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Abstract Experiments were done in cats decerebrated
at the precollicular postmammillary level to determine
how a tonic increase of presynaptic inhibition of the in-
traspinal terminals of muscle spindle afferents changes
the mechanical properties of the soleus stretch reflex
(s.r.). Baclofen, a specific GABAy receptor agonist,
was injected i.v. (1-2 mg/kg) so as to induce a tonic in-
crease in presynaptic inhibition. The effects of baclofen
on the stiffness and threshold of the s.r. were deter-
mined, respectively, from plots of stiffness vs back-
ground force and force vs length (Iength-tension plot).
Baclofen, at these doses, had no effect on the excita-
tion-contraction coupling properties of muscle or on the
intrinsic stiffness-force relation. Changes of the soleus
background force, required to obtain the stiffness vs
force plots, were produced by stimulation of the contra-
lateral common peroneal nerve or the posterior tibial
nerve and occasionally by electrical stimulation in the
area of the red nucleus. The stiffness of the s.r. as a
function of the background force level was determined
by stretching the muscle with a square pulse of 1-2 mm
amplitude and 200-300 ms duration. The stiffness at
each force level was calculated by dividing the change
in force by the change in length, at a point where the
force trace had stabilized. The length-tension relation
of the s.r. was determined by stretching the muscle
12-17 mm at a constant rate of 1-2 mm/s. At all force
levels, baclofen produced a significant decrease (40%
or more) in the s.r. stiffness, within 10-15 min of injec-
tion as determined from the stiffness-force plots. The
length-tension plots revealed that the decrease of s.r.
stiffness was always accompanied by an increase in the
s.r. threshold (typically 2-3 mm). It is suggested, there-
fore, that the s.r. threshold is not an independent vari-
able, depending on the membrane potential of the o-
motoneurons, and additionally on the level of presynap-
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tic inhibition of the muscle spindle afferent terminals.
The present results also imply that it may be possible
for the CNS to adaptively modify the s.r. stiffness via
presynaptic inhibition of the intraspinal terminals of
muscle afferents. However, any such change of s.r. stiff-
ness will be accompanied by a change in the s.1. thresh-
old.
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Introduction

The stretch reflex has been studied for at least 70 years
(Liddell and Sherrington 1924), but what may be one of
the most important mechanisms responsible for its regu-
lation, presynaptic inhibition of the muscle spindle affer-
ent terminals in the spinal cord (Eccles 1964), has only
begun to be studied at the functional level in humans
(e.g., Meunier and Pierrot-Deseilligny 1989; Lavoie et
al. 1993). In animals, most studies of presynaptic inhibi-
tion have been involved with identifying the pathways
which can produce presynaptic inhibition and the ionic
mechanisms involved (see reviews by Bormann 1988;
Rudomin 1990). A particularly important outcome of
this work was the finding that presynaptic inhibition of
muscle afferent terminals is mediated by specific inter-
neuronal pathways (Eccles et al. 1962; Rudomin 1990;
Jankowska 1992). However, the mechanical consequenc-
es of a change of presynaptic inhibition of muscle affer-
ent terminals has not been investigated. The control of
stretch reflex parameters (threshold and stiffness) is
clearly the “raison d’étre” of presynaptic inhibition in
the stretch reflex. How presynaptic inhibition affects
these parameters is not known. In fact, as commented
upon by Matthews (1972), presynaptic inhibitory mecha-
nisms have not, in general, been incorporated into the
ideas of how the spinal cord controls movements precise-
ly because of a lack of quantitative measures of its ef-
fects.
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We previously suggested that the purpose of presyn-
aptic inhibition in the stretch reflex pathway was to al-
low for a change in the gain of the latter, independently
of the level of recruitment of the o-motoneuron pool
(Capaday and Stein 1986, 1987a, 1989). A change of the
central gain of the stretch reflex produced by a change of
presynaptic inhibition implies that the stiffness of the
stretch reflex must change. The stretch reflex would
therefore generate proportionately more or less tension
per unit change of muscle length, depending on the level
of presynaptic inhibition. Thus, control of the level of
presynaptic inhibition would allow for the adaptive con-
trol of the mechanical impedance at a single joint. The
relation between length and tension of a muscle under
stretch reflex control is reasonably linear (Granit 1958;
Matthews 1959a). Thus, two parameters characterize the
stretch reflex when studied in the length-tension space,
the threshold (x-intercept) and the stiffness (slope). How
these parameters are controlled by the CNS during pos-
ture and movement is central to current theories of motor
control (see for example, Houk and Rymer 1981; Ber-
kinblit et al. 1986). Three important mechanisms govern-
ing the stretch reflex input-output properties have been
investigated: the effects of the fusimotor system (Mat-
thews 1959b), reciprocal disynaptic inhibition (Matthews
1959b), and activation of descending motor pathways
(Feldman and Orlovsky 1972). In all three cases, the ma-
jor effect was a change of the threshold of the stretch re-
flex. These observations have led some researchers to
suggest that the CNS cannot change the stiffness of the
stretch reflex independently of the level of motor output
(reviewed by Houk and Rymer 1981; Berkinblit et al.
1986; but see also Pompeiano 1960; Henatsch et al.
1976; Nichols and Steeves 1986).

In order to investigate the possible effects of presyn-
aptic inhibition of muscle afferents on the stretch reflex
parameters we have used the pharmacological agent ba-
clofen (Lioresal). This compound is a specific GABAy
receptor agonist and is known to increase the level of
presynaptic inhibition of primary afferent terminals in
the spinal cord (Edwards et al. 1989; Peng and Frank
1989a,b; Jiménez et al. 1991). Baclofen has no effect on
intrinsic membrane properties or on the resting mem-
brane potential of o-motoneurons, and presumably Y-
motoneurons (Edwards et al. 1989). It is preferable to
GABA, agonists such as muscimol because these may,
in addition to increasing presynaptic inhibition, also de-
crease the amplitude of the action potential invading the
la-terminals and produce postsynaptic inhibitory effects
in the motoneurons (Peng and Frank 1989a,b). It should
be noted, however, that GABAy receptors have been sug-
gested not to mediate the presynaptic inhibition pro-
duced by segmental pathways (Stuart and Redman
1991). In any case, baclofen appears to be an ideal phar-
macological agent for tonically increasing presynaptic
inhibition of the intraspinal terminals of muscle spindle
afferents and thus allow for measurements of the me-
chanical consequences on the actions of the stretch re-
flex. The use of such a drug to induce a tonic increase of

presynaptic inhibition, rather than the more usual electri-
cal activation of physiological pathways involved in pre-
synaptic inhibition (Eccles 1964), is clearly simpler as
well as appropriate for an initial steady-state analysis of
the problem.

The present paper summarizes the effects of baclofen
on the stretch reflex of decerebrate cats, studied in the
length-tension space (Matthews 1959a,b) and the stiff-
ness-force space (Hoffer and Andreassen 1981). An ab-
stract of the present results was recently published
(Capaday 1994).

Methods

Surgical protocol and preparation

This study was conducted in accordance with the guidelines of the
council of the American Physiological Society. Data were ob-
tained from 17 cats weighing between 2.5 and 3.5 kg. The animals
were decerebrated at the precollicular postmammillary level. The
surgical procedures were done under halothane anesthesia, which
was discontinued after decerebration. The trachea was exposed
and intubated. A canula was inserted in the right carotid artery for
recording the blood pressure; the left carotid artery was doubly li-
gated. A cannula was also inserted into one of the external jugular
veins to inject baclofen (1-6 mg/kg) and various solutions re-
quired for maintenance of the animal. Typically, 1 mg of dexa-
methasone was injected about 20 min prior to decerebration in or-
der to minimize swelling of the brainstem. Immediately following
decerebration, 10 ml 5% glucose in physiological saline was in-
jected. An additional 5 ml of this solution was given every 2 h
throughout the course of the experiments. If the blood pressure
was lower than 60 mmHg, 5-10 ml of dextran (a plasma volume
expander) was also given. All injected solutions had their pH ad-
justed to 7.4.

The triceps surae muscle group in the left hindleg was dissect-
ed free of the surrounding tissues. The soleus muscle was separat-
ed from the lateral gastrocnemius muscle up to its origin of inser-
tion on the tibial bone. A small piece of the calcaneum was left at-
tached to the soleus tendon and a double length of no. 2 silk suture
material was tied around the tendon near the site of attachment to
the calcaneum. Two Teflon-coated, multistranded, stainless steel
wires were inserted into the soleus muscle about 2 cm apart, distal
to the entry of the soleus nerve. The left leg was extensively den-
ervated except for the nerves to the lateral gastrocnemius and so-
leus. The nerve to the lateral gastrocnemius was usually left intact
because we found, as has been noted by others (e.g., Matthews
1972), that this resulted in stronger stretch reflex responses in the
soleus. A pool was made with the skin flaps of the leg and filled
with paraffin oil so as to cover the soleus and all the tissues of the
leg. The separation of the lateral gastrocnemius from the soleus
and the insulation properties of the paraffin oil insured that the
electromyographic recordings (EMG) in the soleus (Matthews
1959a) were free of cross-talk.

Cuft electrodes used for stimulation, or recording, were placed
on the left sciatic nerve and the anterior portion of the left tibial
nerve. On the right side, cuff electrodes were placed on the com-
mon peroneal nerve and the posterior tibial nerve (i.e., distal to the
popliteal fossa). The nerves were stimulated with 200-us square
wave pulses delivered through stimulus isolation units.

Measurements of stretch reflex parameters

A static length-tension curve of the soleus stretch reflex was ob-
tained by slowly stretching the muscle at a constant rate of
1-2 mm/s, by up to 1417 mm beyond the reflex threshold, and
measuring the resulting increase in tension as a function of the



change in length (Granit 1958; Matthews 1959a,b). From such
plots, the static stiffness (measured in N/mm as the A force/A
length) and threshold (measured in mm) of the stretch reflex were
determined after a least-mean-squares linear fit to the data points.
These measurements are quite sensitive to changes in the streich
reflex threshold as noted by previous authors (e.g., Matthews
1959a,b; Feldman and Orlovsky 1972). The straight line fits to the
length-tension values nearly always accounted for at least 80% of
the total variance of the data (i.e., r=0.9).

At the outset, we reasoned that these measurements may not be
the most sensitive for revealing the effects of presynaptic inhibi-
tion on the stretch reflex stiffness. The stiffness of the stretch re-
flex seems to be weakly dependent on the initial muscle length
and is much more dependent on the initial muscle force (Hoffer
and Andreassen 1981). Therefore, in addition to the static length-
tension measurements, dynamic stiffness-force measurements
were also done. The soleus muscle was stretched by a square pulse
of 1-2 mm amplitude and 200-300 ms duration and the change in
force measured at a point where the force trace stabilized to a con-
stant level (see Fig. 4), as was done previously by Hoffer and An-
dreassen (1981). The stiffness was plotted as a function of the
mean background force measured 50 ms before the stretch. These
experiments provided measurements of what may be termed the
“dynamic stiffness” of the stretch reflex over nearly the whole
range of recruitment of the o-motoneuron pool, and thus of mus-
cle force output.

Experimental protocol

The soleus tendon was attached to a linear strain gauge transducer
mounted on the coil of a DC motor. The motion of the coil (arma-
ture) was translational. The DC motor was controlled by an analog
position control system. The stiffness of the position control sys-
tem was 27 N/mm and the damping factor was set to obtain a criti-
cally damped step response. The force, length, and EMG activity
of the soleus muscle were digitized at a sampling rate of 2000
samples/s and analyzed in real time on a 386 PC. The data was
also simultaneously recorded on VCR tape for further analysis,
when required.

Variations of the level of soleus force were produced by stimu-
lation of the contralateral (right) common peroneal nerve or the
posterior tibial nerve at a strength of 2-7 times the motor thresh-
old; the stimulus rate was 25-70 stimuli/s. Stimulation of these
nerves produce the classic crossed-extensor reflex, with flexion of
the ipsilateral leg and extension of the contralateral one (Creed et
al. 1932). In some experiments, stimulation in the area of the red
nucleus (1 mm rostral and 2-3 mm lateral to the superior collicu-
lus, 6-8 mm in depth), using stimuli of 200 ps duration and an in-
tensity of 10-100 pA delivered through an isolated constant cur-
rent unit, was also used to produce changing levels of soleus mo-
tor output (Hoffer and Andreassen 1981). The reader is referred to
previous publications for typical records of soleus force output
during the crossed-extensor reflex (e.g., Hoffer and Andreassen
1981; Capaday and Stein 1989). Stimulation of the posterior tibial
nerve usually produced stronger and more sustained crossed ex-
tensor reflexes than stimulation of the common peroneal nerve, it
also usually produced larger force outputs than stimulation of the
brainstem.

Data reduction and analysis

For the length-tension measurements, the computer program gen-
erated the command ramp signal (velocity:1-2 mm/s, ampli-
tude:14—17 mm), sampled the muscle force at every 1 mm length
increment, and displayed the results graphically on the video
screen. The least-mean-squares line was fitted to the acquired data
points immediately after the end of the ramp stretch. This feature
insured that the length-tension measurements were in fact repro-
ducible from moment to moment in a given experimental situation.
Only data points whose force value (y-value) exceeded the rms
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noise level (approximately 0.01 N) of the force transducer were in-
cluded in the data set used for fitting the least-mean-squares line.
The threshold and stiffness of the stretch reflex were determined
from, respectively, the x-intercept and the slope of the fitted line.
In all cases, the length-tension relation of the passive elastic com-
ponents of the soleus muscle was subtracted. The latter was deter-
mined at the end of the experiment after the tibial nerve was cut.
The contribution of the passive elastic component was usually
rather small over the range of stretch amplitudes used, and its
threshold well beyond that of the stretch reflex.

The data for the stiffness-force measurements were also ac-
quired in real time. The initial data reduction consisted of averag-
ing together responses to muscle stretch that occurred at nearly the
same background force. The force range of the soleus was divided
into force bins. Typically 20 force bins, with a bin size of 1 N,
were used. In addition, there was always an extra force bin into
which responses at zero background force were stored. The com-
puter program measured the background force level from a 50-ms
time segment prior to the stretch. The calculated background force
value was used to determine in which force bin the force, rectified
EMG, and unrectified EMG responses should be stored. All re-
sponses in the same force bin (typically in increments of 1 N)
were averaged together. Thus, responses were sorted out as a func-
tion of the background force level at the time of the stretch. From
this sorted data, the stiffness of the stretch reflex as a function of
the background force was measured (see Fig. 4).

The intrinsic stiffness of the soleus muscle as a function of the
background force was measured as previously described (Nichols
and Houk 1976; Hoffer and Andreassen 1981). At the end of each
experiment, the tibial nerve was cut above the nerve cuff and stim-
ulated at various constant rates ranging from 12 to 40 Hz. At these
rates, the soleus produces fused tetanic contractions upon which
were superimposed the same stretches used in the reflex experi-
ments. The data were sorted and analyzed as described above.

Results

Three main sets of observations are described in this sec-
tion. Firstly, it is shown that baclofen has no effect on the
process of excitation-contraction coupling, nor on the in-
trinsic relation between stiffness and force. Secondly, the
effects of baclofen on the stretch reflex threshold and
stiffness, measured in the length-tension space, are de-
scribed. The section ends with a description of how the
stiffness-force relation of a muscle under stretch reflex
control is modified following the injection of baclofen.

In order to attribute the effects of baclofen on the me-
chanical properties of the stretch reflex as being due to
its action(s) on the CNS, it is necessary to verify that it
has no significant effects on intrinsic neuromuscular
properties. Indeed, the process of excitation-contraction
coupling in muscle is not affected by baclofen. The rela-
tion between the mean rectified EMG and force (Fig. 1),
which is approximately linear, remains the same after in-
jection of baclofen, at least over the range of doses used
in the present experiments (1-6 mg/kg). The maximum
twitch tension and M-wave responses can also be used to
confirm this point. It can be seen in the two records at
the bottom of Fig. 1 that neither the maximum twitch nor
the maximum M-wave is affected by baclofen. In addi-
tion, the intrinsic stiffness-force relation of the muscle is
not modified (Fig. 1).

Two examples of length-tension plots of the soleus
muscle under stretch reflex control are shown in Fig. 2.
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Fig. 1 Baclofen has no effect on excitation-contraction coupling
and the intrinsic stiffness-force properties of muscle. The EMG vs
force plot (top) and the maximum twitch-tension measurements
(bottom two graphs) show that the process of excitation-contrac-
tion coupling in muscle is not affected by baclofen. The data
points of the EMG vs force plot were obtained during a crossed-
extensor reflex. The mean rectified (Rect) EMG was measured
over a 50-ms period preceding the measurement of the force value.
In addition, although not surprising, the intrinsic relation between
stiffness and force (middle) is also not modified by baclofen

The data were obtained by slowly stretching the soleus
muscle at a constant velocity (2 mm/s) and recording the
tension at increments of 1 mm. Any force contribution
from the passive elastic components of the muscle was
subtracted from the total force at the corresponding
length. The graphs thus show the active muscle force as
a function of the stretch amplitude. The static stiffness
(slope of the relation) and the threshold (x-intercept) of
the stretch reflex are readily apparent in these graphs. In
cat16, the soleus muscle was tonically active prior to the
beginning of the stretch, whereas in cat29 it was quies-
cent but very near the reflex threshold. The stretch reflex
threshold increased typically by 2-4 mm within 5 min

following the injection of baclofen and was always ac-
companied by a decrease in stiffness. The examples
shown in Fig. 2 are the final steady state length-tension
plots following injection of 1 mg baclofen/kg. The final
steady state values of the threshold and stiffness were
usually attained within 30-40 min of the injection. Typi-
cally, the stiffness was decreased by 40-60% at this
dose. Further injections of baclofen (e.g., an extra
1 mg/kg) lead to the complete inhibition of the tonic
stretch reflex.

The most salient feature of the length-tension plots
following baclofen injection was that the increase of the
stretch reflex threshold was always accompanied by a
decrease in its stiffness. The graphs shown in Fig. 3 pres-
ent further details on this point. The length-tension plot
at the bottom of the figure shows the changes of the tonic
stretch reflex characteristics, as a function of time fol-
lowing the injection of 1 mg baclofen/kg. The reproduc-
ibility of the control length-tension relation is exempli-
fied by superimposing two control curves obtained 5 min
apart (Fig. 3, Catrl 1 and Cntrl 2). Following the injec-
tion of baclofen, the threshold increases and the stiffness
decreases until they reach their final steady state value,
after some 4045 min. Summary graphs showing the re-
lation between the stiffness and threshold are shown at
the top of Fig. 3. The negative threshold values shown in
these graphs, indicating that there was tonic activity in
the muscle prior to stretching, are extrapolated from the
best fitting least-mean-squares line. They only serve as
an expedient, stressing that the decreased stretch reflex
stiffness following baclofen was associated with a in-
creased threshold. All the data points obtained after ad-
ministration of baclofen lie below and to the right of the
control values. These graphs also summarize the well
know fact that under control conditions the stiffness is
nearly constant and independent of the threshold (Mat-
thews 1959a,b). What is new in the present experiments
is that baclofen activated a central neural mechanism ca-
pable of decreasing the stretch reflex stiffness, but not.
without also increasing the threshold. However, as can
be deduced from the stiffness vs threshold graphs in
Fig. 3, there probably is a transition zone along the
threshold axis. Thus, large thresholds under control con-
ditions, which indicate that the membrane potential of
the motoneurons is relatively hyperpolarized, can be
similar to those obtained soon after the injection of ba-
clofen in circumstances were the motoneurons are rela-
tively closer to threshold. What is clear, is that starting
from a stable set of initial control conditions (e.g., Fig. 3
Cntrl 1 and Cntrl 2), baclofen will decrease the stiffness
and increase the threshold of the stretch reflex relative to
these initial conditions.

The tonic stretch reflex measurements described
above were also complemented with so called “dynamic”
measurements (Hoffer and Andreassen 1981) using
small (1 mm) rapid length increments lasting 200-
300 ms (Fig. 4). These length perturbations were applied
at different force levels produced by the crossed-extensor
reflex, or stimulation of the brainstem in the area of the
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red nucleus (Hoffer and Andreassen 1981). In this way, a
measure of the “dynamic” stiffness of the stretch reflex
as a function of the background force could be deter-
mined and presented as stiffness-force plots (Fig. 5). The
main reason for making these measurements was to de-
termine whether the reduction of the stretch reflex stiff-
ness produced by baclofen occurred over the whole
range of force levels, thus insuring that the increased ex-
citatory synaptic drive of the motoneurons could not
counteract the inhibitory effects of baclofen (see Capa-
day and Stein 1989). If this were so, then two conclu-
sions could be made from such an observation. Firstly,
baclofen is likely to have an action presynaptic to the
motoneurons, because if its only action were on the
motoneurons (e.g., membrane hyperpolarization, intrin-
sic conductance changes, etc.) this can be offset by in-
creasing the excitatory drive to the motoneurons (Capa-
day and Stein 1989; see also Hultborn et al. 1987). Fur-
thermore, from a functional point of view, a reduction of
the contribution of the stretch reflex to the total muscle
stiffness, at all force levels, would provide further empir-
ical evidence for suggesting the existence of a neural

8 9 10 11 12 13 14 15 16 17 18

Stretch (mm)
| Cntrl X Bac+ 30min

mechanism which may be capable of adaptive control of
muscle stiffness.

Typical responses to small muscle stretches are shown
in Fig. 4. In this example, there is a small (0.5 N) active
background force prior to the stretch. The initial re-
sponse to stretch, a sharp force transient, is due partly to
inertial forces and partly to the short range elasticity of
active muscle (Rack and Westbury 1974; Houk and
Rymer 1981). The initial force transient is followed by a
delayed and slower, twitch-like, increase of force due to
the reflex EMG burst. A pause of activity always follows
the large reflex burst and the tonic EMG activity resumes
at a slightly higher level than the background prior to the
stretch (Fig. 4). It is rather obvious that since the reflex
force response is dynamic so too is the stiffness of the
muscle during the course of the length perturbation. The
stiffness may be measured anywhere along the reflex
force response. We have followed the convention of Hof-
fer and Andreassen (1981) and measured the stiffness at
a point where the force transient had stabilized (steady
state), marked with the symbol “ss” in Fig. 4. In addi-
tion, the stiffness at the peak of the twitch-like reflex re-
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Fig. 5 Two examples of steady-

state stiffness-force plots of 3
the soleus muscle. The intrinsic
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sponse was also measured. As can be seen in Fig. 4, ba-
clofen reduced the peak and steady-state stretch reflex
stiffness.

After injection of baclofen, the reflex EMG burst and
the tonic EMG activity following the burst are reduced,
as is the reflex force response. It should be noted, as
shown in Fig. 4, that the dynamic stiffness-force mea-
surements after the injection of baclofen were done at
the new reflex threshold by stretching the soleus muscle
by the required amount (e.g., by 3 mm in the example of
Fig. 4). The reflex threshold was determined from
length-tension plots obtained just prior to beginning the
stiffness-force measurements. These measurements are,
therefore, estimates of stretch reflex stiffness, as such.
That is, they are essentially independent of the increased
stretch reflex threshold due to baclofen.

Two examples of how the stiffness-force relation of
the soleus under control of the stretch reflex is modified
following the injection of baclofen are shown in Fig. 5.
The stiffness measurements shown in Fig. 5 are steady
state values as shown in Fig 4. The relation is well fitted
by a second order polynomial function (inverted parabo-
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la). The underlying reasons of this parabolic profile and
its functional significance have been previously de-
scribed in detail (Hoffer and Andreassen 1981). Baclofen
decreased the contribution of the stretch reflex to the to-
tal muscle stiffness (ss and pk values) at all force levels.
The example at the top of Fig. 5 was the more typical in
that the largest change usually occurred in the range near
the peak of the stiffness-force relation. The stiffness at
the peak of the relation decreased by 25-50% within
30 min following injection of 1 mg baclofen/kg. Injec-
tion of larger dosages of baclofen (e.g., an additional
1-2 mg/kg) would further inhibit not only the stretch
reflex, but also the crossed-extensor reflex, which we
found to be the most effective method to produce varia-
tions of the soleus force over most of its range. There-
fore, the values of the decrease in dynamic stiffness re-
ported in the present experiment, although significant,
are not estimates of the maximum possible decrease
which may be obtained by injections of baclofen. Rather,
they are typical of what may be obtained at doses that
reduce the stretch reflex while also maintaining the
crossed-extensor reflex operational, albeit at a higher
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threshold. Thus, following baclofen, the stimulation
strength necessary to elicit a crossed-extensor reflex of
the same magnitude as in control conditions was always
higher.

Discussion

Two main findings are reported in this paper. Firstly, ba-
clofen produced an increase of the stretch reflex thresh-
old and simultaneously a decrease in its stiffness, as re-
vealed by the length-tension plots. Secondly, baclofen
decreased the stretch reflex dynamic stiffness at all
background force levels, as revealed by the stiffness-
force measurements. There have been a few earlier re-
ports that the stiffness of the stretch reflex can change
under some conditions (Henatsch et al. 1976; Nichols
and Steeves 1986). These changes either occurred spon-
taneously, and thus in no simply reproducible manner
(Henatsch et al. 1976), or were observed in only two of
six animals when the red nucleus was stimulated (Ni-
chols and Steeves 1986). Furthermore, no particular
neural mechanism(s) was ascribed to underlie these
changes. The present results are the first clear demon-
stration that the stiffness of the stretch reflex can be
changed in a reliable and reproducible way. The results
also demonstrate that while it is possible to change the
threshold of the stretch reflex without affecting its stiff-
ness (Matthews 1959a,b; Feldman and Orlovsky 1972),
the converse is not true. Thus, it appears that the stretch
reflex stiffness cannot be changed without also changing
its threshold. In the next section, it will be argued that
the main mechanism responsible for these effects is a
tonic increase of the level of presynaptic inhibition of
the muscle spindle afferent terminals in the spinal cord.
This is followed by a discussion of the functional impli-
cations of the present results for the basic mechanisms
and theories of motor control.

Neural mechanisms underlying the observed effects
of baclofen

It was shown in this study that baclofen does not affect
excitation-contraction coupling, nor the intrinsic stiff-
ness-force relation of muscle {(Fig. 1). It would have been
surprising for the latter relationship to be affected by ba-
clofen, since the two variables are directly related to the
number of attached cross-bridges (e.g., Zajac, 1989). Ba-
clofen does not affect neuromuscular transmission be-
tween o-efferents and extrafusal fibers (Fehr and Bein
1974; Cedarbaum and Schieifer 1990). Presumably,
based on what is known of the o-efferent to extrafusal fi-
ber connection, baclofen should not affect the graded
synaptic potentials produced in bag fibers by activity in
the v-efferents. However, this may require experimental
verification. Finally, it is also known that baclofen does
not affect the transduction mechanism of de-efferented
spindles (Fehr and Bein 1974). Thus, the findings report-

ed in this paper must be predominantly due to a central
action of this drug. Baclofen may produce its effects at
various sites in the remaining CNS structures of the de-
cerebrate cat. The various possibilities, singly or in com-
bination, include the following: presynaptic inhibition of
the intraspinal terminals of the muscle spindle afferents,
effects on the excitability of interneurons in the stretch
reflex pathway (if any), effects on the y-motoneurons, or
effects on the brainstem nuclei contributing to decere-
brate rigidity. As summarized in the Introduction, chang-
es in y-motoneuron activity (Matthews 1959b), activity
in descending motor pathways of the brainstem (Feld-
man and Orlovsky 1972), and postsynaptic inhibition
{Matthews 1959b), have all been reported to have as
their main effect a change in the threshold of the stretch
reflex, while the stiffness remains nearly constant. Thus,
it seems reasonable to suggest that the present findings
(a decrease of the stretch reflex stiffness and the associ-
ated increase of its threshold) are for the most part the
result of baclofen-induced tonic presynaptic inhibition of
the intraspinal terminals of muscle spindle afferents.

Possible inhibitory effects of baclofen on putative ex-
citatory interneurons in the stretch reflex pathway are of
particular interest in the present discussion. Little is
known about putative excitatory interneuronal pathways
contributing to the stretch reflex (Jankowska 1992), and
thus there are as yet no quantitative measurements of the
possible contribution such interneurons may make to the
stretch reflex output (see the reviews by Matthews 1972;
Sypert and Munson 1984). If such pathways do exist,
and contribute substantially to the stretch reflex output,
then the inhibition of these interneurons by baclofen
would have an effect indistinguishable from that of pre-
synaptic inhibition of muscle spindle afferents. In each
case, the increased threshold and decreased stiffness
would result from the recruitment of fewer motor units
per unit length increment. However, it is clear that pre-
synaptic inhibition of muscle afferent terminals do occur
after injection of baclofen. Therefore, notwithstanding
the potential contribution of interneuronal pathways to
the stretch reflex, the length-tension and stiffness-force
measurements are in any case likely to reflect true para-
metric changes produced by presynaptic inhibition. It
will be important to determine the nature of the interneu-
ronal pathways of the stretch reflex and the quantitative
contribution they make to its output, if only because the
stretch reflex is such a basic and integral neural mecha-
nism of motor control.

Functional implications for normal motor control
and spasticity

The main implication of the present results is that pre-
synaptic inhibition of muscle spindle afferents is a poten-
tial neural mechanism that would allow for the adaptive
control of the mechanical impedance at a single joint. In
principle, there are three ways to modify the mechanical
impedance of a controlled system: (1) the inertia or mo-



ment of inertia of the system may be changed, (2) the
damping characteristics may be changed, and (3) its
stiffness characteristics may be changed. At the level of
single joints, the moment of inertia is unchangeable.
Adaptive control of the damping characteristics requires
control of the velocity sensitivity of the primary spindle
afferents. The action of the dynamic y-motoneurons on
the primary spindle afferents is to increase the overall
sensitivity of the receptor to stretch, not its velocity sen-
sitivity per se (Matthews 1981). Finally, as mentioned in
the Introduction, based on the experimental evidence
available at the time (Matthews 1959a,b; Feldman and
Orlovsky 1972; Nichols and Houk 1976) it was suggest-
ed that the stiffness of the stretch reflex may be a regu-
lated but constant parameter (see the reviews by Houk
and Rymer 1981; Berkinblit et al. 1986). Thus, in such a
case, adaptive control of the stiffness at a single joint
would not be possible. Partly as a result of this idea, sev-
eral researchers have suggested that the co-contraction of
antagonistic muscles acting at a joint iS a means by
which the mechanical impedance of a joint can be modi-
fied (e.g., Lacquaniti et al. 1982; Hogan 1984). However,
it is now known that co-contraction increases the stiff-
ness of the joint by no more than 30-50% of that which
can be achieved by maximum activation of the agonist
muscles oniy (Milner and Cloutier 1993). The present re-
sults point to the possibility that the CNS may be capa-
ble of modifying the mechanical impedance at a single
joint, such as the ankle, by controlling the level of pre-
synaptic inhibition of the muscle spindle afferents. For
example, it has been suggested that the stiffness of the
ankle is reduced during walking, independently of the
background force, as a result of an increase of presynap-
tic inhibition of the muscle spindle afferents (Capaday
and Stein 1987a,b; Stein and Capaday 1988). This would
make the ankle more compliant during the stance phase
of walking, thus allowing for the lengthening contraction
of the ankle extensors under the load of the body, with-
out inducing myoclonic contractions as result of a strong
stretch reflex (Houk 1978; Morin et al. 1982; Stein and
Capaday 1988). It should be noted that presynaptic inhi-
bition would have a greater range of control action at low
and moderate force levels than at higher force levels.
This follows from the inverted parabolic relation be-
tween the stretch reflex stiffness and the background
force (Fig. 5), since the stretch reflex contributes pro-
gressively less to the total muscle stiffness as the back-
ground force increases. The relatively low levels of mus-
cle activity in the ankle extensors during walking would
thus be within the range of greatest presynaptic inhibito-
ry control.

A second implication of the present results is that the
threshold of the stretch reflex is not an independent vari-
able, as is for example suggested in the “A-model” of
motor control (see Berkinblit et al. 1986). It depends on
the membrane potential of the o-motoneurons and on the
existing level of presynaptic inhibition of the muscle
spindle afferent terminals. However, not all of the in-
creased stretch reflex threshold observed in the present
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experiments can be attributed to presynaptic inhibition of
muscle spindle afferent terminals. Edwards et al. (1989)
and Jiménez et al. (1991) have shown that baclofen has
some effect on descending pathways in the ventromedial
funiculus. However, these effects are weaker than those
on primary afferent fibers. Nonetheless, since activity in
these descending pathways is partly responsible for the
increased muscle tone of decerebrate rigidity, a reduction
of activity in these pathways will on its own increase the
stretch reflex threshold.

Finally, it would be difficult to ignore the potential
implications of the present results for the understanding
and treatment of spasticity. The action of baclofen on the
stretch reflex of spastic patients has only been deter-
mined by measuring the H-reflex in quiescent conditions
(e.g., Latash et al. 1989). There was no simple reason to
believe that during motor activity, once the threshold of
the stretch reflex was exceeded, that its output would in
fact be decreased by baclofen. The results described in
this paper suggest that this would in fact be the case.
Thus, the intensity of action of the stretch reflex would
be diminished in the spastic patients during motor activi-
ty. The link between threshold and stiffness of the stretch
reflex described in this paper is also relevant to resolving
certain controversies related to what parameters of the
stretch reflex are affected in spasticity. For example,
Powers et al. (1989) have suggested that in spastic pa-
tients it is the stretch reflex threshold which is lowered,
as a result of a more depolarized resting membrane po-
tential of the o-motoneurons. On the other hand, Thil-
mann and colleagues (1991) have suggested that it is the
stretch reflex stiffness which is increased in spastic pa-
tients. Our results imply that the two parameters are
linked such that a change in the stiffness of the stretch
reflex will also be accompanied by a change in its
threshold, but that changes in the threshold without a
change in the stiffness are possible.

There are other potential mechanisms by which the
stretch reflex parameters can be modified. For example,
if changes in the recruitment profile (Kernell and Hult-
born 1990) of the motoneuron pool occur in different
tasks, then the stretch reflex parameters will be automati-
cally modified. Marked changes of the relation between
trans-membrane current and discharge frequency of
motoneurons, which may occur for example during loco-
motion (Brownstone et al. 1992), would also change the
stretch reflex parameters. However, these are neither di-
rect nor independent neural mechanisms specific for the
control of stretch reflex parameters. The findings report-
ed in this paper describe what may be expected if a
change of presynaptic inhibition were to occur during a
motor task. The challenge will be to clearly identify such
tasks and correlate the neurophysiological changes with
the mechanical changes.

Acknowledgements This work was supported by the MRC of
Canada. Charles Capaday is a research scholar of the Fond de la
Recherche en Santé du Québec (FRSQ). The expert and dedicated
technical assistance of Louise Bertrand and Francois Comeau is
gratefully acknowledged.



296

References

Berkinblit MB, Feldman AG, Fukson OI (1986) Adaptability of
innate motor patterns and motor control mechanisms. Behav
Brain Sci 9:585-638

Bormann J (1988) Electrophysiology of GABA, and GABAy, re-
ceptor subtypes. Trends Neurosci 11:112-116

Brownstone RM, Jordan LM, Kriellaars DJ, Noga BR, Shefchyk
SJ (1992) On the regulation of repetitive firing in lumbar
motoneurones during fictive locomotion in the cat. Exp Brain
Res 90:441-455

Capaday C (1994) The effects of a tonic increase of presynaptic
inhibition of muscle spindle afferents on the stretch reflex pa-
rameters of the cat. Soc Neurosci Abstr 20:1583

Capaday C, Stein RB (1986) Variations of reflex parameters and
their implications for the control of movements. Behav Brain
Sci 9:600-601

Capaday C, Stein RB (1987a) A method for simulating the reflex
output of a motoneuron pool. J Neurosci Methods 21:91-104

Capaday C, Stein RB (1987b) Difference in the amplitude of the
human soleus H-reflex during walking and running. J Physiol
(Lond) 392:513-522

Capaday C, Stein RB (1989) The effects of postsynaptic inhibition
on the monosynaptic reflex of the cat at different levels of mo-
toneuron pool activity. Exp Brain Res 77:577-584

Cedarbaum JM, Schleifer LS (1990) Drugs for Parkinsons’s dis-
ease, spasticity, and acute muscle spasms. In: Goodman Gilman
A, Rall TW, Nies AS, Taylor P (eds) The pharmacological ba-
sis of therapeutics. Pergamon Press, New York, pp 463-484

Creed RSD, Denny-Brown D, Eccles JC, Liddell EGT, Sher-
rington C (1932) Reflex activity of the spinal cord. Oxford
University Press, New York

Eccles JC (1964) The physiology of synapses. Academic Press,
New York

Eccles JC, Kostyuk PG, Schmidt RF (1962) Central pathways re-
sponsible for depolarization of primary afferent fibers. J Phy-
siol (Lond) 161:258-281

Edwards FR, Harrison PJ, Jack JJB, Kullmann DM (1989) Reduc-
tion by baclofen of monosynaptic EPSPs in lumbosacral moto-
neurones of the anaesthetized cat. J Physiol (Lond) 416:
539-556

Fehr HU, Bein HJ (1974) Site of action of a new muscle relaxant
(baclofen, Lioresal, Ciba 34 647-Ba). J Int Med Res 2:36-47

Feldman AG, Orlovsky GN (1972) The influence of different de-
scending systems on the tonic stretch reflex of the cat. Exp
Neurol 37:481-494

Granit R (1958) Neuromuscular interaction in postural tone of the
cat’s isometric soleus muscle. J Physiol (Lond) 143:387-402

Henatsch HD, Student C, Student U, Takano K (1976) Controlled
variations of input-output parameters affecting the active ten-
sion-extension diagram during muscle stretch. Prog Brain Res
44:403-412

Hoffer JA, Andreassen S (1981) Regulation of soleus muscle stiff-
ness in premammillary cats: intrinsic and reflex components. J
Neurophysiol 45:267-285

Hogan NJ (1984) Adaptive control of mechanical impedance by
coactivation of antagonist muscles. IEEE Trans Automat Contr
29:681-690

Houk JC (1978) Participation of reflex mechanisms and reaction
time processess in the compensatory adjustments to mechani-
cal disturbances. In: Desmedt JE (ed) Cerebral motor control
in man: long loop mechanisms. Karger, Basel, pp 193-215

Houk JC, Rymer WZ (1981) Neural control of muscle length and
tension. In: Brooks VB (ed) The nervous system, vol II, Motor
control. American Physiological Society, Bethesda, pp 257-233

Hultborn H, Meunier S, Morin C, Pierrot-Deseilligny E (1987)
Assessing changes in presynaptic inhibition of Ia fibres: a
study in man and the cat. J Physiol (Lond) 389:729-756

Jankowska E (1992) Interneuronal relay in spinal pathways from
proprioceptors. Prog Neurobiology 38:335-378

Jiménez I, Rudomin P, Enriquez M (1991) Differential effects of
(—)baclofen on Ia and descending monosynaptic EPSPs. Exp
Brain Res 85:103-113

Kernell D, Hultborn H (1990) Synaptic effects on recruitment
gain: a mechanism of importance for the input-output relations
of motoneurone pools. Brain Res 507:176-179

Lacquaniti F, Licata F, Soechting JF (1982) The mechanical be-
havior of the human forearm in response to transient perturba-
tions. Biol Cybern 44:35-46

Latash ML, Penn RD, Corcos DM, Gottlieb GL (1989) Short_term
effects of intrathecal baclofen in spasticity. Exp Neurol 103:
165_172

Lavoie BA, Capaday C, Comeaun F (1993) Presynaptic inhibition
of Ia-afferent terminals during standing and walking in hu-
mans. Soc Neurosci Abstr 19:538

Liddell EGT and Sherrington C (1924) Reflexes in response to
stretch (myotatic reflexes). Proc R Soc Lond [Biol] 96:
212-242

Matthews PBC (1959a) The dependence of tension upon extension
in the stretch reflex of the soleus muscle of the decerebrate
cat. J Physiol (Lond) 147:521-546

Matthews PBC (1959b) A study of certain factors influencing the
stretch reflex of the decerebrate cat. J Physiol (Lond) 147:
547-564

Matthews PBC (1972) Mammalian muscle receptors and their
central actions. Arnold, London

Matthews PBC (1981) Evolving views on the internal operation
and functional role of the muscle spindle. J Physiol (Lond)
320:1-30

Meunier S, Pierrot-Deseilligny E (1989) Gating of the afferent
volley of the monosynaptic stretch reflex during movement in
man. J Physiol (Lond) 419:753-763

Milner TE, Cloutier C (1993) Compensation for load instability:
limits of joint stiffness. Soc Neurosci Abstr 19:992

Morin C, Katz R, Mazigeres L, Pierrot-Deseilligny E (1982) Com-
parison of soleus H-reflex facilitation at the onset of soleus
contractions produced voluntarily and during the stance phase
of human gait. Neurosci Lett 33:47-53

Nichols TR, Houk JC (1976) Improvement in linearity and regula-
tion of stiffness that results from actions of the stretch reflex. J
Neurophysiol 39:119-142

Nichols TR, Steeves JD (1986) Resetting of resultant stiffness in
ankle flexor and extensor muscles in the decerebrate cat. Exp
Brain Res 62:401-410

Peng YY, Frank E (1989a) Activation of GABAj receptors causes
presynaptic inhibition at synapses between muscle spindle
afferents and motoneurons in the spinal cord of bullfrogs. J
Neurosci 9:1502-1515

Peng YY, Frank E (1989b) Activation of GABA , receptors causes
presynaptic and postsynaptic inhibition at synapses between
muscle spindle afferents and motoneurons in the spinal cord of
bullfrogs. J Neurosci 9:1516-1522

Pompeiano O (1960) Alpha types of release studied in tension-ex-
tension diagrams from cat’s forelimb triceps muscle. Arch Ttal
Biol 98:92-117

Powers RK, Campbell DL, Rymer WZ (1989) Stretch reflex dy-
namics in spastic elbow flexor muscles. Ann Neurol 25:32-42

Rack PMH, Westbury DR (1974) The short range stiffness of ac-
tive mammalian muscle and its effect on mechanical proper-
ties. J Physiol (Lond) 240:331-350

Rudomin P (1990) Presynaptic inhibition of muscle spindle and
tendon organ afferents in the mammalian spinal cord. Trends
Neurosci 13:499-506

Stein RB, Capaday C (1988) The modulation of human reflexes
during functional motor tasks. Trends Neurosci. 11:328-332

Stuart GJ, Redman SJ (1991) The role of GABA , and GABA re-
ceptors in presynaptic inhibition of Ia EPSPs in cat spinal
cord. J Physiol (Lond) 447:675-992

Sypert GW, Munson JB (1984) Excitatory synapses. In: Davidoff
RE (ed) Handbook of the spinal cord, vol 1, Physiology. De-
kker, New York, pp 315-384

Thilmann AF, Fellows SJ, Garms E (1991) The mechanism of
spastic muscle hypertonus. Brain 114:233-244

Zajac FE (1989) Muscle and tendon: properties, models, scaling,
and application to biomechanics and motor control. Crit Rev
Biomed Eng 17:359-411



