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Presynaptic inhibition of monosynaptic reflexes in the
lower limbs of subjects with upper motoneuron
disease
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SUMMARY Presynaptic inhibition of muscle spindle Ta afferents by group I afferents from the same
and other muscles has been studied in the lower limbs of subjects with upper motoneuron lesions.
The experiments utilised conditioning of soleus test monosynaptic reflexes during controlled volun-
tary contraction. The protocol was designed to isolate presynaptic inhibition from postsynaptic
components. The relation between estimate of inhibition and test reflex amplitude was examined.
The subjects showed less inhibition than controls at all levels of voluntary torque investigated
(< 15 Nm). Two thirds had weak inhibition which did not show the decrease during muscle
contraction characteristic of controls. The degree of difference from the normal situation correlated
with severity of the clinical sign (weakness of voluntary ankle flexion).

In normal human subjects, vibration of the soleus
muscle, which strongly excites muscle spindle
afferents, inhibits soleus monosynaptic reflexes. This
action is generally regarded as resulting from an auto-
genetic presynaptic inhibition of the soleus muscle
spindle la afferents which are responsible for the
reflex. There have been several reports that vibration
has little effect on reflexes in subjects having upper
motoneuron lesions and spasticity in the lower
limbs.1`4 The conclusion drawn from this work is
that presynaptic inhibition of Ia afferents by group I
afferents is reduced with upper motoneuron lesions.
This change could contribute to the production of
exaggerated stretch reflexes.
Almost all of these experiments have utilised soleus

test monosynaptic reflexes, conditioned by soleus
vibration, in subjects at rest. Such experiments are
difficult or impossible to interpret quantitatively, for
several reasons. First, and most importantly, a change
in the action of vibration on monosynaptic reflex
amplitude in the diseased state could result from alter-
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ation of other excitatory or inhibitory pathways to the
test motoneurons, either as well as, or instead of
changes in presynaptic inhibition. Even experiments
in which reflexes are tested just after a period of
vibration4 could include long lasting postsynaptic
effects. In these cases it cannot be excluded that
changes in spinal pathways other than those of pre-
synaptic inhibition are involved. Second, vibration of
soleus itself could alter the amplitude of the test
afferent volley, thus producing quantitatively mis-
leading results. This is particularly likely when the
reflex is induced mechanically because vibration is
known to increase muscle spindle responses to stretch.
Third, presynaptic inhibition has been found to
weaken during contraction of the test muscle in nor-
mal subjects.5 Given that it may be difficult to relax
fully the muscles of spastic subjects,6 7 there is a pos-
sibility that the reduced inhibition found in them at
"rest", could, in fact, result from small unintended
contractions. Fourth, many examples of inhibition
when examined by reflex testing appear weaker when
the test reflex is very large.8 Since soleus H reflexes are
known to be enhanced in spasticity,9 this factor could
lead to an apparent reduction in presynaptic
inhibition in those subjects even if transmission of the
inhibitory action in the spinal cord was actually
unchanged. Fifth, presynaptic inhibition can also be
produced by vibration of muscles other than the test
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muscle.5 Changes in these inhibitory pathways could
contribute to spasticity.
We have reinvestigated presynaptic inhibition in

subjects with upper motoneuron lesions using experi-
mental methods designed to avoid some of these
difficulties of interpretation and in particular to try to
isolate presynaptic inhibition. Subjects were studied
both at rest (for comparison with most published
work) and also during voluntary soleus contractions
at constant torque. Inhibitory action under these con-
ditions should be largely presynaptic. This can be
illustrated by the following example. When a condi-
tioning vibration of muscle is applied during volun-
tary contraction any postsynaptic actions of afferents
excited by vibration will lead to a change in the firing
of soleus motoneurons and thus of torque. The sub-
ject will compensate by a change of effort and thus of
descending control, restoring torque to its previous
value and at the same time restoring the soleus
motoneuron pool to its original state. If the reflex
discharge of that soleus motoneuron pool to a mono-

synaptic input is smaller during vibration a pre-

synaptic mechanism must be active. Since experiments
were performed both at rest and during controlled
muscle contraction inadequate relaxation could not
influence all of the results. Test reflex amplitude was

deliberately varied in order to check for influence on
the estimates of inhibition. Conditioning stimuli were
obtained from several different muscles. A brief
account of some of this work has been published.'0.

Subjects and methods

A total of 17 subjects with upper motoneuron lesions attend-
ing Oxford Hospitals were studied with their informed con-
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sent. The experimental protocols were approved by the
Oxford AHA Sector Ethics Committee and by the patients'
physicians.

Subjects with upper motoneuron lesions and spasticity
affecting one or both legs were selected, regardless of
aetiology. However, since we wished to study inhibition dur-
ing controlled voluntary contraction, only subjects with
some degree of power and voluntary control were appropri-
ate. All were able to walk at least a few steps. The experi-
mental group was thus highly selected. Even so, three sub-
jects proved upon examination to be unsuited to further
study. This was due either to weakness, or to vigorous clonus
induced by muscle vibration. This left an experimental group
of 14 subjects (nine male: five female) whose clinical details
are summarised in the table. They are identified by initials
here and in the Results section, and by unique symbols in the
figures.

Clinical assessment of spasticity (on a scale from 0: normal
tone to 4: very severe spasticity"1) and muscle power (MRC
scale; 0: no contraction to 5: normal power) was made before
the experiments commenced. The description of clonus (Y:
present, N: absent) refers to clonus following forced ankle
dorsiflexion during clinical examination. Some subjects
classified as lacking clonus nevertheless developed it in
response to muscle vibration.

Subject AS was investigated both before and two weeks
after an operation for relief ofcord compression. Subjects LI
and PB were reinvestigated about 3 years after the original
study.
Only one subject was receiving drugs to relieve spasticity

during the investigation (PB: diazepam, 2mg bd on the first
occasion; diazepam 2mg and baclofen 10mg bd on the sec-

ond).
Data from a group of twelve normal subjects used in

earlier investigations were available for comparison. How-
ever, all of these subjects were young adults (age < 38 years).
Since our spastic subjects ranged in age from 29 to 73 years,
and there is evidence that presynaptic inhibition varies with
age,2 we decided to extend the control group's age distribu-

Table Clinical details of spastic subjects

Subject and Sex Age Duration of Spasticity Power (flexion) Clonus Aetiology Limb
graph symbols (yr) symptom used

R L Ankle Knee R L

R L R L

LS A M 47 > I month 0 3 5 5 5 4 N N Cervical spondylosis L
SK * F 50 3 month 0 2 5 5 5 4 N Y Cervical spondylosis L
LM V F 58 1-5 year 0 3 5 5 5 5 Y Y Cervical spondylosis L
AS pre- + M 52 25 year 2 1 4 5 4 5 Y N D9 cord compression R

post op. x I 0 4 5 4 5 Y N R+L
MG 0 M 29 5 year 2 2 5 5 5 5 Y Y Multiple sclerosis R
MW 0 F 39 3 year 2 0 4 5 4 5 N N Multiple sclerosis R+L
JR A M 45 9 year 2 3 4 0 4 3 Y Y Multiple sclerosis L
LI O M 61 2 year 2 1 4 5 4 5 N N Multiple sclerosis R

64 5 year 2 1 4 5 4 5 N N L
PR 0 F 57 > I year 2 0 4 5 4 5 N N Meningioma R
RML v M 55 9 day 0 1 5 3 5 4 N N Stroke L
PB * M 58 5 year 0 1 5 3 5 4 N N Stroke L

61 7 year 0 1 5 3 5 4 N N L
JB F] M 61 8 year 3 0 0 5 4 5 Y N Stroke R
OP * F 73 3 week 1 0 3 5 4 5 N N Stroke R
BM M 40 2 year 2 0 4 5 4 5 N N Cerebral anoxia R
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tion. For this purpose four older normal adult subjects (41
to 73 years) were recruited.

Test monosynaptic reflexes (H reflexes) were elicited in the
soleus muscle by electrical stimulation of the tibial nerve at
frequencies close to 02 Hz. Except when reflex amplitude
was explicitly studied the test reflexes were sub-maximal. The
subjects were studied both at rest and during voluntary iso-
metric contractions of soleus at predetermined levels of plan-
tar flexion torque. Ankle and knee angles were maintained at
1000 and 120° respectively. The reflex was recorded with
surface EMG electrodes over soleus.

Presynaptic inhibition was studied by conditioning the
reflex. Conditioning was obtained by maintained vibration
of gastrocnemius-soleus, tibialis anterior, quadriceps or
biceps femoris muscles using a physiotherapy vibrator
(100 Hz, 0 5-1 mm peak to peak amplitude) placed on the
muscle belly. A series of 16 test reflexes was rectified, aver-
aged and integrated; followed by 16 conditioned reflexes.
The effect of the conditioning stimulus is expressed in the
form conditioned reflex amplitude as a percentage of the test
reflex (C/T %).

In some spastic subjects it was not possible to make a
complete investigation. This was usually because muscle
vibration (particularly of tibialis anterior, though the stimu-
lus could be cutaneous rather than proprioceptive7), set off
clonus in soleus. Sometimes this could be prevented by small
adjustments ofankle angle about the standard 1000 position,
by applying a brief plantar flexing force after each reflex, or
by applying the vibrator for only a second or two before each
reflex was elicited. In some subjects soleus could not be
studied at rest because vibration consistently set up a tonic
vibration reflex (TVR). We discarded all data where a TVR
was observed.

Results

Reflexes conditioned by muscle vibration
(1) Normal subjects and spastic subjects indistinguish-
able from normal In normal subjects, autogenetic
presynaptic inhibition of the soleus H reflex, produced
by vibration of gastrocnemius-soleus, declines slightly
during progressively stronger voluntary plantar
flexions. This is illustrated in fig lb. On the ordinate
the conditioning action ofvibration is expressed in the
form conditioned reflex amplitude as a percentage of
the control (C/T %, zero is maximum inhibition,
100% is no inhibition). Plantar flexion torque is plot-
ted along the abscissa. Inhibition produced by
vibration of the antagonist muscle, tibialis anterior, is
stronger, but declines more markedly with plantar
flexion (fig la).
Two spastic subjects, MG and MW, showed

inhibitory actions indistinguishable from the normal
group. These patients had moderate spasticity but
little weakness (resulting from multiple sclerosis in
both cases). A third slightly spastic subject with a
cerebral lesion also had a normal level of inhibition
(BM, see fig 4).

All other spastic subjects provided results that were
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Fig 1 The effects of vibration of tibialis anterior (a) and
gastrocnemius-soleus (b) on the soleus Hreflex at different
levels of voluntary plantarflexion. Ordinate: conditioned
reflex as a percentage of test reflex amplitude (C/T/o).
Abscissa: plantarflexion torque. 0 = young adult normal
subjects. E = older adult normal subjects. For other
symbols see table (both right and left legs were studiedfor
subject MW).

different from normal. For ease of description they
have been divided into two further groups. However,
there is probably a continuous range from apparently
normal to grossly altered and the whole group has
been used for statistical analysis (see below).

(2) Spastic subjects with weak inhibition, reduced
during contraction In these three subjects the
strength of inhibition was less than normal but
declined during plantar flexion, just as in the control
group. This was most clearly seen when vibration of
tibialis anterior was used as the conditioning stimulus.
These effects are illustrated in fig 2. In this figure (and
in fig 3) the cross hatched areas indicate ranges of
inhibitory strength that include more than 90% of the
data points from normal subjects. The subjects show-
ing these modest changes in presynaptic inhibition
had slight to moderate spasticity and none had severe
weakness.
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Fig 2 The effects of vibrating tibialis anterior (a) and
gastrocnemius-soleus (b) on the soleus Hreflex of three
spastic subjects. Note that the right leg ofsubjectAS was

examined both before and after a decompressive lami-
nectomy.

(3) Spastic subjects with very weak inhibition, either
unchanged or increased during contraction These
nine spastic subjects were furthest removed from the
control group, in that the strength ofinhibition at rest,
or during weak soleus contractions, was very low. In
some cases inhibition increased slightly during stron-
ger voluntary plantar flexions (fig 3).

This group included all five subjects with severe
weakness of ankle dorsiflexion and all four with severe
spasticity. One subject (AS) appears in this group
after having had a decompressive cervical lami-
nectomy; data from before the operation are included

155 10
Torque (Nm)

Fig 3 The effects of vibrating tibialis anterior and
gastrocnemius-soleus on the soleus Hreflex ofnine spastic
subjects. Note that the data for subject AS are for the left
leg after a decompressive laminectomy.

in the previous group. His condition was clinically
little changed. In subject LI we investigated the effects
of vibration of other muscles. Vibration of quadriceps
produced no inhibition. Vibration of biceps femoris
produced very little in comparison with normal sub-
jects.5

Statistical analysis
The Mann-Whitney U test'2 was applied to the esti-
mates of inhibition for the set of spastic subjects com-
pared to the sample of control subjects. Because
inhibition was related to voluntary torque the data
was divided into six sets of pairs in three ranges of
torque (0 < low torque < 5 Nm, 5 < medium torque
< 10 Nm and 10 < high torque < 15 Nm; each for
both soleus and tibialis anterior conditioning
vibration). Data obtained at rest were not used
because this could include postsynaptic inhibition.

Inhibition produced by tibialis anterior vibration
was weaker in spastic subjects compared with normal
ones at all three torque levels (p < 0 002, p < 0-01,
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Fig 4 Estimates ofpresynaptic inhibition of the soleus Hreflex from vibration ofgastrocnemius-soleus in three spastic
subjects at rest. The test reflex amplitude was deliberately varied over the widest possible range by adjustment of the
strength of the test stimulus to the tibial nerve. The amplitude of the conditioned reflex (expressed as a percentage of the
maximal direct muscle response recorded in soleus with supramaximal stimulation) has been plotted (ordinate) against test
reflex amplitude (abscissa). The usual estimates of inhibition (CI) are given by the regression lines. (a) subjects PB (*)

and BM (0): the regression lines have been fitted through the origin and all data points except those for the largest
reflexes. Note that subject BM has a normal level of inhibition, in PB it is much reduced. Substantial inhibition was still
present when BM made a small plantar flexion. (b) subject LI ( 0): the regression line has been fitted through the origin
and all of the data points.

p = 0-12 for low, medium and high torques
respectively; two tailed tests). In the case of vibration
of soleus itself inhibition was also weaker in spastic
subjects but not significantly (p = 0-1, p = 0-2, p =
0.2).
The relationship between strength of inhibition and

severity of symptoms within the spastic group was

analysed by the Spearmann rank correlation
coefficient."2 The data set for inhibition resulting
from tibialis anterior vibration at medium torque
were used because this included most subjects (only
LS, JB and BM were absent). Presynaptic inhibition
of the soleus reflex was significantly associated with
the power of ankle dorsiflexion (r, = 0 52 corrected
for ties, p = 0 04, one tailed test). There was no

significant association with the clinical assessment of
spasticity.

Test reflex amplitude and strength of inhibition
A retrospective analysis of the data described above
did not suggest that the estimates of inhibition were
related to reflex amplitude: subject LM showed a clear

increase in test reflex amplitude with soleus con-

traction accompanied by a decrease in inhibition, just
as in the control group; subjects LI, JR, PB and JB
also gave larger test reflexes during contraction but
their inhibition remained constant or increased.
For a more direct examination experiments were

performed in which the amplitude of the test reflex
was changed by controlling the size of the stimulus to
the tibial nerve. The test stimulus was adjusted to
produce the largest possible range of reflex ampli-
tudes, which were expressed relative to the maximal
direct muscle response recorded from soleus during
supramaximal stimulation of the tibial nerve. The
reflexes were conditioned by soleus vibration. Plots of
conditioned versus test reflex amplitude are illustrated
in fig4. Subjects BM and PB both produced test
reflexes up to maximal amplitude. For subject PB the
effect of soleus vibration was very small for all sizes of
reflex. For subject BM inhibition was powerful but the
estimate of it was smaller with the largest test reflex.
Subject LI only produced small reflexes, all of which
were weakly inhibited.
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Discussion

The strength ofpresynaptic inhibition in spastic subjects
The experiments using soleus vibration as condi-
tioning stimulus suggest, in agreement with earlier
reports, that autogenetic inhibition of soleus Ia
afferents is reduced in many subjects with upper
motoneuron lesions and spasticity. Furthermore,
there appears to be a relationship between loss of
inhibition and the severity of weakness (cf. ref. 13
though this data obtained at rest could include post-
synaptic actions). In this respect it should be remem-
bered that our experimental group of subjects was
selected for retention of some voluntary control of
plantar flexion and thus was representative of only the
less severe end of the clinical range. There was no clear
correlation with aetiology. The reduction in inhibition
involved both the autogenetic pathway and also
actions from other muscles (cf. ref. 14 though their
data could include postsynaptic actions). This sug-
gests that the pathways from various muscles may
converge at an interneuronal level before producing
presynaptic inhibition (as in the cat, 1 salthough auto-
genetic actions seem to be very weak in this species).
The fact that inhibition was weak in comparison with
controls even during soleus contraction strongly sug-
gests reduction in a presynaptic component of
inhibition. The reduced significance of the difference
between spastic and control groups found at high
torques would be anticipated because presynaptic
inhibition is reduced during contraction in normal
subjects. The behaviour of spastic and control groups
converges during strong voluntary contraction.
Changes in postsynaptic components could con-
tribute to effects seen at rest.
A number ofobjections to this interpretation can be

discounted. First, since the reduction in inhibition
compared with control subjects was seen both at rest
and during weak voluntary plantar flexion, it is
unlikely that an inability tofully relax the soleus mus-
cle fully leads to an incorrect overall conclusion. In
normal subjects, presynaptic inhibition of soleus Ia
afferents declines during contraction and we have con-
cluded that descending control is mainly responsible
for this inverse relation between presynaptic
inhibition and plantar flexion torque.5 If this is cor-
rect, strength ofinhibition may be most closely related
to voluntary effort. The reduced inhibition seen dur-
ing plantar flexion in weak spastic subjects might,
then, simply result from an increased effort made to
achieve the same torque. This is unlikely, however, to
introduce a significant distortion because most spastic
subjects showed reduced inhibition during small con-
tractions, and not all were weak. We were unable to
ask the subjects to perform contractions in both lower
limbs with matched efforts and to measure torque on
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the contralateral side because many had bilateral
deficits (even with unilateral lesions: cf. ref. 16). For
the same reason we were not able to use the con-
tralateral side as a control.

Second, the differences between spastic and normal
subjects could result from reduced sensitivity of mus-
cle spindles to vibration. There is no evidence for
reduced spindle sensitivity,'7 and tonic vibration
reflexes could often be elicited at rest. This objection
is also countered by the reduced inhibition that has
been seen when electrical stimulation of the common
peroneal nerve is used to condition the reflex.'8

Third, the differences could involve postsynaptic
actions. However, presynaptic components of
inhibition should have been favoured by the fact that
we performed the experiments during soleus con-
traction (see above). In normal subjects presynaptic
inhibition of soleus reflexes can be produced by
vibration ofmost muscles in the lower limb.5 All these
pathways were diminished in action in spastic sub-
jects. This total pattern of change again suggests that
reduced presynaptic inhibition rather than changes in
postsynaptic actions is responsible.
A fourth possible objection is that the estimate of

inhibition from vibration is related to the size of the
test reflex which differs between spastic and normal
subjects. A reduction ofinhibition was found with one
of the weakly spastic subjects in the present group
(subject BM, fig 4) when the test H-reflex involved
discharge of a high proportion of the motoneuron
pool. However, inhibition in this subject still fell
within the normal range for all amplitudes of test
reflex. In two other spastic subjects the inhibition was
below normal for all amplitudes of test reflex.
Although reflex size did not in practice alter the con-
clusions drawn from experiments in these three cases
it is clear that the large reflexes often found in spastic
subjects9 could lead to falsely low estimates of pre-
synaptic inhibitory action.
A final objection is that the spastic group were older

than many of the controls and that presynaptic
inhibition declines with age.2 In our small group,
studied both at rest and during contraction, there was
no clear effect of age and all but three spastic subjects
had less inhibition than similarly aged controls.

Overall, a reduction in the strength of presynaptic
inhibition in subjects with upper motoneuron disease
does appear to be the simplest explanation for the
results described here.

Modulation ofpresynaptic inhibition during contraction
in spastic subjects
Some spastic subjects exhibited presynaptic inhibition
that reduced during active plantar flexion, just as in
controls. More of them showed no change, or even a
slight increase. Variation was also found by Pierrot-
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Deseilligny'and Lacert16 when investigating the soleus
H reflex depression that occurs in normal subjects
before contraction of the antagonist. This depression
results in part from enhanced presynaptic inhibition.
The phenomenon was absent in spastic subjects with
lesions of the cerebral hemispheres, but present in
subjects with sub-cortical lesions. It is possibly
significant that all ofour cerebral stroke patients came
in the category which showed no decrease of
inhibition during soleus contraction.
A slight increase in presynaptic inhibition, which

was observed in some subjects, could, in the absence
of descending control, result from spatial summation
of group I afferents activated by the isometric con-
traction with the conditioning input (cf. ref. 19).

The mechanism ofcontrol ofIapresynaptic inhibition in
normal and spastic subjects
In two thirds of our spastic subjects, the decline in
soleus Ta presynaptic inhibition during contraction,
which is characteristic of the normal situation, was
absent. A simple explanation for this phenomenon
would be damage to a descending system which
inhibits the spinal pathway of presynaptic inhibition.
In the cat, stimulation of the contralateral red nucleus
or pyramidal tract, or ipsilateral reticular formation
all inhibit Ta presynaptic inhibition.20 Two
descending pathways are particularly important for
this effect: the rubrospinal tract and the ventral retic-
ulospinal system.2' In the case of the rubrospinal
tract, the inhibition ofpresynaptic inhibition is known
to converge with peripheral, flexor reflex afferent
actions22 on the first order interneuron in the tri-
synaptic pathway of presynaptic inhibition.20 In con-
trast, the ventral reticulospinal system operates inde-
pendently on the last order interneuron. We have
obtained some evidence for actions from flexor reflex
afferents on Ia presynaptic inhibition in man but there
is no indication as to which level ofdescending control
might be most important in human voluntary iso-
metric contractions; (it should be noted that the rub-
rospinal tract may be rudimentary in man23).

If the only descending controls were inhibitory we
would expect the consequence of lesions to these sys-
tems to be a release of presynaptic inhibition at the
segmental level. This appears to be the situation in the
acutely spinal man24 25 (though changes in post-
synaptic actions could be present in these experi-
ments). However, the long term condition in most
spastic subjects, with cerebral or partial spinal lesions,
is reduced inhibition. This could result from damage
to pathways that facilitate presynaptic inhibition. In
the cat, stimulation of the median longitudinal fascic-
ulus, medial and descending vestibular nuclei, con-
tralateral fastigial nucleus and, rarely, sensorimotor
cortex all produce primary afferent depolarisation in
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flexor and extensor Ia afferents.26 Although some of
these actions could partly involve inhibition of the
previously mentioned descending inhibitory path-
ways, there are clearly several candidates for
excitatory control. It is likely that the distributed
nature of the descending controls of presynaptic
inhibition explains the rather variable reactions of
spastic subjects in this respect, particularly where the
lesions are subcortical.

Contribution of reduced Ia presynaptic inhibition to
spasticity
Loss of this component of inhibition could make some
contribution to the exaggerated stretch reflexes of
lower limb extensor muscles in spasticity. However,
three of our subjects showing spasticity appeared to
have a normal level of inhibition and control, sug-
gesting that other factors play an important part. Fur-
thermore, there was no significant (inverse) cor-
relation between spasticity and strength of
presynaptic inhibition in our spastic group.

Loss of the powerful presynaptic inhibition directed
from flexor muscles to extensors could contribute to
the reduced reciprocal innervation which character-
ises spasticity.7 This would be manifest in the lower
limb as a lack of suppression of extensor stretch
reflexes during voluntary flexion movement. Such a
conclusion is supported by the significant correlation
we have found between presynaptic inhibition and
strength of ankle dorsiflexion in the spastic subjects.
Any reduction in postsynaptic reciprocal inhibition
would also contribute to reduced reciprocal -inner-
vation. There is evidence from the upper limb that
stretch reflexes in spastic antagonists may indeed
impair fast voluntary movements.27

We thank Professor WB Matthews and Drs C Davis,
RCD Greenhall, N Hyman and J Oxbury for allowing
us to perform the investigations on their patients.
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