive to ten-
don percussion, even when the mechanical stimu-
lus is delivered carefully only to the appropriate
muscle: sensitive muscle and cutaneous receptors
throughout the limb, even those in antagonists, may
be excited and the extent of this will be dependent
only on effective transmission of the mechanical
stimulus (Burke, Gandevia & McKeon, 1983; Ribot-
Ciscar, Vedel & Roll, 1989).

H reflex

On the other hand, a 1-ms current pulse will excite
axons only once, producing a more synchronised
afferent volley, but one that involves group Ib as
well as group Ia afferents. In addition, the stimu-
lated nerve usually innervates many muscles: e.g. the
posterior tibial nerve innervates calf muscles other
than triceps surae and the intrinsic muscles of the
foot, the afferents of which (both Ia and Ib) have het-
eronymous projections to soleus motoneurones (see
Table 2.1; Chapter 10, p. 497).

Presynaptic inhibition of Ia terminals

This is more effective on the afferent volley of the H
reflex than on that eliciting the tendon jerk (Morita
et al., 1998; Chapter 8, pp. 354-5).

Differences at the motoneurone pool level

The dispersed afferent volley produced by ten-
don percussion results in a long-lasting compound
EPSP, the rising phase of which may be some 5-
10 ms, much longer than the 1-2 ms rising phase
of the EPSP produced by a single electrical stimu-
lus to the tibial nerve (Burke, Gandevia & McKeon,
1984). There is thus greater opportunity for oligo-
synaptic inputs to affect the motoneurone discharge
with the tendon jerk than the H reflex. Notwithstand-
ing, the rising phase of the electrically evoked EPSP
is briefer than might be expected given the opportu-
nity for dispersion of the volley created by the long
conduction pathway (much longer than in the cat),
the slower conduction velocities of group Ia afferents
(maximally ~60-70 m s~! in the lower limb, i.e. much
lower than in the cat hindlimb) and the likely range
of Ia conduction velocities (~60-70 m s~! down to
~48 m s~!; see Chapter 7, pp. 302-3). It has been
suggested that group Ib afferents curtail the electri-
cally evoked EPSP and that the Hreflex can be altered
by altering transmission across the Ib inhibitory
interneurone, a situation not equally applicable
to the tendon jerk (Burke, Gandevia & McKeon,
1984). There is now direct experimental support
for this suggestion (Marchand-Pauvert et al., 2002;
Chapter 1, pp. 14-15).

Conclusions

The tendon jerk and the H reflex are both dependent
on the monosynaptic excitation from homonymous
Ia afferents, but they differ in so many other respects
that comparison of them as a measure of fusimotor
function is invalid.

Nerve blocks
Underlying principle

In the cat, Matthews & Rushworth (1957a,b) demon-
strated that it is possible to block vy efferents
using local anaesthetic applied directly to the
nerve because they are smaller than o efferents.
Rushworth (1960) then showed that injections of



dilute procaine into the motor point reduced both
spasticity and rigidity, an effect attributed, not
unreasonably, to vy efferent blockade (however,
see below).

Situation in human subjects

The situation in human subjects is quite differ-
ent from the controlled experimental circumstances
possible in the cat. Given the larger size of human
nerves, diffusion of the local anaesthetic through
perineural and fascicular tissues will result in non-
selective effects because of involvement of closer
rather than smaller axons, and this will also be
so when the injection is into the motor point.
The anaesthetic will not differentiate between affer-
ents and efferents and, theoretically at least, reflex
depression could result from loss of small afferent
inputs rather than loss of fusimotor function. Loss
of the tendon jerk but preservation of near-normal
strength does not constitute an adequate control for
the integrity of « motor axons because consider-
able denervation is required before the triceps surae
muscles become weak to clinical testing. Finally,
microneurographic studies have shown that, in gen-
eral, the sequence of cutaneous afferent blockade
by local anaesthetics is from small afferents to large
afferents, but they have also demonstrated that the
blocks are extremely difficult to control and their
sequence not exactly the same in different experi-
ments (Torebjork & Hallin, 1973; Mackenzie et al.,
1975). Tt is likely that greater involvement of y effer-
ents occurs during the recovery from a complete
local anaesthetic block than during its induction,
but this remains to be proven. Pressure blocks seem
to produce a more reliable sequence of axon block,
large before small, possibly because their temporal
development can be controlled, at least in part, by
adjusting pressure.

Conclusion

Local anaesthetic nerve blocks cannot be used
to produce selective de-efferentation of muscle
spindles.
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Acceptable techniques

Microneurography
Microelectrode

The first definitive reports of microneurography
were published by Vallbo & Hagbarth (1968) on cuta-
neous afferents and Hagbarth & Vallbo (1968) on
muscle afferents. The technique is illustrated in the
sketch in Fig. 3.3(a), and a recording from a pre-
sumed secondary spindle afferent innervating the
fourth dorsal interosseous muscle of the hand is
shown in Fig. 3.3(b). The basic technique has not
changed greatly since then, and adequate descrip-
tions are available (e.g. Hagbarth, 1979; Vallbo et al.,
1979; Burke, 1981; Gandevia & Burke, 1992). The
traditional microelectrode is a monopolar tungsten
electrode with a shaft diameter of ~200 wm, insu-
lated to the tip, with an optimal impedance in situ of
~100-150 k€2 for single unit recordings and perhaps
~50 k€2 for multi-unit recordings. Some authorities
prefer concentric needle electrodes with or without a
bevelled tip, but the electrode has a wider shaft and,
in practice, there is probably little advantage over the
traditional electrode.

Basic methodology

The microelectrode is inserted manually through the
skin into the peripheral nerve trunk and then guided
into an appropriate nerve fascicle. In most labora-
tories this is facilitated by delivering weak electrical
stimuli through the electrode to produce radiating
cutaneous paraesthesiae (when trying to home in on
a fascicle innervating skin) or a twitch contraction of
the innervated muscle (when focussing on a fasci-
cle innervating muscle). When the tip is within the
fascicle, gentle stroking of the skin or tapping on the
appropriate muscle tendon will activate mechano-
receptors in skin or muscle, respectively, and audi-
tory feedback is then used to make further small
adjustments of the electrode to bring the desired
neural activityintofocus. The electrodeisleftfloating
free, secured by tissue resistance at the recording end
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Fig. 3.3. Unitary recording from a human muscle spindle. (a) Sketch of the technique for the recording in (b): the tungsten

microelectrode was inserted percutaneously into a motor fascicle of the ulnar nerve at the wrist. The microelectrode was introduced

manually. When in situ, it was supported without rigid fixation at one end by its connecting lead and at the other by the skin and

subcutaneous tissue. Its position was adjusted within the nerve until the tip penetrated the desired nerve fascicle. Minor

adjustments were made to bring the desired neural activity into focus. Note that the microelectrode has a shaft diameter of

~200 pm and that the largest axons have a diameter of ~20 pm. The target muscle was identified by the responses to intraneural

electrical stimulation and the responses to passive and active movements of the digits. (b) A recording from the afferent of a

spontaneously active presumed secondary spindle ending in the fourth dorsal interosseous. Lower trace: action potentials; upper

trace: instantaneous frequency of the afferent’s discharge. The ending increased its discharge during extension and passive

abduction (not shown) at the fourth metacarpophalangeal joint, the responses to stretch and shortening being essentially static.

From Burke, Gandevia & Macefield (2003), with permission.

and by a coiled insulated copper wire to the pream-
plifier at the other. This is preferable to external fix-
ation because movement by the subject cannot be
avoided, and external fixation then leads to electrode
dislodgement. Even so, the stability of the recording
can be jeopardised by minor movements, particular
those that displace skin at the recording site.

Identification

If a recording is obtained from a single axon it is
necessary to identify the axon as an afferent and
then to characterise its response to various stimuli in
order to clarify its origin (e.g. from a primary or sec-
ondary ending or a Golgi tendon organ). This can be
time-consuming, and often recordings from partially
or completely identified afferents are lost before

experimental manipulations can be studied. Criteria
to differentiate muscle spindle afferents from Golgi
tendon organ afferentsinclude the classical response
to a twitch contraction of the receptor-bearing mus-
cle (unloading with spindles: Figs. 3.2(e), 3.4(b) and
3.5(c); activation with tendon organs: Fig. 3.6(e)).
This is now incorporated into the usual identifica-
tion processes. The twitch contractions can be pro-
duced by stimuli delivered through the recording
microelectrode, transiently switching off the record-
ing to do so (McKeon & Burke, 1980; Burke, Aniss &
Gandevia, 1987) or by using external stimuli to
the nerve trunk (e.g. Edin & Vallbo, 1987). How-
ever, responses to twitch contractions are some-
times ambiguous, possibly because of the above-
mentioned fascial interconnections between nearby
motor units and the spindle (see Burke, Aniss &
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Fig. 3.4. 1dentification of spindle endings in tibialis anterior. (a) Sketch of the experimental paradigm: recording with a
microelectrode in the common peroneal nerve (CPN) from a muscle spindle primary ending and a muscle spindle secondary
ending in tibialis anterior (TA). (b) Twitch test for the primary ending showing afferent potentials in the original neurogram (upper
trace) and the torque produced by the twitch contraction of the receptor-bearing muscle (lower trace). Five superimposed sweeps.
Note that an early discharge occurs before torque starts to rise (associated with the « volley, cf. Hunt & Kuffler, 1951). Spindle
discharge pauses as torque rises. (¢) ‘Instantaneous’ frequency plots of spindle responses to ramp stretch and shortening of 3—4° at
7.5°/s for a primary ending (upper trace) and a secondary ending (middle trace). In both (c) and (d) the movement of the ankle joint
is shown in the lower trace, but for simplicity, the goniometer record for the primary ending has been omitted. A downward
deflexion represents stretch of the receptor-bearing muscle. In (d) the imposed movements for the two endings were very similar,
but not quite identical in amplitude, so that occasionally the discharge of the primary ending appears slightly out of phase. From
Burke et al. (1976a), with permission.

Gandevia, 1987; Fig. 3.2(c), (d); p. 116). Additional
criteria include the presence or absence of back-
ground activity, the regularity of any background
discharge, behaviour during voluntary contractions
and on abrupt relaxation, and the responses to

stretch and vibration (e.g. Edin & Vallbo, 1990a,b,c).
These criteria also help distinguish group Ia affer-
ents and primary endings from group II affer-
ents and secondary endings. Figure 3.4 summarises
some of these features. Both primary and secondary
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Fig. 3.5. The effects of isometric voluntary contractions on background discharge rate of a secondary ending in extensor digitorum
longus. (a) Sketch of the experimental paradigm: during voluntary contraction of the extensor digitorum longus (EDL), there is
descending activation of both « and y motoneurones (MNs) innervating EDL. Recording with a microelectrode in the common
peroneal nerve (CPN) from an EDL muscle spindle secondary ending. (b) Response of the ending to imposed joint movement.

(¢) An electrically induced twitch delivered at the arrow produces a twitch contraction, recorded by the myograph (lower trace), and
a typical pause in spindle discharge, seen in the original neurogram (upper trace). In (b), (d), (e) and (f), traces are from top to
bottom: instantaneous frequency; joint angle (downward deflection represents stretch of the receptor-bearing muscle); EMG of
EDL; EMG of tibialis anterior (TA). The regularity of the background discharge in (d)-(f) and the close parallelism between imposed
joint movement and discharge rate in (b) suggest that the ending was a secondary ending. In (d) contraction of the receptor-bearing
muscle (EDL) accelerates the spindle (after a brief unloading). In (e) contraction of predominantly TA (a synergist) decreases
discharge rate. In (f) contraction of both muscles, the opposing effects largely cancelling out. Note that in (d) spindle discharge
remains enhanced after EDL EMG has subsided, probably due to the thixotropic properties of intrafusal fibres. Modified from Burke
et al. (1976b), with permission.

endings should be unloaded by a maximal twitch stretch (indicated by a downward movement of the
contraction of the receptor-bearing muscle and acti- joint angle in the lower trace in Fig. 3.4(c), (d)) than
vated on the falling phase of the twitch (panel (b), see the secondary ending (middle traces). Figure 3.5(b)
also Fig. 3.2(e)). However, the primary ending (upper illustrates an essentially static response to stretch for
traces) has a more prominent dynamic response to another presumed secondary ending.



Micro- )
electrode

Methodology

123

Vibrator (d) 4s (o) 4s
Gauge GTO Ll L
output At i st et LB L 4 T

20 ms

e T T T T
AP e T e o e P .f"*——-—....____]‘l Nm

200 ms

Fig. 3.6. Effects of tendon vibration at 110 Hz on a Golgi tendon organ in tibialis anterior. (a) Sketch of the experimental paradigm:

recording with a microelectrode in the common peroneal nerve (CPN) from a Golgi tendon organ (GTO) in tibialis anterior (TA).

(b) Responses to vibration at constant muscle length, and (c), during alternating passive movements. Upper traces: frequency plots.

Middle traces: ankle position. Lower traces: EMG of tibialis anterior. Note the EMG silence throughout the traces. Vibration

indicated by bar in (b), but is constant throughout the sweep in (¢). (d) Individual vibration cycles taken from the position indicated

by the arrow in (b) with the spikes superimposed on the vibration wave to demonstrate phase-locking and subharmonic activation

of the GTO. Note that these responses to vibration were recorded for a non-contracting muscle (see flat EMG traces in

(b) and (c). (e) Electrical twitch test. Three superimposed sweeps, showing discharge of the ending (upper trace) during the rising

phase of torque (lower trace). Contrast (e ) with the spindle behaviour during twitch tests in Figs. 3.2(e), 3.4(b), 3.5(¢) and 3.7(d).

Modified from Burke et al. (1976a), with permission.

Sampling bias

There is a bias in microneurographic recordings
towards axons that are large and have a background
discharge. The former is because the action poten-
tial must be discriminated from noise, and action
potential amplitude is a function of the square of
axonal diameter. The latter is because, if you can-
not hear action potentials, you may not know that
you have a suitable recording site. Accordingly, most
studies have been dominated by recordings from
group Ia afferents, and it is possible that the sam-
ple of group Ib afferents studied to date are from the
more mechanically responsive end of the spectrum
of tendon organs. This might explain the sensitivity
tovibration of the three tendon organs in the study of
Burke et al. (1976a), as illustrated in Fig. 3.6(b)—(d).
These results do not necessarily imply that human
tendon organs as a group are more stretch-sensitive
than in the cat. More group Ib afferents might be
isolated if searching was undertaken during a back-
ground voluntary contraction rather than at rest.

Nevertheless, Fig. 3.6 indicates that at least some
tendon organs are vibration-sensitive. This ending
responded appropriately in a twitch test (e) but was
sensitive to vibration at rest (as verified by the qui-
escent EMG in panels (b) and (c)), discharging at
subharmonics of the vibration frequency (d).

Uncertainties of the technique

Muscle spindle endings are extremely sensitive to
minute perturbations, but small disturbances to the
spindle’s environment within the muscle may not be
apparent to inspection. EMG electrodes and force
and length transducers must be used if one wishes to
have reasonable certainty that the receptor-bearing
muscle is truly relaxed. However, the very same
recordings may not be appropriate if one wishes to
know whether only the receptor-bearing muscle is
active (in which case intramuscular needles or wires
should be used to record EMG). No one EMG set-up
can guarantee the recording from every motor unit
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in a muscle, no length transducer can detect motor
unit activity that does not produce movement, and
no force transducer will keep a limb absolutely iso-
metric. Hence, it is impossible to generate data with
the same degree of precision as in animal experi-
ments. This disadvantage is offset by the ability to
study volitional processes in co-operative human
subjects, capable of generating or changing motor
drives on request. Nevertheless, the uncertainties
must be kept in mind when assessing the validity of
evidence for, e.g. selective activation of y motoneu-
rones during different manoeuvres, a controversial
topic discussed further below (pp. 131-3).

Studies that exploit the thixotropic properties
of intrafusal fibres

Underlying principle

Thixotropy refers to the change in passive stiffness
of muscle, analogous to the behaviour of certain gels
which can become fluid when stirred or shaken, only
to set into a gel again when allowed to stand. Both
extrafusal and intrafusal muscle fibres can manifest
thixotropic behaviour. This behaviour is important
because intrafusal thixotropy can dramatically alter
the discharge of primary and secondary spindle end-
ings. For example, the thixotropic properties of intra-
fusal fibres underlie (i) the ‘initial burst’ from a pri-
mary ending in response to abrupt ramp stretch,
a response that has been termed an acceleration-
like response (Brown, Goodwin & Matthews, 1969;
Edin & Vallbo, 1990a), (ii) the after-effects of fusimo-
tor activation on spindle discharge (Brown, Goodwin
& Matthews, 1969), and (iii) stretch sensitisation of
spindle endings (Edin & Vallbo, 1988; Edin, 1991).
The effects of changes in the thixotropic proper-
ties of muscle spindles on spindle discharge have
been studied extensively by Proske and colleagues
in the cat and in human subjects (Proske, Morgan
& Gregory, 1993). They depend upon the formation,
break down and re-formation of actin-myosin bonds
in the intrafusal fibres, with consequent changes
in stiffness of the fibres and an alteration in the
stretch placed on spindle endings. Prolonged stretch

or fusimotor activity will cause bonds to form at
the prevailing muscle length. Thus, if a muscle is
held in a stretched position and then abruptly short-
ened, intrafusal fibres will develop slack, and this
will lead to a reduced spindle discharge. The ‘slack’
can be removed by activating fusimotor neurones
to the spindle and, if the muscle is then slowly
stretched back to the original length, spindle dis-
charge and responsiveness will be greater than ori-
ginally even though the fusimotor activity may have
long ceased. The type of fusimotor axon stimulated
will determine which intrafusal fibre is activated,
and this will determine how spindle responsiveness
changes.

Thixotropy in human investigations

In human subjects, the y activity associated with
a voluntary contraction can induce long-lasting
enhancements in spindle discharge, changes that
persist long after the contraction (Fig. 3.7(c); see also
Fig. 3.5(d)). The discharge of the spindle primary
ending in Fig. 3.7(c) continues long after the ces-
sation of EMG and the return of contraction force
to the control level. The discharge of the secondary
endingin Fig. 3.5(d) declines slowly and remains ele-
vated for some seconds after EMG has disappeared.
The latter ending is illustrated because many of the
thixotropic after-effects of fusimotor activity in the
literature involve primary endings rather than sec-
ondary endings (Brown, Goodwin & Matthews, 1969;
Matthews, 1972; Edin & Vallbo, 1988, 1990a). In both
instances, the after-discharge is not evidence of con-
tinuing v drive but of a long-lasting change in stiff-
ness of intrafusal fibres that contracted undery drive
during the voluntary contraction (Jahnke, Proske &
Struppler, 1989; Ribot-Ciscar et al, 1991; Wilson,
Gandevia & Burke, 1995). As actin-myosin bonds
break down and re-form at the prevailing muscle
length, the discharge slowly declines. In other words,
the enhanced spindle discharge is a lasting mem-
ory of past y efferent activity, not evidence of the
current level of fusimotor drive, and the enhanced
discharge can be abolished by stretch sufficient to
break the persistent actin-myosin bonds. Proske and
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Fig. 3.7. Muscle spindle primary ending in tibialis anterior during and after a voluntary contraction illustrating the effects of

thixotropy on spindle discharge. (a) Sketch of the experimental paradigm: recording with a microelectrode in the common peroneal

nerve (CPN) from a muscle spindle primary ending in tibialis anterior (TA). (b) and (c¢) show the start and end of a 1 min submaximal

contraction of ankle dorsiflexors at ~20 % maximal voluntary force (MVC). 30 s have been omitted between (b) and (c). The traces

are from top to bottom raw neurogram, force, and integrated EMG of tibialis anterior. The spindle was initially silent, maintained a

discharge at ~12 Hz throughout the 60-s contraction. There was a high-frequency burst of impulses on relaxation of the contraction,

and the discharge continued at ~8 Hz in the absence of EMG following the contraction. This persistent discharge probably results

from intrafusal thixotropy. (d) Upper two panels show the twitch test for the unit (three traces superimposed). The lowest panel

shows superimposed action potentials from the unit on a faster time base. Modified from Macefield et al. (1991), with permission.

colleagues have exploited this behaviour to study
fusimotor action in human subjects indirectly, have
documented appropriate changes in spinal reflexes,
and have used the behaviour to confirm the role of
muscle afferents in kinaesthesia (Proske, Morgan &
Gregory, 1993; Wood, Gregory & Proske, 1996;
Gregory et al., 1998; Wise, Gregory & Proske, 1998).
For example, tendon jerks recorded at the same test
muscle length can be enhanced or depressed fol-
lowing a voluntary contraction, if the contraction is

performed atamusclelength thatis shorter orlonger,
respectively, than the test muscle length.

Perspectives

Potentially, this approach could be used to docu-
ment fusimotor function during contractions that
are too strong for microneurography or in patients
unsuitable for microneurography, and there is one
such recent report on patients spastic following
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stroke (Wilson et al., 1999b). A complicating factor is
that extrafusal muscle fibres also display thixotropic
behaviour. This serves as a warning that careful
controls are required even with this experimental
paradigm. A further lesson is that the thixotropic
properties of intrafusal muscle can distort spin-
dle discharge and must be considered when inter-
preting unexpected changes in spindle discharge,
reflex behaviour or perception, especially when they
occur after amuscle contraction. The history of what
the spindle was subjected to can influence how it
responds to a new stimulus.

Critique of the tests to study muscle
spindle afferent discharge and
fusimotor drive

Microneurography
Necessity for careful controls

Microneurography is less indirect than other tech-
niques, but it is possible to make valid conclusions
about fusimotor activity from recordings of mus-
cle spindle discharge only if all disturbances to the
spindle are rigidly controlled. This is possible in
feline experiments but is rarely so in human sub-
jects, in whom spindle endings have been noted to
respond to mechanical stimuli that are not imme-
diately obvious, such as respiration and the arterial
pulse (Hagbarth et al., 1975a; McKeon & Burke, 1981)
or the mechanical twitch produced by single motor
units (McKeon & Burke, 1983). It is absolutely essen-
tial that all possible perturbations to the highly sen-
sitive spindle ending be controlled, whether they be
external or internal.

Uncertainties about identification

The identification of an axonal recording as affer-
ent rather than efferent (or vice versa) and then the
subclassification of the afferent (or efferent) must be
beyond dispute, particularly when the conclusions
are based on only a couple of ‘positive’ findings from
a larger sample. For example, it has been suggested

that some of the findings on «/y co-activation from
human studies can be attributed to incorrect iden-
tification of Ib afferents as Ia (Prochazka & Hulliger,
1983).

Sensitivity to displacements

Even small movements of the skin at the recording
site can disturb the microelectrode and disrupt the
recording. As a result the movement repertoire that
can be studied with this technique is quite limited.
The need to apply restraints to prevent, or transdu-
cers to measure perturbations that could be trans-
mitted to the endings creates artificial conditions,
and itis conceivable that this could alter the explored
fusimotor ‘set’.

The technique is traumatic

It involves insertion of a needle electrode into the
nerve trunkand, while therisks are verysmallindeed,
some oedema is inevitable and there are theoretical
risks of infection or of intraneural bleeding from a
small vessel.

The technique is technically demanding

It is not unusual to spend a couple of hours search-
ing in vain for a specific afferent type, having been
unable to hold promising recordings for sufficiently
long to gain meaningful data.

Thixotropy

Studies of intrafusal thixotropy can allow stronger
contractions to be assessed and can be of value in
patients for assessing fusimotor activity. While reflex
studies using thixotropy to change behaviour do not
involve comparing dissimilar reflexes (as with the
discredited comparison of mechanically and electri-
cally evoked reflexes), the technique is much more
indirect than microneurography, and it is important
to exclude other possible causes of variable reflex
function.



Organisation and pattern
of connections

Background fusimotor drive

Static fusimotor drive

There is now considerable evidence that human
spindle endings behave as if passive receptors with-
out active fusimotor drive in the relaxed state. The
evidence is more cogent for static fusimotor (ys)
drive (see Vallbo et al., 1979; Burke, 1981; Gandevia &
Burke, 1992) than for dynamic fusimotor (y4) drive.
In relaxed muscle, human primary spindle endings
maintain muchlower firing rates and their responses
to stretch are smaller than those of passive spindle
endings in the cat (Vallbo, 1974; Vallbo et al., 1979;
Burke, Skuse & Stuart, 1979; Prochazka & Hulliger,
1983; Gandevia & Burke, 1992). The regularity of dis-
charge is similar to that of de-efferented feline end-
ings (Burke, Skuse & Stuart, 1979; Nordh, Hulliger
& Vallbo, 1983), and there is no evidence of a nega-
tive serial correlation between successive interspike
intervals (i.e. thatlong interspike intervals tend to be
followed by short ones, something that is a feature of
v drive (Matthews & Stein, 1969) and appears during
avoluntary contraction). In addition, de-efferenting
spindles by blocking the nerve completely with local
anaesthetic or by pressure does not alter muscle
spindle discharge or the responses to muscle stretch,
tendon vibration or tendon percussion (Burke et al.,
1976b; Burke, Hagbarth & Skuse, 1979; Burke,
McKeon & Skuse, 1981b). Thus, when the spindle
primary ending in Fig. 3.8(b), (c¢) was de-efferented
by a complete block of the peroneal nerve proximal
to the recording site, there was no detectable effect
on the ending’s background discharge rate or on its
responses to stretch (downward movement of the
angle trace) and shortening (upward movement), as
can be confirmed by comparing the discharge fre-
quencies in (b) and (¢). These findings do not prove
that there is no background activity in y motoneu-
rones, but they suggest a very low level of activity, at
least in ys motoneurones, insufficient to affect the
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background spindle discharge or the response to
stretch materially.

Dynamic fusimotor drive

Thereis a difficulty in comparing dynamic responses
in relaxed muscles with those when the state of the
muscle changes due to, e.g. a background contrac-
tion, because the muscle and tendon stiffen and
this could dampen or enhance the stimulus actually
reaching the receptors in the muscle. The responses
to muscle stretch or to tendon percussion do not
change in relaxed muscle when subjects perform
reinforcement manoeuvres, are provided with alert-
ing stimuli or anticipate the need to contract the
testmuscle, provided that the receptor-bearing mus-
cle remains relaxed (Hagbarth et al., 1975a; Burke
et al., 1980; Burke, McKeon & Skuse, 1981a; Gande-
via & Burke, 1985; see, however, Ribot-Ciscar, Rossi-
Durand & Roll, 2000). This argues against significant
vd drive to resting muscles, in agreement with the
nerve block studies discussed above. Nevertheless,
there is some evidence to suggest that there may
be some background v 4 activity (Aniss et al., 1990a;
Gandevia et al., 1994), and this would be consistent
with some views on the mechanisms ofreflex reinfor-
cement (Ribot, Roll & Vedel, 1986; Ribot-Ciscar et al.,
2000; see, however, the critique below: pp. 131-3).

Effects of cutaneous afferents on
fusimotor neurones

There is extensive literature on the reflex effects of
cutaneous afferents on y motoneurones in different
feline preparations, dating back to Hunt (1951) and
Hunt & Paintal (1958), and there are now detailed
studies in locomoting animals (see the book edited
by Taylor, Gladden & Durbaba, 1995).

Lower limb

Evidence for reflex activation of y motoneurones
by inputs from cutaneous mechanoreceptors has
been sought without success in lower limb muscles
of reclining human subjects, who were at rest or
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Fig. 3.8. The effect of de-efferentation on the responses to stretch and shortening of a primary ending in the relaxed peroneus

longus muscle. (a) Sketch of the experimental paradigm: recording with a microelectrode in the common peroneal nerve (CPN)

from a muscle spindle primary ending in peroneus longus (PL). De-efferentation was achieved by complete nerve block with

lignocaine proximal to recording site (horizontal double-headed dashed line in (@)). In (b) and (c¢) upper trace: ‘instantaneous’

frequency plot; lower trace: joint position. A downward deflexion indicates stretch of the receptor-bearing muscle. Responses of the

ending are identical before (b) and during (c¢) the nerve block. Modified from Burke et al. (1976b), with permission.

performing isometric voluntary contractions. How-
ever, when subjects were performing an appropriate
task (active standing), muscle spindle endings could
be activated by the same volleys without producing
EMG activity. The tibialis anterior spindle ending in
Fig. 3.9(b) had no background discharge when the
subject was standing without support and with eyes
closed, and was therefore activated by steady pres-
sure applied to the tendon. The absence of vision
and external support ensured that the subject was
maximally dependent on proprioceptive cues for
stability. A train of five non-painful stimuli to the
ipsilateral sural nerve activated the spindle ending

(PSTH in the second trace), but produced no EMG
in the silent tibialis anterior. The stimuli produced a
reflex response in soleus (fourth trace) and a forward
body sway (fifth and six traces) but this would have
unloaded the spindle ending, and cannot explain the
spindle activation. Findings such as this suggest that
fusimotor reflexes are task-dependent, only active
when subjects are performing an appropriate motor
task (Aniss et al., 1990a; Burke & Gandevia, 1992),
when their role may lie more in setting the back-
ground operating level of fusimotor drive than in
the moment-to-moment control of movement (see
p. 138).
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Fig. 3.9. Poststimulus increase in discharge of a muscle spindle ending in tibialis anterior after non-painful trains of stimuli to the
sural nerve during unsupported standing with eyes shut. (a) Sketch of the presumed pathways: cutaneous afferents in the sural
nerve reflexly excite y motoneurones in tibialis anterior (TA). Recording with a microelectrode in the common peroneal nerve
(CPN) from a TA muscle spindle ending. (b) The ending was silent at rest but was given a background discharge of 9.5 Hz by
applying steady pressure to the tendon of TA (not illustrated). Traces are, from above, CUSUM of the PSTH with the onset of the
increase in discharge indicated by the arrow at the 84 ms latency; PSTH of spindle discharge; stimulus-triggered averages of rectified
surface EMG of TA, of rectified surface EMG of soleus, of force and of ankle-joint angle. The histogram is based on 500 successive
trials. Count ratio between the CUSUM and the histogram is x5. Vertical bars represent 10 .V for EMG traces, 2N for force, and 0.25°
for the ankle-joint angle. Pre-trigger EMG level for soleus was 21 wV. In this figure, stretch of pretibial flexors (i.e. backward body
sway) is shown as an upward deflection in force and angle traces. Modified from Aniss et al. (1990a), with permission

Relaxed forearm extensor muscles

In these muscles cutaneous afferents can change
the muscle spindle response to tendon percussion,
though this has been demonstrated for only four
afferents — for two, the discharge increased and

for two, it decreased (Gandevia et al., 1994). It is
likely that, in the upper limb, such reflexes may be
active even at rest. More importantly, the decreased
response to percussion of two spindle endings
suggests that there must have been some back-
ground fusimotor drive to the resting muscles, in
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this case vy 4 activity. Contrary to the hypothesis that,
because of temporal and spatial facilitation, natural
cutaneous volleys would have more powerful effects
on y motoneurones than artificially synchronised
electrically evoked volleys, natural activity of cuta-
neous afferents evoked by skin stroking or taps failed
to affect spindle discharge in these studies.

Corticospinal volleys

Motor cortex stimulation using single transcranial
magnetic or electrical stimuli can alter the discharge
of muscle spindle endings, presumably through
effects on y and probably B motoneurones (Roth-
well, Gandevia & Burke, 1990). However, it does not
do so at a lower threshold than that required to pro-
duce the MEP, and these findings suggest that an
effective y discharge cannot be generated by cor-
ticospinal volleys without discharging « motoneu-
rones and producing EMG activity in the test
muscle.

Effects of muscle vibration on human
muscle spindles

Muscle vibration has been employed extensively in
human subjects to produce reflex effects or to distort
proprioceptive sensations. It has been used to pro-
duce reflex contractions (the tonic vibration reflex,
TVR), to suppress the H reflex or tendon jerk, and to
alter the excitability of group Ia afferents. For these
reasons the specificity of vibration for primary spin-
dle endings needs to be addressed. There are many
fallacious or over-interpreted reports in the litera-
ture based on the assumption that transverse tendon
vibration in intact human subjects can be a selec-
tive stimulus for primary spindle endings, driving
them to respond 1:1 with the vibration frequency.
When applied transversely to a muscle tendon of an
intact subject, vibration is commonly not selective
for muscle spindle receptors and, in intact human
subjects, it may not excite only the primary spindle
ending.

Relaxed muscles
Primary endings

The dominant input produced by vibration of a ten-
don will be from primary spindle endings in the
vibrated muscle. The majority of human primary
endings will respond vigorously to vibration and
may discharge 1:1, i.e. at the frequency of vibration
(120 Hz in Fig. 3.10(b)), particularly during muscle
stretch. However, the discharge is often at subhar-
monics of the vibration frequency, particularly if the
amplitude of tendon vibration is kept small in order
to make it as selective as possible. A frequency of
~80 Hz seems the optimal frequency for most
vibration-induced perceptual and motor effects (see
Roll & Vedel, 1982; Roll, Vedel & Ribot, 1989),
whether the vibration is applied using an eccentri-
cally weighted motor or as high-frequency tendon
taps (using, e.g. a Briiel and Kjaer shaker).

Secondary endings

Human secondary endings mayrespond to vibration
(Burke et al., 1976a), virtually always discharging at
relatively low rates at subharmonics of the vibration
frequency, rarely if ever reaching 1:1, even during
muscle stretch (Fig. 3.10(d)). Again, this depends on
the amplitude of vibration (Roll & Vedel, 1982; Roll,
Vedel & Ribot, 1989). With low-amplitude vibration
it should be possible to avoid activating secondary
endings, but the lower the amplitude the less secure
the driving of primary endings.

Tendon organs

Some tendon organs can respond to tendon vibra-
tion in relaxed muscles and many do so during vol-
untary contractions. Indeed, all three tendon organs
in the study of Burke et al. (1976a) responded to
vibration when the muscles were relaxed (Fig. 3.6(b),
(¢)). That all did so may be the result of a sam-
pling bias of microneurography towards stretch-
responsive receptors (see p. 123). Further studies
isolating Ib afferents during a voluntary contrac-
tion might produce a more representative sample,



possibly less responsive to vibration. Nevertheless,
the data in Figs. 3.6(b), (¢) and 3.10(d) indicate that
mechanoreceptors other than the primary spindle
ending may be activated by tendon vibration.

Cutaneous mechanoreceptors

Most cutaneous mechanoreceptors respond to
vibration (e.g. Ribot-Ciscar, Vedel & Roll, 1989), and
it is probable that Ruffini endings in joints do so as
well.

Like any mechanical stimulus, vibration of a ten-
don will spread widely through bone, exciting recep-
tors in skin, muscles (see Chapter 8, p. 344), fascia
and jointsremote from the site of vibration. This phe-
nomenon has been invoked to explain ‘reflex irradi-
ation’ in spastic patients (see Lance & De Gail, 1965;
Chapter 2, pp. 86, 96).

Contracting muscles

In contracting muscles, fusimotor drive can enhance
the spindle response to vibration (Burke et al.,
1976b), but contractions may unload spindle end-
ings and thereby decrease the spindle discharge for
three reasons. First, the application of the vibra-
tor to the tendon is not exactly the same as in the
relaxed state, secondly, the spread of the vibration
wave to the muscle belly is altered when the mus-
cle contracts and the tendon stiffens, and thirdly, the
contraction may not be associated with a sufficient
increase in y drive to offset these effects. Indeed, if
the contractionisareflex contraction to the vibration
(tonic vibration reflex, TVR), unloading is the rule, in
human subjects (Burke et al., 1976b) and in the cat
(Clark, Matthews & Muir, 1981). These problems are
even greater if overt movement occurs at the joint,
because movement can displace the vibrator and
because the responses of different endings are not
modulated identically by the change in length. For
example, the response of primary endings is maxi-
mal during the stretching phase of passive oscillating
movements (Fig. 3.10(b)), while that of secondary
endings is more statically related to muscle length
(Fig. 3.10(c); Burke et al, 1976a). Because the
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response of the primary ending switches off during
shortening, while that of the secondary decrea-
ses through subharmonics (Fig. 3.10(b), (d)), there
could, paradoxically, be a greater vibration-induced
discharge from secondary endings during slow pas-
sive muscle shortening. Responses during voluntary
movements will not be accurately predictable, par-
ticularly if the vibrator is not servo-controlled so that
there is a constant force of application to the mov-
ing tendon (Cordo et al., 1993). The final discharge
pattern will be determined by: (i) the stability of the
vibrator, (ii) the sensitivity of the endings to vibra-
tion, (iii) the potency of any fusimotor drive directed
to the endings (see pp. 133-5), and (iv) whether the
movement is eccentric or concentric, slow or rapid,
performed against a load or not.

Motor tasks and physiological
implications

Reflex reinforcement by remote muscle
contraction: the Jendrassik manoeuvre

Remote contractions may be of limited functional
significance, but the mechanisms responsible for
the widespread reflex enhancement accompanying
such contractions have long been a matter of dis-
pute, and the manoeuvre is important in the clin-
ical examination. It was previously thought that per-
formance of the Jendrassik manoeuvre potentiated
tendon jerks in uninvolved non-contracting muscles
due towidespread activation of dynamicy motoneu-
rones. Similarly, the reflex potentiation accompany-
ing other alerting stimuli, such as a warning cue, has
been attributed to the same mechanism. However,
attractive as it may be, this hypothesis is seriously
flawed for a number of reasons.

(i) It is based on the belief that the H reflex is not
potentiated to the same extent by the reinforcement
manoeuvre. In fact, this is not so: tendon jerks and H
reflexes of similar size undergo similar potentiation
(e.g. Landau & Clare, 1964; Bussel, Morin & Pierrot-
Deseilligny, 1978; Zehr & Stein, 1999).
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Modified from Burke et al. (1976a), with permission.

(ii) It is based on the belief that the increased
excitability of the motoneurone pool depends on a
muscle spindle input from the test muscle. However,
the H reflex is still potentiated when the Ia input
from the test muscle is blocked by ischaemia (Bussel,
Morin & Pierrot-Deseilligny, 1978).

(iii) It ignores the fact that increased background
activity in Ia afferents would produce post-activation
depression of transmission from those afferents (see
Chapter 2, pp. 96-9).

(iv) It assumes that increased dynamic vy drive
would be sufficient to potentiate the spindle
response to percussion and that this would be suffi-
cient to enhance the discharge of the motoneurone

pool, assumptions that have been questioned (see
Morgan, Prochazka & Proske, 1984; Wood et al.,
1994).

(v) A v role for reflex reinforcement cannot be
demonstrated in studies that have controlled for
post-activation depression and the thixotropic prop-
erties of muscle spindles (Gregory, Wood & Proske,
2001).

(vi) Many (but not all) recordings from spindle
afferents using microneurography have failed to
demonstrate that the Jendrassik manoeuvre pro-
duces (i) anincreased background discharge of mus-
cle spindles; (ii) an increase in their response to
stretch; (iii) a change in a—y balance (see Hagbarth



et al., 1975a; Burke, 1981; Burke, Gandevia & Mace-
field, 2003; however, see also Burg et al., 1973, 1974;
Ribot, Roll & Vedel, 1986; Ribot-Ciscar, Rossi-Durand
& Roll, 2000). If a y mechanism was responsible
for the reflex reinforcement, one would expect the
effects on spindle activity to be large, not small, not
restricted to a few afferents, and one would expect
all studies to have no difficulty demonstrating this
same finding.

Some studies have demonstrated that there are
central changes in the gain of the tendon jerk,
changes which, together with the sensitivity of the H
reflex (see above), indicate that the reflex enhance-
ment involves central processes (e.g. Burke, McKeon
& Skuse, 1981b). This is illustrated in Fig. 3.11 with
data from a single subject. Panel (b) plots the size
of the muscle afferent volley from soleus against the
intensity of tendon percussion. The round symbols
represent data when the subject was at rest and the
triangles when the subject performed the Jendrassik
manoeuvre. There is no difference in the relation-
ships. However, the manoeuvres were effective re-
inforcing manoeuvres because a tendon jerk
occurred (filled symbols) with weaker percussion
and a lesser afferent volley. Panel (c) plots, for the
same data, the size of the reflex response against the
intensity of the afferent volley. When performing the
Jendrassikmanoeuvre (triangles), the reflexresponse
was obtained at lower threshold than at rest (circles)
and was larger for any given size of afferent volley.

The question then arises about which spinal
circuits contribute to the reflex enhancement.
Decreased presynaptic inhibition of Ia terminals has
been suggested (Zehr & Stein, 1999), but, if any-
thing, presynaptic inhibition of Ia terminals to soleus
motoneurones is slightly increased at the onset of
a brisk ECR contraction (Meunier & Morin, 1989;
Chapter 8, p. 362). Teeth clenchinghas been reported
to enhance the H reflexes of both soleus and tibialis
anterior (as might be expected for a reinforcement
manoeuvre) but also to decrease peroneal-induced
reciprocal Ia inhibition of the soleus H reflex (Takada
etal., 2000; Chapter 5, p. 227). However, reciprocal Ia
inhibition is only one of a number of circuits that
could be involved in the reflex potentiation due to a
remote muscle contraction.
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Effects of voluntary effort on fusimotor
drive to the contracting muscle

Increased spindle discharge
during contraction

Evidence for activation of y motoneurones

When movement is prevented so that contractions
are quasi-isometric, there is, during a deliberate vol-
untary contraction, an increase in the discharge of
active endings (Fig. 3.5(d)), activation of previously
silentspindle endings (Fig.3.7(b)),and anincreasein
overall muscle spindle discharge (Hagbarth & Vallbo,
1968; Vallbo, 1971, 1974; Vallbo et al., 1979; Edin &
Vallbo, 1990b). As mentioned above (p. 117), pres-
sure block experiments suggest that this increase in
spindle discharge is mediated, at least in part, by the
activation of y motoneurones (Burke, Hagbarth &
Skuse, 1979). The unloading reflex provides evidence
that muscle afferent feedback (presumably mainly
of spindle origin) contributes to the maintenance
of a motor firing during a tonic isometric contrac-
tion. When a muscle is pulling against a fixed resis-
tance that suddenly gives way, asilent period appears
in the EMG of the contracting muscle at a latency
appropriate for the withdrawal of Ia afferent support
to the active motoneurones (see Hagbarth, 1967).
Thus, overall the fusimotor-driven inflow from pri-
mary and secondary endings duringa voluntary con-
traction has an autogenetic excitatory effect at spinal
level.

Spindle acceleration after the onset of EMG

With brisk phasic contractions, the increase in spin-
dle discharge follows the appearance of EMG in the
contracting muscle by up to 50 ms (Vallbo, 1971),
evidence that is inconsistent with the follow-up
length servo hypothesis (Merton, 1951, 1953; see
Matthews, 1972). Attempts to produce consistent
spindle activation in advance of EMG by, e.g. pro-
viding a warning cue, by using biofeedback train-
ing or in learning paradigms, have been unsuc-
cessful (Burke, McKeon, Skuse & Westerman, 1980;
Gandevia & Burke, 1985; Al-Falahe & Vallbo, 1988;
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Fig. 3.11. Effects of the Jendrassik manoeuvre on muscle afferent discharge and the size of the tendon jerk. (a) Sketch of the
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(Circles = sequences when the subject was relaxed; triangles = those for which the subject performed reinforcement manoeuvres;
filled symbols = tendon taps that produced a tendon jerk; open symbols = no reflex response.) (¢) Relationship between amplitude
of the rectified and smoothed afferent volley and peak-to-peak amplitude of the resulting reflex EMG bursts for the data in (b). Taps
that failed to produce a tendon jerk are shown as open symbols alongside the appropriate afferent volley size. Dashed lines are
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permission.



Al-Falahe, Nagaoka & Vallbo, 1990a,b; Vallbo &
Al-Falahe, 1990).

Spindle activation

The degree of spindle activation increases with the
degree of effort (Vallbo, 1974) and occurs only or
predominantly for spindles in the contracting mus-
cle. Spindles in nearby inactive synergists may be
unloaded (Vallbo, 1973, 1974; Burke et al., 1976b;
Fig. 3.5(e)). Unloading, as in Fig. 3.5(¢e), would not
be expected if reinforcement manoeuvres produced
widespread activation of y motoneurones sufficient
to enhance the muscle spindle discharge from inac-
tive muscles (see above). The discharge of muscle
spindle endings in the contracting muscle declines
during long-lasting contractions by about one-third
over 60 s, even when the presence of increasing EMG
activityindicates some fatigue (Fig.3.7(b), (c); Mace-
field et al., 1991). This indicates that the fusimotor
system has a limited role in compensating for mus-
clefatigue, contraryto early suggestions (e.g. Merton,
1951, 1953).

Concentric and eccentric contractions

The efficacy of y drive in activating spindle end-
ings during a voluntary contraction depends on
whether the contraction produces changesin length,
that shorten or stretch the spindle (Burke, Hagbarth
& Lofstedt, 1978a,b). Shortening (in a ‘concentric’
contraction) will unload spindle endings, and an
increase in spindle discharge will then occur only
in slow contractions or when the contracting mus-
cle is working against a load so that greater effort
is required to perform the same movement. During
unloaded phasic shortening contractions, it is likely
that muscle spindle endings in the contracting mus-
clewill be silenced, and any perceptual or reflex cues
will come from other receptors, particularly spin-
dlesin the antagonist (see Ribot-Ciscar & Roll, 1998).
Spindle endings in the contracting muscle may dis-
charge, but this occurs after the appearance of the
first EMG potentials and before the limb has actually
commenced moving. When a contracting muscle
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is shortening against a load, the discharge pattern
becomes less modulated by the change in muscle
length, and spindle endings may behave less like
length-transducing receptors and more like tension-
transducing organs (Burke, Hagbarth & Lofstedt,
1978b). During an ‘eccentric’ contraction, the spin-
dle discharge is much higher than when the relaxed
muscle is subjected to passive stretch of similar
amplitude and velocity because the fusimotor effects
are potentiated by stretch. More complex responses
are seen with two-dimensional limb movements.
Again, these responses come essentially from the
stretched antagonistic muscles, and they correlate
with the direction of vibration-induced illusions
of movement (Bergenheim, Ribot-Ciscar & Roll,
2000; Roll, Bergenheim & Ribot-Ciscar, 2000). Co-
contractions may involve greater fusimotor drive to
the contracting muscles than occurs during isolated
contractions producing equivalent EMG (Nielsen
etal., 1994).

Primary and secondary spindle endings

‘Dynamic’ and ‘static’ endings, presumably primary
and secondary endings respectively, behave in a
qualitatively similar manner in the different con-
tractions tested: shortening and lengthening con-
tractions, with or without additional load (Burke,
Hagbarth & Lofstedt, 1978b).

Fusimotor activity when reliant on
proprioceptive feedback during standing

When a subject is standing freely on a horizontal
platform, there is little or no EMG activity in the
pretibial muscles, there is a poorly sustained spin-
dle afferent activity, and manoeuvres that increase
the reliance on the proprioceptive feedback do not
significantly alter the fusimotor drive in the absence
of muscle contraction. However, when the receptor-
bearing muscles are activated tonically or phasically
to maintain balance their contraction is accompan-
ied by an increase in fusimotor drive sufficient to
affect spindle discharge (Aniss et al., 1990b).
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Activation of fusimotor neurones during
voluntary effort

Static fusimotor motoneurones

The discharge of both primary and secondary spin-
dle endings increases during voluntary contractions
(Figs. 3.7(b), (c) and 3.5(d), respectively), and this
constitutes evidence that the increase in vy drive
involves v neurones. Further evidence indicating a
vs action consists of an increase in static sensitivity,
a decrease in the dynamic response of primary end-
ings to stretch (though this could be due to a change
in the damping effect of the stiffness of muscle and
tendon), and a loss of the pause in discharge that
primary endings undergo following passive shorten-
ing (Vallbo, 1973, 1974; Vallbo et al, 1979). In addi-
tion, there is an increase in the variability of spindle
discharge, and the appearance of a negative serial
correlation between successive interspike intervals
(Burke, Skuse & Stuart, 1979), something that is a
feature of vy drive (see Matthews & Stein, 1969;
p.127).

Dynamic fusimotor motoneurones

There is some evidence that yq4 drive is increased
in addition to vy, (Kakuda & Nagaoka, 1998). How-
ever, the study compared the dynamic responses to
stretch of spindle endings in relaxed and contracting
muscles. The experiments were well controlled, the
results appear sound, and the conclusions may well
be correct, butitwould be wise to retain areservation
in mind because it is difficult to be certain that spin-
dle endings are subjected to identical stimuli when
the muscle and tendon are stiff and when they are
slack.

Skeleto-fusimotor motoneurones

There is also some evidence that voluntary activity
activates B motoneurones in addition to y motoneu-
rones during wrist extension (Kakuda, Miwa &
Nagaoka, 1998). This finding relied on the use of
spike-triggered averaging to define an EMG potential
closely linked to the afferent spikes, a technique that

had previously yielded negative findings (Gandevia,
Burke & McKeon, 1986a).

Possible role of the fusimotor system
during normal movement

The role of the fusimotor system is still the subject
of debate, and it is likely that its importance in the
moment-to-moment control of movement differs in
the cat and man - in part because of the species dif-
ferences discussed earlier (see pp. 115-16). The view
that some movements can be initiated by first acti-
vating vy efferents is now rejected for both species,
but the extent to which the fusimotor system pro-
vides a necessary support to voluntary contractions
has not been clarified. Microneurography has been
used for ~35 years, but in this time we have learnt a
lot about what the fusimotor system does not do and
relatively little about its essential contribution to the
control of human movement.

Role of afferent feedback
Is movement possible without afferent feedback?

Movement is possible without any afferent feed-
back from the contracting muscle. This has been
demonstrated in patients with large-fibre sensory
neuropathies (Rothwell ez al., 1982; Sanes et al., 1985;
Cole & Sedgwick, 1992; Gordon, Ghilardi & Ghez,
1995; Ghez, Gordon & Ghilardi, 1995) and in exper-
iments in which the activity of « motor axons was
recorded proximal to a complete block of the motor
nerve using local anaesthetic (Gandevia et al., 1990,
1993; Macefield et al., 1993). Subjects were still able
to activate a motor axons directed to acutely dener-
vated muscles and could voluntarily modulate their
firing rates.

Necessity for afferent feedback

However, in the absence of afferent feedback, sub-
jects were unable to maintain a steady discharge of
a motoneurones, and the discharge rates in weak,



moderate and strong contractions were less than
those reached in control experiments on the same
subjects. Clearly, not every aspect of even a simple
unperturbed contraction can be programmed cen-
trally. Afferent feedback is also critical when there
are unexpected disturbances to movement, such that
there is a mismatch between the intended and the
achieved movement. Disturbances to the expected
movement trajectory may be external (due, e.g. to
an obstruction or its release) or internal (due, e.g.
to a glitch in the motor programme, tremor or unex-
pected stiffness of moving parts). Some form of feed-
back is necessary for skilled movement particularly
when in novel circumstances, such as walking over
an uneven terrain.

Which feedback?

The above data do not identify whether the neces-
sary feedback is of cutaneous, muscle or joint (or
even visual) origin. It is likely that the inputs from
all appropriately responding mechanoreceptors are
integrated to provide a consistent view of the pre-
vailing circumstances and that all can play a role
in shaping the compensatory motor response. The
evidence is cogent for cutaneous and muscle affer-
ents, but less convincing for human joint afferents,
which seem to act more as multi-directional stress
detectors: few joint afferents are capable of encoding
joint movement throughout the physiological range
(Burke, Gandevia & Macefield, 1988). Much infor-
mation about the role of different afferent inputs
has come from removing individual afferent cues by
blocking specific nerves or from artificially boosting
the impulse traffic in a selected group of afferents
(e.g. by using vibration to activate muscle spindles).
It is important to remember that these manoeuvres
create an artificial environment and could give a dis-
torted view of the importance of different afferent
inputs. For example, exclusion one by one of the cues
contributing to the control of upright quiet stance
may be compensated for in normal subjects with
a minimal increase in body sway (see Chapter 11,
p. 536). This does not mean that the excluded cues
were not important or that there was redundancy:. It

Motor tasks — physiological implications

137

merely indicates that the nervous system will always
compensate as well as it can before the system breaks
down.

Speculations on the functional role of y drive
in various motor tasks

Accepting that muscle afferent feedback is critical
to normal motor control and to movement-related
sensations, it is still not clear the extent to which it is
important to retain an ability to adjust muscle spin-
dle responsiveness and, in particular, an ability to
make such adjustments independently of the drive
onamotoneurones. Some speculations are therefore
in order.

All movements are learnt

While this book focuses on spinal circuitry and its
role in movement, it should be remembered that
muscle spindles are sensory receptors, that they
project to higher centres including the sensorimo-
tor cortex, and that they contribute significantly to
kinaesthetic sensations. It is likely that the impor-
tance of y drive involves more than its spinal reflex
role. y drive is likely to be critical for the mainten-
ance of a coherent input to the supraspinal cen-
tres involved in formulating and crafting the motor
programme.

Lower-limb muscles

Contractions of lower-limb muscles are usually
weight-bearing and often cyclical, often eccentric.
Normal gait is relatively slow, so that many muscles
undergo slow loaded contractions that may be con-
centric or eccentric. These are circumstances when
the co-activated vy drive can represent a powerful
input to muscle spindle endings (see Chapter 11,
p. 544).

Hand and forearm muscles

The muscles of the hand and forearm are required to
perform discrete manual tasks, while more proximal
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upper-limb muscles have a load-bearing and limb-
positioning function (see Chapter 11, pp. 521-2).
Skilled tasks such as playing the piano involve rapid
essentially unloaded movements in which afferent-
induced changes in motoneurone discharge could
lagfar behind the phase of movement that generated
the feedback. Reflex feedback would have deleteri-
ous effects, unless it was based on prediction rather
than actual performance. It would be sensible if such
movements were performed under feedforward con-
trol, because feedback could be disruptive. Under
these circumstances, the limited efficacy of y drive
in maintaining spindle discharge when movementis
rapid and unloaded is not inappropriate: indeed, for
it to be otherwise could do more harm than good.
Awareness of limb position and movement would
then depend more on the activity in stretched antag-
onistic muscles than in the actively contracting mus-
cles (see p. 135).

Motor learning

When learning a discrete motor task, movements are
slower and often involve co-contraction of antag-
onists to brace the joint. Such contractions are asso-
ciated with an effective increase in+y drive to the con-
tracting muscles, and there is evidence suggesting
even greater fusimotor drive to co-contracting mus-
cles (Nielsen et al., 1994). The feedback from spindle
endings would be important, not only for smooth-
ing the movement trajectory but also for providing
the sensory cues that allow a more refined voluntary
drive. Setting up and maintaining a motor program
depends on detailed information from both the re-
afferent cues activated by the movement and the
spinal circuitry (‘the lower motor centres’) fed by
these cues (see Chapter 11, pp. 530-1).Itisnotunrea-
sonable to postulate that y drive is important in
motor learning. As skill is acquired, its importance
would lessen, in parallel with a change in move-
ment performance that decreases the efficacy of the
v drive. Unfortunately, as mentioned above (p. 133),
attempts by Vallbo’s group to demonstrate that -y
drive plays an important role in the acquisition of
the skill necessary to perform an initially unfamiliar

manual task have been unsuccessful. However, it is
possible that this was due to the difficulty of design-
ing a task that would test the hypothesis but still
allow full control over experimental variables, and
the hypothesis remains attractive.

Cutaneous control of gamma drive

Cutaneous reflex control of y drive is unlikely to play
a significant role in the moment-to-moment control
of cyclical movements because of the extra lags in
the reflex pathway. Cutaneous (and joint) afferent
inputs to y motoneurones are more likely to play a
role in setting the operating level of the system, such
that it is more responsive to changes in supraspinal
drives.

Separate control of y, and y;

That there is separate control of y4 and -y suggests
that the nervous system relies on and can distinguish
between the staticand dynamic components of mus-
cle spindle afferent discharge. As discussed above,
the available evidence for human subjects does not
favour a role for y4 in alerting responses or the pre-
par-zation for movement. It is likely that the role of
v 4 is to maintain the dynamic responsiveness of pri-
mary spindle endings so that they can signal irreg-
ularities in movement, and appropriately adjust the
timing of motor unit discharge when there is a mis-
matchbetween theintended and the achieved move-
ment (see pp. 136-7). However, in human experi-
ments, it is technically difficult to infer vq4 activity
from muscle spindle discharge, and these views must
be advanced with caution. On the other hand, vy
could function to provide an increase in background
discharge and thereby supportive excitation to active
muscles.

Studies in patients and
clinical implications

Four decades ago, it was popularly held that dis-
turbances of muscle tone occurred because of



overactivity of y motoneurones (spasticity, rigidity)
or their underactivity (hypotonia). The basis for these
views has been discussed above, and have been the
subjectofanumber of reviews (e.g. Burke, 1983, 1988;
Van der Meche & Van Gijn, 1986). Intellectually sat-
isfying at the time, the y hypothesis of motor distur-
bance corresponded with the view that some move-
ments could be driven through the fusimotor action,
like a follow-up servo.

Potentially, fusimotor dysfunction in patients with
motor disturbances could include the following.

Increased background fusimotor drive

In spasticity, heightened vy4 drive might result in
tendon jerk hyperreflexia and a spastic increase in
muscle tone, with loss of dexterity because of the
resulting interference with voluntary movement. In
parkinsonianrigidity, heightened v drive might pro-
duce the more plastic increase in tone typical of
rigidity.

Disordered fusimotor activation

In attempts to contract paretic, spastic or rigid mus-
cles, thismightlead to an inappropriate level of spin-
dle activity for EMG (or effort), and thereby to dis-
turbed reflex support to the contraction.

Disinhibited cutaneo-fusimotor reflexes

Reflex disinhibition might lead to a fusimotor con-
tribution to spasms and spasticity, particularly in
spinal patients, in whom these manifestations are
more prominent.

Though the database of spindle recordings from
such patients is restricted, there are cogent argu-
ments against the view that fusimotor dysfunction
drives these motor disturbances. This conclusion is
consistent with other data suggesting that merely
increasing spindle discharge with, e.g. vibration,
does not produce spasticity or rigidity (Matthews,
1976; Burke, 1983).

Studies in patients
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Spasticity

Hemiplegia
Absence of y hyperactivity

Some early recordings based on the timing of spindle
discharge on the falling phase of electrically evoked
twitch contractions led Szumski et al. (1974) to sug-
gest that there was heightened background v 4 activ-
ity in spastic patients. However, it is likely that these
findings were due to changes in the twitch proper-
ties of triceps surae rather than fusimotor action.
Recordings have been made from spindle afferents
in triceps surae of two hemiplegic patients (Hag-
barth, Wallin & Lofstedt, 1973) and in the forearm
extensor muscles of 14 hemiplegic patients (Wilson
et al., 1999a). In neither study was the background
discharge or the response to stretch of spindle end-
ings in relaxed muscles greater than those in con-
trol subjects. In addition, there was no evidence of
‘inappropriate’ spindle behaviour (i.e. changes in
discharge that could not be correlated with a change
in muscle length or the development of EMG in the
receptor-bearing muscles), and there was no evi-
dencethatreinforcement manoeuvres could activate
spindle endings without causing contraction of the
relevant muscle. Most of the patients suffered from
tendon jerk hyperreflexia, with or withoutan obvious
increase in muscle tone, and these findings there-
fore support the view that spasticity occurs through
mechanisms largely independent of the level of v
drive (Chapter 12; see also Burke, 1983, 1988). These
results argue against a contribution of y overactiv-
ity to spasticity. However, it would be imprudent to
discard completely heightened fusimotor excitabil-
ity as a possible contributing factor to spasticity in
stroke patients: (i) only in two patients were triceps
surae afferents studied; (ii) in the upper limb, spas-
ticity is preferentially distributed on forearm flexors,
not extensors (see Chapter 12, pp. 564-5).

Absence of aly co-activation in clonus

Spindle activity has been recorded during ankle
clonus in patients with hemiplegic spasticity
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(Hagbarth etal., 1975c¢). Spindles were activated dur-
ing the stretching phase of the oscillating clonic
movement, and their activation appeared to drive
the next clonic contraction, presumably through the
same spinal pathways that underlie the tendon jerk
reflex. The contraction itself was not accompanied
by spindle activation, though this was seen when
normal subjects made rapid alternating contrac-
tions mimicking clonus (Hagbarth, Wallin & L6fstedt,
1975b). This led Hagbarth and colleagues to suggest
that proprioceptive spinal reflexes do not involve sig-
nificant activation of y motoneurones in addition to
o motoneurones, i.e. that these reflexes constituted
an exception to the principle of a/y co-activation.
This view was supported by similar findings with
the tonic vibration reflex (Burke et al, 1976b), and is
consistent with relatively weak (or absent) excitatory
projections of group Ia afferents onto y motoneu-
rones.

Fusimotor dysfunction probably contributes
little to the motor deficit

A hypothesis of the study of Wilson et al. (1999a)
had been that the corticospinal lesion might disrupt
the balance normally present between the « and y
drives to a voluntarily contracting muscle, but they
found no evidence of greater ease or greater difficulty
in activating spindle endings voluntarily in paretic
muscles. Disappointingly, there was also no evidence
for disinhibition of cutaneous reflex pathways to y
motoneurones.

Spinal spasticity
Reflex activation of y motoneurones

There are, as yet, no published reports of recordings
from spindle endings in patients with spinal spastic-
ity, though intuitively one might expect there to be
disinhibition of reflex pathways acting on y and B
motoneurones, such that normally innocuous stim-
uli such as stroking the skin would cause a height-
ened spindle discharge. If this proved to be the case,
it is possible that the skin, joint, bladder and bowel

complications of paraplegia would result in a steady
afferent input to y motoneurones in such patients,
producing widespread y activity even in the absence
of EMG activity. It remains to be proven whether
heightened y drive contributes to spinal spasticity
and to flexor and extensor spasms.

Possible group II excitation of y motoneurones

In patients with spinal cord lesions, there is evi-
dence that increased group II excitation might be
an important spinal mechanism underlying spas-
ticity (cf. Chapter 12, p. 581). The disinhibition of
pathways mediating group II excitation is proba-
bly due to damage to descending monoaminergic
pathways that gate the transmission of group II
excitation. The absence of a correlation between
the increased electrically-induced group II excita-
tion and the stretch reflex exaggeration could be
because the former does not test the projections of
group Il-activated lumbar propriospinal neurones
to y motoneurones (see Chapter 7, p. 325). Reflex
activation of vy motoneurones because of disinhibi-
tion of group II pathways deserves to be mentioned
separately to disinhibition of cutaneous pathways
to vy motoneurones (cf. above) because the former
would cause positive feedback if the target neurones
were ys.

Parkinson’s disease

The data are particularly sparse for Parkinson’s
disease: multi-unit recordings that have been pre-
sumed to be dominated by muscle spindle activ-
ity (Hagbarth, Hongell & Wallin, 1970; Wallin,
Hongell & Hagbarth, 1973), a subsequent re-analysis
of precisely the same data (Burke, Hagbarth &
Wallin, 1977), and some single-unit recordings dur-
ing parkinsonian tremor (Hagbarth et al., 1975c).

Rigidity
In these recordings, fluctuations in rigidity were
associated with parallel fluctuations in muscle



afferent activity and EMG, but with the latter leading
the former. Voluntary efforts were associated with
the increase in muscle afferent discharge expected
from studies in normal subjects. In other words, there
was no evidence of selective or disproportionate -y
drive to spindle endings in these patients, and no
evidence that the rigidity was driven by enhanced
fusimotor drive. However, as in the case of spasticity,
itwould be imprudent to discard completely the pos-
sibility that fusimotor neurones play arole in parkin-
sonian rigidity. Any enhanced y motoneurone dis-
charge need not result from enhanced descending
drive onto fusimotor neurones: it could also result
from abnormal gating of the transmission of group II
excitation to y motoneurones (see Chapter 12,
p. 584). Clarification of this issue requires detailed
studies under identical conditions of the responses
of single spindle afferents in patients and control
subjects.

Parkinsonian resting tremor

In parkinsonian resting tremor, muscle spindles dis-
charged during two phases: during the shortening
phase of the tremor cycle, with the EMG burst, and
again in the opposite phase of the cycle as the end-
ingswere stretched (Hagbarth et al., 1975c¢). This pat-
tern is similar to that seen with voluntary alternating
movements (Hagbarth, Wallin & Léfstedt, 1975b) but
not clonus (Hagbarth et al., 1975c). Such behaviour
suggests that the supraspinal activity driving the rest-
ing tremor of Parkinson’s disease activates both a and
Y motoneurones.

Conclusions

The sensitivity of the muscle spindle

The muscle spindle is a more sensitive transducer
of changes in muscle length and in the derivatives of
length than could be constructed by humans or fixed
to the limbs of volunteers. This complicates experi-
ments that use muscle spindle activity as a measure
of y efferent drive. Evidence for selective activation
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of y motoneurones should be viewed with an open
mind, scepticism being warranted when the data are
based on only an occasional recording from an affer-
ent that could have been misclassified.

Background v efferent drive to relaxed muscles

There is considerable evidence suggesting that there
is little activity in static y motoneurones innervating
resting muscles and, if there is any, it is insufficient
to alter muscle spindle discharge materially. The
tendon jerk does not require that spindle endings
be sensitised by yq drive to be sufficiently respon-
sive that percussion evokes a tendon jerk. Regardless
of whether reinforcement manoeuvres can activate
some y 4 motoneurones, the reflex potentiation pro-
duced by the Jendrassik manoeuvre or in response
to some other alerting stimulus is not mediated by
selective activation of y4 motoneurones.

v efferent activation by corticospinal drives

Corticospinal drives, whether associated with vol-
untary effort or produced by transcranial magnetic
or electrical stimulation of the motor cortex, can
increase the discharge of spindle endings due, pri-
marily, to activation of y motoneurones (butalso due
to activation of B motoneurones), largely in paral-
lel with « motoneurones. In voluntary contractions,
the spindle activation parallels the effort put into the
contraction, and an effective increase in y drive is
directed only to the contracting muscle. The increase
in+y drive is translated into an enhanced spindle dis-
charge when the contraction is near-isometric. The
v drive is even more effective when the contracting
muscle islengthening, and is much less so if the mus-
cleisshortening. Increased spindle feedback accom-
panies shortening contractions only when the con-
tractions are relatively slow or the muscle is working
against a load. There will probably be little increase
in spindle feedback from the contracting muscle in
unloaded rapid shortening movements, i.e. proprio-
ceptive cues probably then come from the stretched
antagonists.
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v efferent activity in patients with
motor disturbances

There are few studies in patients, but these do not
support the view that an abnormality of y motoneu-
rone activity is the primary disturbance responsible
for the clinical manifestations. This leads to the con-
clusion that, if there is an abnormality of fusimo-
tor function in patients, it is unlikely to represent a
causal association.

Résumé

Background from animal experiments

The number of spindles in different muscles varies
from <50 for intrinsic muscles of the hand to >1000
for quadriceps femoris, but the density is higher
in the former. Muscle spindles contain modified
muscle fibres (intrafusal fibres). The bag; intrafusal
fibre is innervated by dynamic fusimotor (y4) axons,
and the bag, and chain fibres by static fusimotor
(vs) axons. There are two types of sensory endings:
primary endings wrap around both the bag and
chain fibres, and are sensitive to both the static and
dynamic components of muscle stretch and to high-
frequency vibration; secondary endings are located
on chain fibres and the static bag, fibre, are sensi-
tive to the static component of stretch, are less sen-
sitive to the dynamic component of stretch, and are
much less sensitive to vibration. The primary end-
ing gives rise to a single large group Ia afferent, while
the secondary endings give rise to several group II
afferent axons per spindle. The properties of the bag,
fibre largely determine both the background firing
rate of Ia afferents and the dynamic response to
stretch of passive spindles. The fusimotor-induced
enhancement of the resting dynamic responsiveness
depends on activation of bag, fibre. The static and
dynamic sensitivity of muscle spindle primary end-
ings can be controlled independently by v and vy,
respectively. There are different supraspinal projec-
tions onto a« and y motoneurones, but there are also

striking parallels, and this led to the suggestion that
voluntary movement involved an a-+y linkage (or co-
activation), a suggestion supported by microneu-
rographic studies. B (skeleto-fusimotor) efferents
innervate both intra- and extra-fusal muscle fibres.

Methodology

Discredited methods

(i) There is now substantial evidence against the
view that comparisons of the Hreflexand tendon jerk
can be used to provide a reliable measure of fusimo-
tor activity. While the tendon jerk and the H reflex
are both dependent on the monosynaptic excitation
from homonymousIa afferents, the H reflexbypasses
the muscle spindle while the tendon jerk does not.
However, the two reflexes differ in so many other
respects that comparison of them as a measure of
fusimotor function is invalid.

(i) Local anaesthetic nerve blocks: because of
the large size of human nerves, diffusion of local
anaesthetic through perineural and fascicular tis-
sues results in non-selective effects because of
involvement of closer rather than smaller axons.
Microneurographic studies have shown that anaes-
thetic blocks are extremely difficult to control and
cannot be used as a technique for selective denerva-
tion of muscle spindles.

Acceptable methods

(i) Microneurography is the most reliable tech-
nique for determining the level of fusimotor activity.
The microelectrode is inserted manually through the
skin into the peripheral nerve trunk. When the tip is
within an appropriate fascicle, tapping on the appro-
priate muscle tendon will activate mechanorecep-
tors, and auditory feedback is then used to make fur-
ther small adjustments of the electrode to bring the
desired neural activity into focus. Criteria to iden-
tify spindle endings and Golgi tendon organs
include the response to a twitch contraction of the



receptor-bearing muscle, the presence or absence
of background activity, the regularity of any back-
ground discharge, behaviour during voluntary
contractions and on abrupt relaxation, and the
responses to stretch and vibration. There is a bias
in microneurographic recordings towards axons that
are large and have a background discharge. Muscle
spindle endings are extremely sensitive to minute
perturbations. Small disturbance to the spindle’s
environment within the muscle may notbe apparent
to inspection. EMG electrodes and force and length
transducers must be used to be certain that the
receptor-bearing muscle is truly relaxed when seek-
ing evidence for selective activation of y motoneu-
rones.

(ii) Studies that exploit the thixotropic properties
of intrafusal fibres. In human subjects, voluntary
activity can produce long-lasting enhancements in
spindle discharge. These changes may persist long
after the contraction and are due to the thixotropic
properties of the intrafusal fibres that contracted
under vy drive during the voluntary contraction. This
behaviour can be exploited to study fusimotor action
in human subjects indirectly. The thixotropic prop-
erties of intrafusal muscle fibres can distort spindle
discharge and must be considered when interpret-
ing unexpected changes in spindle discharge, reflex
behaviour or perception.

Critique of the tests to study
fusimotor drive

Microneurography

Conclusions about fusimotor activity from record-
ings of muscle spindle discharge are valid only
if all disturbances to the spindle are rigidly con-
trolled, and this is rarely possible in human subjects;
the identification of an axonal recording must be
beyond dispute, particularly when the conclusions
are based on only a couple of ‘positive’ findings from
alarger sample; the movement repertoire that can be
studied is quite limited; the technique is traumatic
and technically demanding.

Résumé
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Studies of intrafusal thixotropy

These studies can allow stronger contractions to
be assessed and can be of value in patients for
assessing fusimotor activity. However, the tech-
nique is indirect, and a complicating factor is that
extrafusal muscle fibres also display thixotropic
behaviour.

Organisation and pattern of connections

Background fusimotor drive

Human spindle endings behave as if passive recep-
tors without static fusimotor drive in the relaxed
state. There may be some background v4 activity.
Firing rates are much lower and responses to stretch
smallerthaninthecat, and theregularity of discharge
is similar to that of de-efferented feline endings. In
addition, de-efferenting spindles does not alter the
muscle spindle behaviour. This suggests a very low
level of vy drive, insufficient to affect spindle dis-
charge materially. In addition, the responses to mus-
cle stretch or to tendon percussion do not change
in relaxed muscle when subjects perform reinforce-
ment manoeuvres, are provided with alerting stim-
uli or anticipate the need to contract the test muscle,
provided that the receptor-bearing muscle remains
relaxed.

Effects of cutaneous afferents on
fusimotor neurones

Evidence for reflex activation of y motoneurones has
been found for human lower limb muscles, but only
when subjects were standing without support. This
finding suggests that fusimotor reflexes may be task-
dependent, active when performing an appropriate
motor task. In the relaxed forearm extensor muscles,
such reflexes may be active even at rest. There may
be some background v 4 drive to the resting forearm
muscles.
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Corticospinal volleys

Single transcranial magnetic or electrical stimuli can
alter the discharge of muscles spindles, presumably
through effects on y and probably 8 motoneurones.
However, an effective y discharge cannot be gener-
ated without discharging « motoneurones and pro-
ducing EMG activity in the test muscle.

Effects of muscle vibration on
human mechanoreceptors

When applied transversely to a muscle tendon of an
intact subject, vibration is usually not selective for
muscle spindle primary endings in the vibrated mus-
cle. The majority of human primary endings respond
vigorously to tendon vibration, though often at sub-
harmonics of the vibration frequency, particularly
if the amplitude of vibration is small. Human sec-
ondary endings may respond to vibration, discharg-
ing at high subharmonics of the vibration frequency.
Some tendon organs can respond to tendon vibra-
tion in relaxed muscles and many probably do
so during voluntary contractions. Most cutaneous
mechanoreceptors respond to vibration, and it is
probable that Ruffini endings in joints do so as well.
Like any mechanical stimulus, vibration of a tendon
will spread widely through bone, exciting receptors
in skin, muscles, fascia and joints remote from the
site of vibration. In contracting muscles, fusimotor
drive can enhance the spindle response to vibration,
but the contraction itself may unload the ending and
thereby decrease the spindle discharge.

Motor tasks and physiological
implications

Reinforcement of tendon jerks by remote
muscle contraction

Performance of the Jendrassik manoeuvre poten-
tiates tendon jerks in uninvolved non-contracting
muscles, but there is now cogent evidence that this
is not due to widespread activation of y4 motoneu-
rones. There are central changes in the gain of the

tendon jerk, changes which, together with the fact
that the H reflex is also potentiated by the manoeu-
vre, indicate that the reflex enhancement involves
central processes.

Effects of voluntary effort on fusimotor drive
to the contracting muscle

(i) Deliberate voluntary contractions increase the
discharge of primary and secondary spindle end-
ings due, at least in part, to the activation of vy
motoneurones. This afferent inflow has an overall
autogenetic excitatory effect at spinal level and con-
tributes to maintaining the firing of « motoneurones.
It increases with the degree of effort but only or pre-
dominantly for spindles in the contracting muscle. It
hasalimited rolein compensating for muscle fatigue.

(i) The increase in spindle discharge follows
the appearance of EMG in the contracting muscle.
Attempts to produce consistent spindle activation in
advance of EMG by, e.g. providing a warning cue, by
using biofeedback training or in learning paradigms,
have been unsuccessful.

(iii) The efficacy of y drive in activating spindle
endings depends on whether the contraction pro-
duces changes in length of the spindle. Shortening
(asinaconcentric contraction) unloads spindle end-
ings, and anincreasein spindle discharge occurs only
inslow contractions orwhen greater effortisrequired
to perform the same movement. There will probably
be little increase in spindle feedback from the con-
tracting muscle in unloaded rapid shortening move-
ments and it is then likely that proprioceptive cues
come from stretched antagonists. Stretching a con-
tracting muscle (an eccentric contraction) greatly
enhances any fusimotor effect on spindle discharge.
There is some evidence that voluntary activity acti-
vates B motoneurones in addition to y motoneu-
rones, and that yq4 drive is increased in addition
to ys.

(iv) The exact role of the fusimotor system in nor-
mal motor control remains speculative. However, it
is possible that the y-driven feedback from muscle
spindles plays an important role in learning motor
tasks.



Changes in fusimotor activity in patients

There are cogent arguments against the view that
fusimotor dysfunction drives motor disturbances,
but the database of spindle recordings from patients
is restricted.

Spasticity

No abnormal spindle behaviour could be identified
for spindle afferents from triceps surae and the fore-
arm extensor muscles of patients with hemiplegia.
These findings support the view that spasticity in
stroke patients occurs through mechanisms largely
independent of the level of y drive. During ankle
clonus, spindles are activated during the stretching
phase of the oscillating clonic movement, and their
activation drives the next clonic contraction. This
suggests that spinal proprioceptive reflexes do not
involve significant activation of y motoneurones in
addition to « motoneurones, i.e. that these reflexes
arean exceptionto the principle ofa/v co-activation.
There are, as yet, no published reports of recordings
from spindle endings in patients with spinal spas-
ticity, but the possibility exists that reflex activation
of y motoneurones by, e.g. cutaneous afferents and
group II muscle afferents, contributes to the reflex
disturbances of these patients.

Parkinson’s disease

The data consist of multi-unit recordings, presumed
tobe dominated by muscle spindle activity and some
single-unit recordings during parkinsonian tremor.
These have revealed no evidence of selective or dis-
proportionately increased y drive in these patients,
but the question needs to be addressed quantita-
tively using a large number of single unit record-
ings from identified afferents. In parkinsonian rest-
ing tremor, spindle discharge occurs in two phases:
during the shortening phase of the tremor cycle,
with the EMG burst, and again as the endings were
stretched, a pattern similar to that seen with volun-
tary alternating movements but not clonus.
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Recurrent inhibition

Recurrent inhibition was the first spinal pathway
identified, and there was detailed knowledge of its
morphology, physiology and pharmacology from
animal experiments well before other spinal path-
ways could be investigated. After reciprocal Ia inhi-
bition, the recurrent pathway was the first pathway
for which a reliable selective method of investiga-
tion became available for use in human subjects.
This is due to the simplicity of its organisation and
to its unique feature of being activated by the final
motor output rather than by a special afferent input.
Human experiments have helped understand what
could be the functional role of this form of neg-
ative feedback, but its exact function(s) remain(s)
debated.

Background from
animal experiments

Initial findings

Renshaw (1941) demonstrated that, in animals
with dorsal roots sectioned, antidromic impulses in
motor axons could evoke ashort-latencylong-lasting
inhibition of the monosynaptic reflex in homony-
mous and synergistic motoneurones. The inhibition
depends on motor axon recurrent collaterals activa-
ting interneurones, that have been called Renshaw
cells, the discharge of which inhibits motoneu-
rones (Eccles, Fatt & Koketsu, 1954). The following
description of the recurrent pathway in the cat (see

Fig. 4.1) is based on a comprehensive review by
Baldissera, Hultborn & Illert (1981), and emphasis is
placed on data that can enlighten studies in human
subjects.

General features

Morphology

Renshaw cells are funicular cells located ventrally
in lamina VII, medial to motoneurones (near their
emergent axons), with axons that enter the spinal
white matter to project over distances >12 mm ros-
trally or caudally (Jankowska & Lindstrém, 1971).

The organisation of the disynaptic
recurrent pathway

Some relevant connections are sketched in Fig. 4.1:
motor axons give off recurrent collaterals activating
Renshaw cells, which have inhibitory projections to
homonymous and synergistic motoneurones.

Pharmacology

Recurrent collaterals excite Renshaw cells using
acetylcholine as the transmitter, much as do moto-
neurone terminals at the neuromuscular junction
(Eccles, Fatt & Koketsu, 1954). This characteristic
provides the unique possibility in human studies
of studying transmission through the pathway by
altering it pharmacologically.
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Fig. 4.1. Wiring diagram of the connections of the recurrent
inhibitory pathway in the cat. In this and subsequent figures,
excitatory synapses are represented by Y-shape bars, inhibitory
synapses by small filled circles, and inhibitory interneurones
by larger filled circles. Renshaw cells, their axons and their
inhibitory projections are in grey. An individual Renshaw

cell activated by the recurrent collateral from an extensor
motoneurone (MN) has inhibitory projections to
motoneurones of this pool (and MNs of synergistic muscles,
not represented), on y MNs of the same muscle(s), on Ia
inhibitory interneurones which are activated by Ia afferents
from the extensor muscle and inhibit antagonistic flexor MNs,
and on Renshaw cells activated from flexor MNs. Group II
afferents inhibit Renshaw cells disynaptically. Descending
tracts elicit both excitation and inhibition of Renshaw cells.
There is the same transmitter, acetylcholine (Ach), at the
neuromuscular junction and at the synapse between recurrent
collaterals and Renshaw cells. From data in Baldissera,
Hultborn & Illert (1981).

Electrophysiology

Asinglevolley in « motor axons produces a repetitive
discharge of Renshaw cells, due to a prolonged EPSP
from the recurrent collaterals. Accordingly, the max-
imal recurrent IPSP in motoneurones from a given
heteronymous nerve (i.e. that elicited by antidromic
stimulation of all motor axons in the nerve) has a
central latency of slightly more than 1 ms (disynaptic
pathway), reaches its maximum 5 ms after its onset,

and has a total duration of ~40 ms (Eccles, Fatt &
Koketsu, 1954).

Strength of recurrent inhibition

Conlflicting results have been reported. Lindsay &
Binder (1991) found a very low gain, which con-
tradicted older results (Granit & Renkin, 1961). In
reviewing the function of the recurrent pathway,
Windhorst (1996) proposed that the gain of recur-
rent inhibition: (i) may be low, albeit alterable;
(ii) does not need to be high to have signifi-
cant effects; (iii) depends on the relative location
on the motoneurone dendritic tree of Renshaw
cell synapses and of excitatory synapses that they
‘oppose’ (the depressive effect being greater in cases
of extensive overlap; see Hultborn et al., 2003).

Input-output relationship

Inindividual Renshaw cells the relationship between
the amount of injected current and the number of
spikes produced by the cell is sigmoid (Hultborn &
Pierrot-Deseilligny, 1979b). The output from the
Renshaw cell pool caused by a phasic motor volley
may be therefore facilitated when Renshaw cells
receive a tonic excitatory input sufficient to move
them to the steeply rising phase of the input-output
relationship.

Input to Renshaw cells

Input from o motoneurones

In the cat hindlimb, recurrent collaterals are always
given off by motoneurones innervating ankle and
knee muscles but are absent from motoneurones
of short plantar foot muscles (Cullheim & Kellerth,
1978). Similarly, recurrent collaterals are absent from
motoneurones of long digit extensors in the cat
forelimb (Horner, Illert & Kiimmel, 1991). Motor
axon collaterals spread a distance of less than
1 mm from their parent cell body, so that excitation
of a given Renshaw cell can be obtained only from



motor nuclei located in the immediate neighbour-
hood (Cullheim & Kellerth, 1978). Each individual
Renshaw cell is excited by axon collaterals of many
motoneurones, as evidenced both by their smoothly
growing response to increasing intensity of stimu-
lation of individual nerves and by their excitation
from several nerves (Eccles, Fatt & Koketsu, 1954;
Eccles etal., 1961b). Renshaw cells are excited mainly
by motoneurones of synergistic muscles and not by
those of strict antagonists, and this indicates that
convergence onto Renshaw cells is based, not only
on proximity, but also on functional factors. This
holds true also in the baboon hindlimb (Hultborn,
Jankowska & Lindstrém, unpublished data, cited by
Baldissera, Hultborn & Illert, 1981). It has long been
believed that Renshaw cells were preferentially acti-
vated from large motoneurones (fast-twitch fatigue-
sensitive motor units) (Eccles etal., 1961a). However,
because of the small force contribution of the earli-
est recruited units, the excitatory drive on Renshaw
cells from motoneurones increases linearly with the
developed force (Hultborn et al., 1988a).

Segmental afferents

Apart from the excitation produced by motoneurone
discharges, polysynaptic excitation of Renshaw cells
may occur after stimulation of cutaneous afferents
(Ryall & Piercey, 1971) and ipsilateral group II and III
muscle afferents (Piercey & Goldfarb, 1974). There
arealso inhibitoryinputs to Renshaw cells from cuta-
neous and group II afferents (Wilson, Talbot & Kato,
1964; Fromm, Haase & Wolf, 1977).

Descending inputs

There is ample evidence that Renshaw cells may be
facilitated or inhibited, independently of an alter-
ation in motoneurone discharge by stimulation of
various higher centres (cerebral cortex, internal cap-
sule, red nucleus, cerebellum, reticular formation
and thalamus; for references, see Baldissera, Hult-
born & Illert, 1981). For instance, stimulation of the
internal capsule increases the monosynaptic reflex
discharge and decreases the resulting Renshaw cell
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activity, thus de-coupling Renshaw cells from their
input motoneurones (Koehler et al., 1978).

Projections of Renshaw cells

Projections to « motoneurones

Following activation of the motoneurones of a given
muscle, recurrent inhibition is evoked in anumber of
motor nuclei. The largest recurrent IPSPs are found
in homonymous motoneurones, but many other
motoneurones are also strongly inhibited (Eccles,
Fatt & Koketsu, 1954; Eccles et al, 1961b). This
heteronymous recurrent inhibition is distributed to
motoneurones of synergistic muscles acting at the
same joint or even at another joint, and there is
a striking overlap between the distribution of Ren-
shaw inhibition and monosynaptic Ia excitation
(Hultborn, Jankowska & Lindstrém, 1971b). How-
ever, there may be little or no recurrent inhibition
to motor nuclei receiving strong Ia excitation (e.g.
the distal forelimb muscles; Illert & Wietelmann,
1989) and recurrent inhibition may occur without
Ia excitation (e.g. phrenic motoneurones; Lipski,
Fyffe & Jodkowski, 1985). Thus, the ‘rules’ underly-
ing the distribution of Ia excitation and recurrent
inhibition are basically independent, even though
they are often convergent (Hultborn, 1989). It has
long been believed that small motoneurones (slow-
twitch fatigue-resistant motor units) were subject to
stronger recurrent inhibition than large motoneu-
rones (Granit, Pascoe & Steg, 1957). However, the
differences in the output from Renshaw cells, meas-
ured as recurrent inhibitory current elicited in
different motoneurone types close to their firing
threshold, disappear (Hultborn, Katz & Mackel,
1988b).

Projections to y motoneurones

Both vs and yg motoneurones receive recurrent inhi-
bition from o motoneurones. Recurrent inhibition is
less potent and less evenly distributed in y than in «
motoneurones of the same motor nucleus (Ellaway,
1971; Ellaway & Murphy, 1980).



154

Recurrent inhibition

Ia inhibitory interneurones

Renshaw cells inhibit the interneurones mediating
disynaptic reciprocal Ia inhibition to o« motoneu-
rones antagonistic to those giving off the recurrent
collaterals that excite them (Hultborn, Jankowska &
Lindstrém, 1971a). « motoneurones and ‘corre-
sponding’ Ia interneurones (i.e. those with the same
Ia excitatory input, see Fig. 4.1) receive recurrent
inhibition in a strictly parallel fashion. This inhi-
bition of Ia interneurones is responsible for recur-
rent facilitation (i.e. the facilitation elicited in antag-
onistic motoneurones by motor discharges), which
was described by Renshaw (1941), operates predom-
inantly between antagonists, and is due to inhibition
of tonically active la interneurones (Hultborn et al.,
1971c¢).

Other Renshaw cells

Renshaw cells also inhibit other Renshaw cells quite
efficiently (Ryall, 1970). The principal pattern of
mutual inhibition appears to be such that Ren-
shaw cells excited by extensors strongly inhibit those
excited by flexors (see Fig. 4.1) and vice versa (Ryall,
1981).

Ventral spinocerebellar tract

Finally, Renshaw cells have inhibitory projections to
the cells of origin of the ventral spinocerebellar tract
(VSCT, cf. Baldissera, Hultborn & Illert, 1981).

Conclusions

Hypotheses about the role of the recurrent path-
way have centred around four themes: ‘(i) con-
trol of the spatial pattern of motoneuronal activ-
ity (stretching from theories of a «sharpening>> of
motor contrast to the hypothesis that the particu-
lar distribution of recurrent inhibition may support
specific «synergic> motor patterns; (ii) control of
the temporal pattern (e.g. synchronisation, suppres-
sion of oscillations, change of dynamic properties of

motoneurones); (iii) control of the relative activity
of slow and fast units; (iv) proposal that the Ren-
shaw system functions as a variable gain regulator at
the output level’ (Hultborn, 1989; cf. p. 179). So far,
the functional role of recurrent inhibition remains
unknown, and it is possible that it varies with motor
tasks (see Windhorst, 1996).

Methodology

Using homonymous antidromic motor
volleys is a flawed technique in humans

Presumed recurrent effects

Taking advantage of the fact that very brief (50 ps)
stimuli favour motor axons over Ia afferents (see
Paillard, 1955; Chapter 1, p. 6), Veale & Rees (1973)
conditioned the soleus H reflex by a brief stimu-
lus evoking a pure M wave. This produced triphasic
modulation of the test reflex with early inhibition at
interstimulus intervals (ISIs) of 2-3 ms, facilitation
peaking at 5-8 ms, followed by further inhibition. It
was claimed that these changes were due to recur-
rent effects elicited by the antidromic motor volley:
recurrent inhibition on which a phase of recurrent
facilitation due to mutual inhibition of Renshaw cells
would be superimposed.

This interpretation is erroneous

(i) A similar curve can be obtained using a condi-
tioning stimulus of 50 ps duration subthreshold for a
motor response, whether H or M, due to excitation of
Ia afferents (Pierrot-Deseilligny & Morin, 1980). The
afferentsin the testvolleywould berefractoryatshort
ISIs of 2-3 ms and supernormal at slightly longer ISIs
of 5-8 ms (see Chapter 1, p. 11; Fig. 1.5(b)). In addi-
tion, the conditioning Ia volley would create sublim-
inal excitation in the motoneurone pool, explaining
the phase of excitation. The absence of an H-reflex
response does not indicate the absence of activation
of Ia afferents: it takes only one motor axon to pro-
duce adetectable Mwave, but manyIa afferents must



be activated for there to be a reflex response. In this
respect, the threshold for the H response elicited by
such brief stimuli (50 ws) may be higher than the
threshold for the M wave butitis close to it (see Veale,
Rees & Mark, 1973, their Fig. 4.2(a)).

(i) In the cat, recurrent facilitation is observed
between antagonistic motoneurones, never between
homonymous or synergistic motoneurones (Hult-
bornetal., 1971c).

Other issues with stimuli >1 x MT

Using an antidromic motor discharge to activate
Renshaw cells has been extensively used in exper-
iments on animals with dorsal roots sectioned, but
cannot be achieved in intact human subjects with-
out extreme care (see p. 168). When the dorsal roots
are intact, it is impossible to elicit an antidromic
motor volley without producing two complicating
factors: (i) an orthodromic group I volley, the effects
of which may interfere with recurrent inhibition (see
above); and (ii) a complex afferent discharge evoked
by the muscle twitch due to the orthodromic motor
volley.

The paired H reflex technique
to investigate homonymous
recurrent inhibition

Underlying principles

The paired H reflex technique relies on a colli-
sion in motor axons, and is an attempt to bypass
the difficulties of studying homonymous recurrent
inhibition when dorsal roots are intact (see below
for details, and Pierrot-Deseilligny & Bussel, 1975;
Bussel & Pierrot-Deseilligny, 1977).

(i) Renshaw cells are activated orthodromically by
a conditioning monosynaptic reflex discharge, but a
collision in motor axons prevents the conditioning
reflex from reaching the muscle, and producing a
twitch-induced afferent discharge.

(ii) The test reflex cannot be an ordinary H reflex,
because motoneurones that discharged in the con-
ditioning reflex undergo post-spike afterhyperpolar-

Methodology

155

isation (AHP), while those that did not will be sub-
liminally excited. Because of this, a second (test) H
reflex will recruit predominantly the latter (Pierrot-
Deseilligny er al., 1976). The larger the conditioning
reflex, the smaller will be the test reflex, independent
of recurrent inhibition. The particular technique of
collision used to test recurrent inhibition creates a
homogeneous population of motoneurones avail-
able for assessment by the test reflex. Only those
motoneurones that discharged in the conditioning
reflex (and have undergone the AHP) can be involved
in the test reflex (see below).

(iii) Long conditioning-test intervals (>10 ms)
prevent Ib inhibition evoked by the conditioning
volley from contaminating the recurrent inhibition
(Pierrot-Deseilligny, Katz & Morin, 1979; Chapter 6,
p. 255).

Conditioning and test reflexes

The method was originally described for soleus. The
conditioningand teststimuliare delivered to the pos-
terior tibial nerve through the same unipolar elec-
trode. As sketched in Fig. 4.2(a), the Ia volley elicited
by the conditioning stimulus (S1) discharges a group
of motoneurones (motoneurones ‘X’ and ‘Y’) to pro-
duce the conditioning reflex (Fig. 4.2(e)), hereafter
referred to as H1. This reflex volley activates Ren-
shaw cells orthodromically via recurrent collaterals.
The test stimulus (SM) is supramaximal for a-motor
axons and, when given by itself, is not followed by
a reflex response in the EMG (Fig. 4.2(f)), because
of collision between the antidromic volley set up in
motor axons and the reflex discharge (cf. Chapter 1,
p- 7 and the sketch of Fig. 4.2(Db)). Providing that
the ISI is appropriate, the H1 conditioning reflex
discharge will collide with this antidromic « volley
(Fig. 4.2(c)) and eliminate it in the corresponding
motor axons (axons ‘X’ and ‘Y’) so that the H’ test
reflex due to the supramaximal test stimulus can now
pass (cf. axon X’ in Fig. 4.2(d)) and appear in the
EMG (Fig. 4.2(g)). Thus, the population of motoneu-
rones responsible for the H' test reflex evoked by SM
is homogeneous, because all of them have already
discharged in the H1 conditioning reflex. As a result,
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response due to SM (H’) can appear in the EMG in (g). However, due to recurrent inhibition brought about by the H1 reflex
discharge, the strong Ia volley due to SM cannot fire MN ‘Y’ ((¢), (d)), and H' is smaller than H1. Because MN ‘Z’ is not involved in
the conditioning reflex, it cannot be assessed by the test reflex (see p. 161). (k) H1 (O) and the corresponding M wave (x) elicited by
S1, and H' (®, when SM is preceded by S1 by 10 ms), expressed as a percentage of M.y, are plotted against the logarithm of the S1
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(i) they all undergo the post-spike AHP, and (ii) the
action potential has eliminated the underlying EPSP
evoked in these motoneurones by the conditioning
Ia volley (Coombs, Eccles & Fatt, 1955b). The H’ test
reflex can, at most, be equal to H1, and the ampli-
tude of H1 can be considered the unconditioned
value of the H' test reflex. Because of the collision,
H1 does not appear in the EMG when followed by
SM (arrow in Fig. 4.2(g)), and it is necessary to alter-
nate the combined S1-SM stimulation and the S1
conditioning stimulus alone to measure it. Several
characteristics of H' show that it is not an F wave:
(i) very stable latency, (ii) large amplitude (up to 40%
of Mnax), which contrasts with the small size of F
waves in soleus (Chapter 1, p. 23), (iii) strong depres-
sion produced by post-activation depression at the Ia
afferent-motoneurone synapse when the frequency
of stimulation is increased or the response condi-
tioned by vibration (Pierrot-Deseilligny et al., 1976).

Evidence for recurrent inhibition

Inhibition of the test reflex after the
conditioning discharge

Initially the H’ test reflex increases as the stimulus
intensity for the H1 conditioning reflex increases.
Thenincreasingthe size of the H1 conditioning reflex
results in a decrease in the amplitude of the H’
reflex (Fig. 4.2(h)). Accordingly, at low conditioning
reflex amplitudes H' equals (or nearly equals) H1,
i.e. the motoneurones recruitable into the test reflex
are those in whose motor axons collision has elimi-
nated the antidromic impulses. As the H1 condition-
ing reflex continues to increase, there is a gradual
decrease in the amplitude of H'. Three factors could
contribute to the decrease: (i) activation of a larger
number of group I afferent fibres producing non-
reciprocal group I (Ib) inhibition of soleus motoneu-
rones and/or presynaptic inhibition of Ia terminals;
(ii) post-spike AHP of motoneurones, preventing the
less excitable motoneurones from being recruited
by the test volley (Coombs, Eccles & Fatt, 1955a); and
(iii) increasing recurrent inhibition brought about by
the increasingly large conditioning reflex discharge.
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Reflex inhibition is related to the size of the
conditioning reflex discharge

Non-reciprocal group I inhibition should have sub-
sided by the 9-ms IST and cannot account for the test
reflex inhibition illustrated in Fig. 4.2(/), which was
recorded at a 10 ms ISI (see Chapter 6, p. 255). In
addition, the increase in the inhibition of the H’' test
reflex is not related to the intensity of S1, i.e. not to
the number of afferent fibres per se, but to the H1
motor discharge they evoke. This was demonstrated
by facilitating the conditioning reflex either by sti-
mulation of a remote nerve (superficial radial) or by
a soleus stretch (cf. Fig. 4.3(c)-(e), and its legend).
When theamplitude of H' is plotted against the inten-
sity of the S1 conditioning stimulus, for a given inten-
sity of S1, activating a fixed number of afferent fibres,
the H' test reflex amplitude is smaller when the con-
ditioning reflex is facilitated than in the control situ-
ation (Fig. 4.3(d)). This indicates that the inhibition
of H' is a function of the number of motoneurones
involved in the H1 conditioning discharge. Accord-
ingly, when the amplitude of H' is plotted against
that of the corresponding conditioning reflex, for
each given amplitude of H1, the test reflex ampli-
tude is identical whether the conditioning reflex is
facilitated or not (Fig. 4.3(e)).

Possible role of AHP

The above findings indicate that the amplitude of
the H' test reflex is related only to the amplitude of
the conditioning reflex discharge. The ‘bell-shaped’
curve in Fig. 4.2(i) shows the variations of the H' test
reflex expressed as a percentage of M.y (hereafter
referred to as the ‘absolute’ size of H') vs that of H1.
The dotted oblique line represents the curve which
would be obtained if H' equalled H1. Values below
this theoretical curve indicate a depression of H' with
respect to H1. This depression could be explained in
terms of differences in susceptibility to the Ia test
volley of the different motoneurones (early and late
recruited) undergoing the AHP. As long as the H1
conditioning reflex is small, motoneurones which
are the most sensitive to the Ia input are recruited
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(see Chapter 1, pp. 3—4), and the SM test volley, which
activates all Ia fibres, can overcome the AHP in them.
H’ will then equal H1. Further increases in H1 will
recruit motoneurones that are less sensitive to the Ia
input. It is conceivable that, in these motoneurones,
the AHP cannot be overcome by the test volley, and
would therefore prevent them from firing in the test
reflex. This is one reason why the test reflex does
notfollow the conditioningreflex athigh amplitudes.
However, if the AHP were acting alone to suppress H’
(i.e.if there was no recurrent inhibition), there would
be at most a fixed limit to the number of motoneu-
rones available for the test reflex. As aresult, increas-
ing the conditioning reflex beyond a certain value
(20% of Mmax in the case illustrated in Fig. 4.2(i))
would result in a fixed number of motoneurones
that SM could discharge, and this would produce
a ‘plateau’ in the absolute size of H'. However, this
could not produce the characteristic ‘bell-shaped’
pattern seen in Fig. 4.2(i), where the H" amplitude
having reached its maximum gradually decreases as
HI increases.

Decrease in the absolute size of H'

The decrease in the absolute size of H' implies
increasing failure of motoneurone recruitment, as
Renshaw cell activation increases with the size of the
conditioning reflex discharge.

Under these conditions, the extent of inhibition of
H’ between the dotted oblique line and the plateau
in Fig. 4.2(7) represents the maximal inhibition pos-
sible due to the AHP alone. Accordingly, in intrin-
sic muscles of the hand and foot, where there is no
homonymous recurrent inhibition, there is no decay
phase of the H' test reflex (see p. 169).

Time course of recurrent inhibition

In order to ensure collision between the conditioning
reflex and the antidromic test volley, the ISI between
S1 and SM must be adjusted so that the S1-induced
reflex volley does not reach the site of peripheral
stimulation before SM is delivered: thus, the maxi-
malISTthat can be used depends on the length of the
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conduction paths, the extreme values found being
21 ms for a subject 1.56 m tall, and 33 ms for a sub-
ject 1.98 m tall (Pierrot-Deseilligny et al., 1976). For
each S1-SM IS], the ratio of the test reflex ampli-
tudes obtained in the two conditions, with and with-
out facilitation of H1 (e.g. Y as a percentage of Vin
Fig. 4.3(d)), can be used to estimate the supplemen-
tary recurrent inhibition brought about by facilita-
tion of the conditioning reflex: the smaller the ratio,
the larger the supplementary recurrent inhibition.
Supplementary recurrent inhibition is maximal at
the shortest ISI explored (6 ms), and progressively
decreases at longer ISIs (Fig. 4.3(b)), much as does
recurrentinhibition assessed by the size of amonosy-
naptic reflexin animal experiments (Renshaw, 1941).

Validation
Animal experiments

Some assumptions on which the method relies
have been tested in animal experiments (Hultborn,
Pierrot-Deseilligny & Wigstrom, 1979b).

(i) There is a linear increase in recurrent inhi-
bition with increasing conditioning reflex size and
even small monosynaptic reflexes are able to pro-
duce measurable recurrent inhibition of motoneu-
rones.

(ii) In the spinal cat, maximal homonymous recur-
rentinhibition and AHP are of the same order of mag-
nitude. This is one of the prerequisites for the paired
H reflex method. If the depression due to recurrent
inhibition was minor compared to that caused by
AHP, the method would produce results that were
difficult to interpret.

Pharmacological validation

Animportant finding validating the method was that
of Mazzocchio & Rossi (1989) who showed in human
experiments that recurrent inhibition, as assessed by
the paired H reflex technique, was selectively poten-
tiated by intravenous injection of L-acetylcarnitine
(L-Ac). L-Ac is a derivative of acetylcholine with a
stereospecific facilitatory action on nicotine recep-
tors, thereby affecting the synapses responsive to
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acetylcholine. It has few or no systemic side effects
in human subjects (see Mazzocchio & Rossi, 1989).
Intravenous injection of L-Ac decreases the ampli-
tude of the H’ test reflex, but does not change
that of a ‘reference’ H reflex of similar amplitude
(Fig. 4.3(f), (g)). Nor does it change Ib inhibition
or the AHP (Rossi & Mazzocchio, 1992). The L-Ac-
induced increase in depression of the H’ test reflex
therefore indicates potentiation of recurrent inhibi-
tion and confirms that the decrease in the size of H’
expressed as a percentage of M,y (‘absolute size’)
results from greater Renshaw cell activation. The
inhalation of tobacco smoke also results in a rapid
and dramatic decrease in H' lasting for ~50 min,
without altering H1 reflex significantly (Shefner,
Berman & Young, 1993). Given the potentiation of
recurrent inhibition by nicotine demonstrated in the
cat (Eccles, Fatt & Koketsu, 1954), this provides fur-
ther pharmacological support for the view that the
inhibition of H' by the H1 reflex discharge is due to
activation of Renshaw cells.

Critique: limitations, advantages, conclusions

Assessing changes in recurrent inhibition
requires attention to methodology

Criteria are required for the valid use of the

size of the H' test reflex to assess changes in
recurrent inhibition

(i) The size of the H1 conditioning reflex discharge
must be identical in the two situations which are
compared. (ii) The H1 conditioning reflex must be
within the range where its increase results in a pro-
gressive decrease in the absolute size of the H' test
reflex. This is not always possible, particularly in
motor nuclei other than the soleus. This problem
can be overcome by facilitating H1 by a condition-
ing stimulus subthreshold for the H reflex, preceding
S1 by 3-5 ms so that S1 will recruit more motoneu-
rones (Mazzocchio & Rossi, 1997a), but this intro-
duces the additional complication of another affer-
ent volley. (iii) The conditioning-test ISI must be
>9 ms so that Ib inhibition evoked by the condi-
tioning stimulus has subsided. Then, the smaller

the H' test reflex amplitude, the larger the recurrent
inhibition elicited by a given H1 conditioning reflex
discharge.

Comparison with a reference H reflex

The amplitude of the H' test reflex depends not
only on the recurrent inhibition produced by H1,
but also on experimentally produced changes in
motoneurone excitability (e.g. enhanced motoneu-
rone excitability during a voluntary contraction of
soleus). Thus, the excitability of the motoneurones
must also be evaluated by an ordinary H reflex (ref-
erence H) of the same size as H' under control con-
ditions (see Hultborn & Pierrot-Deseilligny, 1979a;
Fig. 4.8(b)). Apart from the depression due to H1, H’
and the reference H are subject to the same periph-
eral and supraspinal influences during the test. A dif-
ferential net effect on these two reflexes can therefore
be taken to reflect variations in the recurrent inhi-
bition elicited by the constant conditioning reflex
discharge (however, see below).

Limitations

A sizeable H' reflex can be obtained in only 65%
of the normal subjects

It has been shown that in those subjects without
an H' response the threshold of the M wave in the
soleus and/or gastrocnemius muscle(s) is below that
of the soleus H reflex. This suggests that the addi-
tional recurrent inhibition caused by the antidromic
volley from the conditioning stimulus is responsible
for the absence of the H’ test reflex (Katz & Pierrot-
Deseilligny, 1982).

Ib contribution

The timing of SM 10 ms after S1 ensures that Ib
afferents in the S1 volley will not affect the H' reflex
(cf. Chapter 6, p. 255). However, Ib afferents in a
test volley can limit the size of the test H reflex (see
Chapter 1, pp. 14-16), and Ib afferents in the strong
SM volley could do so. This might account for the
finding that initially H' is often slightly smaller than
H1 (as evidenced by the data points below the
beginning of the dotted oblique line in Fig. 4.2(i)).



However, such a contribution would not explain the
subsequent divergence of H' from H1 at larger H1
amplitudes, and is unlikely to explain the differen-
tial changes in H' and in a reference H reflex during
voluntary activity or in pathology (see pp. 173-87).

Underestimation of the extent of

recurrent inhibition

While recurrent inhibition can only be assessed
for those motoneurones that produce a reflex
EMG potential, the H1 discharge could have pro-
duced recurrent inhibition in motoneurone ‘Z’ in
Fig. 4.2(a)-(d). Whether or not this occurs cannot
be determined because this motoneurone cannot
contribute to the reflex EMG potential, since it
is not involved in the conditioning reflex. Owing
to the orderly recruitment and de-recruitment of
motoneurones in the monosynaptic reflex (see
Chapter 1, pp. 3-4), the earliest changes in recurrent
inhibition could occur in those motoneurones that
cannot be assessed.

Possible changes in the post-spike AHP

Because the depression of the test reflex after the
H1 conditioning reflex discharge depends on both
the AHP of the motoneurones and the recurrent
inhibition brought about by H1, the suppression of
H’ will not measure only recurrent inhibition. AHP
is not a fixed parameter, as was thought when the
method was developed, but can vary: (i) activation
of descending monoaminergic pathways can reduce
the AHP of target motoneurones in the cat (see Hult-
born et al., 2004); (ii) plateau potentials can prob-
ably be triggered in motoneurones during volun-
tary contractions in human subjects (see Chapter 1,
p. 20), and it remains to be seen how this change in
motoneurone behaviour would influence the AHP;
(iii) AHP following a spike may also summate with
that resulting from a preceding spike (Ito & Oshima,
1962), and this factor must be taken into account in
situations, such as soleus contractions, where tem-
poral summation of the AHP might occur.
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Lesser sensitivity of H' than of the reference
H to PSPs

Changes in membrane conductance during the AHP
reduce the sensitivity of motoneurones discharging
in the H’ test reflex to synaptic inputs. As a result,
identical excitatory or inhibitory inputs to motoneu-
rones cause smaller changes in the H' test reflex
than in a reference H reflex (Hultborn & Pierrot-
Deseilligny, 1979a; Katz & Pierrot-Deseilligny, 1984).
Thus, no conclusions concerning changes in recur-
rent inhibition can be drawn if both reflexes vary in
the same direction and the variation of the test reflex
is less than that of the reference H reflex. Conversely,
larger changesin the H' test reflex than that in the ref-
erence H reflex (and a fortiori in the opposite direc-
tion) indicate a change in recurrent inhibition. Pro-
vided that there is no change in the AHP (see above),
greater facilitation reflects decreased recurrent inhi-
bition and greaterinhibitionreflectsincreased recur-
rent inhibition. The weaker sensitivity to synaptic
inputs of the motoneurones fired in H' may then lead
to an underestimation of the changes in recurrent
inhibition.

Conclusions

Although the paired H reflex technique may seem
complex, it is simple to use. It is the only available
method allowing assessment of homonymous recur-
rent inhibition at rest and during various motor tasks
in normal subjects and patients. However, interpret-
ations concerning the changes in H' in physiological
and pathological conditions must take into account
the fact that the size of H' also depends on the AHP,
and this is not a fixed parameter.

Methods for investigating heteronymous
recurrent inhibition

Underlying principles

A conditioning motor discharge, whether a reflex
or antidromic motor volley, is used to activate
Renshaw cells and the resulting recurrent inhibition
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is assessed in a heteronymous muscle by one of
the methods exploring the excitability of the moto-
neurones: PSTHs of single units, H reflex, modula-
tion of the on-going EMG or the MEP. The criteria
by which the resulting inhibition can be attributed
to recurrent inhibition are given below (pp. 166-7).

Inhibition evoked by an orthodromic
(reflex) discharge

Inhibition may be produced by the tendon jerk

In Fig. 4.4, the PSTHs of a tibialis anterior unit are
conditioned by patellar tendon taps of increasing
strength. The early increase in firing probability, due
to heteronymous monosynaptic Ia excitation (see
Chapter 2), was followed by a trough that appeared
with the tendon jerk (e)-(g) and increased with it in
size and duration (h)-(m) (Meunier et al., 1990).

Inhibition may be produced by an H reflex

Thus, Fig. 4.6 shows inhibition evoked in tibialis
anterior and soleus motoneurones by femoral nerve
stimulation sufficient to produce a quadriceps H
reflex discharge, as assessed using the H reflex (o),
the PSTH of a single unit ((d), (e)), on-going EMG
((f), (g)) or the MEP ((h), (i)). In each case, there
is an initial facilitation due to monosynaptic Ia exci-
tation, followed by inhibition, which appears in the
PSTHs with a short central delay of 2 ms and has a
long duration (30-40 ms).

Inhibition is related to the conditioning
reflex discharge

The above inhibition could result from the afferent
volley per se or from the motor discharge it evoked.
To distinguish between these two possibilities either
the reflex discharge can be changed without modify-
ing the intensity of the conditioning stimulus, or the
afferent volley can be altered without changing
the reflex discharge. Thus, a constant stimulus to
the femoral nerve, subthreshold for the quadriceps
H reflex at rest and without inhibitory effect in the

PSTH of a tibialis anterior unit, produced inhibi-
tion in the PSTH after the early Ia excitation when
a voluntary contraction of the quadriceps caused
the H reflex to appear (Meunier et al, 1990; Fig.
4.5(d)-(g)). Similarly, the inhibition of the soleus
H reflex elicited by a quadriceps H reflex discharge
disappeared when a stimulus of the same intensity
but eliciting no reflex discharge was applied to the
branch of the femoral nerve supplying the vastus lat-
eralis (Barbeau et al., 2000; Fig. 4.6(c) and its legend).
Conversely, it has been verified that quadriceps ten-
don jerks and H reflexes of the same size evoke simi-
lar inhibition in the PSTHs of leg muscle single units
(Meunier, Pierrot-Deseilligny & Simonetta-Moreau,
1994), even though there are differences in the com-
position of the two afferent volleys (see Chapter 3,
pp. 117-18).

Conditioning-test combinations

Such evidence for recurrent inhibition produced
orthodromically by reflex discharges has been
described: (i) in various heteronymous lower limb
muscles with quadriceps and soleus H reflexes
and tendon jerks (cf. Meunier, Pierrot-Deseilligny &
Simonetta-Moreau, 1994; Table 4.1), and (ii) in prox-
imal upper limb muscles after H reflexes and tendon
jerks of forearm and arm muscles (cf. Katz et al., 1993;
Table 4.2).

Inhibition elicited by an antidromic
motor volley

To compare the distribution of recurrent inhibition
inhumans and catsrequires conditioning discharges
from a number of motor nuclei. However, reflexes
cannot be confined to selected muscles, and it is
generally impossible to evoke a reflex involving only
one head of a complex muscle: e.g. the gastrocne-
mius medialis (triceps surae) or the vastus lateralis
(quadriceps). In such cases, an antidromic motor
volley can be used, but note that here heterony-
mous recurrent inhibition is tested, unlike the situ-
ation critiqued earlier, supposedly testing homony-
mous recurrent inhibition (pp. 154-5). Qualitatively
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Fig. 4.4. Evidence for recurrent inhibition from quadriceps to tibialis anterior. (a) Sketch of the presumed pathways of
heteronymous Ia excitation and recurrent inhibition from quadriceps (Q) to tibialis anterior (TA). The arrow represents the
conditioning reflex discharge that activates Renshaw cells (RC). (), (e), (h), (k) Changes in firing probability evoked in PSTHs (1 ms
bin width) for a TA unit by a Q tendon tap () are compared with the control histograms (without stimulation, [J). The number of
counts as a percentage of number of triggers is plotted against the latency after the stimulation. (¢), (f), (i), () Differences between
conditioned and control histograms. (d), (g), (j), (m) The conditioning reflex response in the Q. The strength of the tendon tap was
increased from top to bottom: 0.95 x tendon jerk threshold (TT) ((b)-(d)), 1.05 x TT ((e)-(g), 1.10 x TT (()-(i)), 1.15 x TT
((k)-(m)), and the reflex response assessed as a percentage of M. increased accordingly (0% in (d), 3% in (g), 12% in (j), 20% in
(m)). The tap evoked an early increase in firing probability, the latency of which (33 ms) reflects heteronymous monosynaptic Ia
excitation (see Chapter 2), and this was followed by a trough when the tap produced a tendon jerk ((e)-(m)). Modified from Meunier
et al. (1990), with permission.
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Fig. 4.5. Further evidence for recurrent inhibition from quadriceps to tibialis anterior. (a) Sketch of the presumed pathways of
heteronymous Ia excitation and recurrent inhibition from quadriceps (Q) to tibialis anterior (TA). Conditioning motor discharges
(reflex or antidromic motor volley) activate Renshaw cells (RC), as indicated by arrows. (D), (¢), (e), (g Changes in firing probability
evoked in PSTHs for a tibialis anterior (TA) unit by femoral nerve (FN) volleys (after subtraction of the background firing, 1 ms

bin width). The number of counts as a percentage of number of triggers is plotted against the latency after the stimulation. (b)
Stimulation of the femoral nerve (FN, 1.5 x MT). (¢) Stimulation of its branch to the vastus lateralis (VL, 1.5 x MT). The latency
difference between the peaks in (b) and (¢) is largely due to the supplementary conduction time for a volley arising more distally in
the VL nerve, and this suggests that the excitation and inhibition elicited by stimulation of the FN and of its branch to the VL have
the same origin. (d)-(g) Stimulation of the FN (0.6 x MT) at rest ((d), (e)) and during Q contraction ((f), (g)). At rest, there was no H
reflex (d), and no inhibition followed the early excitation in the PSTH (e). During Q contraction, an H reflex appeared in the Q (f),
and the early excitation was followed by an inhibition in the PSTH (g). Despite a similar amount of early Ia facilitation in (e) and (g),
the trough was only observed in (g), where there was a conditioning reflex discharge. This indicates that the AHP following the peak
of Ia excitation is insufficient by itself to explain the following suppression. Modified from Meunier ez al. (1990), with permission.
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Fig. 4.6. Recurrent inhibition from quadriceps to tibialis anterior and soleus demonstrated by different methods. (@) Sketch of the
presumed pathways of heteronymous Ia excitation and recurrent inhibition from quadriceps (Q) to tibialis anterior (TA) and soleus
(Sol) motoneurones (MN). Arrows indicate the conditioning reflex discharges that activate Renshaw cells (RC). (b) Conditioning Q H
reflex elicited by femoral nerve (FN) stimulation (1.1 x MT) producing the heteronymous recurrent inhibition shown in (d), (e).
(0)-(i) Heteronymous Ia excitation and recurrent inhibition elicited in Sol (¢), (e), (), (i) and TA (d), (f), (h) MNs, assessed using
the H reflex (c), the PSTHs of single units (after subtraction of the background firing, 1 ms bin width (d), (e)), the modulation of
voluntary on-going EMG ((f), (g), the initial excitation is truncated in (g)) or the MEP ((h), (i)). Conditioned responses (expressed
as a percentage of control responses in (¢) and (f )-(i), while the difference between conditioned and control histograms expressed
as a percentage of the number of triggers is shown in (d)-(e)), are plotted against the central latency (i.e. the zero of the abscissa
corresponds to the expected time of arrival of the FN Ia volley at the level of the MN tested). (¢) Comparison of the modulation of the
soleus H reflex by stimulation of the same intensity (0.95 x MT) applied to the FN eliciting a Q H reflex (®, 24% of Mmay) and the
vastus lateralis (VL) nerve eliciting no motor or reflex response (O, after allowance for the extra peripheral conduction time; note,
however, that displacing the stimulating electrodes to activate only VL would have also changed the afferent volley). The finding that
the conditioning stimulation evokes a similar inhibition of the MEP ((h), (i)) indicates that the inhibition of the H reflex (c), PSTH
((d), (e)) and on-going EMG ((f), () is not due to FN-induced presynaptic inhibition of Ia terminals mediating the afferent volley
of the H reflex or contributing to the on-going EMG or the motor unit discharge required for PSTH experiments (see Chapter 8,

pp. 343-4). Modified from Meunier et al. (1990) ((b), (d), (e)), and Barbeau et al. (2000) ((¢), (f)-(i)), with permission.
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Table 4.1. Heteronymous recurrent inhibition and Ia excitation to

human leg and thigh muscles

Nerve
MN

Sol NE
GM
Per brev

TA 0 0 0
Q |
Bi 0

Sol GM SP DP

NE

homonymous - RI aloneE No RI- IE

No Ia

Ta+RI1 -Iaaloneﬂ]]]]]ﬂ]]] Not

explored

Columns: nerve stimulated: Sol (inferior soleus), GM (nerve to the gastrocnemius medi-

alis), SP (superficial peroneal), DP (deep peroneal), FN (femoral nerve), TN (tibial nerve

at the ankle). Lines: motoneurone (MN) pools investigated with the PSTH method: Sol

(soleus), GM (gastrocnemius medialis), Per Brev (peroneus brevis), TA (tibialis anterior),

Q (quadriceps), Bi (biceps femoris). The number of asterisks indicates the strength of

the inhibition (see p. 169). Grey cells: recurrent inhibition and Ia excitation (crossed cells

correspond to homonymous pathways). Horizontally hatched cells: recurrent inhibition

without Ia excitation. Vertically hatched cells: Ia excitation without recurrent inhibition.

0 = absence of recurrent inhibition and Ia excitation. NE = not explored. From Meunier

et al. (1990), Meunier, Pierrot-Deseilligny & Simonetta-Moreau (1994) and P. Marque, G.

Nicolas & E. Pierrot-Deseilligny (unpublished data on projections from the tibial nerve).

similar results, with initial heteronymous monosy-
naptic Ia excitation immediately followed by a long-
lasting inhibition, have then been obtained, whether
stimulating the nerve supplying the whole muscle or
one of its branches (Meunier et al., 1990; Fig. 4.5(b),
(¢) and its legend). Inhibition that has a short cen-
tral delay and parallels the size of the conditioning M
response is likely to be due to the antidromic motor
volley (see below). In some cases, such as the inferior
soleus nerve, the conditioning stimulation evokes
both direct (M) and reflex (H) discharges. To scale
the inhibition with respect to the conditioning motor
discharge, Iles & Pardoe (1999) then simply summed
the two conditioning motor responses.

Evidence for recurrent inhibition
Arguments for recurrent inhibition

The depressions illustrated in Figs. 4.4-4.6 have
characteristics consistent with recurrent inhibition:
(i) They appear and increase with the conditioning
motor discharge, whether it be due to a reflex (Fig.
4.4) or M response. (ii) They are independent of the
conditioning stimulus intensity per se (Fig. 4.5(d)-
(g)). (iii) They have a short central delay, 1-2 ms
longer than monosynaptic Ia excitation. (iv) They
have a long duration, more than 15 ms. In addition,
the suppressions are generally, though not always,
preceded by a peak of monosynaptic Ia excitation,
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Table 4.2. Heteronymous recurrent inhibition and Ia excitation in the human
upper limb

Nervel  mc Tri Med Radial Ular | Median &
MN Ulnar
(wrist)
Deltoid 0 NE
Bi 0
Tri 0 NE
FCR 0 0 NE
ECR 0 0 NE
FCU 0 0 NE NE
ECU 0 * NE NE NE
FDS 0 0 NE NE NE
ED 0 0 NE NE NE NE
| _Hand 0 0 NE NE

omonymous

NE
B wame [0 Jronnon
s 11111 e I

Columns: nerve stimulated: MC (musculo-cutaneous), Tri (nerve of the triceps brachii), Med (median),

Not explored

Radial (radial at the elbow), Ulnar (ulnar), Median & Ulnar (wrist) median and ulnar at the wrist.
Lines: motoneurone (MN) pools investigated with the PSTH method: Deltoid, Bi (biceps brachii),
Tri (triceps brachii), FCR (flexor carpi radialis), ECR (extensor carpi radialis), FCU (flexor carpi
ulnaris), ECU (Extensor carpi ulnaris), FDS (flexor digitorum superficialis), ED (extensor digitorum),
Hand (intrinsic hand muscles). The number of asterisks indicates the strength of the inhibition (see
pp. 169-71). Grey cells: recurrent inhibition and Ia excitation (crossed cells correspond to homony-
mous pathways). Horizontally hatched cells: recurrent inhibition without Ia excitation. Vertically
hatched cells: Ia excitation without recurrent inhibition. 0 = absence of recurrent inhibition and Ia
excitation. NE = not explored. From Créange et al. (1992), Katz et al. (1993) and V. Marchand-Pauvert,
C.Iglesias, G. Lourenco & E. Pierrot-Deseilligny (unpublished data on projections from intrinsic hand
muscles).

and there is a striking overlap between the distri- Arguments against other mechanisms

bution of heteronymous Ia excitation and recurrent

inhibitionin thelowerlimb (see p. 170). None of these There are cogent arguments against a significant
arguments, by itself, provides unequivocal evidence contribution of other mechanisms or pathways to
forrecurrentinhibition, but their conjunction makes the inhibitions brought about by conditioning reflex

it highly probable. discharges.



168

Recurrent inhibition

(i) In the PSTH of a discharging motoneurone,
the post-spike AHP following the discharge of the
motoneurone in a heteronymous monosynaptic la
peak could contribute to the suppression following
the excitation. In fact, the AHP does not play a major
roleinthe suppression because the trough appearsto
be independent of the heteronymous monosynap-
tic peak (Meunier et al., 1990; Fig. 4.5(d)—(g) and its
legend) and, in any case, the peak of monosynaptic
excitation contains few discharges when compared
with the subsequent trough (e.g. see Fig. 1.15(¢)).

(ii) Conditioning stimulation evokes a group I vol-
ley able to produce non-reciprocal group I inhibi-
tion. However, evidence for Ib inhibition is rarely
seen in PSTHs, probably because transmission in Ib
pathways to motoneurones responsible for the con-
traction is depressed during the steady contractions
required for PSTHs (see Chapter 6, p. 252). In addi-
tion, a similar inhibition can be observed with a ten-
don tap (Meunier et al., 1990; Fig. 4.4), which, in a
‘conditioning’ muscle at rest, is much less effective
in eliciting Ib inhibition than electrical stimulation
(cf. Chapter 6, pp. 252-3).

(iii) The conditioning volley could evoke pre-
synaptic inhibition of Ia terminals mediating the
afferent volley of the test H reflex, or contributing
to the on-going EMG or the motor unit discharge
required for PSTH experiments. However, such a
contribution is unlikely because the MEP is similarly
suppressed (Barbeau et al., 2000; Fig. 4.6(h)-(i), cf.
Chapter 8, pp. 343-4).

(iv) A contribution from group II afferents is also
unlikely when the conditioning electrical stimula-
tion is below 1 x MT (Chapter 7, p. 303).

(v) The twitch-induced afferent discharge follow-
ing the reflex response can be discounted because
it cannot produce spinal effects for several tens of
milliseconds (see Meunier et al., 1990).

Electrical stimuli above 1 x MT

When the inhibition is evoked by electrical stim-
uli above 1 x MT, its Renshaw origin may appear
more debatable, because the afferent volley elicited
by the conditioning shock is more complex. It may

then include both group II afferents, the thresh-
old for which is 1.2 x MT (see Chapter 7, p. 303)
and the twitch-induced afferent discharge evoked
by the M response. However, the resulting effects
appear later than the recurrent inhibition: a group II
volley elicited at knee level produces effects in
motoneurones ~10 ms later than the monosynaptic
Ia excitation (Chapter 7, pp. 293-7), and the twitch-
induced Ib inhibition would start to manifest itself
in motoneurones even later after the orthodromic
monosynaptic Ia facilitation (because of the time
to and from the muscle, plus the time between the
onset of the twitch and the activation of Golgi ten-
don organs; see Binder et al., 1977). Three addi-
tional arguments support the Renshaw origin of this
inhibition.

(i) Inhibition evoked in motor nuclei by the reflex
discharge of triceps surae or quadriceps motoneu-
rones is in all likelihood of Renshaw origin (see
above), and it is reasonable to assume that inhibi-
tioninduced in the same motor nuclei, with the same
central delay and duration, by motor discharges from
one head of these muscles (e.g. vastus lateralis in
Fig. 4.5(¢)) results from recurrent inhibition set up
by the antidromic motor volley.

(i) Intravenous administration of L-Ac increases
the long-lasting inhibition produced by antidromic
volleys above 1 x MT from gastrocnemius medialis
to soleus and from wrist extensors to FCR (Rossi,
Zalaffi & Decchi, 1994; Aymard et al., 1997), and does
so without altering the early low-threshold group I
inhibition.

(iii) Similar results have been obtained in the upper
limb of a deafferented patient (V. Marchand-Pauvert,
J. B. Nielsen, B. Conway, J. C. Lamy & H. Hultborn,
unpublished data).

Critique: limitations, conclusions
Limitations

Group [ EPSPs and IPSPs elicited by the conditioning
volley can overlap the onset of recurrent inhibition,
and could affect the test response. This is important
because the relative strengths of monosynaptic Ia



excitation and recurrent inhibition in motoneurones
are similar (cf. p. 170). Recurrent inhibition should
therefore be assessed at a long ISI where Ia EPSPs
and group I IPSPs have subsided but recurrent IPSPs
are still present.

Conclusions

Inroutine clinical studies, a simple method is prefer-
able, and the modulation of the on-going EMG is the
simplest method to compare the amount of recur-
rent inhibition elicited by a conditioning motor dis-
charge in different motor tasks (Meunier et al., 1996;
Barbeau et al., 2000). However, the modulation of the
Hreflexshould be used to investigate changes in het-
eronymous recurrent inhibition during motor tasks
with respect to rest (Iles & Pardoe, 1999).

Organisation and pattern
of connections

Homonymous recurrent projections
to motoneurones

Homonymous recurrent inhibition in
proximal muscles

With the paired H reflex technique, evidence for
homonymous recurrent inhibition has been found
not only in the soleus (Bussel & Pierrot-Deseilligny,
1977), but also in quadriceps and the peroneal mus-
cles (Rossi & Mazzocchio, 1991), FCR and ECR (Katz
etal., 1993). In these different motor nuclei, support-
ive evidence for the Renshaw origin of the inhibi-
tion came from its potentiation by L-Ac. Evidence
for recurrent inhibition of soleus motoneurones fol-
lowing an antidromic motor volley has also been
found in PSTHs (Kudina & Pantseva, 1988; Miles,
Le & Tiirker, 1989). Similarly, in the deltoid, triceps
brachii, FCU and ECU, an antidromic motor volley
evoked by selective stimulation of the parent nerve
just above 1 x MT has been shown to produce long-
lasting inhibition, probably due to recurrent inhibi-
tion (Rossi & Mazzocchio, 1992; Katz et al., 1993).
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Recurrent inhibition of ECR motoneurones elicited
by a pure antidromic volley has been documented
in a deafferented patient (Mattei, Schmied & Vedel,
2003).

Absence of homonymous recurrent inhibition
in distal muscles

The paired H reflex technique has also been used to
look for homonymous recurrent inhibition in intrin-
sic muscles of the foot (abductor hallucis brevis;
Rossi & Mazzocchio, 1991) and hand muscles (oppo-
nens pollicis and abductor digiti minimi; Katz et al.,
1993). In these distal muscles, increasing the size of
the H1 conditioning reflex discharge resulted in a
plateau-like pattern, where H' reflex remained the
same once it had reached its maximum. In addi-
tion, H' was not altered by administration of L-Ac.
There are no recurrent collaterals from the axons
of motoneurones innervating distal limb muscles of
the cat (see p. 152), and the absence of evidence for
recurrent inhibition in the human studies probably
reflects an absence of such collaterals in humans.

Heteronymous recurrent projections to
motoneurones in the lower limb

Pattern of distribution

Strength and distribution of heteronymous
recurrent inhibition in the lower limb

Table 4.1 shows the distribution of heteronymous
recurrent inhibition to leg and thigh muscles, deter-
mined using PSTHs (Meunier ef al., 1990; Meunier,
Pierrot-Deseilligny & Simonetta-Moreau, 1994; P.
Marque, G. Nicolas & E. Pierrot-Deseilligny, unpub-
lished data). An attempt has been made to estimate
the strength of recurrentinhibition (number of aster-
isks in each cell), based on (i) the frequency of occur-
rence (i.e. the percentage of units in which there was
a significant recurrent inhibition), and (ii) the mean
duration of the recurrent inhibition elicited by a con-
ditioning discharge ~50% of Mpa. In the human
lower limb, recurrent connections are much more
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widely distributed than in the cat hindlimb with, in
particular, the appearance of transjoint connections
that do not exist in the cat (apart from quadriceps
to soleus) between quadriceps and all tested mus-
cles operating at the ankle, and from triceps surae to
quadriceps.

Comparison with the pattern of monosynaptic
Ia excitation

Overlap between recurrent and la projections

The grey cells in Table 4.1 indicate that in the
human lower limb, as in the cat hindlimb (cf. p. 153),
most of the recurrent connections, and in particular
most transjoint connections, are matched by parallel
monosynapticlaexcitatory projections. Comparison
of Table 4.1 with the Table 2.1 of Chapter 2 shows that
this parallel remains true in quantitative terms: the
stronger the Ia excitation, the more marked therecur-
rent inhibition (e.g. both Ia excitation and recurrent
inhibition from gastrocnemius medialis are strong
on biceps and weak on quadriceps motoneurones).

Recurrent inhibition without Ia excitation

The overlap in the expression of Ia excitation and
recurrent inhibition in different motoneurone pools
is not total: recurrent connections from gastrocne-
mius medialis to soleus and peroneus brevis are
not paralleled by correspondingIa projections (hori-
zontally hatched cells). Additional recurrent connec-
tions also exist in the cat, and this ‘extended pat-
tern’ (Hultborn, Jankowska & Lindstrém, 1971b) has
been presumed to link muscles that act in func-
tional synergism although they are not connected by
the Ia input. The functional synergism between two
heads of the triceps surae (gastrocnemius medialis
and soleus) is obvious. The absence of Ia input from
gastrocnemius medialis to soleus may be related
to a particular requirement of plantigrade gait
(cf. Chapter 2, p. 93).

Ia excitation without recurrent inhibition

Ia excitatory connections without their recurrent
counterpart (vertically hatched cells) also exist
between some muscles acting on the ankle. Such

Ia connections essentially link ankle muscles that
are not synergists in flexion—-extension movements
(soleus and peroneus brevis, tibialis anterior and
gastrocnemius medialis), but are believed to con-
tribute to the stabilisation of the ankle during the
stance phase of locomotion (cf. Chapter 11, p. 546).
This finding is reminiscent of the Ia connections
without recurrent inhibition found between flex-
ors of the digits in the cat (Hamm, 1990), and sug-
gests that the pattern of recurrent inhibition is deter-
mined by function during locomotion rather than
anatomical synergism. The finding that the extensive
Ia projections from intrinsic foot muscles to leg and
thigh muscles in humans (see Table 2.1 in Chapter 2)
are not paralleled by recurrent connections is most
probably due to the absence of recurrent collater-
als from motoneurones innervating distal muscles.
The absence of recurrent inhibition in all combina-
tions tested from the deep peroneal nerve (Table 4.1)
raises the question of whether recurrent collaterals
from pretibial flexors exist in man.

Functional implications

It has been assumed that, in the cat, the recurrent
pathway has a focusing action, which helps limit
the extent of Ia excitation (Hultborn, Jankowska &
Lindstrom, 1971b). Similarly, it will be suggested on
pp. 183-4 that transjoint recurrent connections
found in the human lower limb have probably
evolved to control matched Ia excitatory connections
during postural co-contractions of bipedal stance
(see Chapter 11, p. 538).

Heteronymous recurrent projections to
motoneurones in the upper limb

Pattern of distribution

The pattern of heteronymous recurrent inhibition in
the cat forelimb differs from that in the hindlimb:
more extended transjoint connections, and projec-
tions from proximal to distal muscles (see Illert &
Kiimmel, 1999). In contrast, transjoint connections



are more restricted in the upper than in the lower
limb of human subjects (Créange et al., 1992; Katz
et al., 1993). Table 4.2 is arranged as Table 4.1, and
shows that, as for heteronymous Ia excitation (see
Chapter 2, p. 84), there are no proximal-to-distal pro-
jections, if one ignores the weak projection from tri-
ceps to ECU (which is not matched by an equivalent
Ia connection). The deltoid motor nucleus, supply-
ing the most proximal muscle investigated, receives
the largest number of recurrent heteronymous pro-
jections from distal muscles, but some of them (from
muscles supplied by the median nerve) are not
matched by equivalent Ia connections. An interest-
ing finding, also described in the cat (Illert & Wietel-
mann, 1989), is that ECR-coupled Renshaw cells
inhibit FCR motoneurones and vice versa (Aymard
et al., 1997). This is in keeping with the finding
that Renshaw cells activated by FCR or ECR motor
discharges do not inhibit reciprocal inhibition
directed to the antagonistic motor nucleus (see
below). As in the lower limb, Ia projections from
intrinsic hand muscles are not matched by equiv-
alent recurrent connections, presumably because
the corresponding motor axons lack recurrent
collaterals.

Functional implications

Thedistribution of recurrentinhibition in the human
upperlimbis morerestricted thanin the catforelimb,
adifference that is the opposite of that for the human
lower limb and the cat hindlimb. Heteronymous Ia
projections from distal to proximal muscles presum-
ably provide support to the hand during manipu-
latory movements (see Chapter 2, p. 94). However,
the motor repertoire of the upper limb is much
more versatile,and heteronymousrecurrent connec-
tions from forearm to proximal muscles might be
used (together with the corticospinal facilitation of
presynaptic inhibition of Ia terminals, see Chapter 8,
p. 353) to counteract excitatory Ia connections and
bias the motoneurones in favour of the transmission
of the descending excitation in those movements for
which the assistance of Ia excitatory projections is
not critical.

Organisation and pattern of connections
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Recurrent inhibition of interneurones
mediating reciprocal Ia inhibition

A characteristic feature of the recurrent pathway in
the catis the projection of Renshaw cells to interneu-
rones mediating disynaptic reciprocal Ia inhibition
(p. 154; Fig. 4.1).

Evidence for recurrent inhibition of Ia
inhibitory interneurones

Reciprocal inhibition produced by an electrical vol-
ley to the triceps brachii nerve and assessed with
the biceps tendon jerk was conditioned by a pre-
ceding tendon reflex discharge in the triceps (Katz,
Pénicaud & Rossi, 1991; Fig. 4.7(a), (b)). The tri-
ceps motor discharge strongly depressed recipro-
cal ITa inhibition, with a short central delay and
a long duration, i.e. a time course closely resem-
bling that of recurrent inhibition of motoneurones
(Fig. 4.7(b)). Figure 4.7(b) also shows that the sup-
pression of reciprocal inhibition was not seen when
the conditioning tendon tap was just subthreshold
for the tendon jerk and therefore did not activate
Renshaw cells (4), although it would have produced
similar post-activation depression at the synapse
of the Ia fibre and the Ia interneurone. It is there-
fore likely to be due to recurrent inhibition and not
to the tap-induced afferent volley. A similar sup-
pression was observed in the opposite direction,
from biceps brachii to triceps, indicating that Ren-
shaw cells coupled to elbow motor nuclei project
to Ia interneurones mediating reciprocal Ia inhibi-
tion between elbow muscles. Recurrent inhibition
from soleus similarly depresses reciprocal Ia inhibi-
tion from soleus to tibialis anterior (Baret et al., 2003;
Chapter 5, p. 206; Fig. 5.5(b)).

Absence of recurrent inhibition of reciprocal
inhibition at wrist level

Different results have been obtained at the wrist
(Aymard et al., 1995). Recurrent inhibition evoked
by a flexor or extensor motor discharge has no effect
on group I inhibition directed to the ‘antagonistic’
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Rossi & Rothwell (1994) (d), Barbeau et al. (2000) (f), with permission.



motor nucleus (cf. Chapter 5, pp. 207-8; Fig. 5.5(d)).
This is in keeping with the mutual recurrent inhi-
bition between ‘antagonistic’ ECR and FCR (see
above) and raises the question whether the so-called
‘reciprocal inhibition’ between wrist muscles truly
represents reciprocal Ia inhibition (see Chapter 5,
pp. 211-14).

Corticospinal suppression of
recurrent inhibition

Corticospinal depression of homonymous
recurrent inhibition

Changes in recurrent inhibition of FCR and soleus
motoneurones, assessed with the paired H reflex
technique, have been investigated after cortical sti-
mulation (Mazzocchio, Rossi & Rothwell, 1994). TMS
produced significant facilitation of the H’ test reflex
in the FCR at an intensity that produced no facil-
itation of the reference H reflex (Fig. 4.7(c), (d)).
At soleus level, TMS elicited a similar facilitation
of the H' test reflex, whereas the reference H reflex
was inhibited. A change in the AHP was eliminated,
and these findings presumably reflect corticospinal
depression of Renshaw cells, as has been observed
in the cat after stimulation of the pericruciate cortex
(MacLean & Leffman, 1967) or the internal capsule
(see Koehler ef al., 1978, and p. 153). Because the
corticospinal inhibition of Renshaw cells has a lower
threshold than the cortical facilitation of motoneu-
rones, Mazzocchio, Rossi & Rothwell (1994) argued
that TMS might also act by corticospinal suppres-
sion of a tonic excitatory drive from the reticular
formation (specifically, the nucleus raphe magnus;
there is also an indirect corticospinal inhibitory
drive via the locus coeruleus; see the sketch in
Fig.4.11(a)).Regardless, the cortical effects on recur-
rent inhibition occur 3—-4 ms later than the effects on
motoneurones.

Corticospinal depression of heteronymous
recurrent inhibition

Figure 4.7(f) shows that the MEP in tibialis anterior is
depressed by the heteronymous recurrent inhibition

Motor tasks — physiological implications
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produced by a quadriceps H reflex discharge, and
that this involves the initial part of the MEP but
not its later part (Barbeau et al, 2000). The spar-
ing of the later part can be explained because, in
this experiment, the corticospinal volley produces
two effects: activation of motoneurones responsible
for the MEP (the test response), and depression of
Renshaw cells. However, as seen above, the suppres-
sion of recurrent inhibition begins some millisec-
onds later than the facilitation of the corresponding
motoneurones. Thus, the femoral-induced recurrent
inhibition of the earliest motoneurones discharging
inthe MEPisnotdepressed by the corticospinal inhi-
bition of Renshaw cells, whereas recurrent inhibition
of motoneurones discharged by later corticospinal
volleys is depressed by the action of the fastest
cortical volley on Renshaw cells.

Motor tasks and physiological
implications

The picture that emerges from the changes in recur-
rent inhibition during various motor tasks in human
subjects suggests that recurrent inhibition might
serve several functions, that are not exclusive. How-
ever, functional interpretations must be made with
care because: (i) it cannot be taken for granted that
the response of Renshaw cells to a tonic input is the
same as the response to the phasic inputs explored
in the experiments below, and (ii) experiments deal-
ingwithhomonymousrecurrentinhibition were per-
formed using the paired H reflex technique, and
would be affected by changes in the motoneuronal
AHP (see p. 161).

Recurrent inhibition of motoneurones of a
muscle involved in selective contractions

Methodology

These studies have focused on the changes
in homonymous recurrent inhibition of soleus
motoneurones, investigated with the paired H reflex
technique during various voluntary contractions of
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the gastrocnemius-soleus. The H' test reflex was
compared to areference Hreflex, and sample records
in Fig. 4.8(b) show the different responses recorded
inthe EMGatrestand duringastrongtonic voluntary
contraction of the gastrocnemius-soleus. The inten-
sity of the S1 conditioning stimulus (upper traces)
was adjusted so that the H1 conditioning reflex was
maximal at rest, thus ensuring that (i) its size was
modified little by the contraction, and (ii) the corre-
sponding H' reflex was well within its decay phase
(cf. p. 160), whatever the strength of contraction (see
the vertical dashed line in Fig. 4.8(c)). S1 also evoked
a small M wave, the stability of which was used to
verify that stimulating conditions did not change
during the contraction (Chapter 1, p. 8). The test
stimulus (SM, second traces) can evoke a small late
response, ‘V1, at reflex latency during contraction,
because: (i) the collision in a very few motor axons
between natural impulses due to the voluntary effort
and the antidromic motor volley frees them from the
latter, and allows the reflex response due to SM to
pass (Upton, McComas & Sica, 1971), and (ii) the
contraction potentiates F waves (Chapter 1, p. 23).
When present, this late response was subtracted
from the H’ test reflex. Combined S1 and SM (10 ms
IS, third traces) resulted in My, followed by the H’
test reflex. Changes in H' during contraction were
compared to those of a reference H reflex (bottom
traces) of the same amplitude as H' at rest. To inves-
tigate the period preceding the contraction, despite
the silent period induced in the voluntary EMG by H
and M waves, the subjects were trained to perform
simultaneous contractions of soleusin bothlegs. The
time interval between reflex responses in the ipsilat-
eral limb and the onset of the on-going EMG in the
contralateral soleus was then assessed.

Changes in H' and reference H reflexes during
various soleus voluntary contractions

Tonic contractions of gastrocnemius-soleus

During tonic contractions of gastrocnemius-soleus
at various force levels, the H' and reference H re-
flexes undergo different changes (Hultborn &
Pierrot-Deseilligny, 1979a; Fig.4.8(d)). The size of the

reference H reflex increases with each level of con-
traction, though the greatest increase occurs from
rest to weak contraction. By contrast, the amplitude
of the H' test reflex decreases during the weakest
contractions. With greater contraction force, there is
facilitation of H’, which then increases with contrac-
tion force, and finally exceeds the reference H reflex
in the strongest contractions.

Effect of muscle fatigue

During a prolonged contraction of soleus at 20% of
MVC for 10 min, the amplitude of the H’ test reflex
is significantly greater at the end of the contraction,
when there is evidence of muscle fatigue (Loscher,
Cresswell & Thorstensson, 1996).

Ramp contractions

During ramp contractions, the H" and reference H
reflexes undergo almost reciprocal changes (Hult-
born & Pierrot-Deseilligny, 1979a; Fig. 4.8(e)). At the
earliestintervals following the EMG onset, the ampli-
tude of H' was smaller than at rest, as occurs dur-
ing weak tonic contractions, but it then increased
progressively until the end of the ramp. By contrast,
the reference H reflex was maximal at the onset of
the ramp and then decreased throughout the ramp
phase. Thus, the greatestincrease in H' relative to the
reference H reflex was towards the end of the ramp.
During the plateau, the H' test reflex decreased while
thereference Hreflexremained stable, so that the two
reflexes became more similar in amplitude, much as
occurs during tonic contractions of medium force. A
similar reciprocal time course for H' and reference H
has been found for faster ramp contractions lasting
250 and 500 ms.

Changes prior to contraction

Throughout the 50 ms prior to a ramp contraction,
the same changes have been observed as at the onset
of contraction, i.e. an increase in the reference H but
a decrease in the H' test reflex with respect to rest
values (Katz, Pierrot-Deseilligny & Hultborn, 1982).
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Fig. 4.8. Changes in homonymous recurrent inhibition to soleus motoneurones during voluntary contractions of gastrocnemius-
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Ia inhibitory interneurones (INs) to tibialis anterior (TA) MNs, and mutual inhibition of ‘opposite’ Ia INs. Continuous arrow:
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(b) Sample records of EMG responses elicited at rest (left) and during strong tonic contraction of gastrocnemius-soleus (GS) (right).
From top to bottom, responses elicited by S1 (6 mA, eliciting a maximal H reflex which did not increase during contraction), SM
evoking a late response (V1, arrow) during contraction, S1 + SM (10 ms ISI), and a stimulus evoking a reference H reflex of the same
size as H' at rest. (c) The H' test reflex (as a percentage of Mmay) is plotted against H1 at rest (A) and during tonic GS contractions of
10% (A), 40% (x) and 80% (@) of MVC (dotted oblique line, theoretical curve obtained if H' = H1). (d) Reference (left group of
histograms) and H' test (right group of histograms) reflexes (as a percentage of Myax) are compared at rest ((J) and during tonic GS
contractions of increasing force: 10% (pale grey), 40% (dark grey) and 80% (M) of MVC. H’ was obtained with the H1 reflex at 60% of
Mmax, i.€. within the range where increases in H1 resulted in a progressive decrease in the absolute size of H' (vertical dashed line in
(¢)). (e) Time course of the changes in H' (@) and reference H (A) reflexes (as a percentage of My,ax) during a ramp-and-hold
contraction of 1 s. Torque (continuous thin line) increased over 1 s (ramp phase) to reach 60% of MVC and was then held at that level
for a further 1 s. Large symbols on the left and horizontal dashed line indicate rest values. Each column or symbol in (c)—(e) is the
mean of 20 measurements. Vertical bars 1 SEM (d), +1 SEM (e ). Modified from Hultborn & Pierrot-Deseilligny (1979a), with

permission.
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Period following contraction

H’ test and reference H reflexes are suppressed to
the same extent immediately after relaxation of a
tonic voluntary contraction of soleus (Schieppati &
Crenna, 1985). This suggests thatincreased recurrent
inhibition does not contribute to the termination of
a voluntary contraction. (The reflex suppression is
then probably due to post-activation depression fol-
lowing the activation of Ia afferents in the contrac-
tion, cf. Chapter 1, pp. 13-14).

Ballistic contractions

Both reference H and H’ test reflexes are facilitated
at the onset of ballistic contractions with respect to
their rest values, and this facilitation then progres-
sively decreases, but the H’ test reflex is much less
facilitated than the reference H reflex (Katz, Pierrot-
Deseilligny & Hultborn, 1982).

Mechanisms underlying the changes in H’
during homonymous voluntary contractions

A number of mechanisms may contribute to the
finding that H' test and reference H reflexes are dif-
ferentially changed during homonymous contrac-
tions. They include (i) the lesser sensitivity of H' to
excitatory inputs (p. 161), (ii) changes in the AHP
(p. 178), (iii) changes in transmission in the recur-
rent pathway following its activation by the motor
discharge, and (iv) changes in the descending con-
trol of Renshaw cells.

Mechanisms other than changes in
recurrent inhibition

Both the lesser sensitivity of H' to excitatory inputs
and the summation of AHP following the H1 con-
ditioning discharge with that resulting from a pre-
ceding voluntary spike could explain why H' is less
facilitated than the reference H during soleus con-
tractions. However, the summation of the AHPs does
not apply prior to ramp contractions, and the lesser
sensitivity of H' to excitatory inputs cannot explain

the depression of H' with respect to rest values dur-
ing weak contractions. Nor can such mechanisms
account for the opposite result (the greater facilita-
tion of H' than of reference H) observed during strong
contractions and towards the end of ramps. The pos-
sible effects of a decrease in the AHP during strong
contractions are considered below.

Effects of the voluntary motor discharge

Activation of Renshaw cells by the voluntary motor
discharge via recurrent collaterals is the most obvi-
ous change in the input to Renshaw cells during
homonymous contractions. The greater drive on
Renshaw cells could facilitate their discharge or,
paradoxically have the opposite effect, i.e. a reduced
Renshaw cell output. The latter could occur through
different ‘occlusive’ mechanisms between natural
motor and conditioning reflex discharges: occlusion
at Renshaw cell level (Eccles, Fatt & Koketsu, 1954),
mutual inhibition of Renshaw cells (Ryall, 1970),
and post-activation depression at the recurrent col-
lateral terminals (Hultborn, Pierrot-Deseilligny &
Wigstrom, 1979a). However, there are several argu-
ments why occlusive mechanisms are unlikely to
be responsible for the greater facilitation of H' dur-
ing strong contractions (an unexpected result, given
the greater natural motor drive to Renshaw cells).
(i) In cat experiments, the output from Renshaw cells
and the resulting recurrent inhibition of motoneu-
rones caused by a phasic motor volley is increased
when Renshaw cells receive a tonic excitatory input
(see p. 152; Hultborn & Pierrot-Deseilligny, 1979b).
(i) In human subjects, the same results were
obtained with H1 conditioning reflexes of different
size, but occlusion should be reduced with smaller
conditioning reflex discharges (Hultborn & Pierrot-
Deseilligny, 1979a,b). (iii) During ballistic contrac-
tions, H' is less facilitated than reference H despite
the strong voluntary drive (see above). (iv) H' is pro-
foundly inhibited towards the end of co-contraction
of soleus and tibialis anterior with the same level of
soleus EMG activity as duringisolated plantar flexion
(see pp. 180-1; Fig. 4.9(d), (e)).
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value of the reflexes. Sample records at the top of (d), (e) show the integrated EMG traces (time constant 120 ms) from Sol and TA.
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Pierrot-Deseilligny (1984) ((b), (¢)) and Nielsen & Pierrot-Deseilligny (1996) ((d), (e)), with permission.
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Decreased recurrent inhibition or reduction
of the AHP?

During strong tonic contractions and towards the
end of ramp contractions, H is more facilitated
than the reference H, despite (i) its lesser sensi-
tivity to excitatory inputs, (ii) the summation of
the AHPs, and (iii) the facilitation of Renshaw
cells by the strong motor discharge via recurrent
collaterals. This cannot be attributed to occlusion
in the recurrent pathway (see above). Inhibition of
Renshaw cells therefore appears probable. Indeed,
the degree of H' inhibition is likely to be underesti-
mated in these studies, because of the factors dis-
cussed above that would produce less facilitation of
H’ than of the reference H. An alternative possibil-
ity would be a differential change in the AHP dur-
ing weak and strong contractions. It might there-
fore be prudent to retain a reservation about the
cause of the changes in H' during contractions of
different strengths until it is clarified (i) whether
these contractions are accompanied by descend-
ing monoaminergic excitation depressing the AHP,
(ii) whether they produce plateau potentials, and
(iii) whether plateau potentials alter the AHP (and
therefore H') (see p. 161). Regardless of this unre-
solved issue, similar changes in heteronymousrecur-
rent inhibition to voluntarily activated motoneu-
rones have been observed using a method in which
the test reflex did not undergo the AHP following the
conditioning reflex discharge (Iles & Pardoe, 1999;
see below). Because this finding was observed with a
method independent of changes in AHP, it confirms
that recurrent inhibition is decreased during strong
contractions.

Origin of Renshaw cell inhibition

The possibility of Renshaw cell inhibition due to acti-
vation of cutaneous receptors by pressure on the sole
ofthe foothasbeen excludedinspecific experiments,
in which similar pressure by itself did not modify
recurrent inhibition (Hultborn & Pierrot-Deseilligny,
1979a). By exclusion, the inhibition of Renshaw cells
is likely to be of supraspinal origin, and this con-

clusion is supported by direct evidence: stimulation
of the motor cortex depresses transmission in the
recurrent pathway (see p. 173).

Descending facilitation of Renshaw cells

The increase in recurrent inhibition observed dur-
ing weak tonic contractions in normal subjects has
not been observed in spastic patients, despite the
same on-going motor activity and a normal level of
recurrent inhibition at rest (see pp. 186—7). This sug-
gests that the increase is not due to Renshaw cell
activation by the natural motor discharge. Further
support comes from the finding that the H’ test reflex
is inhibited prior to a ramp contraction while refer-
ence H is facilitated, changes that occur in advance
of any motoneurone discharge or afferent activation
related to the contraction. This suggests supraspinal
facilitation of Renshaw cells during moderate volun-
tary tonic contractions, as has been described in ani-
mal experiments after stimulation of different higher
centres (p. 153).

Changes in heteronymous recurrent inhibition
during voluntary contractions

Heteronymous recurrent inhibition of quadriceps
motoneurones due to a soleus motor discharge has
been assessed with the quadriceps H reflex during
tonic voluntary contractions of the quadriceps (Iles
& Pardoe, 1999). Recurrent inhibition progressively
declined with the strength of the contraction, and
fell to zero at ~35% of MVC. This resembles the inhi-
bition of soleus-coupled Renshaw cells described
during strong soleus contraction, but differs in two
points: (i) absence of increased recurrent inhibi-
tion for the lowest levels of forces (which has been
observed for homonymous recurrent inhibition at
quadriceps level using the paired H reflex tech-
nique, Rossi & Mazzocchio, 1991), and (ii) the find-
ing that recurrent inhibition was completely inhib-
ited with a much lower level of force than during
homonymous soleus contraction. Two reasons could
account for the lesser decrease in homonymous
than in heteronymous recurrent inhibition of the



motoneurones involved in voluntary contractions:
(i) as discussed above, the decrease in homony-
mous recurrent inhibition is underestimated with
the paired H reflex technique, given the lesser sensi-
tivity of H' to excitatory inputs, and the summation
of the AHPs; (ii) if homonymous and heteronymous
inhibitions operate through different pathways, the
summation in Renshaw cells of the natural motor
activity and the conditioning discharge would facil-
itate homonymous recurrent inhibition (see above),
but not heteronymous recurrent inhibition.

Conclusions and functional implications

The main finding is that, during a strong contrac-
tion or towards the end of ramp contractions, recur-
rent inhibition directed to active motoneurones is
depressed despite the activation of Renshaw cells by
the natural motor discharge via recurrent collater-
als. A similar result was obtained with heteronymous
recurrent inhibition, i.e. with amethod independent
of possible changes in the motoneuronal AHP during
contraction.

Descending inhibition of Renshaw cells

The decreased recurrent inhibition occurs because
Renshaw cells receive potent descending inhibition
whichislikelytobe corticospinalin origin. Thisinter-
pretation is consistent with the decrease in recurrent
inhibition observed after stimulation of the motor
cortex (cf. p. 173). The reduction of recurrent inhi-
bition of motoneurones during strong contractions
ensures a high input-output gain for the motoneu-
rone pool, and this would favour large tension out-
put. During sustained long-lasting contractions, the
absence of recurrent inhibition of silent homony-
mous motoneurones would facilitate their recruit-
ment, thus helping overcome fatigue.

Inhibition of Renshaw cells favours
reciprocal Ia inhibition

It has been a general feature that, for a given level
of force reached towards the end of phasic ramp
contractions, Renshaw cells are more inhibited than
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when the same force is developed in a tonic con-
traction (Fig. 4.8(e)). This particular control prob-
ably occurs because effective reciprocal Ia inhibition
of the antagonistic muscle is required during phasic
contractions (Pierrot-Deseilligny, Katz & Hultborn,
1983). Indeed, agonist contractions (e.g. soleus) pro-
duce a stretch-induced Ia discharge from the antag-
onistic muscle (here tibialis anterior, Fig. 4.8(a)),
and this is greater during a ramp contraction than
during a tonic contraction, because the stretch is
then both dynamic and static. This Ia discharge
tends to produce two undesirable effects: excitation
of antagonistic motoneurones (tibialis anterior) and
of ‘corresponding’ Ia interneurones inhibiting ago-
nist motoneurones (soleus). These effects may be
opposed by the reciprocal Ia inhibition from soleus
to tibialis anterior motoneurones and of ‘opposite’
Ia interneurones, provided that soleus-coupled Ia
interneurones are not inhibited by recurrent inhibi-
tion. Thus, Renshaw cell inhibition during flexion—
extension movements allows reciprocal Ia interneu-
rones to exert their necessary inhibitory action
(Fig. 4.8(a); Chapter 5, p. 222; Chapter 11, p. 519).

The gain hypothesis

The facilitation of Renshaw cells during weak con-
tractions would be explained if recurrent inhibi-
tion served as ‘a variable gain control’ on the ‘final
common path’ (Hultborn, Lindstrom & Wigstrom,
1979a): if the recurrent pathway is active, it will
reduce the slope (the gain) of the input-output
relation for the motoneurone pool. This reduction
will be maximal when Renshaw cells are facilitated,
as occurs during weak contractions. The resulting
low gain for the motoneurone pool would allow
supraspinal centres to operate over a large part of
their working range and cause only small changes in
muscle force. As aresult, a facilitated recurrent path-
waywould improveresolutionin the control of motor
output. In contrast, an inhibited recurrent pathway
would giverise to ahigh outputgain allowing the cen-
tral command to generate larger forces for a given
drive, despite the strong motor discharge reaching
Renshaw cells via recurrent collaterals.
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Recurrent inhibition during contraction
of the antagonistic muscle

The paired H reflex technique has been used to
investigate changes in homonymous recurrent inhi-
bition directed to soleus motoneurones during vol-
untary contraction of the antagonistic pretibial flex-
ors (Katz & Pierrot-Deseilligny, 1984). With contrac-
tions of the antagonist, it is likely that there would
be no change in the AHP of the agonist to compli-
cate the interpretation of the changes in H'. Because
of the AHP, the H’' test reflex is less sensitive than
the reference H reflex to the inhibitory inputs related
to the antagonistic contraction (see p. 161), and
greater inhibition of H' than of the reference H may
be attributed to increased homonymous recurrent
inhibition.

Changes during various contractions

Whatever the force of tonic voluntary ankle dorsi-
flexion, the H’ test reflex in the antagonistic soleus
was more inhibited than the reference H reflex, indi-
cating an increase in recurrent inhibition, as com-
pared to rest (Fig. 4.9(b)). During the ramp phase of
a ramp-and-hold voluntary dorsiflexion, the H' test
reflex continuously decreases, whereas the reference
H reflex, which is inhibited at the onset of volun-
tary dorsiflexion, undergoes a later ‘relative facilita-
tion’ due to the stretch-induced Ia discharge from
the antagonistic muscle (Fig. 4.9(c); see Morin &
Pierrot-Deseilligny, 1977). The stronger inhibition
of H when there is relative facilitation of the ref-
erence H reflex indicates an increase in recurrent
inhibition.

Origin and significance of the changes in
recurrent inhibition

It was suggested that the increased recurrent inhibi-
tion of soleus motoneurones during voluntary con-
traction of antagonistic pretibial flexors was due to a
descending facilitation of soleus-coupled Renshaw
cells (Katz & Pierrot-Deseilligny, 1984). This could be

one of the mechanisms that prevent a stretch reflex
in soleus (see Chapter 11, p. 520). Any discharging
motoneurones would inhibit other motoneurones
and thus curtail the stretch reflex. In this respect,
it is of interest that the maximal Renshaw cell facil-
itation is observed when the stretch-induced Ia dis-
charge from the antagonistic muscle elicits a ‘relative
facilitation’ of the reference H reflex.

Recurrent inhibition of antagonistic
muscles involved in co-contraction

Recurrent inhibition during voluntary
co-contraction of antagonistic muscles

Homonymous recurrent inhibition of soleus moto-
neurones, assessed with the paired H reflex tech-
nique, has been measured during co-contraction
of antagonistic ankle plantar and dorsiflexors and
during plantar flexion alone, at matched levels of
background activity in the soleus muscle (Nielsen &
Pierrot-Deseilligny, 1996).

Depression of the H' test reflex

In soleus, the H' reflex is depressed during weak
and facilitated during strong plantar flexion (cf.
p. 174), but it is always strongly depressed during
tonic co-contractions, regardless of their force level.
This finding suggests differential control of recur-
rent inhibition during the two types of contraction
(see below). Interestingly, heteronymous recurrent
inhibition to quadriceps motoneurones, assessed
with a method independent of possible changes
in the motoneuronal AHP during contraction, is
also differentially controlled during tonic contrac-
tions of quadriceps (decreased) and co-contraction
of quadriceps and hamstrings (unchanged) (Iles &
Pardoe, 1999). During a ramp contraction, the refer-
ence H reflex was facilitated with respect to its rest
value in both types of contraction, but H underwent
different changes: continuous increase throughout
the ramp plantar flexion with complete suppression
atthe end of the ramp co-contraction (Fig. 4.9(d), (e)).



Specific control during co-contraction

It is unlikely that the control of soleus-coupled Ren-
shaw cells during co-contraction is the sum of the
opposite effects observed during isolated voluntary
plantar and dorsiflexions.

(i) The inhibition observed during strong co-
contraction is greater than the sum of the strong
facilitation during strong plantar flexion and the
moderate inhibition during strong dorsiflexion.

(ii) The strong inhibition of H" observed during
the first 100 ms of voluntary dorsiflexion (Fig. 4.9(¢))
does not fit the finding that during co-contraction
the H' test reflex is inhibited towards the end of
the ramp (Fig. 4.9(e)). This implies a specific con-
trol of recurrent inhibition during co-contraction,
and would be in line with previous studies which
have suggested that the descending control of spinal
segmental pathways is conveyed by different des-
cending pathways during co-contraction and dur-
ing flexion—extension movements (see Chapter 11,
p. 533).

Which control?

During strong contraction of the target muscle, the
decreased recurrent inhibition to active motoneu-
rones probably results from corticospinal inhibition
of Renshaw cells (see above). The strong recurrent
inhibition during co-contraction could be explained
simply by suppression of this descending control,
leaving the motor discharge-induced excitation of
Renshaw cells unopposed by descending inhibition.
If this were so, recurrent inhibition should paral-
lel the on-going motor discharge. However, during
ramp co-contractions, the inhibition of the H’ test
reflex increases abruptly at the end of the ramp,
and this suggests the existence of a supplementary
descending facilitation of Renshaw cells.

Homonymous recurrent inhibition during
active standing

Because contraction of either of the antagonistic
ankle muscles may be required in postural tasks

Motor tasks — physiological implications

181

such as the maintenance of upright stance, recur-
rent inhibition of soleus motoneurones has been
compared when standing with and without support
(Pierrot-Deseilligny et al., 1977). The H' test reflex
was significantly smaller during active stance than
when standing with support (Fig. 4.10(b), (c)). The
size of the reference H reflex was the same in the
two situations, and increased recurrent inhibition
of soleus motoneurones during active standing is
therefore likely. The increased recurrent inhibition
was not directly related to muscle contraction in
the explored leg, because the same result has been
observed in the absence of muscle contraction, when
the subject placed most of the body weight on the
unexplored leg. Neither was it due to the cutaneous
afferent discharge from the sole of the foot because
this discharge would be the same whether stance
was supported or unsupported. The main differ-
ence between the two positions is that when equi-
librium is unsteady, contractions may be required
in either of the antagonistic muscles operating at
the ankle, and this creates a situation where an
increase in recurrent inhibition may be helpful in
controlling body sway. The reinforcement of recur-
rent inhibition in active standing is probably due
to a supraspinal mechanism, possibly vestibular. In
this connection, homonymous recurrent inhibition
of soleus motoneurones is enhanced during static
backward tilt from 80° to 40° of a subject fixed to a
tilting chair (Rossi, Mazzocchio & Scarpini, 1987).

Functional implications

Renshaw cells are facilitated during co-contractions
of antagonistic muscles, contractions which, in the
lower limbs, may be necessary in postural tasks. This
is of functional interest, because: (i) transmission in
the Iainhibitory pathway must be depressed to allow
the parallel activation of the two antagonistic mus-
cles (see Chapter 5, p. 227), and Renshaw cell out-
put contributes significantly to this depression; and
(ii) it ensures that the gain of the stretch reflex is
diminished at the outputstage to preventoscillations
and clonus from developing during co-contractions
(cf. Chapter 11, p. 534).
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Fig. 4.10. Changes in recurrent inhibition during postural tasks. (a) and (d) Sketches of the presumed pathways of homonymous

recurrent inhibition of soleus (Sol) motoneurones (MNs) (a), and heteronymous recurrent inhibition from quadriceps (Q) to Sol and
tibialis anterior (TA) MNs (d). The arrows indicate the conditioning reflex discharges that activate Renshaw cells (RC). (D), (¢)

Homonymous recurrent inhibition to Sol MNs, assessed with the paired H reflex technique, in the sitting position (A) and in

standing (@) with (b) and without (c) support of a wall. The size of the H' test reflex of Sol (expressed as a percentage of the H1

conditioning reflex) is plotted against the size of H1 (expressed as a percentage of Mmax). (€), (f) Heteronymous recurrent inhibition
elicited by a Q H reflex discharge in the TA (e) and the Sol (f), assessed as the modulation on the on-going EMG of TA or Sol, during a
voluntary co-contraction in sitting position on a high stool (thin lines) and postural co-contractions (thick lines) of Q and TA ((e),
leaning backwards) or of Q and Sol ((f), preparation for hopping). The sketches on the right of each trace represent the postural task.
Modified from Pierrot-Deseilligny et al. (1977) ((b), (c)), and Barbeau et al. (2000) ((e), (f)), with permission.



Heteronymous recurrent inhibition and
heteronymous Ia excitation

The hypothesis that a function of heteronymous
recurrent inhibition may be to limit the extent
of Ia excitation has been examined by studying
the changes in heteronymous recurrent inhibition
during postural tasks requiring co-contraction of
lower-limb muscles linked in Ia synergism.

Methodology

Recurrent inhibition of tibialis anterior and soleus
motoneurones produced by a quadriceps H reflex
discharge has been measured using three test
responses: (i) the rectified and averaged ongoing
EMG activity of tibialis anterior or soleus; (ii) the
MEP elicited in these muscles by cortical stimulation;
(iii) the soleus H reflex (Barbeau et al., 2000). Recur-
rent inhibition from quadriceps was compared at
matched levels of background EMG activity dur-
ing voluntary co-contraction of quadriceps and of
the relevant ankle muscle while sitting (control situ-
ation) and in different postural tasks. In the reverse
paradigm (soleus to quadriceps), Renshaw cells were
activated by a soleus H reflex and the resulting recur-
rent inhibition assessed with a quadriceps H reflex
(Iles, Ali & Pardoe, 2000).

Decreased recurrent inhibition to
motoneurones of the muscle involved in
postural co-contraction

During postural co-contractions of quadriceps and
tibialis anterior, as occur when standing and lean-
ing backwards, heteronymous recurrent inhibition
from quadriceps to tibialis anterior was reduced
with respect to sitting, whether assessed with the
on-going EMG activity (Fig. 4.10(e)) or the MEP.
In the same situation, recurrent inhibition from
quadriceps to soleus assessed with the H reflex
was unchanged or increased. During postural co-
contractions of quadriceps and soleus, as occur in
preparation for hopping, recurrent inhibition from
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quadriceps to soleus was reduced with respect to sit-
ting, whether assessed with the on-going EMG activ-
ity (Fig. 4.10(f)), the H reflex or the MEP, and recur-
rent inhibition to tibialis anterior was unchanged. In
situations in which the soleus contraction was not
associated with a quadriceps contraction (standing
on tip of toes or leaning forwards during stance),
heteronymous recurrent inhibition from quadriceps
to soleus was unchanged. Similarly, heteronymous
recurrent inhibition from soleus to quadriceps was
reduced during postural stance involving quadri-
cepsandsoleus co-contraction when compared with
similar voluntary muscle contractions when sitting
(Iles, Ali & Pardoe, 2000).

Origin of the posture-related changes in
recurrent inhibition

The decreased recurrent inhibition directed to mus-
cles associated with the quadriceps in postural co-
contractions is probably due to descending control
because the on-going motor discharge reaching Ren-
shaw cells via recurrent collaterals and the cuta-
neous activation due to the pressure of the foot sole
would have been the samein the controland postural
situations.

Functional implications

The above results support the view that the facilita-
tion of heteronymous recurrent inhibition functions
to limit the extent of heteronymous Ia excitation.
As discussed in Chapter 2, prewired Ia connections
link the quadriceps to both tibialis anterior and
soleus operating at the ankle (and, similarly, the
gastrocnemius-soleus to both quadriceps and biceps
femoris). In functional terms this may be explained
by the versatile synergisms required for various
tasks (see Chapter 2, p. 94). These connections
could become functionally inconvenient because
any increase in activity of quadriceps Ia afferents
mightresultin the simultaneous activation of antag-
onistic ankle flexor and extensor motoneurones.
The Ia excitatory connection that is not appropri-
ate for a particular movement (e.g. the quadriceps
projections to soleus motoneurones when leaning
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backwards) must therefore be controlled. This can be
done through appropriate control of Renshaw cells:
recurrent inhibition directed to motoneurones of
the ankle muscle not involved in the co-contraction
opposes Ia excitation, whereas Renshaw cells pro-
jecting onto motoneurones involved in the postu-
ral co-contraction are depressed (cf. Chapter 11,
p.538).

Studies in patients and
clinical implications

In patients, only homonymous recurrent inhibition
of soleus motoneurones has been studied using the
paired H reflex technique. These investigations have
involved mainly spastic patients.

Spasticity

On theoretical grounds, decreased recurrent inhi-
bition could contribute to the stretch reflex exag-
geration that characterises spasticity: activity of the
motoneurone pool would then be less effectively
opposed by recurrentinhibition, and so a greater dis-
charge would ensue.

Changes in recurrent inhibition at rest

Three abnormal patterns have been observed in
some patients (Katz & Pierrot-Deseilligny, 1982;
1998; Mazzocchio et al., 1990): (i) absence of H’
test reflex, (i) a plateau-like pattern, where the
H' reflex having attained its maximum remains
unchanged (Fig. 4.11(e)), and (iii) a ‘straight-line’
pattern, in which H" keeps increasing in parallel
with H1 (Fig. 4.11(f)). The amplitude of H depends
on the excitability of the monosynaptic reflex arc,
which is enhanced in the lower limbs of spastic
patients (as evidenced by an increased Hpax/Mmax
ratio, see Chapter 12, p. 562). The greater excitability
of motoneurones could protect them from the inhi-
bition following the H1 discharge. Hence, an abnor-
mally large H' test reflex might reflect an increase
in excitability of the monosynaptic reflex arc and/or

a decrease in recurrent inhibition. The latter pos-
sibility can be explored by measuring the extent to
which the H’ test reflex is modified by the acute
injection or the chronic intake of L-Acetylcarnitine
(L-Ac; pp. 159-60; Mazzocchio et al, 1990; Maz-
zocchio & Rossi, 1997b). Abnormal patterns of H’
are unlikely to reflect a change in the AHP of the
motoneurones because, in the cat, the AHP is not
modified after chronic spinal transsection (Gustafs-
son, Katz & Malmsten, 1982).

Stroke patients

The absence of H' is the most frequent finding on the
affected side of stroke patients whatever the ampli-
tude of H1. The H' response cannot be elicited in
~30% of normal subjects and this is more frequent
in stroke patients (53%, of 85 patients, Katz & Pierrot-
Deseilligny, 1982). When present, H' following a con-
ditioning reflex discharge of 50% of M.y (i.e. within
the range producing a decrease in the H’ test reflex
in normal subjects) was of the same size as in nor-
mal subjects, and of equal or smaller amplitude than
on their unaffected side (Katz & Pierrot-Deseilligny,
1982; Chaco etal., 1984). Given that Hy,,x is increased
in soleus on the affected side of stroke patients (see
Chapter 12, p.576), the absence of H' in most patients
and lack ofincrease in its amplitude in others suggest
enhanced recurrent inhibition in these patients.

Patients with spinal cord injury

There is evidence for an increase in recurrent inhibi-
tion in patients with complete or partial spinal cord
injury at the cervical and thoracic levels. The soleus
H' reflex was absent in 13 of 18 patients and, when
present, its amplitude was significantly smaller than
in normal subjects (Shefner et al., 1992).

Patients with amyotrophic lateral sclerosis

While Hp,.y is not greater than in normal subjects,
the amplitude of the H' response was increased, sug-
gesting a decrease in recurrent inhibition (Raynor &
Shefner, 1994).
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(f) ‘Straight-line’ pattern (the dotted oblique line represents the curve which would be recorded if H' equalled H1). Modified from
Katz & Pierrot-Deseilligny (1982) ((b), (¢)) and (1998) ((d)—(f)), with permission.
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Patients with hereditary spastic paraparesis
(Strumpell-Lorrain disease)

In all patients tested, H could be recorded. Two
patients had a ‘straight-line’ pattern (Fig. 4.11(f)),
which was not modified by acute injection of L-Ac,
possibly due to complete loss of recurrent inhibition
coupled with other mechanisms, such as extended
susceptibility of motoneurones to Ia excitatory
effects (Mazzocchio et al., 1990). In the remaining
patients, the soleus H' response wasreduced by acute
injection of L-Ac (Mazzocchio et al., 1990), and they
fell into two groups (Mazzocchio & Rossi, 1997Db).
About half had a ‘bell-shaped’ pattern similar to
that observed in normal subjects except that, due to
the hyperexcitability of the monosynaptic reflex arc,
maximal depression of H' amplitudes was obtained
with significantly larger H1 reflex amplitudes
(Fig. 4.11(d)). In these patients, the chronic intake of
L-Ac reduced the size of H and Hy,ax, and recurrent
inhibition at rest was then considered to be normal.
In the second group, H' had a plateau-like pattern
(Fig. 4.11(e)) and neither H nor Hy,ax were modified
by chronic intake of L-Ac. Given the absence of effect
of L-Ac, the absence of a decay phase in H' is unlikely
tobe due toadecrease in the AHP, and this group was
considered to have a reduced recurrent inhibition at
rest.

Conclusions

Only in those patients with slowly progressive para-
paresis is there evidence for decreased recurrent
inhibition at rest. However, as will be seen below,
even when recurrent inhibition appears normal
at rest, its control during voluntary movements is
disturbed.

Mechanisms underlying changes in recurrent
inhibition in spastic patients

Increased recurrent inhibition after
corticospinal lesions

Given the corticospinal suppression of recurrent
inhibition observed in normal subjects, increased

recurrent inhibition at rest in patients after stroke or
spinal cord injury implies that the corticospinal inhi-
bition is normally exerted tonically. The descending
inhibition may be due to a control exerted directly
onto Renshaw cells or indirectly through reticu-
lospinal nuclei (Fig. 4.11(a) and its legend). In addi-
tion, Renshaw cells have been shown to receive
noradrenergic inhibition from the locus coeruleus
(Fung, Pompeiano & Barnes, 1987), and supraspinal
tonic inhibition via serotonergic pathways (Sastry &
Sinclair, 1976). In any case, increased recurrent inhi-
bition after stroke or spinal cord injury implies
that Renshaw cells are released from a descending
tonic inhibition. This change is the opposite of that
required for abnormal recurrent inhibition to play a
role in the stretch reflex exaggeration of spasticity.

Hereditary spastic paraparesis

In hereditary spastic paraparesis, the pathology sug-
gests involvement of the dorsal reticulospinal tract
with lesser involvement of the corticospinal tract
(for references, see Mazzocchio & Rossi, 1997b;
Fig. 4.11(a)). It is therefore likely that the resulting
lesion spares more the descending inhibitory path-
ways than the descending facilitatory pathways to
Renshaw cells and shifts the balance in favour of the
former.

Amyotrophic lateral sclerosis

In amyotrophic lateral sclerosis, the increase in
recurrent inhibition probably reflects pathology
within the spinal cord rather than the loss of cor-
ticospinal inputs due to the upper motoneurone
lesion.

Changes in homonymous recurrent inhibition
during motor tasks in spastic patients

Changes in recurrent inhibition during contrac-
tion have been compared in normal subjects and
in hemiplegic and paraparetic patients (Katz &
Pierrot-Deseilligny, 1982; Mazzocchio & Rossi, 1989),
chosen because all had a normal ‘bell-shaped’



pattern of H' at rest and were able to perform tonic
voluntary contractions of soleus at different forces
(Fig. 4.11(b), (¢)). In normal subjects, an increase
in recurrent inhibition during weak contractions is
inferred from facilitation of reference H but inhi-
bition of H’, and a decrease in recurrent inhibi-
tion during strong contractions is inferred from
greater facilitation of H' than of reference H (p. 174;
Fig. 4.11(b)). These changes were not seen in the
patients, in whom H’ was enhanced during both
weak and strong contractions, though to a lesser
extent than reference H (asin Fig. 4.11(¢)). The differ-
ent task-related modulations of recurrent inhibition
seen in healthy subjects (increase during weak con-
tractions of soleus, contractions of tibialis anterior
and active stance, but decrease during strong con-
tractions of soleus) were absent in most patients.
These abnormalities are probably a consequence
of the lesion interrupting the corticospinal path-
way conveying the coordinates for the execution of
the movement to Renshaw cells. It is probable that
the control of Renshaw cells mediating heterony-
mous recurrent inhibition is similarly impaired, no
longer able to oppose unwanted Ia connections. If
so this would render muscle synergies less flexible,
and could contribute to the involuntary synkinetic
movements seen in hemiplegic patients.

Patients with other movement disorders

Patients with a form of cerebral palsy

Recurrent inhibition has been tested in patients
who had suffered perinatal brain damage, producing
mental retardation, rigidity and inflexible voluntary
and/or postural movements, but without pyramidal,
extrapyramidal or cerebellar signs. They had a nor-
mal ‘bell-shaped’ pattern of H’, but task-dependent
modulations of recurrent inhibition (during weak
and strong soleus contractions, tibialis anterior con-
traction or active stance) were absent. It was sug-
gested that the absence of adaptive changes in
recurrent inhibition could partly account for motor
difficulties experienced by these patients (Rossi,
Decchi & Vecchione, 1992).

Conclusions
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Hyperekplexia

In patients with hyperekplexia, a neurological dis-
ease with a deficient glycinergic inhibitory system
(see Chapter 5, p. 233), recurrent inhibition is pre-
served (Floeter et al.,, 1996). Renshaw cells release
both GABA and glycine (Schneider & Fyffe, 1992), and
it is possible that the release of GABA is sufficient to
ensure normal Renshaw cell function.

Parkinson’s disease

In patients with Parkinson’s disease, homonymous
recurrent inhibition of soleus is not modified
(Delwaide, 1985; Lalli, Panizza & Hallett, 1991).

Conclusions

Changes in recurrent inhibition in normal
motor control

Recurrent inhibition is not a simple negative feed-
back to motoneurones and, when its functional role
isconsidered, projections toboth motoneurones and
Ia interneurones must be taken into account. It is
also probable that recurrent inhibition serves several
functions, that are not exclusive.

During strong flexion-extension movements,
homonymous recurrent inhibition to active moto-
neurones is depressed by a descending (probably
corticospinal) inhibitory control. This: (i) ensures a
high input-output gain for the motoneurone pool,
and (ii) favours a potent depression of antagonis-
tic motoneurones through reciprocal Ia inhibition,
thereby preventing unwanted stretch reflex activa-
tion of antagonistic muscles. The latter action is
supported by facilitation of recurrent inhibition to
motoneurones of the antagonistic muscles.

During co-contractions of antagonistic muscles in
thelower limb, recurrentinhibition is facilitated or at
least not inhibited. Again, this could serve two roles:
(i) to ensure the depression of reciprocal Ia inhi-
bition necessary to allow parallel activation of the
antagonists, and (ii) to limit the gain of the stretch



188

Recurrent inhibition

reflex so preventing the system from breaking into
oscillations.

Because of the parallel distribution of het-
eronymous recurrent inhibition and heteronymous
monosynaptic Ia excitation in the lower limb, recur-
rent inhibition could limit the extent of Ia exci-
tation. Thus, the descending control of heterony-
mous recurrent inhibition allows the selection of the
appropriate Ia synergism for various postural tasks,
by opposing Ia connections that are not required for
the chosen task.

Changes in recurrent inhibition and
pathophysiology of movement disorders

Only in those patients with slowly progressive spas-
tic paraparesis is there evidence for decreased recur-
rent inhibition at rest. In most spastic patients with
corticospinal lesions (after stroke or spinal cord
injury) homonymous recurrent inhibition is normal
or increased at rest. However, the ability to modulate
recurrent inhibition appropriately for the task being
undertaken is lost.

Résumé

Background from animal experiments

Motor axons give off recurrent collaterals, which
release the excitatory transmitter acetylcholine, acti-
vating interneurones (called Renshaw cells), that in
turn inhibit motoneurones. The recurrent IPSP in
motoneurones has the short central latency of a
disynaptic pathway but a long duration (~40 ms).
Recurrent collaterals have been found for axons of
motoneurones innervating proximal muscles but
not for axons of motoneurones of distal muscles.
Independently of excitation produced by the dis-
charge of motoneurones, Renshaw cells receive exci-
tation from peripheral afferents and from a number
of higher centres. They are inhibited by cutaneous
and group II afferents and by corticospinal vol-
leys. There is a striking overlap between the dis-
tribution of heteronymous Renshaw inhibition and

monosynaptic Ia excitation. Renshaw cells inhibit Ia
interneurones mediating reciprocal Ia inhibition to
motoneurones antagonistic to those giving off the
recurrent collaterals which excite them. They also
inhibit other Renshaw cells and y motoneurones.

Methodology

Use of antidromic motor volleys to activate
homonymous Renshaw cells is invalid in
human subjects

Activation of Renshaw cells by an antidromic motor
volley must be employed in humans with great care
because, when the dorsal roots are intact, the stim-
ulation also produces an orthodromic group I vol-
ley, the effects of which interfere with recurrent
inhibition, and a complex late afferent discharge
in response to the muscle twitch due to the motor
volley.

The paired H reflex technique to investigate
homonymous recurrent inhibition

Underlying principles, conditioning and
test reflexes

Renshaw cells are activated orthodromically by a
conditioning reflex discharge, and a collision in
motor axons is used to prevent the conditioning
reflex from reaching the muscle and producing a
twitch-induced afferent discharge. Only motoneu-
rones that discharge in the first (H1) reflex will have
their excitability assessed by the subsequent test vol-
ley. The test stimulus (SM) is supramaximal for a
motor axons and produces an antidromic motor vol-
ley in all « motor axons. The H1 conditioning reflex
discharge collides with this antidromic motor volley
and eliminates the antidromic impulses in the corre-
sponding motor axons so that the test reflex evoked
by SM (H') can appear in these axons. The motoneu-
rones thatdischarge in H' will be affected by the post-
spike AHP because these motoneurones discharged
in the H1 conditioning reflex. At conditioning-
test intervals >10 ms, Ib inhibition evoked by the



conditioning volley cannot contaminate recurrent
inhibition.

Evidence for recurrent inhibition

At low conditioning reflex amplitudes H' remains
equal to H1, but further increases in H1 result in
a progressive decrease in H', which is related to
the size of the conditioning reflex discharge. This
strongly suggests that, in addition to the AHP, the
reflex depression is caused by recurrent inhibition
set up by the larger conditioning reflex discharge.
The time course of the depression of H' resembles
that of recurrent inhibition in animal experiments.

Pharmacological validation

Intravenous injection of a cholinergic agonist (L-
acetylcarnitine, L-Ac), that does not alter the size
of a control H reflex of similar size, the amount of
Ib inhibition or the amplitude of the AHP, potenti-
ates the inhibition of the H' test reflex. This provides
independent evidence for a Renshaw origin of the
suppression.

Two conditions must be met to use the paired H
reflex technique

The size of the H1 conditioning reflex discharge must
be identical in the situations that are compared,
and the H1 conditioning discharge must be within
the range where an increase results in a progressive
decrease in the size of the H’ test reflex expressed as
a percentage of Mpay.

Possible changes in the post-spike AHP

The depression of the test reflex after the H1 dis-
charge also depends on the AHP of the motoneu-
rones discharging in H1. Suppression of H' will
therefore provide an accurate measure of recurrent
inhibition, only if the AHP does not change. How-
ever, the AHP can vary under certain conditions:
activation of descending monoaminergic pathways,
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and probably when plateau potentials develop in
motoneurones.

Comparison with a reference H reflex

The amplitude of the H’ test reflex also depends
on any changes in motoneurone excitability in the
tested situation. The excitability of the motoneu-
rone pool should be monitored using a control H
reflex (reference H) of the same size as H' in the con-
trol situation. Because of changes in membrane con-
ductance during the AHP, motoneurones that have
discharged in the H' test reflex will be less sensitive
to PSPs. Thus, there will have been evidence for a
change in recurrent inhibition when there is greater
change in the H’ test reflex than in the reference
H reflex: greater facilitation of H' reflects decreased
recurrent inhibition, and greater inhibition of H’
increased recurrent inhibition.

Conclusions

Although it appears complex, the paired H reflex
technique is the only method available to assess
homonymous recurrent inhibition under physiolog-
ical and pathological conditions. However, it would
be prudent to interpret changes in the size of the H’
test reflex with care, taking into account whether the
AHP mighthave been different in the control and test
conditions.

Methods to investigate heteronymous
recurrent inhibition

Underlying principle

A conditioning motor discharge, whether a reflex
or an antidromic motor volley, is used to activate
Renshaw cells, and the resulting recurrent inhibi-
tion is assessed in a heteronymous muscle by one
of the methods exploring the excitability of the
motoneurones: PSTHs of single units, H reflex, and
modulation of the on-going EMG or the MEP.
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Evidence for recurrent inhibition

Recurrent inhibition is suggested when the depres-
sion elicited by the conditioning volley appears and
increases with the conditioning motor discharge, is
independent of the conditioning stimulus intensity
per se, has a short central delay, 1-2 ms longer than
monosynaptic Ia excitation, and has a long dura-
tion, more than 15 ms. In addition the depression
is commonly preceded by a peak of monosynap-
tic Ta excitation. When the conditioning discharge is
a monosynaptic reflex, there are cogent arguments
against a significant contribution of other pathways
to the suppression. When the inhibition is evoked by
electrical stimuli above 1 x MT, its Renshaw origin
may be more questionable, because the condi-
tioning afferent volley is more complex. However,
the findings may be validated by the administra-
tion of L-Ac, which increases the long-lasting inhi-
bition produced by the antidromic volley above
1 x MT, without altering early low-threshold group
I effects.

Limitations

Ia EPSPs elicited by the conditioning volley can con-
taminate recurrent inhibition, and the test response
is the net result of these opposite matched effects.
Recurrent inhibition must therefore be assessed at
a long ISI when Ia EPSPs and group I IPSPs evoked
by the conditioning stimulus have subsided and the
recurrent IPSP is still present.

Conclusion

In clinical studies, the modulation of the on-going
EMG is the simplest method.

Organisation and pattern of connections

Homonymous projections to motoneurones

There is evidence for homonymous recurrent inhi-
bition affecting the motor nuclei of all proximal
muscles so far tested. The absence of recurrent

inhibition in motor nuclei of intrinsic muscles of
the hand and foot probably reflects the absence of
recurrent collaterals on the corresponding motor
axons.

Heteronymous projections to motoneurones
Lower limb

Recurrent connections are much more widely dis-
tributed than in the cat hindlimb with, in particu-
lar, transjoint connections between quadriceps and
all muscles operating at the ankle, and from tri-
ceps surae to quadriceps. There is a striking overlap
between the distributions of heteronymous recur-
rent inhibition and of heteronymous monosynaptic
Ia excitation. However, some Ia connections are not
matched by equivalent recurrent connections and,
conversely, some recurrent connections have no Ia
equivalent.

Upper limb

Heteronymous transjoint connections are much
more restricted in the upper than in the lower limb
and do not exist from proximal to distal muscles. An
interesting finding is the mutual recurrent inhibition
of ECR and FCR motoneurones.

Ia inhibitory interneurones

Ia inhibitory interneurones are inhibited by the
recurrent pathway at elbow and ankle levels. Recur-
rent inhibition of reciprocal inhibition does not
exist at wrist level. This finding raises the ques-
tion of whether the reciprocal inhibition between
these muscles is a ‘true reciprocal Ia inhibition’ (see
Chapter 5).

TMS suppresses homonymous and
heteronymous recurrent inhibition

This is an effect that occurs only a few milliseconds
later than the cortical excitation of motoneurones.



Motor tasks and physiological
implications

Recurrent inhibition of motoneurones of a
muscle involved in a selective contraction

Inthe paired Hreflextechnique, changesinrecurrent
inhibition can be inferred from differential changes
in the H' test reflex and in a reference H reflex of the
same size at rest.

(i) Inhibition of H while reference H is facilitated
has been observed during weak tonic soleus con-
tractions and at the beginning of ramp contractions.
That a similar result may be observed prior to the
ramp contraction, i.e. in advance of any contraction-
related mechanism, such as motoneurone firing or
afferent discharge related to the contraction, pro-
vides evidence that the inhibition of H' is due to
descending facilitation of Renshaw cells.

(ii) In contrast, H' is facilitated significantly more
than the reference H during strong tonic contrac-
tions and towards the end of aramp contraction. The
greater facilitation of H may result from a reduc-
tion of recurrent inhibition or of the AHP. The for-
mer appears more likely, because a similar result was
obtained with heteronymous recurrent inhibition to
active motoneurones, i.e. with a method indepen-
dent of the motoneuronal AHP during contraction.
The reduction of recurrent inhibition was shown not
to be due to an occlusive mechanism between nat-
ural motor and conditioning reflex discharges run-
ning through the same recurrent pathway. Inhibition
of Renshaw cellsis therefore likely, and thisinhibition
is underestimated because it occurs despite factors
that would have reduced H’ facilitation (less sensi-
tivity to excitatory inputs, summation of the AHP,
facilitation of Renshaw cells by the strong motor dis-
charge via recurrent collaterals). This inhibition of
Renshaw cell activity probably reflects a descending
(corticospinal) inhibitory effect exerted directly onto
Renshaw cells.

Voluntary contraction of the antagonists

During tonic and ramp contractions of the antag-
onistic pretibial flexors, there is a facilitation of
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soleus-coupled Renshaw cells, which is likely to be
of supraspinal origin.

Recurrent inhibition during co-contraction
of antagonistic muscles

Voluntary contractions of antagonists

During voluntary co-contractions of soleus and the
pretibial flexors, whether strong tonic or towards
the end of ramp, H' is inhibited. This contrasts
with the greater facilitation of H' than of reference
H observed during voluntary plantar flexion at an
equivalent amount of soleus EMG activity. Both the
amount of inhibition during strong co-contractions
and its time course during ramp contractions sug-
gest a specific control of recurrent inhibition dur-
ing co-contraction, with descending facilitation of
Renshaw cells.

Active stance

During active stance, homonymous recurrent inhi-
bition is increased with respect to that when stand-
ing with support. This increase in recurrent inhibi-
tion is probably descending, possibly vestibular in
origin, and is probably required because the activ-
ity of either antagonist may be required to maintain
stability.

Heteronymous recurrent inhibition opposing
matched Ia excitation

During postural co-contractions of quadriceps with
an ankle muscle (e.g. tibialis anterior while lean-
ingbackwards) recurrent inhibition from quadriceps
to motoneurones of this muscle is decreased, while
that to the antagonist (soleus in this example) is
unchanged or increased.

Functional implications
Flexion—extension

During strong contractions, the decreased recurrent
inhibition to active motoneurones ensures a high
input-output gain for the motoneurone pool, and
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favours a potent inhibition of antagonist activity
through unsuppressed reciprocal Ia inhibition. Dur-
ing weak contractions, the increased recurrent inhi-
bition allows the supraspinal centres to operate over
alarge part of their working range while causing only
small changes in muscle force.

Co-contractions of antagonists

During co-contractions of antagonists recurrent
inhibition is either facilitated or not inhibited. This
ensures the depression of reciprocal Ia inhibition
necessary to allow unimpeded parallel activation of
the two antagonistic muscles, and limits the gain
of the stretch reflex so preventing the system from
breaking into oscillations.

Control of heteronymous projections

Given the heteronymous Ia excitatory projections
from one muscle to both antagonistic muscles of a
pair operating at another joint, the descending con-
trol of heteronymous recurrent inhibition helps the
selection of the appropriate Ia synergism for various
postural motor tasks.

Studies in patients and clinical
implications

Spasticity

So far, only homonymous recurrent inhibition of
soleus motoneurones has been investigated, using
the paired H reflex technique. In patients with
stroke or spinal cord injury, there is evidence for
increased homonymous recurrent inhibition. This
finding implies that normally there is a supraspinal
tonic inhibitory drive on Renshaw cells, and indi-
cates that decreased recurrent inhibition does not
contribute to spasticity in these patients. However,
task-related changes in recurrent inhibition cannot
be demonstrated. Only in patients with progressive
paraparesis dueto hereditary spastic paraparesis and
amyotrophic lateral sclerosis is there evidence for
decreased recurrent inhibition at rest.

Other movement disorders

In patients with a form of cerebral palsy, with
mental retardation, rigidity and inflexible voluntary
and/or postural movements, but without pyrami-
dal, extrapyramidal or cerebellar deficits, there is
an absence of task-related modulation of recurrent
inhibition. In patients with hyperekplexia, recurrent
inhibition is not modified. In patients with Parkin-
son’s disease, recurrent inhibition is not modified
either.
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Reciprocal Ia inhibition

Thedisynaptic pathway mediatingreciprocal Iainhi-
bition to antagonistic motoneurones through Ia
interneurones has been investigated extensively in
animal experiments, and is the most thoroughly
studied spinal circuit in human subjects. The exten-
sive convergence described on Ia interneurones
provided the first example of integration in the
spinal cord. It has been suggested that motoneu-
rones and Ia interneurones are controlled in par-
allel from the brain to produce a co-ordinated
contraction of agonists and relaxation of antag-
onists (Lundberg, 1970). This appealing hypothesis
prompted experiments in humans, and the study of
changes in reciprocal Ia inhibition from ankle flex-
ors to extensors during voluntary dorsiflexion was
the first attempt to investigate changes in transmis-
sion in spinal pathways during movement (Tanaka,
1974). Although the results recorded during tonic
contractions have long been a matter of dispute, the
existence of a parallel control of « motoneurones
and corresponding Ia interneurones has now been
demonstrated in a number of motor tasks at ankle
level. However, it has proved difficult to extrapolate
from results obtained at ankle level to wrist flex-
ors and extensors. It has become clear that recip-
rocal inhibition between flexors and extensors in
the forearm is probably mediated by non-reciprocal
group [ interneurones (so-called Ib inhibitory
interneurones), and not by ‘true’ Ia inhibitory
interneurones.

Background from animal
experiments

Initial findings

In a decerebrate preparation Sherrington (1897)
demonstrated that the contraction of a muscle
is accompanied by relaxation of its antagonist(s),
and coined the term Teciprocal inhibition. Using
monosynapticreflextesting, Lloyd (1946) considered
the reciprocal inhibition of the mechanical antag-
onist acting at the same joint as the counterpart of
excitation in a myotatic unit and, because of its very
short latency, believed that it was exerted mono-
synaptically on motoneurones (Lloyd, 1941; hence
the term ‘direct inhibition’). Later intracellular
recordings established that one interneurone is
interpolated in thelainhibitory pathway (Eccles, Fatt
& Landgren, 1956), and demonstrated that activity
in this pathway can inhibit the monosynaptic reflex
(Araki, Eccles & Ito, 1960; see Chapter 1, pp. 9-10).
The interneurone was called ‘Ia interneurone’, a
name which has been kept, despite the demon-
stration that Ia afferents also produce (although
to a much lesser extent) disynaptic inhibition of
motoneurones through another pathway (that of
non-reciprocal group Iinhibition, formerly known as
‘Ib inhibition’; see Chapter 6). The Ia interneurone
was first viewed as a mechanism for transforming
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(a)

Presynaptic I
inhibition

(b)

Descending
=

Fig. 5.1. Wiring diagram of the connections of the reciprocal Ia pathway. (a), (b) In this and subsequent figures, excitatory synapses

are represented by Y-shaped bars and inhibitory synapses by small filled circles, excitatory interneurones by open circles and

inhibitory interneurones by large filled circles, Ia afferents by thick dashed lines, cutaneous and joint afferents by thin dashed

lines. (a) Ia afferents originating from muscle spindle primary endings of soleus have monosynaptic excitatory projections to

homonymous motoneurones (MN) and activate Ia inhibitory interneurones (IN) inhibiting the MNs of the antagonistic tibialis

anterior (TA). Ia INs fed by soleus Ia afferents are inhibited by Renshaw cells activated by recurrent collaterals from soleus motor

axons. Ia INs receive short-latency excitation from low-threshold cutaneous afferents. (b) Similar influences of descending tracts on

a (and y) MNs and ‘corresponding’ extensor INs (inhibiting flexor MNs). Extensor-coupled Ia INs inhibit ‘opposite’ flexor-coupled

Ia INs, and vice versa. The pathway of presynaptic inhibition of Ia terminals on tibialis anterior-coupled Ia INs is also represented.

Data from Hultborn (1976), and Enriquez-Denton et al. (2000).

the excitatory action of primary afferents into an
inhibitory action. However, it was soon realised that
itmight also act as a simple ‘integrative centre’ (R. M.
Eccles & Lundberg, 1958). A striking convergence of
segmental and supraspinal inputs was then found
on o motoneurones and corresponding Ia interneu-
rones (i.e. those with the same Ia excitatory input,
see Lundberg, 1970; Hultborn, 1976).

General features

Identification

Ia inhibitory interneurones have three characteris-
tic features allowing their identification: (i) mono-
synaptic input from Ia afferents, (ii) projection to
motoneurones antagonistic to the muscle(s) from
which the Ia input arises, and (iii) disynaptic
recurrent inhibition from those motoneurones that

receive the same monosynaptic Ia excitation (see
below; Fig. 5.1(a)).

Location and morphology

Ia inhibitory interneurones are located in the ven-
tral part of lamina VII, just outside the motor nuclei
receiving the same Ia input (Jankowska & Lindstrém,
1972). The trajectory of their axons, via the lateral
or ventral funiculi, depends on the location of their
target motoneurones, and they can reach motoneu-
rones several segments away.

Pharmacology

The transmitter released from terminals of Ia inhi-
bitory interneurones is glycine (see Curtis, 1959).
This provides a unique opportunity to investigate
changes in reciprocal Ia inhibition in patients with
a selective deficiency of the glycinergic inhibitory



system, producing, among other deficits, defective
transmission of reciprocal Ia inhibition (see p. 233).
Much less is known about the pharmacology of
their excitation, but they are activated readily by L-
glutamate (Jankowska & Roberts, 1972).

Mode of action

Individual Ia inhibitory interneurones may inhibit
a considerable proportion of « motoneurones of a
given nucleus (up to 20%), but each interneurone
produces fairly small IPSPs in motoneurones, and it
has been estimated that 70 interneurones on aver-
age are required to inhibit individual motoneurones
(Jankowska & Roberts, 1972). Ia interneurones make
synaptic contacts predominantly on the soma and
proximal parts of the dendrites (R. E. Burke, Fedina
& Lundberg, 1971).

Electrophysiology

Ia inhibitory interneurones respond with a single
spike to a synchronous volley in Ia afferents. They
are, however, able to discharge in bursts following
stimulation of other afferents (e.g. FRA). They have
tonic background activity, which is particularly high
in non-anaesthetised decerebrate preparations (see
Jankowska, 1992).

Projections from Ia interneurones

Projections to motoneurones

The pathway of reciprocal Ia inhibition is very sim-
ple. In general, Ia interneurones inhibit direct antag-
onistic motoneurones in the way initially described
(Lloyd, 1946; Laporte & Lloyd, 1952). However, there
are many exceptions to this rule. (i) Intracellular
recordings have revealed a more extensive distribu-
tion (e.g. thereisinhibition from the pure knee exten-
sor vasto-crureus to motoneurones of the hip flexors;
R.M. Eccles & Lundberg, 1958). (ii) In contrast, recip-
rocal Ia inhibition is not found between adductors
and abductors (R. M. Eccles & Lundberg, 1958) or
expiratory and inspiratory intercostal muscles of the
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same segment (Sears, 1964). (iii) It is also worth no-
ting that in the hindlimb of the anaesthetised and
spinalised cat, maximal Ia IPSPs are much larger in
flexor than in extensor motoneurones (R. M. Eccles
& Lundberg, 1958). Ia interneurones have no projec-
tions to y motoneurones (Eccles, Eccles & Lundberg,
1960).

Projections to opposite Ia interneurones

The only interneurones affected by Ia inhibitory
interneurones are the ‘opposite’ Ia interneurones
(Hultborn, Illert & Santini, 1976a). Thus, asillustrated
in Fig. 5.1(b), Ia interneurones activated from flexor
Ia afferents inhibit Ia interneurones activated from
extensor Ia afferents, and vice versa.

Input to Ia interneurones

Ia afferents provide the main segmental input
to la interneurones

When Ia afferents from different synergists evoke
disynaptic inhibition in an antagonistic motor
nucleus, the convergence occurs onto common Ia
interneurones, not at the motoneurones themselves
(Hultborn & Udo, 1972b).

Other segmental inputs
Flexion reflex afferents (FRA)

Volleys in ipsilateral and contralateral flexion reflex
afferents (FRA) evoke a mixture of polysynaptic exci-
tation and inhibition in Ia inhibitory interneurones.
However, interneurones excited monosynaptically
from flexor nerves receive stronger net excitation
from the ipsilateral FRA than do extensor-coupled
interneurones, while the opposite pattern is seen
from the contralateral FRA. These patterns are sim-
ilar to those found in flexor and extensor motoneu-
rones, respectively. In the acute spinal cat, FRA path-
ways thus evoke parallel effects in « motoneurones
and ‘corresponding’ Ia interneurones (see Hultborn,
1976).
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Low-threshold cutaneous afferents

These may also activate Ia interneurones through a
short-latency ‘private’ pathway (Fedina & Hultborn,
1972).

Recurrent inhibition

Renshaw cells inhibit Ia inhibitory interneurones
(see Hultborn, Jankowska & Lindstrom, 1971a;
Fig. 5.1(a)). If one excepts Renshaw cells themselves,
Ia interneurones are the only spinal interneurones
to receive recurrent inhibition, and this constitutes
a unique way of identifying them. o motoneurones
and ‘corresponding’ Ia interneurones receive recur-
rent inhibition in a strictly parallel fashion. This
inhibition of Ia interneurones is responsible for
‘recurrent facilitation’, which is due to inhibition of
tonically active Ia interneurones (see Hultborn et al.,
1971b; Chapter 4, p. 154).

Descending inputs

There is a striking parallel between the descending
input to motoneurones and that to corresponding Ia
interneurones.

Corticospinal input

Corticospinal volleys facilitate transmission in Ia
interneurones to motoneurones of the cat hindlimb
(Lundberg & Voorhoeve, 1962), and the corticospinal
inhibition of feline motoneurones appears to be
mediated to a large extent by Ia inhibitory interneu-
rones (Hultborn & Udo, 1972a). An even more
direct coupling between corticospinal fibres and Ia
interneurones has been found in forelimb segments
of the cat (disynaptic, via propriospinal neurones;
Illert & Tanaka, 1978) and in the hindlimb of pri-
mates (monosynaptic; Jankowska, Padel & Tanaka,
1976). Studies in the monkey have shown that those
corticospinal cells with a ‘reciprocal Ia inhibition
pattern’ (facilitation of agonist, inhibition of antag-
onist) are vigorously active during flexion-extension

movements, but may fail to discharge during a power
grip involving co-contraction of wrist flexors and
extensors (Fetz & Cheney, 1987).

Rubrospinal input

Rubrospinal volleys evoke di- and polysynaptic
EPSPs in Ia interneurones, mixed with some inhi-
bition.

Vestibulospinal input

Vestibulospinal volleys evoke mono- and disynap-
tic EPSPs in extensor-coupled Ia interneurones, and
disynaptic IPSPs in flexor-coupled Ia interneurones
(Hultborn, Illert & Santini, 1976b). Here again, these
effects are similar to the vestibulospinal effects on
the corresponding motoneurones.

Tonic descending inhibition

In the anaesthetised baboon, reciprocal Ia inhibi-
tion is detectable only after spinal transection. This
has been interpreted as due to a descending system
tonically inhibiting Ia interneurones in the anaes-
thetised state. The existence of descending control
‘may reflect the increasing need of primates to use
the Ia-system in movements other than flexion—
extension, either in lateral movements or in co-
contraction of flexors and extensors’ (Hongo et al.,
1984), i.e. in movements in which Ia excitation is not
paralleled by Ia inhibition of the antagonists.

Presynaptic inhibition

Conditioning stimulation of ankle flexor, but not
extensor, group I afferents evokes presynaptic inhi-
bition of Ia terminals projecting to Ia interneurones.
Aparallel control of presynaptic inhibition ofIa affer-
ent terminals on Ia interneurones and motoneu-
rones is likely. In addition, conditioning stimuli to
flexor and extensor nerves and cutaneous nerves
elicit a long-lasting increase in excitability of the
terminals of Ia inhibitory interneurones, possibly



due to presynaptic inhibition of the terminals of the
interneurones themselves (Enriquez-Denton et al,
2000).

Conclusions

The general principle has emerged that all periph-
eral and descending neuronal systems which influ-
ence motoneurones have similar projections on Ia
inhibitoryinterneurones. This coupling of motoneu-
rones and correspondinglainhibitoryinterneurones
may serve to link reciprocal inhibition of antag-
onists with excitation of agonists in flexion-
extension movements (‘a-y linkage in the recip-
rocal Ia inhibition’; Lundberg, 1970; Jankowska &
Lundberg, 1981).

Methodology

Underlying principles

Inhibition mediated through the pathway of recip-
rocal Ia inhibition between antagonistic flexors and
extensors can be assessed in motoneurones using
group I volleys to modulate the H reflex, the ongo-
ing EMG or the PSTHs of single units. Several fea-
tures suggest that the resulting inhibition is due to
the activation of Ia inhibitory interneurones: (i) eli-
citation by a pure Ia volley, (ii) central delay consis-
tentwith a disynaptic transmission, (iii) inhibition by
recurrent inhibition, and (iv) distribution restricted
to motoneurones of strict antagonists.

Inhibition of various responses

Monosynaptic test reflex

Exploration of the spinal circuitry of human subjects
started with the description of the low-threshold,
short-latency inhibition of the soleus H reflex follow-
ing conditioning stimulation to the common pero-
neal nerve (Kots & Zhukov, 1971; Mizuno, Tanaka &
Yanagisawa, 1971). Because the conditioning volley
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originated from the antagonistic muscle, this was
interpreted as due toreciprocal Iainhibition of soleus
motoneurones by Ia volleys from the pretibial flex-
ors. At ankle level, testing usually involves peroneal
inhibition of the soleus H reflex. A deep peroneal
nerve volley at 1 x MT usually inhibits the soleus H
reflex of normal subjects at rest. The inhibition has
an onset at the 1-ms ISI when the conditioning sti-
mulus is delivered ~6 cm more distally than the test,
reachesamaximum 1-2 mslater, and hasabriefover-
all duration, ~2-3 ms (Fig. 5.2(b); Crone et al., 1987).
Inthose subjects, in whomitis possible to evoke an H
reflex in tibialis anterior, reciprocal inhibition can be
demonstrated consistently at rest. Because the con-
ditioning volley is applied more proximally than the
test volley, synchronous arrival of the two volleys at
spinal level occurs when the conditioning volley is
delivered after the test volley (at negative intervals).
Here also, it reaches a maximum 1 ms later and has
a brief duration (Fig. 5.2(b); Tanaka, 1974; Pierrot-
Deseilligny ef al., 1981; Crone et al., 1987). At wrist
level, a short-latency low-threshold radial-induced
inhibition of the FCR H reflex and a median-induced
inhibition of the ECR H reflex have been described
(Fig. 5.4(b); Day et al, 1981, 1984; Baldissera,
Campadelli & Cavallari, 1983). The extent to which
this inhibition truly represents reciprocal Ia inhibi-
tion is discussed on pp. 211-14. Because it is rarely
possible torecord an Hreflex of significant size at rest
in the biceps and triceps brachii, reciprocal inhibi-
tion between elbow flexors and extensors has been
investigated using the tendon jerk, conditioned by an
electrical volley to the nerve innervating the antago-
nistic muscle (triceps or musculo-cutaneous nerve,
respectively) in the upper part of the arm (on its pos-
terior or anterior aspect, respectively). Because of
the mechanical delay introduced by the tendon tap,
the simultaneous arrival of the conditioning and test
volleys at spinal level occurs when the conditioning
stimulus is delivered after the test volley (hence the
negative intervals on the abscissa in Fig. 5.3(h); Katz,
Pénicaud & Rossi, 1991). Here again, the inhibition
reaches a maximum 1-1.5 ms after its onset and has
a brief duration (3 ms).
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Fig. 5.2. Reciprocal Ia inhibition between ankle muscles. (a) Sketch of the pathway of reciprocal Ia inhibition from the deep
peroneal nerve (DPN) to soleus (Sol), and from the posterior tibial nerve (PTN) to tibialis anterior (TA) motoneurones (MN). (b)—(d)
Changes in the amplitude of the H reflex (as a percentage of its unconditioned value, each symbol mean of 20-80 measurements,
vertical bars +1 SEM). (b), (¢) The amplitude of the DPN-induced modulation of the Sol (®) and of the PTN-induced modulation of
the TA (O) H reflexes is plotted against the interstimulus interval (ISI) ((b), conditioning stimulus 1 x MT), and the conditioning
stimulus strength ((c) ISI giving the strongest inhibition). (d) Time course of the effects of an Achilles tendon tap (0.95 x tendon
jerk threshold) on the H reflexes of Sol (l) and TA (O). Given that the stimulating electrode eliciting the TA H reflex was 6 cm more
distal (i.e., closer to the Achilles tendon) than that eliciting the Sol H reflex, the same tap-test ISI for the onset of the two effects is
consistent with a 1 ms longer central delay for the effect in TA MNs. (e) Inhibition of the TA H reflex by separate stimuli (PTN,

0.65 x MT, -0.5 ms ISI, first column; Achilles tap, 0.4 x reflex threshold, 6 ms ISI, second column) and combined stimulation (black
column). The interrupted horizontal line at 100% represents control reflex size. ¥ represents the sum of the inhibitions produced by
PTN and Tap delivered separately, the double-headed vertical arrows (A) indicate the extra inhibition on combined stimulation.

(f) Extent of reciprocal inhibition of the soleus H reflex (% of control reflex) evoked by a DPN stimulation at 1 x MT and measured
at the optimal ISI for each subject in 60 subjects. (g) Comparison of the maximal reciprocal inhibition of the soleus H reflex
(ordinate, % of control reflex) and the amount of regular weekly physical exercise (abscissa: 0, no physical exercise; 1, less than 2
hours; 2, between 2 and 5 hours; 3, more than 5 hours), each dot representing one subject. Modified from Crone et al. (1987)
((b)—(f)) and Crone, Hultborn & Jespersen (1985) (g), with permission.
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Fig. 5.3. Reciprocal Ia inhibition between elbow muscles. (a) Sketch of the pathway of reciprocal Ia inhibition from the
musculo-cutaneous nerve to triceps brachii (Tri) and from the triceps nerve to biceps brachii (Bi) motoneurones (MN). (b), (¢)
Changes in the amplitude of tendon jerk, expressed as a percentage of its unconditioned value (each symbol is the mean of

60 measurements in (b) and 20 in (¢), vertical bars, =1 SEM). (b) Time course of the Tri-induced modulation of the Bi tendon jerk (@)
and of the musculo-cutaneous-induced modulation of the Tri tendon jerk (O) (conditioning stimulus 1 x MT). (¢) The amplitude of
the Bi tendon jerk is plotted against the intensity of the Tri nerve conditioning stimulus (—3 ms ISI, when the inhibition is maximal,
see (b)) in a control situation (@) and after a long-lasting vibration to the Tri tendon (166 Hz for 25 minutes, [). (d), (e) PSTHs (after
subtraction of the background firing, 0.4-ms bin width) of a Bi unit after Tri nerve stimulation ((d), 1 x MT) and of a Tri unit after
musculo-cutaneous stimulation ((e), 1 x MT). The zero of the abscissa represents the latency of the peak of homonymous
monosynaptic Ia excitation. The vertical dotted (d) and dashed (e) lines indicate the onset of the inhibitions, with their latencies.
The difference (A) between the latencies of the reciprocal suppression and of the homonymous peak in the Bi-Tri pair depends on
the peripheral afferent conduction time for the Bi (Bi.aff) and Tri (Tri.aff) and on the supplementary central delay (D) of the
inhibition with respect to that of the monosynaptic Ia excitation. Thus, in the same subject with the same stimulation sites, one has:

(d) A biceps (1.2 ms) = (Tri.aff + D) - Bi.aff = Tri.aff - Bi.aff + D
(e) A triceps (0.4 ms) = (Bi.aff + D) — Tri.aff = Bi.aff - Tri.aff + D

Adding these equations gives: 1.2 + 0.4 = 2D, i.e., D =1.6/2 = 0.8 ms.
Modified from Katz, Pénicaud & Rossi (1991), with permission.

Modulation of the on-going EMG Stein, 1990). The resulting common peroneal nerve-

induced inhibition of the soleus EMG is more pro-
Modulation of the on-going EMG by a condition- found and has a longer duration than that of the
ing volley from the antagonistic muscle may be used soleus H reflex recorded under the same condi-

to assess reciprocal Ia inhibition (Capaday, Cody & tions (10 ms vs. 3 ms; Fig. 1.11 (b), (c)). The reasons
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for this are discussed in Chapter 1 (pp. 26-7). The
inhibition can be demonstrated despite the depres-
sion of reciprocal Ia inhibition directed to volun-
tarily activated motoneurones (Petersen, Morita &
Nielsen, 1998; p. 223), and this is a suitable method
for comparing the amount of reciprocal Ia inhibition
in two motor tasks, at equivalent level of background
EMG activity (e.g. gait and voluntary contraction, see
pp- 227-9).

PSTHs of single units

A group I volley suppresses the discharge of vol-
untarily activated units of the antagonistic muscle.
The method was introduced by Peter Ashby to docu-
ment reciprocal Ia inhibition between ankle flexors
and extensors (Ashby & Labelle, 1977; Ashby & Zilm,
1978), and has also been used to document recip-
rocal inhibition from quadriceps to biceps femoris
(Kudina, 1980), and between flexors and extensors
of the elbow (Katz, Pénicaud & Rossi, 1991) and the
wrist (Aymard et al., 1995). Here also and for the
same reasons as the EMG suppression (Chapter 1,
pp. 26-7), the duration of the trough in the PSTH is
longer than that of the H reflexinhibition (e.g. see the
femoral induced-inhibition of a biceps femoris unit
in Fig. 5.6(D)). Again, the inhibition can be detected
despite the weak contraction of the target muscle
necessary for the PSTH technique.

Evidence for reciprocal Ia inhibition

Evidence that the inhibition is elicited
by Ia afferents

Low electrical threshold

The electrical threshold for the reciprocal Ia inhibi-
tion to soleus and tibialis anterior motoneurones is
low (~0.6 x MT, Fig. 5.2(¢c); Crone et al., 1987), i.e.
close to that of monosynaptic Ia excitation in the
PSTHs of single units (0.5 x MT; Chapter 2, p. 75).
The finding that the threshold for the inhibition is
slightly higher than for monosynaptic Ia excitation

in a firing motoneurone is to be expected because
the interneurones mediating the inhibition must be
brought to threshold whereas the facilitation can
be detected as a subthreshold event. However, the
threshold for the inhibition is remarkably low: recip-
rocal Ia inhibition of tibialis anterior motoneurones
may be evoked by stimuli subthreshold for the com-
pound soleus H reflex (Mao et al., 1984) or tendon
jerk (Crone et al., 1987).

Absence of effects from cutaneous afferents

A possible role for cutaneous afferents in the inhibi-
tion has been excluded, because cutaneous stimula-
tion mimicking the sensation evoked by the mixed
nerve volley does not produce a similar inhibition
either at ankle or elbow level (Pierrot-Deseilligny
etal., 1981; Crone etal., 1987; Katz, Pénicaud & Rossi,
1991).

Tendon tap

The low electrical threshold for the reciprocal inhi-
bition implicates group I fibres, but does not identify
muscle spindle Ia afferents as responsible. However,
the same inhibition can be evoked by tendon taps
which, at rest, preferentially activate muscle spindle
primary endings and Ia fibres (cf. Chapter 2, p. 67).
Thus, an Achilles tendon tap, just below threshold
for the soleus tendon jerk, produces both homony-
mous monosynaptic Ia facilitation of the soleus H
reflex and reciprocal Ia inhibition of the tibialis ante-
rior H reflex (Crone et al., 1987; Fig. 5.2(d)). More-
over, when an Achilles tendon tap is combined with a
soleusIaafferentvolley produced by electrical stimu-
lation of the posterior tibial nerve, the resulting inhi-
bition of the tibialis anterior H reflex is more marked
than the sum of the effects of separate stimuli (Crone
etal., 1987; Fig. 5.2(e)). This indicates spatial and/or
temporal summation in common interneurones (see
Chapter 1, p. 47), and provides further evidence
that the inhibitions elicited by the mechanical and
electrical volleys are mediated through the same
pathway.



Effects of long-lasting tendon vibration

The effects of long-lasting high-frequency vibration
of the tendon of the ‘conditioning’ muscle have con-
firmed thatreciprocal inhibition between elbow flex-
ors and extensors is probably due to Ia afferents. The
vibrationraises the electrical threshold ofIa afferents
(cf. Chapter 2, p. 76) and, as a result, the threshold
for the inhibition from triceps to biceps brachii was
increased and its extent decreased (Katz, Pénicaud &
Rossi, 1991; Fig. 5.3(¢)).

Evidence for disynaptic transmission
Modulation of the H reflex

The deep peroneal-induced inhibition of the soleus
H reflex starts to manifest itself at an ISI of 1-1.5
ms. Given that the conditioning volley was elicited
6-8 cm more distally than the test volley (see Tanaka,
1974; Crone et al., 1987), the central delay of the
presumably oligosynaptic effect would be almost
zero. This is explicable because the time course
of the changes in the H reflex underestimates the
central delay of conditioning effects (cf. Chapter 1,
pp. 9-10). An ingenious method has been proposed
to estimate the central delay of reciprocal inhibi-
tion of the H reflex (Day & Rothwell, 1983; Day
etal., 1984) when reciprocal inhibition between flex-
ors and extensors operating at the same joint can
be tested in the same subject in both directions.
This is possible at the wrist and ankle levels. The
method is independent of peripheral conduction
distances or velocities because the test Ia volley for
one reflex is the conditioning volley for the other
and vice versa. The underlying assumptions are that:
(i) the same afferents are responsible for the H reflex
and the short-latency inhibition of the antagonistic
H reflex; (ii) the central organisation (and delay) is
equal in both directions; (iii) maximal inhibition of
the H reflex occurs when the excitatory signal (test)
from homonymous afferents and the inhibitory sig-
nal from antagonist afferents (conditioning) arrive
simultaneously at the motoneurone pool. The addi-
tional time for impulses to reach the antagonistic
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motoneurones, in excess of that required to reach
homonymous motoneurones, is then obtained by
dividing by 2 the sum of the ISIs at which the recip-
rocal inhibition of the flexor and extensor H reflex
is maximal in the same subject. This gives a central
delay of 0.9 ms for ‘reciprocal’ inhibition at the wrist
(cf. Fig. 5.4(b) and its legend; Day et al., 1984), and
0.9-1 ms for reciprocal inhibition at the ankle (Crone
et al., 1987). The technique relies on one additional
assumption (iv) that the latencies to the maximal
inhibition are not affected by superimposed facilita-
tory or inhibitory inputs from other afferent species,
i.e. that the measurement point reflects only Ia inhi-
bition, and does so at least as well as the onset of the
inhibition.

PSTHs of single units

A similar method, independent of assumptions
concerning the peripheral conduction distances or
velocities, has been proposed to estimate the central
delay of reciprocal Ia inhibition assessed in motor
units belonging to a pair of antagonistic muscles
operating at the same joint. The delay is obtained by
relating the latencies to the respective homonymous
monosynaptic Ia latencies, summing the differences
and dividing by 2 (cf. Fig.5.3(d ), (¢), where the appro-
priate calculations are detailed in the legend). Thus,
there are central delays of ~0.8 ms at elbow and
wrist (Katz, Pénicaud & Rossi, 1991; Aymard et al,
1995).

Recurrent inhibition of the relevant
interneurones

In the cat Ia inhibitory interneurones are inhibited
by Renshaw cells (cf. p. 200), and this provides a
unique means of identification, allowing, in partic-
ular, the distinction between reciprocal Ia and non-
reciprocal group I inhibition (see Jankowska, 1992).
It is therefore crucial to know whether transmission
in the pathway of disynaptic reciprocal inhibition is
depressed by recurrent inhibition.
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Fig. 5.4. Disynaptic non-reciprocal group I inhibition between wrist muscles. (a) Sketch of the pathway of the disynaptic
non-reciprocal group I inhibition from the radial nerve to FCR and from the median nerve to ECR motoneurones (MN). (b) Time
course of the radial-induced modulation of the FCR H reflex (@) and of the median-induced modulation of the ECR H reflex (O)
(conditioning stimulus 1 x MT, vertical dotted and dashed lines indicate the peaks of the inhibitions, with their latencies). Each
point is the average of 10 trials. The additional time for impulses to reach the antagonist motoneurones, in excess of that required to
reach homonymous motoneurones, is obtained by dividing by 2 the sum of the ISIs at which the inhibition of the FCR and ECR H
reflex is maximal in the same subject (for details of the calculation, see Day et al., 1984): (—0.6 + 2.4)/2 =1.8/2 = 0.9 ms. (¢), (d)
PSTHs (after subtraction of the background firing, 0.5 ms bin width) for a FCR unit after radial nerve stimulation ((¢), 1 x MT) and of
a ECR unit after median nerve stimulation ((d), 1 x MT). The zero of the abscissa represents the latency of the peak of homonymous
monosynaptic Ia excitation, and the vertical dotted (c) and dashed (d) lines indicate the onset of the inhibitions, with their

latencies. Modified from Day ez al. (1984) (b), and from Aymard et al. (1995) ((c), (d)), with permission.

Evidence for recurrent depression of reciprocal
Ia inhibition from ankle extensors to tibialis
anterior

Reciprocal inhibition of the tibialis anterior H reflex
was produced by an electrical stimulus to the post-
erior tibial nerve. To produce recurrent inhibition of
Ia inhibitory interneurones, these stimuli were con-
ditioned by a preceding soleus H reflex discharge (cf.
the sketch in Fig. 5.5(a)) evoked by a S1 stimulus.
The soleus motor discharge suppressed the recipro-
callainhibition, with a short central delay and along
duration, i.e. a time course closely resembling that of

recurrent inhibition of motoneurones (Fig. 5.5(b), ®;
cf. Chapter 4, p. 152). There was no suppression of
reciprocal inhibition when the S1 conditioning stim-
ulus was just subthreshold for the H reflex, and thus
did not activate Renshaw cells (O, although it would
have produced similar post-activation depression
at the synapse of the Ia fibre and the Ia interneu-
rone). These findings indicate that soleus-coupled
Renshaw cells, activated by the conditioning soleus
H reflex discharge, depress Ia interneurones medi-
ating reciprocal Ia inhibition from soleus to tibialis
anterior (Baret et al., 2003).
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Fig. 5.5. Recurrent projections onto interneurones mediating disynaptic reciprocal inhibition at ankle, elbow and wrist. (a), (¢)
Sketches of the presumed pathways. Continuous arrows, conditioning reflex discharges activating Renshaw cells (RC) evoked by a
S1 conditioning stimulus. Dashed arrows, Ia volley in the posterior tibial nerve (PTN, (a)) and group I volley in the radial nerve (c)
activating interneurones (INs) mediating disynaptic reciprocal Ia inhibition from soleus (Sol) to tibialis anterior (TA) motoneurones
(MN) (@), and radial-induced non-reciprocal group I inhibition to FCR MNs (c). The former INs are inhibited by RCs (a), but the
latter are not (c). (b), (d) Results in different subjects. Each symbol mean of 20 measurements; vertical bars =1 SEM. The test
response is the reciprocal inhibition of the H reflex of TA ((b) conditioning volley to the PTN, 0.7 x MT, 0 ms ISI) and the FCR

((d) conditioning volley to the radial nerve, 0.95 x MT, 0 ms ISI). Reciprocal inhibition (®, expressed as a percentage of its
unconditioned value), when conditioned by a soleus H reflex (b) and a ECR tendon jerk (d), is plotted against the ISI between the
conditioning stimulus activating RCs and that activating INs mediating reciprocal inhibition. O in (b) results obtained with a Ia
volley just subthreshold for the soleus H reflex. (d) There is transient depression of the inhibition due to refractoriness of ECR Ia
afferents following the tap-elicited volley. Because of the mechanical delay introduced by the tap and the distal location of the
tendon, the tap-induced Ia volley passes beneath the electrode in the spiral groove 8-10 ms after the tap. This depression confirms
that both stimuli excited Ia afferents from ECR. (e) The amount of triceps-induced reciprocal Ia inhibition of the biceps tendon jerk
(left) and of radial-induced inhibition of the FCR H reflex (right) (as a percentage of control reflex) is compared in the

10 minutes before () and after (M) intravenous administration of 2 g L-AC. Mean results obtained in four subjects. Modified from
Baret et al. (2003) (b), Aymard et al. (1995) (d), Rossi et al. (1995) (e), with permission.
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Elbow

A similar depression of reciprocal Ia inhibition by
recurrent inhibition has been found in both direc-
tions between flexors and extensors of the elbow
(see Katz, Pénicaud & Rossi, 1991; Chapter 4, p. 171;
Fig. 4.7(b)).

Different results have been obtained for the
flexors and extensors of the wrist

Unlike what has been observed at elbow and ankle,
radial-induced disynaptic group I inhibition of the
FCR H reflex was not depressed by the tendon jerk
discharge from the ‘conditioning’ ECR muscle. There
was only a transient depression of the inhibition at
ISIs of 8-10 ms due to refractoriness of ECR Ia affer-
ents following the tap-elicited volley (Aymard et al.,
1995; Fig. 5.5(¢), (d) and its legend).

Pharmacological validation

Intravenous administration of a cholinergic ago-
nist (L-acetylcarnitine, L-Ac) specifically increases
recurrent inhibition (cf. Chapter 4, pp. 159-60), and
this provides an independent method for investi-
gating the effects of recurrent inhibition on recip-
rocal Ia inhibition between different antagonistic
pairs. Reciprocal Ia inhibition from tibialis anter-
ior to soleus motoneurones is depressed by L-Ac
(Schieppati, Gritti & Romano, 1991) whereas dis-
ynaptic non-reciprocal group I inhibition from gas-
trocnemius to soleus is not modified (Rossi, Zalaffi &
Decchi, 1994). Triceps-induced reciprocal Ia inhibi-
tion of the biceps tendon jerk and disynaptic group I
radial-induced inhibition of the FCR H reflex have
been measured before and after intravenous admin-
istration of L-Ac (Rossi et al., 1995; Fig. 5.5(¢)). Recip-
rocal inhibition was potently reduced at elbow level,
whereas the radial-induced inhibition was not modi-
fied at wrist level. Thus, the increase in Renshaw cell
activity induced by L-Ac depresses reciprocal inhi-
bition between antagonistic muscles of the elbow,
but not between those of the wrist. This confirms
that interneurones mediating reciprocal inhibition

between flexors and extensors of the wrist are not
inhibited by Renshaw cells, and are therefore not
‘true Ia interneurones’ (as will be discussed further
on pp. 211-14).

Critique of the tests to study reciprocal
Ia inhibition

At ankle and elbow, interneurones mediating di-
synaptic reciprocal inhibition are probably analo-
gous to the Ia inhibitory interneurones mediating
reciprocal Ia inhibition studied in the cat and the
monkey (see pp. 198-201), because the inhibition: (i)
is between strictly antagonistic muscles operating at
the same joint, (ii) can be evoked by pure Ia volleys,
and (iii) is depressed by recurrent inhibition. How-
ever, even at these hinge joints, methodological pre-
cautions are required to avoid misinterpretations.

Estimate of the central delay

An essential criterion of reciprocal Ia inhibition is
that it is disynaptic. This can be approached by cal-
culating the central delay of the inhibition from esti-
mates of the peripheral conduction times or, more
precisely, by using the method developed by Day
& Rothwell (1983) and described on p. 205. Data
mentioning only a ‘short-latency’ inhibition without
measurement of its central delay (e.g. the femoral-
induced inhibition of hamstring units; Kudina, 1980;
Bayoumi & Ashby, 1989) are not conclusive.

Intensity of the conditioning volley

Reciprocal inhibition induced by stimuli <1 x MT
is often very small, particularly the common pero-
neal inhibition of soleus, the most frequently inves-
tigated paradigm. It is therefore tempting to use
stimuli >1 x MT which elicit more profound inhi-
bition. This should be avoided because: (i) when the
volley is applied to the deep peroneal nerve, there is
greaterrisk of encroaching upon superficial peroneal
Ia afferents (cf. below); (ii) the stronger the stimulus
intensity, the greater the risk that the reciprocal Ia



inhibition is contaminated by Ib or group II excita-
tion, which can become a problem when exploring
the modulation of the ongoing EMG because tem-
poral resolution is then poor; and (iii) the activation
of Renshaw cells by the resulting antidromic motor
volley can depress transmission in Ia interneurones.
The latter could explain why the amount of recip-
rocal Ia inhibition stops increasing at conditioning
stimulus intensities above 1.2 x MT (see Crone et al.,
1987, their Fig. 1(b)), while the Ia volley is then far
from maximal (see Chapter 2, pp. 77-8).

Superimposition of longer-latency inhibition

A longer-latency inhibition is superimposed on
reciprocal Iainhibition of soleus motoneurones 1 ms
after its onset during active dorsiflexion (Crone et al.,
1987). There are reasons to believe that it is medi-
ated through lumbar propriospinal neurones (see
Chapter 10, pp. 497-8). Discrepancies between the
results obtained by different groups during tonic dor-
siflexion of the foot are presumably due in part to
a confusion between changes in this longer latency
inhibition and in the early reciprocal Ia inhibition
(see p. 219).

Necessity for selective activation of the deep
peroneal nerve

Conflicting results have been reported concerning
the amount (or even the existence) of reciprocal
Ia inhibition of the soleus H reflex at rest in nor-
mal subjects (see below). Part of the discrepancy
between the results obtained by different groups may
be explained by the potent Ia monosynaptic exci-
tatory projections from peroneal muscles to soleus
motoneurones (see Meunier, Pierrot-Deseilligny &
Simonetta, 1993; Chapter 2, p. 73; Fig. 2.4(c)). Stim-
ulation of Ia afferents in the superficial peroneal
nerve may obscure reciprocal inhibition from pretib-
ial flexors onto soleus. This could explain why Mao
et al. (1984) failed to find evidence for common
peroneal-induced inhibition of soleus units, and the
excitation preceding the inhibition observed in the
modulation of the H reflex (Kots & Zhukov, 1971) or
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of the ongoing EMG (Capaday, Cody & Stein, 1990;
Capaday, 1997). Selective activation of the deep pero-
neal nerve by the conditioning stimulus is therefore
required. Thisisusually possible when the electrodes
are placed distal to the head of the fibula and just
ventral to, or around, the neck of the fibula, and it
should be verified by palpation of the tendons that
the threshold of the direct motor response in the
tibialis anterior is well below that for activation of
peroneal muscles.

Elbow level

Because the triceps brachii nerve is stimulated close
to other upper limb nerves (and in particular the
branches of the deep radial nerve to forearm exten-
sors), it is crucial to ensure that the conditioning
stimulus does not encroach upon these nerves. On
the other hand, since the electrodes stimulating
biceps and triceps brachii afferents are located over
the belly of the muscle, it is important to ensure that
increasing the stimulation above 1 x MT results in a
steep increase in the motor response involving the
whole muscle and not just a limited part of it (cor-
responding to activation of a branch of the muscle
nerve).

Organisation and pattern
of connections

Pattern and strength of reciprocal Ia
inhibition at rest at hinge joints

Reciprocal Ia inhibition between flexors
and extensors of the ankle

Reciprocal inhibition between ankle flexors and
extensors can be considered true reciprocal Ia inhi-
bition, because: (i) the muscles are antagonists,
(ii) the inhibition can be evoked by a pure Ia volley
(cf. pp. 204-5; Fig. 5.2(d), (e)), and (iii) the inhibition
is depressed by recurrent inhibition (cf. pp. 205-8;
Fig. 5.5(1)).
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Peroneal-induced inhibition of soleus
motoneurones

Conflicting results have been obtained at rest.
Several investigations have found the disynaptic
peroneal-induced Ia inhibition of the soleus H reflex
to be rare or absent at rest and, when present, to
be weak (with a maximal decrease of ~10% of the
unconditioned test reflex) (Mizuno, Tanaka & Yanag-
isawa, 1971; Tanaka, 1974; Pierrot-Deseilligny et al.,
1981; Shindo et al., 1984; Baret et al., 2003). In con-
trast, others have been able to demonstrate recipro-
cal Ia inhibition consistently (Kots & Zhukov, 1971;
Crone, Hultborn & Jespersen, 1985; Iles, 1986; Crone
et al., 1987; Sato et al, 1999; Perez, Field-Fote &
Floeter, 2003). As discussed above, the discrepancy
may be attributed in part to monosynaptic excitation
elicited by inadvertent stimulation of Ia afferents in
the superficial peroneal nerve. However, even when
great care is taken to prevent the conditioning stimu-
lus from encroaching on the superficial peroneal
nerve, the amount of peroneal-induced reciprocal Ia
inhibition of the soleus H reflex varies between nor-
mal subjects. In the large population investigated by
Crone et al. (1987), the soleus H reflex was reduced
by 0 to 40% of its control value in different subjects
(Fig. 5.2(f)). This population was dominated by
young students and, as shown in Fig. 5.2(g), thereisa
positive correlation between the strength of the inhi-
bition and the degree of physical training, estimated
as the amount of regular weekly exercise (Crone,
Hultborn & Jespersen, 1985). This correlation could
be due to plasticity in the pathway of reciprocal Ia
inhibition, much as has been described in normal
and spastic subjects (see pp. 232-3).

Reciprocal Ia inhibition of tibialis
anterior motoneurones

Reciprocal Ia inhibition can be demonstrated con-
sistently at rest in those subjects, in whom it is pos-
sible to evoke an H reflex in the tibialis anterior
(Tanaka, 1974; Pierrot-Deseilligny et al., 1981; Crone
et al.,, 1987; Baret et al.,, 2003). Similarly, posterior
tibial-induced reciprocal Ia inhibition was observed

in the PSTHs of all tibialis anterior units investigated
by Mao et al. (1984). Tibialis anterior H reflexes are
inhibited from the posterior tibial nerve to a greater
extent than soleus H reflexes from the deep per-
oneal nerve (Crone et al., 1987; Fig. 5.2(b), (¢)), and
reciprocal Ia inhibition of the tibialis anterior maybe
revealed when the conditioning stimulus is applied
toafferents of only onehead of the triceps surae (infe-
rior soleus or gastrocnemius medialis nerve, Pierrot-
Deseilligny et al., 1981; Fig. 6.2(g)). The quantita-
tive difference between reciprocal inhibition of ankle
flexors and extensors isreminiscent of the similar dif-
ference in the cat hindlimb (see p. 199).

Reciprocal Ia inhibition between flexors
and extensors of the elbow

Atthe elbow, another hinge joint, the three criteria for
true reciprocal inhibition between flexors and exten-
sors have been met: strictly antagonistic muscles;
elicitation by pure Ia volleys (Fig. 5.3(c)); and depres-
sion by recurrent inhibition (Fig. 4.7(b)). However, at
this joint, the amount of reciprocal inhibition of the
tendon jerk is similar at its peak in biceps and triceps
brachii (Katz, Pénicaud & Rossi, 1991; Fig. 5.3(b)).

Reciprocal Ia inhibition between flexors
and extensors of the knee

Data on reciprocal Ia inhibition between flexors and
extensors of the knee are sparse and more difficult
to interpret. Short-latency low-threshold femoral-
induced inhibition has been described in the PSTHs
of single units from hamstrings (Kudina, 1980;
Bayoumi & Ashby, 1989; Fig. 5.6(D)). However, there
was no confirmation that the inhibition was di-
synaptic, evoked by a pure Ia volley, or depressed
by recurrent inhibition, and the reciprocal Ia origin
of this inhibition cannot be affirmed. Low-threshold
short-latency inhibition was found only exception-
ally in the PSTHs of quadriceps units after stimu-
lation of the nerves of the hamstrings (Bayoumi
& Ashby, 1989). This does not necessarily reflect
an asymmetry of reciprocal inhibition in favour of
flexors, because it is almost impossible to prevent
a conditioning stimulus to the sciatic nerve or its
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Fig. 5.6. Reciprocal inhibition between flexors and extensors of the knee. (a) Sketch of the presumed pathway of reciprocal

inhibition from quadriceps (Q) to biceps femoris (Bi) motoneurones (MN) through Ia inhibitory interneurones (IN). (b) Peristimulus

time histogram (0.4 ms bin width) of a biceps femoris unit after stimulation of the femoral nerve (0.71 x MT). Zero indicates the

time of the stimulation, and the inhibition occurs at 22 ms (arrow). (¢) The amplitude of the Q H reflex (expressed as a percentage of

its unconditioned value) after stimulation of the sciatic nerve at the gluteal fold is plotted against the ISI. The arrow indicates the

expected time of arrival of the conditioning volley at the segmental level of Q MNs. Any reciprocal inhibition is obscured by

facilitation at monosynaptic latency, probably due to the activation of Ia afferents from leg and foot muscles contained in the sciatic

nerve. These afferents have monosynaptic excitatory projections to quadriceps motoneurones (cf. Chapter 2, Table 2.1). Adapted
from Bayoumi & Ashby (1989) (b); and Valls-Solé, Hallett & Brasil-Neto (1998) (c), with permission.

hamstring branches from encroaching upon the
afferents from ankle extensors and plantar muscles.
The resulting excitation of quadriceps motoneu-
rones (cf. Table 2.1) could obscure any reciprocal
inhibition from hamstrings (see Fig. 5.6(c) and its
legend; Valls-Solé, Hallett & Brasil-Neto, 1998).

Conclusions

So far, reciprocal Ia inhibition has been established
unequivocally in human subjects only at the ankle
and elbow levels. Data for knee muscles are uncer-
tain, while the strong inhibition between flexors
and extensors in the forearm appears to be a non-
reciprocal group Iinhibition, and is discussed below.

Absence of ‘true’ reciprocal Ia inhibition
at wrist level

Some features of the low-threshold disynaptic inhi-
bition between muscles innervated by the median

and the radial nerves are not compatible with those
of the reciprocal Ia inhibition.

Inhibition at wrist level does not fulfil the
criteria for reciprocal Ia inhibition

Two essential criteria for a ‘true reciprocal Ia inhi-
bition’ are missing: (i) there is no evidence that the
reciprocal inhibition between flexors and extensors
in the forearm can be evoked by pure Ia volleys
(see below), and (ii) the inhibition is not depressed
by Renshaw cell activation (Aymard et al., 1995;
p- 208; Fig. 5.5(d)). In addition, it cannot be taken for
granted that this inhibition is between strictly antag-
onistic muscles: (i) FCR and ECR operate as syner-
gistic muscles in wrist abduction movements and,
accordingly, there is recurrent inhibition between
them (see Chapter 4, p. 171); (ii) inhibition of ECR
by group I volleys in the median nerve cannot be
equated to inhibition between antagonists, since
the median nerve also innervates the flexors of
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the fingers, which are synergists of wrist extensors
in clenching and grasping (see Livingston et al.,
1951).

Convergence of group I afferents from several
different muscles

Group I afferents from elbow muscles

Convergence of group I afferents from elbow mus-
cles on interneurones mediating disynaptic recip-
rocal inhibition to FCR motoneurones has been
observed in the PSTHs of single FCR units (Aymard
et al.,, 1995). Using spatial facilitation (Chapter 1,
p- 47), it was shown that stimuli to the radial and
the triceps brachii nerves, adjusted to be without
effect by themselves, produced inhibition on com-
bined stimulation (Fig. 5.7(b), (c)). A similar effect
was seen consistently when radial and musculo-
cutaneous volleys were combined. This indicates
that interneurones mediating radial-induced dis-
ynaptic group I inhibition of FCR motoneurones
receive excitatory input from elbow muscle group I
afferents.

Group I afferents contained in the median
and radial nerves

These afferents also converge onto common
interneurones mediating disynaptic reciprocal inhi-
bition of FCR motoneurones (Wargon et al., 2005).
Indeed, stimulation of the radial nerve, adjusted to
produce weak inhibition in the PSTH of a FCR unit
by itself, evoked a much greater suppression of the
peak of homonymous monosynaptic Ia excitation
when combined with amedian volley (Fig.5.7(d)-(g)
and its legend). The extra suppression on combined
stimulation is presumably due to convergence of
median and radial group I volleys onto common
interneurones. It spared the first 0.6 ms of the median
group I excitation, and this is consistent with disy-
napticinhibition elicited by the homonymous group
I test volley and is reminiscent of the Ib inhibition
elicited by such volleys (see Chapter 1, pp. 14-16;
Chapter 6, pp. 265-7).

Non-reciprocal group I inhibition?

The only group I input to Ia interneurones medi-
ating ‘true’ reciprocal Ia inhibition is Ia activity
from the antagonistic muscle (p. 199). The conver-
gence described above does not by itself rule out
the possibility that part of the reciprocal inhibition
between wrist muscles is reciprocal Ia inhibition.
However, the finding that interneurones medi-
ating group I reciprocal inhibition of wrist motoneu-
rones receive excitation from group I afferents con-
tained in other nerves, including the homonymous
nerve, indicate that part of thisinhibition is mediated
through interneurones other than ‘true’ inhibitoryIa
interneurones. In this respect, interneurones medi-
atingnon-reciprocal group I inhibition are good can-
didates (see Chapter 6, pp. 257-8). A contribution of
Ib afferents to the activation of interneurones medi-
ating the radial-induced inhibition of the FCR H
reflex is further supported by experiments in which
the electrical threshold of ECR Ia afferents was raised
by long-lasting high-frequency vibration applied to
the ECR tendon (Wargon et al., 2005). Contrary to
whatis observed at elbowlevel (p. 205; Fig. 5.3(c)), the
vibration only slightly increased the threshold and
reduced the extent of the radial-induced inhibition
of the FCR Hreflex, thusimplying that other afferents
contribute to this disynaptic inhibition. These affer-
ents are presumably Ib afferents, given the latency of
the inhibition. Some Ib afferents respond to vibra-
tion of relaxed muscles (Chapter 3, pp. 130-1), and
this could explain the slight increase in the threshold
of the inhibition after vibration, but convergence of
Ia and Ib afferents onto the relevant interneurones
would be an equally satisfactory alternative explana-
tion.

Other features of the inhibition are consistent
with non-reciprocal group I inhibition

Post-activation depression

The absence of increased peroneal-induced recipro-
cal Ia inhibition of the soleus H reflex during tonic
voluntary ankle dorsiflexion may be attributed to
post-activation depression at the synapse of the Ia
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Fig. 5.7. Convergence of group I afferents from different muscles onto interneurones mediating the radial-induced inhibition of the
FCR. (a) Sketch of the presumed pathways showing the convergence onto interneurones (IN) mediating disynaptic radial-induced
non-reciprocal group I inhibition of FCR motoneurones (MN) by Ib afferents in the triceps nerve and by Ia and Ib afferents in the
median nerve. (b), (c) PSTHs of the discharge of a single FCR unit (after subtraction of the background firing, 1 ms bin width) with
stimulation (0.6 x MT) of the radial innervation of forearm extensors ((b), ) and of the triceps brachii nerve ((b), [J) and of both
nerves together (c), the two volleys being timed to arrive synchronously at spinal level. Zero on the abscissa indicates the expected
time of arrival of the volleys at MN level. While separate stimulation of each nerve has little effect (b), inhibition appears on
combined stimulation. (d)-(g) PSTHs of the discharge of another FCR unit (after subtraction of the background firing, 0.2 ms bin
width). (d) Facilitation (OJ) and inhibition () produced by separate stimulation (0.75 x MT) of the median and radial nerves,
respectively (abscissa, time after median nerve stimulation even when radial stimulation is given 1 ms earlier, by itself). (¢) Algebraic
sum (X) of the effects of separate stimulation of the median and radial nerves. (f) Combined stimulation of the median and radial
nerves, the radial preceding the median stimulation by 1 ms. (g) The suppression of the median group I excitation, calculated as
((f)-(e)). The dashed vertical line indicates the onset of the peak of homonymous Ia excitation. Note the lack of suppression in

the initial bins of the median group I excitation. Modified from Aymard et al. (1995) ((b), (¢)), Wargon et al. (2005) ((d)-(g)), with
permission.

fibre on the Ia interneurone (Nielsen et al., 1995;
p. 221). This phenomenon is analogous to the post-
activation depression at the synapse of the Ia fibre on
the motoneurone (Chapter 2, pp. 96-9). Accordingly,
increasing the frequency of stimulation drastically
decreases the amount of reciprocal Ia inhibition of

the tibialis anterior H reflex (even when the ampli-
tude of the test reflex is the same as in the control
situation). In contrast, at wrist level, the amount of
radial-induced inhibition of the FCR H reflex is not
modified when the frequency of the stimulation is
increased (Lamy et al., 2005). This in keeping with
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the finding that post-activation depression has been
found to be marginal in interneurones of the feline
intermediate zone fed by group I afferents (Hammar,
Slawinska & Jankowska, 2002).

Mutual inhibition

Radial-induced reciprocal inhibition of the FCR H
reflexis depressed by a preceding group I volley to the
median nerve (Baldissera et al., 1987), and the time
course and threshold of this disinhibition are similar
to that of the median-induced inhibition of the ECR
H reflex. Symmetrically, the median-induced inhi-
bition of the ECR H reflex is depressed by a pre-
ceding radial Ia volley. This was interpreted, not
unreasonably at the time, as due to the mutual inhi-
bition between opposite Ia interneurones described
in the cat (see p. 199). However, it could equally
reflect the mutual inhibition of interneurones medi-
ating non-reciprocal (‘Ib’) group I inhibition (see
Chapter 6, p. 246). This would not be inconsistent
with the spatial facilitation of radial and median
group Iinputs in ‘Ib’ interneurones described above,
because the threshold for the trisynaptic inhibition
of these interneurones would be expected to be
higher than their disynaptic excitation by the con-
vergent peripheral volleys.

Results obtained in patients with hyperekplexia

In hyperekplexia, a disease with a deficient glyciner-
gic inhibitory system (cf. p. 233), reciprocal Ia inhi-
bition at ankle level is completely abolished whereas
radial-induced reciprocal inhibition of the FCR is
preserved, although weak and somewhat delayed
(J. B. Nielsen personal communication). Again, this
is reminiscent of the findings for non-reciprocal
group I inhibition, which is not significantly mod-
ified in these patients (Floeter et al., 1996; Chapter 6,
p. 276).

Conclusions

The absence of recurrent inhibition of the interneu-
rones mediating the inhibition between flexors and

extensors in the forearm innervated by the median
and radial nerve argues against mediation via ‘true’
Ia inhibitory interneurones. In addition, several fea-
tures suggest that a major part of this inhibition
might be mediated through the interneurones of
non-reciprocal group I inhibition. Accordingly, it
may have been appropriate to treat this disynaptic
non-reciprocal group I inhibition in Chapter 6 (Ib
pathways). However, because it is more profound,
more constant and therefore much easier to investi-
gate than at other joints, a considerable amount of
literature (in particular, in patients) hasbeen devoted
tothisinhibition between wrist muscles, erroneously
attributed (including by one of the authors of this
book) to reciprocal Ia pathways. This is the reason
for its inclusion in the present chapter. However,
because the organisation of the spinal circuitry at
this ball joint is unique in many aspects, changes
in transmission in the pathway of non-reciprocal
group I inhibition during wrist movements are con-
sidered in Chapter 11 (pp. 524-6).

Cutaneous facilitation of reciprocal
Ia inhibition

Ia inhibitory interneurones are facilitated by low-
threshold cutaneous afferents in the cat (cf. p. 200),
and the effects of cutaneous stimuli on the recip-
rocal Ia inhibition from ankle flexors to extensors
have therefore been investigated (Rossi & Mazzoc-
chio, 1988). A cutaneous stimulus to the superfi-
cial peroneal nerve at the ankle, without effect on
the soleus H reflex by itself, was shown to increase
the deep peroneal-induced reciprocal Ia inhibition
of the reflex (Fig. 5.8(b)). The central delay of this
effect was estimated at 1-3 ms. The smaller the
extent of reciprocal Ia inhibition in the control situ-
ation, the greater the cutaneous-induced increase
in the inhibition (Fig. 5.8(c)). The disappearance of
the cutaneous-induced facilitation when the recip-
rocal Iainhibition is profound could be due to occlu-
sion in Ia interneurones and is further evidence
for convergence of Ia and cutaneous inputs on Ia
interneurones. The functional significance of this
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Fig. 5.8. Cutaneous facilitation of peroneal-induced reciprocal Ia inhibition of the soleus H reflex. (a) Sketch of the presumed
pathways showing the convergence onto interneurones (INs) mediating the deep peroneal (DPN)-induced reciprocal Ia inhibition
of soleus (Sol) motoneurones (MN) of cutaneous afferents from the foot contained in the superficial peroneal nerve (SPN). (b) Time
course of the reciprocal Ia inhibition of the Sol H reflex evoked by DPN stimulation (0.9 x MT) in the absence (O) and in the
presence (@) of cutaneous stimulation (2 x PT) to the SPN at the ankle, preceding the DPN stimulation by 10 ms. The cutaneous
volley by itself did not modify the test reflex ((J). Each symbol is the mean of 40 measurements. Vertical bars =1 SEM. Data from a
single subject. (¢) The amount of Ia inhibition of the reflex in the control situation (ordinate, expressed as a percentage of the control
reflex, the conditioning stimulus strength to CPN being varied) is plotted against the cutaneous-induced increase in the Ia
inhibition (i.e. the difference between the amount of inhibition on combined stimulation and the sum of effects of separate stimuli,
abscissa, expressed as a percentage of control reflex) (DPN-test ISI 3 ms, SPN-DPN ISI 10 ms). Modified from Rossi & Mazzocchio
(1988) ((b), (), with permission.

cutaneous-induced facilitation, withoutlocal sign (it
is evoked from all foot skin fields), could be to pro-
vide automatic correction when the forward move-
ment of the foot is unexpectedly obstructed in the
transition from the stance phase to the swing phase
of gait. Reciprocal Ia inhibition of soleus motoneu-
rones is increased with respect to rest in this phase
of gait (Petersen, Morita & Nielsen, 1999; pp. 227-9;
Fig. 5.13(h)), and the cutaneous facilitation would
favour the contraction of ankle flexors necessary

to move the foot away from the obstacle (see
Chapter 11, p. 549).

Descending facilitation of reciprocal
Ia inhibition

In animal experiments, corticospinal and vestibu-
lospinal volleys facilitate Ia interneurones mediating
reciprocal Ia inhibition (cf. p. 200).
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Fig. 5.9. Corticospinal facilitation of reciprocal Ia inhibition. (a) Sketch of the presumed pathways showing the corticospinal

facilitation of interneurones (IN) mediating the deep peroneal (DPN)-induced reciprocal Ia inhibition of soleus (Sol) motoneurones

(MN). (b) The amount of extra inhibition on combined stimulation of the DPN (2.5 ms ISI) and of the motor cortex (electrical

stimulation, —0.5 ms ISI). The extra inhibition on combined stimulation (i.e. the difference between the amount of inhibition on

combined stimulation and the sum of effects of separate stimuli, ordinate, expressed as a percentage of control reflex) is plotted

against the amount of peroneal-induced inhibition in the control situation (abscissa, expressed as a percentage of the control

reflex). Data from two subjects, in whom the conditioning stimulus strength to CPN was varied from 0.6 to 2 x MT. Modified from

Iles & Pisini (1992b) (b), with permission.

Corticospinal facilitation of reciprocal

Ia inhibition

The effects of TMS on the deep-peroneal-induced
reciprocal inhibition of the soleus H reflex have been
investigated by Kudina, Ashby & Downes (1993). Pro-
vided that the conditioning stimuli did not modify
the H reflex when delivered separately, the domi-
nant effect on combined stimulation was extra inhi-
bition over and above that expected from the sum
of the two separate responses. Further evidence for
corticospinal facilitation of tibialis anterior-coupled
Ia interneurones has been provided by Nielsen et al.
(1993), who showed that corticospinal inhibition of
the soleus Hreflex: (i) is mediated by tibialis anterior-
coupled Ia interneurones, (ii) is potently facilitated
during voluntary ankle dorsiflexion and, accord-
ingly, (iii) has a similar threshold as the short-latency
(presumably monosynaptic) corticospinal facilita-
tion of tibialis anterior motoneurones. Here again,
the greater the amount of reciprocal Ia inhibition in
the control situation, the smaller the extra inhibition

on combined stimulation. This probablyresults from
occlusion between the two inputs at the [a interneu-
rones (Fig. 5.9(b); Iles & Pisini, 1992b). The find-
ing that occlusion occurs at weak levels of recip-
rocal Ia inhibition (reducing the control reflex by
~20%) implies that the population of Ia interneu-
rones is rapidly saturated. This may be relevant to the
modest amount of reciprocal Ia inhibition to soleus
motoneurones often found in healthy subjects (see
p. 210).

Vestibulospinal facilitation of reciprocal

Ia inhibition

Stimulation of the vestibular apparatus produces
facilitation of reciprocal Ia inhibition from tibialis
anterior to soleus in two situations: (i) static back-
ward tilt (from 80 to 40°) of the subject fixed to a tilt-
ing chair (Rossi, Mazzocchio & Scarpini, 1988), and
(ii) galvanic stimulation of vestibular afferents, pro-
ducing a forward sway (Iles & Pisini, 1992a). This has



been interpreted as resulting from disinhibition of
the relevant flexor-coupled Ia interneurones (Iles &
Pisini, 1992a).

Motor tasks and physiological
implications

Data on the effects of movement on true reciprocal
Ia inhibition are available only for ankle movement,
given that the studies performed at wrist level prob-
ably examined non-reciprocal group Iinhibition and
are considered in Chapter 11 (pp. 524-6).

Voluntary contraction of the
antagonistic muscle

Depression of the unconditioned soleus H
reflex during voluntary ankle dorsiflexion

Voluntary dorsiflexion of the ankle strongly depres-
ses the soleus H reflex (Hoffmann, 1918; Kots, 1969).
During aramp-and-hold contraction, there is a close
correspondence between agonist activity (the force
of ankle dorsiflexion) and the inhibition of the antag-
onistic soleus H reflex (Crone et al., 1987). The inhi-
bition progressively increases throughout the ramp
phase, reaches a maximum at the end of the ramp
(where the test reflex is reduced to 10-20% of its
rest value) and then remains constant during the
holding phase. Several mechanisms contribute to
this depression (sometimes referred to as ‘natural
reciprocal inhibition’).

Central and peripheral factors

The time course of the depression during a brief
contraction is illustrated in Fig. 5.10(b). It occurs
50 ms prior to the onset of the tibialis anterior con-
traction (Kots, 1969; Pierrot-Deseilligny, Lacert &
Cathala, 1971; Crone & Nielsen, 1989a), suggesting
a descending control from the brain. The inhibition,
however, increases greatly 50-100 ms into the move-
ment (Morin & Pierrot-Deseilligny, 1977; Kagami-
hara & Tanaka, 1985), when the contraction-induced
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afferent feedback is arriving at the spinal cord.
This secondary reinforcement of the inhibition is
markedly reduced during ischaemic blockade of
group I afferents from the leg, confirming that it
is of peripheral origin (Morin & Pierrot-Deseilligny,
1977). Notwithstanding, when the peripheral input
is blocked by ischaemia, a significant inhibition of
the soleus H reflex persists 100 ms after the onset
of contraction (Fig. 5.10(b)). It also persists during
fictive dorsiflexion following complete block of the
peroneal nerve using lidocaine (Nielsen et al., 1995).
These findings suggest that descending inputs con-
tribute to the ‘natural’ reciprocal inhibition of the
soleus H reflex.

Neuronal pathways

Four mechanisms could contribute to the above
depression of the soleus H reflex (see the sketch in
Fig. 5.10(a)): (i) reciprocal Ia inhibition, (ii) inter-
neurones transmitting the longer-latency (pro-
priospinally mediated) inhibition (see Crone &
Nielsen, 1989a; Chapter 10, pp. 497-8), (iii) presy-
napticinhibition onIa terminals on soleus motoneu-
rones (see Chapter 8, pp. 360-1), and (iv) a stretch-
evoked Ia discharge from soleus, with post-
activation depression of the afferent terminals on
soleus motoneurones (Crone & Nielsen, 1989b).
There will be descending (probably corticospinal)
facilitation of reciprocal Ia inhibition (see Crone
et al., 1987) and of presynaptic inhibition on soleus
Ia terminals (Meunier & Morin, 1989; Nielsen &
Kagamihara, 1993) before any contraction-associ-
ated group I discharge reaches the spinal level. Both
reciprocal Ia inhibition and presynaptic inhibition
onlasoleus terminals are fed by the group I discharge
from the contracting pretibial flexors and will con-
tribute to the secondary reinforcement of the reflex
inhibition. Thelonger-latency propriospinally medi-
atedinhibition correlates well with the changesin the
soleus H reflex throughout a voluntary dorsiflexion
(Crone & Nielsen, 1989a). It cannot be demonstrated
at rest, and this therefore implies that the descend-
ing drive provides a sufficient facilitation of the
relevant propriospinal interneurones to discharge
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Fig. 5.10. Changes in peroneal-induced reciprocal Ia inhibition during voluntary dorsiflexion. (a), (b) Modulation of the soleus (Sol)
H reflex during tibialis anterior (TA) voluntary contraction. (a) Sketch of three of the four mechanisms contributing to the Sol H
reflex inhibition during TA contraction: (i) reciprocal Ia inhibition with Ia interneurones (INs) activated by direct corticospinal drive
and via the vy loop; (ii) propriospinally mediated inhibition; (iii) presynaptic inhibition on soleus Ia terminals. (b) Time course of the
changes in the Sol H reflex (% of rest value) prior to and after the onset of TA EMG activity in the control situation (@) and after
ischaemic blockade of group I afferents in the leg (O). Vertical dashed line in (b), (f), onset of the TA EMG activity. (c)—(f ) Modulation
of peroneal-induced reciprocal Ia inhibition of the Sol H reflex (0.95 x MT). (¢) Sketch of the mechanisms modulating the excitability
of Ia INs (Ta discharge via the y loop, recurrent inhibition, presynaptic inhibition of Ia terminals on Ia INs, corticospinal activation).
(d) Time course of the peroneal-induced reciprocal inhibition of the Sol H reflex at rest (O) and during tonic TA contraction (®) (the
arrow indicates the 2 ms ISI, when reciprocal Ia inhibition is not yet contaminated by propriospinally mediated inhibition).

(e) Peroneal-induced (2 ms ISI, 0.95 x MT) inhibition of the soleus H reflex (as a percentage of control reflex) is compared at rest (),
during tonic dorsiflexion before block (M) and during fictive dorsiflexion after block (grey column). (f) Time course of the changes
in reciprocal Ia inhibition prior to (O) and during (@) a ramp-and-hold dorsiflexion (600 ms ramp phase, as shown by the thin
dashed line indicating the torque). The big open and filled squares on the right indicate the level of reciprocal inhibition at rest and
during tonic dorsiflexion, respectively. (d), (f) Conditioned reflex expressed as a percentage of control reflex, vertical bars +1 SEM.
Modified from Pierrot-Deseilligny, Lacert & Cathala (1971) and Morin & Pierrot-Deseilligny (1977) (b), Crone & Nielsen (1989a)

(d), Nielsen et al. (1995) (e), and Crone et al. (1987) (f), with permission.



them during voluntary dorsiflexion (see Chapter 10,
pp. 497-8; Chapter 11, pp. 519-20).

Peroneal-induced inhibition of the soleus H
reflex during tonic voluntary dorsiflexion

In the cat, there is a striking similarity in the
segmental and supraspinal convergence onto «
motoneurones and the Ia interneurones inhibit-
ing the motoneurones of the antagonistic muscle
(‘corresponding’ Ia interneurones, see p. 201). This
led Lundberg (1970) to suggest that « (and )
motoneurones and corresponding Ia interneurones
are controlled in parallel from the brain duringmove-
ment in order to achieve a coordinated contraction
of agonists and relaxation of antagonists (‘a-y link-
age in the reciprocal Ia inhibition, see the sketches
in Fig. 5.10(a), (¢)). This hypothesis has been exten-
sively tested in human subjects at ankle level (see
below).

Conflicting results

In the original report by Tanaka (1974), peroneal-
induced inhibition of the soleus H reflex was absent
atrest despite the use of a conditioning train of three
shocks to the common peroneal nerve. It appeared
during tonic voluntary dorsiflexion, and was maxi-
mal 1.7 ms after the last shock of the train. Increased
reciprocal inhibition of the soleus H reflex during
tonic dorsiflexion was confirmed by Iles (1983, how-
ever, see lles, 1986), Shindo et al. (1984, 1995) and
Sato et al. (1999), but not in repeated experiments
performed on a large number of subjects in The
Panum Institute in Copenhagen (Crone, Hultborn &
Jespersen, 1985; Crone et al., 1987; Crone & Nielsen,
1989a, 1994; Nielsen et al., 1992, 1995).

Methodological considerations might account for
part of these discrepancies

(i) Normalisation to control reflexes of different size
(see Chapter 1, p. 16) would cause the inhibition
to appear greater when expressed as a percentage
of the unconditioned test reflex, which is strongly
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depressed during voluntary dorsiflexion (see above).
Thus, Crone, Hultborn & Jespersen (1985) empha-
sised theimportance of maintaininga constantreflex
size by ‘boosting’ the test reflex during dorsiflexion
to be of the same size as at rest. (Note, however,
that while this correction would eliminate differ-
ences in the size-related sensitivity of the test reflex
as a factor, it has an unwanted consequence: the
afferent volley is not the same under the two con-
ditions, see Chapter 1, p. 18). (ii) At rest, the max-
imal peroneal inhibition of the soleus H reflex is
reached at the 2 ms ISI and, during dorsiflexion,
there is no increase in this value, which represents
the ‘true’ reciprocal Ia inhibition (vertical arrow in
Fig. 5.10(d); Crone & Nielsen, 1989a). In contrast,
at later ISIs, inhibition is markedly increased during
dorsiflexion, because of the appearance during con-
traction of the longer-latency propriospinally medi-
ated inhibition, which can be recorded consistently
in subjects (Crone & Nielsen, 1989a; Chapter 10,
pp- 497-8). Because Tanaka (1974) always and
Shindo et al. (1984) sometimes used a condition-
ing train, their test stimulus was delivered 4-9 ms
after the first conditioning shock, and the responses
could have been contaminated by the long-latency
inhibition.

Individual variations

However, Shindo et al. (1995) complied with all
conditions necessary to demonstrate ‘true’ recipro-
cal Ia inhibition (single deep peroneal shock, 2 ms
ISI, same size of the test reflex in the two situ-
ations), and confirmed that reciprocal inhibition of
the soleus H reflex is increased during tonic dorsi-
flexion with respect to rest. Furthermore, they were
able to demonstrate the increase in reciprocal Ia
inhibition in single motor units using the unitary H
reflex (as described in Chapter 1, pp. 37-9), though
this occurred only with very weak tonic dorsiflexion
of <2% MVC and not with slightly stronger contrac-
tions of 3-8%. Because these results were obtained
in only six subjects, inter-individual variations might
be another cause of the discrepancy. Indeed, sev-
eral subjects in the large population investigated
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by Crone et al. (1987) did have some increase in
reciprocal Ia inhibition during tonic dorsiflexion,
even though there was no mean difference between
restand contraction for all 40 subjects. There is there-
fore a risk that the small sample of subjects might
have been unrepresentative.

Conclusions

The issue remains unresolved. However, it is prob-
ably of little importance, because facilitation of Ia
interneurones does exist, but cannot manifest itself
fully during tonic contractions (see below).

Increased reciprocal inhibition after blocking
conduction in Ia afferents

The difficulty in proving increased reciprocal Ia inhi-
bition during tonic dorsiflexion contractions con-
trasts with the ease with which it can be demon-
strated at the onset of dynamic contractions (see
below). The possibility then arises that afferent activ-
ity from the contracting pretibial flexors decreases
the efficacy of the peroneal conditioning volley in
activating Ia interneurones during tonic contrac-
tions. This was tested by blocking the group I afferent
feedback from the leg by ischaemia (Nielsen et al.,
1992) and by a complete block of conduction in the
common peroneal nerve by local injection of lido-
caine (Nielsen et al., 1995), the blocks being dis-
tal to the conditioning peroneal nerve stimulation.
Reciprocallainhibition was not modified by ‘normal’
tonic voluntary dorsiflexion, but was significantly
increased during the nerve blocks (Fig. 5.10(e)).
These results indicate that, during voluntary dorsi-
flexion, increased reciprocal Ia inhibition of soleus
motoneurones can manifest itself, provided that the
feedback from the contracting pretibial flexors is
blocked.

Mechanisms underlying the reduced efficacy
of the conditioning volley

Several mechanisms dependent on the natural
group I discharge during tonic dorsiflexion could

contribute to the decreased efficacy of the condition-
ing volley in activating Ia interneurones.

Occlusion in Ia interneurones

During voluntary dorsiflexion, Ia interneurones
receive strong excitation from descending centres
and through the vy loop such that further input
from the conditioning volley could result in occlu-
sion. However, the role of occlusion is probably
only marginal: Crone et al. (1987) and Nielsen et al.
(1992) failed to demonstrate an increase in recipro-
cal Ia inhibition during tonic dorsiflexion when they
reduced the intensity of the conditioning stimulus
and/or the strength of the contraction. Furthermore,
as illustrated in Fig. 5.10(f), there is a significant
increase in reciprocal inhibition during the dynamic
phase of a ramp-and-hold dorsiflexion. This is dif-
ficult to reconcile with occlusion, because (i) both
corticospinal activation of neurones (see Fetz, 1992)
and v-induced Ia feedback (see p. 135) are greater
during the dynamic phase of an isometric contrac-
tion, and (ii) at the onset of contraction, presynaptic
inhibition on Ia terminals mediating the condition-
ing volley is decreased, effectively increasing the Ia
volley from tibialis anterior (see below).

Presynaptic inhibition

Presynaptic inhibition on Ia terminals directed to
Ia interneurones could be enhanced by the natural
feedback from the contracting muscle (see Enriquez-
Denton et al., 2000; pp. 200-1), with resulting reduc-
tion of the activation of Ia interneurones by the
conditioning volley. However, when the increase in
Ia discharge from the contracting muscle is inter-
rupted by a nerve block using ischaemia or lido-
caine, presynaptic inhibition on Ia terminals from
quadriceps to soleus motoneurones is not signifi-
cantly reduced (Nielsen et al., 1992, 1995). If this
applies to Ia afferents on tibialis anterior motoneu-
rones and Ia interneurones, presynaptic inhibition
would not be a major factor in the decreased efficacy
of the peroneal conditioning volley on Ia interneu-
rones during tonic dorsiflexion.



Post-activation depression

A further possibility is that the contraction-induced
Ia discharge produces post-activation depression
at the synapse between the Ia afferent and the Ia
interneurone. Activity in Ia afferents results in
post-activation depression at the Ia afferent-
motoneurone synapse (see Chapter 2, pp. 96-9), and
it is likely that similar depression occurs at the Ia
afferent terminals which synapse with Ia interneu-
rones in humans (see Lamy et al, 2005). Thus,
because of the enhanced Ia discharge from tib-
ialis anterior during tonic voluntary dorsiflexion (see
Chapter 3, pp. 133-5), the amount of transmitter
released by the conditioning peroneal volley would
besmallerthanatrest, and this could mask the effects
of this volley. However, when the background activity
of peroneal afferents is blocked by ischaemia or lido-
caine injection, there should be no post-activation
depression and the amount of transmitter released
by the conditioning volley at rest and during con-
traction would be the same. As aresult, a descending
drive tolainterneurones duringattempted voluntary
tonic dorsiflexion would increase reciprocal inhibi-
tion. This has been shown to be the case (Nielsen
etal., 1992, 1995).

Conclusions

All three mechanisms discussed above could con-
tribute to the absence of increased reciprocal Ia inhi-
bition of soleus motoneurones evoked by a peroneal
group I volley during normal’ voluntary tonic dor-
siflexion. However, the contribution from the post-
activation depression at the Ia afferent-Ia interneu-
rone synapse is likely to be the most important, and
there are arguments against major roles for the other
two.

Increased reciprocal Ia inhibition during
dynamic contractions

In contrast, increased peroneal-induced reciprocal
Ia inhibition is easily and consistently demonstrated
50 ms prior to, at the onset of and during the dynamic
phase of voluntary dorsiflexion of the ankle (Kots &
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Zhukov, 1971; Simoyama & Tanaka, 1974; Crone et al.,
1987; Fig. 5.10(f)). The finding that this increase
occurs before the [ainputhasreached the spinallevel
implicates a descending mechanism, independent
of the Ia discharge.

Mechanisms underlying changes in the
efficacy of the conditioning peroneal volley

Changes in reciprocal inhibition elicited by the arti-
ficially synchronised electrical volley used to acti-
vate pretibial flexor-coupled Iainterneurones are the
result of several mechanisms, which are discussed in
this section (see the sketch in Fig. 5.10(c)):

Descending drive on la interneurones

The increased reciprocal Ia inhibition observed dur-
ing voluntary tonic dorsiflexion when the y-induced
Ia discharge is blocked by ischaemia or lidocaine
indicates the existence of a descending tonic excita-
tory drive on Ia inhibitory interneurones. It could be
argued that the increased descending drive observed
in such experiments results from an adaptive strat-
egy to compensate for the interruption of spindle
feedback. However, corticospinal inhibition of the
soleus H reflex is largely mediated by reciprocal Ia
inhibitory interneurones, and is strongly increased
during ‘normal’ tonic dorsiflexion (Nielsen et al.,
1993). This finding supports the view of a descend-
ing facilitation of the Ia interneurones even when
Ia feedback is intact. The simplest explanation for
the increased peroneal-induced reciprocal Ia inhibi-
tion at the onset of contraction is that the inhibitory
interneurones are facilitated by supraspinal path-
ways in parallel with activated « motoneurones,
and facilitation is visible here because the post-
activation depression has not yet manifested itself,
and/oriscompensated forbyadecreasein presynap-
ticinhibition onIaterminals onlainterneurones (see
below).

Effects due to the ‘natural’ Ia discharge

The Ia discharge associated with an isometric con-
traction is maximal at the onset of the contraction
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and decreases by ~30% when the contraction
is maintained (cf. Chapter 3, p. 135; Fig. 3.7(b),
(). The increased Ia discharge would produce
both increased excitability of Ia interneurones and
post-activation depression, and the change in the
peroneal-induced inhibition of the H reflex would
be the net result of these two opposing effects and
of the level of presynaptic inhibition on Ia terminals
(cf. below).

Presynaptic inhibition of la terminals
on Ia interneurones

If data obtained in soleus and quadriceps can be
transposed to tibialis anterior, there would be a tonic
level of presynaptic inhibition at rest and, despite
the increased group I afferent input from pretibial
flexors, there could be aconsiderable decrease in pre-
synaptic inhibition of Ia terminals on tibialis ante-
rior motoneurones and corresponding Ia interneu-
rones duringthe first part of the tibialis anterior ramp
contraction (see Chapter 8, pp. 355-9). This could
cause the conditioning Ia volley to be more effective
in firing Ia interneurones, and could be sufficient to
explain the increased peroneal-induced reciprocal
Ia inhibition at the onset of contraction.

Recurrent inhibition

Recurrent inhibition activated orthodromically via
recurrent collaterals by the motor discharge from
pretibial flexors could inhibit Ia inhibitory interneu-
rones (cf. p. 200). However, if the data obtained for
soleus (see Chapter 4, p. 179) can be transposed
to tibialis anterior, recurrent inhibition to active
motoneurones should be depressed during strong
tonic contractions in order to leave reciprocal Ia
interneurones to exert their inhibitory action fully.

Functional implications

Effective reciprocal inhibition of the antagonistic
muscle is required during phasic flexion—
extension movements

This is discussed below with regard to flexion
of the ankle, but the principles apply equally to

flexion-extension movements of all hinge joints.
Contraction of the agonist (tibialis anterior) pro-
duces a stretch-induced Ia discharge from the antag-
onistic muscle (soleus), which is larger during phasic
than tonic contractions. This Ia discharge will pro-
duce two undesirable effects: excitation of antago-
nistic motoneurones (and this could evoke a soleus
stretch reflex) and excitation of ‘corresponding’
soleus-coupled Ia interneurones inhibiting tibialis
anterior motoneurones. The contributions of dif-
ferent spinal mechanisms (presynaptic inhibition
of Ia terminals on soleus motoneurones, reciprocal
Ia inhibition, longer-latency propriospinally medi-
ated inhibition) to the relaxation of the antago-
nist are addressed in Chapter 11 (pp. 519-21). The
present discussion focuses on reciprocal Ia inhibi-
tion, which opposes not only the activation of antag-
onisticmotoneuronesbutis also the sole mechanism
opposing the activation of opposite ‘soleus-coupled’
la interneurones (see Fig. 5.10(0)).

Mechanisms underlying an increase
in natural reciprocal la inhibition during
voluntary contraction

These mechanisms can be inferred from the changes
in reciprocal Ia inhibition produced by an artifi-
cial volley discussed above. When fusimotor drive
increases theIa discharge from a contracting muscle,
the efficacy of this discharge will be enhanced at the
onset of the contraction by decreased presynaptic
gating. The discharge may well be able to activate Ia
interneurones, especially if they are depolarised by a
descendingdrive and notinhibited by recurrentinhi-
bition (see the sketch in Fig. 5.10(c)). However, post-
activation depression will help maintain the synap-
tic efficacy of the Ia fibre-Ia interneurone synapse
at a relatively low level during slow or tonic volun-
tary movements. In addition, muscle shorteningin a
‘concentric’ contraction will unload spindle endings
(cf. Chapter 3, p. 135), and an increase in Ia discharge
will then occur only in slow contractions or when the
contracting muscle is working against a load. Thus,
during arapid phasic shortening contraction, i.e. the
type of contraction with the greatest potential to



trigger a stretch-induced Ia discharge from the
antagonist, it is likely that many muscle spindle
endings in the contracting muscle will be silenced.
Unwanted activation of soleus motoneurones and
extensor-coupled Ia interneurones would then
require that tibialis anterior-coupled Ia interneu-
rones receive a descending drive that is sufficient
to fire them, i.e. that tibialis anterior motoneu-
rones and corresponding Ia interneurones receive
a parallel descending excitation, as postulated by
Lundberg (1970) and demonstrated in experiments
performed after blocking the Ia afferent feedback
(see p. 220).

Reciprocal Ia inhibition directed to
motoneurones of the active muscle

Decreased reciprocal Ia inhibition of the soleus
H reflex during soleus contractions

In contrast with the conflicting results described
during dorsiflexion, there is general agreement that
peroneal-induced reciprocal Ia inhibition of the
soleus H reflex is reduced below its resting value dur-
ing tonic voluntary contractions of soleus (Tanaka,
1974; Shindo et al., 1984;1les, 1986; Crone et al., 1987;
Fig.5.11(D)). The stronger the soleus contraction, the
more marked the depression of reciprocal Ia inhibi-
tion (Petersen, Morita & Nielsen, 1998; Fig. 5.11(d)).
Similarly, the posterior tibial-induced reciprocal Ia
inhibition of the tibialis anterior H reflex is signi-
ficantly depressed during a tonic voluntary contrac-
tion involving tibialis anterior motoneurones (Crone
etal, 1987).

Reciprocal Ia inhibition of the on-going
soleus EMG activity

Evidence for EMG suppression

Figure 5.11(c) shows the inhibition appearing as a
depression of the rectified on-going voluntary EMG
activity of soleus elicited by stimulation of the deep
peroneal nerve (Petersen, Morita & Nielsen, 1998).
Given the latency of the H reflex and the difference
in afferent conduction times for the peroneal and
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posterior tibial Ia volleys, the latency of the inhibi-
tion is consistent with disynaptic reciprocal Ia inhi-
bition. Other pathways may also contribute to the
depression: (i) the longer-latency propriospinally
mediated inhibition (cf. above), and even (ii) the
peroneal-induced presynaptic inhibition of soleus Ia
terminals, which could participate in the late part of
the EMG suppression through suppression of the Ia
drive set up via the y loop.

Influence of the conditioning stimulus strength

With a conditioning stimulus to the deep peroneal
nerveat1.1 x MT, reciprocal Ia inhibition of both the
Hreflexand the on-going soleus EMG can be demon-
strated during weak plantar flexion but disappears
almost totally during strong plantar flexion. With a
conditioning stimulus at 1.5 x MT, the inhibition of
the Hreflex and of the on-going EMG is depressed to
a similar extent during weak and strong tonic plan-
tar flexion (Fig. 5.11(d)—(g)). However, high-intensity
stimuli activate many fibres other than deep pero-
neal Ia afferents (see pp. 208-9), and the result-
ing inhibition of soleus motoneurones may then be
due to spinal mechanisms other than reciprocal Ia
inhibition (see Petersen, Morita & Nielsen, 1998).

Conclusions

Reciprocal Iainhibition to active motoneurones may
be compared during various motor tasks by assess-
ing changes in suppression of the on-going EMG
activity elicited by a Ia volley from the antagonis-
tic muscle. However, the comparison is only valid
when conditioning stimuli are weak and activate
only group I afferents contained in the deep peroneal
nerve. Then, the stronger the voluntary contraction
of the target muscle, the smaller reciprocal Ia inhibi-
tion so assessed.

Spinal mechanisms underlying the decreased
reciprocal Ia inhibition
Mutual inhibition of ‘opposite’ Ia interneurones

Mutual inhibition from increased descending facil-
itation of soleus-coupled Ia interneurones is the
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Fig. 5.11. Changes in peroneal-induced reciprocal Ia inhibition during voluntary plantar flexion. (a) Sketch of the different
mechanisms contributing to the depression of the reciprocal inhibition from tibialis anterior (TA) to soleus (Sol) during voluntary
ankle plantar flexion: (i) facilitation of ‘opposite’ Sol-coupled Ia interneurones (INs) (via Ia discharge through the y loop,
corticospinal activation, disinhibition from Renshaw cells [RC]), (ii) facilitation of presynaptic inhibition of Ia terminals on
TA-coupled Ia INs. (b) Time course of the peroneal-induced (1 x MT) reciprocal Ia inhibition of the Sol H reflex at rest (O) and
during tonic ankle plantar flexion (®). Data from one subject. Each symbol is the mean of 20 measurements; vertical bars =1 SEM.
(¢) Modulation of the on-going soleus EMG activity by a peroneal volley during a voluntary plantar flexion (5% MVC) in one
subject. (d)—(g) The H reflex ((d), (e) 2 ms ISI) and the on-going soleus EMG ((f), (g), assessed during the 10 ms between the
vertical dashed lines in (¢)) conditioned by a peroneal volley at 1.1 ((d), (f)) and 1.5 ((e), (g)) x MT during weak (5% MVC, O) and
strong (40% MVC, @) plantar flexion. Each symbol represents one subject. With weak conditioning volleys, the reciprocal Ia
inhibition of both the H reflex (d) and the on-going EMG (f) is still detectable during weak plantar flexion (O), but largely disappears
during strong plantar flexion (®). Modified from Shindo et al. (1984) (b) and from Petersen, Morita & Nielsen (1998) ((c)-(g)), with
permission.

mechanism generally put forward to explain the
decreased reciprocal Ia inhibition directed to active
soleus motoneurones (see p. 199 and the sketch in
Fig.5.11(a)). Parallel activation of soleus a motoneu-
rones and the corresponding Ia interneurones can
explain why the depression of reciprocal Ia inhibi-
tion increases with the strength of plantar flexion.
Ia interneurones are activated directly by descend-

ing tracts, and indirectly through increased fusimo-
tor drive to the contracting muscle. The ease with
which the depression of reciprocal Ia inhibition to
soleus motoneurones can be demonstrated during
tonic plantar flexion is due to the fact that the condi-
tioning peroneal Ia volley and the fusimotor-driven
Ia discharge from the contracting soleus do not tra-
verse the same afferents (and synapses).



Inhibition of soleus-coupled Renshaw cells

Mutual inhibition of Ia interneurones is also
favoured by the inhibition of soleus-coupled Ren-
shaw cells, as occurs during strong tonic contrac-
tions and towards the end of ramp plantar flex-
ion (see Chapter 4, p. 179; Fig. 5.11(a)). This would
leave soleus-coupled Ia interneurones to exert their
inhibitory action fully on opposite Ia interneurones
(Pierrot-Deseilligny, Katz & Hultborn, 1983).

Facilitation of presynaptic inhibition

Facilitation of presynaptic inhibition of Ia terminals
on motoneurones antagonistic to the active mus-
cle and on corresponding Ia interneurones might
also reduce the efficacy of the peroneal Ia volley in
activating la interneurones. Indeed, if data obtained
for soleus during voluntary contraction of the anta-
gonistic muscle can be transposed to tibialis ante-
rior, soleus contractions should be accompanied by
facilitation of PAD interneurones mediating presy-
naptic inhibition of tibialis anterior Ia afferents (see
the sketch in Fig. 5.11(a)), though this effect is mod-
erate (Chapter 8, pp. 360-1).

Functional implications

The depression of the reciprocal Ia inhibition to
motoneurones activated in a movement of flexion-
extension prevents the Ia discharge elicited by the
stretch of the antagonistic muscles from inhibit-
ing agonist motoneurones and corresponding Ia
interneurones (Fig. 5.11(a)).

Reciprocal Ia inhibition during
co-contraction of antagonistic muscles

Methodology

A balanced co-contraction (i.e. one with equal activ-
ity in the antagonistic muscles) can be produced by
asking the subject to perform a specified level of
plantar flexion, and then to bring the torque exerted
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on the foot plate back to zero, while maintaining a
constant EMG level in the soleus (Fig. 5.12(f)—(7).

Decreased reciprocal Ia inhibition during
co-contraction

Reciprocal Ia inhibition of the soleus H reflex has
been compared during isolated dorsi- and plan-
tar flexion contractions at a level of EMG activity
equivalent to that recorded during co-contraction
(Nielsen & Kagamihara, 1992; Fig.5.12(b)-(e)). Recip-
rocal inhibition during co-contraction was strongly
depressed. It was always smaller than the sum of the
effects evoked by separate dorsi- and plantar flex-
ion contractions, suggesting a control mechanism
specific to co-contraction. There was similar depres-
sion of reciprocal Ia inhibition from ankle extensors
to ankle flexors in those subjects in whom it was
possible to evoke a tibialis anterior H reflex dur-
ing plantar flexion and co-contraction. Finally, to
ensure that the depression of reciprocal Ia inhibition
observed during co-contraction was not the conse-
quence of a change in the recruitment gain of the
reflex (see Chapter 1, pp. 18-20), reciprocal Ia inhibi-
tion of a tibialis anterior motor unit and a soleus unit
was compared during separate activation of the tar-
get unit and during co-contraction of the two units.
Here again, reciprocal Ia inhibition was significantly
reduced during co-contraction of the units belong-
ing to the two antagonistic muscles. Reciprocal Ia
inhibition was still depressed during co-contraction
(i) when peripheral feedback from the contracting
muscle(s) was blocked, and (ii) at the very onset of
a dynamic co-contraction, when the conditioning-
test stimulus pair was triggered by the first voluntary
EMG potential, i.e. before any contraction-induced
peripheral afferent feedback had reached the spinal
cord.

Mechanisms underlying the decreased
reciprocal Ia inhibition during co-contraction

Reciprocal Ia inhibition is maximally depressed even
at low co-contraction levels, and there is no modu-
lation as the strength of co-contraction increases.
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Fig. 5.12. Changes in peroneal-induced reciprocal Ia inhibition during voluntary co-contraction of dorsi- and plantar flexors of the
ankle. (a) Sketch of the different mechanisms contributing to the depression of the reciprocal inhibition of the soleus (Sol) H reflex
during co-contraction: (i) the descending drive to « motoneurones (MN) is not accompanied by a parallel drive to Ia interneurones
(INs) (decoupling: horizontal double-headed arrows), (ii) there is descending facilitation of both Renshaw cells (RCs) and PAD INs
mediating presynaptic inhibition of Ia terminals on Ia INs. (b)-(e) Time course of the peroneal-induced (1 x MT) changes in
reciprocal Ia inhibition of the Sol H reflex. The control H reflex was 15% of M,y and the size of the conditioned H reflex is expressed
as a percentage of its unconditioned value. Vertical bars 1 SEM. (f)-(i) The corresponding rectified integrated EMG of the tibialis
anterior (TA) and Sol, and the torque exerted at the foot plate (the horizontal dashed line in (g), (k) indicates zero). Results at rest
((b), (f), during tonic dorsiflexion (torque at 4 Nm, (c), (g)), tonic plantar flexion (torque at 4 Nm, ((d), (%)), and simultaneous
co-contraction of both ankle flexors and extensors ((e), (i)). Reciprocal inhibition peaks at 2-2.5 ms at rest (b), changes little during
tonic dorsiflexion but a longer-latency propriospinally mediated inhibition appears at 4-5 ms (¢), is less pronounced than at rest
during tonic plantar flexion where only a small peak of inhibition may be discerned at 2 ms (d), and disappears during tonic
co-contraction of ankle flexors and extensors (e). Modified from Nielsen & Kagamihara (1992), with permission.

These findings indicate a decoupling of the descend-
ing control of motoneurones and Ia interneurones,
in contrast with the linkage seen during simple
flexion—extension movements. This decoupling is
reminiscent of studies in the monkey suggesting
that the descending control of the spinal motor sys-
tem is conveyed by different descending pathways
during co-contraction and flexion-extension move-
ments (Fetz & Cheney, 1987; p. 200; Chapter 11,

p. 533). The observation that reciprocal Ia inhibi-
tion is depressed during co-contraction with respect
to rest further suggests that the pathway medi-
ating reciprocal Ia inhibition is actively inhib-
ited during such contractions. Two spinal candi-
dates probably contribute to this depression of
the transmission in the reciprocal Ia pathway.
(i) Presynaptic inhibition on Ia terminals from both
antagonistic muscles is markedly increased during



co-contraction (cf. Chapter 8, p. 361). An impor-
tant functional role of this increased presynaptic
inhibition could be to decrease the Ia input to Ia
interneurones to allow the parallel activation of the
two antagonistic muscles (see Chapter 11, p. 532;
Fig. 5.12(a)). (ii) Recurrent inhibition is increased
during co-contraction, and the resulting depression
of the transmission in the Ia inhibitory pathway
would contribute to the parallel activation of the
two antagonistic muscles (see Chapter 4, p. 181;
Fig. 5.12(a)).

Functional implications

There was no significant difference in the amount
of reciprocal Ia inhibition between ankle muscles
when standing up at rest with support and when
sitting down at rest. However, there was a decrease
in reciprocal Ia inhibition when the subjects were
forced to make a co-contraction of dorsi- and plan-
tar flexors in order to maintain balance, e.g. when
they were standing on one leg or on an unstable
platform (Nielsen & Kagamihara, 1992). Function-
ally the decrease in reciprocal Ia inhibition ensures
unopposed activation of antagonistic motoneurone
pools during co-contractions.

Depression of reciprocal Ia inhibition during
contraction of remote muscles

A depression of peroneal-induced reciprocal Ia inhi-
bition of the soleus H reflex has also been described
during voluntary teeth clenching (Takada et al,
2000). The manoeuvre produces reflex reinforce-
ment, akin to the classical Jendrassik manoeuvre,
and the H reflex is facilitated in both the soleus and
the tibialis anterior, in proportion to biting force.
Under these circumstances, the question arises
about whether depression of reciprocal Ia inhibition
is merely the result of a subliminal co-contraction of
ankle flexors and extensors or is related to the mech-
anisms responsible for the generalised reflex rein-
forcement (cf. Chapter 3, p. 133).

Motor tasks — physiological implications
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Changes in reciprocal Ia inhibition during
postural activity

With the initiation of a fast stepping movement by
one leg, there is an automatic postural reaction in
the supporting leg, with a burst of EMG activity in
the tibialis anterior and a silent period in the tonic
EMG activity of soleus (Komiyama & Kasai, 1997).
The soleus H reflex is depressed prior to and dur-
ing the tibialis anterior EMG activity, while the tib-
ialis anterior H reflex is greatly facilitated. Peroneal-
induced (1 x MT, 2 ms ISI) reciprocal Ia inhibition
of the soleus H reflex is enhanced with a time course
similar to that of the soleus H reflex depression. In
contrast, the D1 presynaptic inhibition was found
to be only marginally and inconsistently increased.
This suggests that the silent period in the soleus is
due to increased disynaptic reciprocal Ia inhibition.
The similar time courses of both the increased recip-
rocal Ia inhibition of the soleus H reflex and the tib-
ialis anterior H reflex facilitation would then provide
an example of parallel control of « motoneurones
and corresponding Ia interneurones in an automatic
postural task.

Changes in reciprocal Ia inhibition
during gait

Theamount ofreciprocallainhibition between ankle
flexors and extensors is modulated during walking,
albeit by less than during voluntary contractions at
equivalent levels of EMG activity (Petersen, Morita &
Nielsen, 1999; Fig. 5.13).

Methodology

In some subjects, it has been possible to investigate
the changes in reciprocal inhibition of the soleus
H reflex throughout the step cycle. In addition, the
modulation of reciprocal inhibition seen in the on-
goingrectified EMG of the soleus and tibialis anterior
was explored during the stance and swing phases of
walking, respectively, after stimulation of the nerve
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(1999), with permission.



supplying the antagonistic muscle. The resulting
inhibition was assessed within its first 10 ms (cf.
Fig. 5.11(0)), and expressed as a percentage of that
obtained during a voluntary contraction of the cor-
responding muscle at an equivalent amount of EMG
activity.

Modulation of reciprocal Ia inhibition

In the subject illustrated in Fig. 5.13(b), there was
significant peroneal-induced reciprocal Iainhibition
of the reflex at rest, but this disappeared during the
stance phase. Around the onset of the swing phase,
reciprocal inhibition became greater than at rest,
and then progressively decreased. This suggests that
transmission in the pathway of reciprocal Ia inhi-
bition to ankle plantar flexors is depressed during
the stance phase, and facilitated during the swing
phase. Peroneal-induced inhibition of the on-going
soleus EMGwas much smaller atheel strike than dur-
ing tonic plantar flexion when standing. It progres-
sively increased through the stance phase, though
always smaller than during the voluntary contrac-
tion (Fig.5.13(c)—(e)). Reciprocal inhibition of the on-
going tibialis anterior EMG during the swing phase
was similarly much smaller than during voluntary
dorsiflexion (Fig. 5.13(f)).

Mechanisms underlying the changes in
reciprocal Ia inhibition

(i) Presynaptic inhibition of Ia terminals on soleus
motoneurones is decreased during dynamic volun-
tary contractions of soleus but strongly increased
throughout the stance phase of walking (Chapter 8,
pp- 365-7). Given the probable parallel control of
presynaptic inhibition on Ia terminals on motoneu-
rones and on Ia interneurones (see pp. 200-1),
increased presynaptic inhibition that reduces the Ia
input to Ia interneurones could contribute to the
lesser reciprocal Ia inhibition during walking than
during voluntary contraction.

(if) Mutual inhibition of opposite Ia interneurones
would be consistent with the small inhibition from
plantar flexors to dorsiflexors during the swing phase

Studies in patients
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(Fig. 5.13(f)), when inhibition from dorsiflexors to
plantar flexorsislarge (Fig. 5.13(D)). Regardless of the
spinal mechanism, peroneal-induced inhibition of
the on-going soleus EMG activity is modulated sim-
ilarly when conduction in large diameter afferents
is blocked by ischaemia. This suggests that the pat-
tern of afferent feedback cannot explain the observed
modulation.

Functional implications

Reciprocal Ia inhibition from dorsiflexors to plantar
flexors is large in the swing phase and small in the
stance phase of gait, and that from plantar flexors to
dorsiflexorsis small in swing. This modulation would
help ensure that antagonistic motoneurones are not
activated inappropriately during the walking cycle.
However, the modulation is less marked than during
voluntary movements, a finding that could reflect a
need to stabilise the ankle during the stance phase
of walking (see Chapter 11, p. 546).

Studies in patients and clinical
implications

Methodology

So far, changes in transmission in the pathway of
‘true’ reciprocal Ia inhibition have been investigated
in patients only at ankle level. Because it is unusual
for a sizeable H reflex to be recordable in tibialis
anterior, peroneal-induced reciprocal Ia inhibition
ofthesoleus Hreflexisusually explored (however, see
p- 232). Care is necessary to ensure that the condi-
tioning stimulus activates only the deep peroneal
nerve (see p. 209), and the conditioning stimuli
should not be above 1 x MT.

Spasticity

Peroneal-induced reciprocal Ia inhibition
of soleus motoneurones

Conflicting results have been obtained in patients
with different lesions, and even within a population



230

Reciprocal Ia inhibition

of patients with apparently the same type and loca-
tion of lesion. Methodological reasons, in particular
inadvertent stimulation of the superficial peroneal
nerve, may account forsome discrepant findings (see
p. 209).

Stroke patients

Results obtained in stroke patients by different
authors illustrate well the variability of the changes
in reciprocal Ia inhibition in patients. Yanagisawa,
Tanaka & Ito (1976) found that a train of three shocks
to the peroneal nerve had no effectin 6 of 11 patients
with hemiplegia, but produced an early inhibition in
two patients and an early facilitation in the other
three. However, these results are difficult to interpret
because the authors were unable to record recip-
rocal Ia inhibition at rest in normal subjects. Del-
waide (1985) mentioned an early peroneal-induced
facilitation in a few spastic patients, but gave no
details about the nature of the spasticity. In all six
patients explored by Crone et al. (2003), the early
peroneal-induced inhibition was replaced by facili-
tation, which developed in parallel with hyperactive
Achilles tendon jerks on the spastic side, and was
not observed on the ‘unaffected’ side. The absence
of reciprocal inhibition on the unaffected side rep-
resents further evidence that spinal mechanisms
are not normal on the clinically unaffected side of
hemiparetic patients (see Chapter 12, pp. 577-9). In
16 patients at various stages after a stroke, Okuma &
Lee (1996) found that reciprocal Ia inhibition of the
soleus Hreflexwas increased in patients who showed
good recovery of function with mild spasticity, but
was unchanged or diminished, in patients who had
made a poor recovery and had more marked exten-
sor spasticity. In patients in whom serial recordings
were obtained there was an increase in Ia inhibition
during the recovery period following stroke, afinding
not confirmed by Crone et al. (2003).

Patients with traumatic spinal cord injury

Here again, variable results have been obtained.
Boorman et al. (1991) reported that reciprocal Ia

inhibition of the soleus H reflex was more profound
in patients with incomplete spinal cord injury who
had recovered sufficient function to walk with some
assistance than in healthy subjects. However, many
other authors have reported that reciprocal Ia inhi-
bition is reduced with respect to normal subjects.

(i) In patients with asymmetrical spinal spasticity
the inhibition was found to be pronounced in the
leg with good recovery and less spasticity, but small
or absent in the more spastic leg (Okuma, Mizuno &
Lee, 2002).

(ii) An early facilitation replacing the early inhi-
bition was seen in two of four patients with incom-
plete spinal cord injury and four of the seven patients
with a complete spinal lesion reported by Crone et al.
(2003).

(iii) In patients with incomplete spinal cord injury,
Perez & Field-Fote (2003) reported that, recipro-
cal inhibition tested at the 3-ms ISI was slightly
decreased.

Multiple sclerosis

Crone etal. (1994) studied 39 patients and 74 healthy
control subjects. Average data from the two popu-
lations show that the clear reciprocal Ia inhibi-
tion observed in normal subjects was absent in the
patients (Fig. 5.14(b)). This is also illustrated in the
histograms of Fig. 5.14(c). Afurther study by the same
group (Drsnes et al., 2000) confirmed that deep per-
oneal stimulation produces very little or no recipro-
cal Ta inhibition of the soleus H reflex in patients, a
finding that was not modified by oral or intrathecal
baclofen.

The early facilitation that often replaces the early
inhibition could be due to Ib excitation

It is possible that this facilitation in spastic patients
could be due to the fact that a normal Ib excitation is
more easily disclosed because of the decreased recip-
rocal Ia inhibition. However, Crone et al. (2003) have
argued in favour of increased (facilitated) Ib excita-
tion (see Chapter 6, pp. 277-8).
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Fig. 5.14. Changes in reciprocal Ia inhibition of ankle muscles in patients with spasticity due to multiple sclerosis. (a) Sketch of the
presumed pathway of reciprocal Ia inhibition between ankle flexors and extensors. The tonic corticospinal facilitation of tibialis
anterior (TA)-coupled Ia interneurones (INs) is presumably interrupted in spastic patients (horizontal double-headed arrow). This
produces both a reduction of the reciprocal Ia inhibition to soleus (Sol) motoneurones (MN), and a disinhibition of opposite
soleus-coupled INs mediating reciprocal Ia inhibition to TA MNs. (b) Time course of the changes in peroneal-induced (1 x MT)
reciprocal Ia inhibition of the Sol H reflex. The size of the conditioned H reflex (expressed as a percentage of its unconditioned
value) is plotted against the interstimulus interval (ISI). Average data from 74 normal subjects (@) and 39 patients with multiple
sclerosis (O). Vertical bars £1 SEM. (¢) The amount of reciprocal Ia inhibition assessed at the 2 ms ISI (DPN stimulation at 1 x MT)
in normal subjects (M) and patients ({J). The number of subjects (expressed as a percentage of the total number of subjects in each
population) is plotted against the difference between the size of the conditioned and control reflexes (expressed as a percentage of
the control reflex size; negative values: inhibition, positive values: facilitation, at the 2 ms ISI). Modified from Crone et al. (1994),

with permission.

Changes during voluntary contraction

Changes in reciprocal Ia inhibition during volun-
tary contractions have been explored onlyin patients
with multiple sclerosis (Morita et al., 2001). The main
abnormality in the patients was an absence of the
increase in peroneal-induced reciprocal Ia inhibi-
tion of the soleus H reflex at the onset of dorsi-
flexion, though this is seen consistently in healthy
subjects (cf. p. 221). With the absence of modu-
lation of presynaptic inhibition of Ia terminals on

soleus motoneurones (see Chapter 8, p. 370), this
may explain why the soleus H reflex is not depressed
at the onset of voluntary dorsiflexion in spastic
patients (Pierrot-Deseilligny & Lacert, 1973). How-
ever, in functional terms, given the relatively weak
sensitivity of the stretch reflex to presynaptic inhi-
bition of Ia terminals (see Chapter 8, pp. 354-5), the
absenceofincreased reciprocalIainhibition directed
to motoneurones of the antagonistic soleus could
be a major factor in the unwanted stretch reflex
activity triggered by the dynamic contraction of
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tibialis anterior in spastic patients (see Chapter 12,
pp. 574-5). This might explain some of the functional
disabilities of patients with spasticity (Chapter 12,
pp- 559).

Conclusions

Theresults are, in general, too variable to allow a uni-
fying statement. However, putting aside the results
of Boorman et al. (1991), it seems that, in patients
with focal lesions (whether cerebral or spinal), the
better the recovery the greater the reciprocal Ia inhi-
bition of the soleus H reflex. By contrast, with the
diffuse lesions typical of multiple sclerosis, there is
no correlation between degree of reciprocal Ia inhi-
bition of soleus and the disability of patients. The
disfacilitation of Ia interneurones to ankle extensor
motoneurones by the corticospinal lesion removes
a tonic inhibition on these motoneurones, and
this could contribute to their hyperexcitability (see
Chapter 12, p. 570). However, this is not a major
factor causing spasticity at rest, since normalisation
of reciprocal inhibition after frequent peroneal sti-
mulation is not accompanied by significant changes
in spasticity (see below).

Reciprocal Ia inhibition from ankle
extensors to flexors

In contrast to data on reciprocal Ia inhibition of
ankle extensors, it is a consistent finding that poster-
ior tibial-induced reciprocal Ia inhibition of tibialis
anterior motoneurones is increased in hemiplegic
patients (Yanagisawa et al., 1976), and this is partic-
ularly so in patients with poor recovery and severe
extensor spasticity (Okuma & Lee, 1996). In investi-
gations using PSTHs, reciprocal inhibition was also
greaterin patients with incomplete spinal cord injury
than in normal subjects (Ashby & Wiens, 1989).
The stimulus intensity at which soleus motoneu-
rones and the corresponding Ia interneurones can
be brought to threshold provides an estimate of the
relative excitability of these two neuronal popula-
tions. In patients with spinal cord injury the reflex
effects of Ia inhibitory interneurones were obtained
at lower threshold than the soleus H reflex, whereas

in normal subjects the excitabilities are similar (see
p. 204).

Mechanisms underlying changes in reciprocal
Ia inhibition in spasticity

In normal subjects, the dominant excitatory effect
of corticospinal volleys on ankle muscles is directed
to tibialis anterior (Brouwer & Ashby, 1991). One
could reasonably expect the dominant corticospinal
input to be to the corresponding Ia interneu-
rones (i.e. those inhibiting soleus motoneurones).
Through mutual inhibition of Ia interneurones, this
would produce tonic inhibition of the ‘opposite’ Ia
interneurones directed to tibialis anterior motoneu-
rones. If there was normally a tonic corticospinal
drive to tibialis anterior-coupled Ia inhibitory
interneurones, as exists in the baboon (Hongo et al.,
1984, p. 200), corticospinal lesions would: (i) reduce
the reciprocal Ia inhibition of ankle extensors, par-
ticularly in those patients with a focal lesion and
significant motor impairment, and (ii) explain the
increased reciprocal Ia inhibition from ankle exten-
sors to tibialis anterior motoneurones (see the sketch
in Fig. 5.14(a) and its legend). Interruption of the
corticospinal facilitation of the relevant Ia interneu-
rones by corticospinal lesions probably accounts for
why reciprocal Ia inhibition is not increased at the
onset of voluntary dorsiflexion in multiple sclerosis
patients.

Plasticity in the pathway of reciprocal
Ia inhibition

Evidence for plasticity in the pathway
of reciprocal Ia inhibition

Evidence for plasticity hasbeen found innormal sub-
jects (Perez, Field-Fote & Floeter, 2003). Reciprocal Ia
inhibition was increased for a least 5 min after the
end of ‘patterned’ stimulation intended to mimic
the group I discharge from pretibial flexors during
the swing phase of walking. This was attributed to
potentiation of the glycinergic synapse of Ia
interneurones, and/or recruitment of subliminal
interneurones, as has been described in the goldfish
(Oda et al., 1995).



Plasticity induced by peroneal nerve stimulation

In four multiple sclerosis patients receiving frequent
peroneal nerve stimulation (‘functional electrical
stimulation’ using an external peroneal stimulator to
assist walking), reciprocal Ia inhibition was as pro-
nounced as in normal subjects. The patients did not
differ from the other patients in their degree of spas-
ticity or other clinical features. This suggests that reg-
ular peroneal nerve activation can maintain activ-
ity in the spinal pathway of reciprocal Ia inhibition
(Crone et al., 1994).

Plasticity after training

Plastic changes occur in spinal monosynaptic
reflexes after long-term manipulation of motor sys-
tems using operant conditioning (Wolpaw & Lee,
1989).Itis therefore conceivable that plastic changes
occur in the pathway of reciprocal Ia inhibition after
training and, if so, this might account for some of the
conflicting reports from different groups. Thus, the
hemiplegic patients of Okuma & Lee (1996) and
the spinal cord-injured patients of Okuma, Mizuno &
Lee (2002) with preserved reciprocal Ia inhibition
to soleus were undergoing intensive physiotherapy
and were leading an active life. It is conceivable that
intensive physiotherapy, with repeated attempts to
produce ankle dorsiflexion, would increase activity
in the Ia inhibitory pathway following the injury. If
so, this has important implications for rehabilitation
programs.

Patients with cerebral palsy

The first evidence for reciprocal Ia inhibition from
ankle flexors to soleus in humans was provided in
patients with athetosis (Mizuno, Tanaka & Yanagi-
sawa, 1971), in whom the inhibition was profound,
whereas it could not be demonstrated by these
authors in normal subjects at rest. Using PSTHs,
Berbrayer & Ashby (1990) showed that reciprocal Ia
inhibition from ankle extensors to tibialis anterior
is also increased in patients with cerebral palsy,
whether they have mainly athetosis or spasticity.
The increased reciprocal Ia inhibition is in keeping
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with the pattern of corticospinal projections to corre-
sponding motoneurones as revealed by TMS. Unlike
normal subjects, in whom there is a strong facilita-
tion of tibialis anterior motoneurones but little or no
facilitation of soleus motoneurones, there is equal
facilitation of tibialis anterior and soleus motoneu-
rones in patients with cerebral palsy (Brouwer &
Smits, 1996). The reciprocal Ia excitation elicited in
similar patients, at the latency of the monosynap-
tic reflex, by a tap to the antagonistic tendon has
been interpreted as a persistent neonatal pattern of
connectivity (see Gottlieb & Myklebust, 1993). How-
ever, reservations have been expressed in Chapter 2
(p. 86) about whether this finding was really due to
spread of the mechanical stimulus to excite spindles
in the antagonist.

Patients with hyperekplexia

Reciprocal Ia inhibition is presumed to be medi-
ated by glycine, and has been examined in patients
with hereditary hyperekplexia (Crone et al., 2001;
Nielsen et al., 2002). Reciprocal Ia inhibition from
ankle flexors to extensors was not recordable in
patients with the major form (who have a defined
mutation in the glycine receptor), whereas it could
be recorded in the patients with the minor form
(who have no such mutation in the glycine recep-
tor). By contrast, radial-induced inhibition of the
FCR Hreflex has been found not to be abolished (see
p. 214), and this provides further confirmation that
the inhibition at wrist level is not ‘true’ reciprocal Ia
inhibition.

Patients with Parkinson’s disease

Atrest

Reciprocal Ia inhibition from ankle flexors to soleus
motoneurones hasbeenreported tobeincreased sig-
nificantly in parkinsonian patients with respect to
age-matched controls. This abnormality was inter-
preted as an abnormal reticulospinal activation
of Ia interneurones (Delwaide, Pepin & Maertens
de Noordhout, 1993), but it could also be due to
increased Ia feedback from ankle flexors, perhaps
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associated with incomplete relaxation of those
muscles (Chapter 12, pp. 587-8).

Onset of voluntary contraction

At the onset of voluntary ankle dorsiflexion, the nor-
mal inhibition of the soleus H reflex is reduced,
and even reversed to facilitation in parkinsonian
patients (Hayashi et al., 1988), a finding attributed
to abnormal corticospinal control of Ia inhibitory
interneurones during movement. This view is sup-
ported by the finding that at the onset of voluntary
plantar flexion, the normal facilitation of the soleus
H reflex produced by TMS is reduced and, in some
cases, reversed to inhibition (cf. Morita et al., 2002;
Chapter 12, pp. 590-1). The latter abnormality was
correlated with the motor part of the unified Parkin-
son’s disease rating scale, and was improved by pal-
lidotomy.

Changes in non-reciprocal group I
inhibition at wrist level

Interneurones mediating the radial-induced inhibi-
tion of the FCR H reflex are almost certainly those of
non-reciprocal group I inhibition (see pp. 211-14).
However, the literature devoted to abnormalities in
the pathway of radial-induced inhibition of the FCR
H reflex refers to abnormalities in ‘reciprocal Ia inhi-
bition’, and such changes are therefore considered in
this Chapter rather than in Chapter 6.

Stroke patients

In stroke patients, the early phase of radial-induced
inhibition of the FCR H reflex is consistently
decreased in those with spasticity (Nakashima et al.,
1989; Artieda, Quesada & Obeso, 1991), but not in
patients with normal muscle tone or flaccid hemi-
plegia (Nakashima et al., 1989).

Parkinsonian patients

In parkinsonian patients, conflicting results have
been found atrest. The early phase of radial-induced

inhibition of the FCR H reflex was reported to be
decreased by Lelli, Panizza & Hallett (1991), but nor-
mal by others (Nakashima et al., 1994; Tsai, Chen
& Lu, 1997; Meunier et al., 2000), or even prob-
ably increased (Obeso et al., 1985) (cf. Chapter 12,
p. 587).

Dystonia

Radial-induced disynaptic inhibition of the FCR H
reflex is unchanged (Nakashima et al., 1989) or
decreased (Panizza, Hallett & Cohen, 1987; Chen,
Tsai & Lu, 1995) in patients with writer’s cramp.
Interestingly, similar changes have been reported in
the unaffected normal arms of patients with writer’s
cramp (Chen, Tsai & Lu, 1995). This is in keeping
with the finding that abnormalities of the hand rep-
resentation in sensory cortex are more obvious in
the hemisphere driving the non-dystonic limb (see
Chapter 8, p. 372).

Conclusions

ReciprocalIainhibition is mediated through asimple
disynaptic pathway fed by Ia afferents, and has a sim-
ple function: to link the inhibition of the antagonist
and the contraction of the agonist during flexion—
extension movements. True reciprocal Ia inhibition
between antagonistic flexors and extensors has so far
been demonstrated with certainty only at ankle and
elbow levels in human subjects. The radial-induced
inhibition of the FCR H reflex is probably mediated
through the disynaptic pathway of non-reciprocal
group I inhibition.

Role of reciprocal Ia inhibition
in motor tasks

During voluntary flexion-extension movements,
reciprocal Ia inhibition to antagonistic ankle mus-
cle(s) is facilitated. Together with facilitation of
interneurones mediating (i) longer-latency pro-
priospinally mediated inhibition, and (ii) facilita-
tion of PAD interneurones mediating presynaptic



inhibition on Ia terminals to antagonistic motoneu-
rones, this helps prevent a stretch reflex in the
antagonistic muscle. In addition, a specific role for
increased reciprocal Ia inhibition is to oppose the
activation of opposite Ia interneurones, activated by
the stretch-induced Ia discharge in the antagonist
muscle, because this would otherwise inhibit ago-
nist motoneurones.

During co-contractions of antagonists, reciprocal
Ia inhibition is markedly depressed, thus ensuring
the unopposed activation of antagonistic motoneu-
rone pools. This indicates that the coupling of
motoneurones and Ia interneurones is flexible,
dependent on the motor task.

During walking, reciprocal Ia inhibition between
ankle flexors and extensors is modulated to inhibit
the antagonist of the active muscle, but this
modulation is less marked than during voluntary
contractions, possibly to help stabilisation of the
ankle during the stance phase.

Changes in reciprocal Ia inhibition
and pathophysiology of movement
disorders

Most studies have investigated spastic patients.
Those in patients with focal lesions (either cere-
bral or spinal) have generally demonstrated reduced
reciprocal Ia inhibition of the soleus H reflex at rest,
and the better the recovery the less marked this
reduction. With the diffuse lesions typical of mul-
tiple sclerosis, reciprocal inhibition of soleus is also
reduced, but there is no correlation between degree
of reciprocal Ia inhibition of soleus and the dis-
ability of patients. In contrast, reciprocal Ia inhi-
bition directed to pretibial flexors is consistently
increased.
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Résumé

Background from animal experiments

Jainterneuronesreceive monosynapticinputfromIa
afferents and project, through a glycinergic synapse,
onto motoneurones antagonistic to those innervat-
ing the muscle from which the Ia input originates.
The dominant feature is the striking similarity in
the segmental and supraspinal convergence onto o
motoneurones and the ‘corresponding’ Ia interneu-
rones (i.e. those receiving the same Ia input). Thus,
they: (i) receive the same inputs from descend-
ing tracts, (ii) are similarly inhibited by opposite Ia
interneurones (i.e. Ia interneurones activated from
flexor Ia afferents are inhibited by Ia interneu-
rones activated from extensor Ia afferents, and vice
versa), and (iii) are inhibited by Renshaw cells acti-
vated by collaterals from those motoneurones which
receive the monosynaptic Ia excitation. This pro-
vides a unique means of identification. It has there-
fore been suggested that « and y motoneurones, and
Ia interneurones are controlled in parallel from the
braininordertoachieveacoordinated contraction of
agonists and relaxation of antagonists (‘a-y linkage
in reciprocal Ia inhibition’). There is probably a par-
allel control of presynaptic inhibition of Ia afferent
terminals on Ia interneurones and motoneurones.

Methodology

Underlying principle

Reciprocal Ia inhibition is a disynaptic inhibition,
elicited by aIa volley originating from the antagonis-
tic muscle, and is depressed by recurrent inhibition.
It can be assessed using the monosynaptic reflex, the
on-going EMG or PSTHs of single motor units.

Evidence for reciprocal Ia inhibition
Elicitation by la volleys

The low electrical threshold of the inhibition and
the absence of a comparable effect from cutaneous
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volleys indicate that it is of group I origin. There is
good evidence that the inhibition is due to Ia vol-
leys when it can be evoked by weak tendon taps
and/or when prolonged vibration of the ‘condition-
ing’ tendon causes the threshold for the inhibition to
increase.

Disynaptic transmission

A disynaptic pathway is suggested if the central delay
of the inhibition of the H reflex is ~1 ms, taking
account of the peripheral afferent conduction times
for the conditioning and test Ia pathways. A precise
method, independent of peripheral conduction dis-
tances and conduction velocities, can be used when
reciprocal inhibition between flexors and extensors
operating at the same joint are tested in the same
subject in both directions. The method rests on the
assumptions that the same afferents are responsible
for the H reflex (or the peak of homonymous Ia exci-
tation in the PSTH) and the short-latency inhibition
of the H reflex (or the PSTH) in the antagonist, and
the central organisation (and delay) is equal in both
directions.

Recurrent inhibition of Ia interneurones

Suppression of reciprocal Ia inhibition by activation
of recurrent inhibitory pathways provides a unique
method of confirming that the pathway is truly that
of reciprocal Ia inhibition. This has been observed at
elbow and ankle level, but not at wrist level.

Critique of the tests to study reciprocal
Iainhibition

(i) The conditioning stimulus intensity must not
be too high, in order to avoid recurrent inhibition
of Ia interneurones by an antidromic motor volley,
contamination by group II effects (especially when
studying the modulation of the on-going EMG),
inadvertent stimulation of Ia afferents in the super-
ficial peroneal nerve (see below).

(ii) During voluntary ankle dorsiflexion, a longer-
latency, presumably propriospinally mediated inhi-
bition is superimposed on the early reciprocal Ia
inhibition at ISIs >3 ms.

(iii) When investigating the reciprocal Ia inhibition
of soleus, great care must be taken to stimulate only
the deep peroneal nerve and to avoid activation of Ia
afferents in the superficial peroneal nerve because
they have monosynaptic Ia projections onto soleus
motoneurones.

Organisation and pattern of connections

Pattern and strength of reciprocal Ia inhibition
at rest at different joints

Hinge joints

While the criteria for true reciprocal Ia inhibition
(inhibition between strict antagonists, elicitation by
a pure Ia volley, depression by recurrent inhibition)
are fulfilled at ankle and elbow levels, the data are not
yet conclusive at knee level. At ankle level, mono-
synaptic excitation due to stimulation of super-
ficial peroneal afferents could have obscured the
deep peroneal-induced inhibition in some studies.
There are also important variations between differ-
ent individuals, and a positive correlation between
the strength of the inhibition and the degree of phys-
ical training has been reported. In contrast, in those
subjects, in whom it is possible to evoke an H reflex
in the tibialis anterior, reciprocal inhibition can be
demonstrated consistently at rest. This asymmetry
in favour of flexors is reminiscent of data in the cat.
At elbow level, there is evidence for a profound and
symmetrical reciprocal Ia inhibition between flexors
and extensors.

Wrist level

Disynaptic inhibition between flexors and extensors
in the forearm does not fulfil the essential criteria
for ‘true’ reciprocal Ia inhibition, because: Ib affer-
ents contribute to the inhibition, and may be solely
responsible for it; it is not inhibited by recurrent
inhibition; it does notlink true antagonistic muscles;
and it is not abolished in patients with a muta-
tion in the glycine receptor manifesting as hyperek-
plexia. Interneurones responsible for the disynaptic



inhibition between wrist muscles are activated by
group I afferents from a variety of muscles, not
only the antagonist but also the target muscle and
muscles operating at the elbow. This widespread
convergence is consistent with mediation through
interneurones of non-reciprocal group I inhibition.

Various conditioning stimuli facilitate
transmission in the pathway of reciprocal Ia
inhibition of soleus motoneurones

Facilitation-occlusion curves for soleus, reflecting
convergence of the two conditioning volleys onto
common Ia interneurones, reveal facilitation of Ia
interneurones only when the peroneal volley is weak.
Thus, Ia interneurones are facilitated by (i) low-
threshold cutaneous afferents from the foot, (ii) cor-
ticospinalvolleys, and (iii) stimulation of the vestibu-
lar apparatus.

Motor tasks and physiological
implications

Voluntary contraction of the
antagonistic muscle

A depression of the soleus H reflex precedes and
accompanies a voluntary ankle dorsiflexion, due to
changes in at least three mechanisms: reciprocal Ia
inhibition, presynaptic inhibition of soleus Ia termi-
nals, and longer-latency propriospinally mediated
inhibition. In this chapter, only the changes in recip-
rocal Ia inhibition are considered.

(i) During tonic ankle dorsiflexion, conflicting
results have been obtained. However, when con-
duction in Ia afferents is interrupted by ischaemia
or block of the peroneal nerve using lidocaine,
peroneal-induced reciprocal Ia inhibition of the
soleus H reflex is consistently increased. This find-
ing indicates that, during dorsiflexion, the natural
Ia discharge decreases the efficacy of the peroneal
volley in activating Ia interneurones. Post-activation
depression, which occurs at the synapse between the
Ia fibre and the Ia interneurone, is the most likely
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mechanism responsible for the absence of increased
reciprocal Ia inhibition during tonic contractions: it
reduces the efficacy of the artificial conditioning vol-
leyin dischargingIainterneurones, and prevents the
central facilitation of Ia interneurones from mani-
festing itself.

(i) In contrast, peroneal-induced reciprocal Ia
inhibition is consistently increased before the Ia
input has reached the spinal level, and this impli-
cates a descending mechanism, independent of Ia
feedback.

(iii) Origin and function: Increased peroneal-
induced reciprocal Ia inhibition may be due to
a descending drive onto Ia interneurones and/or
descending inhibition of PAD interneurones medi-
ating presynaptic inhibition of Ia terminals on Ia
interneurones. In flexion—extension movements, the
stretch-induced Ia discharge triggered in the antag-
onist (soleus) by a contraction of the agonist (tibialis
anterior) provides Ia excitation both to antag-
onisticmotoneurones and ‘corresponding’ extensor-
coupled Ia interneurones. This can produce two
undesirable effects: a stretch reflex in the antagonis-
tic soleus muscle, and inhibition of agonist tibialis
anterior motoneurones through extensor-coupled
Ia interneurones. The unwanted stretch reflex may
be minimised by several mechanisms (addressed in
Chapter 11), and the activation of extensor-coupled
Ia interneurones can be prevented by the discharge
of tibialis anterior-coupled Ia interneurones. Dur-
ing the dynamic phase of rapid shortening (concen-
tric) contractions, spindle endings in the contract-
ing muscle will be unloaded and may be silenced,
and activation of agonist-coupled Ia interneurones
would therefore require that they receive a descend-
ing drive that is potent enough to fire them.

Voluntary activation of the agonistic muscle

Reciprocal Ia inhibition directed to active motoneu-
rones is depressed during voluntary contractions
of the corresponding muscle, and the stronger the
contraction, the more marked the depression. Par-
allel descending activation of active motoneurones
and coupled Ia interneurones produces, through
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mutual inhibition of Ia interneurones, inhibition
of the opposite Ia interneurones directed to the
active motoneurones. This provides a further exam-
ple of the depression of reciprocal Ia inhibition to
motoneurones activated in a movement of flexion-
extension in order to prevent their undesirable
inhibition by the stretch-induced antagonistic Ia
discharge.

Co-contractions

During co-contractions of dorsi- and plantar flex-
ors of the ankle, reciprocal inhibition is depressed
with respect to rest, and always smaller than the sum
of the effects evoked by isolated dorsi- and plantar
flexion. This indicates the existence of a descend-
ing control specific to co-contraction. Reciprocal
Ia inhibition is maximally depressed even at low
co-contraction levels, indicating a decoupling of
the descending control of motoneurones and Ila
interneurones. The pathway mediating reciprocal
Ia inhibition is actively inhibited during such con-
tractions, through increased presynaptic inhibition
on Ia terminals and increased recurrent inhibition.
Functionally the decrease in reciprocal Ia inhibi-
tion ensures unopposed activation of antagonistic
motoneurone pools during co-contractions.

Postural activity

At the initiation of a fast stepping movement by one
leg, there is an automatic postural reaction in the
supporting leg with a burst of EMG activity in tibialis
anterior and a silent period in the tonic EMG activity
of soleus due to increased reciprocal Ia inhibition to
soleus motoneurones. This reveals a coupling of «
motoneurones and corresponding Ia interneurones
during automatic postural adjustments.

Walking

The amountofreciprocal lainhibition between ankle
flexors and extensors is modulated, with prominent
inhibition from dorsiflexors to plantar flexors dur-
ing the swing phase, whereas inhibition from plantar

flexors to dorsiflexors is probably enhanced during
the stance phase. This modulation helps ensure that
antagonistic motoneurones are kept inactive during
appropriate phases of the walking cycle. This modu-
lation is, however, less marked than during voluntary
contractions at equivalent levels of EMG activity.

Studies in patients and
clinical implications

Methodology

So far, changes in transmission in the pathway of
reciprocal Ia inhibition have been investigated in
patients only atankle level, mainly from the peroneal
nerve to ankle extensors. Care must be taken to apply
the conditioning stimulus selectively to the deep
peroneal nerve, using conditioning stimuli that are
not above 1 x MT.

Spasticity
Resting conditions

Different studies have reported quite variable find-
ings. In patients with focal lesions (either cerebral or
spinal) there is evidence that the poorer the recovery
the smaller the reciprocal Ia inhibition of the soleus.
Reciprocal Ia inhibition in the other direction, i.e. to
pretibial flexors, is increased, particularly in patients
with poor recovery and severe extensor spasticity.
With the diffuse lesions typical of multiple sclerosis,
reciprocal inhibition of soleus is also reduced, but
there is no correlation between degree of reciprocal
Ia inhibition of soleus and the disability of patients.
Thus, corticospinal lesions reduce reciprocal Ia
inhibition of ankle extensors and release recipro-
cal Ia inhibition from ankle extensors to flexors,
probably through mutual inhibition of opposite Ia
interneurones.

During voluntary dorsiflexion

The normal increase in reciprocal Ia inhibition
observed at the onset of the movement has not been



found. This could account for the occurrence of
an unwanted stretch reflex of the triceps surae in
these patients during dynamic contractions of the
antagonist.

Plasticity

Regular peroneal stimulation has been shown to
restore reciprocal Ia inhibition to a normal level in
some spastic patients. Plastic changes occurring in
the pathway of reciprocal Ia inhibition after training
could be a factor in the apparently conflicting results
observed in patients by different groups.

Other motor disorders

(i) In patients with cerebral palsy, reciprocal inhi-
bition is increased in both directions.

(ii) In Parkinson’s disease, reciprocal Ia inhibition
of the soleus H reflex is increased with respect to
healthy subjects.

(iii) In patients with hyperekplexia, the deficit in
glycine results in a loss of reciprocal Ia inhibition at
ankle level, but not at wrist level, in line with the idea
that the inhibition between wrist musclesisnot ‘true’
reciprocal Ia inhibition.

Inhibition between extensors and flexors
of the wrist

This is considered separately (see Chapter 12),
because the pathway mediating this inhibition is
probably not that of reciprocal Ia inhibition.
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Ib pathways

Views about the functional role of Ib pathways have
evolved more over the years than for any other
spinal circuit. The initial opinion that Ib inhibi-
tion subserved an autogenetic protective reflex has
been replaced by the view that tendon organs con-
tinuously provide information about the extent of
muscle contraction. Projections of ‘Ib’ interneu-
rones were then shown to be more widely dis-
tributed than implied by the term ‘autogenetic inhi-
bition, and, because of the extensive convergence
from peripheral afferents onto the relevant interneu-
rones, the term of ‘non-reciprocal group I inhi-
bition’ has been introduced to refer to inhibition
conveyed by this pathway. Finally, the recent find-
ing that, during locomotion, Ib (or non-reciprocal
group I) inhibition is replaced by di- and poly-
synaptic excitation has completely altered views on
the functional significance of Ib pathways. The mul-
titude of controls (pre- and post-synaptic, peripheral
and descending) on Ib pathways and the numer-
ous possible alternative patterns suggest that they
might play multiple roles. Studies during various
motor tasks in human subjects could be particu-
larly important in helping to understand these roles
but, because of the difficulty in investigating Ib path-
ways selectively in human subjects, they have not
yet been explored to any great extent during human
movement.
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Background from animal
experiments

Initial findings

In the chronic spinal dog, forced flexion of the knee
produces, after the initial stretch reflex, the clasp-
knife phenomenon, in which the reflex resistance
suddenly ‘melts away’ (Sherrington, 1909). This
phenomenon should be differentiated from the
‘lengthening reaction’ of the decerebrate cat, with
which it is often erroneously equated. The former
depends on active inhibition from ‘flexor reflex
afferents’ (FRA, see Chapter 12, p. 558), while the
latter results merely from the subsidence of force
once the dynamic phase of stretch has ceased (see
Burke etal., 1972). Granit (1950) demonstrated auto-
genetic inhibition in cat extensor motoneurones
during contraction of the homonymous muscle.
Because of the high threshold of Golgi tendon
organs to passive stretch (B. H. C. Matthews, 1933),
Ib inhibition was long thought to serve a protective
reflex against overloading and to be responsible for
the clasp-knife phenomenon. This position became
untenable with the demonstration that contractions
of single motor units may activate tendon organs
(Houk & Henneman, 1967), and that knee joint
position rather than force of contraction was the



trigger for a clasp-knife response (see Chapter 7,
p. 326). Stretch-responsive slowly conducting
afferents (non-spindle group II and group III-group
IV afferents) are necessary for the initiation of the
clasp-knife phenomenon, rather than Ib or group II
muscle afferents (Rymer, Houk & Crago, 1979).
Using monosynaptic reflex testing, Laporte & Lloyd
(1952) presented the first evidence for short-latency
Ib inhibition of homonymous extensor motoneu-
rones. Intra-cellular recordings from motoneurones
revealed a much wider distribution of Ib effects
(Eccles, Eccles & Lundberg, 1957), while recordings
from interneurones subsequently documented the
alternative pathways accessed by Ib afferents (for
references, see Jankowska, 1992).

Golgi tendon organs and Ib afferents

Golgi tendon organs

Ib afferents originate from Golgi tendon organs,
which are located exclusively at muscle-tendon or
muscle-aponeurosis junctions and not within ten-
dons. The adequate stimulus for Golgi tendon organs
is not muscle stretch, to which they have a high
threshold and rapid adaptation, but muscle contrac-
tion. They are silent at rest and start discharging as
soon as motor units in series with the receptor start
contracting. Tendon organs can signal quite small
variations of contractile force better than mean force
level (for review, see Jami, 1992). Contrary to muscle
spindle primary endings, tendon organs are virtu-
ally insensitive to vibration of low amplitude applied
longitudinally to the tendon (but this is not neces-
sarily the situation in human studies, see Chapter 3,
pp. 130-1).

Each tendon organ is usually innervated by a
single Ib afferent fibre

Ib afferents are fast-conducting fibres with, in the cat,
conduction velocities slightly slower than those of Ia
afferents, but largely overlapping them, as do their
diameters. This explains why it is difficult to separate
Ib from Ia afferents on the basis of their threshold for
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electrical stimulation in animal (and human) experi-
ments (see P B. C. Matthews, 1972). The insensi-
tivity to vibration of tendon organs has been used
to develop an elegant method that allows selective
electrical stimulation of Ib afferents (Coppin, Jack &
MacLennan, 1970; Fetz et al., 1979). Prolonged vibra-
tion to a tendon produces an activity-dependent
hyperpolarisation of the activated Ia fibres and raises
their electrical threshold, so that electrical stimula-
tion may then recruit Ib afferents at lower threshold
than Ia afferents.

General features

Denomination

Interneurones intercalated in reflex pathways from
Ib afferents are referred to as ‘Ib’ interneurones
because of their dominant input. However, these
interneurones are co-excited by Ib and Ia afferents,
and the terms ‘non-reciprocal group I inhibition’ and
‘oligosynaptic group I excitation’ have been intro-
duced (Jankowska, McCrea & Mackel, 1981). The
terms ‘Ib’ pathways and ‘Ib’ interneurones are, how-
ever, retained in this chapter, because they have usu-
allybeen used in human studies of the corresponding
pathways.

Location

Ib interneurones are located in lamina VI and in the
dorsal part of lamina VII (see Jankowska, 1992).

Connections

The dominant Ib effects are inhibition of homony-
mous and synergistic motoneurones through di-
and tri-synaptic pathways and excitation of antag-
onistic motoneurones through trisynaptic pathways
(Eccles, Eccles & Lundberg, 1957).

Absence of inhibitory projections from
Renshaw cells to Ib interneurones

The absence of projections from Renshaw cells is in
contrast to the situation with interneurones mediat-
ing disynaptic reciprocal Ia inhibition, and serves to
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distinguish these two types of interneurones, both
of which are excited by Ia afferents (see Chapter 5,
p- 200 and pp. 205-8).

Projections of Ib afferents

Projections to « motoneurones

Views concerning the pattern of these projections
have evolved with the techniques available for study-
ing them. Thus the picture has become more and
more complex and confusing — from the relatively
simple autogenetic Ib inhibition of extensor mus-
cles as initially described, to the alternative patterns
seen in different preparations or due to the mutual
inhibition of Ib interneurones.

(i) Using monosynaptic reflex testing in spinal
preparations, Laporte & Lloyd (1952) showed that
slightly increasing the strength of a conditioning
group I volley from an extensor muscle caused the
initial (Ia) effect, i.e. the facilitation of synergistic
and the inhibition of antagonistic motoneurones, to
change in the opposite direction. This occurred at
a latency consistent with a disynaptic pathway acti-
vated by afferents from tendon organs. They coined
the term ‘inverse myotatic reflex’ to describe these
effects because they appeared to be the opposite of
those of the stretch reflex.

(ii) Intracellular recordings by Eccles, Eccles &
Lundberg (1957) revealed that Ib reflex effects
are more widely distributed, reaching almost all
motoneurone pools of the ipsilateral limb, with-
out particular preference for autogenetic or direct
antagonistic effects (see the sketch in Fig. 6.1(a)).
In the low spinal cat, the effects from extensors
are strong, with disynaptic inhibition of extensor
motoneurones and trisynaptic excitation of flexor
motoneurones, but those from flexors are weak if
present. However, Ib effects from flexors, with weak
inhibition of flexor motoneurones and even exten-
sor excitation, have been seen after stimulation of
the red nucleus (Hongo, Jankowska & Lundberg,
1969).

(iii) Intracellular recordings from interneurones
have shown that Ib afferents from many muscles,
flexors and extensors, often terminate on the same
Ib interneurones and mutually facilitate each other
(see Jankowska, 1992). Thus, alternative interneu-
ronal pathways between Ib afferents and motoneu-
rones allow individual motoneurones to be either
excited or inhibited by Ib afferents from a variety of
muscles. The final effect depends on which of the
interneuronal subpopulations is selected, through
segmental and descending activation of Ib interneu-
rones, and mutual inhibition of Ibinterneurones (see
below).

Other projections from Ib interneurones
y motoneurones

Stimuli activating group I afferents produce inhi-
bition or excitation of y motoneurones in paral-
lel with inhibition or excitation of corresponding
a motoneurones, probably through the same Ib
interneurones (see Jankowska, 1992).

Ib interneurones inhibit other Ib interneurones

Through this mutual inhibition, any input exciting
some Ib interneurones may inhibit others (Brink
et al., 1983). Mutual inhibition may be used to select
the most appropriate alternative pathways for the
desired pattern of Ib actions.

Ascending tract neurones

Ib inhibitory interneurones project onto the cells
of origin of the ventral and dorsal spino-cerebellar
tracts. They could thereby provide information about
their action on motoneurones and could serve to
dampen activity of these ascending neurones (see
Jankowska, 1992). A cortical projection to area 3a
via the dorsal spinocerebellar tract and nucleus Z
has been documented (McIntyre, Proske & Rawson,
1984, 1985), and it is possible that tendon organ
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Fig. 6.1. Wiring diagram of the connections of Ib pathways. (a), (b) In this and subsequent figures, excitatory synapses are
represented by Y-shaped bars and inhibitory synapses by small filled circles, excitatory interneurones (IN) by open circles and
inhibitory INs by large filled circles, Ib afferents by dotted lines, Ia afferents by dashed lines, cutaneous and joint afferents by thin
dotted lines. (a) Projections of Ib afferents originating from Golgi tendon organs (GTO) of the soleus are shown to have disynaptic
inhibitory projections to homonymous soleus motoneurones (MN), and to heteronymous MNs supplying its close synergist, the
gastrocnemius medialis (GM), and also, after running in the dorsal column, to MNs of the remote quadriceps. They have trisynaptic
excitatory projections to MNs of the direct antagonist, tibialis anterior (TA), and also to MNs of the flexors of the knee (hamstrings).
(b) Extensive convergence onto a Ib inhibitory IN of various afferents and descending tracts, with excitatory projections from Ib, Ia,
and, via interposed first-order INs, cutaneous and joint afferents, and of the corticospinal (cort.sp.) and rubrospinal (rubr.sp.) tracts,
and inhibitory projections from the dorsal reticulospinal system (dors.ret.syst.) and the noradrenergic reticulospinal system (NA
ret.sp.syst.). The pathway of presynaptic inhibition of Ib terminals facilitated by Ib afferents and corticospinal fibres is also
represented. Modified from Lundberg, Malmgren & Schomburg (1978) (b), with permission.

impulses play a role in the perception of force (see
Nicolas et al., 2005).

a comprehensive review by Jankowska & Lundberg
(1981).

. Peripheral afferents
Input to Ib interneurones

Interneurones mediating Ib inhibition are activated

Extensive convergence from peripheral afferents and
descending tracts onto Ib interneurones has been
described by Lundberg, Jankowska and colleagues
(see the sketch in Fig. 6.1(b)), and the functional sig-
nificance of this convergence has been discussed in

by Ib and, to a lesser extent, Ia afferents and
through one or two interposed interneurones by
group II, cutaneous, joint and interosseous affer-
ents (see Harrison & Jankowska, 1985). Subthresh-
old effects from many sources may thus converge to
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fire these interneurones. Given that any movement
will activate receptors in muscles, joints and skin, it
seems ‘sensible that different receptors which can
give useful information combine in the feed-back
control, and this is best achieved by convergence
onto interneurones in a common reflex pathway’
(Jankowska & Lundberg, 1981).

Descending tracts

Ib interneurones receive monosynaptic excitation
from the corticospinal and rubrospinal tracts and are
inhibited from the dorsal reticulospinal system and
the noradrenergic reticulospinal system. Because of
the wide convergence on Ib interneurones, recep-
tors activated by the movement may modulate the
component of the descending command mediated
through these interneurones at a premotoneuronal
level, i.e. en route to the motoneurones (Jankowska
& Lundberg, 1981).

Contraction-induced Ib inhibition

In the anaesthetised cat, Ib inhibition produced by
gastrocnemius medialis muscle contractions evoked
by electrical stimulation of the distal end of a cut
branch of the nerve innervating this muscle has been
explored in different muscles. Group I IPSPs in tri-
ceps surae motoneurones were maximal at the onset
of contraction and with abrupt increases in the con-
traction force (Zytnicki et al., 1990). However, group I
afferent volleys elicited by the same gastrocnemius
medialis contraction were insufficient by themselves
to evoke IPSPs in quadriceps motoneurones (Lafleur
etal., 1993).

Presynaptic inhibition and post-
activation depression

Ib afferents are subject to potent presynaptic
inhibition with PAD

This inhibition is (i) evoked by Ib afferents them-
selves, and not by Ia afferents, and (ii) facilitated
from the corticospinal tract (see Rudomin & Schmidt

1999; Fig. 6.1(D)). Presynaptic inhibition of Ib affer-
ents evoked by the contraction-induced Ib discharge
isthe mechanism responsible for the decline of auto-
genetic Ib inhibition of triceps surae motoneurones
after the onset of gastrocnemius medialis contrac-
tions produced by electrical nerve stimulation in the
cat (Zytnicki et al., 1990; Lafleur et al., 1992).

Post-activation depression

Post-activation depression of interneurones of the
feline intermediate zone fed by group I afferents is
marginal (Hammar, Slawinska & Jankowska, 2002).

Reflex reversal during fictive locomotion

In the cat, the termination of the stance phase
and the initiation of the swing phase of locomo-
tion are signalled by the decrease in afferent activ-
ity from load receptors when the extensor muscles
are unloaded in the late stance phase (see Duysens,
Clarac & Cruse, 2000). If the unloading is prevented,
the stance phase is prolonged. Experiments during
fictive locomotion in the decerebrate cat have pro-
vided evidence that the central pathway responsible
for this effect is a reversal of Ib inhibition to excita-
tion (see Hultborn et al., 1998; McCrea, 1998). Thus,
stimulation of group I (mainly Ib) afferents evokes
autogenetic inhibition in extensor motoneurones at
rest, but produces excitation during the extensor
phase of walking (Gossard et al., 1994). Two differ-
ent pathways mediate this excitation. One involves a
disynaptic excitatory pathway to extensor motoneu-
rones (McCrea et al., 1995). The other has a longer
latency and is thought to involve several interneu-
rones, some of which are part of the spinal network
generating locomotor activity in the cat (Gossard
etal.,1994).Itis probably this pathway thatisrespon-
sible for the resetting of the locomotor cycle when
group I afferents are stimulated. Similarly, ithasbeen
demonstrated that the Ib inhibition of flexor and
bifunctional motoneurones atrestis reversed to disy-
naptic excitation during fictive locomotion in the cat
(Quevedo et al., 2000).
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Underlying principles

Ib effects can be assessed in motoneurones by testing
the effects on the H reflex or the PSTHs of single units
of electrically-induced group I volleys. Four features
suggest that the resulting inhibition is of Ib origin:
(i) elicitation by large diameter muscle afferents,
(ii) central delay consistent with disynaptic transmis-
sion, (iii) distribution to homonymous and synergis-
tic motoneurones, and (iv) the fact that the stimulus
is below the threshold for the H and M responses and
is therefore not due to recurrent inhibition.

Inhibition of the H reflex at rest

Ib inhibition is most readily disclosed using the H
reflex of a relaxed muscle, because voluntary acti-
vation of a muscle depresses Ib inhibition to its
motoneurones (see pp. 268-71).

Biphasic group I effects

Because of the extensive distribution of homony-
mous and heteronymous monosynaptic Ia exci-
tation in the upper and lower limbs of human
subjects (cf. Chapter 2), Ib inhibition is usually pre-
ceded by an early facilitation of the test H reflex. The
monosynaptic Ia excitation increases over 1-2 ms,
then decreases and is replaced by an inhibition that
is maximal ~5-6 ms after the onset of facilitation
and lasts less than 10 ms. Such a biphasic pattern,
with inhibition truncating the monosynaptic la exci-
tation, has been observed in many combinations:
from the inferior soleus nerve to soleus and quadri-
ceps (Fig. 6.2(D)), the gastrocnemius medialis nerve
to quadriceps (Fig. 6.4(b)) and biceps femoris
(Fig.6.2(d)), the femoral nerve to soleus (Fig.2.3(d ),
or the median nerve to biceps brachii (Fig. 6.3(f))
(Pierrot-Deseilligny et al., 1981b; Fournier, Katz &
Pierrot-Deseilligny, 1983; Hultborn et al., 1987;
Cavallari & Katz, 1989). Sometimes there is no overt
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depression of the Hreflex belowits control value, and
the inhibition only manifests itself as an abrupt ter-
mination of the Ia excitation 0.5-1 ms after its onset.
However, this still suggests that the monosynaptic Ia
EPSP is truncated by a disynaptic IPSP, e.g. see the
modulation of the soleus and quadriceps H reflexes
by group I afferents in the tibial nerve (Marque et al.,
2001; Fig. 10.14(d), (e)). In any event, whether overt
or not, inhibition is contaminated by Ia facilitation,
and the size of the H reflex will be determined by the
balance between the two.

Isolated inhibition

With some projections, there are no monosynaptic
Ia connections, and stimulation of a nerve below 1 x
MT produces inhibition of the test reflex. This inhibi-
tionis notpreceded byreflex facilitation and its onset
can therefore be accurately measured. Such combi-
nations are rare but present in both the lower and
upper limbs. The first evidence for Ib inhibition in
human subjects was from gastrocnemius medialis
to soleus (Pierrot-Deseilligny, Katz & Morin, 1979).
The gastrocnemius medialis nerve may be stimu-
lated selectively in the lower and medial part of the
popliteal fossa (~10 cm below the electrode eliciting
the soleus Hreflex). Taking advantage of the absence
of a monosynaptic Ia projection from medial gas-
trocnemius to soleus motoneurones (Chapter 2,
p- 82), stimulation of this nerve produces only inhibi-
tion of the soleus H reflex. The inhibition is relatively
weak, starts at the 2 ms ISI, peaks at 6 ms and is over
at the 9 ms ISI (Fig. 6.2(d)). In the upper limb, there
are no monosynaptic Ia projections from proximal to
distal muscles either (Chapter 2, p. 84). Thus, stimuli
to group I afferents in the musculo-cutaneous or the
triceps brachii nerves elicit uncontaminated inhibi-
tion of the FCR H reflex (Cavallari, Katz & Pénicaud,
1992; Fig. 6.3(c)).

Inhibition in the PSTHs of single units

When there is monosynaptic Ia excitation, the after-
hyperpolarisation (AHP) following the discharge of
the unit prevents it from discharging again at longer
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Fig. 6.2. Methodology to investigate Ib pathways in the lower limb. (a), (c), (f) Sketches of the Ib inhibitory pathways from inferior
soleus (Inf Sol) to soleus (Sol) and quadriceps (Q) motoneurones (MN) (a), from gastrocnemius medialis (GM) to Sol and biceps
femoris (Bi) MNs (¢), and of the Ib excitatory pathway from GM to tibialis anterior (TA) MNs ((f) a trisynaptic pathway including two
INs, though only one IN is sketched. The pathway of reciprocal Ia inhibition is also represented). (b), (d), (e), (g) Changes in the
amplitude of the conditioned H reflex, expressed as a percentage of its unconditioned value. Each symbol represents the mean of 20
((b), (e)), 30 (), 40 ((d), O) or 100 ((d), ®) measurements. Vertical bars +1 SEM. (b) The amplitude of the H reflexes of Sol (®) and of
Q (O) after stimulation of the Inf Sol nerve (0.95 x MT, at the lower border of the soleus) plotted against the interstimulus interval
(ISD). (d), (e) The amplitude of the H reflexes of Sol (@) and Bi (O) after stimulation of the GM nerve (in the lower and medial part of
the popliteal fossa, ~10 cm below the electrode eliciting the Sol H reflex) is plotted against the ISI ((d), 0.95 x MT), and the
conditioning stimulus intensity ((e), B, Sol, 5 ms ISI; [J, Bi, 9 ms ISI). (g) The amplitude of the TA H reflex after stimulation of the GM
nerve plotted against the ISI ((d), 0.95 x MT). Modified from Fournier, Katz & Pierrot-Deseilligny (1983) (b) and Pierrot-Deseilligny

etal. (1981b) ((d), (e), (8), with permission.
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Fig. 6.3. Methodology to investigate Ib pathways in the upper limb. (a) Sketch of the Ib pathways from biceps (Bi) and triceps (Tri)
to FCR motoneurones (MNs). (b) PSTHs of a single FCR motor unit (after subtraction of the background firing, 1 ms bin width)

after stimulation of the musculo-cutaneous (MC, [J) and Tri (l) nerves at 0.95 x MT. The zero of the abscissa indicates the expected
time of arrival of the conditioning volley at the MN. (o), (d), (f), (g) Changes in the amplitude of the conditioned H reflex of FCR
((9), (d)) and biceps tendon jerk ((f), (), expressed as a percentage of unconditioned value. Each symbol represents the mean of
20 measurements. Vertical bars £1 SEM. (¢) Amplitude of the FCR H reflex after stimulation of the MC (O) and of the Tri (®) nerves
at 0.95 x MT plotted against the interstimulus interval (ISI). Conditioning volleys are applied more proximally than the test volley
and the arrow at the —0.5 ms ISI indicates the simultaneous arrival of conditioning and test volleys at spinal level. (d) Amplitude of
the FCR H reflex plotted against the intensity of the Tri nerve stimulus (—0.5 ms ISI) in the control situation (@) and after a vibration
(A, 166 Hz for 25 minutes) of the Tri tendon. Because of the absence of recurrent inhibition in this experimental paradigm (see
Table 4.2), it is possible to use conditioning stimuli above 1 x MT. (e) Sketch of the Ib inhibitory pathway from FCR to Bi MNs, and of
the Ib excitatory pathway (and reciprocal Ia inhibition) from Tri to Bi MNs. (f), (g) The amplitude of the Bi tendon jerk plotted
against the ISI after various stimuli: (f) stimulation of the median nerve (0.95 x MT, @) and tap to the FCR tendon (OJ); (g) electrical
stimulation of the triceps nerve (1 x MT, @) and tap to the triceps tendon (CJ). Because of the mechanical delay introduced by the
tap responsible for the test tendon jerk, the synchronous arrival of the conditioning and test volleys at motoneuronal level occurs
when the conditioning stimulation is delivered after the test tap (negative ISIs). Modified from Cavallari, Katz & Pénicaud (1992)
((b)—(d)), Cavallari & Katz (1989) (f), and Katz, Pénicaud & Rossi (1991) (g), with permission.
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latencies. This, together with Ib inhibition elicited
by the conditioning volley and recurrent inhibition
due to the reflex discharge, contributes to the trough
following the monosynaptic peak. It is difficult to
establish the relative contribution of these factors.
However, the AHP cannot produce areduction in dis-
charge thatis greater than the peak of excitation, and
Ib inhibition should notlastlonger than 10 ms, while
recurrent inhibition typically does so (see Chapter
4, p. 166). Even in the absence of monosynaptic Ia
excitation (gastrocnemius medialis to soleus, Mao
et al., 1984; musculo-cutaneous and triceps brachii
to forearm muscles, Cavallari, Katz & Pénicaud, 1992;
Fig. 6.3(b)), demonstrable Ib inhibition is only found
in 20-30% of the units. This relative scarcity is prob-
ably because PSTHs require a background contrac-
tion, and Ib inhibition is depressed during contrac-
tion of the target muscle (see pp. 268-71).

Evidence for Ib inhibition

Evidence that the conditioning volley
is Ib in origin
Electrical threshold

The electrical threshold of the inhibition is best
measured when inhibition is not contaminated by Ia
excitation, andislow: 0.6 x MT for the gastrocnemius
medialis-induced inhibition of the soleus H reflex
(Pierrot-Deseilligny etal., 1981b; Fig.6.2(¢); 0.8 x MT,
Yanagawa, Shindo & Nakagawa, 1991), and 0.7 x MT
for the triceps brachii-induced inhibition of the FCR
Hreflex (Cavallari, Katz & Pénicaud, 1992; Fig. 6.3(d)).
These thresholds are within the range of the largest
afferent fibres (see Chapter 2, pp. 67-9 and 75). When
the inhibition is associated with monosynaptic Ia
excitation, it may be possible to compare the thresh-
olds of the two effects. Thus, in Fig. 6.2(e), the reflex
facilitation of the biceps femoris H reflex after gas-
trocnemius medialis stimulation appearsat0.5 x MT
and decreases at 0.55 x MT, suggesting the appear-
ance of an inhibitory process. This becomes obvi-
ous as further increases in stimulus intensity cause

the reflex to decrease below its control value. In all
combinations with biphasic effects in the lower and
upper limbs (Pierrot-Deseilligny et al., 1981b; Hult-
born et al., 1987; Cavallari & Katz, 1989), the thresh-
old of the inhibition has similarly been found to be
close to that of the monosynaptic Ia excitation. This
indicates that afferents responsible for the inhibition
are of similar size to or, at most, only slightly smaller
than Ia afferents. The Ib input needs to discharge an
interneurone before it can reach the motoneurone,
so that a slightly higher threshold is inevitable even
if Ib and Ia afferents are of the same size.

Effects of ischaemia

The effects ofischaemia on the inferior soleus group I
modulation of the soleus H reflex have confirmed
this interpretation. During ischaemia of the leg,
the homonymous reflex facilitation disappeared at
the same time as the Achilles tendon jerk and was
replaced by an inhibition which also disappeared
about 5 minutes later (Pierrot-Deseilligny et al.,
1981b; Fig. 2.2(g)). This is consistent with ischaemic
blockade of Ia afferents, the exposure of the Ib inhi-
bition, and then blockade of Ib afferents, a sequence
that suggests lesser susceptibility of Ib afferents to
ischaemia (it is known that ischaemia affects the
largest fibres preferentially, cf. Chapter 2, p. 69).

Effects of tendon taps

These effects have been compared to those of elec-
trical stimuli in an attempt to distinguish between
the effects of Ia and Ib afferents because, at rest, ten-
don taps are a potent stimulus for muscle spindle
primary endings (cf. Chapter 2, p. 67), whereas elec-
trical stimulation will activate Ia and Ib afferents to a
similar extent. Thus, electrical stimulation of group I
afferents in the median nerve and a tap applied to
the FCR tendon produced a similar early facilita-
tion of the biceps brachii tendon jerk. This was fol-
lowed by an inhibition of the reflex below its control
value with electrical stimulation but not with the tap
(Cavallari & Katz, 1989; Fig. 6.3(f)). Similar results
have been obtained in the lower limb after electrical



and mechanical stimulation of group I afferents from
the triceps surae (Pierrot-Deseilligny et al., 1981b).
These results are consistent with the view that the
inhibition observed after electrical stimulation is
predominantly Ib in origin (even though Ia afferents
may contribute to it, see pp. 260-1).

Absence of effects from cutaneous afferents

A possible role for cutaneous afferents in the inhibi-
tion has been excluded, because cutaneous stimula-
tion mimicking the sensation elicited by the mixed
nerve volley does not produce a similar inhibition
(Pierrot-Deseilligny et al., 1981b; Cavallari, Katz &
Pénicaud, 1992).

Evidence for disynaptic transmission
Modulation of the H reflex

(i) The onset of the gastrocnemius medialis-
induced inhibition of the soleus H reflex 2 ms after
the expected arrival of the conditioning Ia volley at
motoneuronal level can be explained almost com-
pletely by the extra peripheral conduction time of
the conditioning volley, which is evoked ~10 cm
more distally. There is little need to take into account
the central delay of this presumably oligosynaptic
effect. Similarly, despite the interneurone(s) inter-
posed in the inhibitory pathway, the inhibition of the
FCR H reflex by conditioning volleys to the musculo-
cutaneous or the triceps brachii nerve starts at the
-1 ms IS, i.e. earlier than the synchronous arrival
of conditioning and test volleys at motoneuronal
level (arrow at the —0.5 ms ISI in Fig. 6.3(c)). These
‘too early’ onsets are peculiar to the H reflex tech-
nique, which will consistently underestimate the
central delay of conditioning effects (cf. Chapter 1,
pp. 9-10).

(ii) The onset of the inhibition maybereliably com-
pared to that of the early Ia excitation when there
is a biphasic effect. Changes in the early gastrocne-
mius medialis-induced facilitation of the quadriceps
H reflex with the conditioning stimulus intensity
have been investigated at various ISIs, using 0.1 ms
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steps (Pierrot-Deseilligny et al., 1981b). At early ISIs,
increasing the intensity of the conditioning stimulus
from 0.5 to 1 x MT resulted in a continuous increase
in reflex facilitation, but Ib inhibition curtailed this
continuous increase when the ISI was 0.8 ms after
the onset of the reflex facilitation. Similarly, cuta-
neous suppression of Ib inhibition reveals the full
extent of the Ia facilitation, and the onset of the cuta-
neous suppressionisthen 0.8 msafter the onset ofthe
facilitation (Pierrot-Deseilligny et al., 1981a; p. 261;
Fig. 6.4(¢)). These findings indicate that the inhibi-
tion occurs 0.8 ms later than the facilitation. Given
that the heteronymous Ia excitation is monosynaptic
(see Table 2.1), the inhibition is presumably medi-
ated through a disynaptic pathway.

PSTHs of single units

(i) The suppression of the late part of the peak of
homonymous Ia excitation evoked in the PSTHs of
single quadriceps units by various conditioning vol-
leys supports the above conclusion. As discussed on
pp- 263-7, this suppression results from the facilita-
tion by cutaneous and/or joint volleys of Ib interneu-
rones activated by the homonymous femoral group
Ivolley (cf. Marchand-Pauvert et al., 2002). The sup-
pression spares the first 0.7 ms of the monosynaptic
Ia peak (Figs. 6.6(d)-(g), 6.7(d)-(j)), and this indi-
cates an inhibitory pathway with one interposed
interneurone.

(ii) When heteronymous Ib inhibition occurs with-
out preceding Ia excitation, a method analogous
to that used for estimating the central delay of
heteronymous Ia excitation may be employed (cf.
Chapter 2, pp. 70-2): the expected time of arrival
of the heteronymous group I conditioning volley
at motoneuronal level (zero on the abscissa in Fig.
6.3(Db)) is inferred from the latency of the peak of
homonymous monosynaptic Ia excitation and the
difference in peripheral afferent conduction times
of the homonymous Ia and conditioning heterony-
mous group I volleys. Figure 6.3(b) shows that the
inhibition evoked in a FCR unit by stimulation of
the musculo-cutaneous or the triceps brachii nerves
starts with a central delay of ~1 ms, consistent with
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a disynaptic pathway (Cavallari, Katz & Pénicaud,
1992).

Ib versus reciprocal Ia inhibition

The disynaptic pathways mediating both reciprocal
Iainhibition and Ib inhibition are fed by Ia afferents.
In the cat, the two inhibitions differ in two respects:
(i) recurrent inhibition of Ia inhibitory interneu-
rones but not Ib interneurones (see pp. 245-6),
(ii) reciprocal Ia inhibition exists between strict
antagonists operating at the same joint (however, see
p- 199), whereas Ib inhibition is more widespread,
directed to homonymous and synergistic motoneu-
rones. Accordingly, in human subjects, reciprocal Ia
inhibition between strict antagonists at hinge joints
(ankle and elbow) is inhibited by recurrent inhibition
(Chapter 5, pp. 205-8) and followed by oligosynap-
tic group I excitation (see p. 258), whereas Ib inhi-
bition is not subjected to recurrent inhibition, and
is generally preceded by monosynaptic Ia excitation.
The absence of recurrent inhibition of the interneu-
rones mediating reciprocal inhibition between flex-
ors and extensors in the forearm argues against
mediation via ‘true’ lainhibitory interneurones. Sev-
eral other features confirm that this inhibition is
mediated through the interneurones intercalated in
the pathway of non-reciprocal group I inhibition,
i.e. that it represents ‘Ib’ inhibition, not reciprocal
Ia inhibition (see Chapter 5, pp. 211-14; Chapter 11,
pp. 522-4).

Short duration

Figures 6.2 and 6.3 show that Ib inhibition of the test
monosynaptic reflex lasts less than 10 ms. Such a
short duration is due to the fact that the inhibition
of the monosynaptic test reflex is very small dur-
ing the decay phase of the underlying IPSP evoked
by a synchronised group I volley (Araki, Eccles &
Ito, 1960; Chapter 1, p. 27). Note, however, that the
Ib inhibition is longer than the reciprocal Ia inhi-
bition, probably because the pathway has a tri-
synaptic component unlike the Ia inhibitory path-
way (see p. 245). A long-lasting inhibition should
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raise the possibility of another mechanism, e.g.
(i) recurrent inhibition, if the conditioning stimulus
evokes a motor discharge (orthodromic with the H
reflex; antidromic with the M wave, cf. Chapter 4), or
(i) presynaptic inhibition of Ia afferents responsi-
ble for the test reflex, particularly with condition-
ing volleys in group I afferents from flexor muscles
(cf. Chapter 8, p. 350).

Oligosynaptic group I excitation

In the cat, the disynaptic reciprocal Ia inhibition
between antagonists is followed by a trisynaptic
group I excitation. Accordingly, when conditioning
the biceps brachii tendon jerk by an electrical volley
to the nerve supplying triceps, the early reciprocal
Ta inhibition at the -5 ms ISI is curtailed by an exci-
tation that peaks at the -1 ms ISI (Fig. 6.3(g); Katz,
Pénicaud & Rossi, 1991). Figure 6.3(g) also shows
that, in contrast, a triceps tendon tap that produces a
similar amount of inhibition is not followed by exci-
tation. Again, because, at rest, tendon taps preferen-
tially activate muscle spindle primary endings, this is
consistent with the view that the excitation observed
after electrical stimulationis predominantly Ibin ori-
gin. Similarly, in the lower limb, stimulation of the
gastrocnemius medialis nerve evokes early recipro-
cal Ta inhibition of the tibialis anterior H reflex, cut
short by excitation, probably of Ib origin (Fig. 6.2(g)).

Critique of the tests to reveal Ib effects

Biphasic effects and presynaptic inhibition
of Ia terminals

The existence of a preceding monosynaptic Ia exci-
tation allows the following low-threshold disynap-
tic inhibition to be attributed to Ib pathways. How-
ever, the size of the test reflex (or of the peak of Ia
excitation in the PSTHs of single units) is then the
result of overlapping Ia excitation and Ib inhibition.
Changesin the Hreflex (orin the peak of Ia excitation
in the PSTHs of single units) could therefore reflect
changes in Ib inhibition and/or in monosynaptic Ia
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excitation, the latter modulated by presynaptic inhi-
bition ofIa terminals. In order to distinguish between
these two possibilities, it is necessary to investigate
the initial part of the excitation (the first 0.7 ms),
which is not contaminated by Ib inhibition. Pre-
synaptic inhibition of the Ia excitation should affect
all of the excitation, and only changes sparing the
initial 0.7 ms of the excitation may be attributed to
alterations in Ib inhibition (Chapter 1, pp. 14-16).

Ib inhibition from gastrocnemius
medialis to soleus

This inhibition is not contaminated by Ia excita-
tion, and therefore represents a suitable experimen-
tal paradigm to assess Ib inhibition quantitatively.
However, the resulting suppression of the reflex is
variable and quite weak, when present, reducing
the reflex by only ~10% or less of its control value
(see below) (Pierrot-Deseilligny, Katz & Morin, 1979;
Yanagawa, Shindo & Nakagawa, 1991; Delwaide,
Pepin & Maertens de Noordhout, 1991; Downes,
Ashby & Bugaresti, 1995; Stephens & Yang, 1996).

Overestimation with regular alternation

Projections of group I afferents from ankle
muscles were initially investigated by regularly
alternating control and conditioned test reflexes
(Pierrot-Deseilligny et al., 1981b). However, regu-
lar alternation produces erroneously large results
(cf. Chapter 1, p. 9). In further investigations on
H reflexes and the PSTHs of single units, random
alternation of unconditioned and conditioned trials
has revealed the same qualitative patterns of group
I projections, but they were quantitatively weaker
(Fournier, Katz & Pierrot-Deseilligny, 1984; Mao
et al., 1984; Meunier, Pierrot-Deseilligny & Simon-
etta, 1993).

Electrical stimulation over muscle tendons

Stimulation over muscle tendons produces a tran-
sient suppression of on-going voluntary EMG activ-
ity of the homonymous muscle. This occurs with a
relatively long latency (~55 ms in forearm extensors

and ~95 ms in the tibialis anterior). The suppression
was claimed to arise from Golgi tendon afferents via
a polysynaptic Ib pathway (Burne & Lippold, 1996).
However, most Golgi tendon organs are not located
within tendons (cf. p. 245), and Priori et al. (1998)
have presented arguments showing that the EMG
silence is due not to Ib afferents but to slowly con-
ducting (possibly group III) afferents from receptors
in the tendon producing presynaptic inhibition of Ia
terminals.

Organisation and pattern of
connections

The organisation of Ib pathwaysis not easily revealed
for several reasons.

(i) Ib inhibition is usually superimposed on
monosynaptic Ia excitation which obscures its full
revelation.

(ii) Because of occlusion, an excitation ofinterneu-
rones may result in a decrease in the amount of
inhibition evoked by the conditioning volley in
motoneurones. This is a drawback common to all
interneuronal pathways, but the risk of occlusion is
particularly high here because of the extensive con-
vergence of many different afferents and descending
tracts onto Ib interneurones.

(iii) Owing to the mutual inhibition of Ib interneu-
rones, facilitation of some Ib interneurones pro-
ducesinhibition of others, and theresulting neteffect
assessed inmotoneurones may be facilitation or sup-
pression of Ib inhibition, according to the subset of
interneurones selected (see the sketch in Fig. 6.4(a),
where interneurone X’ inhibits interneurones ‘W’
and Y.

Pattern and strength of Ib inhibition

Homonymous Ib inhibition

This inhibition is difficult to investigate because: (i)
changes in the H reflex after a conditioning group
I volley in the same nerve may be dominated by
changes in axonal excitability of Ia afferents (cf.



Chapter 1, p. 11) and by the creation of a sublim-
inal fringe of excitation in the target motoneurone
pool (see Chapter 4, pp. 154-5), both of which would
obscure Ib inhibition; (ii) Ib inhibition cannot be
distinguished readily from the AHP when the proba-
bility of firing of single units in the peak of homony-
mous Ia excitation in the PSTH is high, as it usually is
(see p. 79); and (iii) the voluntary contraction nec-
essary for the PSTH depresses transmission of Ib
inhibition (cf. pp. 268-71). However, the existence
of a significant homonymous Ib inhibition in rest-
ing conditions can be seen under two circumstances.
(i) Inferior soleus nerve stimulation allows the inves-
tigation of homonymous Ib inhibition of the soleus
H reflex (Fournier, Katz & Pierrot-Deseilligny, 1983;
Fig. 6.2(D)). The changes in excitability of Ta afferents
in the afferent volley of the test reflex are then minor,
probably because conditioning and test stimuli tend
to activate different group I afferents (cf. Chapter 2,
p- 69). (ii) At rest, a sural nerve volley, ineffective by
itself, enhances the homonymous femoral-induced
facilitation of the quadriceps Hreflex, because it sup-
presses Ib inhibition to quadriceps motoneurones
(Pierrot-Deseilligny et al., 1981a; p. 261; Fig. 6.4(d)).
The amount of cutaneous-induced suppression of
the femoral-induced facilitation may therefore be
ascribed to homonymous Ib inhibition. Note, how-
ever, thatin both cases Ib inhibition is superimposed
on potent homonymous Ia excitation.

Heteronymous Ib inhibition

Heteronymous Ib inhibition has been found in
almost all muscle-nerve combinations tested in
the lower and upper limbs (except those between
strict antagonists): from inferior soleus to quadri-
ceps (Fig. 6.2(b)), from gastrocnemius medialis to
soleus (Fig. 6.2(d)), quadriceps (Fig. 6.4((b)) and
biceps femoris (Fig. 6.2(d)), from pretibial flexors
to biceps femoris (Fig. 6.9(b)), from quadriceps to
soleus (Fig. 2.3(d)-(f)), from intrinsic plantar mus-
cles to soleus and quadriceps (Fig. 10.14(d), (e)),
from flexors and extensors of the wrist to biceps
and triceps brachii (Fig. 6.3(f)), biceps and tri-
ceps brachii to FCR (Fig. 6.3(b), (¢)), FCU and ECR,
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and from intrinsic hand muscle to forearm muscles
(see Pierrot-Deseilligny et al., 1981b; Hultborn et al.,
1987; Marque et al., 2001; Cavallari & Katz, 1989;
Cavallari, Katz & Pénicaud, 1992; Marchand-Pauvert,
Nicolas & Pierrot-Deseilligny, 2000).

The finding that Ib inhibition is generally
relatively weak is probably related to
technical limitations

Ib inhibition is usually superimposed on monosy-
naptic Ia excitation which obscures the full extent of
the inhibition. Stimulation must be subthreshold for
the H and M responses, in order to avoid recurrent
inhibition, and therefore activates only some group I
afferents (see Chapter 2, pp. 77-8). Thus, even in
the absence of monosynaptic Ia excitation, as in the
projections from gastrocnemius medialis to soleus
motoneurones, Ib inhibition is weak (see p. 256). Yet,
Ib inhibition from biceps and triceps brachii to fore-
arm muscles may be strong (Fig. 6.3(b)), in agree-
ment with results obtained in the cat, in which Ib
inhibition is more pronounced in the forelimb than
in the hindlimb (Illert, Lundberg & Tanaka, 1976).

Organisation in subsets with regard to the
target motoneurones of Ib afferents

Ib pathways fed by afferents from triceps surae and
projecting to soleus and quadriceps motoneurones
are differentially controlled after cutaneous stimula-
tion of the foot (at rest, p. 261) or during voluntary
contraction involving selectively the triceps surae
(pp. 272-3). Such a differential control implies that
Ibinhibition from a given muscle is mediated to vari-
ous motoneurone pools by separate subsets of Ib
interneurones, adivergent organisation that was first
established in human experiments (Fournier, Katz &
Pierrot-Deseilligny, 1983) before being confirmed in
the cat (see Jankowska, 1992).

Convergence of Ib afferents from
different muscles

(i) In the lower limb, convergence of group I
volleys from triceps surae and quadriceps onto
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common Ib interneurones has been found, but in
only alimited number of experiments, using the spa-
tial facilitation technique and assessing the excitabil-
ity of the target motoneurones with the soleus or the
quadriceps H reflex (cf. Chapter 1; E. Fournier & E.
Pierrot-Deseilligny, unpublished data). This scarcity
could reflect occlusion at interneuronal level and/or
mutual inhibition of Ib interneurones (see above).
The convergence of group I volleys from gastrocne-
mius medialis and tibialis anterior onto inhibitory
interneurones projecting to soleus motoneurones
reported by Schieppati, Romano & Gritti (1990) has
not been confirmed by others (Iles & Pisini, 1992b;
Downes, Ashby & Bugaresti, 1995).

(i) In the upper limb, there is convergence on
the interneurones mediating the disynaptic non-
reciprocal group I radial-induced inhibition of FCR
motoneurones of group I volleys from biceps and
triceps brachii and from median-innervated mus-
cles (Aymard et al, 1995; Wargon et al., 2005, see
Chapter 5, pp. 212-13).

Conclusions

For technical reasons, Ib inhibition is difficult to
investigate in homonymous pathways, and is weak
and underestimated in heteronymous pathways,
although present in all nerve-muscle combinations
tested. There is evidence that Ib afferents from dif-
ferent muscles converge onto common Ib interneu-
rones, but there is also evidence for divergence in
Ib pathways, since Ib inhibition from a given mus-
cle is distributed to different motor nuclei through
different subsets of interneurones.

Oligosynaptic group I excitation

Oligosynaptic group I excitation of antagonists
operating at the same joint

Unequivocal oligosynaptic Ib excitation has only
been reported in humans between antagonistic
muscles at the same joint. The most frequent

oligosynaptic group I excitation so far described is
that following the reciprocal Ia inhibition between
elbow flexors and extensors. A Ib origin appears
likely because it is not evoked by a tendon tap (Katz,
Pénicaud & Rossi, 1991; Fig. 6.3(g)). This excitation
is greater from biceps to triceps than in the reverse
direction. At wrist level, the initial group I inhibi-
tion between flexors and extensors can also be fol-
lowed by a trend to facilitation that has a slightly
higher threshold (Cavallari et al., 1985; Fig. 6.5(g)).
This could be Ib in origin. If so, there would be
a non-reciprocal group I inhibition followed by an
oligosynaptic group I excitation between these mus-
cles, which can function as synergists or antag-
onists (see Chapter 11, pp. 522, 525). In the lower
limb, oligosynaptic group I excitation is weak and
inconstant from gastrocnemius medialis to tibialis
anterior (Pierrot-Deseilligny etal., 1981b; Fig. 6.2(g)).
In contrast, there is no low-threshold short-latency
excitation of the soleus H reflex after stimulation of
the deep peroneal nerve in healthy subjects (Pierrot-
Deseilligny et al., 1981b; Crone et al., 1987). It is
therefore possible that the excitation found in the
PSTHs of single soleus units after common pero-
neal stimulation (Mao et al., 1984) was due to
monosynaptic excitation of soleus motoneurones
by Ia afferents in the superficial peroneal nerve
(see Chapter 2; Table 2.1; Fig. 2.4(¢)). The find-
ing that the peroneal-induced oligosynaptic group I
excitation of soleus is only revealed in patients
with spasticity suggests that the activity in the rel-
evant pathway is normally suppressed by a tonic
inhibitory control that is disrupted in these patients
(p. 278).

Common peroneal effects on quadriceps
motoneurones

Stimulation of the common peroneal nerve produces
potent excitation of quadriceps motoneurones, and
this has been recorded consistently, whether as
changes in the H reflex (Bergmans, Delwaide &
Gadea-Ciria, 1978; Pierrot-Deseilligny et al., 1981b),
or as the modulation of the on-going voluntary
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Fig. 6.5. Cutaneous facilitation of transmission in Ib pathways. (a) Sketch of the presumed Ib inhibitory pathways from
gastrocnemius medialis (GM) to soleus (Sol) and quadriceps (Q) motoneurones (MN). During a selective voluntary contraction of
gastrocnemius-soleus (GS), descending tracts depress the transmission in the pathway of Ib inhibition to Sol MNs (at a pre- or
post-synaptic level), but facilitate the interneurones (INs) mediating cutaneous facilitation of ‘Ib” INs. (The pathway of cutaneous
suppression of Ib inhibition to Q MNs at rest, sketched in Fig. 6.4(a), is not represented.) (b) The grey area indicates the skin field of
the foot sole from which cutaneous facilitation of GM-induced Ib inhibition is obtained during triceps surae contraction. (c), (d),
(e), (g) Changes in the amplitude of the conditioned H reflex expressed as a percentage of its unconditioned value. Each symbol
represents the mean of 20 measurements. Vertical bars =1 SEM ((c), (g)) 1 SEM ((d), (e)). (¢)-(e) Ib inhibition elicited by GM
stimulation at 0.95 x MT of the H reflexes of Sol ((c), time course during GS voluntary contraction) and Q (12 ms ISI; (d) at rest, (e)
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at 3 x PT preceding GM stimulation by 9 ms. (f) Sketch of the pathway of Ib inhibition and excitation from ECR to FCR MNs. (g)
Time course of the amplitude of the FCR H reflex conditioned by radial nerve stimulation at 0.95 x MT in the absence (O) and in the
presence (@) of cutaneous stimulation to the dorsal side of fingers III-IV at 2 x PT, preceding the radial stimulation by 7 ms.
Modified from Pierrot-Deseilligny & Fournier (1986) (c), Pierrot-Deseilligny, Bergego & Katz (1982) ((b), (d), (e)), Cavallari et al.

(1985) (g), with permission.



260

Ib pathways

EMG activity of the quadriceps (Brooke & MclIl-
roy, 1989). The low threshold (~0.6 x MT) and the
apparently short latency of this excitation led the
authors to attribute it to segmental disynaptic Ib
excitation. However, as is usual (cf. pp. 9-10), the
central delay of the excitation was underestimated
using the H reflex, and could not be measured accu-
rately in the averaged on-going EMG. The central
delay of this facilitation has been recalculated with
a more precise method, i.e. comparing the latency
of the peak of peroneal-induced excitation elicited
in single quadriceps units to the expected time of
arrival of the peroneal group I volley at motoneu-
ronal level (cf. Chapter 2, pp. 70-2). While the cen-
tral delay of a segmental group I effect should not
exceed 2 ms even if trisynaptic, the central delay
for the peroneal-induced excitation of quadriceps
motoneurones has invariably been found to be 3-
4 ms (Forget et al., 1989). There is now considerable
evidence that this longer-latency excitation is medi-
ated by lumbar propriospinal neurones co-activated
by group I and group II afferents (see Chapter 10,
pp. 494-5). The peroneal facilitation of the quadri-
ceps H reflex may be preceded by an earlier inhi-
bition, initially reported using regular alternation
of unconditioned and conditioned reflexes (Pierrot-
Deseilligny et al., 1981b). With random alternation
of the reflexes, weak early inhibition is sometimes
still observed, especially with selective stimulation
of the superficial peroneal nerve (Forget et al., 1989).
The low threshold (0.5-0.6 x MT) and short latency
of the effect (~1 ms) are consistent with a segmental
Ib inhibitory pathway. It is of interest that, as usual
before Ib inhibition, there is evidence for peroneal
monosynaptic Ia excitation of quadriceps motoneu-
rones (cf. Table 2.1).

Conclusions

Oligosynaptic group I excitationisrare and weak, and
has been consistently found only between antagon-
istic muscles operating at the same joint, especially
at elbow level. Low-threshold peroneal excitation of

quadriceps motoneurones is not mediated through
segmental Ib pathways.

Convergence of Ia afferents onto
interneurones mediating Ib inhibition

High-frequency vibration of the tendon of the
‘conditioning’ muscle

Vibration has been used to demonstrate a contri-
bution of Ia afferents to so-called Ib inhibition. Such
vibration can raise the electrical threshold ofIa affer-
ents from the vibrated muscle above that of Ib fibres
(see p. 245). When the threshold of Ia afferents from
the triceps brachii had been raised by vibration of the
triceps tendon, the threshold of the triceps-induced
inhibition of FCR H reflex was increased, and the
inhibition was much less pronounced (Cavallari,
Katz & Pénicaud, 1992; Fig. 6.3(d)). This suggests
that Ia afferents contributed to the heteronymous
‘Ib’ inhibition from triceps to FCR in the control situ-
ation (although an alternative explanation would be
aresponse of Ib afferents to vibration, as may occur
atleast with some human Ib afferents; see Chapter 3,
pp. 130-1).

Use of presynaptic inhibition of Ia terminals

Presynaptic inhibition of Ia terminals elicited by a
briefburst of tibialis anterior vibration (cf. Chapter 8,
pp- 341-2) has been used to reduce the Ia inflow
selectively (Rossi, Decchi & Ginanneschi, 1999). The
vibration-induced Ia volleys should produce pre-
synaptic inhibition of Ia afferents but not Ib affer-
ents (see p. 248). Given the parallelism between
presynaptic inhibition of Ia terminals on motoneu-
rones and on Ia inhibitory interneurones (Enriquez-
Denton et al., 2000), it is likely that the vibration-
induced Ia activity would produce similar gating of
Ia terminals on Ib interneurones. Reducing the Ia
inflow by this method significantly decreases the
gastrocnemius medialis-induced Ib inhibition of the
soleus H reflex. Again, however, these results depend



on the extent to which vibration applied transversely
to thetendoninhumansubjects will activate primary
spindle endings selectively (Chapter 3, pp. 130-1).

Conclusions

These findings indicate that, in humans as in the
cat, there may be an important contribution of Ia
afferents to ‘Ib’ inhibition which, strictly speaking,
should then be termed ‘non-reciprocal group I inhi-
bition’ in human subjects as well as in the cat. This
does not imply that Ia afferents are solely responsi-
ble for the component of the reflex inhibition that
was suppressed by high-frequecy vibration or pre-
synaptic inhibition of Ia terminals. The response of
the relevant interneurones depends on spatial sum-
mation of Ia and Ib inputs, and removal of either
could have a quantitatively large effect. The possi-
ble functional role of the convergence of Ia afferents
onto Ib interneurones is discussed on p. 272.

Effects of low-threshold cutaneous
afferents

In the low spinal cat, the dominant effect of cuta-
neous afferents is disynaptic facilitation of interneu-
rones conveying Ib inhibition (Lundberg, Malmgren
& Schomburg, 1977). However, owing to the mutual
inhibition of these interneurones, trisynaptic cuta-
neous IPSPs may also be recorded in Ib interneu-
rones (see Brink et al., 1983). Accordingly, under
different circumstances, the same cutaneous stimu-
lation can produce either suppression or facilitation
of Ib inhibition.

Cutaneous suppression of Ib inhibition
to knee muscles at rest

Atrest, cutaneous volleys can depress Ib inhibition to
motoneurones of knee muscles (Pierrot-Deseilligny
et al.,, 1981a). Evidence for cutaneous suppression
is provided by the effect of a sural nerve volley on
the gastrocnemius medialis-induced Ib inhibition
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of the quadriceps H reflex. In the control situation,
the monosynaptic Ia excitation of the quadriceps H
reflex is followed by Ib inhibition, but the sural vol-
ley suppressed the inhibition, thereby revealing the
full extent of monosynaptic Ia excitation (Fig. 6.4(D)).
Figure 6.4(c) illustrates the onset of the time course
on an expanded abscissa, and shows that the sup-
pression of Ib inhibition starts to modify the gas-
trocnemius medialis-induced effects 0.8 ms after
the beginning of the monosynaptic Ia excitation,
i.e. at the onset of the disynaptic Ib inhibition. This
indicates cutaneous depression of transmission in
the pathway of disynaptic Ib inhibition. Sural vol-
leys similarly depress transmission of Ib inhibition
from the inferior soleus or femoral nerves to quadri-
ceps, and from the gastrocnemius medialis nerve to
biceps femoris (Fig. 6.4(d)-(f)). In contrast, there is
no change in the Ib inhibition of soleus motoneu-
rones induced by group I volleys in the gastrocne-
mius medialis or inferior soleus nerves (Fig. 6.4(g)).
Similar effects (and absence of effects in soleus) have
been obtained from stimulation of various skin fields
on the foot sole. The time course of the cutaneous
effects when the ISI between cutaneous and con-
ditioning group I volleys was varied shows an early
suppression lasting for a few milliseconds followed
byfacilitation (Fig.6.4(e), (), (h)).Calculations based
on the distances from stimulation sites to the spinal
cord and the afferent conduction times of the cuta-
neous and group I volleys suggest that the early sup-
pression is mediated through a short oligosynap-
tic pathway (see Pierrot-Deseilligny et al, 1981a).
At such a brief latency and for so short a duration,
the suppression cannot be exerted presynaptically;
it must result from a post-synaptic mechanism. A
possible circuit for the cutaneous suppression is
sketched in the diagram in Fig. 6.4(a). It is presumed
that, at rest, in the absence of descending activity
(see below), cutaneous excitation is dominant on a
subpopulation of interneurones, e.g. ‘X, inhibiting,
through mutual inhibition of Ib interneurones, sub-
populations ‘W’ and Y’. As aresult, summation of the
cutaneous and group I inputs causes the subpopula-
tion of interneurones ‘X’ to discharge and to inhibit
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interneurones ‘W’ and ‘Y’, reducing Ib inhibition to
quadriceps motoneurones.

Cutaneous facilitation of transmission in reflex
pathways from Ib afferents

However, the most frequently observed effect of
low-threshold cutaneous volleys is facilitation of
transmission in the pathway of Ib inhibition to
motoneurones.

Cutaneous facilitation at rest

Even at rest, cutaneous facilitation of Ib inhibition to
knee muscle motoneurones follows the initial cuta-
neous suppression. This effect is potent from gas-
trocnemius medialis to biceps and for homonymous
quadriceps group I inhibition (Pierrot-Deseilligny
etal., 1981a; Fig. 6.4(f), ().

Cutaneous facilitation of gastrocnemius
medialis-induced Ib inhibition during voluntary
contractions of triceps surae

Gastrocnemius medialis-induced Ib inhibition to
soleus is decreased with respect to rest during
gastrocnemius-soleus voluntary contractions (see
pp- 269-70), but is restored by cutaneous stimula-
tion to the sole of the big toe (Pierrot-Deseilligny &
Fournier, 1986; Fig. 6.5(c)). The same cutaneous vol-
ley, which suppresses the gastrocnemius medialis-
induced Ib inhibition of the quadriceps H reflex
at rest (see above; not illustrated in the sketch of
Fig. 6.5(a)), facilitates Ib inhibition of quadriceps
during contractions of gastrocnemius-soleus, i.e. the
contraction produces a reversal in the cutaneous
control of Ib inhibition (Pierrot-Deseilligny, Bergego
& Katz, 1982; Fig. 6.5(d), (e)). This cutaneous facil-
itation of gastrocnemius medialis-induced Ib inhi-
bition to soleus and quadriceps has been disclosed
only when (i) the voluntary contraction involves the
triceps surae, and (ii) the cutaneous stimulation is
applied to the anterior part of the foot sole (grey area
in Fig. 6.5(b)). The effects of the triceps surae con-
traction probably result from descending facilitation

of first-order interneurones transmitting cutaneous
facilitation to the relevant Ib interneurones (see the
sketch in Fig. 6.5(a)).

Cutaneous facilitation of homonymous Ib
inhibition of quadriceps has been observed
during strong contractions of quadriceps

The facilitation of the quadriceps H reflex produced
by cutaneous stimulation of the superficial peroneal
nerve at rest is reversed to inhibition during a strong
quadriceps contraction (Fig. 6.7(b)). The inhibition
during contraction is the result of cutaneous facilita-
tion of Ib inhibition activated by the test volley for the
quadriceps H reflex (Marchand-Pauvert et al., 2002).
Such an inhibition of the quadriceps H reflex dur-
ing quadriceps contraction has not been observed
after stimulation of the sural nerve or of the foot
sole (V. Marchand-Pauvert, G. Nicolas & E. Pierrot-
Deseilligny, unpublished data).

Cutaneous facilitation of transmission
in Ib pathways has also been observed in
the upper limb

The initial radial-induced inhibition of the FCR H
reflex is curtailed by a trend to facilitation attributed
to Ib excitation (cf. p. 258), and this facilitation is
enhanced by a cutaneous stimulus to the dorsal sur-
face of the fingers (Cavallari et al., 1985; Fig. 6.5(g)).
Similar cutaneous facilitation has not been observed
from the palmar side of the fingers.

Conclusions

Both suppression and facilitation of Ib inhibition
have been observed after the same cutaneous stimu-
lation in various situations, and this suggests that
interneurones transmitting Ib inhibition to a given
motoneurone pool are organised in subpopulations,
which may be differentially selected in different
tasks, through descending control and mutual inhi-
bition of Ib interneurones. It will be argued that cuta-
neous facilitation of Ib inhibition might be used to
curtail an exploratory movement (see pp. 271-2),



while the cutaneous suppression of Ib inhibition to
quadriceps but not to soleus motoneurones by affer-
ents from the foot sole might be related to the dif-
ferent role of these muscles in bipedal walking (see
pp. 273-4).

Facilitation of Ib inhibition
by joint afferents

So far, the effects of joint afferents have only been
investigated on the pathways of Ib inhibition to
quadriceps motoneurones.

Facilitation of homonymous Ib inhibition
by joint afferents

Conditioning stimulation can be applied to the lat-
eral articular nerve of the knee joint, which con-
tains mainlyjoint afferents (Marchand-Pauvert et al.,
2002). Stimulation of joint afferents facilitates the
quadriceps Hreflexduringweak quadriceps contrac-
tions, but this can be reversed to inhibition during
strong contractions (Fig. 6.6(b)). However, during
strong contractions, the same joint afferent volley
facilitates the on-going voluntary EMG recorded
in the quadriceps at corresponding central delays
(Fig. 6.6(c)). The facilitation of the on-going EMG
probably results from facilitation of motoneurones
by joint afferents, as has been described in the cat
after rubral stimulation (Hongo, Jankowska & Lund-
berg, 1969; sketch in Fig. 6.6(a)). The discrepancy
between the effects on the EMG and H reflex dur-
ing strong quadriceps contractions is explained by
the existence of an inhibitory mechanism gating the
afferent volley of the test reflex. Investigations per-
formed on the PSTHs of single units have allowed
this mechanism to be defined. Fig. 6.6(d)-(f) shows
that the peak of homonymous monosynaptic Ia exci-
tation evoked by femoral nerve stimulation in a
voluntarily active vastus lateralis unit was reduced
when it was preceded by an articular volley, which
by itself did not modify the firing probability of the
unit. The difference between the effect on com-
bined stimulation and the sum of effects of separate
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stimuli shows that the suppression spared the first
0.8 ms of the femoral group I excitation (Fig. 6.6(g),
between the dashed and dotted vertical lines).
Because of this initial sparing, presynaptic inhibi-
tion of femoral Ia terminals by the articular volley
may be ruled out (cf. Chapter 8, pp. 346-7). In con-
trast, the 0.8 ms delay is consistent with disynaptic
post-synaptic inhibition (see p. 253). Recurrent inhi-
bition produced by the discharge of the unit could
not suppress the discharge of that same unit, and
a Renshaw origin of the inhibition is unlikely. Gat-
ing of the femoral volley is therefore likely, and this is
probably due to convergence of joint afferents and of
group I afferents in the femoral volley onto inhibitory
interneurones projecting to quadriceps motoneu-
rones (see the sketch in Fig. 6.6(a)). Similar effects
were observed with joint afferents from the ankle
travelling in the deep peroneal nerve (Chapter 1,
pp. 14-16 and 27 Figs. 1.7(c)-(f), 1.12(b), (c)).

Facilitation of heteronymous Ib inhibition
by joint afferents

The effects of increased pressure in the knee joint
caused by intra-articular infusion of saline (indu-
cing no sensation of pain) have been investigated
on the quadriceps H reflex (Iles, Stokes & Young,
1990). Increasing pressure progressively decreases
the quadriceps H reflex both at rest and during
quadriceps contractions. Joint distension also pro-
duces spatial facilitation of Ib inhibition of the
quadriceps H reflex from group I afferents in the
posterior tibial nerve. Inhibition of the H reflex can
therefore be attributed to facilitation by knee joint
afferents of interneurones mediating Ib inhibition
to quadriceps motoneurones.

Conclusions

Joint afferents facilitate transmission of Ib inhibi-
tion to motoneurones. This facilitation of Ib inhi-
bition could play a role in the relaxation of a mus-
cle when joint afferents are activated in hyperflexion
or -extension (see p. 272). Facilitation of Ib inhibitory
interneurones by joint afferents could also have a
protective role in preventing excessive contraction
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from damaging the ligaments and capsule of the
joint. The finding that the facilitation of autogenetic
Ib inhibition of quadriceps motoneurones by knee
joint afferents is seen only during strong quadriceps
contractions (cf. above) would be consistent with this
view.

Effects from nociceptive afferents

Tonic activation of nociceptors has been shown
to produce changes in Ib inhibition from gastroc-
nemius medialis to both soleus and quadriceps
motoneurones. These changes increase in parallel
with the sensation of pain. Opposite changes have
been observed from the skin (dorsal surface of the
foot) and muscle (extensor digitorum brevis): stimu-
lation of nociceptive cutaneous afferentsincreases Ib
inhibition, whereas stimulation of nociceptive mus-
cle afferents decreases it (Rossi & Decchi, 1995, 1997;
Rossi et al., 1999). Given that in the cat nociceptive
afferents can excite and inhibit Ib interneurones (see
Jankowska, 1992) and alter presynaptic inhibition of
Ia and Ib afferents (see Rudomin & Schmidt, 1999),
the exact mechanism of these changes is difficult to
establish.

Descending effects

Corticospinal excitation

Spatial interactions have been found between cor-
tically evoked and Ib inhibitions of the soleus H
reflex (Iles & Pisini, 1992b). When cortical and Ib
inhibitory actions are weak, the interaction is facil-
itatory, suggesting convergence onto interneurones
mediating Ib inhibition, as demonstrated in the cat
with a similar method (monosynaptic reflex test-
ing) by Lundberg & Voorhoeve (1962). The facilita-
tion is, however, weak and equivocal. Increasing the
strength of cortical and group I inhibitory actions
reverses the interaction, suppressing the inhibition.
This has been interpreted as occlusion in Ib path-
ways, but might also reflect mutual inhibition of Ib
interneurones.
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Vestibular facilitation of Ib inhibition

Spatial interaction has also been found between gas-
trocnemius medialis-induced Ib inhibition and the
inhibition of the soleus H reflex evoked by galvanic
stimulation of vestibular afferents, producing a for-
ward sway (Iles & Pisini, 1992a). Here also, the inter-
action is facilitatory when the inhibitions are weak,
but reverses to occlusion when they are strong, pro-
viding evidence for convergence of vestibular signals
onto interneurones mediating Ib inhibition.

Multiple convergence onto common
interneurones

In the above sections, multiple peripheral and
descendinginputs have been shown to producefacil-
itation or inhibition of interneurones mediating Ib
inhibition to motoneurones. The extent to which
different inputs converge on the same subpopu-
lations of interneurones has been approached by
activating Ib inhibitory interneurones to quadriceps
motoneurones by a femoral volley and combining
this homonymous group I volley with various other
inputs. Such experiments have been performed at
rest and during voluntary contractions of different
force (Marchand-Pauvert et al., 2002).

Strong contractions

During strong contractions, cutaneous and joint
afferents facilitate the transmission of homony-
mous Ib inhibition of quadriceps motoneurones (cf.
pp- 262-3). The reasons why convergence of femoral
group Iandjointor cutaneousvolleysisrevealed only
during strong contractions of the target muscle are
discussed below.

Weak contractions

During weak contractions of the quadriceps, invol-
ving only one detectable unit, the convergence may
be still demonstrable when there is convergence of
several different afferent inputs. Thus, Fig. 6.7(d)-())
shows that the peak of homonymous monosynaptic
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Ia excitation evoked by femoral nerve stimulation
in a voluntarily activated vastus lateralis unit was
reduced (g) when it was preceded by combined
volleys from the deep and superficial peroneal
nerves, which by themselves did not modify (or even
increased) the firing probability of the unit ((e), (f)).
If anything, in the absence of the femoral group I
volley, combined stimulation of deep and superfi-
cial nerves produced some facilitation in the PSTH
(not illustrated). This indicates that convergence of
the two conditioning volleys with the femoral group I
volley is required for the inhibition to manifest itself.
Here again, the difference between the effect on com-
bined stimulation (i) and the sum of effects of sepa-
rate stimuli (/) reveals a profound suppression that
spares the first 0.6 ms of the femoral group I exci-
tation (j). This initial sparing confirms the conver-
gence of the different volleys onto interneurones that
areintercalated in a disynaptic inhibitory pathway to
motoneurones and are fed by homonymous group I
afferents, i.e. in the pathway of non-reciprocal group
I inhibition to quadriceps motoneurones. When the
interval between the two conditioning volleys was
varied, the suppression due to convergence of the
deep and superficial peroneal volleys occurred only
over anarrowrange of ISIs (1-2 ms). A similar conver-
gence has been observed when combining afferent
volleys in the superficial (or the deep) peroneal and
the lateral articular nerve of the knee joint.

Resting conditions

At rest, stimulation of either the superficial or the
deep peroneal nerves at appropriate ISIs and inten-
sities facilitates the quadriceps H reflex (Figs. 6.7(b)
and Fig. 7.4(b), respectively). Yet, when the two con-
ditioningvolleys were combined, the facilitation pro-
duced by either volley alone was reversed to signifi-
cant suppression (Fig. 6.7(c)). The reversal was not
due to occlusion in interneurones, because com-
bined stimulation reduced the test reflex below its
control value. Thus, suppression of the quadriceps
H reflex, due to convergence of conditioning volleys
inboth deep and superficial peroneal nerves with the
femoral test volley may be observed at rest. The brief
duration of the inhibition of the quadriceps H reflex
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elicited by combined deep and superficial pero-
neal volleys in Fig. 6.7(¢) is consistent with the nar-
row range of ISIs over which the suppression due to
convergence of the same volleys occurred in PSTH
experiments (see above).

Conclusions: necessity for convergence
of multiple inputs

The above findings indicate that group I afferents in
the femoral nerve converge with various condition-
ing joint and cutaneous volleys onto Ib interneu-
rones projecting to quadriceps motoneurones. At
rest, or during weak contractions, this convergence
canonlybe disclosed when two conditioningvolleys,
articular and cutaneous, which excite Ib interneu-
rones through first-order interneurones (see the
sketch in Fig. 6.7(a)), are combined with the femoral
volley. Such a convergence between the different
conditioning volleys may occur at last-order (Ib)
interneurones as well as first-order interneurones.
However, during strong contractions, a single con-
ditioning input (articular or cutaneous) can facil-
itate the Ib inhibition elicited by the femoral vol-
ley. The most parsimonious explanation would be
that during such contractions there is a descend-
ingfacilitation of the first-order interneurones medi-
ating the conditioning (cutaneous or articular) input
(Fig. 6.5(a)). Thus, descending voluntary drives
would have two effects: (i) depression of transmis-
sion in Ib inhibitory pathways, which would prevent
the Ib discharge from the contracting muscle from
hinderingthe discharge of active motoneurones; and
(ii) increased ability of peripheral afferents to restore
transmission through interneurones mediating this
Ib inhibition, thus allowing autogenetic inhibition to
reappear when necessary to modulate contractions
(see below, and Chapter 11, p. 515).

Motor tasks and physiological
implications

Human tendon organs respond readily in isometric
voluntary contractions and wusually discharge
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strongly during shortening contractions, even in
the absence of an external load. The discharge
increases during concentric contractions as EMG
builds up (Burke, Hagbarth & Lofstedt, 1978).
Changes in transmission in oligosynaptic pathways
fed by Ib afferents during various motor tasks in
humans have provided insight into the control of
these pathways. The controls so disclosed suggest
that these pathways might serve several functions.
However, functional interpretations drawn from
such experiments must be made with care because
it cannot be taken for granted that the response
of interneurones fed by Ib afferents to a natural
desynchronised input would be the same as to the
phasic synchronised input produced by artificial
electrical volleys explored in the experiments below.

Suppression of Ib inhibition to voluntarily
activated motoneurones

Changes in transmission of Ib inhibition to voluntar-
ily active motoneurones have been investigated for
the pathways from and to triceps surae during selec-
tive voluntary contractions of this muscle (Fournier,
Katz & Pierrot-Deseilligny, 1983; Pierrot-Deseilligny
& Fournier, 1986; Stephens & Yang, 1996). The effects
of conditioning cutaneous and articular volleys on Ib
interneurones have been investigated on the path-
ways of Ib inhibition to quadriceps motoneurones
(see pp. 265-7). Accordingly, comparisons of the
changes in the different situations discussed below
rely on the assumption that results obtained for one
motor nucleus apply to the other.

Evidence for suppression of the inhibition to
voluntarily activated motoneurones

Homonymous Ib inhibition of soleus
motoneurones is suppressed during tonic
contractions of gastrocnemius-soleus

Thus, the early monosynaptic Ia facilitation of the
soleus H reflex produced by stimulation of the infer-
ior soleus nerve is followed by overt Ib inhibition at

rest, but this inhibition is markedly depressed dur-
ing a tonic contraction involving only the triceps
surae (Fournier, Katz & Pierrot-Deseilligny, 1983;
Fig. 6.8(b)). The stronger the force of the tonic
contraction, the greater the suppression of the
Ib inhibition (Pierrot-Deseilligny & Fournier, 1986;
Fig. 6.8(cl)).

Heteronymous Ib inhibition from quadriceps
to soleus

During selective tonic contractions of triceps surae,
Ib inhibition of the soleus H reflex produced by
stimulation of the femoral nerve is also suppressed,
and this reveals the heteronymous monosynaptic Ia
excitation more fully (Pierrot-Deseilligny & Fournier,
1986). This suppression probably reflects the con-
vergence of group I afferents from quadriceps and
triceps surae onto common Ib interneurones pro-
jecting onto soleus motoneurones (cf. pp. 257-8).

Possible mechanisms underlying changes
in transmission in Ib pathways

Three questions arise about the mechanism(s)
responsible for the suppression of the group I inhi-
bition of the soleus H reflex during triceps surae vol-
untary contractions: (i) Does a decrease in Ia excita-
tion contribute to it? (ii) Is it due to a peripheral or
descending mechanism? (iii) Is this mechanism pre-
or post-synaptic?

Decrease in Ib inhibition or decrease in
presynaptic inhibition of Ia terminals?

The changes elicited by the conditioning infer-
ior soleus volley are the net result of two effects
(monosynaptic Ia excitation and Ib inhibition), and
the suppression of the inhibition during contraction
could therefore result from a decrease in presynap-
tic inhibition of Ia terminals as well as a decrease
in Ib inhibition. However, in a tonic contraction,
there is no significant change in presynaptic inhi-
bition of Ia terminals directed to involved motoneu-
rones (see Chapter 8, p. 358). In addition, Fig. 6.8(h)
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Fig. 6.8. Changes in Ib inhibition during voluntary contractions. (a) Sketch of the presumed pathways of Ib inhibition from inferior
soleus (Inf Sol) to soleus (Sol) and quadriceps (Q) motoneurones (MN). The different descending actions possibly responsible for
the depression of the transmission in Ib inhibitory pathways to soleus MNs are represented: facilitation of PAD interneurones (INs)
mediating presynaptic inhibition of Ib terminals; mutual inhibition of Ib INs through facilitation of Ib INs mediating Ib inhibition of
Q MNs; direct descending (reticulospinal) inhibition of Ib INs. (b)-(f) Changes in the amplitude of the conditioned H reflexes of Sol
((b), (d)-(f)) and Q (c) expressed as a percentage of their unconditioned values (dashed horizontal lines, size of the unconditioned
reflex). Each symbol represents the mean of 20 measurements. Vertical bars, £1 SEM ((b), (¢), (e)), 1 SEM ((d), (f)). (D), (¢)) Changes
in the H reflexes of Sol (b) and Q (¢) after conditioning stimulation to the Inf Sol nerve at 0.95 x MT, at rest (O) and during a tonic
contraction of the gastrocnemius-soleus (®, 30% of MVC) plotted against the interstimulus interval (ISI). (d) The amount of Ib
inhibition of the Sol H reflex elicited by Inf Sol stimulation at 0.95 x MT, 8 ms ISI, at rest (large open circle on the right and dotted
horizontal line) and during different levels of tonic contraction of the triceps surae (abscissa). (e), (f) Changes in the Sol H reflex
after conditioning stimulation of the gastrocnemius medialis (GM) nerve at 0.95 x MT at rest (O, 0J), during tonic contraction (time
course, (e), ®, 30% of MVC), and at the onset of GS contraction (5 ms IS, (f), B). Modified from Fournier, Katz & Pierrot-Deseilligny
(1983) ((b), (0), and Pierrot-Deseilligny & Fournier (1986), (¢) and unpublished, ((d), (f)), with permission.

shows that the onset of the inferior soleus-induced presynaptic inhibition of Ia terminals (see Chapter 8,

Ia excitation is not altered: only its later part is p. 345). This conclusion is confirmed by the finding
modified, i.e. only when the excitation is being that the Ib inhibition from gastrocnemius medialis
curtailed by Ib inhibition. This indicates that the to soleus, which is not contaminated by Ia excitation

decreased inhibition is not due to a reduction of the (cf. p. 249), is suppressed to the same extent as the
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inferior soleus-induced inhibition during tonic
triceps surae contractions (Fig. 6.8(e); Pierrot-
Deseilligny & Fournier, 1986; Stephens & Yang,
1996).

Peripheral or descending control?

(i) Evidence for descending control of Ib inhibi-
tion is provided by the finding that the Ib inhibition
of the soleus H reflex, whether evoked from the infe-
rior soleus or the gastrocnemius medialis nerves, is
depressed at the onset of a triceps surae contrac-
tion or in the 50 ms preceding it (Fournier, Katz &
Pierrot-Deseilligny, 1983; E. Fournier & E. Pierrot-
Deseilligny, unpublished data; Fig. 6.8(f)). A reduc-
tion in Ib inhibition before the contraction-induced
group I discharge from the triceps surae has reached
the spinal cord indicates a change in the descending
control of Ib pathways.

(ii) An interaction of the conditioning volley with
the natural contraction-induced group I discharge
could account for the finding that the suppression
is more marked during tonic contractions than at
the onset of contractions (Fig. 6.8(e), (f); E. Fournier
& E. Pierrot-Deseilligny, unpublished data). Mecha-
nisms directly related to the activation of the same
afferents (‘busy line’) or synapses (post-activation
depression) by the natural Ib afferent discharge and
the conditioning volley are unlikely to be the cause of
the suppression of the inhibition because the same
effect is observed when the conditioning stimulus
is to afferents from the inactive quadriceps. Nei-
ther could occlusion at the level of Ib interneurones
between the contraction-induced group I discharge
and the conditioning volley account for the suppres-
sion observed before the contraction-induced dis-
charge reached the spinal cord.

Presynaptic mechanism?

Reduction of Ib inhibition by presynaptic inhibi-
tion of Ib terminals feeding Ib pathways to triceps
surae but not quadriceps motoneurones may be pro-
duced in the cat by electrically-induced contrac-
tions of gastrocnemius medialis. This gating appears

after the onset of contractions (Zytnicki et al., 1990:
Lafleur etal., 1992, 1993, p. 248). The resulting gating
of the conditioning Ib volleys would be consistent
with the findings that the reduction of Ib inhibition
is limited to the pathways mediating Ib inhibition
to active motoneurones (see pp. 272-3) and more
marked during tonic contractions than at the onset
of contractions. On the other hand, PAD interneu-
rones mediating presynaptic inhibition of Ib ter-
minals receive corticospinal facilitation in the cat
(see p. 248). A reduction in Ib inhibition before
the contraction-induced Ib feedback has reached
the motoneurones could then be explained by a
focused corticospinal facilitation of PAD interneu-
rones mediating presynaptic inhibition of Ib path-
ways to active motoneurones. There is so far no avail-
able method to investigate changes in presynaptic
inhibition of Ib terminals in human subjects. How-
ever, such corticospinal changes in presynaptic inhi-
bition would help focus activity on active motoneu-
rones and would be in line with the changes at Ia
terminals at the onset of voluntary contractions (see
Chapter 8, pp. 359-60).

A descending post-synaptic mechanism?

This possibility has not been ruled out experimen-
tally, but appears unlikely for two reasons.

(i) The differential control exerted on Ib inhibi-
tion directed to soleus and quadriceps motoneu-
rones during the same triceps surae contraction (see
pp-272-3) isnoteasily explained by the diffuse effects
of the reticulopinal systems which, in the cat, are
responsible for descending inhibition to Ib interneu-
rones (see p. 248).

(ii) This differential control could be explained by
corticospinal facilitation of Ib interneurones to inac-
tive quadriceps motoneurones, with mutual inhi-
bition of Ib interneurones to soleus motoneurones
(see the sketch in Fig. 6.8(a)). However, the finding
that Ib inhibition to both soleus and quadriceps was
suppressed during co-contraction of these muscles
(E. Fournier & E. Pierrot-Deseilligny, unpublished
data) would be difficult to explain solely on corti-
cospinal facilitation of Ib interneurones.



Conclusions

There is strong evidence that the suppression of
group I inhibition to active motoneurones during
contractions results from decreased transmission in
Ib inhibitory pathways, not a change in presynap-
tic inhibition on Ia terminals. The suppression of Ib
inhibition is due to a descending control, which may
be helped by the effects of the contraction-induced
group I discharge. These controls probably act at a
presynaptic level.

Functional implications
Suppression of autogenetic group I inhibition

Suppression of autogenetic group I inhibition to
active motoneurones appears to be functionally
appropriate, because otherwise Ib inhibition evoked
by the discharge of Golgi tendon organs would hin-
der the maintained firing of active motoneurones
and interfere with the recruitment of new units when
the effort has to be increased. This view is supported
by the finding that the suppression of autogenetic Ib
inhibition increases along with an increase in con-
traction force (see above). However, even with strong
tonic contractions (~30% of MVC), there is suppres-
sion rather than complete abolition of Ib inhibition
(see the 6 ms ISI in Fig. 6.8())), and this could rep-
resent an operating level of inhibition that can be
modulated in either direction.

Possible functional role of Ib inhibition

If suppression of autogenetic Ib inhibition to active
motoneurones is of value, questions then arise about
the functional role of Ib inhibition during volun-
tary contractions, given that Golgi tendon organs
are specifically activated by muscle contraction. One
answer is furnished by data from the anaesthetised
cat. In this preparation, prolonged electrically-
induced contractions of the triceps surae produce
appreciable suppression of autogenetic Ib inhibition
ofhomonymous and synergistic motoneurones, due
to presynaptic inhibition evoked by the Ib discharge
from the contracting muscle (see p. 248). However,
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Ib inhibition is active at the beginning of the con-
traction, and the gating mechanism still allows tran-
sient inhibitory potentials to appear in motoneu-
rones when there are rapid increases in contraction
force. These inhibitory potentials might help to limit
the firing frequency of motoneurones and/or the
recruitment of new motoneurones in order to keep a
smooth profile of force development and avoid jerky
movements (Zytnicki & Jami, 1998).

Facilitation of Ib inhibition by other
afferent discharges

Ib inhibition may reappear when the transmission in
Ib pathways is facilitated during appropriate phases
of movement or by other peripheral afferent inputs
which converge on the relevant Ib interneurones, as
demonstrated in the catby Lundberg and colleagues.
Thus, despite the gating of transmission, summation
of Ib inputs with other peripheral inputs can dis-
chargeIbinterneurones, and thisis particularlylikely
when the transmission of the latter inputs through
first-order interneurones receive descending facili-
tation (see p. 267; Fig. 6.5(a)). Various afferent inputs
have been shown to be able to produce such a facil-
itation of transmission in Ib pathways.

Cutaneous facilitation

Cutaneous facilitation of transmission in Ib path-
ways could help curtail an exploratory movement
on meeting an obstacle (Lundberg, Malmgren &
Schomburg, 1977). The resulting exteroceptive vol-
ley would facilitate transmission of Ib inhibitory
impulses to motoneurones of the contracting mus-
cle (and its synergists), lessening contraction force.
‘Post-synaptic inhibition of « motoneurones directly
from the skin might serve the same purpose, but
increasing gain in the Ib force loop provides an ele-
gant solution since otherwise this feedback mechan-
ism would tend to maintain constant tension. This
hypothesis has bearing also on reciprocal Ib excita-
tion, since excitation of antagonist muscles would
indeed supplement Ib inhibition in giving a pur-
poseful brake of the movement. When proposing
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this hypothesis, Lundberg, Malmgren & Schomburg
(1977) assumed that the facilitation of the Ib path-
ways regulating an exploratory movement is from
a skin field activated when the moving limb meets
an obstacle. Experiments in human subjects have
shown this appears to be so. Cutaneous facilitation
of Ib pathways has a precise local sign, correspond-
ing to the skin field that would come into contact
with an obstacle during the contraction of the rele-
vant muscle: (i) anterior part of the foot sole during
triceps surae contraction, (ii) anterior aspect of the
leg and dorsum of the foot during quadriceps con-
tractions, and (iii) dorsal side of the fingers during
wrist extensor contractions (see p. 262).

Facilitation by joint afferents

Facilitation of Ib interneurones by joint afferents
can be considered in the same context as the facil-
itation from cutaneous afferents, i.e. an enhance-
ment of Ib transmission that comes into opera-
tion in the particular phase of movement when
joint receptors are activated (Lundberg, Malmgren
& Schomburg, 1978). It has been demonstrated in
both cats and humans that the vast majority of
joint afferents are activated as the joint approaches
the extremes of movement (see Ferrell, 1980; Burke,
Gandevia & Macefield, 1988). The resulting facilita-
tion of transmission in Ib inhibitory pathways would
then decrease muscle activity as the extremes of
movement are approached and so contribute to the
termination of movement. As stated by Alstermark,
Lundberg & Sasaki (1984), ‘it would be a reasonable
strategy to delegate part of the termination of the
movement to spinal cord mechanisms, as termin-
ation must be one of the most difficult parameters of
a movement for the brain to calculate’.

Convergence from la afferents

Convergence from Ia afferents adds the required
dynamic component of length control to the tension
control of muscles (Lundberg & Malmgren, 1988).
During force control, the same perturbation, an
increased load, produces Ia excitation of motoneu-
rones and Ib inhibition (through activation of ten-

don organs), the latter being required to counteract
the Ia-induced increment in excitation. However, the
sensitivity to dynamic length changes is negligible
for tendon organs as compared to spindle endings,
particularly when spindles receive dynamic y (or B)
drive (see Proske, 1981). If a match is required at the
motoneuronal level between stretch-evoked Ia exci-
tation and Ib inhibition in tension-regulated move-
ments (e.g. manipulatory movements), it would be
an elegant solution to supply Ib inhibition with
dynamic sensitivity from primary endings and Ia
afferents. This dynamic sensitivity would comple-
ment that provided to the Ib feedback by its sensi-
tivity to transients in force (see above).

Ib inhibition directed to motoneurones
not involved in the voluntary contraction

Ib inhibition from contracting muscles to
inactive synergists

During a tonic contraction involving only triceps
surae, the changes in the group I inhibition of the
soleus and quadriceps H reflexes differ: the group I
inhibition following the monosynaptic Ia excita-
tion is decreased in soleus and increased in quadri-
ceps (Fournier, Katz & Pierrot-Deseilligny, 1983;
Fig. 6.8(D), (¢)). Because the initial Ia excitation of
the quadriceps H reflex is depressed, it is possi-
ble that increased presynaptic inhibition of Ia ter-
minals to quadriceps motoneurones contributes to
the greater inhibition of the quadriceps H reflex
induced by the inferior soleus volley. However, the
weakness of this excitation atrestand the finding that
the difference between the two situations is more
marked at long ISIs suggest that Ib inhibition from
soleus to quadriceps motoneurones is increased
(Fig. 6.8(0)). If this is the case, the most parsi-
monious explanation for the differential control of
Ib inhibitions from inferior soleus to soleus and
quadriceps motoneurones would be the focused pre-
synaptic inhibition of Ib terminals on soleus-
coupled Ib interneurones. This gating, both periph-
eral and descending in origin (see above) would
filter the peripheral input to soleus-coupled Ib



interneurones, but not that to quadriceps-coupled
Ib interneurones. This would imply that presynaptic
inhibition of Ib terminals is organised in subsets with
regard to the target motoneurones, like that of Ia
terminals (cf. Chapter 8, p. 348). In any event, the
differential control of Ib pathways to active soleus
and inactive quadriceps motoneurones would have
a focusing action, increasing motor contrast (see
Chapter 11, p. 517).

Ib inhibition to inactive motoneurones during
voluntary contractions of the antagonists

Gastrocnemius medialis-induced Ib inhibition of
the soleus H reflex has been investigated at the
onset of a brief phasic contraction of pretibial flex-
ors (Yanagawa, Shindo & Nakagawa, 1991). When
the strength of the contraction was between 1 and
5% of MVC, Ib inhibition increased significantly or
appeared when it did not exist at rest. This increased
inhibition appeared before the contraction-induced
peripheral feedback reached the spinal cord, and
was presumably due to descending facilitation of
Ib interneurones, probably of corticospinal origin.
The enhanced inhibition returned to control values
with small increases in contraction strength. This
finding was attributed to occlusion in interneurones,
and this implies that at least some Ib interneurones
could be fired by the descending command. A move-
ment due to contraction of the agonist (here, tibialis
anterior) would produce a stretch-induced Ia dis-
charge from the antagonist (soleus). However, the Ia
discharge also projects to interneurones mediating
non-reciprocal group I inhibition of these motoneu-
rones (pp. 260-1). Thus, during voluntary contrac-
tion of a flexor, facilitation of interneurones medi-
ating non-reciprocal group I inhibition to extensors,
together with other mechanisms (cf. Chapter 11,
pp. 519-20), would help prevent a stretch reflex in
these muscles.

Changes in Ib inhibition during walking

An important finding concerning transmission in Ib
pathways has been the demonstration of a switch
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fromIbinhibitionin the quiescentcatto di- and poly-
synaptic excitation during fictive locomotion (see
p- 248). This indicates that the pathway of Ib inhi-
bition can be suppressed during locomotion, allow-
ing activation of alternative excitatory pathways, not
open at rest. Evidence for a similar Ib excitation
of homonymous and synergistic motoneurones has
been sought in human subjects during walking.

Ib pathways to extensors

Transmission in the pathway of Ib inhibition
[from gastrocnemius medialis to soleus

Transmission in this pathway has been compared at
rest, during a voluntary contraction of triceps surae
at 20% MVC and in the middle of the stance phase
of walking on a treadmill (Stephens & Yang, 1996).
Ib inhibition of the soleus H reflex was reduced dur-
ing walking but not reversed to excitation. The over-
all reduction of the inhibition was not more pro-
nounced than during voluntary contractions of tri-
ceps surae, a result similar to that reported by Faist
et al. (1995). However, in 4 of 15 subjects, in whom
voluntary contraction merely resulted in decreased
Ib inhibition, the inhibition was reversed to excita-
tion during walking, and this occurred at a latency
consistent with an oligosynaptic Ib excitatory path-
way. Overall, these effects are disappointingly mod-
est compared to the reversal from Ib inhibition of
ankle extensors to Ib excitation observed consis-
tently in the decerebrate cat (see p. 248). This may be
due to (i) the different preparation (normal awake
humans versus decerebrate cats), though a clear
example of reflexreversal has been obtained in intact
humans in another paradigm (see below), (ii) the
weak strength of the conditioning stimulus, neces-
sary to avoid recurrent inhibition, or (iii) the different
role of the triceps surae in feline and human walking
(see below).

Different roles of the triceps surae in
quadrupedal and bipedal locomotion

In the cat, during the stance phase of walking, the tri-
ceps surae and quadriceps have the same functional
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role (i.e. to support the body weight) and, accord-
ingly, EMG activities of the two muscles and move-
ments of the ankle and the knee are remarkably
similar (Engberg & Lundberg, 1969). In contrast, in
humans, (i) the knee and ankle movements are out
of phase (Brandell, 1977), and (ii) the quadriceps
contraction occurs in early stance when it supports
the body weight during the yield of the knee. How-
ever the triceps surae contraction resists the passive
ankle dorsiflexion produced by the resultant of the
extrinsic forces (kinetic force, gravity), and progres-
sively increases during the stance phase. It has been
suggested that the differential cutaneous suppres-
sive control of Ib pathways to quadriceps and soleus
motoneurones observed in the absence of volun-
tary contraction (see p. 261; Fig 6.4(e), (g)) might be
related to the different roles of the two muscles dur-
ingwalking (Pierrot-Deseilligny, Bergego & Mazieres,
1983). Suppression of Ib inhibition to quadriceps
motoneurones by the cutaneous volley created by
the foot contacting the ground would bring a safety
margin to the quadriceps contraction. In contrast, it
isimportant that soleus activity be overcome by dor-
siflexion forces if the body is to be brought forward
and, together with other mechanisms, the absence
of cutaneous depression of Ib inhibition to soleus
motoneurones would be expedient (see Chapter 11,
pp. 546-7).

Ib pathways to flexors

Changes in Ib inhibition from pretibial flexors to
biceps femoris have been compared during human
standing and walking (Marchand-Pauvert & Nielsen,
2002).

Peroneal-induced changes in excitability of
biceps motoneurones during standing

At rest a group I volley to the deep peroneal nerve
elicits in the biceps H reflex an early monosynaptic
Ia excitation and a subsequent Ib inhibition, both of
which are modest (Pierrot-Deseilligny et al., 1981b;
Fig. 6.9(D)). During a tonic voluntary co-contraction
of biceps and tibialis anterior while standing, a deep

peroneal volley produces an early suppression fol-
lowed by a late excitation in the on-going EMG activ-
ity of biceps femoris (Fig. 6.9(c)). The early inhibition
is group I in origin, since its threshold is below that
of group II afferents. It starts 4 ms after the expected
time of arrival at motoneuronal level of the fastest
Ia afferents in the conditioning volley. However, the
central delay of this inhibition is difficult to establish
precisely because: (i) Ib inhibition is depressed dur-
ing voluntary activation of the target motoneurones
(see above), (ii) summation of the effects evoked
by slower group I afferents is probably necessary
to allow it to appear, and (iii) the suppression may
be superimposed on a preceding small excitation.
The latency of the early suppression in the on-going
EMG is therefore compatible with, but not evidence
for oligosynaptic Ib inhibition (vertical dotted line in
Fig. 6.9(0)).

Changes in peroneal-induced effects
during walking

At the end of the swing phase of walking, the early
suppression of peroneal group I inhibition is simi-
lar to that observed during voluntary contractions at
equivalent levels of EMG activity and is again pre-
ceded by a questionable Ia excitation (Fig. 6.9(d)).
In striking contrast, in the beginning of the stance
phase, the suppression is replaced by facilitation
occurring at the same latency as the inhibition in
the swing phase (Fig. 6.9(¢)). The facilitation, found
in most of the subjects, is of group I origin, since
it is observed with stimuli below group II thresh-
old, and cannot be reproduced by cutaneous stim-
uli. The latency of the facilitation is compatible with
an oligosynaptic group I effect. The observed reflex
reversal presumably results from the opening of an
excitatory group I pathway in the early stance of
walking with a concomitant shut-down of heterony-
mous group I inhibition.

Functional implications

In early stance there is a lengthening contraction
from pretibial flexors and this results in a significant
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Fig. 6.9. Reversal of Ib inhibition to facilitation during gait. (a) Sketch of the presumed pathways mediating disynaptic Ib inhibition
and oligosynaptic Ib excitation from tibialis anterior (TA) to biceps femoris (Bi) motoneurones (MN). (b) The amplitude of the
biceps H reflex (expressed as a percentage of its unconditioned value) conditioned by stimulation of the deep peroneal nerve (DPN,
0.95 x MT) plotted against the interstimulus interval (ISI) at rest. Each symbol represents the mean of 20 measurements. Vertical
bars, £1 SEM. (c)-(e) Averaged (50 traces) rectified on-going EMG of the biceps, with (thick line) and without (thin line) stimulation
of the DPN, plotted against the latency after DPN stimulation during voluntary co-contraction of the TA and biceps in standing (c),
during the swing phase of gait ((d) 950 ms after heel strike) and during the stance phase ((e), 15 ms after heel strike) when walking
on a treadmill (4 km.h~!). Vertical dotted lines indicate the onset of the EMG suppression ((c), (d)) or facilitation (e). Modified from
Pierrot-Deseilligny et al. (1981b) (b), and Marchand-Pauvert & Nielsen (2002), ((c)—(e)), with permission.

group I-group II afferent discharge from these mus-

Studies in patients and clinical
cles (Chapter 3, p. 137). At this time of the gait cycle,

the group I discharge facilitates biceps motoneu- 1mphcatlons
rones. Quadriceps motoneurones would also be et e ele
facilitated by the group I-group II discharges (cf. Ib inhibition
Chapter 7, pp. 318-19). Facilitation of the two antag-

b bp ) & Methodology

onistic muscles operating at knee level by afferent

discharges from ankle dorsiflexors would contribute
to the co-contraction, and help ensure maximal sta-
bility of the knee jointin early stance (see Chapter 11,
p. 547).

So far, changes in transmission in Ib inhibitory path-
ways in patients have been investigated only by
assessing the inhibition of the soleus H reflex pro-
duced by stimulation of the gastrocnemius medialis
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nerve. This is, indeed, the best method because
changes in Ib inhibition are not contaminated by
possible changes in presynaptic inhibition of Ia ter-
minals. However, it is necessary to keep the con-
ditioning stimulus below 1 x MT to avoid recur-
rent inhibition, and few group I afferent fibres will
be recruited by conditioning volleys of such weak
intensity. As a result, in normal subjects, the inhi-
bition of the reflex is inconstant and modest, when
present (see p. 256). This makes it difficult to deter-
mine the significance of a reduction of the inhibition
in patients.

Stroke patients

Modulation of the soleus H reflex by a condi-
tioning volley to the gastrocnemius medialis nerve
(0.95 x MT) has been studied in six hemiplegic spas-
tic patients following a stroke (Delwaide & Olivier,
1988). On the unaffected side of these patients, there
was, as in normal subjects, inhibition of the reflex,
maximal at the 6 ms ISI, by on average ~15% of
the control reflex value. In contrast, on the hemi-
plegic side, the inhibition was replaced by facilita-
tion, occurring with a similar central delay, compa-
tible with an oligosynaptic group I effect. The
amount of facilitation was moderately correlated
with the degree of spasticity assessed by the Ash-
worth scale (r = 0.6). These results have since been
confirmed in a larger number of patients (Del-
waide, 1993). The suppression of the inhibition in
patients with corticospinal lesions might suggest
that there is normally tonic corticospinal facilitation
of Ib interneurones. However, because the inhibition
tends to be replaced by facilitation, a reduction of
the inhibition does not necessarily mean that trans-
mission in the Ib inhibitory pathway is suppressed
(see below).

Patients with spinal cord lesions

Gastrocnemius medialis-induced inhibition of the
soleus H reflex has been investigated in patients with
well-defined (essentially traumatic) chronic spinal
cord lesions (Downes, Ashby & Bugaresti, 1995). In

normal subjects, the inhibition could be obtained
with stimulus intensities as low as 0.7 x MT, and
peaked at the 6 ms ISI. When using an intensity of
1 x MT, it was quite weak (on average, reducing the
test reflex to 93.5% of the control). In patients with
spinal cord lesions, the amount of inhibition of the
soleus H reflex was not significantly different from
normal subjects (96.3% on average).

Hyperekplexia

Five patients with hyperekplexia (startle disease)
have been investigated, three of whom had a defined
mutation in glycine receptors (Floeter et al., 1996).
Reciprocal Ia inhibition (known to be mediated
through a glycinergic inhibitory system; Chapter 5,
p. 233) was reduced, but Ib inhibition was not mod-
ified with respect to normal subjects. However, the
results were so variable that they have to be inter-
preted with caution.

Parkinson’s disease

In 19 patients with Parkinson’s disease, gastrocne-
mius medialis-induced inhibition of the soleus H
reflex was found to be reduced or even replaced by
facilitation occurring with the same central delay,
consistentwith transmission through an oligosynap-
tic group I pathway (Delwaide, Pepin & Maertens de
Noordhout, 1991). The departures from normal val-
ues correlated with the intensity of rigidity assessed
by the Webster scale: increased rigidity was associ-
ated, first, with a reduction of inhibition and, from
a score of 2 or more, with facilitation replacing the
normal inhibition. In de novo patients treated with
L-dopa, the decrease in facilitation paralleled the
reduction of the rigidity. High-frequency stimulation
in the subthalamic nucleus has also recently been
shown to produce arestoration of the inhibition, par-
alleling the reduction of the axial symptoms and gait
disorders (Poter et al., 2004). Because of the strong
correlation between the decreased Ib inhibition and
the increased reciprocal Ia inhibition, a common
mechanism for these two abnormalities has been
put forward (increased reticulospinal activation;



Delwaide, Pepin & Maertens de Noordhout, 1993).
However, again, the reduction of the gastrocne-
mius medialis-induced inhibition of the soleus H
reflex does not necessarily mean that the transmis-
sion in the Ib inhibitory pathway is suppressed (see
below).

Patients with progressive supranuclear
palsy

Gastrocnemius medialis-induced inhibition of the
soleus H reflex is greater in such patients (Fine
etal., 1998). This could be related to a loss of inhibi-
tion of Ib interneurones through degeneration of the
medullary reticulospinal pathway.

Mechanisms underlying changes in
Ib inhibition in patients

The decreasein the gastrocnemius medialis-induced
Ib inhibition of the soleus H reflex in spastic or
Parkinsonian patients does not necessarily imply
decreased transmission across the Ib inhibitory
pathway. The inhibition tends to be replaced by
a facilitation, and this could indicate that facili-
tated group I excitation overwhelms the Ib inhibi-
tion, with or without decreased Ib inhibition. Two
oligosynaptic pathways are possible candidates for
the facilitation. (i) Facilitation of transmission in
lumbar propriospinal neurones, for which there
is independent evidence in spastic patients (see
Marque et al., 2001; Chapter 10, pp. 503-4). The
finding that this facilitation of the soleus H reflex
does not occur in patients with spinal cord lesions
indicates that it probably requires the presence
of other descending controls in the spinal cord.
The increased amplitude and decreased thresh-
old of the MEP elicited by TMS in the quadri-
ceps of patients with Parkinson’s disease have also
been attributed to hyperexcitability of the rele-
vant lumbar propriospinal neurones (Trembley &
Trembley, 2002). (ii) Opening of the pathway of
oligosynaptic group I excitation disclosed in some
normal subjects during the stance phase of walking
(cf. pp. 273-4).
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Ib excitation in spastic patients

Peroneal-induced group I facilitation

Disynaptic peroneal-induced reciprocal Ia inhibi-
tion of soleus can be replaced by group I facili-
tation in patients with spasticity, whether due to
stroke (Yanagisawa, Tanaka & Ito, 1976; Crone et al.,
2003), spinal cord injury (Okuma, Mizuno & Lee,
2002; Crone et al., 2003) or multiple sclerosis (Crone
et al., 1994). Delwaide (1985) also mentioned an
early peroneal-induced facilitation in a few spastic
patients, but gave no details of the lesions causing
the spasticity. Pooled dataillustrating the time course
of the effects of deep peroneal stimulation on the
soleus H reflex show that the disynaptic reciprocal Ia
inhibition seen in normal subjects is replaced by a
facilitation in patients with spinal cord injury and on
the affected side of hemiplegic patients (Fig. 6.10(D)).
The facilitation has the same central delay as recip-
rocal Ia inhibition and peaks at the 3-4 ms ISI. In
individual subjects, the facilitation was seen in two
of four patients with incomplete spinal cord injury,
four of seven patients with a complete lesion, and
all six stroke patients (Crone et al, 2003). A follow-
up study performed in hemiplegic patients revealed
that the short-latency facilitation was present the
first time the patients were tested (as early as 2
weeks after the onset of disease) or appeared with
the development of hyperactive Achilles tendon
jerks.

Increased group I facilitation or decreased
reciprocal Ia inhibition?

Similar disynaptic facilitation has been described in
the cat when transmission in the glycinergic recipro-
cal Ia inhibitory pathway was blocked by strychnine
(Bradley, Easton & Eccles, 1953), and it is therefore
possible that the findings in spastic patients could
be due to the fact that a normal Ib excitation is more
easily disclosed because of the decreased recipro-
cal Ia inhibition (see Chapter 5, pp. 229-32). How-
ever, Crone et al. (2003) have provided arguments
favouring increased (facilitated) group I excitation:
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Fig. 6.10. Changes in peroneal-induced Ib excitation of ankle extensors in spastic patients. (a) Sketch of the presumed pathway of

reciprocal Ia inhibition and Ib excitation from ankle flexors to ankle extensors. The descending facilitation of Ia inhibitory

interneurones (IN) and the descending inhibition of Ib excitatory INs and/or the descending facilitation of PAD INs mediating

presynaptic of Ib afferents are presumed to be interrupted in spastic patients (horizontal double-headed dashed arrow). (b) Time

course of the changes in the soleus H reflex induced by deep peroneal stimulation (1 x MT). The size of the conditioned H reflex

(expressed as a percentage of its unconditioned value) is plotted against the interstimulus interval (ISI). Average data from
15 normal subjects (O), 11 patients with spinal cord injury (SCI) between C2 and T8 (@), and the affected (W) and unaffected (x)

sides of 6 patients with hemiplegia. Vertical bars +1 SEM. Modified from Crone et al. (2003), with permission.

(i) a short-latency facilitation has not been seen in
those normal subjects in whom no or very little disy-
naptic reciprocal Ia inhibition can be demonstrated;
(i) in the hemiplegic patients, it was not seen on
the non-spastic side where the disynaptic recipro-
cal Ia inhibition was also absent (Fig. 6.10(b)); (iii) in
normal subjects, it has not been seen during plan-
tar flexion of the ankle or co-contraction of ankle
flexors and extensors, manoeuvres in which the deep
peroneal-induced reciprocal Ia inhibition decre-
ases considerably or disappears (cf. Chapter 5,
pp. 223-7).

Origin of the facilitation of the Ib excitation

Because of its short latency and low threshold,
the early facilitation seen in spastic patients has
been considered to be due to Ib excitation (Yanag-
isawa, Tanaka & Ito, 1976; Crone et al., 2003). The

finding that this excitation is not seen in normal
subjects (p. 258) would indicate that the activity
in the pathway is normally strongly inhibited by a
supraspinal inhibitory control that is interrupted in
the patients. This facilitation would then be a ‘release
phenomenon’ (cf. Yanagisawa, 1980), due to either
suppression of a descending tonic inhibitory control
on Ib excitatory interneurones or, alternatively, of a
facilitatory control on PAD interneurones mediating
presynaptic inhibition of Ib afferents. However, here
again, an alternative possibilitywould be afacilitated
oligosynaptic group I excitation due to enhanced
transmission in lumbar propriospinal neurones (see
above).

Contribution to pathophysiology of spasticity

Reciprocal Ib facilitation appeared in parallel with
the development of hyperactive Achilles tendon



reflexes, the only clinical finding correlated with the
facilitation. The correlation suggests that the facili-
tation may contribute to the development of spastic-
ity (see Chapter 12, p. 569). It also seems likely that
the reciprocal facilitation may contribute to adverse
co-contraction of antagonistic muscles during vol-
untary movement in spastic patients (Crone et al.,
2003).

Conclusions

Role of changes in Ib inhibition during
motor tasks

During voluntary contractions, the essential find-
ing is that Ib inhibition to voluntarily activated
motoneurones is suppressed. This suppression
would prevent Ib inhibition evoked by the discharge
from Golgi tendon organs from dampening the dis-
charge of active motoneurones and interfering with
the recruitment of new units when the effort has to
be increased. However, Ib inhibition can be restored
during certain phases of movement by the conver-
gence of other afferents (cutaneous, joint) onto Ib
interneurones, and this could help to curtail a move-
ment when the moving limb meets an obstacle or
when joint afferents are activated at the extremes
of joint movement. Ib inhibition to inactive syner-
gistic motoneurones is increased, and this proba-
bly contributes to the selective activation of mus-
cles in discrete movements. Increased Ib inhibition
to motoneurones supplying muscles antagonistic to
those involved in the voluntary contraction is one
of the mechanisms contributing to the relaxation of
those antagonists.

During the stance phase of walking, the pathway
of Ib inhibition from pretibial flexors to biceps is
suppressed, and an opposite excitatory pathway,
not open at rest, is then revealed. This reflex rever-
sal contributes to stabilising the knee during early
stance.

Résumé
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Changes in Ib pathways and the
pathophysiology of movement disorders

Gastrocnemius medialis-induced Ib inhibition of
the soleus H reflex may be replaced by facilita-
tion in spastic stroke patients and Parkinsonian
patients. This facilitation could reflect the exis-
tence of enhanced group I excitation overwhelm-
ing Ib inhibition, with or without decreased Ib
inhibition.

Peroneal-induced reciprocal Ia inhibition of the
soleus H reflex is replaced by an early facilitation
in patients with spasticity whether due to stroke or
spinal cord injury. There is evidence that this facili-
tation is due to a release of Ib excitation.

Résumé

Background from animal experiments

Ib afferents originate from Golgi tendon organs, and
their adequate stimulus is muscle contraction. They
are fast-conducting afferents, and their diameters
largely overlap those of Ia afferents. This explains
why it is difficult to separate Ib from Ia afferents
on the basis of their electrical threshold, except
when the threshold of Ia afferents has been raised
by a long-lasting vibration, to which tendon organs
are relatively insensitive. Projections of Ib affer-
ents are widely distributed to motor pools of the
ipsilateral limb, with typically disynaptic (and tri-
synaptic) inhibition of homonymous and synergistic
motoneurones and trisynaptic excitation of antag-
onistic motoneurones. In the low spinal cat, these
effects are potent from extensors and almost com-
pletely missing from flexors, but effects from flex-
ors can be demonstrated after stimulation of the red
nucleus. There is extensive excitatory convergence
from virtually all peripheral afferents on Ib interneu-
rones. Interneurones intercalated in Ib pathways
receive corticospinal and rubrospinal excitation and
are inhibited by reticulospinal systems. Alternative
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patterns (e.g. corticospinal inhibition of Ib interneu-
rones) can occur through mutual inhibition of Ib
interneurones. Ib volleys produce potent presynap-
tic inhibition of Ib afferents, and this is facilitated by
the corticospinal tract. During fictive locomotion in
the decerebrate cat there may be a reflex reversal,
involving a switch from Ib inhibition to di- and poly-
synaptic excitation mediated through alternative Ib
excitatory pathways.

Methodology

Underlying principle

Ib effects can be assessed in motoneurones by test-
ing the effects on the modulation of the H reflex
or the PSTHs of single units produced by electri-
cally induced group I volleys applied to nerves but,
to avoid recurrent inhibition, the conditioning vol-
leys must be below the threshold for any H and M
response. As a result, few Ib afferents are activated
and the strength of the Ib effects is underestimated.

Evidence for Ib effects

Ib inhibition

Ib inhibition is most easily disclosed when investi-
gating the modulation of the H reflex of a relaxed
muscle. Given the extensive distribution ofheterony-
mous monosynaptic Ia excitation in the human
lower limb, Ib inhibition is usually preceded by an
earlyfacilitation of the test H reflex. However, in some
situations (gastrocnemius medialis nerve to soleusin
thelower limb; musculo-cutaneous or triceps brachii
nerves to wrist muscles) group I volleys produce iso-
lated inhibition without any preceding excitation.
Evidence for Ib inhibition relies on: the low electrical
threshold of the effect (close to that of Ia excitation);
thefindingthatitisnotevoked byatendontap;acen-
tral delay compatible with disynaptic transmission;
a short duration (less than 10 ms); and a distribution
to homonymous and synergistic motoneurones.

Oligosynaptic group I excitation

Oligosynaptic group I excitation between strict
antagonists has the same characteristics (low electri-
cal threshold, non-elicitation by a tendon tap, short
central delay).

Critique of the tests to reveal Ib effects

When there is monosynaptic Ia excitation, the size of
the test reflex (or of the peak of Ia excitation in the
PSTH) depends on the balance of superimposed Ib
inhibition and Ia excitation (the latter varying with
the degree of presynaptic inhibition of Ia terminals).
Ib inhibition from gastrocnemius medialis to soleus
isnotcontaminated byIa excitation, but the resulting
reflex suppression is inconstant and, when present,
weak.

Organisation and pattern of connections

Ib effects

Ib inhibition

It is generally impossible to investigate homony-
mous actions for technical reasons. However, with
the soleus and quadriceps, there are particular con-
ditions that make such studies possible. Evidence for
heteronymous Ib inhibition has been found in all
muscle-nerve combinations tested, except between
strict antagonists. The inhibition is generally rela-
tively weak, but this is because: (i) the inhibition is
usually superimposed on monosynaptic Ia excita-
tion, which prevents its full exposure, and (ii) stim-
ulation subthreshold for the H and M responses,
in order to avoid recurrent inhibition, recruits few
group I afferents. Ib interneurones are organised in
subsetswithregard to the targetmotoneurones. Con-
vergence of group I afferents from different muscles
onto common inhibitory interneurones has been
found only rarely, possibly because of occlusion at
interneuronal level and/or mutual inhibition of Ib
interneurones.



Oligosynaptic group Ib excitation

Ib excitation has been found only between strict
antagonists operating at the samejoint. Itismore fre-
quent at the elbow than at other joints. Low-
threshold groupIexcitation from pretibial musclesto
quadriceps motoneurones is mediated via proprio-
spinal interneurones, not a segmental Ib pathway.

Convergence on Ib interneurones

(i) Convergence of Ia afferents onto Ib interneu-
rones is suggested by the significant reduction of
the inhibition produced by an electrically induced
group I volley when the threshold of Ia afferents has
been raised by long-lasting vibration, or the Ia inflow
has been reduced by presynaptic inhibition of Ia
afferents.

(ii) At rest, cutaneous volleys from the sole of the
foot suppress homonymous Ib inhibition of quadri-
ceps, and heteronymous Ib inhibition from triceps
surae to quadriceps and biceps. The same cuta-
neous volleys do not modify Ib inhibition of soleus
motoneurones. A possible mechanism would be a
cutaneous activation of Ib interneurones producing,
through mutual inhibition of Ib interneurones, inhi-
bition of other Ib interneurones.

(iii) Cutaneous facilitation of Ib inhibition is more
frequently observed. Cutaneous facilitation of Ib
inhibition of knee muscle motoneurones can be
demonstrated even at rest, where it follows the initial
cutaneous suppression. During a voluntary contrac-
tion of triceps surae, Ib inhibition from triceps surae
to soleus and quadriceps motoneuronesis facilitated
by cutaneous afferents from the anterior part of the
sole. During strong quadriceps contractions auto-
genetic Ib inhibition of quadriceps motoneurones is
facilitated by cutaneous afferents from the anterior
part of the leg. Radial-induced Ib excitation to FCR
is facilitated by afferents from the skin of the dorsal
side of the fingers.

(iv) Facilitation of Ib inhibition to quadriceps
by joint afferents: the facilitation of the quadri-
ceps H reflex by stimulation of the lateral articular
nerve of the knee joint during weak contractions of
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quadriceps is reversed to inhibition during strong
contractions, but the on-going EMG activity remains
facilitated. This discrepancy indicates an inhibitory
mechanism gating the afferent volley of the test
reflex. PSTHs of single units have shown that this
gating is due to convergence of joint afferents and
group I afferents in the test volley for the H reflex
onto interneurones mediating disynaptic Ib inhibi-
tion to quadriceps motoneurones.

(v) Tonic stimulation of nociceptive afferents alters
the transmission of Ib inhibition from gastrocnemius
medialis to soleus and quadriceps, enhancing trans-
mission in Ib pathways when afferents from the skin
of the dorsum of the foot are stimulated, and inhibit-
ing it when afferents inside the extensor digitorum
brevis are activated.

(vi) Stimulation of both the motor cortex and the
vestibular apparatus facilitates Ib inhibition from
gastrocnemius medialis to soleus when the con-
ditioning volleys are weak, and suppresses it (due
to occlusion and/or mutual inhibition of interneu-
rones) when the conditioning volleys are strong.

(vii) Multiple convergence. Group I afferents in the
femoral nerve converge with various conditioning
joint and cutaneous volleys onto Ib interneurones
projecting to quadriceps motoneurones. At rest or
during weak contractions, this convergence can only
be revealed when two conditioning volleys, articu-
lar and cutaneous, are combined with the femoral
volley. However, during strong contractions, a single
conditioninginput (articular or cutaneous) can facil-
itate the Ib inhibition elicited by the femoral volley,
probably because there is a descending facilitation
of the first-order interneurones mediating the con-
ditioning cutaneous or articular input.

Motor tasks and physiological
implications

Suppression of Ib inhibition to voluntarily
activated motoneurones

(i) There is a suppression of Ib inhibition to soleus
motoneurones during tonic contractions, and at the
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onset of and within the 50 ms preceding a volun-
tary contraction of triceps surae. Transmission in
all Ib inhibitory pathways (homonymous and het-
eronymous) is depressed, and the depression is more
marked during tonic contractions than at the onset
of contractions. This suppression may be due to
increased presynaptic inhibition of Ib afferents. PAD
interneurones would be activated by a focused cor-
ticospinal drive before the group I feedback from the
contracting muscle reaches the spinal cord, and later
their activation would be maintained by the natural
contraction-induced group I discharge. Suppression
of autogenetic group I inhibition to active motoneu-
rones is appropriate because, otherwise, Ib inhi-
bition evoked by the discharge from Golgi tendon
organs would dampen the firing of active motoneu-
rones and interfere with the recruitment of new units
when the effort has to be increased. This view is sup-
ported by the finding that the suppression of auto-
geneticIbinhibitionincreases alongwith anincrease
in the contraction force.

(i) Although suppressed during homonymous
contractions, Ib inhibition may reappear when
transmission in Ib pathways is facilitated during cer-
tain phases of movement or by inputs from other
peripheral afferents. Thus, cutaneous facilitation of
transmission in Ib pathways could be used to cur-
tail an exploratory movement meeting an obstacle.
This view is supported by the finding that cuta-
neous facilitation has a precise local sign: it is pro-
duced only by the skin field that would come into
contact with an obstacle during the contraction of
the corresponding muscle. Similarly, facilitation of
Ib inhibition from joint receptors activated at the
extremes of joint movement will increase Ib inhibi-
tion and automatically contribute to curtailing the
movement.

Ib inhibition directed to motoneurones not
involved in the voluntary contraction

(i) Group I inhibition from soleus to inactive
quadriceps motoneurones is increased during selec-
tive voluntary contractions of soleus. Focused presy-
naptic inhibition of Ib terminals on soleus-coupled

Ib interneurones might account for this finding.
This gating would filter the peripheral input to
soleus-coupled Ib interneurones but not that to
quadriceps-coupled Ib interneurones. The differ-
ential control of Ib pathways to active soleus and
inactive quadriceps motoneurones would help focus
the motor command for tasks requiring discrete
contractions.

(i) Ib inhibition is increased at the onset of a
voluntary contraction of the antagonistic muscle.
This effect appears only during very weak contrac-
tions, and disappears with small increases in con-
traction strength, probably because of occlusion in
Ib interneurones. Such an occlusion would imply
thatsome oftheIbinterneurones are facilitated suffi-
ciently to be fired by the descending command. This
is one mechanism contributing to the relaxation of
the antagonists during a voluntary contraction.

Changes in Ib inhibition during gait

(i) Reversal of Ib inhibition of soleus from gastroc-
nemius medialis to facilitation has been found only
rarely in human subjects. This contrasts with find-
ings during fictivelocomotion in the decerebrate cat.
The discrepancy might be related to the different
roles played by the triceps surae during walking in
the two species.

(ii) Ib inhibition from tibialis anterior to biceps is
consistentlyreversed to facilitation during the stance
phase of walking, and this could contribute to stabil-
ising the knee in early stance.

Studies in patients and clinical
implications

Ib inhibition
The gastrocnemius medialis-induced Ib inhibition
of the soleus H reflex is the best method for assessing
inhibitory Ib effects.

(i) In stroke patients, Ib inhibition of soleus
motoneurones is normal on the unaffected side,
but may be replaced on the hemiplegic side by a



facilitation occurring with a latency compatible with
transmission through an oligosynaptic pathway.

(i) In contrast there is no such change in patients
with spinal cord lesions.

(iii) In Parkinsonian patients, Ib inhibition is
replaced by a trend to facilitation, and this change
is correlated with the degree of rigidity.

The results observed in stroke and Parkinsonian
patients may not result from a true change in Ib inhi-
bition. They could reflect the existence of a facil-
itated group I excitation overwhelming Ib inhibi-
tion, with or without decreased Ib inhibition. In this
respect, there is independent evidence for facilita-
tion of transmission in lumbar propriospinal neu-
rones in spastic patients.

Ib excitation

In spastic patients, whatever the lesion (stroke,
spinal cord injury or multiple sclerosis), the di-
synaptic peroneal-induced reciprocal Ia inhibition
of the soleus H reflex is often obscured by an early
group I excitation, which is correlated with hyper-
active Achilles tendon jerks. This could reflect the
release of Ib excitation normally strongly inhibited
by supraspinal centres.
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Group II pathways

Although group II afferents from muscle spindles
are more numerous than Ia afferents, the role of
secondary spindle afferents in spinal motor control
was originally largely neglected and then vigorously
debated. There are two reasons for this difference
in the treatment of the pathways fed by the two
types of spindle afferent. First, Ia effects are easier
to investigate because they appear first in motoneu-
rones after peripheral nerve stimulation and do so
at lower threshold. It is therefore impossible to stim-
ulate group II afferents selectively: (i) group I and
group II fibres travel along the same nerve trunks and
electrical stimulation of any muscle nerve will nec-
essarily activate low-threshold group I afferents first;
and (ii) itisnot possible to activate spindle secondary
endings by their specific stimulus, i.e. muscle stretch,
without also activating the primary endings. Sec-
ondly, the asymmetry of group II actions with domi-
nant flexor excitation and extensor inhibition found
in investigations performed in the 1940s-1950s in
anaesthetised low spinal cats led to their assign-
ment to the ‘flexor reflex afferents’ (FRA) group. Only
recently has it become possible to investigate group
II pathways in human subjects. Most of the group II
effects investigated so far appear superimposed on
group I effects, and this has required special atten-
tion to identifying criteria. Nevertheless, these inves-
tigations have led to the view that they play a major
role in the normal control of posture and gait and in
pathophysiology of movement disorders.

Background from animal
experiments

Initial findings

The investigation of the reflex effects of group II
muscle afferents started with the documentation of
the actions of muscle afferents of smaller diameter
than group I afferents (Lloyd, 1943, 1946). Electri-
cal stimulation of group II afferents from both flex-
ors and extensors was shown to facilitate mono-
synaptic reflexes of flexors and to inhibit those of
extensors (Lloyd, 1946; Laporte & Lloyd, 1952). Ad-
equate stimulation of muscle receptors demon-
strated that these effects resulted mainly from stim-
ulation of secondary spindle afferents (Laporte &
Bessou, 1959). The asymmetry in favour of flex-
ors in anaesthetised low spinal cats was confirmed
with intracellular recording techniques (R. M. Eccles
& Lundberg, 1959). However, alternative pathways
with activation of extensors were also revealed by
a low pontine lesion in the decerebrate animal
(Holmgqvist & Lundberg, 1961) and, in their semi-
nal paper, R. M. Eccles & Lundberg (1959) postu-
lated that group II muscle afferents ‘may evoke the
flexion reflex’, not that they must evoke stereotyped
flexor actions (see Schomburg, 1990). The complex
spinal organisation of group II pathways was revis-
ited in the 1980s by Jankowska and colleagues (see
Jankowska, 1992). In parallel, Matthews (1989) devel-
oped a method now widely used to demonstrate



group II excitation in humans (cooling of peripheral
nerves, see p. 297; though when first using it look-
ing for a group II reflex in hand muscles, Matthews
failed to find such evidence). The following descrip-
tion of group II pathways is based on comprehen-
sive reviews by Schomburg (1990) and Jankowska
(1992).

Muscle spindle secondary endings
and group II afferents

Muscle spindle secondary endings

Secondary endings are located on either side of the
central region of the muscle spindle, mainly on chain
fibres and occasionally on one of the bag fibres (the
static bag, fibre). A spindle contains 0-5 secondary
endings, each of which gives rise to a group II affer-
ent. Secondary and primary endings are similarly
sensitive to the static component of stretch, but the
secondary endings are much less sensitive to the
dynamic component (see Matthews, 1972). The bag,
fibre and chain fibres are innervated by static fusimo-
tor (ys) axons which increase the static sensitivity of
the primary and secondary endings. Secondary end-
ings are much less sensitive to vibration than pri-
mary endings, but human secondary endings may
respond to vibration as it must be applied in intact
human volunteers (see Chapter 3, p. 130).

Group II afferents

Group II afferents have axons of 4-12 pm diameter
and conduction velocities of 24-72 m s~! in the cat
(though some group II afferents conduct at higher
velocities). In muscle nerves, most arise from spin-
dle secondary endings and their electrical threshold
is about twice that of Ia afferents. Their conduction
velocityissignificantly slowerinhumans thanin cats,
buttheratios found for conduction velocity and elec-
trical threshold of group I1/1a afferents are probably
similar in the two species (cf. p. 303). Calculations of
the synaptic linkage from latency measurements in
spinal neurones must take into account that conduc-
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tion in secondary spindle afferents may slow down
more than in Ia afferents within the spinal cord, and
this can add up to 1.2 ms to the central conduction
time (see Schomburg, 1990).

Synaptic linkage

Monosynaptic excitatory projections

A monosynaptic excitatory projection from sec-
ondary spindle afferents to homonymous motoneu-
rones has been demonstrated in thoracic and tri-
ceps surae motoneurones (Kirkwood & Sears, 1975;
Stauffer et al., 1976). However, the monosynaptic
connections from group Il muscle afferents are weak,
and the major effects from secondary spindle affer-
ents on motoneurones are exerted via interneu-
ronal pathways (Lundberg, Malmgren & Schomburg,
1977). The most direct linkage in both excitatory and
inhibitory interneuronal pathways is disynaptic (see
below, and Fig. 7.1(a), (b)).

Group II interneurones

Interneurones on which group II afferents synapse
have been found in two main locations: in the dor-
sal horn (laminae IV-V) and in the intermediate
zone/ventral horn (laminae VI-VIII). Only the inter-
mediate zone interneurones synapse on ipsilateral
motoneurones and are, accordingly, referred to
as ‘group II interneurones’ in the following (see
Jankowska, 1992). Because their concentration is
particularly high in midlumbar (L3-L4-L5) seg-
ments, where they constitute a major component
of the ventromedial lumbar propriospinal system
(see Chapter 10, p. 491), they are also referred to
as ‘lumbar propriospinal neurones’ in the following
(Fig. 7.1(a), (b)). However, many group II interneu-
rones have also been found caudal to L6 (Cavallari &
Pettersson, 1991; Riddell & Hadian, 2000). Finally,
more ventrally located interneurones with group II
input appear to be primarily commissural interneu-
rones which synapse with contralateral motoneu-
rones (Jankowska, Slawinska & Hammar, 2002).
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Fig. 7.1. Wiring diagram of the connections of group II pathways. (@), (b) In this and subsequent figures, excitatory synapses are
represented by Y-shaped bars and inhibitory synapses by small filled circles, excitatory interneurones by open circles and inhibitory
interneurones by filled circles, group II afferents by dotted lines, Ia afferents by dashed lines, cutaneous and joint afferents by thin
dotted lines. (a) Projections of group II afferents originating from a muscle spindle secondary ending of an extensor muscle have
weak homonymous monosynaptic projections, disynaptic excitatory and inhibitory projections on homonymous a motoneurones
(MN), and disynaptic excitatory projections on a MNs of flexors (inhibitory projections on flexor MNs have been omitted).
Projections on y MNs of flexors ar