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Abstract

We recently suggested that movement-related inter-joint muscle synergies are recruited by selected excitation and selected release
from inhibition of cortical points. Here we asked whether a similar cortical mechanism operates in the functional linking of antagonistic
muscles. To this end experiments were done on ketamine-anesthetized cats. Intracortical microstimulation (ICMS) and intramuscular
electromyographic recordings were used to find and characterize wrist, elbow and shoulder antagonistic motor cortical points.
Simultaneous ICMS applied at two cortical points, each evoking activity in one of a pair of antagonistic muscles, produced
co-contraction of antagonistic muscle pairs. However, we found an obvious asymmetry in the strength of reciprocal inhibition; it was
always significantly stronger on physiological extensors than flexors. Following intravenous injection of a single bolus of strychnine, a
cortical point at which only a physiological flexor was previously activated also elicited simultaneous activation of its antagonist. This
demonstrates that antagonistic corticospinal neurons are closely grouped, or intermingled. To test whether releasing a cortical point
from inhibition allows it to be functionally linked with an antagonistic cortical point, one of three GABA, receptor antagonists,
bicuculline, gabazine or picrotoxin, was injected iontophoretically at one cortical point while stimulation was applied to an antagonistic
cortical point. This coupling always resulted in co-contraction of the represented antagonistic muscles. Thus, antagonistic motor
cortical points are linked by excitatory intracortical connections held in check by local GABAergic inhibition, with reciprocal inhibition
occurring at the spinal level. Importantly, the asymmetry of cortically mediated reciprocal inhibition would appear significantly to bias
muscle maps obtained by ICMS in favor of physiological flexors.

Introduction

During voluntary movements and postural adjustments co-contraction
of antagonistic muscles is a key mechanism for increasing joint
stiffness and damping, thereby increasing mechanical stability
(Humphrey & Reed, 1983; Milner ef al., 1995; Milner & Cloutier,
1998). The fundamental neural mechanism controlling antagonistic
muscles is reciprocal inhibition as defined by Sherrington (1913) —
relaxation of the antagonist muscle during activity of the agonist.
Reciprocal inhibition is mediated, at least in part, by a disynaptic
circuit in the spinal cord that is subject to several supraspinal as well
as segmental modulatory mechanisms (reviewed by Jankowska,
1992). In the cat, interneurons of reciprocal inhibition can be
activated directly by corticospinal terminals and indirectly by C3—C4
propriospinal neurons (Alstermark & Lundberg, 1992). Here we use
the term reciprocal inhibition in the functional sense defined by
Sherrington. Synergies between antagonists include simple patterns of
reciprocal activation, co-contractions, triphasic activation patterns and
complex synergies such as during finger movements (Hoffman &
Strick, 1986; Doemges & Rack, 1992; Schieber, 1995). Fist clenching
is a common example of a synergy involving co-contraction of wrist
extensor muscles with the finger flexors. Co-contractions of antago-
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nists occur in other tasks such as writing, painting and wrestling and
can occur at various times during a movement. For example, during a
ball catching, flexor and extensor muscles at the wrist and elbow are
co-activated in an anticipatory manner shortly before impact of the
ball with the hand and reflexively thereafter (Lacquaniti & Maioli,
1987). Milner (2002) has shown that agonist—antagonist co-activation
is used to stabilize the wrist in response to different types of
destabilizing loads. Interestingly, co-contraction of antagonists can
occur in early or late parts of a movement. Moreover, the level of co-
contraction can be constant or declining to counteract load instabil-
ities. It has also been suggested that co-contraction of antagonists is
involved in the initial phase of motor learning (Humphrey & Reed,
1983; Milner & Cloutier, 1993) and in task-dependent adaptations of
limb impedance (Burdet et al., 2001).

The existence of neural mechanisms involved in the differential
control of antagonistic muscles is apparent from the above consider-
ations of coordination patterns and the reported task-dependent
differences in the strength of reciprocal inhibition (see Lavoie et al.,
1997). However, little is known about the cortical mechanisms
controlling antagonistic muscles. In a previous study we showed that
motor cortical points controlling antagonistic muscles are connected
by intrinsic horizontal collaterals and suggested that they are likely to
be part of the neural substrates involved in the complex coordinations
of antagonistic muscles described above (Capaday et al., 1998). The
nature of these connections, such as whether excitatory or inhibitory,
and their physiological role was not determined in that study. More
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recently we showed that motor cortical points controlling muscles
acting at different joints can be functionally linked by focalized release
from inhibition, demonstrating that they are coupled by excitatory
connections held in check by local inhibitory neurons (Schneider
et al., 2002; Capaday, 2004). Here we asked whether a similar
mechanism operates between cortical points controlling antagonistic
muscles. In the course of the experiments, however, we found it
difficult to locate cortical points controlling physiological extensor
muscles. Furthermore, we noted an obvious asymmetry of cortically
evoked reciprocal inhibition, being much stronger on physiological
extensors than flexors. We thus reasoned that the difficulty in finding
cortical points controlling physiological extensors may be due to a
masking of their response to the corticospinal volley by the cortically
evoked, spinally mediated, reciprocal inhibition. Consequently, we
reduced the efficacy of spinal inhibition by intravenous (i.v.) injections
of strychnine and found that responses in physiological extensors were
readily evoked from the same cortical point that previously evoked
only a flexor response. Thus, corticospinal neurons controlling flexors
and extensors appear to be closely grouped or even intermingled. The
asymmetry of cortically evoked, spinally mediated, reciprocal inhibi-
tion would appear significantly to bias muscle maps obtained by
intracortical microstimulation in favor of physiological flexors.

Materials and methods

Experiments were performed on 13 adult cats (12 males and one female)
weighting between 3.5 and 5.5 kg. The study was approved by the
Comité de protection des animaux de I’Université Laval and conformed to
the procedures outlined in the Guide for the Care and Use of Laboratory
Animals published by the Canadian Council for Animal Protection.

Animal preparation

Details on surgical procedures, electrophysiological methods and
homeostatic measures used in the present study can be found in
previous reports from this laboratory (e.g. Capaday et al., 1998;
Schneider ez al., 2001, 2002; Ethier et al., 2006). Briefly, the animals
were anesthetized with an intramuscular injection of ketamine
(33 mg/kg) and xylazine (1 mg/kg). Once the surgical procedures
terminated, a perfusion pump was connected to a cannula in the femoral
vein and a steady flow of anesthetic (10-30 mg/h ketamine, depending
on the animal) was delivered throughout the experiment. The animal’s
temperature was maintained near 37 °C by a heating blanket wrapped
around the animal’s trunk and by an overhead heat lamp. The blood
pressure was maintained at about 100 mmHg. A long skin incision was
made to expose the muscles of the left forelimb and shoulder. A pair of
multi-stranded, stainless steel wires, separated by approximately
1.5 cm, was inserted in the following pairs of antagonistic muscles:
the flexor digitorum profondus (FDP), the extensor digitorium commu-
nis (EDC), the palmarus longus and flexor carpi radialis (PL/FCR), the
extensor carpi radialis (ECR), the brachialis (Br) and the lateral head of
the triceps (TriLat), the clavobrachialis (CIBr) and the latissimus dorsi
(LD). Recordings were also made in the spinodeltoid (SpD), the
brachioradialis (Brad) and pectoralis minor (PM). The electromyo-
graphic (EMG) signals were amplified by a factor of 1000, high pass
filtered at 20 Hz, rectified, and low pass filtered at 1000Hz.

Microstimulation

Stainless steel microelectrodes ranging in impedance from 0.5 to
1 MQ were used to microstimulate the motor cortex (area 4y).
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Constant current stimulus trains of 50-ms duration were delivered
randomly at intervals between 2.5 and 7 s in layer V of the right
motor cortex. The duration of single stimulus pulses was 200 ps and
the stimulus rate was 333 Hz. Two microelectrodes were used to
explore the motor cortex and locate antagonistic motor cortical
points. The horizontal interelectrode spacing between the antagonis-
tic motor cortical points we studied was between 1.75 and 4 mm.
Threshold values for eliciting an EMG response were typically
between 10 and 20 pA. Selected motor cortical points were
stimulated at different current intensities to characterize their motor
output. Stimulus currents never exceeded 80 pA. The same range of
intensities was also used in different combinations to stimulate two
cortical points simultaneously. This allowed us to compare responses
to separate and simultaneous activation of two antagonistic motor
cortical points.

Analysis of evoked EMG activity

The microstimulation evoked EMG activity was sampled at 2 kHz by
a Power 1401 interface controlled by Signal (Cambridge Electronic
Design, Cambridge, UK). The duration of the sampled sweeps was
800 ms, including a 100-ms prestimulus period. Typically eight
sweeps were sampled, stored on hard disk and averaged in real-time.
The integral of the rectified evoked EMG activity was determined for
each muscle. Any background EMG activity preceding the stimulus
was subtracted. These EMG integrals were used to quantify reciprocal
inhibition and to compare EMG activity evoked by separate and
simultaneous microstimulation of two antagonistic cortical points.
Additionally, reciprocal inhibition of ongoing activity was quantified
by taking the difference between the mean value of the EMG activity
prior to the cortical stimulus (i.e. the background activity) and the
mean value during the period of inhibition (Capaday et al., 1990).
Measured in this way, the amount of inhibition is a linear function of
the background level of motor activity, with a zero y-intercept
(Capaday et al., 1990).

Local disinhibition of cortical points

Local GABAergic synaptic transmission was reduced at one of two
antagonistic motor cortical points by iontophoretic ejection of GABA
antagonists. We used two GABA, competitive antagonists, bicucul-
line methochloride (BIC) and gabazine. Picrotoxin, a GABA, non-
competitive antagonist, was also used. Bicuculline methochloride
(Tocris) and gabazine (SR-95531, Tocris) were used at a concentration
of 10 mM and picrotoxin (Tocris) was used at a concentration of
5 mM. All drugs were dissolved in distilled water (pH 6.6, 4 and 3.7
for bicuculline, gabazine and picrotoxin, respectively) and ejected
from micropipettes having tip diameters of about 2-3 pm with
positive DC current ranging between 80 and 150 nA. A retaining
100-nA DC current of opposite polarity was used to prevent unwanted
diffusion from the pipette. Gabazine is a specific GABA, receptor
antagonist; whereas bicuculline may also block calcium-activated
potassium SK channels (Seutin & Johnson, 1999; Pflieger et al.,
2002). However, the results obtained with both drugs and with
picrotoxin were similar as has been previously reported (e.g. Holdefer
et al., 2005; Ethier et al., 2006). The effects of the GABA , antagonists
appeared within a minute, or less, of the start of iontophoretic ejection.
Total ejection time never exceeded 3 min. Bicuculline and picrotoxin
effects proved to be reversible after about 1 h (Schneider ez al., 2002),
whereas those of gabazine where protracted, lasting several hours
(Ethier et al., 2006).
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Experimental procedures

After determining the stimulus response characteristics of a pair of
antagonistic cortical points separately, the two points were microsti-
mulated simultaneously over the same range of current intensities used
to characterize each point on its own. The 3-D Cartesian coordinates
of the two motor cortical points was then noted and one of the
microelectrodes was removed and replaced by an iontophoretic
micropipette. Thus, one cortical point was microstimulated while the
other was disinhibited by iontophoretic ejection of a GABA,
antagonist. To reduce the efficacy of inhibitory synapses in the spinal
cord, the glycine receptor antagonist strychnine was used. As
strychnine has no effect in the cortex (Cooper et al., 2003) and
sectioning of the pyramidal tract abolishes responses to microstimu-
lation over the range of current intensities used in the present
experiment (Armstrong & Drew, 1985), we reasoned that the effects of
strychnine would be due to its actions in the spinal cord. Conse-
quently, in three animals, a bolus of strychnine (0.1 mg/kg) was
injected i.v. following the dose determined by Tribble et al. (1983).
This paper provides a detailed dose-response study of the effects of
strychnine on IPSPs subserving reciprocal inhibition. Responses to
microstimulation were measured every 30 s following injection of
strychnine, for up to 5-10 min. In one animal three boluses were
injected more than 3 h apart to test the effects of microstimulation at
different cortical points.

Results

The results are presented in three parts. In the first section we describe
the microstimulation-evoked response characteristics. We show that,
in the vast majority of cases, cortically evoked activity in a muscle is
accompanied by inhibition of its antagonist. However, there was a
paucity of responses evocable from physiological extensor muscles at
the elbow, wrist and digits. Consequently, finding two cortical points
each evoking activity in one of a pair of antagonists was difficult.
Notwithstanding the difficulty in finding such antagonistic cortical
points, their simultaneous microstimulation evoked a co-contraction
of the antagonistic muscle pair. Similarly, in the second section, we
show that separate antagonistic motor cortical points can be
functionally linked to evoke co-contraction of antagonistic muscles
when one of the points is released from inhibition and microstimu-
lation applied at the other. However, the coupling of antagonistic
motor cortical points by either method resulted in a markedly
asymmetric pattern of reciprocal inhibition, being stronger on
physiological extensors than physiological flexors. We reasoned that
this may explain the paucity of responses obtainable from physio-
logical extensors, as these may be masked by strong inhibition at the
spinal level. To this end, inhibition in spinal networks was reduced
by i.v. injections of strychnine. In the third section we report that in
this condition, stimulation of a cortical point which previously
activated a physiological flexor also evoked a response in physio-
logical extensors, an unmasking effect.

Microstimulation-evoked response characteristics

The most often observed microstimulation-evoked response pattern
was activation of a muscle and inhibition of its antagonist when the
latter was tonically active. This was true whether a single muscle was
recruited, or a small set of synergistic muscles acting at the same or a
different joint. In the example shown in Fig. 1A, the CIBr was
activated by a stimulus of 20 pA. When the LD was stretched by
flexing the arm, it became tonically active (i.e. a tonic stretch reflex).

Combination of LD stretching and microstimulation at 20 pA applied
to the CIBr cortical point produced a clear reduction of the CIBr-
evoked EMG response (compare Fig. 1A, top left and right panels) by
approximately half compared with control (2300 vs. 1200 pV.ms).
Moreover, the evoked EMG response of the CIBr was accompanied by
an inhibition of the ongoing tonic activity in the LD (Fig. 1A, bottom
right panel). These reductions of evoked and ongoing EMG activity
are the signature of reciprocal inhibition. Figure 1B illustrates the
reduction of the microstimulation-evoked EMG activity of a muscle
when its antagonist was tonically stretched (59 observations pooled
across muscles). The evoked responses were reduced by 817 uV.ms
(SEM = 286 nV.ms), or 36.7% of control during stretch of the
antagonistic muscle. A paired #-test indicates a statistically significant
difference between the two conditions (P < 0.0001). The stretch-
evoked tonic activity, as in Fig. 1A, was reduced on average by
15.1 pV (SEM = 2.7 pV), or 52% of the mean background activity
when microstimulation evoked an excitatory response in its antagonist
(Fig. 1C). A paired t-test indicates that the difference is highly
statistically significant (P < 0.0001, n = 60 observations pooled
across muscles).

We specifically looked for points at which microstimulation evoked
co-contraction of antagonistic muscles at threshold (T) or at up to
2.5x T in nine animals. Co-contraction of antagonistic muscles
evoked by stimulation of a single cortical point was rare. The EDC
and FDP were co-activated at 10/81 cortical points (12%) and at 7/81
for the ECR and PL/FCR (8.6%). The triceps were never co-activated
with either the biceps or brachialis (0/71 cortical points). The shoulder
muscles CIBr and LD were co-activated at 21/71 cortical points, or
30% of points. In nearly all cases co-contraction was evoked near
threshold.

Of the 81 cortical points investigated, we found ten pairs of
antagonistic motor cortical points. These ten pairs of points were
used to determine the effects of their separate vs. simultaneous
microstimulation. Figure 2 illustrates an example of separate and
simultaneous microstimulation of two antagonistic cortical points.
Simultaneous microstimulation elicited co-contraction of the two
antagonistic muscles CIBr and LD. This was observed for all ten
pairs of antagonistic motor cortical points studied. The distance
between the antagonistic motor cortical points of the ten pairs
studied was between 1.75 and 4 mm (mean = 2.63 mm,
SD = 0.74 mm). However, as can be seen in Fig. 2, the LD
response was markedly inhibited whereas that of the CIBr was not.
Taking all observations into account, the strength of cortically
evoked reciprocal inhibition between antagonistic muscles was
found to be markedly asymmetric, as summarized in Table 1. Using
paired #-tests, we compared evoked EMG responses obtained by
simultaneous microstimulation of two antagonistic motor cortical
points with those evoked by separate stimuli. We separated
antagonistic muscles at different joints. For the wrist joint, the
physiological flexors ECR and EDC were pooled together and
likewise for the physiological extensors FCR and FDP. The strength
of reciprocal inhibition is significantly stronger on the physiological
extensors FCR and FDP than on physiological flexors ECR and
EDC (Table 1). In fact, there was no inhibition of the wrist/finger
physiological flexors when a wrist/finger physiological extensor
points were stimulated. On the contrary it appears that there was a
statistically significant increase of the wrist/finger flexor responses.
At the shoulder, cortically evoked reciprocal inhibition was stronger
on the LD than on the CIBr, but the effect was not as marked as for
the wrist and fingers (Table 1). We found no cortical points from
which the triceps could be activated, and thus no data were available
for the elbow. Nonetheless, this observation suggests that the
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FIG. 1. (A) Example of intramuscular EMG recordings from two antagonistic muscles (CIBr and LD) following microstimulation of the motor cortex. The dark bar
under the time axes indicates the onset and the duration of the stimulus train. Microstimulation of a cortical point at 20 pA activated the CIBr alone (left panels).
When LD (CIBr antagonist) was tonically activated by muscle stretch (right panels), the CIBr response was decreased. Note also that the evoked CIBr response was
associated with simultaneous inhibition of the LD. Each trace is an average of eight consecutive responses. (B) Box and whisker plot of evoked IEMG activity
when cortical points were stimulated (Control) and when their antagonist was tonically activated by stretch. A paired #test indicated a highly statistically significant
difference between the two conditions as denoted by *** (59 paired values, P < 0.0001). (C) The tonic activity in the stretched antagonistic muscle was also
markedly reduced by cortically mediated reciprocal inhibition following microstimulation of the antagonistic cortical point. The ongoing activity was on average
inhibited by 52% of its mean level measured over a 100-ms time segment before the stimulus. The inhibition of stretched evoked tonic activity was highly

statistically significant (P < 0.0001).

cortically evoked, spinally mediated, reciprocal inhibition of the
triceps must be very strong, as will be taken up further below.

Antagonistic motor cortical points are linked by excitatory
connections

GABA, antagonists were iontophoretically ejected at an identified
motor cortical point and intracortical microstimulation (ICMS)
applied to an antagonistic cortical point. In this condition ICMS
applied at one point evoked a co-contraction of the antagonistic
muscles represented at each point. This result was obtained for all

such paired points (n = 7 pairs). The distance between the
antagonistic cortical points studied in this way was 2-4 mm
(mean = 2.85, SD = 0.7). In the example shown in Fig. 3, ICMS
at one point elicited a response in the CIBr (Fig. 3, left panel). At the
second point, ICMS elicited a response in the LD. When bicuculline
was ejected at the latter point, ICMS of the CIBr point elicited a co-
contraction of the CIBr and LD (Fig. 3, middle panel). As previously
reported (Schneider et al., 2002), the muscle synergy created by
disinhibition did not of necessity depend on augmentation of the
background EMG. Figure 4 illustrates a similar effect for digit
muscles obtained following ejection of gabazine. ICMS of 18 pA at
one point elicited a response in the FDP and ICMS of 24 pA at the
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F1G. 2. Example of the asymmetry of reciprocal inhibition between the shoulder muscles LD and CIBr. (A) Microstimulation of this cortical point at 50 pA
activated the CIBr alone (upper panel) and microstimulation of another cortical point at 50 pA activated the LD alone (lower panel). (B) When the two points were
simultaneously stimulated the LD was markedly inhibited (control = 4337 vs. 1833 uV.ms), whereas the CIBr was not (4118 vs. 5417 uV.ms).

TABLE 1. Average integrated EMG responses to stimulation of antagonistic
cortical points separately and simultaneously

IEMG during IEMG during Paired #-test

separate simultaneous value
stimulation stimulation (and number of
Joint and muscles (UV.ms) (LV.ms) observations)
Wrist
ECR/EDC 1340 + 300 2085 + 317 0.0040** (10)
PL/FDP 3585 £ 697 1333 + 494 0.0116** (14)
Shoulder
LD 2710 + 359 1623 + 130 0.0059** (10)
CIBr 3213 £ 322 3096 + 489 0.7831** (10)

The values are means + SEM obtained from all cortical points studied. Sig-
nificant differences are marked with asterisks. Note that for the ECR/EDC,
while the #-test indicates a significant difference between separate and simul-
taneous stimulation, the response during simultaneous stimulation is larger,
indicating that reciprocal inhibition was ineffective.

other point elicited a response in the EDC (Fig. 4, left and middle
panels). Following gabazine ejection at the FDP point, ICMS of the
EDC point elicited a co-contraction of the EDC and FDP (Fig. 4,
right panel). Qualitatively similar results were obtained with
picrotoxin ejections. However, the effects of picrotoxin proved to
be weaker than those of bicuculline and gabazine (i.e. the responses
resulting from the picrotoxin disinhibited point were smaller). The
latency difference between the microstimulation evoked responses
and those released from the disinhibited cortical points was between
2 and 8 ms (mean = 5.3 ms, SD = 3.1 ms). In summary, local
disinhibition of a cortical point while stimulation was applied to an
antagonistic cortical point produced a co-contraction of antagonistic
muscles. The asymmetry of reciprocal inhibition noted for simulta-
neous microstimulation of wrist points was also observed in the
present condition. The average evoked EMG response in physiolog-
ical wrist flexors was about the same before or during ejection of

bicuculline or gabazine in an antagonistic cortical point (2316 vs.
2748 uV.ms, n = 3 pairs of points). When the GABA, antagonists
where applied at a wrist extensor point, however, the average EMG
response to stimulation of a wrist flexor point was markedly
decreased (6792 vs. 270 pV.ms, n = 1 pair of points). No evidence
of reciprocal inhibition was observed between the shoulder muscles
LD and CIBr during their functional coupling by disinhibition. In
two such experiments bicuculline was ejected at an LD cortical point
and in one at a CIBr point.

Strychnine injection reveals responses in physiological
extensors

As mentioned above it was very difficult to obtain responses from
physiological extensors under the heretofore conditions of the
experiments. However, following i.v. injection of strychnine
(0.1 mg/kg) responses of physiological extensors were unmasked.
Our observations are based on stimulation of five points in three
animals. In all cases the appearance of evoked responses in
physiological extensors was observed near threshold stimuli. In the
example shown in Fig. 5A, stimulation of the cortical point at
20 pA (1.4 x threshold stimulus) elicited a response in the EDC,
ECR, Br and SpD muscles. Within a minute of strychnine injection,
stimulation of the same cortical point at the same intensity elicited a
larger response in these muscles as well as in their antagonists FDP,
PL, TriLat and CIBr, respectively (Fig. 5B). Additionally, a response
appeared in the LD muscle in co-contraction with its antagonist the
CIBr (Fig. 5B). A particularly striking effect of strychnine injection
was the appearance of the very rarely evocable TriLat response.
Thus, points that elicited a Br response prior to strychnine injection
evoked a co-contraction of the Br and its antagonist the TriLat after
strychnine. Close inspection of the EMG responses of the FDP, PL
and TriLat after strychnine injection revealed the continued, albeit
diminished, action of reciprocal inhibition. There was a reduction of
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Fi1G. 3. Example of the effects of disinhibition of a cortical point. Bicuculline was ejected at an LD cortical point and microstimulation applied at a cortical point
eliciting a CIBr response. Stimulation of the CIBr point on its own elicited a response in that muscle only (left panels). Following iontophoretic ejection of
bicuculline, microstimulation of the CIBr cortical point elicited a co-contraction of the CIBr and LD (central panels). The effect was reversed some 45 min after
stopping the iontophoretic current (right panels). The distance between the two cortical points was 2.9 mm.
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F1G. 4. Another example of the effects of disinhibition of a cortical point. Microstimulation of one point at 18 pA activated the FDP alone (leftmost panels) and

microstimulation of another point at 24 pA activated the EDC alone (central panels). Following iontophoretic ejection of gabazine at the FDP point, microstimulation
of the EDC point evoked a co-contraction of the EDC and FDP (rightmost panels). The distance between the two cortical points was 2.3 mm.

the background activity on either side of the FDP response following the peak of activity in their antagonist, the ECR and Br,
temporally coinciding with the evoked activity in the EDC and respectively. These effects are illustrated by thickened grey traces in
ECR. For the PL and TriLat the responses appeared curtailed Fig. 5B.
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FiG. 5. (A) Stimulation of the cortical point at 20 pA elicited a response in the EDC, ECR, Br and SpD muscles. (B) Within a minute of strychnine injection,
stimulation of the same cortical point at the same intensity elicited a larger response in these muscles as well as in their antagonists FDP, PL, TriLat and CIBr,
respectively. Additionally, a response appeared in the LD muscle in co-contraction with its antagonist the CIBr. Further details are given in the text.

Discussion

We have reported two main new findings. First, we demonstrated that
antagonistic motor cortical points can be functionally linked to
produce a co-contraction synergy by focal release of intracortical
inhibition at one of the points. Conversely, reciprocal activation
implies that cortical points of antagonistic muscles must be held in

check by intracortical inhibition. The intrinsic horizontal connections
between antagonistic motor cortical points previously demonstrated
(Capaday et al., 1998) are probably part of the anatomical substrate of
this fine interplay. The results presented here demonstrate that
antagonistic motor cortical points are functionally linked by a neural
circuit similar to that between cortical points representing muscles
acting at different joints (Schneider et al., 2002). Second, incited by
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the paucity of responses evocable from physiological extensors we
found that reducing the strength of inhibition in the spinal cord
unmasked responses of physiological extensors. This observation
demonstrates that microstimulation of a cortical point elicits a volley
in corticospinal fibers of both physiological flexors and extensors,
suggesting that corticospinal neurons to flexors and extensors are
closely grouped, or intermingled. The responses of physiological
extensors are masked by the strong cortically mediated reciprocal
inhibition of physiological flexors on extensors. Reducing the strength
of reciprocal inhibition at the spinal level allows the excitatory
component of the corticospinal volley to physiological extensors to
evoke activity in them. Strychnine may also release from inhibition
excitatory interneurons going to physiological extensor motoneurons
and thus further contribute to their activation.

The asymmetry of cortically mediated reciprocal inhibition has
important implications for mapping studies of the motor cortex, and
their functional interpretation as discussed below. We also discuss the
intracortical neural circuitry and mechanisms suggested by our
findings, as well as the nature of cortical control of antagonistic
muscles.

Neural circuitry and its mechanisms of action

Based on the chart developed by Rank (1975) we estimate that current
spread over a radius of about 500 pm from the tip of each
microelectrode. The spacing between the antagonistic motor cortical
points we studied was always greater than 1.75 mm. Autoradiographic
and electrophysiological experiments have shown that bicuculline
ejected iontophoretically spreads over a radius of about 500—600 pm
from the tip of the micropipette (Jacobs & Donoghue, 1991; Schneider
et al., 2002; Ethier et al., 2006). The minimum distance between the
stimulation microelectrode and the iontophoretic pipette was 2 mm,
sufficiently far apart that disinhibited points were outside the sphere of
microstimulation current. Antagonistic motor cortical points are
known to be interconnected by intrinsic axonal collaterals over
distances of 34 mm (Capaday et al., 1998) and neural activity at a
cortical point can spread over such distances (Baker et al., 1998;
Capaday, 2004; Capaday et al., 2006). Additionally, Schneider et al.
(2001) showed that when excitatory synaptic transmission is blocked
at the disinhibited cortical point, microstimulation at another cortical
point does not result in their functional coupling. We thus conclude
that the functional coupling between antagonistic cortical points we
have observed is due to synaptic connections between them. Local
inhibitory interneurons target all parts of pyramidal cells (see Markram
et al., 2004; Grillner et al., 2005). Schneider et al. (2002) suggested
that local inhibitory neurons attenuate excitatory cortico-cortical
inputs (see their Fig. 7). Inhibition of these local GABAergic neurons
(i.e. local disinhibition) would reduce the gating of excitatory cortico-
cortical inputs and thus lead to the functional coupling of cortical
points representing muscles acting at different joints. We suggest that a
similar mechanism operates during co-contraction of antagonistic
muscles initiated by the motor cortex. Further support for a cortico-
cortical route involved in the coupling of cortical points is based on
the latency difference between the direct microstimulation-evoked
responses and those released from disinhibited points. In this study we
found that the latency difference between these responses was 2—8 ms
(mean = 5.3 ms, SD = 3.1 ms), consistent with an intracortical route.
If the disinhibited cortical point was activated indirectly via, for
example, a cortico-thalamic route, there would be a 15-20-ms latency
difference between the evoked responses (e.g. Deschenes & Hu,
1990).
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By their nature, the disinhibition experiments were done on
spatially distinct antagonistic cortical points. However, as we have
found in this study, corticospinal neurons to flexors and extensors may
be closely grouped, or intermingled. Nonetheless, their functional
coupling during co-contraction may be effected by the local disinhi-
bition mechanism we suggest.

Implications for mapping studies of the motor cortex

We have demonstrated that the strength of the cortically mediated
reciprocal inhibition is asymmetric between antagonistic muscles at
the wrist, elbow and shoulder joints. Such an asymmetry was also
reported by Preston et al. (1967) based on facilitation and inhibition of
monosynaptic reflexes and by Fetz et al. (1989) in the post-spike
effects of wrist muscle cortico-motoneurons. This is of importance for
understanding the nature of motor cortical maps that have been
reported and the simplified interpretations derived from these maps,
namely that the cat motor cortex excites forelimb physiological flexors
and inhibits physiological extensors, or that in the baboon the motor
cortex excites forelimb extensors and inhibits flexors (e.g. Preston
et al., 1967). A direct interpretation of this hypothesis implies that, for
example, in baboons the motor cortex would control extension of the
forelimb to reach for a food morsel, but that the subsequent flexion
movement to bring the morsel to its mouth would be mediated by a
different part of the CNS. We suggest that a too literal interpretation of
these otherwise sound data does not represent the true nature of motor
cortical control. Preston et al. (1967) insightfully interpreted the strong
cortical inhibition of physiological extensors as part of a mechanism to
arrest the tonic anti-gravity activity which occurs during standing
postures, but not that motor cortical control has a unidirectional bias.
Indeed, recent studies have shown that both types of movements can
be elicited by microstimulation of the simian motor cortex and this
from the same cortical point (Graziano ef al., 2002, 2004). We suggest
that this can be explained by changes in spinal neural circuit
excitability produced by stretch reflex feedback, the associated
reciprocal inhibition and the close grouping or intermingling of the
corticospinal neurons. That cortical points controlling antagonistic
muscles tend to be closely grouped, or intermingled, can be inferred
from previous studies going at least as far back Chang et al. (1947)
(Humphrey & Reed, 1983; Phillips, 1975; Asanuma & Rosen, 1972;
Capaday et al., 1998). For example, Chang et al. (1947) reported a
case were a weak stimulus activated the extensor hallucis longus
(EHL) and flexor digitorium longus (FDL) equally, but that responses
in the FDL were no longer observed when the stimulus was increased.
Such an observation may be explained by the strong bias of cortically
mediated reciprocal inhibition onto physiological extensors and the
intermingling of the two populations of corticospinal neurons.
Similarly, the strong bias of reciprocal inhibition onto physiological
extensors explains why it is difficult to obtain responses from the
triceps brachii muscle group. Activation of an elbow point evokes
strong reciprocal inhibition of the triceps group. This bias may be
exacerbated by mutual inhibition between antagonistic la-interneurons
(Baldissera et al., 1981).

There are presumably neural mechanisms that, in natural conditions,
counteract the bias observed in reduced animal preparations. Certainly
in humans voluntary cortical control is not unidirectional, as any joint
can be equally flexed or extended. At the spinal level, it has been
suggested on the basis of changes in H-reflex amplitude that reciprocal
inhibition of the agonist(s) is reduced and conversely that on the
antagonist(s) is increased (Day et al., 1984; Iles, 1986). Furthermore,
the strength of reciprocal inhibition acting on the antagonist has been
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shown to be modulated in a task-dependent manner (Lavoie et al.,
1997). Such changes are due to descending control of the spinal
circuits (Lundberg, 1970). We suggest that there also occurs a
modulation of intrinsic motor cortical circuits which in turn may
change the bias of spinal circuits. For example, some 70% of
cerebellar Purkinje cells decrease their discharge rate during antag-
onist co-contraction and conversely increase their discharge during
reciprocal activation (Smith, 1993; Thach et a/., 1993). Flament &
Hore (1986) showed that cerebellar dentate neuron activity is
necessary for the generation of agonist and antagonist muscle activity
that is appropriate in magnitude and timing to control the dynamic
phase of arm movements. The changes in Purkinje cell activity are
thought to modulate the circuitry of the motor cortex so as to recruit
the required synergy patterns between antagonists (Smith, 1993).
Perhaps reduction of inhibition at the selected cortical points is part of
the mechanism involved in the cerebellar control of agonists and
antagonists via the motor cortex. Regradless, much more needs to be
learned on the mechanisms by which the motor cortex controls flexor
and extensor muscles. What is clear is that motor cortical maps
derived from constrained experiments are a static representation of a
dynamically modifiable system and that the state of the spinal circuitry
strongly influences the nature of such maps.

On the nature of cortical control of antagonistic muscles

Humphrey & Reed (1983) reported the existence of a distinct region of
the macaque motor cortex that elicits co-contraction of antagonistic
muscles. We found that co-activation of antagonists occurs rarely at
the wrist and never at the elbow, but is more probable at the shoulder,
although reciprocal activation is far more prevalent there. The
co-activations of antagonistic muscles we observed, however, were
often unstable especially at the wrist (i.e. not always repeatable from
trial to trial). We cannot therefore confirm the existence of specific
co-activation points in our experiments. What we report here is the
existence of a cortical mechanism by which antagonistic muscles may
be co-contracted and that corticospinal neurons of antagonistic
muscles are closely grouped, or intermingled. Thus, many cortical
loci may, under appropriate conditions, evoke a co-contraction of
antagonistic muscles. Whether antagonistic corticospinal neurons are
more intermingled at some cortical loci and more segregated at others
remains to be determined. Such intermingling explains, for example,
why simultaneous stimulation of two antagonistic wrist points may
produce an enhancement of the responses of physiological wrist
flexors as reported in Table 1. The reason is that both points may
contain corticospinal neurons to physiological wrist flexors, but at one
point their activation produces a supra-threshold response, whereas at
the other the response is subthreshold. Their simultaneous stimulation
would therefore result in response facilitation, a non-linear interaction.
The converse would not be observed because of the asymmetry of
reciprocal inhibition noted above.

By contrast to the report of Asanuma & Rosen (1972), we found no
separate sites for excitation of the agonist and inhibition of an
antagonist. The dominant pattern was reciprocal activation of
antagonists, with some co-contractions as remarked above. It should
be noted that in the experiments of Asanuma & Rosen (1972) only two
muscles were studied, the EDC and the PL. In our study up to six pairs
of antagonists were studied, making it less likely to miss activation of
synergistic muscles. For example, the ECR can be activated in
isolation or together with the EDC. Thus, inhibition of the PL may be
the result of undetected ECR activation. Moreover, results obtained in
the monkey motor cortex, as they may relate to the cat, do not suggest

the existence of purely inhibitory zones. Fetz et al. (1989) reported
that less than 2% of cortico-motoneurons in the monkey motor cortex
have an exclusively inhibitory effect on spinal motoneurons.

Conclusion

The predominant effect of motor cortex activation is contraction of a
muscle(s) and inhibition of its antagonist(s), with a bias. Responses
from physiological flexors are more readily evocable because
cortically evoked reciprocal inhibition masks the responses of
physiological extensors. The bias of cortically mediated reciprocal
inhibition probably also explains why points at which true co-
activation of antagonistic forelimb muscles occurs are the exception.
Antagonistic shoulder muscles, however, appear to have a greater
probability of being co-activated by a cortical stimulus. This
observation may be related to the complex architecture of the
shoulder, which serves as base of postural support for movements of
the forelimb and in its transport. The seminal work of Sherrington
(1906) revealed that reciprocal inhibition between antagonistic
muscles is a fundamental motor cortical synergy and Smith (1993)
emphasized that co-activation of antagonistic muscles is also a
fundamental synergy. Indeed, Sherrington (1906) suggested that
‘under certain forms of cerebral action true antagonistic muscles can
be thrown synchronously into contraction’. Here we have shown that
release from inhibition is part of the neural mechanisms involved in
the co-contraction of antagonistic muscles and that corticospinal
neurons of antagonistic muscles are closely grouped, or intermingled.

Acknowledgements

This work was funded by the Natural Sciences and Engineering Research
Council of Canada (NSERC) and in part by the Italian Ministry of Education
and Research (MIUR, ‘Incentivazione alla mobilita di studiosi stranieri e italiani
residenti all’estero’). L.B. was supported by the Fond de la Recherche Médicale
(FRM). The expert and dedicated technical assistance of F. Roy, P. Vachon is
gratefully acknowledged. We thank Dr Hervé Devanne for his comments and
suggestions on a draft of the manuscript.

Abbreviations

EMG, electromyographic; ICMS, intracortical microstimulation.

References

Alstermark, B. & Lundberg, A. (1992) The C3-C4 Propriospinal System:
Target-Reaching and Food-Taking. In Jami, L., Pierrot Deseilligny, E. &
Zytnicki, D. (Eds), Muscle Afferents and Spinal Control of Movement.
Pergamon Press, Oxford, pp. 327-354.

Armstrong, D.M. & Drew, T. (1985) Electromyographic responses evoked in
muscles of the forelimb by intracortical stimulation in the cat. J. Physiol.,
367, 309-326.

Asanuma, H. & Rosen, 1. (1972) Functional role of afferent inputs to the
monkey motor cortex. Brain Res., 40, 3-5.

Baker, S.N., Olivier, E. & Lemon, R.N. (1998) An investigation of the intrinsic
circuitry of the motor cortex of the monkey using intra-cortical microstimu-
lation. Exp. Brain Res., 123, 397—411.

Baldissera, F., Hultborn, H. & Illert, M. (1981) Integration in spinal neuronal
systems. In Brooks, V.B. (Ed.), The Nervous System: Motor Control.
Williams and Wilkins, Bethesda, MD, pp. 509-596.

Burdet, E., Osu, R., Franklin, D.W., Milner, T.E. & Kawato, M. (2001) The
central nervous system stabilizes unstable dynamics by learning optimal
impedance. Nature, 414, 446-449.

Capaday, C. (2004) The integrated nature of motor cortical function.
Neuroscientist, 10, 207-220.

© The Authors (2007). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 26, 1632-1641



Capaday, C., Cody, F.W. & Stein, R.B. (1990) Reciprocal inhibition of soleus
motor output in humans during walking and voluntary tonic activity. J.
Neurophysiol., 64, 607-616.

Capaday, C., Devanne, H., Bertrand, L. & Lavoie, B.A. (1998) Intracortical
connections between motor cortical zones controlling antagonistic muscles in
the cat: a combined anatomical and physiological study. Exp. Brain Res.,
120, 223-232.

Capaday, C., Ethier, C., Brizzi, L. & Weber, D.J. (2006) Microelectrode array
recordings of spatial activity spread in the cat motor cortex. Soc. Neurosci.
Abstr., 657.

Chang, H.T., Ruch, T.C. & Ward, A.A., JR (1947) Topographical representation
of muscles in motor cortex of monkeys. J. Neurophysiol., 10, 39-56.

Cooper, J.R., Bloom, FE. & Roth, H.R. (2003) The Biochemical Basis of
Neuropharmacology. Oxford University Press, Oxford.

Day, B.L., Marsden, C.D., Obeso, J.A. & Rothwell, J.C. (1984) Reciprocal
inhibition between the muscles of the human forearm. J. Physiol., 349,
519-534.

Deschenes, M. & Hu, B. (1990) Electrophysiology and pharmacology of the
corticothalamic input to lateral thalamic nuclei: an intracellular study in the
cat. Eur. J. Neurosci., 2, 140—152.

Doemges, F. & Rack, P.M.H. (1992) Task-dependent changes in the response of
human wrist joints to mechanical. J. Physiol., 447, 575-585.

Ethier, C., Brizzi, L., Darling, W.G. & Capaday, C. (2006) Linear summation of
cat motor cortex outputs. J. Neurosci., 26, 5574—5581.

Fetz, E.E., Cheney, P.D., Mewes, K. & Palmer, C. (1989) Control of forelimb
muscle activity by populations of corticomotoneuronal and rubrospinal cells.
Prog. Brain Res., 80, 437-449.

Flament, D. & Hore, J. (1986) Movement and electromyographic disorders
associated with cerebellar dysmetria. J. Neurophysiol., 55, 1221-1233.

Graziano, M.S., Patel, K.T. & Taylor, C.S. (2004) Mapping from motor cortex
to biceps and triceps altered by elbow angle. J. Neurophysiol., 92, 395-407.

Graziano, M.S., Taylor, C.S. & Moore, T. (2002) Complex movements evoked
by microstimulation of precentral cortex. Neuron, 34, 841-851.

Grillner, S., Markram, H., De Schutter, E., Silberberg, G. & LeBeau, F.E.
(2005) Microcircuits in action — from CPGs to neocortex. Trends Neurosci.,
28, 525-533.

Hoffman, D.S. & Strick, P.L. (1986) Activity of wrist muscles during step-
tracking movements in different directions. Brain Res., 367, 287-291.

Holdefer, R.N., Houk, J.C. & Miller, L.E. (2005) Movement-related discharge
in the cerebellar nuclei persists after local injections of GABA(A)
antagonists. J. Neurophysiol., 93, 35-43.

Humphrey, D.R. & Reed, D.J. (1983) Separate cortical systems for control of
joint movement and joint stifness: reciprocal activation and coactivation of
antagonist muscles. Adv. Neurol., 39, 347-371.

Iles, J.F. (1986) reciprocal inhibition during agonist and antagonist contraction.
Exp. Brain Res., 62, 212-214.

Jacobs, K.M. & Donoghue, J.P. (1991) Reshaping the cortical motor map by
unmasking latent intracortical connections. Science, 251, 944-947.

Jankowska, E. (1992) Interneuronal relay in spinal pathways from propriocep-
tors. Progr. Neurobiol., 38, 335-378.

Lacquaniti, F. & Maioli, C. (1987) Anticipatory and reflex coactivation of
antagonist muscles in catching. Brain Res., 406, 373-378.

Cortical control of antagonistic muscles 1641

Lavoie, B.A., Devanne, H. & Capaday, C. (1997) Differential control of
reciprocal inhibition during walking versus postural and voluntary motor
tasks in humans. J. Neurophysiol., 78, 429-438.

Lundberg, A. (1970) The excitatory control of Ia inhibitory pathway. In
Andersen, P. & Jansen, J.K.S. (Eds), Excitatory Synaptic Mechanisms.
Universitetsforlaget, Olso, pp. 333-341.

Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G. &
Wu, C. (2004) Interneurons of the neocortical inhibitory system. Nat. Rev.
Neurosci., 5, 793-807.

Milner, T.E. (2002) Adaptation to destabilizing dynamics by means of muscle
cocontraction. Exp. Brain Res., 143, 406-416.

Milner, T.E. & Cloutier, C. (1993) Compensation for mechanically unstable
loading in voluntary wrist movement. Exp. Brain Res., 94, 522-532.

Milner, T.E. & Cloutier, C. (1998) Damping of the wrist joint during voluntary
movement. Exp. Brain Res., 122, 309-317.

Milner, T.E., Cloutier, C., Leger, A.B. & Franklin, D.W. (1995) Inability to
activate muscles maximally during cocontraction and the effect on joint
stiffness. Exp. Brain Res., 107, 293-305.

Pflieger, J.F., Clarac, F. & Vinay, L. (2002) Picrotoxin and bicuculline have
different effects on lumbar spinal networks and motoneurons in the neonatal
rat. Brain Res., 935, 81-86.

Phillips, C.G. (1975) Laying the ghost of ‘muscles versus movements’. Can. J.
Neurol. Sci., 2, 209-218.

Preston, J.B., Shende, M.C. & Uemura, K. (1967) The motor cortex-pyramidal
system: patterns of faciltation and inhibition on motoneuronns innervating
limb musculature of cat and baboon and their possible adaptive significance.
In Yahr, M.D. & Purpura, D.P. (Eds). Neurophysiological basis of normal
and abnormal motor activities. Raven Press, Hewlet, NY, pp. 61-74.

Rank, J.B.J. (1975) Which elements are excited in electrical stimulation
of mammalian central nerv. Brain Res., 98, 417-441.

Schieber, M.H. (1995) Muscular production of individuated finger movements:
the roles of extrinsic finger muscles. J. Neurosci., 15, 284-297.

Schneider, C., Devanne, H., Lavoie, B.A. & Capaday, C. (2002) Neural
mechanisms involved in the functional linking of motor cortical points. Exp.
Brain Res., 146, 86-94.

Schneider, C., Zytnicki, D. & Capaday, C. (2001) Quantitative evidence for
multiple widespread representations of individual muscles in the cat motor
cortex. Neurosci. Lett., 310, 183—187.

Seutin, V. & Johnson, S.W. (1999) Recent advances in the pharmacology
of quaternary salts of bicuculline. Trends Pharmacol. Sci., 20, 268-270.
Sherrington, C.S. (1906) The Integrative Action of the Nervous System.

C. Scribner’s Sons, New York.

Sherrington, C.S. (1913) Reciprocal inhibition as a factor in the coordination of
movements and posture. Q. J. Exp. Physiol., 6, 251-310.

Smith, A.M. (1993) Babinski and movement synergism. Rev. Neurol. (Paris),
149, 764-770.

Thach, W.T., Perry, J.G., Kane, S.A. & Goodkin, H.P. (1993) Cerebellar
nuclei: rapid alternating movement, motor somatotopy, and a mecha-
nism for the control of muscle synergy. Rev. Neurol. (Paris), 149,
607-628.

Tribble, G.L., Schwindt, P.C. & Crill, W.E. (1983) Reduction of postsynaptic
inhibition tolerated before seizure initiation: spinal cord. Exp. Neurol., 80,
288-303.

© The Authors (2007). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 26, 1632—1641



