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The possibility was investigated that cortical excitation to human thigh motoneurones is
relayed via lumbar premotoneurones.

Test responses were evoked by transcranial magnetic stimulation (TMS) in voluntarily
contracting quadriceps (Q) and semitendinosus (ST) muscles: either a motor evoked potential
(MEP) in surface recordings or a peak of cortical excitation in the post-stimulus time
histogram (PSTH) of single motor units was used. These test responses were conditioned by
stimuli to the common peroneal (CP) or gastrocnemius medialis (GM) nerves.

CP stimulation evoked a large biphasic facilitation of the Q MEP, with early, short-lasting,
low-threshold (0-6—0-8 x motor threshold (MT)) and late, longer lasting and higher threshold
(1-2—1-5 x MT) peaks separated by a period of depression. GM nerve stimulation evoked a
similar early depression and late facilitation in the ST MEP.

CP-induced effects in the @ H reflex were different (smaller late facilitation not preceded by
any depression), suggesting that CP and cortical volleys interact at a premotoneuronal level
to modify the Q MEP.

Peaks of cortical excitation evoked by TMS in single motor unit PSTHs were modulated by
the conditioning volley like the MEPs with, in @ motor units, early and late CP-induced

facilitations separated by a depression, and in ST motor units a late GM-induced facilitation.

Facilitations on combined stimulation (i) were greater than the sum of effects by separate
stimuli and (ii) never affected the initial part of the cortical peak.

It is concluded that the features of the reported facilitatory interactions between cortical and
peripheral volleys are consistent with interactions in a population of lumbar excitatory
premotoneurones co-activated by group I and group II afferents. The potency of the effects
suggests that a significant part of the cortical excitation to motoneurones of thigh muscles is
relayed via these interneurones.

It is argued that the early depression in ST motoneurones and the separation of the two
peaks of facilitation in Q motoneurones reflect a cortical facilitation of spinal inhibitory
interneurones projecting on excitatory premotoneurones.
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It has recently been shown that motoneurones of human
forearm muscles receive a substantial disynaptic corticospinal
excitation, which is relayed by cervical premotoneurones
and acts in parallel with the monosynaptic component
(Pauvert et al. 1998). Since, both in the monkey (Jankowska
et al. 1975) and in man (Brouwer & Ashby, 1992),
monosynaptic corticospinal excitatory projections have been
shown to be significantly smaller on motoneurones of thigh
muscles than on motoneurones of distal muscles, one would
expect an even greater part of the cortical command to

quadriceps (Q) and semitendinosus (ST) motoneurones to be
transmitted through premotoneurones. In the cat,
transmission in flexion reflex afferent (FRA) pathways is
facilitated by stimulation of the sensorimotor cortex
(Lundberg & Vorhooeve, 1962) and midlumbar premoto-
neurones co-excited by group I and group II afferents
(Edgley & Jankowska, 1987; Cavallari et al. 1987) have been
shown to receive monosynaptic corticospinal input (Davies
& Edgley, 1994). Premotoneurones mediating the potent
excitation of human @ and ST motoneurones by group II
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afferents described in the companion paper (Simonetta-
Moreau et al. 1999) might therefore be good candidates for
transmitting cortical excitation to these thigh motoneurones.

In the present investigation corticospinal volleys were
elicited by transcranial magnetic stimulation (TMS) (Day et
al. 1989; Brouwer & Ashby, 1992): the motor evoked
potential (MEP) elicited in the ongoing voluntary EMG of Q
and ST by TMS or the TMS-induced peak of excitation in
single motor units of these muscles was used as a test
response and conditioned by group I and group II volleys. It
is shown that these peripheral volleys strongly modify, at a
premotoneuronal level, the transmission of cortical effects to
motoneurones of thigh muscles.

METHODS

Experiments were carried out on 16 healthy subjects (aged 25—63),
all of whom had given informed consent to the experimental
procedure, which was approved by the appropriate institutional
ethics committees. Essentially the same methods as in the
companion paper (Simonetta-Moreau et al. 1999) were used for
(i) recording the EMG from two heads of the Q (vastus lateralis,
VL, and rectus femoris, RF) and from the semitendinosus (ST),
(ii) constructing post-stimulus time histograms (PSTHs) of single
motor units, (iii) stimulating the common peroneal (CP),
gastrocnemius medialis (GM), ST and femoral nerves, and (iv)
eliciting and recording the Q H reflex. Only those methods that are
specific to the present study are therefore described below.

Modulation of motor evoked potentials evoked by
transcranial magnetic stimulation (TMS)

Transcranial magnetic stimulation (TMS) was applied over the
motor cortex using a Magstim 200 (Magstim, Whitland, Dyfed,
UK) through a double cone coil centred at the vertex. The intensity
of the stimulator output was adjusted to obtain MEPs of about
10% of maximal M wave (M,,,). EMG activity was filtered
(100 Hz—1 kHz) and recorded using a sampling rate of 1 kHz.
Because MEPs in thigh muscles often have a polyphasic shape, the
MEPs were full-wave rectified and their whole area was assessed
and expressed as a percentage of M,
control MEP (vertical arrows indicate the window of analysis in the
example illustrated in Fig. 14).

or of the unconditioned

Experiments were performed during weak tonic contraction of the
explored muscle. This (i) ascertained that the MEP reflected
predominantly activity of the corresponding motoneurones, (ii)
made the results easier to compare with data obtained in single
voluntarily activated motor units, and (iii) enabled us to compare
the CP-induced modulations of H reflex and MEP since, during
voluntary contraction, the sequence of motoneurone recruitment
(size principle) seems to be similar after stimulation of la afferents
and of the motor cortex (J. Baumgarten, H. Morita, L. Christensen
& J. Nielsen, personal communication). Rectified and integrated
EMG activity was displayed on an oscilloscope so that the subjects
could adjust the contraction to a constant level. Four combinations
of stimuli were alternated in the same sequence: (a) the absence of’
stimulation to assess the background ongoing voluntary rectified
EMG activity; (b) peripheral stimulation alone to assess the
resulting modulation of the ongoing EMG; (c) TMS alone; (d) TMS
and peripheral stimulation. Ten triggers were presented for each
combination. A time course of the effect of the peripheral volley
was constructed by repeating the process with various inter-
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stimulus intervals (ISIs). The background EMG activity (assessed
during the same window of analysis as the MEP) was subtracted
from the conditioned EMG responses to calculate the amount of
facilitation (or inhibition) by separate (b — a) and (¢ — a)) and
combined (d — a) stimuli. The difference between the amount of
facilitation on combined stimulation (d — a) and the sum of effects
by separate stimuli (b — a) 4+ (¢ — a)) was then calculated to give
the amount of extra facilitation on combined stimulation, which
was expressed as a percentage of the control MEP (¢ — a). An F test
(Schefté’s test; see Simonetta-Moreau et al. 1999) was used to test
the statistical significance of results in individual subjects. The
significance of mean values in the group was explored using the
Student’s paired ¢ test.

Modulation of the peak of excitation evoked by TMS in
single motor unit PSTHs

TMS intensity was set so that during voluntary activation of the
motor unit cortical stimulation did not evoke any effect in the
recorded motor unit other than a change in its firing probability.
Motor unit firing was recorded using a sampling rate of 2 or 5 kHz.
As with the MEPs, four combinations were alternated in the same
sequence: (a) the absence of stimulation to assess the background
firing probability of the motor unit (Fig. 34); (b) stimulation of the
peripheral nerve; (¢) TMS; (d) combined stimulation (peripheral
nerve and TMS). The background firing probability was subtracted
from the conditioned histograms, which accounts for the negative
values in 4 and B in Figs 4 and 5. Each experiment involved
studying the time course of effects evoked at two nerve stimulus
strengths. In order to complete the study in reasonable time, we
chose to give only 50—60 stimuli of each type at each ISI. The
resulting PSTHs are rather sparse, but nevertheless give reliable
statistical results. A ¥ test was used to assess the difference
between the response on combined stimulation and the sum of
effects by separate stimuli in individual motor units. This was done
during the whole duration of the cortical peak and within a window
starting 0-6 ms after the onset of the cortical peak (upward arrows
in Figs 4-5), since the conditioning stimulation did not affect the
initial bins of this peak (see Pauvert et al. 1998 and Discussion).
Group analyses were performed using the Student’s paired ¢ test.
They concerned: (i) the amount of extra facilitation on combined
stimulation in the window including the whole cortical peak; and
(ii) the delay at which the facilitation of the cortical peak appeared
on combined stimulation, assessed as the difference between the
onset of the facilitation and that of the control peak (e.g.
30:2 — 29-4 = 0-8 ms in Fig. 54).

RESULTS

Common peroneal-induced excitation of
quadriceps motoneurones

Common peroneal-induced changes in the quadriceps
(RF) MEP

Facilitation of the MEP induced by CP stimulation.
Figure 14 illustrates the averaged (10 trials) rectified EMG
activity observed in response to separate CP and cortical
stimuli and to the combined stimuli in one subject. The
additional activity elicited by separate CP stimulation
(3 x MT) was less than 1% of M,,,. (dotted line). Separate
TMS (35 % of the maximal output) evoked a MEP which was
15% of M, .. (control MEP, dashed line). On combined
stimulation, at the shortest effective interstimulus interval
(ISI) of 1 ms, the MEP was facilitated (continuous line; a
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facilitation which spared the first 2 ms of the MEP). The
amount of extra facilitation on combined
(facilitation on combined stimulation minus sum of effects
by separate stimuli, expressed as a percentage of the control
MEP; see Methods) is the ordinate in Fig. 15 and C.

stimulation

The time course of this extra facilitation, for the CP
stimulus intensity of 3 x MT, is shown in Fig. 15 (@). The
extra facilitation was biphasic, with early and late
components peaking when CP stimulation preceded TMS by
2 and 11 ms, respectively. In this plot both components were
particularly large (the early peak of extra facilitation
reached 200 % of the control MEP, i.e. the MEP increased
from 15 to 45% of M and highly significant (P < 0-001).

max)
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The finding that the facilitation on combined stimulation
was much greater than the sum of effects by separate
stimuli (obtained during background voluntary activity)
and other observations (see below) supports the suggestion
that the facilitation reflects an interaction between CP and
cortical volleys at a premotoneuronal level.

It will be shown below (with the investigation of single
motor units, which enables a more precise time resolution)
that the shortest ISI at which the first cortical (D wave) and
the fastest CP group I volleys may interact at the level of
the premotoneurones when CP
stimulation precedes TMS by about 3 ms. The finding that
the facilitation begins at a shorter ISI (1 ms) in Fig. 1B
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Fig. 1. CP-induced changes in the Q MEP during a voluntary weak tonic Q contraction

A, the difference between conditioned and control averaged (10 trials) EMGs, expressed as a percentage of
the maximal M wave, is plotted against the latency after the conditioning stimulus; the EMG was
conditioned by separate CP stimulation (3 x MT, dotted line), separate TMS (35% of the maximal
stimulator output, control MEP, dashed line) or combined TMS and CP stimulation at the 1 ms ISI
(continuous line) (note that the abscissa is relative to TMS). Vertical arrows indicate the window of analysis
including the whole area of the MEP. B, the amount of extra facilitation (i.e. the difference between the
effect on combined stimulation and the algebraic sum of effects by separate stimuli, expressed as a
percentage of the control MEP) is plotted against the interstimulus interval (ISI) between CP and cortical
stimulations, the intensity of CP stimulation being 0:8 (O) or 3 (@) x MT. C, the amount of extra facilitation
on combined stimulation is plotted against the CP stimulus intensity at ISIs of 2 ms (O) and 11 ms (@).
Each symbol is the mean of 10 measurements. Vertical bars indicate 1 standard error of the mean (+1 s.E.m).
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might then indicate that the CP volley interacts with a later
corticospinal volley. Indeed, TMS elicits multiple descending
volleys (D, 11, 12, I3, etc. activating the same corticospinal
neurones and separated by about 1:5ms; see Day et al.
1989), and the minimum ISI at which a conditioning volley
may modulate a complex test response corresponds to the
moment when the postsynaptic actions of the conditioning
stimulus coincide with the last component of the test
response (Araki et al. 1960). We thus assume that the CP-
induced facilitation of the MEP starts to manifest itself
when the peripheral volley interacts with the last effective
descending volley (D, or any I wave; see section below headed
‘Timing of the effects elicited by corticospinal volleys’).

A distinct MEP during Q contraction was evoked in each of
the 16 subjects and a similar biphasic extra facilitation on
combined stimulation was observed in all of them when the
conditioning stimulation to the CP nerve was strong
(=2 x MT): the early peak reached statistical significance
(P < 0:05) in 10/16 subjects and the late peak in 14/16. In
the whole group mean values of the maximal amplitude of
the extra facilitation were 254 + 6-2 and 259 + 5:8% of
the control MEP (P < 0:01 in both cases) for the early and
late peaks, respectively. The mean values of the first ISI at
which the early and late peaks appeared were 0:4 + 0-5 and
9:6 + 0-5 ms, respectively. The mean duration of the early
peak was very brief (1:8 £+ 0-2 ms), whereas that of the late
peak was longer (3 + 0:4 ms).

Afferents responsible for early and late facilitations
Open circles in Fig. 1B show that, when the conditioning
stimulation to the CP nerve was at 0:8 x MT, i.e. below the
threshold of group II afferents (see Marque et al. 1996),
there was no significant late excitation, a result which was
found in all six subjects tested. Figure 1C shows that the
threshold of the early peak (2 ms ISI, O) was 0-8 x MT and
that of the late peak (11 ms ISI, @) between 1:2 and
1:5x MT (data for the same subject as in B, but from
another experiment). In four subjects in which a similar
series of data were obtained, the threshold of the early peak
was between 0-6 and 0-8 x MT and that of the late peak
between 1:2 and 17 x MT, i.e. within the ranges found for
group I and group II afferents, respectively (Marque et al.
1996; Simonetta-Moreau et al. 1999). It therefore appears
likely that the early low-threshold and late high-threshold
peaks of the extra facilitation observed here are of group I
and group II origin, respectively, like the two peaks of
facilitation elicited by these afferents in H reflexes and
PSTHs (Marque et al. 1996; Simonetta-Moreau et al. 1999).
Figure 1C also shows that, at the 11 ms ISI (@), CP stimuli
at low intensities elicited a depression of the MEP, which
was consistently found in the other subjects and in single
motor units (Fig. 40).

Facilitation of motor cortex excitability by the CP group I
volley may be excluded as the cause of the late excitation
because it takes at least 25 ms for the CP group I volley to
reach the motor cortex: 11 ms of peripheral conduction time
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(Meunier et al. 1990) + 14 ms from 14 to cortex (Desmedt &
Cheron, 1983). In fact, the study of the difference in
latencies of the early and late peaks further suggests that
the late peak is elicited by stimulation of afferents with
smaller diameters than those of group I afferents.

Provided that the last efféective descending volley induced by a
constant TMS intensity (D, or any I wave) remains the same in the
course of a given experiment, the shortest ISI at which each peak
appeared should correspond to the interaction of the group I or
group II CP volley with this last descending volley. If the excess
delay of the late facilitation (over and above that of the early group
I effect) is due to slower peripheral transmission by smaller afferents
rather than to a longer central delay (e.g. via long-loop central
pathways), one would expect this excess delay to increase with the
height of the subject (see Nardone et al. 1996). In order to verify
this possibility we compared the delays between the onsets of the
early and late facilitations (ranging from 7 to 15 ms) and the
heights of the 16 tested subjects (ranging from 153 to 183 cm). It
was found that the taller the subject the larger the difference
between the latencies of early and late facilitations and the
correlation (p =076, Spearman’s test) was highly significant

(P < 0:01).

Comparison between CP-induced changes in the
H reflex and in the MEP

The CP-induced facilitation of the MEP reflects an
interaction between CP and cortical volleys. This interaction
can occur at a motoneurone level (summation of conditioning
and test EPSPs in Q motoneurones of the subliminal fringe
of excitation created by the test corticospinal volley) and/or
at a premotoneuronal level. To elucidate this point the
effects of CP stimulation were compared (Fig. 2) on the MEP
and on the H reflex elicited in the Q (RF) during a very
weak (some motor units) voluntary tonic @ contraction (the
sequence of motoneurone recruitment (size principle) is then
similar after stimulation of Ia afferents and of the motor
cortex; see Methods). Summation in motoneurones of
conditioning and test EPSPs would be expected to produce
similar (at least qualitatively) results, whether the test
response is the Q H reflex or the MEP. In Fig. 2 the time
courses of the changes evoked by CP stimulation (2 x MT) in
the H reflex (O) and in the MEP (@) of the Q are shown in
two subjects (4 and B). Control responses were adjusted to
be of the same size (about 10% of M, ,,) and CP-induced
changes in the two test responses were investigated during
the same experimental session.

Since the conduction times of the test (femoral ITa and cortical)
volleys to Q motoneurones are different (see below), the ISI
corresponding to simultaneous arrival of CP and test volleys at the
motoneurone level is different in the two experimental situations.
Thus, to enable an easy comparison of the two time courses, the
abscissae of the graphs illustrating CP-induced facilitations of the
H reflex and of the MEP are set so that the shortest ISIs at which
the CP group I volley elicits the earliest facilitation in the two test
responses are aligned. These are 8 ms (4) and 7 ms (B) for the
H reflex (lower abscissa), and 1 ms for the MEP (upper abscissa).

In both subjects the CP-induced modulation of the two test
responses differed in two respects: (i) the early group I
facilitation of the MEP (@), which was very brief, ceased
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abruptly and was separated from the late peak by a period
of depression (particularly obvious in A4); in contrast, as
described by Marque et al. (1996), the early group I
facilitation of the H reflex (O) progressively decreased;
(ii) the late group II facilitation of the MEP was much larger
than that of the H reflex. These two systematic differences
between CP-induced alterations of H and MEP responses
were found in all five subjects tested. Such opposite results
indicate that the transmission of at least one of the test
volleys is modified at a premotoneuronal level by the CP
volley. This might alter either the femoral group I volley
underlying the Q H reflex (e.g. by changing presynaptic
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inhibition of Ia terminals) and/or the excitability of
premotoneurones mediating corticospinal excitation to
motoneurones. Experiments described below eliminate the
first of these possibilities.

In principle, presynaptic inhibition of Q Ia afferents by group I
afferents from pretibial flexors (Iles & Roberts, 1987; Hultborn et
al. 1987a) might reduce the efliciency of the femoral afferent volley
in eliciting the @ H reflex. The CP volley might also modify the
femoral-induced Ib inhibition of ) motoneurones, which may help
determine the size of the H reflex (Burke et al. 1984). To determine
whether CP volleys could modify the size of the homonymous
group I EPSPs in ) motoneurones, these EPSPs were generated in

—+— MEP --o-- H Reflex
60+
40+
20
0
L
=204
"‘40 T T T T T T

-2 2 6 10 14 18 22

IS| between CP and cortical stimulations (ms)

5 9 13 17 21 25 29

ISI between CP and FN sEimuIations (ms)

Amount of extra facilitation {% of control value)

5 10 5
ISI between CP and cortical stimulations (ms)

6 11 16 | 21
ISI between CP and FN stimulations {ms)

CP +FN
CP2xMT -~ ISI=18ms

26

FN .

fury
[$)]
4

C

e _

= =] T n =

S |

—

—h
o U o
[
1
1

T T T T T

47 49 A 29 31 33
Latency (ms)

1

o
N |
©

31 33

Number of counts
(% of number of triggers)

Figure 2. Comparison between the changes induced by CP stimulation (2 x MT) in the Q MEP, in
the Q H reflex and in the PSTH of an individual Q motor unit

A and B, the amount of CP (2 x MT)-induced facilitation (difference between conditioned and control
values, expressed as a percentage of the control value) of the MEP (@) and of the H reflex (O) is plotted
against the ISI between CP and cortical stimulations (upper abscissa) and the ISI between CP and femoral
nerve (FN) stimulations (lower abscissa) in two subjects (4 and B). Each symbol represents the mean value
of 20 measurements. Vertical bars indicate +1 s.Em. The asterisks indicate the results which are
statistically significant (P < 0-05). C—E, PSTHs (0:5 ms bins) from a @ motor unit (same subject as in B).
The background firing has been subtracted from each histogram and the difference (expressed as a
percentage of the number of triggers) is plotted against the latency after stimulation. ' and D, effects
induced by separate FN (0:9 x MT, () and CP (2 x MT, D) stimuli. E, effects induced by combined
stimulation (CP 4+ FN) at the 18 ms ISI (note that the abscissa is relative to FN stimulation). Vertical
dotted lines in C—F indicate the window of analysis.
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single voluntarily activated Q motor units by stimulation of the
femoral nerve, and PSTHs were compared with and without an
appropriately timed CP volley. In Fig. 2C-FE (same subject as in
Fig. 2B), the effects of CP nerve stimulation (2 x MT) on the peak
of monosynaptic I a excitation evoked by femoral nerve stimulation
(0-9 x MT) are shown at the 18 ms ISI, i.e. when the CP-induced
facilitation of the Q H reflex was significantly smaller than that of
the MEP in this subject (vertical dotted line in Fig. 2B). The effects
of separate stimulations of the femoral nerve (C, 0-9 x MT, a large
peak of monosynaptic La excitation starting at 31 ms), of the CP
nerve (D, 2x MT, a weak excitation) and of their combined
stimulation (¥) can be seen in this Q motor unit (0-5 ms bins). The
excitation obtained on combined stimulation (28 counts within the
four bins of the window 31-32:5 ms) was practically equal to the
algebraic sum of the two separate effects (24 + 3 = 27 counts). A
similar absence of depression on combined stimulation was
observed in all nine motor units (3 subjects) for all ISIs tested
between 10 and 30 ms. This absence of depression could be
expected, given the reduction of both presynaptic inhibition of Ta
terminals (Iles & Roberts, 1987; Hultborn et al. 19875) and Ib

18A
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28 32 36

—
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B CP 0.8xMT
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inhibition (Fournier et al. 1983) directed on voluntarily activated
motoneurones.

If the efficiency of the femoral group I volley in eliciting the
Q H reflex is not significantly altered by the CP volley, the
differential effect seen in the H and MEP test responses
must then be attributed to a CP-induced change in the
transmission of the corticospinal volley at the level of
premotoneurones. This view is further supported by results
obtained in single motor units.

Changes induced in single motor units

Changes evoked by a conditioning stimulus in responses
exploring an entire motoneurone pool (such as MEP and
H reflex) depend on how evenly the conditioning PSPs are
distributed in the motoneurones of this pool (see Discussion).
Since this factor does not need to be considered while
studying single motor units, CP-induced modulation of
cortical excitation in single motor units was also analysed.
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Figure 3. CP-induced facilitation of the peak elicited by TMS in a Q (VL) motor unit

PSTHs from a Q motor unit (0:2 ms bins). The number of counts expressed as a percentage of the number
of triggers is plotted against the latency after stimulation. 4, background motor unit firing. B and C, effect
of separate CP stimulus at 0-8 (B) and 2 (C) x MT. D, cortically evoked peak by separate TMS at 32% of
the maximal output. £ and F, effect of combined (CP 4 TMS) stimulation with CP at 0:8 (¥) and at 2
(F)x MT at the 11 ms ISI (note that the abscissa is relative to TMS). Vertical dotted lines show the window
of analysis for the cortical peak. Arrow in F indicates the onset of the CP-induced facilitation of the

cortically evoked peak.
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CP-induced facilitation of the peak of cortical
excitation in single Q motor units. Figure 3 illustrates the
basic finding that CP stimulation facilitates the peak of
cortical excitation elicited by TMS in @ motor units. The
background firing probability (4), the changes in firing
probability induced by separate CP stimulation (0-8 x MT,
B; 2x MT, C), separate TMS (32 % of the maximal output,
D) and combined stimulation (IST =11 ms, £ and F) were
explored, the different triggers being alternated in the same
round. With the small number of triggers used (60) there
was no evidence for facilitation on separate CP stimulation
(Band C). Separate TMS evoked a cortical peak of excitation
within the analysis window of 34:4-36-2 ms (D, vertical
dotted lines). Note that in this motor unit, as well as in
another 14 motor units analysed, separate TMS did not
evoke any late excitation (about 10 ms later than the early
peak), as described in PSTHs from proximal arm muscles
(Colebatch et al. 1990).

When a strong (2 x MT) CP stimulus was used, the cortical
peak was significantly (P < 0-05) facilitated on combined
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stimulation (F). The extra facilitation was very short-
lasting since it was only present at the 11 ms ISI, and even
replaced by a depression at ISIs 10 and 12 ms. It had a high
threshold since it was not present with the weak (08 x MT)
CP stimulus at this 11 ms ISI (K). With this weak CP
stimulus, however, an early facilitation appeared at the 3 ms
ISI (not illustrated).

Figures 4 and 5 illustrate results obtained at various ISIs
with 0-8 (Fig. 4) and 2 (Fig. 5) x MT CP nerve stimulus
intensities in one Q motor unit (from another subject). In 4
and B, changes in firing probability evoked by combined
cortical and CP stimuli (filled columns) are compared with
the sum of effects elicited by the two stimuli when applied
alone (open columns); subtraction histograms (hatched
columns in the lower panel of each pair) show the difference
between these two values. The total number of counts in
each subtraction histogram was then calculated within the
window of analysis, including the whole cortical peak
(29-4-30-8 ms). This value, expressed as a percentage of the
number of triggers, is the ordinate in the time courses of
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Figure 4. Facilitation by a weak CP stimulation of the peak elicited by TMS in PSTHs from a Q

(VL) motor unit

A and B, PSTHs from a Q motor unit (0:2 ms bins). The number of counts (after subtraction of the
background firing probability), expressed as a percentage of number of triggers, is plotted against the
latency after TMS. [, algebraic sum of effects by separate CP (0-8 x MT) and cortical (24 % of the maximal
output) stimulations; [, the effect of combined (CP + TMS) stimulations at 1 ms (4) and 9 ms (B) ISIs.
Subtraction histograms in the lower panel of each pair () represent the difference between filled and open
columns. Filled upward arrows indicate the onset of the window of analysis starting 0-6 ms after the onset
of the cortical peak. Note that the abscissa in 4 and B is relative to TMS. C, the amount of extra facilitation
on combined stimulation (4 in 4 and B) is plotted against the IST between CP and cortical stimulations.
The asterisk indicates the result which is statistically significant (P < 0-05).
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Figs 4C and 5C. The significance (P < 0-05) of the extra
facilitation on combined stimulation was tested within the
more restricted window starting 0-6 ms after the onset of
the cortical peak (upward arrows; see Methods). Here again,
there was a significant early (1 ms ISI) and low-threshold
(present when 0-8 x M'T CP stimuli were used) and a late (9
and 14 ms ISIs) and higher threshold (only present when
2x MT CP stimuli were used; compare Figs 4B and 54)
extra facilitation on combined stimulation. Note also that
the early and late extra facilitations were separated by a
depression at the 4 ms ISI where the peak of cortical
excitation became smaller on combined stimulation (Figs 4
and 50).

Plots in 4 and B of Figs 4 and 5 show also that the initial
part of the cortical peak was spared by the extra facilitation
on combined stimulation: thus, when 0-8 x MT stimuli were
used, the facilitation on combined stimulation at the 1 ms
ISI spared the initial 0-4 ms of the cortical peak (Fig. 44);
similarly, when 2 x MT CP stimuli were used (Fig. 5), the
first 0:8 ms (4, ISI =9 ms) or 0:6 ms (B, ISI = 14 ms) of
the cortical peak were not affected by the extra facilitation.

Group analyses. Similar results were obtained in all 15 Q
motor units (13 from VL, 2 from RF) so investigated in five
subjects: as in the CP-induced modulation of the MEP,
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there was always a biphasic facilitation on combined
stimulation with an early low-threshold peak and a late
high-threshold peak separated by a period of depression.

CP stimulation at intensity 0-8 x MT. The facilitation evoked
on combined stimulation was greater than the sum of effects
by separate stimuli at short ISIs in all motor units, but the
difference reached statistical significance only in six motor
units. The mean value of the facilitation, assessed as in
Fig. 4C within a window including the whole cortical peak,
was only 5:5 4 2:8% of the number of triggers. Its mean
latency (shortest ISI at which it occurred) was 1:7 £+ 0-4 ms.
This early excitation was constantly followed by a
depression, and there was never any late facilitation.

CP stimulation at intensity 2 x MT. Such stimuli also evoked
an early (mean latency 1'7 £+ 0-4 ms) facilitation, which was
followed by a 2—6 ms depression. The early facilitation was
on average larger (754 2:1%) than at 0:8x MT and
significant in the group (P < 0:01) (which might reflect the
increase in the group I volley with the increased CP
stimulus intensity; Gracies et al. 1994). A late facilitation
regularly appeared at a mean latency of 10-3 4 0-5,
i.e.8'6 + 04 ms later than the early facilitation. This late
facilitation on combined stimulation was significant in
12/15 motor units. Its mean value reached 17 + 2:6% of

14 ms
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Figure 5. Facilitation by a strong CP stimulation of the peak elicited by TMS in PSTHs from a Q

(VL) motor unit

A and B, same Q motor unit and same protocol as in Fig. 44 and B but the CP stimulation was adjusted at
2 x MT and the results on combined stimulation were obtained at 9 ms (4) and 14 ms (B) ISIs. () as in

Fig.4C.
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the number of triggers (P < 0:0001) when assessed within
the window including the whole cortical peak.

Sparing of the initial part of the cortically evoked PSTH
peak. Figures 4 and 5 show that the extra facilitation on
combined stimulation spared the initial part of the cortical
peak in both the early low-threshold and the late high-
threshold peaks. Such an initial sparing was found in 13/15
motor units. Its mean value was 06 + 0-1 ms for both
peaks (P < 0-0001).

Timing of the effects elicited by corticospinal volleys. Contrary
to what happens in the case of upper limb muscles (Day et al. 1989),
the onset of responses evoked by TMS at threshold intensity in
tibialis anterior (TA) motor units is due to the direct (D) wave
(Priori et al. 1993; Awiszus & Feistner, 1994). Estimates based on
the conduction velocities (CV) of fastest corticospinal fibres
(Inghilleri et al. 1989) and femoral la afferents (Hultborn et al.
1987a), and the distances from motor cortex (Herdmann et al. 1991)
and from the femoral triangle (Hultborn et al. 1987a) to L2-14
spinal levels (upper and lower levels of the ) motoneurone column)
show that the conduction time of the fastest cortical volley to Q
motoneurones is about 3:5ms longer than that of the volley
running along the fastest femoral 1 a afferents.

——— Separate GM
Separate TMS

—— Combined stimulation
ISI 9 ms
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In motor units of the subject illustrated in Fig. 3 the difference
between latencies of cortical- and femoral Ia-induced peaks varied
between 3:3 and 3:6 ms, i.e. it was entirely explained by the
differences in conduction times of the two volleys. This is in accord
with the view that, in this subject, the onset of the cortical peak to
Q motoneurones is due to a monosynaptic EPSP elicited by the
most direct descending volley (D wave), as in the TA. Under these
conditions one would expect that the shortest ISI with CP-induced
facilitation should correspond to the simultaneous arrival of the
fastest CP group I and corticospinal D volleys at the level of the
relevant premotoneurones (see Discussion for why the convergence
is considered at a premotoneuronal level and not at the level of the
motoneurone pool). That appears to be so, since, in motor units of’
this subject, the shortest ISI with facilitation was regularly 3 ms,
which matches almost exactly the difference in conduction times of
CP group I (Simonetta-Moreau et al. 1999) and corticospinal (see
above) volleys to premotoneurones (11-7+7 = 33 ms).

In motor units of the subject illustrated in Figs 4 and 5 the
difference between latencies of cortical- and femoral Ia-induced
peaks varied between 4 and 48 ms, i.e. was 1-1+5 ms longer than
the estimated difference between conduction times of the two
volleys to the lumbar spinal level. This suggests that the
corticospinal D wave was then insuflicient to fire Q motoneurones
and that summation of D and I waves was required to discharge
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Figure 6. GM-induced changes in the semitendinosus MEP

A, same legend as in Fig. 14, but GM stimulation = 1-3 x MT, TMS = 33 %, ISI between GM and cortical
stimulations = 9 ms. B, same legend as in Fig. 1B, but GM stimulus = 1-3 x MT. C, same legend as in
Fig. 1€, but ISI between GM and cortical stimulations = 11 ms.
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them. Accordingly, in this subject, the shortest ISI with CP-
induced facilitation was 1 ms (Fig. 44 and C),i.e. 2 ms shorter than
the difference in conduction times of CP group I and cortical
volleys, reflecting the fact that the CP volley then interacted in
premotoneurones with a late corticospinal volley (activating the
same corticospinal neurones; for references, see Day et al. 1989).

GM-induced effects on semitendinosus
motoneurones

Stimulation of the GM nerve evokes a high-threshold late
excitation of ST motoneurones, which has been shown to be
of group II origin (Simonetta-Moreau et al. 1999). Figure 6
illustrates the GM-induced modulation of the MEP in ST
motoneurones during weak ST tonic voluntary contraction.
Figure 64 shows the averaged (10 trials) EMG activity
observed in response to separate and combined stimuli.
Separate GM nerve stimulation (13 x MT) evoked an early
depression of the ongoing EMG activity (dotted line).
Separate TMS evoked a MEP (12% of M, .., dashed line).
On combined stimulation (ISI =9 ms) the MEP was
facilitated (continuous line). The amount of the extra
facilitation on combined stimulation (see Methods) is plotted
against the ISI (Fig. 6B) and GM stimulus intensity
(Fig.60).

In contrast to the results obtained with Q motoneurones,
Fig. 6 B shows that there was no early facilitation. However,
as in the Q, there was an early depression at the 4 ms ISI
followed by a significant extra facilitation at 9—11 ms ISIs.
Similar results were obtained in the seven subjects tested.
There was never any early significant extra facilitation, but
in 6/7 subjects there was an early depression, already
existing at 1 x MT and thus attributable to group I afterents.
The late facilitation, obtained with stimuli between 1:3 and
1:8 x MT, was significant (P < 0:05) in 6/7 subjects (mean
value =28%, P<0:01), and appeared at ISIs varying
from 7 to 13 ms (the taller the subject the greater the
latency; mean = 97 £+ 0-7 ms).

Depression of the late extra facilitation at high
stimulus intensities

Figure 6C shows that, at the 11 ms ISI, the threshold of the
facilitation was between 1:2 and 1-5x MT and that
increasing the GM stimulus intensity above 1:5x MT
caused the extra facilitation to disappear. This depression at
intensities above 1:5—1:8 x MT was observed in 7/7
experiments (4 subjects). Such a depression at high stimulus
intensities (about 3 times the threshold of Ia afferents)
suggests that the recruitment of group II afferents within
the high-threshold group II range (whether of spindle origin
or not) and/or of group III afferents results in an inhibition
counteracting the group II excitation.

Investigation of single motor units

PSTH experiments were performed in five ST motor units (2
subjects). In all these units, stimulation of the GM at
1-5 x MT evoked a significant (P < 0-05) facilitation of the
cortical peak at long ISIs (10 to 12 ms). This facilitation was
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larger than the algebraic sum of the effects by separate
stimuli and spared the initial (0-4—0-8 ms) bins of the
cortical peak. In the only motor unit, which was kept long
enough to explore early ISIs, a significant early inhibition
was also observed.

DISCUSSION

The main finding in the present study is that electrical
stimulation of the CP nerve evoked a very large facilitation
of the cortical excitation elicited by TMS in single and
multi-unit Q recordings. The facilitation is biphasic with an
early low-threshold and a late high-threshold component,
which have thresholds and latencies similar to those of
excitations of () motoneurones by CP group I and group II
afferents, respectively (Marque et al. 1996; Simonetta-
Moreau et al. 1999). GM stimulation evokes an early group I
depression and a late group II excitation in the ST MEP.

Evidence for interaction of peripheral and
corticospinal volleys at a premotoneuronal level

The very large CP-induced facilitation of the MEP elicited
in Q motoneurones might be due to a summation at the
motoneurone level of EPSPs evoked by conditioning and
test stimuli that are not sufficiently large to fire the
motoneurones by themselves. However, several lines of
evidence indicate that the facilitation occurs primarily at a
premotoneuronal level.

Differential effect of CP stimulation on MEP and
H reflex responses. The late CP-induced facilitation of the
MEP is much larger than that of the H reflex (see Fig. 24
and B). The sequence of motoneurone recruitment (size
principle) in a voluntarily activated motoneurone pool seems
to be the same after Ia and TMS (see Methods), and control
experiments (see Fig.2C-FE) have shown that CP volleys
never depressed the homonymous group I EPSPs under-
lying the @ H reflex. This larger effect with TMS therefore
suggests a CP-induced facilitation of the premotoneuronal
transmission of corticospinal excitation to Q motoneurones.

Extra facilitation on combined stimulation. The spatial
facilitation technique used to demonstrate convergence from two
different fibre systems (A and B) onto common interneurones while
recording EPSPs in one motoneurone in animals (see Lundberg,
1975) rests on a comparison of effects of stimulation of these fibre
systems separately and jointly. Spatial summation at premoto-
neuronal level is inferred when the EPSP on combined stimulation
(A + B) is larger than the algebraic sum of EPSPs evoked by
separate stimulation of A and B systems. The same principle can be
used when the synaptic effects are assessed in the motoneurone
pool by using the H reflex (Fournier et al. 1986) or the modulation
of ongoing rectified EMG activity (Figs 1 and 6). The large extra
facilitation found on combined peripheral and cortical stimulations
might thus be due to the convergence of peripheral and cortical
volleys onto common premotoneurones. However, when the
excitability of the whole motoneurone pool is investigated, the
possibility must also be considered that the extra facilitation on
combined stimulation results from a skewed distribution of cortical
and/or CP-induced effects within the motoneurone pool (see
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Kernell & Hultborn, 1990; Nielsen & Kagamihara, 1993).
Experiments were therefore performed in single motor units in
which this factor does not need to be considered.

Facilitation of cortical excitation in single motor units.
As previously shown (Pauvert et al. 1998), summation of
two excitatory inputs in a motoneurone may give rise to
little more than algebraic summation of their effects in the
PSTH. In the present experiments, however, CP stimulation
almost always evoked a significant extra facilitation of the
peak of excitation elicited by TMS in individual Q motor
units, over and above that expected from summation of
effects from separate stimuli. The simplest explanation for
this is that the two inputs converge onto a population of
interneurones, which then project onto the tested
motoneurone. Within this interneuronal population some
inactive cells will fail to fire in response to either input alone
and will discharge only on their simultaneous actions. The
net result of this is that the response of the interneuronal
population to two inputs will be more than the algebraic
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sum of the response to each input alone (spatial facilitation).
This in turn will be reflected in motoneurone discharge.

Initial sparing. In individual motor units, it was regularly
found that CP nerve stimulation never affected the earliest
bins of the cortical response. This is what would be expected
if cortical and CP volleys converged onto common
interneurones rather than directly onto the motoneurones
(see Pauvert et al. 1998). Due to the synaptic delay at the
interneurone, this cortical input would arrive at the
motoneurone after the direct fast-conducting monosynaptic
corticomotoneuronal input. Thus interneuronal facilitation
would be unable to affect the onset of the cortical response
and initial sparing would occur. Possible reasons accounting
for the relative brevity of this initial sparing (mean 0-6 ms)
have been discussed in connection with the recently
explored peripherally induced facilitation of disynaptically
evoked cortical excitation of forearm motoneurones (Pauvert
et al. 1998).

Corticospinal Tract

L

R

Inh. IN

3%

Figure 7. Diagram sketching the possible connections discussed in the present investigation

Possible pathways mediating non-monosynaptic Ia and group II excitations from tibialis anterior (TA) to
quadriceps (Q) motoneurones and from gastrocnemius medialis (GM) to semitendinosus (ST) motoneurones
are sketched. Y-shaped bars and small filled circles represent excitatory and inhibitory synapses,
respectively. The medium-sized open circles represent excitatory premotoneurones (PreMN) onto which Ta
and group II fibres are supposed to converge. Medium-sized filled circles represent inhibitory interneurones
(inh. IN) activated by group I afferents (TA to Q) and by group I and group II afferents (GM to ST; for
simplicity’s sake, activation of inhibitory INs is shown from muscle group II afferents, but a contribution
from non-spindle group IT and/or group III afferents is not excluded; see text). The corticospinal tract is
shown activating motoneurones through a monosynaptic line and a disynaptic connection with
interposition of group I—group II premotoneurones. Corticospinal excitatory projections to inhibitory INs

synapsing with premotoneurones are also represented.
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The characteristics of the extra facilitation on combined
stimulation found in single and multi-unit ST recordings at
long latencies after GM stimulation at intensities above
12 x MT were very similar to those of the CP-induced
facilitation of Q motoneurones. This likewise suggests a
premotoneuronal facilitation by the GM group II volley of
the transmission of corticospinal
motoneurones.

excitation to ST

Which interneurones? It is argued in the companion paper
(Simonetta-Moreau et al. 1999) that group I and group II
non-monosynaptic to Q
motoneurones are mediated by common interneurones,
probably homologues of the feline intermediate zone/
ventral horn midlumbar interneurones co-excited by group I
and group II afferents (Edgley & Jankowska, 1987). In the
cat, these midlumbar interneurones have been shown to be
monosynaptically excited by descending tract neurones
with a separate subpopulation that is co-excited by rubro-
and, to a lesser extent, by corticospinal tract neurones
(Davies & Edgley, 1994). The potent excitation observed in
the present study suggests that corticospinal neurones might
provide much stronger input to these premotoneurones in
high primates.

excitations from CP nerve

Inhibitory effects of cortical stimulation

There is an early group I-induced depression of the ST MEP
(Fig. 6B) and the total suppression, when increasing GM
stimulus intensity, of the late group II-induced facilitation
of the ST MEP (Fig. 6C) also indicates that inhibitory
pathways were then activated. On the other hand, the group
I-induced facilitation of excitation in @
motoneurones was followed by a period of group I-induced
depression (Figs 1, 2, 4 and 5). The very brief duration
(1-2 ms) and the abrupt termination of the preceding
facilitation suggest that this depression is evoked with only
a slightly longer central delay than the early facilitation, the
initial cortical EPSP being truncated by IPSPs mediated
through pathways involving only one more synapse.

cortical

The truncation of EPSPs by IPSPs may occur at the motoneurone
level (IPSPs in motoneurones) or at the level of the excitatory
premotoneurones themselves (producing a disfacilitation of the
motoneurones; see the tentative wiring diagram in Fig. 7).
Arguments in favour of a group I-induced and a group II (or group
IIT)-induced inhibition of the premotoneurones rather than of the
motoneurones have been presented in the companion paper
(Simonetta-Moreau et al. 1999). This view is further supported by
the finding that the group I-evoked depression of the cortical
excitation of @ motoneurones occurred 1 ms later than the group I-
induced facilitation: this would fit a trisynaptic disfacilitation
better than a disynaptic inhibition of motoneurones (both pathways
having been described in the cat; see Jankowska, 1992).

The early group I-induced depression of the ( MEP has no
equivalent in H reflex changes (Fig. 24 and B) and, when
increasing GM stimulus intensity, the total group II-
induced suppression of the MEP (Fig. 6C) contrasts with the
very weak decrease in the group Il-induced facilitation of
the H reflex in the ST (Simonetta-Moreau et al. 1999). Thus
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peripheral volleys, which cannot activate the inhibitory
interneurones in the absence of TMS, become very eflicient
when their synaptic actions are combined with actions of
the TMS. This suggests that inhibitory interneurones, as
excitatory premotoneurones, would receive corticospinal
excitation (Fig. 7).

If excitation evoked by group I and group II afferents is mediated
to Q motoneurones through common neurones, one would expect
the onset of the group II-induced excitation to be delayed in the
presence of TMS when the inhibition of these neurones is enhanced
by the combined actions of cortical and group I volleys (see above).
Therefore our conclusion on mediation of excitatory effects of group
I and group II afferents by the same neurones (see Simonetta-
Moreau et al. 1999) is supported by the finding that the mean
difference in the latencies of group I and group II excitations
(assessed in single motor units) was greater in the presence of TMS
(8:7 ms) than in its absence (63 ms; see Simonetta-Moreau et al.
1999).

Functional implications

The very large extra facilitation found on combined
stimulation of the motor cortex and peripheral afferents (see
above) suggests that a significant part of the cortical
command to motoneurones of thigh muscles is mediated via
premotoneurones co-activated by group I and group II
afferents. Lundberg et al. (1987) have postulated that
excitatory premotoneurones with input from group II
afferents may servoassist movements commanded from the
brain which might be initiated by descending activation of
these neurones, but maintained in a later phase by
discharges in muscle spindle secondary endings activated by
descending co-activation of static y-motoneurones. They
also assumed that a parallel descending excitation of the
group II interneurones mediating inhibition of motoneurones
(which is strong in the cat; see Jankowska, 1992) might then
be used to prevent contraction of muscles not required in a
given movement. In intact awake man, where there is no
evidence for group II
(Simonetta-Moreau et al. 1999), this selective function might
be taken over by the potent corticospinal excitation of
interneurones inhibiting premotoneurones (see Fig. 7):
combined actions of peripheral and corticospinal volleys on
these inhibitory interneurones might select the subsets of
excitatory premotoneurones appropriate for each given
motor task (postural adjustments, locomotion or voluntary
movement).

inhibition of motoneurones
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