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SUMMARY AND CONCLUSIONS

1. We examined the magnitude and extent
of output effects elicited from focal cortical
sites on the activity of individual motor units
(MUs) by delivering single-pulse intracortical
microstimuli (S-ICMS) (5-15 pA) during iso-
metric wrist activity. Stimulation sites in the
precentral gyrus (area 4) were chosen for study
if stimulus-triggered averages (stimulus-TAs)
of multiunit electromyograms (EMGs) re-
vealed poststimulus facilitation (PStimF) of
EMG activity in any of the coactivated wrist
muscles. Single MUs were then isolated in the
facilitated muscles with a remotely controlled
tripolar microelectrode. MUs were identified
by their signatures in their parent muscles
(from MU-triggered averages of EMGs) and
by their firing pattern during ramp-and-hold
wrist responses (36).

2. One objective was to quantify the mag-
nitude and time course of the effects on single
MUs by compiling peristimulus histograms of
MU firing. The cross-correlation histograms
between S-ICMS and MU action potentials
showed peaks with onset latencies of 8.8 = 1.7
ms (mean = SD, n = 64) and durations of
1.8 & 1.2 ms (n = 104). The cumulative sums
of the correlogram peaks resembled the rising
phase of corticomotoneuronal excitatory
postsynaptic potentials previously recorded in
forelimb motoneurons (11, 30, 35). Compar-
ison of correlogram peaks with stimulus-TAs
of MU potentials suggests that the duration of
PStimF of multiunit EMG (9, 10) can be ac-
counted for, in approximately equal propor-
tions, by /) the variation in firing time of single
MU (i.e., the width of the MU correlogram

peaks), 2) the width of single MU potentials,
and 3) the contribution of different MUSs at
different latencies. The sizes of the correlogram
peaks relative to base line were larger than the
PStimF of multiunit EMGs, and increased
more rapidly with stimulus intensity, indicat-
ing appreciable cancellation in the multiunit
records.

3. A second objective was to determine
whether S-ICMS affected all the MUs of a fa-
cilitated muscle, or only a particular subset.
Of 104 MUs sampled in facilitated muscles,
99 (95%) were found to be individually facil-
itated (P < 0.05). MU firing patterns during
isometric ramp-and-hold torque responses
were characterized as phasic, phasic-tonic,
tonic, or decrementing (36); stimulation at a
given cortical sitc was found to facilitate all
four types of MUs. When more than one mus-
cle showed PStimF from a site, MUs belonging
to each of the facilitated muscles were facili-
tated individually by S-ICMS at that site.

4. Taken together, the data suggest that 5-
to 15-uA S-ICMS pulses activate corticofugal
cells that nonselectively facilitate most, if not
all, motoneurons of a muscle; these cortical
cells can also facilitate motoneurons belonging
to more than one synergist muscle.

INTRODUCTION

To study cortical effects on muscles, inves-
tigators first applied repetitive electrical stim-
ulation to the exposed motor cortex in anes-
thetized monkeys, and elicited contraction of
multiple muscles (7, 14, 49). Intracortical sites
were further resolved by using repetitive in-
tracortical microstimulation (ICMS) to acti-
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vate muscles (2) or single motor units (MUs)
(1, 32). The spinal cord targets were ultimately
resolved by intracellular recordings of corti-
cally evoked synaptic potentials in motoneu-
rons. Single-pulse surface stimulation of the
primate cortex showed that “colonies” of the
corticomotoneuronal (CM) cells excite partic-
ular motoneurons monosynaptically (24, 30,
38, 40). Jankowska et al. (24) found that cor-
ticomotoneuronal excitatory postsynaptic po-
tentials (CM-EPSPs) in different motoneurons
of the same hindlimb muscle were sometimes
evoked from different cortical sites; since some
cortical sites did not evoke CM-EPSPs in all
the motoneurons of the same muscle, they
suggested that individual CM cells may have
selective effects on particular motoneurons
within a pool (24).

In behaving animals, the activity of single
cortical cells (15-17) or S-ICMS (9, 42) has
been cross-correlated with forelimb electro-
myograms (EMGs). Spike-triggered averages
(spike-TAs) of multiunit EMGs have shown
that CM cells facilitate MUSs in one or more
coactivated “target” muscles. Averages trig-
gered from S-ICMS delivered at the site of CM
cells (stimulus-TAs) revealed poststimulus fa-
cilitation of the cell’s target muscles, but pro-
duced a stronger effect, indicating that the
stimuli recruited groups of corticospinal cells
affecting these muscles (9).

The distribution of effects evoked by cortical
stimuli and single cells was consistent with di-
vergence of CM cells to motoneurons of dif-
ferent muscles (4, 15). Anatomical studies have
also revealed divergent corticospinal terminals
projecting to motor nuclei of different muscies
(44), and making contact with multiple neigh-
boring motoneurons (31). However, whether
CM cells project selectively to specific moto-
neurons of a muscle remains to be deter-
mined. Ia-afferents appear to diverge to most,
if not all, motoneurons of the homonymous
muscle (34).

Some investigators have speculated that in
humans cortical control of MUs may be “‘se-
lective” (20, 33), suggesting that corticospinal
cells may affect fast-twitch and/or phasically
firing MUs preferentially. Qualitative differ-
ences in effects on slow- and fast-twitch MUs
of cat triceps surae have been demonstrated
from cutaneous afferents (26) and from the
rubrospinal (6) and corticospinal (39) systems.
In humans, too, cutaneous afferents have been

shown to exert preferential excitatory effects
on fast-twitch, high-threshold MUs (21). The
specificity of monosynaptic connections from
the cortex to motoneurons within a pool is
relevant for understanding the mechanism
underlying variable behavior of MUs in dif-
ferent volitional motor tasks (5, 22, 23, 37).
The present study was designed to explore
cortical output effects, elicited by S-ICMS ap-
plied during wrist muscle activity on single
MU s of the forearm. We chose cortical sites
where S-ICMS evoked poststimulus facilita-
tion of multiunit EMG, and then sampled as
many single MUs from the facilitated muscles
as possible to determine whether these cortical
output sites preferentially affected a subset of
MUs. Single MUSs were characterized by their
signature in the MU-triggered average (MU-
TA) of the parent muscle EMG, and by their
firing pattern during ramp-and-hold torque
trajectories (phasic-tonic, tonic, phasic, or
decrementing) (36). In contrast to the predic-
tions of the selective hypothesis, our results
showed that MUs of all firing patterns were
facilitated by S-ICMS applied in the motor
cortex. Preliminary reports of some of these
results have been presented elsewhere (19, 43).

METHODS

Surgical preparation

Chronic single-unit recording and ICMS were
performed in four awake monkeys with a recording
chamber implanted over the left precentral motor
cortex, as described previously (16, 17). EMG wire
electrodes were implanted in up to 12 forearm
muscles, which were identified by their relative lo-
cation and by the movements evoked by stimulation
through the EMG electrodes (16, 36).

Electrophysiological data acquisition

ICMS and intracortical recording were done with
the same tungsten microelectrodes. A remotely
controlled switch relay (Wabash 1.C. no. 815-241-
L6, Wabash Relay and Electronics, Wabash, IN)
connected the electrode to the preamplifier for cell
recording or to the stimulator for ICMS. Low-in-
tensity S-ICMS (5-15 uA) were delivered at selected
cortical sites during extension or flexion activity;
about 22 stimuli were delivered during the hold pe-
riods at a rate of 15/s. The S-ICMS pulses were
generated by a Grass S88 stimulator driving two
Grass stimulus-isolation units (model PSIU6) con-
nected to deliver constant-current biphasic pulses.
Current intensity was monitored by the voltage drop
across a 10-kQ resistor in series with the leads to
the electrodes.
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Synchronized pulses from the stimulator also
triggered on-line averages of rectified EMG activity
of coactivated flexor or extensor muscles. The stim-
ulus-TAs lasted 30 ms, including 5 ms before and
25 ms after the trigger, and had a bin width of 250
us. Intervals between stimuli were ~67 ms, too long
for temporal summation; this ensured that the ef-
fects in the stimulus-TAs were evoked by single
stimulus pulses. Stimulus-TAs usually comprised
500-1,000 samples. A poststimulus increase in the
average rectified EMG, appearing as a transient peak
in the stimulus-TA of multiunit EMG, was called
poststimulus facilitation (PStimF) (9). The stimulus
intensity chosen was usually the lowest that could
elicit significant effects in stimulus-TAs of EMG.
The same intensity was maintained for investigation
of all single MU of facilitated muscles.

Once the muscles facilitated from a particular
cortical site were identified, a tripolar MU micro-
electrode (36) was positioned in the facilitated mus-
cle(s) to record as many MUSs as possible during
the experimental session. MU-TAs of unrectified
EMG were used to identify the MU’s parent muscle,
1.e., the muscle whose average revealed the MU po-
tential as recorded by indwelling wire electrodes,
called the MU signature (36). All isolated MUs with
signatures in a facilitated muscle were recorded on
analog tape, regardless of whether any MU facili-
tation was observed on-line.

Data analysis

PERISTIMULUS HISTOGRAMS AND CUMULA-
TIVE SUMS. Peristimulus histograms (PSHs) of
single MU discharge were compiled using discrim-
inator acceptance pulses triggered from identified
MU s. This cross-correlation histogram showed the
number of MU spikes occurring at particular times
relative to the micostimulus pulse, and provided a
quantitative measure of the change in MU firing
probability correlated with S-ICMS pulses. PSHs
were compiled on-line, and more extensively off-
line. Like the stimulus-TAs, the PSHs were 30 ms
long, usually consisted of 500-1,000 samples, and
had a bin width of 250 us.

To calibrate the histograms, the number of counts
per bin was converted to firing frequency. A bin
with 7 counts in a histogram of N samples would
represent a mean firing frequency (/) of

f= (n counts/bin)- (4 x 10° bins/s) - (1/N samples)
= 4n- 103/N imp/s @)

A transient increase in firing probability in the
PSH was called the correlogram peak. To help detect
trends in noisy histograms, we used a derived func-
tion called a cumulative sum (13). Cumulative sums
were compiled from PSHs by subtracting the mean
base-line value from each bin value of the PSH and

cumulatively summing these differences. The base-
line interval used for calculating the mean base-line
value was chosen to be the first 10 ms of the his-
togram, i.e., 5 ms before and 5 ms after the S-ICMS.
In previous studies the mean onset latency of
PStimF was 8.0 = 1.2 ms (mean + SD) (9), so this
base-line interval safely preceded any possible
evoked effects. Thus, the content of the nth bin of
the cumulative sum is

cj:jZ(ni*ﬁ) (2)

i=0

where ¢; is the cumulative sum value for bin j, n; is
the content of the ith bin of the PSH, and 7 is the
mean base-line value.

The onset latency of MU facilitation was deter-
mined from the onset times of correlogram peaks,
corrected for the delay in generating the window
discriminator acceptance pulse after onset of the
MU potential. This pulse delay was determined
from the MU-TAs of the MU recording itself, and
was the difference between the onsets of the MU
action potential and the acceptance pulse. The cor-
rected onset latency of MU facilitation after the
cortical stimulus was obtained by subtracting this
puise delay from the onset time of the correlogram
peak. The onset of the correlogram peak was defined
as the first of a series of bins with values consistently
above the mean base-line level (see below).

In a few figures, PSH bins were compacted by
combining two adjacent bins. Compacting the bins
reduces variance in the average associated with a
small bin width, and helps visualize statistically sig-
nificant effects that are obscured by noise. Such
compacted histograms were used only for display;
all statistical analysis was performed on uncom-
pacted histograms, with 250-us bins.

STATISTICAL ANALYSIS. To quantify the statis-
tical significance of possible events in PSHs, the bin
values were tested with the group comparison ¢ test
(48). A major assumption of this parametric test is
that the variances of the test and comparison groups
are equal. Modification of the statistical test for un-
equal variance by modifying the degrees of freedom
(df) is explained below. The number of samples in
the two groups need not be equal, and the two
groups must be independent of one another.

A group comparison ¢ test program (STATS)
compared the bins in the base line, B (the first 10
ms of the histogram), with the bins in a comparison
interval, C, chosen to be all the contiguous bins
surrounding the peak bin containing counts that
exceeded the mean base-line level. These intervals
are illustrated in Fig. 1. The program calculated
mean counts per bin in B and C, as well as their
variances, number of bins, the B and C variance
ratio (C/B), pooled variance, percent change of
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FIG. 1. Analysis of a PSH using the  test (group comparison ¢ test). Vertical lines labeled B surround the bins used
for the base-line group. Those labeled C surround the comparison group bins. The STATS program calculated the
mean base-line level and 1 SD from base line. The mean base-line counts were 2/bin, corresponding to 8 imp/s. There
were 1,000 samples in the histogram; in this and subsequent figures, the number of samples is given in parentheses.

comparison mean relative to base-line mean (per-
cent increase), standard error, ¢ value, df, and mod-
ified df (see below). The ¢ value and df were cal-
culated as

t = (B mean — C mean)/

VIpooled variance x (1/B bins + 1/C bins)] (3)
df = (B bins — 1) + (C bins — 1)

(see Ref. 48). For example, the histogram in Fig. 1
was compiled from 1,000 samples. There was a
mean of 2.0 counts/bin in the base line and 8.2
counts/bin during the correlogram peak, corre-
sponding to a mean firing rate of 8.0 imp/s in the
base line and 32.7 imp/s in the peak.

To quantify the increased firing probability in
the correlogram peak, we computed the mean per-
cent increase of firing probability in the comparison
interval over the base-line firing. This value was
defined as

mean percent increase
= [(C mean — B mean)/B mean] x 100% (4)

The ¢ test value and df were used to check for
probability and statistical significance on a table of
1. A single MU was considered to be facilitated if
the correlogram peak had a statistically (P < 0.05)
greater mean firing rate than the base-line firing
rate.

A modified df value, compensating for unequal
population variances (47), was used to determine
the statistical significance of the ¢ test value if 2 <

(C/B) <0.5.In Fig. 1, a r value of 7.65 for modified
df = 5 had a P < 0.001 of supporting the null hy-
pothesis for a two-tailed test.

Anatomical reconstructions

For all four monkeys, the location of the central
sulcus was determined initially by opening the dura
when the recording chamber was implanted and
photographing the cortical surface. The location of
precentral sites was confirmed by recording activity
of task-related cells. It sometimes helped to make
a preliminary survey of motor effects elicited at dif-
ferent depths by high-frequency repetitive ICMS
(biphasic 0.2-ms pulses; 5-20 pA; 400 Hz; 20- to
50-ms trains). At the end of recording sessions, the
monkeys were killed and perfused with physiolog-
ical saline followed by 10% formalin. Coordinates
of the chamber were marked in the brain by India
ink applied along tracks at several extreme coor-
dinates. The cortical surface under the chamber was
also photographed.

Figure 2 illustrates the locations of electrode
tracks selected for use in this study. Data were ob-
tained with S-ICMS pulses of 5-15 uA for all illus-
trated sites except one, which was stimulated with
20 pA. Sites stimulated with pulses of 20-30 pA
were not included in the statistical analysis.

Summary of abbreviations used

MU-TA: motor unit-triggered average of mul-
tiunit EMG recorded with indwelling wire elec-
trodes, triggered from MU action potentials re-
corded by microelectrode.

MU signature: waveform of motor-unit poten-
tial in the MU-TA of parent muscle EMG.
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FIG. 2. The location of electrode penetrations relative to the central sulcus of 4 monkeys. Photograph shows location
of electrode tracks on cortical surface of monkey /. A parasagittal section (dashed line) stained with cresyl violet is
shown to the right. An electrode track (asterisk near dashed line) with a cortical output site (encircled) that facilitated
single MUs of ED4,5 and ECR-L (illustrated in Fig. 11); this site was located relative to a deeper histological lesion
(heavy arrow). Solid circle, estimated spread of 10 uA; dashed circle, spread of 20 pA (41). Sections were reconstructed
in relation to India ink marks at selected chamber locations (small arrows on cortical surface). Electrode tracks from
monkeys 2 and 3 are shown superimposed on the photograph of monkey /. Electrode tracks of monkey 4 are shown
relative to the sulci (darkened) observed with a dural flap. The estimated location of the remaining sulcus is shown by
dashed lines with stippling. CS, central sulcus; IPS, inferior precentral sulcus; IS, intraparietal sulcus; PS, principal
sulcus; SPS, superior precentral sulcus. Tracks with PStimF of extensor (EXT) and flexor (FLEX) muscles are indicated

separately.

S-ICMS:
mulation.

PSH: peristimulus histogram of motor-unit fir-
ing. Synonymous with cross-correlation histogram
of S-ICMS with MU action potentials.

Stimulus-TA:  stimulus-triggered average of
multiunit EMG (or of motor-unit recording), trig-
gered from S-ICMS.

PStimF: poststimulus facilitation of averaged
rectified EMG in stimulus-TA.

single-pulse intracortical microsti-

RESULTS

PStimF of single MUs

After locating an effective output site in the
motor cortex, where S-ICMS evoked facilita-
tion of EMG in forelimb muscle(s), we re-
corded single MUs belonging to the facilitated
muscle(s). Stimulus-TAs of MU activity and
PSHs usually revealed effects on individual
MUs. Figure 3 illustrates the effects of 10-pA
S-ICMS at a site that clearly facilitated mul-
tiunit EMG in ECR-B and EDC, and also fa-

cilitated ECR-L to a lesser extent. The signa-
ture of this MU indicated that its parent mus-
cle was ECR-B (Fig. 2 in Ref. 36). This ECR-
B MU was facilitated by stimulus pulses of the
same intensity applied at the same intracortical
site. The corrected onset latency of the cor-
relogram peak was 7.5 ms. In the averaged
motor-unit record (third trace), the onset of
facilitation occurred at approximately the
same latency as onset of facilitation of the
multiunit EMG in ECR-B (fourth trace). More
commonly, the onset of facilitation of single
MUs began after onset of multiunit activity
(see below).

The shape and amplitude of PStimF re-
vealed in stimulus-TAs of multiunit EMG ac-
tivity depend on the various contributions of
different facilitated MUs to the EMG. To
evaluate the contribution of a single MU to
the multiunit averages, it is useful to compare
the features of stimulus-TAs of isolated MU
records with averages of multiunit activity of
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FIG. 3. Effects of S-ICMS on single ECR-B MU and
multiunit EMG. From top: S-ICMS pulse, peristimulus
histogram of ECR-B MU, stimulus-TAs of the rectified
MU record and of the rectified EMG from ECR-B (the
parent muscle), and synergist extensor muscles. S-ICMS
of 10 pA at this site evoked strong PStimF of ECR-B and
EDC, and weak PStimF of ECR-L/BR.

their parent muscles (Fig. 4 and Table 1). In
40 MU recordings the action potentials of a
single MU entirely dominated the record. In
stimulus-TAs of these MU records, the mean
onset latency of the MU peak was 8.3 = 1.4
ms (mean = SD). In contrast, the mean onset
latency of PStimF of the parent multiunit ac-
tivity was shorter, 7.7 + 1.0 ms. The shorter
onset latency of multiunit facilitation was
consistent with the expectation that some
other MUs would probably be facilitated ear-
lier than the single MU sampled. The mean

duration of the single MU peak (rectified) was
4.0 £ 2.3 ms, compared with a mean duration
of 6.4 £ 2.8 ms for the multiunit PStimF.
Again, the longer duration of facilitation of
multiunit activity was consistent with earlier
and later facilitation of other MUs. Another
factor contributing to the wider PStimF peaks
in multiunit records is the fact that the MU
signature (seen by the intramuscular EMG
electrodes) was wider than the MU action po-
tential seen by the microelectrode (compare
traces 2 and 4 of Fig. 2 in Ref. 36).

The shape of the stimulus-TA of the MU
record is strongly affected by the shape of the
MU action potential. In contrast, the shape of
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FIG. 4. Timing of PStimF of single MUs and multiunit
activity. The latency and duration values on the figure are
mean values of all data. The illustrated example shows
the PSH of a FDP MU; the onset latency (L) of this cor-
relogram peak was 8.5 ms; its duration (D) was 1 ms; and
its half width (i.e., duration at one-half peak amplitude)
was 1.25 ms. PStimF of the record of this single MU had
a latency of 8.5 ms and a duration of 5.75 ms. PStimF of
multiunit EMG had a latency of 5.75 and a duration of
9.75 ms.

9T0Z ‘92 Jaqwiadag uo £€£°022 0T Aq /Bio°ABojoisAyd-uly/:dny woly pspeojumod



http://jn.physiology.org/

1200 S.S. PALMER AND E. E. FETZ

TABLE 1. Poststimulus effects on single MUs and multiunit EMG activity
Averages Measure Mean, ms SD Range, ms n

Correlogram peaks Half width 1.4 0.9 0.25-4.75 104
of single MU Duration 1.8 1.2 0.50-6.0 104
Onset 8.8 1.7 5.75-13.75 64
Action potential Duration 4.0 2.3 1.0-10.75 40
of single MU Onset 8.3 1.4 6.0-11.75 40
Multiunit EMG Duration 6.4 2.8 2.5-13.75 40
Onset 7.7 1.0 5.75-9.75 40

the correlation peak of the PSH of MU firing
1S a more quantitative measure of the post-
stimulus change in MU firing probability. The
onset latencies of the poststimulus correlogram
peaks were calculated for 64 MUs for which
correction factors could be obtained from
MU-TAs (as explained in METHODS). The
mean corrected onset latency of correlogram
peaks was 8.8 + 1.7 ms (n = 64); this was not
statistically different from latencies determined
directly from averages of the single MU rec-
ords (8.3 = 1.4 ms, n = 40). The mean duration
of the correlogram peak, determined from
PSHs of all recorded MUs (n = 104), was
1.8 + 1.2 ms. The half width (the mean du-
ration of the bins in the correlogram peaks
that exceeded one-half of the absolute peak
amplitude) was 1.4 = 0.9 ms (n = 104). Thus,
the dispersion in poststimulus firing times of
single MUs averaged less than a third of the
width of PStimF of multiunit EMG.

Effect of increasing S-ICMS intensity on
Sacilitation of MUs

In previous studies (9, 10) the increase in
PStimF with increases in the intensity of S-
ICMS was used to infer corresponding in-
creases in recruitment of corticofugal cells. In
those data, the mean increase in PStimF was
23%/10uA, in good agreement with compa-
rable measures of PStimF in the present data.
In this study, increasing the intensity of S-
ICMS also produced larger correlogram peaks
providing a quantitative measure of the effect
on firing probability of single MUs. Figure 5
illustrates the relation between S-ICMS inten-
sity and mean percent increases in firing prob-
ability of EDC and ECR-B MUs. The slopes
of the linear fits indicate that the correlogram
peaks increased more rapidly than the PStimF
of multiunit EMG. For the ECR-B MU, the
average height of the correlogram peak in-

creased by 289%/10 pA, compared with an
increase of 22%/10uA for the PStimF peak of
its parent muscle, for the same trials. Similarly,
the slope for the EDC MU was greater for the
correlogram peak (180%/10 wA) than the
PStimF of the EDC muscle (5%/10 uA). Over
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FIG. 5. Increase in poststimulus firing probability of
single MUs (larger ordinate scale) and poststimulus facil-
itation of multiunit EMG (shorter scale) as function of
cortical stimulus intensity (abscissa). Mean percent in-
crease of MU firing rate over base line in PSH peaks is
plotted for 2 MU, facilitated from 2 different cortical sites.
Solid circles represent EDC MU (site 76PAS); asterisks,
ECR-B MU (site 53PAS2). The mean height of the PStimF
peak as a percent of base line is shown for the EMG of
the parent muscles for the same trials (note differences in
scales at left). Open circles, EDC EMG; plus signs, ECR-
B EMG. The correlogram peak in the PSHs of the EDC
MU for S-ICMS intensities of 5, 7, and 10 pA, had onset
latencies of 7.75, 7.0, and 7.5 ms, respectively, and du-
rations of 1.25, 1.5, and 1.0 ms. The correlogram peak of
the ECR-B MU had onset latencies of 9.25, 9.0, and 9.25
ms, respectively, and durations of 1.0, 2.75, and
2.25 ms.
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FIG. 6. Histograms showing the number of facilitated MUs recorded in different facilitated forelimb muscles. Each
square represents the recording of n MUSs in the same facilitated muscle, all tested by stimulating a particular cortical
site. Dark stippling, all n MUs were facilitated (P < 0.05); light stippling, all but 1 MU were facilitated. The figure
summarizes results from 23 different intracortical output sites in 4 monkeys (there are more than 23 squares because

some sites affected multiple muscles).

this range of intensity, the latency and duration
of correlogram peaks did not change appre-
ciably.
Distribution of cortical effects among MUs
One hundred four MUs were tested with S-
ICMS of 23 motor cortex output sites that fa-
cilitated their parent muscles; of these, 99 MU’
(95%) were facilitated at P < 0.05; 81 (78%)
were facilitated at P < 0.02; and 63 (61%) were
facilitated at P < 0.01. For these comparisons,
the intensity of S-ICMS used for the histo-
grams of MU firing was identical to the inten-
sity for stimulus-TAs of parent muscle EMGs.
Figure 6 summarizes the number of single
MUs affected in each muscle from the 23 cor-
tical output sites. Each square represents a
sample of # motor units tested from the same
cortical site, where 7 is plotted on the abscissa;
the shading indicates whether the S-ICMS fa-
cilitated all » MUs (dark shading) or (n — 1)
MUs (light stipple). As many as eight MUs
were recorded in a single facilitated muscle,
and sometimes all eight were affected (as for
EDC and FDP).

Figure 7 illustrates a set of seven MUSs re-
corded from FCR, and their responses to 10-
uA S-ICMS. MUs 1 and 2 were recorded si-
multaneously, as were MUSs 3 and 4, and MUs
5 and 6. The MU action potentials and their
relative amplitudes are illustrated in the sec-
ond line. Each MU had a unique signature in
the FCR muscle (third line), confirming that
the seven MUSs were all different. The PSHs
of MU firing are shown in the fifth line. All
MUs except MU 5 showed statistically signif-
icant increases in firing probability after the
10-uA cortical stimulus. The timing and am-
plitude of these correlogram peaks, and their
statistical significance, are given in Table 2.

Cortical facilitation of single MUs of
different facilitated synergists

For five of the 23 cortical output sites, single
MUSs were sampled in more than one facili-
tated synergist muscle (Table 3). For some
sites, different muscles were studied during the
same recording session; for the rest, MUs of
different muscles were sampled during two
consecutive recording sessions. One site facil-

TABLE 2. PSH characteristics for seven MUs recorded from FCR

Onset Peak
Firing Latency, Duration, %
Unit Pattern ms ms Increase t Value P

1 D 9.0 2.0 152 6.91 0.001

2 PT 10.0 3.3 66 4.13 0.01

3 D 10.8 3.0 71 2.80 0.05

4 D 8.5 1.3 102 3.86 0.05

5 T 12.3 2.0 46 1.84 0.10 (NS)
6 T 7.0 1.0 105 3.00 0.01

7 T 7.3 2.3 91 391 0.001

Firing patterns were decrementing (D), phasic-tonic (PT), or tonic (T). Onset latency of correlogram peaks was
determined from cumulative sums and corrected for the delay introduced by window discrimination. Percent increase
is defined as (CM-BM)/BM, where CM is comparison mean and BM is base-line mean. NS, not significant.
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FIG. 7. Effects on 7 different FCR MUs evoked by 10-uA S-ICMS applied at an intracortical output site. MUSs are
numbered in order of recording. 4: units 1-4 (above); B: units 5-7 ( facing page). Top line, window discrimination of
the MU action potentials; dots indicate the upper and lower window voltages. The photograph showing discrimination
of MU 1 (¢top line) also shows MU 2, which did not pass through the window. Similarly, MU 1 is captured in the
photograph of discrimination of MU 2, MU 3 in the photograph of discrimination of MU 4, MU 5 in discrimination
of MU 6, and vice versa. The acceptance pulse, about 1 ms in duration, is illustrated with MUs 2-7. Second and third
lines illustrate MU-TAs of the MU action potential and the MU signature, respectively. (Rank order of MU size, from
largest to smallest peak-to-peak amplitude of their signature: 2, 1, 4, 7, 6, 3, 5.) Fifth and sixth lines show PSHs and

cumulative sums, respectively. PSHs of MUs 3 and 6 have compacted bin widths of 500 wus.

itated MUs of two extensor muscles and sup-
pressed MUSs of two additional extensor mus-
cles. (Note: poststimulus suppression of MU
activity was occasionally observed, but was not
systematically studied.)

Examples of MUs that belong to two dif-
ferent muscles, both facilitated from the same
cortical site, are shown in Fig. 8. S-ICMS (10
uA) applied at this site produced strong facil-
itation of EDC and ECR-B, and moderate fa-
cilitation of ED4,5. During the first recording
session four MUs were facilitated (P < 0.05);
two from ED4,5 and two from ECR-B. MU-
TAs confirmed that electrodes in the muscles
adjacent to the parent muscle did not record
these MUs. During a second recording session,
four MUs were sampled in EDC and six in
ECR-B; nine of these MUs were facilitated

(P < 0.05), and the tenth MU showed some
equivocal evidence of facilitation (P < 0.10).

Cortical facilitation of MUs with different
firing patterns
In light of the four categories of MU firing

patterns (phasic, phasic-tonic, tonic, or dec-

rementing), it was of interest to determine
whether certain MUs were preferentially fa-
cilitated by S-ICMS. Figure 9 illustrates the
response patterns of the seven MUs illustrated
in Fig. 7. MU 2 exhibited a phasic-tonic firing
pattern; its highest firing frequency occurred
closer to dT/d¢max than Ty, . In contrast, the
other MUs had their highest firing frequencies
closer to the time of T,,.x, and showed tonic
or decrementing firing patterns. Thus, stim-
ulation at this site significantly facilitated dec-
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rementing, phasic-tonic, and tonic MUs. The
percent increase in firing rate during the cor-
relogram peaks (Table 2) did not correlate in
any obvious way with MU firing pattern.

To see whether these seven MUs were rep-
resentative of all MUs that fired during this
task, their response histograms were summed
together after each was weighted in proportion
to the peak-to-peak amplitude of its MU sig-
nature. The resulting sum, shown in Fig. 9

(bottom trace), closely resembled the response
average of the rectified EMG recorded from
the FCR muscle.

Figure 8 also illustrates facilitation of MUs
with different firing patterns from a single cor-
tical site (53PAS). Figure 84 shows the facil-
itation of three MUs of ECR-B (with phasic-
tonic, decrementing, and tonic firing patterns)
firing at torque levels of ~25% maximal be-
havioral contraction (MBC) (36). The facili-
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FIG. 8. Facilitation of 5 extensor MUs evoked by 10-zA S-ICMS at a single intracortical output site (53PAS). A4:
3 ECR-B MUs with different firing patterns. MU 1, a phasic-tonic unit, fired maximally during the ramp phase, and
had a low firing frequency during the hold period. MU 2, a decrementing unit, fired maximally at the beginning of
the hold period and had a decreasing frequency during the hold. MU 3 was a tonic unit. The moderate static torque
levels at which MUs 1, 2, and 3 were studied were 7.7, 8.6, and 9.5 x 10° dyn - cm, respectively. B (facing page):
facilitation of MUs from other facilitated muscles. MU4 was an ED4,5 MU with a phasic-tonic firing pattern at a
moderate torque level. Compacted bins of PSH were 500 us. MU 4 was studied at a static torque level of 9 x 10°
dyn-cm. MUS5 was an EDC MU with a phasic firing pattern, recruited at torque level 19.9 x 10° dyn-cm. In this
figure and Fig. 9, zero torque level is at the broken horizontal line through the torque average. MU SIGNAT., MU
signature (unrectified EMG). Bottom 3 traces show MU-TAs of rectified EMG.
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tation of each of these MUs was highly sig-
nificant (P < 0.01) (corrected onset latencies
of the correlogram peaks were 7.0, 7.5, and
9.0 ms, respectively). Firing rate during the
correlogram peaks increased by 82% for the
phasic-tonic MU, 96% for the decrementing
MU, and 140% for the tonic MU. Figure 8B
illustrates two other MUs facilitated from this
site: an ED4,5 phasic-tonic MU and an EDC
phasic MU recruited at a high torque level (see
below). The correlogram peak increased by
70% over base line for the ED4,5 MU and
393% for the EDC MU.

To determine whether the strength or onset
latency of facilitation was systematically re-
lated to different MU firing patterns would re-
quire many more identified MUs recorded
from the same muscle. Our preliminary data
suggest that onset latency of facilitation was
not clearly related to MU firing pattern. For
three cortical sites (49PAS, 52PAS, 53PAS; cf.
Tables 2 and 3, Fig. 8) the decrementing and
tonic MU s were facilitated more strongly than
the phasic-tonic MUs. However, the strength
of facilitation may well be a function of activ-
ity, and more controlled delivery of stimuli
during particular phases of activity are re-
quired to make meaningful comparisons.

Cortical facilitation of MUs recruited at
different torque levels

MUs recruited at high torque levels could
not be studied extensively for several reasons.
At high torques, the microelectrodes usually
recorded many MUSs, thus precluding reliable
discrimination. Moreover, MUs recruited at
high torque levels often fired phasically. The
low net base-line firing rate throughout the

TABLE 3. Facilitation or suppression of
more than one facilitated synergist muscle by
10-uA S-ICMS at five cortical output sites

Ratio of MUs Affected

Muscles per MUs Recorded
Output Facilitated or
Site Suppressed Session 1 Session 2
37TH +ED4,5 +1/1
+EDC +2/2
+ECU
+ECR-L
49PAS +EDA4,5 +2/2
+ECR-L +2/2
+EDC
52PAS +EDC +1/1 +7/7
+ED4,5 +4/4
~ECR-B -1/2
—ECR-L -1/1
+ECU
S3PAS +EDA4,5 +2/2
+ECR-B +2/2 +5/6
+EDC +4/4
59PAS +ED4,5 +1/1
+EDC +4/5
+ECR-B
+ECR-L

+, Facilitation; —, suppression. Statistical significance
(P < 0.05) was met by facilitation and suppression.
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ramp-and-hold response made determination
of statistical significance difficult because of
the low number of counts contributing to the
PSH. The EDC MU in Fig. 9 was recruited at
a high torque level, and could be isolated re-
liably with time-amplitude window discrimi-
nation (36). This MU fired phasically, with
maximum firing rate at dT/dfn.. A PSH
compiled only from S-ICMS delivered during
the ramp phase of movement showed a highly
significant (P < 0.01) correlogram peak with
an onset latency of 10.75 ms. The increase in
firing during the correlogram peak (393%) was
greater than that found for other MUs sampled
from ECR-B and ED4,5 (see above). However,
EDC multiunit activity was also facilitated
more strongly from this site (47% over base
line) than that of ED4,5 and ECR-B (14%).

DISCUSSION

Documenting the effects of S-ICMS on the
firing rate of individual forelimb MUs has
provided more quantitative and detailed evi-
dence on the distribution of corticospinal ef-
fects than was previously available from stim-
ulus-TAs of multiunit EMG activity. Prior
studies under comparable behavioral condi-
tions documented the distribution of output
effects on multiple forelimb muscles (9, 10).
The resulting poststimulus facilitation and
suppression of EMG confirmed the existence
of excitatory and inhibitory pathways, but
quantitative interpretation of the averages was
limited because MUs of unknown size and
number contributed to the averages. In con-
trast, the poststimulus histograms of single
MU s quantify the magnitude and time course
of the poststimulus effect, and may be used to
infer the shape of underlying postsynaptic po-
tentials (PSPs) (18). Moreover, by sampling
the responses of different MUSs within the same
muscle, we found that the cortical effects are
exerted on most, if not all, MUs of the muscle.

FIG. 9. Response histograms of 7 MUs of FCR, and
the response average of FCR multiunit activity during the
flexion phase of the ramp-and-hold isometric response.
The dT/dt trace was obtained by differentiating the torque
trajectory. The bottom trace is a sum of PSHs of the 7
MUs, each weighted according to the peak-to-peak am-
plitude of its MU signature. The firing pattern of the MU
is indicated at the right of each histogram (T, tonic; P-T,
phasic-tonic; D, decrementing). All histograms were com-
piled of 70 samples, except for MU2 (56 samples).
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Mechanism of PStimF

The cortical elements that could be acti-
vated by S-ICMS and the possible pathways
mediating their effects on motoneurons are il-
lustrated in Fig. 10. As indicated by the num-
bered circuits, the cortical stimulating elec-
trode may /) directly activate local somas, 2)
directly activate local axon collaterals of dis-
tant somas, 3) transsynaptically activate local
somas, and 4) transsynaptically activate dis-
tant somas. Activation of local somas (mech-
anisms / and 3) is supported by empirical
findings that the effects elicited by S-ICMS in
motoneurons (4) and in EMGs recorded from
synergist muscles (9, 10) were very similar to
the effects elicited by the action potentials of
cortical neurons recorded at the site of stim-
ulation. Mechanism 2, antidromic activation
of distant cells, could also contribute to effects,
but if present, does not recruit enough cells to
affect additional muscles appreciably (9).
Mechanism 4 would require reliable transsyn-
aptic activation of cells at a distance; this
mechanism may be enhanced by temporal
summation produced by repetitive high-fre-
quency ICMS. Indeed, the effects produced by
repetitive ICMS can be more widespread than
effects produced by S-ICMS at the same site
(10). The effectiveness of transsynaptic acti-
vation of cells (mechanisms 2 and 4) by S-
ICMS would be proportional to the spatial
summation of excitatory inputs; since the
number of excitatory terminals activated by
S-ICMS should decrease rapidly with distance
(3), remote cells would be less likely to be ac-
tivated transsynaptically than local cells. Thus,
the cortical cells close to the electrode, whether
activated directly or indirectly, probably made
the predominant contribution to the output
effects.

At the spinal level, the corticofugal effects
may be mediated by various routes. The most
direct path involves monosynaptic connec-
tions of corticomotoneuronal cells, and can
either diverge to multiple motoneurons (pat-
tern A) or project to specific subsets (pattern
B); in addition, polysynaptic pathways via
spinal interneurons or brain stem relays may
also contribute (pattern C). Potential disyn-
aptic circuits include corticospinal termina-
tions onto spinal interneurons, collaterals to
descending brain stem cells, such as rubromo-
toneuronal cells, or collaterals to other CM

\7— Stim. Electrode

Motoneuron pool

FIG. 10. Possible mechanisms mediating cortical fa-
cilitation of different MUs of the same muscle by intra-
cortical microstimuli. Cortex: /) direct activation of local
somas; 2) direct activation of distant somas via axon col-
laterals; 3) transsynaptic effects on local somas; 4) trans-
synaptic effects on distant somas. Dotted line, intracortical
cell; dashed line, thalamocortical or intercortical cell.
Spinal cord or extrapyramidal system: A, divergent CM
cell terminals; B, selective CM cell terminals; C, divergent
interneuronal linkages.

cells. Spike-TAs of EMG activity have con-
firmed the existence of single CM cells that
produce divergent effects in multiple muscles,
as well as other CM cells that specifically affect
single muscles (15, 16). Either type of CM cell
may still project selectively to specific MUs
within its target muscle(s) (pattern B). As dis-
cussed below, the onset latencies of poststim-
ulus effects are consistent with monosynaptic
connections. Polysynaptic relays (pattern C)
should produce later and wider correlogram
peaks, due to cumulative delays and dispersion
introduced by the interneuronal linkages (16).
Our present results are consistent with the
possibility that S-ICMS produces output fa-
cilitation mediated largely by local cortico-
spinal cells that affect most, if not all, moto-
neurons of a muscle. However, the results do
not preclude other combinations of the above
mechanisms.
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Factors contributing to timing of PStimF

It is instructive to compare the temporal
features of the three types of poststimulus ef-
fects used to identify excitatory corticospinal
effects in behaving monkeys (Table 1 and Fig.
4). In order of increasing resolution of target
elements, these are: stimulus-TAs of multiunit
EMGs, stimulus-TAs of single MU potentials,
and peristimulus histograms of MU firing. The
three are interrelated; the stimulus-TA of sin-
gle MU records is the convolution of the MU
potential with the peristimulus histogram. The
stimulus-TA of multiunit EMG is the sum of
the effects in many single MUs. Accordingly,
the PStimF of multiunit EMG had a signifi-
cantly longer mean duration (6.4 ms) than the
stimulus-TAs of single MUs (4.0 ms), which
in turn were wider than the PSH peaks (1.8
ms). These data suggest that, on average, three
factors contribute about equally to the disper-
sion of PStimF of multiunit EMG: the vari-
ance in firing latency of single MUs, the width
of single MU action potentials, and the
summed contribution of different MUs with
different onset times.

Factors affecting the time course of
correlogram peaks

The time course of the correlogram peak in
the PSHs should be a function of the shape of
the underlying EPSP in the motoneuron, and
the amount of synaptic noise (18, 27-29). The
mean duration of correlogram peaks observed
in this study (Table 1) is closer to the expected
rise time of CM-EPSPs than their duration.
Intracellular recordings in primate motoneu-
rons have revealed that cortical surface stim-
ulation evokes CM-EPSPs in forelimb moto-
neurons with rise times of 1.5-2.5 ms and du-
rations of 3-17 ms (11, 30, 35, 38). Our
correlogram peaks had durations ranging from
0.5 to 6.0 ms. Most of the peak durations (90/
104) were <3 ms, and only four peaks lasted
as long as 5-6 ms.

In cat motoneurons, electrically evoked
EPSPs larger than the synaptic noise produced
correlogram peaks whose shapes resembled the
derivatives of the underlying EPSPs (18). If
our PSH peaks, obtained in behaving mon-
keys, also resemble the derivative of the CM-
EPSP, the integral of this peak (i.e., the cu-
mulative sum) should resemble the EPSP. This
often seemed quite plausible for the rising

PSH
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3 <

o 1msec)
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FIG. 11. Representative cumulative sums of PSHs of
the firing of 4 different MUs. The integrated correlogram
peaks often resemble CM-EPSPs (cf. Refs. 11 and 30).
(See Fig. 2 for the cortical site that facilitated MU 2, a
MU of ED4,5.)

phase of the cumulative sums, as illustrated
in Fig. 11. The falling phase of the cumulative
sums showed various rates of descent; some
returned to base line, reflecting a trough fol-
lowing the correlogram peak, whereas others
fell only slightly, if at all. The full time course
of cumulative sums was sometimes 10-17 ms.

The fact that correlogram peaks were usu-
ally comparable in duration to CM-EPSP rise
times is consistent with the mediation of MU
facilitation by CM projections. Synaptic noise
comparable in size to the EPSP may widen
the correlogram peak beyond the EPSP rise
time (18, 28), an effect that may explain some
of the wider correlogram peaks. Corticospinal
facilitation via polysynaptic connections
would be expected to generate EPSPs and cor-
relogram peaks wider and later than those me-
diated by direct connections (16, 27). How-
ever, we found no significant relation between
the durations of correlogram peaks and their
latency. The MUs with correlogram peaks >
3 ms had a mean onset latency of 8.7 + 1.6
ms (n = 14), which was not significantly dif-
ferent from the mean onset latency of all MUs
measured (8.8 £ 1.7 ms, n = 64). Conversely,
the mean duration of the correlogram peak of
11 MUs with late (>10 ms) onset latencies
(2.5 £+ 1.3 ms; range 1.0-5.3 ms) did not differ
significantly from the mean peak duration of
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all MUs (1.8 = 1.2 ms; range 0.5 to 6.0 ms;
n = 104).

The onset latencies of correlogram peaks in
most records were consistent with their me-
diation by CM projections. CM-EPSP laten-
cies of 3.5-5.2 ms in baboons (31), plus pe-
ripheral conduction times of 3-6 ms from
motoneuron to muscles, yield predicted laten-
cies of 6.5-11.2 ms, in good agreement with
latencies observed in our averages.

Cells and MUs activated by S-ICMS

The amount of current spread required to
activate cortical cells and axons can be esti-
mated on the basis of previous experiments
(reviewed in Ref. 41). Using a strength-dura-
tion relation to normalize surface versus in-
tracortical stimuli, Ranck (41) found an ap-
proximate log-log relation between current
intensity and distance of effective current
spread. A given current was calculated to ac-
tivate myelinated axons more widely than
cortical cells. Microstimuli of 15 uA were es-
timated to activate myelinated axons in a ra-
dius of 400 um and cells within a radius of
140 um.

Ranck’s estimates of current spread (cf. Fig.
1 in Ref. 41) combined with Tower’s (46) es-
timates of a neuronal packing density of 22
cells/10° um? for monkey cortex predict the
number of cells activated by S-ICMS. Ap-
proximately 25 cells would be activated for 5
uA S-ICMS, 140 cells for 10-uA S-ICMS, and
253 for 15-uA S-ICMS. Jones and Wise (25)
found that corticospinal cells in area 4 of the
cortex of squirrel and cynomolgus monkeys
accounted for ~50% of the cells in layer V.
Therefore, the number of corticospinal cells
activated is probably less than half these esti-
mated values.

The observed increase in firing probability
of single MUs with increasing intensity of S-
ICMS (Fig. 5) provides further insight into the
recruitment of corticospinal cells. Stimulus-
TAs of multiunit EMG activity showed
PStimF that increased with increasing stimulus
intensity (9). This increase could be mediated
by several mechanisms: At the cortex, larger
stimuli could activate marginally responsive
cells more reliably and could also recruit ad-
ditional corticospinal cells into activity. Sim-
ilarly, at the spinal level the greater corticofugal
volley could activate the same MUs more re-

ON MOTOR UNITS 1209

liably and recruit additional MUs. Our results
confirm that single MUs were more effectively
activated by larger S-ICMS. The fact that the
correlogram peak increased more rapidly than
the PStimF of multiunit EMG with stimulus
intensity is probably explained in large part
by cancellation of MU potentials in the mul-
tiunit records. As additional MUs are recruited
synchronously by the higher stimulus inten-
sities, their waveforms would not sum linearly,
due to cancellation of positive and negative
components.

The increase in the correlogram peaks of
single MUs would be expected to be propor-
tional to increases in the underlying EPSPs.
In cat motoneurons, the correlogram peak
maxima (relative to base line) increased with
EPSP amplitude by 2.4%/uV (18). This would
correspond to an estimated increase of 0.8%/
wV for the mean height of the peaks. Applying
this factor to our data, a correlogram peak with
a mean height of 1% over base line would be
expected to correspond to an EPSP of 1.3 uV.
The graphs in Fig. 5 would then predict an
increase in EPSP amplitude with cortical
stimulus intensity of 22.5-36.1 uV/uA.

In their study of CM-EPSPs in cervical mo-
toneurons of the baboon, Phillips and Porter
(38) showed that the amplitudes of represen-
tative CM-EPSPs increased almost linearly
with cortical surface stimulation over the lower
range of stimulus intensities. The slopes of
these linear increases were in the range of 0.4
to 1.5 mV/mA. The difference between their
slopes and our estimated values may be related
to a more effective recruitment of corticospinal
cells by intracortical stimuli than by surface
stimuli of the same intensity. This difference
is evident from comparisons of recruitment
curves for intracortical (45) and surface (38)
stimuli.

Divergent effects of S-ICMS
on different muscles

Previous studies showed that single CM cells
(16, 17) and S-ICMS (9) delivered near CM
cells often facilitated a group of synergistic
forelimb muscles. Those conclusions clearly
depend on the independence of the EMG rec-
ords, which was tested by cross-correlating the
EMG activity. The fact that MU-TAs of EMG
usually show a large signature in one muscle
and are relatively flat for synergist muscles
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(Fig. 2 in Ref. 36) confirms that multiunit
EMG electrodes can be selective.

Our present results provide more direct
confirmation that microstimulation of cortical
output sites affects motoneurons of different
muscles. MUs whose signature appeared in
different facilitated muscles were each facili-
tated by S-ICMS applied at the same cortical
site (cf. Table 3 and Fig. 8). The MU-TAs
confirmed that the MU signatures appeared
in only one EMG record and that their poten-
tials did not contribute to EMGs of the other
facilitated muscles.

Divergent effects on different motoneurons of
a single muscle

To date, Jankowska et al. (24) have per-
formed the most detailed analysis of corti-
comotoneuronal effects from different cortical
sites on motoneurons of identified hindlimb
muscles. At certain cortical sites, surface stim-
ulation evoked CM-EPSPs in some, but not
all, the motoneurons of a given pool. The mo-
toneurons of a given muscle were monosyn-
aptically excited from cortical sites that often
overlapped, but were rarely identical. On the
basis of these observations, Jankowska et al.
proposed that CM cells may project selectively
to specific hindlimb motoneurons within a
pool.

Our results showed that almost all single
MUs belonging to facilitated forelimb muscles
were facilitated individually for the same site;
95% of the MUs sampled showed statistically
significant (P < 0.05) evidence for facilitation.
Moreover, MUs of every type of firing pattern
were facilitated. The difference between these
sets of observations may be explained by sev-
eral differences in technique. The corticofugal
elements evoked by cortical surface stimula-
tion (24) may differ significantly from those
evoked by S-ICMS. The ability of S-ICMS to
recruit fibers as well as somas may result in
activation of a larger group of functionally re-
lated cells. Second, our stimulus-TAs may de-
tect polysynaptic as well as monosynaptic
linkages, particularly when the stimuli evoke
a synchronous descending volley of impulses.
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