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The Modulation of Presynaptic Inhibition in Single Muscle Primary
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The aim of this study is to understand the functional organiza-
tion of presynaptic inhibition in muscle primary afferents during
locomotion. Primary afferent depolarization (PAD) associated
with presynaptic inhibition was recorded intra-axonally in iden-
tified afferents from various hindlimb muscles in L6-L7 spinal
segments during fictive locomotion in the decerebrate cat.
PADs were evoked by the stimulation of peripheral muscle
nerves and were averaged in the different epochs of the fictive
step cycle. Fifty-three trials recorded from 39 muscle axons (37
from group | and two from group Il) were retained for analysis.
The results showed that there was a significant phase-
dependent modulation of PAD amplitude (p < 0.05) in a ma-
jority of muscle afferents (30 of 39, 77%). However, not all
stimulated nerves led to significantly modulated PADs in a given
axon (36 of 53 trials, 68%). We also observed that the pattern of

modulation (phase for maximum and minimum PAD amplitude
and the depth of modulation) varied with each recorded affer-
ent, as well as with each stimulated nerve. We further evaluated
the effect of PAD modulation on the phasic transmission of the
monosynaptic reflex (MSR) and found that PADs decreased the
MSR amplitude in all phases of the fictive step cycle, indepen-
dent of the PAD pattern in individual group | fibers. We conclude
that (1) PAD modulation patterns of all group | fibers contacting
motoneurons led to an overall reduction in monosynaptic trans-
mission, and (2) individual PAD patterns could participate in the
control of transmission in specific reflex pathways during
locomotion.

Key words: primary afferent depolarization (PAD); presynaptic
inhibition; muscle group I fibers; fictive locomotion; spinal cord;
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Although the central pattern generator (CPG) (Grillner, 1981) in
mammalian spinal cord is able to produce complex locomotor
patterns in the absence of sensory input, sensory feedback in
general, and proprioceptive input in particular, is needed for
adaptive modifications of the step cycle (Rossignol, 1996). For
instance, proprioceptive input from muscles is used to adjust the
timing and amplitude of muscle contractions during the different
phases of the step cycle (Pearson and Duysens, 1976; Conway et
al., 1987; Gossard et al., 1994a; McCrea et al., 1995; Hiebert et al.,
1996). To be meaningful, the efficacy of proprioceptive feedback
must be phasically controlled to induce adaptive responses in the
proper phase of the locomotor cycle. Peripheral (e.g., gamma
innervation of muscle spindles), as well as central, mechanisms
participate in the phasic modulation of transmission in proprio-
ceptive pathways.

One powerful central mechanism by which the CPG could
control sensory feedback is presynaptic inhibition of primary
afferent terminals. Indeed, there are GABAergic interneuronal
networks in the spinal cord capable of decreasing transmitter
release by evoking a primary afferent depolarization (PAD)
through axoaxonic contacts (Eccles, 1961; Schmidt, 1971; Nicoll

Received Aug. 11, 1998; revised Sept. 29, 1998; accepted Oct. 14, 1998.

This work funded by a grant awarded to J.-P.G. from the Medical Research
Council of Canada and from the Fonds pour la Formation de Chercheur et I’Aide
4 la Recherche (FCAR) du Québec. A.M. was supported by the Natural Sciences
and Engineering Council of Canada (NSERC). H.L. was supported by the Rick
Hansen Man in Motion Foundation. We thank Dr. T. Drew for reviewing this
manuscript.

Correspondence should be addressed to Dr. Jean-Pierre Gossard, Centre de
Recherche en Sciences Neurologiques, Département de Physiologie, Faculté de
Médecine, Université de Montréal, C.P. 6128, Succ. Centre-ville, Montréal, Québec,
Canada, H3C 3J7.

Copyright © 1998 Society for Neuroscience 0270-6474/98/190391-09$05.00/0

and Alger, 1979). Presynaptic inhibition has been proposed often
to explain changes in the amplitude of the monosynaptic reflex
(MSR) during walking in humans (Stein and Capaday, 1988;
Yang and Whelan, 1993). Moreover, when PADs reach firing
threshold, the evoked discharges are antidromically propagated in
primary afferent axons and may collide with incoming volleys and
even change the excitability of peripheral sensory receptors (Ton-
nies, 1939; Lindblom, 1958; Loewenstein, 1959, Ito, 1968; Béven-
gut et al, 1997). For example, rhythmic bursts of antidromic
discharges can be found in a majority of cut dorsal rootlets of
decerebrated cats walking on a treadmill (Beloozerova and Ros-
signol, 1994, 1995). The phasic timing of such discharges suggests
that the underlying PADs are strongly influenced by the CPG. It
is thus important to know more about the role of PAD pathways
in the control of locomotion. There are, however, few studies
focused on the transmission in PAD pathways during locomotion
in mammals. Duenas et al. (1990) evoked antidromic discharges
in dorsal rootlets belonging to the triceps surae muscles by stim-
ulating cutaneous nerves during stepping in thalamic cats and
found that maximal discharges occurred during the extensor
phase of the step cycle. Similarly, previous intracellular studies of
PADs in cutaneous afferents during fictive locomotion showed
that the amplitude of the evoked PAD was maximal during the
extensor phase (Gossard and Rossignol, 1990; Gossard et al.,
1990). To our knowledge, there is yet no study investigating
directly the changes in PAD amplitude in individual muscle
afferents during locomotion. We thus used intra-axonal record-
ings to study PADs in single primary afferents from hindlimb
muscles of the decerebrate cat during fictive locomotion. We also
evaluated directly, and for the first time, the effect of PADs on the
MSR amplitude during fictive locomotion.
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Figure 1.

Experimental setup and recordings. Schematic representation of the spinal cord pathways under study. Right, A stimulated muscle afferent

contacts a short chain of two interneurons (PAD INs) responsible for PAD. The PAD is mediated by an axoaxonic synapse located at the terminal of
a muscle afferent recorded with a micropipette. This pathway is stimulated, whereas the CPG for locomotion is activated. Left, Averaged PAD recorded
intra-axonally in a FDHL group I fiber (Intra, black trace) evoked by a stimulation of PBSt (3 p, 5 T, 300 Hz) superimposed on the extra-cellular potential

(Extra, gray trace) evoked by the same stimulation.

Some of these results have been reported previously in abstract
form (Ménard et al., 1997).

MATERIALS AND METHODS

Preparation. The experiments were performed on 21 cats of either sex
(2.5-4.3 kg). All animal experiments were conducted according to the
Guide for the Care and Use of Experimental Animals (Canada), using
protocols approved by the Ethics Committee of Université de Montréal.
Cats were first anesthetized by inhalation of a mixture of halothane
(usually 2.0-3.0%), oxygen (50%), and nitrous oxide (50%) through a
mask and then through an intratracheal tube for the rest of the surgery.
Cannulas were inserted in the right common carotid artery for monitor-
ing the blood pressure and were inserted in one jugular vein and one
cephalic vein for administration of fluids. All animals received an intra-
venous injection of prednisolone sodium succinate (1 mg/kg; Solu-delta-
cortef; Upjohn, Ontario, Canada) to minimize the shock and brainstem
swelling after decerebration, and when necessary, norepinephrine bitar-
trate (Levophed; Sanoti-Winthrop) was given to maintain blood pressure
within physiological limits. A subcutaneous injection of atropine sulfate
(0.4 mg) to prevent excessive secretions was performed, as well as an
intramuscular injection of furosemide (5 mg/kg; Lasix; Hoechst) when a
diuretic effect was desired.

The following selected flexor and extensor muscle nerves from the left
hindlimb were dissected free and mounted on bipolar silver chloride
electrodes for recording [electroneurogram (ENG)] and stimulation pur-
poses: posterior biceps-semitendinosus (PBSt), semimembranosus-
anterior biceps (SmAB), lateral gastrocnemius-soleus (LGS), medial
gastrocnemius (MG), plantaris (Pl), flexor digitorum longus and flexor
hallucis longus together (FDHL), the rest of tibialis posterior (Tib),
tibialis anterior and extensor digitorum longus together (TA/EDL), and
the sciatic nerve just below PBSt. Among these nerves, only PBSt and
SmAB were cut.

After a laminectomy exposing spinal segments L4-L7, the cats were
transferred to a stereotaxic frame, and an extensive craniotomy was
performed. The cat was then decerebrated by making a precollicular
postmammillary transection with a spatula and removing the rostral
brain tissue by aspiration. Anesthesia was discontinued, and the cats
were paralyzed with gallamine triethiodide (Flaxedil; 10 mg/kg supple-
mented every 45 min, Rhone-Poulenc Rorer) and artificially ventilated
maintaining the expired CO, near 4%. Pools were constructed with the
skin flaps surrounding the spinal cord and the hindlimb nerves and filled
with warm mineral oil. Both body and pool temperature were kept near
38°C with radiant heat lamps. When necessary, a bilateral pneumothorax
was performed to minimize respiratory movements and to stabilize
intra-axonal recordings.

In the decerebrate cats, fictive locomotion, when not present sponta-
neously (Gossard, 1996), could be initiated by exteroceptive stimulation
of various parts of the body or by electrical stimulation (15-40 Hz,
20-150 wA) with a low impedance tungsten electrode in the mesence-
phalic locomotor region (MLR) (Shik et al., 1966). In spinalized animals

(T13), episodes of fictive locomotion were induced by the injection of
nialamide (50 mg/kg) and 3,4-dihydroxyphenylalanine (L.-DOPA) methyl
ester (100-150 mg/kg) (Jankowska et al., 1967a,b) or clonidine (250
ng/kg).

Recording and stimulation. A silver chloride ball electrode was placed
on the cord dorsum to record the afferent volleys from the dorsal root
entry zone. The threshold for the most excitable fibers in the nerve (1T)
was determined as the stimulus strength required to just evoke a deflec-
tion in the cord dorsum potential. Stimulus intensity was expressed as a
multiple of the threshold. Intra-axonal recordings were made with glass
micropipettes filled with K™ acetate (10-25 MQ) lowered at a 15° angle
from vertical, near the dorsal root entry zone of segments L6-L7 and up
to 1.2 mm deep. Only axons with a 40 mV spike, a membrane potential
more negative than —40 mV, and a stable DC signal were accepted for
study.

Muscle afferents were identified by different physiological criteria
(Gossard, 1996): (1) threshold for activation (<2.0 T for group I, 2.0-5.0
T for group II); (2) the ability to follow electrical stimulation of the
muscle nerve at high frequency (>500 Hz) with a short and constant
latency and the absence of a prepotential on the evoked spike; and (3)
conduction velocity as estimated by dividing the nerve length, measured
at the end of the experiment, by the latency of the response. Unfortu-
nately, group IA and IB fibers could not be fully characterized in such a
preparation because of the limited access to muscles in the oil pool, cut
nerves, and curarization. PADs were evoked by stimulating a peripheral
muscle nerve (e.g., PBSt), usually with three shocks or pulses (p) at 300
Hz (Eccles et al., 1961) and with 2-5 T. This stimulation intensity usually
evoked PADs of amplitude that could be easily measured without reach-
ing the firing threshold.

Figure 1 is a schematic illustration of the neuronal circuitry involved in
this study. Stimulation of peripheral muscle nerves, given at random
times (up to three times per second) during the fictive locomotor cycle,
was used to activate PAD interneurons (Fig. 1, right, PAD INs) mediating
presynaptic inhibition via axoaxonic synapses at the terminals of the
recorded muscle afferents. After successful PAD recording, the micropi-
pette was drawn just outside the axon to record the extracellular field
potential evoked by the same stimulation. As seen in Figure 1, left, the
amplitude of the averaged extra-axonal potential was negligible. The
inhibitory effect of PAD on synaptic transmission was evaluated by
measuring the amplitude of the MSR with and without PAD. At first,
heteronymous MSRs were evoked (see Fig. 74) by stimulating the LGS
nerve (1 p, 2 T) while recording from the MG nerve or conversely. Then,
the PBSt nerve was stimulated 20-25 msec before the MSR stimulation
to evoke the MSR at the peak of PAD. In both situations, the MSR
amplitude was measured from the rectified and low-pass filtered ENG
activity. When possible, an intra-axonal recording of a stimulated group
I fiber was performed simultaneously to directly measure the modulation
of PAD amplitude during the same episode of, during a preceding, or a
following episode of fictive locomotion.

ENG activities of the different muscle nerves were recorded using
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Intra-axonal recording of PADs during fictive locomotion. Traces, Top to bottom, Eight PADs (tilted 90°) recorded in a group I fiber from

SmAB and evoked by PBSt stimulation (3 p, 5 T, 300 Hz); continuous intra-axonal recording from the afferent; and locomotor ENG activities of FDHL,

Pl, and TA/EDL.

differential AC amplifiers. The signals were filtered (10 Hz to 10 kHz)
and visualized (Labview; National Instruments) to monitor the locomo-
tor patterns. All signals were recorded on videotape after digitization (15
channels with 200 usec rise time/channel; Vetter 4000A).

Data collection and analysis. Tapes were played back off-line on an
electrostatic printer (Gould ES-1000), and sections of data suited for
analysis were digitized and analyzed with interactive custom-made soft-
ware (Spinal Cord Research Center, University of Manitoba, Winnipeg,
Canada).

The locomotor cycle, defined as the period between the onset of two
successive bursts of ENG activity in flexors, was normalized to the
duration of the averaged cycle and divided into 10 equal portions or
“bins.” All PADs occurring in a given bin were averaged over the entire
locomotor episode. Phase plots of PAD amplitude were constructed by
plotting the averaged integrated amplitude of PADs grouped in different
bins as a percentage of the largest response (Gossard et al., 1990). These
plots were aligned with the averaged rectified ENG activities of a flexor
and an extensor, determining the locomotor phases, for examination of
temporal relationships. The MSRs were also averaged within each bin of
the fictive step cycle, and the averaged integrated amplitude of MSRs
were used to construct phase plots of MSR amplitude with and without
PAD (see Fig. 7).

Phase plots retained for statistical analysis had averages of at least 10
PADs in a majority of bins. At first, the Kolmogorov—Smirnov-Liliefors
test was used to compare the shape and location of the sample distribu-
tion (standardized measures of PAD within a bin) to the standard normal
distribution. This test confirmed that the sample variables did not follow
normal distribution, and subsequent nonparametric tests were thus per-
formed. The Mann—Whitney U test was used to compare, pair by pair,
the rank values of the variables from the bin with the largest mean with
rank values of every other bin. This test was thus performed for each bin.
The same statistical analysis was performed for phase plots of MSR
amplitude with and without PAD. The “strength” of modulation was
estimated by the number of significant bins. In Figure 7, SDs are illus-

trated, and the significantly modulated bins are pointed out by asterisks
(p < 0.05).

RESULTS

Phasic modulation of PAD amplitude in

muscle afferents

The modulation of PAD amplitude was examined in detail and
plotted (see Materials and Methods) for all selected trials. Ex-
amples of the raw recorded signals and the corresponding phase
plot obtained from one axon are illustrated in Figures 2 and 34,
respectively. Figure 2 shows an intra-axonal recording of a SmAB
group I fiber in which PADs were evoked during a period of
fictive locomotion. Fictive step cycles, identified as alternating
ENG activities in flexor (TA/EDL) and extensor (Pl) nerves,
were induced by injection of nialamide and L-DOPA in a spinal-
ized cat. The PADs in this axon were produced in response to
PBSt nerve stimulation (3 p, 5 T, 300 Hz) given in the various
phases of the locomotor cycle and are also presented as traces
tilted 90° overlying the intra-axonal signal with a shorter time
scale. In this case, the largest PADs (Fig. 2, PAD, third and sixth
traces) occurred only during the flexor phase (TA/EDL bursts)
and reached the firing threshold leading to antidromic discharges.
The phasic modulation of PAD amplitude (without antidromic
discharges) of this SmAB axon is also shown in the phase plot of
Figure 34. As previously depicted in Figure 2 by the presence of
antidromic discharges, the averages confirmed that the maximal
PAD amplitude occurred during the flexor phase. More specifi-
cally, the PAD amplitude in Figure 34 was maximal at the
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beginning of the flexor phase, decreased to reach a minimum in
the first half of the extensor phase, and then increased again for
the rest of that phase.

Overall, 70 trials were recorded in 51 fibers. Fifty-three trials,
taken from 39 fibers (37 from group I and two from group II),
were retained for analysis (see Materials and Methods). Thirty-
six of 53 trials (68%) from 30 muscle axons had at least one bin
significantly different from the maximal one (p < 0.05) and were
thus considered significantly modulated (7 of 11 PL; 8 of 12 LGS;
4 of 4 SmAB; 1 of 1 MG; 4 of 6 TA/EDL; 6 of 8 TiB; 6 of 10
FDHL; and 0 of 1 PBSt). The depth of modulation for the 36
trials varied from 13 to 80% (34.5% average). The results thus
demonstrate that there was a significant phasic modulation of
PAD amplitude in a majority of muscle afferents during fictive
locomotion. Significant modulation was obtained in axons re-
corded from different locomotor preparations; 21 of 53 were
taken from episodes of spontaneous locomotion in seven decer-
ebrate cats, 9 of 53 from MLR-evoked locomotion in four decer-
ebrate cats, 21 of 53 from eight spinal cats injected with nialamide
and L-DOPA, and 2 of 53 patterns were recorded during fictive
locomotion induced by the injection of clonidine in one spinal cat.
Overall, the phasic modulation of PADs was observed in nine
decerebrate cats (24 of 32 trials), as well as in eight spinal cats (12
of 21 trials), and no clear differences could be observed between
the two.

The extent of modulation in PAD pathways present in both
preparations (decerebrate vs spinal) could actually be compared
within the same cat (n = 2). For example, Figure 3 depicts the
PAD modulation obtained from two SmAB group I fibers re-
corded before (B) and after (A) spinalization. The PADs were
evoked by the same PBSt nerve stimulation and were recorded
during episodes of fictive stepping with similar characteristics

(levels of ENG activities and cycle duration). The two patterns of
modulation of PAD amplitude show some similarity, i.e., maximal
PAD during the flexor phase and minimal during the early ex-
tension phase. However, although the depth of modulation ap-
pears larger in Figure 3B than in Figure 34, there was a smaller
number of significantly modulated bins before spinalization,
probably because there was more variability in the response
amplitude (larger SDs). These results clearly indicate that the
activity of spinal locomotor networks alone are able to phasically
modulate the PAD pathways.

Patterns of phasic modulation of PADs

We further investigated whether the pattern of phasic modulation
of PAD amplitude was the same for different types of afferents as
was the case in cutaneous fibers (Gossard et al., 1990). For all
trials, we compared the phases for maximal and minimal PAD
amplitude, the depth of modulation, the pattern of modulation,
i.e., the time course of amplitude modulation, and the number of
bins significantly modulated. As illustrated in Figures 4-7, the
results showed that there was clearly no single pattern in muscle
afferents but that PAD modulation varied with every recorded
afferent.

We first restricted our analysis to trials in which PADs were
evoked by the same peripheral nerve stimulation, i.e., PBSt.
Figure 4 shows examples of PAD modulation obtained in two
muscle group I fibers coming from two different muscles of the
ankle (TA/EDL and Tib), evoked in both cases by PBSt nerve
stimulation during episodes of spontaneous fictive locomotion in
the same decerebrate cat. Figure 44 shows that the averaged
PAD amplitude in the TA/EDL group I fiber was significantly
modulated throughout the fictive locomotor cycle, with an im-
pressive depth of modulation. The PAD amplitude was maximum
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during most of the flexor phase, decreased during the transition to
the extensor phase, and became minimal throughout this latter
phase. The averaged amplitude of PADs recorded in the Tib fiber,
plotted in Figure 4B, was not as strongly modulated as in the
TA/EDL fiber and followed a different pattern of phasic modu-
lation. The PAD amplitude gradually decreased during the flexor
phase to reach a minimum at the transition between the flexor
and extensor phases; it then increased from this point to a
maximum at the end of the extensor phase.

Differences in patterns of modulation in PAD amplitude were
not only observed between afferent fibers coming from synergist
or antagonist muscles but also between fibers coming from the
same muscle. For example, we succeeded in recording one pair of
fibers coming from the same muscle (two P1, two FDHL, two Tib,
and two LGS) in four different cats. In each pair, PADs were
evoked by the stimulation of the same nerve during similar
episodes of fictive locomotion. In every case, the comparison of
patterns of modulation in both fibers revealed clear differences
for the phases of maximum and minimum PAD amplitude and
differences in the number of significant bins (Fig. 7B).

In Figure 5, we grouped all trials with a significant PAD
modulation evoked by the stimulation of PBSt (n = 21). Figure 5
shows, for each trial, the maximal and minimal PAD amplitudes
(filled and open circles, respectively) relative to the fictive loco-
motor cycle, with the flexor and extensor phases separated by a
short vertical line. The number of bins with significant modulation
is also given for each trial. In Figure 54, the trials are grouped
according to muscles, and in Figure 5B, they are grouped accord-
ing to the proportion of the flexor phase within the locomotor
cycle, increasing from fop to bottom. Figure 54 shows that the
maximal and minimal PAD amplitudes could occur in any of the
10 bins of the fictive step cycle, independent of the muscle of

brate cat. Same outline as in Figure 3.

origin. Figure 5B shows that the occurrence of maximal or min-
imal PAD amplitudes was not related to the locomotor pattern as
monitored by the relative durations of flexor and extensor phases
within the fictive step cycle.

The above results showed that, surprisingly, the precise PAD
pattern varied with every recorded muscle afferent. We further
investigated whether different afferent input could also evoke
specific PAD patterns. We thus stimulated different muscle nerves
and compared PAD patterns recorded in the same muscle affer-
ent. Figure 6, A and B, compares the patterns of modulation of
PAD amplitude evoked by the stimulation of two different
sources, a proximal muscle nerve (PBSt) and a distal muscle
nerve (TA/EDL), recorded in the same Pl axon during fictive
locomotion induced by nialamide and L-DOPA in a spinalized
cat. Figure 64 depicts the results obtained in response to PBSt
nerve stimulation (3 p, 5 T, 300 Hz) and shows that the amplitude
of PADs was significantly modulated, with the maximum occur-
ring at the beginning of the flexor phase and the minimum at the
beginning of the extensor phase. In contrast (Fig. 6B), the PAD
evoked by TA/EDL nerve stimulation at the same relative inten-
sity (3 p, 5 T, 300 Hz) was not significantly modulated. Various
sources (two to four nerves) of PADs were investigated in seven
axons. In every case, the number of bins significantly modulated,
varied with every nerve, and only two axons showed similar
phases for maximum and minimum PAD amplitude. However, we
found that overall there was a larger proportion of trials, with a
significant PAD modulation evoked by the stimulation of proxi-
mal muscle nerves (PBSt and SmAB; 25 of 33, 75.8%) than
among trials evoked by the stimulation of more distal muscles
nerves (TA/EDL and GS; 11 of 19, 57.9%).

In summary, no clear tendencies in the patterns of modulation
in PAD amplitude could be found among the 36 of 53 trials, even
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Figure 5. Phase plots of maximal and minimal PAD amplitude. PADs in all illustrated trials were evoked by stimulation of the same nerve (PBSt). A,
Trials are grouped according to the muscle of origin as indicated on the left. Maximal and minimal amplitude of PADs are represented by filled and open
circles, respectively. The numbers in the open circles are the number of bins significantly modulated. For each axon, the locomotor cycle is represented
by a box, with the flexor (F) and extensor (E) phases separated by a short vertical line. B, Trials are grouped according to the proportion of the flexor

phase within the fictive step cycle, increasing from fop to bottom.

when we restricted our analysis to trials produced by the same
stimulation or to afferent fibers coming from the same muscle.
The results further suggest that the precise pattern of modulation
depended on both the recorded afferent and the afferents pro-
ducing the PAD.

The effect of PAD on MSR during fictive locomotion

Because PADs produce presynaptic inhibition, we assume that
the observed phasic modulation of PAD amplitude in our exper-
iments reflected phasic variations in presynaptic inhibition. The
extent of the inhibitory action of PAD modulation during fictive
locomotion in our preparations was studied by examining the
MSR amplitude with and without PADs. Figure 7 illustrates a
typical example of what was observed seven times in four cats.
Figure 74 is a schematic representation of the pathways involved
in these tests. A heteronymous monosynaptic contact between an
LGS fiber and a MG motoneuron is illustrated in Figure 74, top,
with the addition of an inhibitory synapse to the LGS axon
terminal from PAD interneurons in the bottom. In both situations,
an intra-axonal recording of the LGS fiber was performed while
the MSR amplitude was measured from the MG ENG (see
Materials and Methods). Examples of intra-axonal potentials and
evoked MSRs (rectified and averaged) are given overlying the
corresponding neurons in the schema. At first, LGS nerve was
stimulated alone. As shown in Figure 74, top, this stimulation
evoked an action potential (truncated) in the LGS fiber and
induced a heteronymous MSR in the MG nerve. Then, the LGS

nerve stimulation was preceded by a PBSt nerve stimulation (3 p,
5 T, 300 Hz) by 20-25 msec to have the monosynaptic transmis-
sion on the top of the evoked PAD (note the action potential over
the PAD in the LGS fiber). As shown in Figure 74, bottom, the
evoked MSR (MSR+PAD) induced in this situation was clearly
reduced, showing the inhibitory effect of PAD on the monosyn-
aptic transmission.

Figure 7B illustrates the patterns of modulation in MSR am-
plitude with and without PAD during a period of MLR-evoked
fictive locomotion in a decerebrate cat. In Figure 7B, the uncon-
ditioned MSR (fop phase plot, black line) showed a significant
modulation, with a maximal amplitude during the extensor phase
and a minimal amplitude during the flexor phase as described
previously (Akazawa et al., 1982). In the same plot, one can see
that the amplitude of the MSR preceded by PADs followed a
similar pattern of modulation ( gray line), with a maximum am-
plitude during the extension phase and a minimum during the
flexor phase, but the depth of modulation was clearly reduced
(overall reduction, 36%). Note also the moderate decrease in SDs
of the MSR amplitude after PADs. Similar results were seen in six
other trials in which the MSR was reduced on average by 39%.
For the experiment illustrated in Figure 7B, PADs were recorded
in two LGS group I fibers. The first one (LGS-1) was recorded
simultaneously with the stimulation of MSRs, and the second
LGS fiber (LGS-2) was recorded 28 min before the MSR stimu-
lation during a similar episode of fictive stepping. The phase plots
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for those two LGS fibers show quite different PAD modulation
patterns. The PAD amplitude in LGS-1 was strongly modulated
(seven bins), with a maximum during the flexion phase, whereas
in LGS-2, the PAD amplitude was much less significantly modu-
lated (one bin), with a maximum occurring during the second
half of the extensor phase. There was no obvious relationship
between the overall decrease in MSR amplitude (Fig. 7B, fop
phase plot, gray line) and the patterns of PAD modulation in
LGS-1 or LGS-2. In other words, the PAD patterns of neither
axon can explain the phasic modulation of MSR amplitude. The
two superimposed traces in Figure 7B, bottom, are the ENG
activities in the MG nerve in both conditions (with and without
PAD) and show that there were no important differences
in locomotor activities in the MG nerve during these two
tests, suggesting that MSR reduction did not result from major
changes of excitability in MG motoneurons but was secondary to
the PADs.

DISCUSSION

CPG-dependent modulation of transmission in

PAD pathways

Intra-axonal recordings of identified muscle afferents have re-
vealed that PAD amplitude, evoked by muscle nerve stimulation,
was phasically modulated during fictive locomotion in a majority
of muscle afferents (30 of 39, 77%). However, not all stimulated
nerves led to significantly modulated PADs in a given axon (36 of
53 trials, 68%). Also, PAD amplitude was significantly modulated
during fictive locomotion in both decerebrate and spinal cats and
indicates that the spinal cord networks alone are able to modulate
the transmission in PAD pathways. It is thus suggested that the
CPG for locomotion is primarily responsible for the phasic mod-
ulation of PADs in muscle group I fibers (Duenas et al., 1990;

as in Figure 3.

Gossard and Rossignol, 1990; Gossard et al., 1990; El Manira et
al., 1991, 1997; Cattaert et al., 1992; Nusbaum et al., 1997). The
potential contribution of supraspinal structures to locomotor pre-
synaptic mechanisms remains unknown presently.

Several hypotheses can be proposed to explain how PAD
amplitude is modulated in a phase-dependent manner by spinal
locomotor networks. One possibility is the spontaneous cyclic
changes of polarization of primary afferents accompanying loco-
motion (Baev and Kostyuk, 1982; Dubuc et al., 1988; Duenas and
Rudomin, 1988; Gossard et al., 1989, 1991). Such CPG-related
waves of polarization could alter the excitability of the stimulated,
as well as recorded, afferent fibers. However, a previous study
showed that the CPG-related waves of polarization followed a
similar pattern in all muscle group I afferents (Gossard et al.,
1991). This lack of specificity cannot explain the wide variety of
PAD patterns observed in this study. Moreover, a recent study
from our laboratory suggests that the CPG-related waves of
polarization in group IA afferents have little effect on the mono-
synaptic transmission to motoneurons (Gossard, 1996). A simpler
explanation is that the CPG affects the transmission in the PAD
pathways by changing the excitability of the intercalated interneu-
rons (Fig. 14, arrow).

Organization of presynaptic inhibitory pathways

A simple pattern of modulation of PAD was reported previously
for all cutaneous fibers, with maximum amplitude during the
extensor phase of the fictive step cycle, regardless of whether they
innervated the dorsal or ventral surfaces of the hindpaw (Gossard
et al., 1990). In contrast, no clear or simple tendencies in PAD
patterns were detected in our sample of muscle afferents, regard-
less of whether we focused on patterns produced by the same
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Figure 7. Effect of PAD on MSR amplitude during fictive locomotion. A, Schematic representation of the pathways involved. Top to bottom, Stimulation
of the LGS nerve (1 p, 2 T) evoked an action potential in the LGS fiber contacting the MG motoneuron (MG Mn) and induced a heteronymous MSR
measured from the rectified MG ENG; and stimulation of the LGS nerve (1 p, 2 T) was then preceded by the stimulation of PBSt (3 p, 5 T, 300 Hz),
which evoked an action potential on the top of a PAD in the LGS fiber and induced a reduced MSR. B, Top to bottom, Phase plot of the averaged
amplitude of MSRs obtained with ( gray) and without (black) PAD; phase plots of the averaged amplitude of PADs recorded in two LGS group I fibers;
and superimposed rectified MG locomotor ENG activities recorded with ( gray) and without (black) PAD.

stimulation (Fig. 54) or on fibers originating from the same
muscle (Fig. 7B). Also, it is improbable that the different PAD
patterns were strictly related to the different patterns of fictive
locomotion (Fig. 5B). Overall, the results showed that the precise
pattern of modulation depended on both the recorded fiber and
the fibers producing the PAD (Fig. 6).

The wide variety in patterns of modulation of PAD amplitude
may thus indicate that the CPG influence is exerted via multiple
subsets of PAD interneurons with a complex connectivity from
and to muscle group I afferents. First, because the stimulation of
two different peripheral nerves evokes two different PAD modu-
lation patterns in the same fiber, a group I fiber should be
contacted by at least two different subsets of PAD interneurons.
Second, because two afferents from the same muscle may display
different PAD modulation patterns evoked by the same stimula-
tion, each group I fiber should be contacted also by specific

subsets of PAD interneurons. Complex connectivity of PAD
interneurons have already been proposed to explain differences in
intraspinal thresholds between group IA and IB fibers and also
between branches of the same fiber in anesthetized cats (Ru-
domin et al., 1987, 1998; Rudomin, 1990; Equibar et al., 1994,
1997; Enriquez et al., 1996; Quevedo et al., 1997). Surprisingly, a
similar reduction in intraspinal threshold was found during the
flexor phase of the fictive step cycle for both group IA and IB
fibers and for afferent terminals in the intermediate nucleus and
motor nucleus (Duenas and Rudomin, 1988). On the other hand,
the diversity of PAD patterns observed in this study using intra-
axonal recordings did not follow a simple pattern and supports
strongly that PAD interneurons are indeed functionally subdi-
vided by the CPG for locomotion. Also, a complete characteriza-
tion of group IA and IB afferents in our sample could have helped
us classify PAD patterns. However, the observed PAD patterns
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did not fall into two categories, as predicted by only two separate
PAD subpopulations.

Presynaptic inhibition and the MSR pathway

The MSR pathway may represent a particular case among spinal
cord pathways, because each motoneuron in a motor pool receive
synaptic contacts from almost all group IA afferents from the
homonymous muscle (Mendell and Henneman, 1971). Our re-
sults showed that there was an overall reduction of the MSR
amplitude (39% average) by PADs during fictive locomotion but
that there was no clear relationship between the phase of maxi-
mum PAD amplitude in any single group I fiber and the phase of
maximum MSR amplitude (Fig. 7B). This lack of relationship is
probably attributable to the fact that the MSR in this study was
evoked by an electrical stimulation of a peripheral nerve, which
activates synchronously all group I fibers. In a previous study
from this laboratory, the monosynaptic EPSPs evoked by a single
group IA afferent (unitary EPSPs) were recorded in the target
motoneuron during fictive locomotion and showed a clear phase-
dependent modulation (Gossard, 1996). However, in the case in
which all group I fibers are stimulated synchronously (composite
EPSPs), one would not expect a clear phase-dependent modula-
tion of EPSPs because of the mix of all the different PAD patterns
in the group I fibers. Indeed, monosynaptic EPSPs recorded in
motoneurons in studies using electrical nerve stimulation showed
a weak phase-dependent modulation but a clear “tonic” inhibition
(Schomburg and Behrends, 1978; Shefchyk et al., 1984; Gosgnach
et al., 1998). This is also consistent with the reduced “gain” of the
MSR pathway observed in humans from standing to walking,
which was attributed to presynaptic inhibition (Stein and Capa-
day, 1988). As discussed in previous studies (Jordan, 1983; Shef-
chyk et al., 1984; Burke, 1987; Burke et al., 1989), postsynaptic
mechanisms, such as the locomotor drive potential, seem to be
responsible for most of the phase-dependent modulation of the
MSR. In brief, because of its particular massive connectivity, the
MSR pathway may not take full advantage of specific PAD
patterns.

Another possible role for the widely distributed PAD patterns
in group I afferents could be to decrease the variability of MSR
(Fig. 7B). Indeed, Rudomin and Dutton (1969a,b) provided evi-
dence that presynaptic modulation of group IA synaptic trans-
mission was an important source of excitability fluctuation during
the MSR (Gossard et al., 1994b). Conditioning inputs from pe-
ripheral nerves, producing a wide variety of PAD patterns as
observed here, could decrease considerably the MSR variability
by reducing the correlation of excitability fluctuations between
motoneurons (Rudomin and Madrid, 1972).

Functional considerations

The possible role of presynaptic inhibition in the sensory control
of motor tasks has been discussed previously in several species
(Clarac et al., 1992; Wolf and Burrows, 1995; Nusbaum et al.,
1997; El Manira et al., 1998; Rudomin et al., 1998). As for
locomotion in mammals, it is difficult to infer what PAD patterns
would result from the combined sensory feedback of cutaneous,
joint, muscle, and other afferents activated by the stepping move-
ments. Our results suggest that different stimulated afferents
would evoke different PAD patterns (Fig. 6). It is almost techni-
cally impossible to record PADs during real walking, but previous
studies succeeded in recording antidromic discharges in dorsal
rootlets during treadmill locomotion of decerebrate cats (Beloo-
zerova and Rossignol, 1994, 1995). It was reported that bursts of
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antidromic discharges could start or end in different phases of the
step cycle, suggesting that the underlying PADs may reach max-
imal amplitude at different moments of the step cycle, as de-
scribed in this study.

Finally, the complex organization of PAD interneurons as
proposed above may also allow very precise and subtle control of
synaptic transmission in highly focalized regions of the spinal
cord. As suggested previously (Equibar et al., 1994, 1997; Que-
vedo et al., 1997; Rudomin et al., 1998), specific branches of the
same muscle afferent could be controlled independently, depend-
ing on the task. For example, during a voluntary extension of the
ankle in humans, quadricep afferent terminals show different
levels of presynaptic inhibition, depending on whether they end
on motoneurons recruited for the task or not (Hultborn et al.,
1987). One could easily extend this view to include spinal inter-
neurons. For example, the terminals from one afferent ending on
spinal interneurons of a segmental pathway and the terminals
from the same afferent ending on a ascending pathway could be
differentially controlled by specific subsets of PAD interneurons.
We may thus further propose that the connectivity of PAD
interneurons in the spinal cord could be organized, not according
to the type of primary afferents, but rather, according to their
postsynaptic targets.
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