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Connected Corticospinal Sites Show Enhanced Tuning
Similarity at the Onset of Voluntary Action
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Corticospinal (CS) pathways provide the structural foundation for executing voluntary movements. Although the anatomy of these
pathways is well explored, little is known about spinal decoding of parametric information transmitted via this route during voluntary
movements. We addressed this question by simultaneously recording cortical and spinal activity in primates performing an isometric
wrist task with multiple targets while measuring CS interactions. Single-pulse cortical stimulation effectively produced a short-latency
(presumably monosynaptic) spinal response and thus revealed functionally connected CS sites. Spinal and cortical neurons recorded
from connected CS sites showed alignment of directional-torque tuning that peaked at torque onset, consistent with the enhanced cortical
drive active during this period. This increased tuning similarity was accompanied by an increased trial-to-trial covariability of firing.
Whereas functional CS interactions were dynamic, the efficacy of cortical stimulation was unaffected by the motor state. These results
suggest that around the onset of motor action there is a period of facilitated information transfer during which cortical command has
greater efficacy in recruiting spinal neurons with matching tuning properties. Dynamic alignment of response properties may form the
basis for a spinal readout mechanism of descending motor commands in which directional-torque is a parameter that is preserved across
interacting CS sites.
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Introduction
During motor action, a cortical command reaches the spinal cir-
cuitry and, according to some yet unknown principle, recruits
appropriate neurons to generate the required pattern of muscle
activation. Output units of the motor cortex [pyramidal tract
neurons (Evarts, 1969; Cheney and Fetz, 1980)] and spinal inter-
neurons (Maier et al., 1998a; Perlmutter et al., 1998; Prut and
Fetz, 1999) have been shown independently to fire in relation to
directional force during the preparation and execution of move-
ments. Different models have attempted to account for the
unique contribution of each of these representations to motor
control(Fetz et al., 1996; Georgopoulos, 1996; Bizzi et al., 2000;
Todorov, 2000; Kakei et al., 2003). However, studying these rep-
resentations independently is somewhat inadequate, as motor
output is shaped via continuous interactions between motor cor-
tex and the spinal cord.

Corticospinal (CS) pathways provide the motor cortex with
both direct and indirect access to muscles. Currently, there is
conflicting evidence regarding the relative importance of each of
these routes in producing voluntary movements. The direct path,

made up of corticomotoneuronal (CM) cells (Fetz and Cheney,
1980; Lemon et al., 1986) seems to imply a low level control of
motor cortex on motor actions (Fetz and Cheney, 1980; Scott and
Kalaska, 1995; Todorov, 2000) that does not require the specific
involvement of spinal interneurons (INs) in actively processing
cortical commands (Lemon et al., 2004). However, anatomical
evidence (Kuypers and Brinkman, 1970) tends to indicate that
most of the cortically derived motor commands are delegated to
muscles via segmental INs. This latter, indirect pathway, is more
suggestive of a high level of cortical representation of information
which is further processed by spinal systems (Tresch et al., 1999;
Bizzi et al., 2000). Nevertheless, the indirect pathway is consid-
ered to be weak (Jankowska et al., 1975; Baldissera et al., 1981),
particularly in primates compared with lower mammals (Maier
et al., 1998b; Nakajima et al., 2000) presumably because of in-
creased inhibitory control (Alstermark et al., 1999; Isa et al.,
2006).

In addition to activating motor circuitries, descending cortical
commands modulate spinal reflexes (Stein and Capaday, 1988;
McCrea, 1992) and thus affect sensory integration in a time-
dependent manner (Rudomin and Schmidt, 1999; Hultborn,
2001; Seki et al., 2003). This process can greatly alter the balance
among converging inputs at the spinal level, and hence modify
their relative efficacy. The net impact of these diverse interactions
between motor cortex and spinal circuitry and the extent to
which cortical input uses segmental circuitry to further process
motor commands during voluntary movements remains unclear.

We addressed these questions directly by identifying presum-
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ably connected cortical and spinal neurons in behaving primates,
and measuring their target-related response. Our working hy-
pothesis was that any similarity in response properties that
uniquely characterizes connected cortical and spinal sites (com-
pared with unconnected sites) should point to the parametric
information transmitted in the CS route. Using this approach we
found that directly connected CS sites were readily identified
using cortical microstimulation, suggesting an extensive and ro-
bust convergence of descending pathways on spinal circuitry.
Cortical and spinal neurons recorded from connected sites ex-
pressed tuning alignment at movement onset accompanied by an
increased rate of covariation. The results illustrate some dynamic
properties of the interactions between motor cortex and spinal
cord.

Materials and Methods
Animals and behavioral task
Two monkeys (Maccaca fascicularis) performed an isometric two-
dimensional (2D) wrist task with an instructed delay period (Fig. 1).
During task performance, the monkey held its hand in either a pronation
or supination position and controlled a cursor on a computer screen by
applying a 2D isometric torque at the wrist (flexion/extension and radial/
ulnar). A trial was initiated by the appearance of a central target. The
monkey positioned the cursor inside the target by generating zero torque
for a rest period (500 – 600 ms). Then, eight peripheral targets appeared
uniformly distributed around the center target at a fixed distance, defin-
ing the onset of a delay period. One of these peripheral targets was pre-
sented in a distinct color for 500 ms (cue). The disappearance of the
central target (monkey D, 850 –1200 ms; monkey V, 1300 –1700 ms after
cue onset) served as a “go” signal. The monkey then had to acquire the
previously filled target by generating an isometric torque in the appro-
priate direction, and to keep the cursor within the target box for an active
torque period (350 –750 ms). Subsequently, the peripheral targets disap-
peared and the central target reappeared. The monkey returned to the
rest position and received a reward, after which the screen went blank for
1000 –1500 ms and a new trial started.

Recording sessions
Details of the recording technique are described previously (Prut and
Perlmutter, 2003a). A cortical chamber (27 � 27 mm) was implanted
above the motor cortex and the location of arm-related primary motor
cortex was mapped using a train of stimulating pulses (50 ms of biphasic
stimulation given at 300 Hz with intensity �60 �A). Subsequently, a
spinal chamber was implanted above the cervical spinal cord (C6 –T1).
Extracellular single-unit activity (gain, 10 K; bandpass filter, 300 – 6000
Hz) was recorded simultaneously from motor cortex and spinal inter-
neurons located at intermediate lamina while the monkey performed the
task. To ensure isolation quality we used off-line spike sorting (Alpha-
Sort; Alpha Omega, Nazareth, Israel) based on principal-component
analysis to extract spike times from the compound signal. Only neurons
that expressed stable firing across trials were taken for further analysis.

In each recording session, after sufficient data were collected, biphasic
(0.2 ms each phase) stimulation pulses were given at 2–3 Hz (with an
intensity of up to 250 �A). After recordings were completed one monkey
(monkey D) was deeply anesthetized (ketamine, pentobarbital, 30 mg/
kg) and pins were inserted into known coordinates of the cortical im-
plant. The animal was then killed with pentobarbital sodium (50 mg/kg,
i.v.) and perfused with 4% paraformaldehyde. Cortical locations of pen-
etrations relative to anatomical landmarks were subsequently recon-
structed. All surgical and animal handling procedures were according to
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (1996), complied with Israeli law, and were approved by the
Ethics Committee of the Hebrew University. Animal care was supervised
by the veterinarian staff of the Hebrew University.

Data analysis
Identifying connected CS sites. To identify spinal responses to cortical
stimulation we first removed the mean stimulation artifact (computed
for each stimulation session at a given amplitude) from the single sweep
signal. Then, data were digitally bandpass-filtered (eighth-order Butter-
worth filter, 3– 6 kHz) to remove any low-frequency component which
could contain a field effect (see supplemental Fig. 1, available at www.
jneurosci.org as supplemental material) and rectified. This processing is
equivalent to extraction of a multiunit signal from the compound extra-
cellular signal (Brosch et al., 1997). Averaging the rectified signal is sim-

Figure 1. Behavioral task and experimental setup. A, Recording configuration. Monkeys sat in front of a computer screen and controlled an on-screen cursor by applying isometric two-
dimensional wrist torque. Single-unit recordings were made from motor cortex and cervical spinal cord simultaneously. B, Sequence of events composing a single trial. The marked events include
trial onset, onset of visual cue, go signal, back-to-center signal, and reward. Precue period, delay period, and ramp and hold period are shown as well. Time at which target is filled (cue on) is marked
by a magenta square. C, Cortical penetration map of the two monkeys superimposed. Connected (●) and unconnected (Œ) sites are shown for monkey D (red and blue) and monkey V (magenta and
cyan). Some sites were found in a single session; hence, symbol location was slightly jittered for visibility. CS, Central sulcus; AS, arcuate sulcus; UC, unconnected; C, connected; Flx, flexion; Ext,
extension.
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ilar in principle to the widely used method of averaging muscle activity
around spike timing or applied stimulations (Fetz and Cheney, 1980;
Cheney and Fetz, 1985; Bennett and Lemon, 1996; Perlmutter et al.,
1998) and reflects a similar purpose: identifying the multiunit response
to cortical stimulation. We thus refer to the mean response amplitude in
a given time window (either averaged over repeated stimuli or in a single
sweep) as a measure of multiunit activity.

To determine corticospinal functional connectivity we used a paired-
sample Wilcoxon signed rank test to compare multiunit activity in a time
window 2– 8 ms after the cortical stimulus onset to a baseline window
�10 to �4 ms before cortical stimulus. This was done for a stimulus
amplitude of 150 �A as this stimulation amplitude was common to all
tested sites. Cortical and spinal sites were classified as functionally con-
nected if the test reached a significance level of 0.0014 (0.05 divided by 36,
the total number of sites).

Quantifying spinal response. Once connected sites were identified we
quantified the evoked effect as follows. We expanded the post stimulus
inspection window to span 1.3 to 10 ms. The lower bound was set to the
earliest expected post stimulus effect (Fetz and Cheney, 1980). At each
site and stimulus amplitude we aligned the processed (see above) single
sweeps on stimulus onset-time and averaged them. We then computed
the mean and SD of the averaged trace in the baseline window (�10 to
�4 ms before stimulus onset). In the inspection window we looked for all
occurrences of sustained activity (�0.5 ms, equivalent to 13 samples)
above the mean plus two SDs of the baseline. Note that for a given average
trace, multiple periods of sustained activity can be found. The onset and
offset times of such sustained activity were defined to be the first preced-
ing or subsequent bin below the mean plus one SD respectively. Response
magnitude was the integral of the activity above the mean baseline in all
epochs of sustained activity divided by the baseline SD. Onset latency was
defined as the start time of the earliest occurrence of sustained activity.

To test whether the response magnitude was epoch-dependent we first
classified single stimulus traces according to the behavioral epochs in
which they occurred: rest (500 ms preceding cue onset), delay (cue onset
to torque onset), ramp (torque onset to hold onset), and hold (hold onset
to hold offset). Torque onset and offset were determined, for each trial by
an ad hoc method based on a threshold crossing of the time derivative of
the exerted torque. For each trace we computed the single trace response
magnitude as the difference between the multiunit activity in the post
stimulus window (�2..8 ms) and the multiunit activity in the pre stim-
ulus window (�10 to �4 ms). Finally, for each site and stimulus ampli-
tude, we ran a Kruskal–Wallis test to compare single trace response mag-
nitudes from different epochs.

Signal correlation analysis. For each neuron, we computed the target-
related signal (i.e., tuning curve) during ramp and hold (200 ms before
torque onset to 1000 ms after torque onset, Fig. 3C). This tuning curve
was simply the mean firing rate of the neuron while moving toward each
target across trial repetitions. For each pair of simultaneously recorded
cortical and spinal units, we computed the signal cross-correlation by
calculating the correlation coefficient between their target-related signals
(Lee et al., 1998). We then z-transformed the correlation coefficients
(Sokal and Rohlf, 1981) because the distribution of the untransformed
values was greatly skewed. Normalizing these distributions allowed us to
use a t test to compare the correlation obtained for connected versus
unconnected sites. We used an additional form of interneuronal similar-
ity measure based on the target-independent temporal profile of the
firing rate. For each neuron we computed in each direction the perievent
time histogram (PETH) during ramp and hold as defined above. The
temporal profile was obtained by counting spikes in a 300 ms sliding
window that was moved in 50 ms steps. We then averaged these histo-
grams across targets to obtain a target-independent temporal profile.
From here, the similarity between PETH of cortical and spinal neurons
was measured as described above for the signal correlation analysis.

Time-resolved signal-correlation analysis. For each neuron, time-
dependent relationships between firing rate and target position were
estimated. We aligned single trials on the time of torque onset and com-
puted single-trial spike counts in a sliding window spanning 300 ms and
moving in 50 ms steps. For each time window we computed the signal of
the neuron by computing the tuning curve (as defined above) during this

specific time window. This measure was termed the “instantaneous sig-
nal,” defined here as the signal computed for a time window spanning
300 ms. Hereafter, the word “instantaneous” will be used to refer to a
single 300 ms time window.

For each pair of simultaneously recorded cortical and spinal units, we
computed the time-resolved signal cross-correlation by calculating the
correlation coefficient between their instantaneous signals throughout
the trial and at varying interneuronal time lags (�500 to �500 ms in 50
ms steps) (see Fig. 4). We then z-transformed the correlation coefficients.
To evaluate the significance of the results we compared, bin-by-bin, the
two sets of signal correlation matrices obtained from connected and
unconnected sites (two-sample t test). The result was a matrix of p values
and the significance threshold was set at 0.05/N, where N is the number of
bins in the matrix used here to correct for multiple comparisons (Bon-
feroni correction). For presentation purposes, the p value matrix was
converted into a Surprise matrix defined as �log( p/1 � p) and was
smoothed by convolving it with a two-dimensional Gaussian (�x � �y �
100 ms).

Time-resolved noise correlation analysis. A noise correlation matrix was
computed in a similar manner to the signal correlation. For a single trial
and a specific time window we computed the instantaneous noise (i.e.,
the noise in a 300 ms time window) by subtracting the average firing rate
from the instantaneous firing rate and dividing by the SD of the firing
rate. Both the average and the SD of the firing rate were computed for
trials with the same target during that time window.

The time-resolved noise cross-correlation was then measured as the
correlation coefficient between the instantaneous noise of cortical and
spinal neurons throughout the trial and at varying time delays (�500 to
�500 ms in 50 ms steps) (Fig. 4). Only pairs of neurons which were
recorded simultaneously for at least 10 trials qualified for this analysis.

Note that estimating noise correlation is equivalent to studying cross-
correlation of firing rates between neurons, after removing the target-
related modulation of firing from both rate estimates. Nevertheless, the
relatively large time window used in this study prevents us from detecting
fine temporal interactions (i.e., spike-time correlation) between single
neurons; rather, we were limited to detecting rate-based interactions,
namely, changes in the firing rate (computed using a time bin of 300 ms)
of one neuron in temporal relations to such changes expressed by a
second neuron.

Comparison between connected sites and unconnected sites was per-
formed in a similar manner to the signal correlation with the exception
that here the significance threshold was set at 0.05. This difference in
significance threshold reflects the fact that the noise correlation is a
second-order statistic (measuring cofluctuations around a mean level)
which tends to yield weaker values than signal correlation. Furthermore,
the noise-correlation analysis was performed after the signal-correlation
analysis pointed to a region of interest in the 2D matrix. Because we
focused on a smaller portion of this matrix, a more lenient significance
threshold was warranted.

Results
We studied the functional relationships of 165 pairs of cortical
and spinal neurons recorded from 15 connected and 21 uncon-
nected sites.

Identifying functionally connected corticospinal sites
To estimate the information transmitted through descending
commands we sought to compare the similarity in response
properties of cortical and spinal neurons that are functionally
connected with those that are functionally independent. The first
step in this analysis was to identify connected CS sites. Finding
pairs of directly connected spinal and cortical neurons in the
intact animal is practically impossible. Instead, we delivered bi-
phasic single pulse electrical stimulation in the motor cortex
while recording spinal activity. We found that these pulses pro-
duced a clear and significant spinal multiunit response (Fig. 2A)
in more than a third of the recorded corticospinal pairs (7 of 21
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and 8 of 15 of the sites in monkeys V and
D, respectively). On average, response
magnitude increased as stimulation am-
plitude increased, although inconsisten-
cies were observed (Fig. 2G). These incon-
sistencies could partially be related to
mixed excitatory and inhibitory effects
(Fig. 2D), which may express different
amplitude relations. Subsequently, the
amplitude-related increase in the excita-
tory response might have been curtailed
by the appearance of an inhibitory re-
sponse at higher stimulation amplitudes.
The mean response latency for all stimula-
tion amplitudes in all sites was 2.8 ms. The
earliest expected disynaptic response was
0.7– 0.9 ms after the earliest observed
monosynaptic response (Maier et al.,
1998b; Perlmutter et al., 1998). In each site
we considered the fastest response onset
time across all stimulation amplitudes to
estimate the synaptic distance. The fastest
response in monkey D occurred at 2.0 ms.
Four of eight of the sites had fastest re-
sponse onsets �2.7 ms, whereas the other
four sites had fastest response onsets �3.2
ms. In monkey V, the fastest response on-
set occurred at 1.6 ms. Three of seven sites
had fastest response onsets �2.3 ms
whereas the other four sites had fastest re-
sponse onsets �3.0 ms. Thus in almost
half of the cases the spinal response oc-
curred at a short latency, which can be ex-
plained by a monosynaptic (but not disyn-
aptic) connection. For the remaining sites,
the results are more ambiguous because
they can be defined as either slow mono-
synaptic or fast disynaptic connections.

The presence or absence of spinal re-
sponse to cortical stimulation (see Materi-
als and Methods) was used to classify pairs
of cortical and spinal neurons into those
recorded from connected or unconnected
sites, respectively.

Similar response properties in
functionally connected sites
Next, we explored the functional corre-
lates of connected CS sites by estimating
the consistency in response properties between simultaneously
recorded pairs of cortical and spinal neurons.

Similarity between tuning properties of cells is often quanti-
fied by the signal correlation (Averbeck and Lee, 2004), which
measures cosimilarity in response properties between neurons.
We first tested two forms of interneuronal response similarity
during the ramp and hold periods (�200 to �1000 ms relative to
torque onset). The first was based on the target-related signal,
which was measured as the average firing rate in the test window
for each target (thus producing an eight-dimensional tuning
curve). The correlation between these signals computed for pairs
of cortical and spinal neurons recorded from connected sites was
significantly higher than the correlation values obtained for neu-
rons recorded from unconnected sites (Fig. 3A). The second mea-

sure we used to quantify response similarity was based on the
target-independent temporal profile of the firing rate during
ramp and hold which is the average perievent time histogram
(aligned on torque onset time) across all targets. The correlation
between these firing profiles computed for neurons recorded
from connected sites were similar to that found for pairs recorded
from unconnected sites (Fig. 3B).

Time-resolved signal and noise correlation
We found that target-related information is likely to be transmit-
ted between functionally connected sites. However, many cells in
our study exhibited modulations in their target-related firing
over the course of the trial (Fig. 3C,D). We therefore expanded
the search for target-related signal correlations between cortical
and spinal neurons and considered the signal correlation as a

Figure 2. Recruitment of spinal neurons by single cortical pulses. A, Aligning single traces of spinal recordings on stimulus
onset time reveals a clear neuronal response (5 traces randomly chosen from the applied stimulations). A stimulus artifact appears
at time 0. B, Preprocessed traces after subtraction of mean artifact, bandpass filtering and rectification. C, Result of averaging the
preprocessed traces over 202 stimulus repetitions. Area filled with dark gray was used to compare response magnitude across sites
and stimulation intensities. D, Additionally observed response types included double-peak response (top), excitation followed by
inhibition (middle) and no response (bottom). E, Histogram of earliest response latencies for both monkeys combined across all
stimulation locations and amplitudes. F, Relationship between response magnitude and stimulation amplitude. To eliminate the
confounding effect of variation in response magnitude between sites we divided the response magnitude at each site by the
response magnitude obtained at stimulation amplitude of 150 �A. G, Relationships between response magnitude and stimulus
amplitude in single sites (thin black lines) and their average (thick gray lines). Monotonically increasing relations were found in 6
of 15 sites (left), but not for the other 9 of 15 sites (right). However, even in the latter case, the mean response magnitude across
sites increased monotonically with stimulus amplitude.
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dynamic rather than a constant measure of cell activity along the
trial. Moreover, the extent of tuning similarity between spinal
and cortical neurons may be further affected by the relative
cortical-to-spinal time lag used for computing the signal correla-
tion. For example, the time it takes each network to fully exhibit
task-related firing (Eytan and Marom, 2006) may suggest that
maximal tuning similarity between cortical and spinal neurons
should be expected at nonzero time lags. Indeed, substantial la-
tency has been measured between activity of motor cortical neu-
rons and performed motor actions (Moran and Schwartz, 1999).
All these temporal effects were captured by the signal correlation
matrix which measures time-resolved changes in the instanta-
neous CS tuning similarity occurring at different CS lags (Fig. 4).
We grouped the interactions from 55 or 21 pairs of neurons
recorded from eight or seven connected sites and compared the
results to 40 or 49 pairs of neurons recorded from 7 or 14 uncon-
nected sites for monkeys D and V, respectively. The averaged
signal correlation matrix expressed a consistent dynamic for both
monkeys in connected as well as unconnected sites (supplemen-
tal Fig. 2, available at www.jneurosci.org as supplemental mate-
rial) and the data were therefore combined (Fig. 5). Our null
hypothesis was that signal correlation is independent of the CS
functional connectivity classification. We therefore tested all ma-

trices from connected sites bin-by-bin
against all matrices obtained from uncon-
nected sites to identify statistically signifi-
cant bins (two sample t test, p � 0.05/
number-of-bins, delineated within white
borders in Fig. 5C).

The results show that tuning-similarity
computed for connected CS sites (Fig. 5A,
left) transiently increased before torque
onset and before hold onset, namely at
points of transition between stable and dy-
namic torque. In contrast, the signal cor-
relation computed for unconnected sites
(Fig. 5A, right) expressed a decrease in sig-
nal similarity. The relation between signal
correlation value and task performance
could be assessed by the average torque
profile and its variability (Fig. 5B). These
plots further show that the difference in
signal correlation observed between con-
nected and unconnected sites cannot be
accounted for by systematic differences in
task performance.

Rate-based correlation between
functionally connected CS sites
Increased tuning similarity does not in it-
self dictate any model for CS interactions,
as tuning similarity could evolve indepen-
dently. Furthermore, signal correlation
cannot provide an estimate of the strength
of interactions between single cortical and
spinal neurons. To identify functional,
rate-based interactions between CS sites
we computed the noise-correlation matri-
ces for the same data set using 75 CS pairs
recorded from connected sites and 88 pairs
recorded from unconnected sites (Fig. 6,
supplemental Fig. 3, available at www.
jneurosci.org as supplemental material).

The results show that units recorded from connected sites had a
significantly higher noise correlation compared with units re-
corded from unconnected sites. Increased noise correlation was
strongest just before torque onset, parallel to the increase in signal
correlation. Moreover, the increased interactions were biased to-
ward positive CS lags, consistent with cortical activity preceding
spinal activity.

Evoked CS efficacy is independent of motor context
Modulation in functional CS interactions could result from vari-
ations in the efficacy of the CS transmission line. To study this
possibility we compared the magnitude of the spinal response to
cortical microstimulation delivered at four different epochs of
the task: rest, delay, ramp, and hold (see Materials and Methods),
representing different motor contexts. Because the prestimulus
baseline level changed across these epochs we estimated the
stimulus-induced change in multiunit activity. At each behav-
ioral epoch, we looked at the mean change in multiunit activity
between two time windows: �10 to �4 ms before the stimulation
and �2 to �8 ms after the stimulation. The underlying assump-
tion was that a behavioral epoch for which cortical efficacy is
reduced would show a smaller change in multiunit activity. Only
4 of 53 of the site-amplitude combinations showed a significant

Figure 3. Signal correlation depends on functional connectivity. A, Distribution of z-transformed correlation coefficients be-
tween tuning curves of cortical and spinal pairs of neurons recorded in connected sites (blue) and unconnected sites (red). For each
neuron the tuning curve was computed in a time window (�200 to �1000) ms around torque onset. B, Distribution of
z-transformed correlation coefficients between temporal profiles of corticospinal pairs recorded in connected sites (blue) and
unconnected sites (red). For each neuron the temporal profile was computed during the ramp and hold period by averaging the
target specific temporal profiles across all targets. A target-specific temporal profile is a smoothed perievent-time histogram
(using a 300 ms sliding window that was moved in 50 ms steps). C, A raster display of a cortical neuron aligned on torque onset and
sorted by targets. The gray bar above the raster display indicates the ramp and hold period. Visual inspection suggests that during
this time window as well as during the delay the target-related signal changes considerably. Blue and red bars below the raster
display represent two sample windows selected to demonstrate this point. Torque profile, averaged across trials in all targets is
shown above raster plot. D, Tuning curves computed in the two sample windows. Note that the preferred target (i.e., the target for
which neuronal firing was maximal) as well as the level of firing changed between the two time windows.
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interaction ( p � 0.05) between change in
multiunit activity and behavioral epoch.
Even when pooling evoked responses ob-
tained for all recording sites and all stimu-
lation amplitudes (supplemental Fig. 4,
available at www.jneurosci.org as supple-
mental material) no significant differences
were observed in the evoked response ap-
plied at different epochs.

Discussion
Previous studies (Bizzi et al., 2000;
Todorov, 2000) hypothesized different
functional interactions between motor
cortex and spinal cord as part of move-
ment control. Our study addresses this is-
sue directly and shows that these two
structures readily interact in a robust and
dynamic manner, expressing increased ef-
ficacy of the cortical command during
torque onset. Furthermore, parametric
analyses of these interactions show that
directional-torque tuning (or its corre-
lates) of neurons is a property that is pre-
served when information is transmitted
from motor cortex to spinal cord and thus
can serve as a control signal in the motor
system.

We found that single-pulse stimula-
tions applied in the motor cortex can re-
veal functionally connected CS sites with-
out the need for spatial or temporal
summation. This indicates that in behav-
ing primates, CS interactions are substan-
tially stronger than their presumed
strength as might be indirectly estimated
based on studies performed in reduced
preparations (Jankowska et al., 1976; Bald-
issera et al., 1981), where often large-scale
cortical stimulation (Jankowska et al.,
1975, 1976) or stimulation in the pyrami-
dal tract were used. Similar differences in
functional efficacy between awake animals
and reduced preparation was also reported for CM connectivity
(Porter and Lemon, 1993). The frequency of finding connected
CS sites reflects both the convergence of an extensive (although
not necessarily continuous) cortical area on spinal sites
(Jankowska et al., 1976; He et al., 1993) and the fact that in be-
having primates the spinal circuitry operates at an elevated level
of excitability (Prut and Perlmutter, 2003a).

The stimulation pulses used in our study clearly excite many
cortical neurons in the vicinity of the electrode (Tehovnik, 1996).
Motor cortical neurons were shown to be spatially organized in a
mosaic-like pattern (Jankowska et al., 1975; Amirikian and Geor-
gopoulos, 2003; Ben-Shaul et al., 2003) where neighboring neu-
rons share similar response properties (Lee et al., 1998) and in-
put/output connectivity patterns (Jackson et al., 2003) whereas
response properties across patches are unrelated. It is therefore
expected that single-pulse stimulation should mostly excite local
cells with some degree of homogeneity in their response proper-
ties in addition to more remote cells with randomly varying tun-
ing properties. Our findings were consistent with this organiza-
tional scheme: in six tracks we encountered both connected and

unconnected sites, thus further emphasizing that single pulse
cortical stimulation can be used to identify CS interactions with a
relatively fine spatial resolution.

The structural observation of interacting CS sites had a clear
functional correlate in terms of tuning properties: spinal and
cortical neurons recorded from connected sites expressed a dy-
namic alignment of tuning during task performance. The associ-
ation between these two findings, namely connected CS sites
which are uniquely characterized by increased tuning similarity
(in contrast to unconnected sites) suggests that tuning alignment
is obtained via CS interactions. An alternative (although less in-
tuitive) explanation could be that the increased signal (and noise)
is mediated by a specific termination pattern in which a given
pathway (e.g., peripheral afferents) preferentially affects match-
ing cortical and spinal sites. However, the latter model cannot
account for the rate-based interactions (i.e., noise correlation),
which were temporally biased toward lags in which cortical activ-
ity precedes spinal activity.

The observed transient nature of CS interaction could poten-
tially reflect the emergence of tuning just before torque onset. In

Figure 4. Computing signal and noise correlation matrices for a pair of neurons recorded simultaneously. A, Raster displays of
a cortical neuron (left) and a spinal interneuron (right) recorded simultaneously. Trials were aligned on torque onset and sorted by
target. The blue bars below the raster displays represent two sample windows for which neuronal tuning curves were computed.
The red bars above the raster display represent two different sample windows for which neuronal noise (trial-by-trial deviation
from the signal) was computed. Note that the time window used for computing cortical signal and noise was not necessarily
aligned with the time window used for computing spinal signal and noise as signal and noise correlation were measured at
different corticospinal lags (see Materials and Methods). B, tuning curves computed for the cortical neuron (left) and spinal
interneuron (right) in the selected sample windows (exact times appear in each panel). Both neurons showed a similar tuning
profile. C, Correlation between tuning curves reveals a strong positive correlation. D, Time resolved signal correlation matrix shows
the signal correlation coefficient for different combinations of cortical and spinal sample windows. The x-axis corresponds to the
time (relative to torque onset) used as the center of the cortical sample window. The y-axis is the CS lag between the two sample
windows, with positive lags corresponding to cortex leading the spinal cord. The color corresponds to the magnitude of the
correlation coefficient (red, positive; blue, negative; green, zero). White cross indicates the point that corresponds to the (signal)
sample windows shown previously. E, Noise correlation computed using the trial-by-trial deviation of neuronal firing from the
mean discharge rate. Each dot represents the relation between the firing deviation of the spinal neurons ( y-axis) with the
corresponding deviation of the cortical neurons in a single trial. F, Time-resolved noise correlation matrix shows the noise
correlation coefficient for different combinations of cortical and spinal sample windows. The layout is similar to the one used for
the signal correlation matrix. White cross marks the point that corresponds to the (noise) sample windows shown previously.
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the data presented here, the pretrigger period used for computing
the time-resolved matrices was taken from the postcue delay pe-
riod activity. In this epoch, the spatial direction of the ensuing
movement had already been provided. Previous studies have re-
ported target-related preparatory activity in the motor cortex
(Tanji and Evarts, 1976; Thach, 1978; Kubota and Funahashi,
1982) and spinal cord (Prut and Fetz, 1999), although not as
robust as movement-related tuning. This may suggest that a non-
zero signal correlation is expected at this period, unlike the lack of
correlation reported here. Moreover, the dynamic tuning simi-
larity was matched by a trial-by-trial rate comodulation at the
same time window. The latter parameter is not affected by neu-
ronal tuning properties and, thus, further emphasizes the inher-
ent dynamic nature of CS interactions. Finally, regardless of the
actual source for the dynamic CS interactions, their functional
implication is the same: target-related information is transmitted
in a preferred time window around torque onset.

Functionally connected cortical and spinal neurons had in-
creased tuning similarity, yet it is difficult to identify the exact
parameter transmitted in this manner (e.g., directional torque
and/or its derivatives). Part of this difficulty is attributable to our

current task design where many of the pa-
rameters are colinear. Additional study is
required to resolve this ambiguity.

Whereas the increased signal similarity
between connected sites seems intuitive,
the decrease in signal similarity in uncon-
nected sites appears to be more puzzling.
This significant decrease suggests that the
population of unconnected CS pairs of
neurons does not only contain unrelated
cells; rather, it includes a subset of neuro-
nal pairs with opposite directional tuning,
which thus contributes negative signal
correlation values. This subset of pairs
may correspond to an indirect (possibly
inhibitory) cortical connection with spinal
neurons that have the opposite preferred
direction. The comparable frequencies of
finding connected and unconnected sites
further support this view. This point can
be illustrated by using a hypothetical ex-
treme situation: let us assume first that the
cortical population is equally divided be-
tween agonist and antagonist-related sites;
second, a given spinal site receives input
from all agonist cortical sites and none
from antagonist sites. Therefore, if a corti-
cal stimulation does not evoke a spinal re-
action we can expect a negative (agonist–
antagonist) signal correlation rather than a
zero correlation.

Signal correlation analysis revealed
tuning-based functional CS interactions.
A more direct measure for CS interactions
was obtained when measuring the CS
noise correlation. Signal-dependent noise
correlation was found previously for
neighboring motor cortical neurons (Lee
et al., 1998), but not for spinal INs (Prut
and Perlmutter, 2003b). Here, we show
that significantly increased noise correla-
tion can be found for connected sites at

lags which are consistent with cortical firing preceding spinal
firing. The temporal match between signal and noise correlation
may suggest a mechanism in which CS interactions mediate tun-
ing similarity. However, some care should be taken when inter-
preting these results. Falsified noise correlation was shown to
emerge in cases of behavioral variability that was unaccounted for
(Brody, 1999; Ben-Shaul et al., 2001). In our data, trial-by-trial
variability in motor performance (even for a given target) can
potentially contribute to such artificial noise correlation. Never-
theless, the fact that positive noise correlation was found for con-
nected sites compared with unconnected sites, although the mo-
tor variability in these two sets of data were essentially the same,
indicates that the observed noise correlation reflects true CS in-
teractions. Furthermore, a transient noise correlation was found
at times when behavioral variability was minimal, namely just
before the aligning event, further supporting the validity of this
result.

Spinal response evoked by cortical stimulation was not signif-
icantly modulated by the motor context. This result is unex-
pected based on previous reports showing that corticomuscular
interactions are task-dependent, possibly because of changes in

Figure 5. Cortical-to-spinal signal correlation matrices computed for connected and unconnected sites. A, Time-resolved
signal cross-correlation averaged across all pairs of neurons recorded from functionally connected sites (left, n � 76; monkey D,
n � 55; monkey V, n � 21) and functionally unconnected sites (right, n � 89; monkey D, n � 40; monkey V, n � 49). Bins for
which correlation values were significantly different between connected and unconnected sites are delineated by a white border.
B, Mean (blue) and SD (red) of radial torque (distance from center) pooled for all targets in connected sites (left) and unconnected
sites (right). Comparing the signal correlation differences to the average torque profile suggests that differences are prominent
before torque onset and before hold onset, but not during the early phase of movement. C, Surprise matrix highlights the bins with
a significant ( p � 6 � 10-5; see Materials and Methods) difference between connected and unconnected pairs. The two
significant areas are marked 1 and 2. D, Bars showing the mean of the z-transformed correlation coefficient in area 1 (left) and area
2 (right) for functionally connected sites (red) and functionally unconnected sites (blue). The difference between connected sites
and unconnected sites is caused by positive correlations in connected sites as well as negative correlations in unconnected sites.
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the excitability of corticospinal (Baker et
al., 1995; Lemon et al., 1995; Schubert et
al., 1997) and/or spinal (Armstrong and
Drew, 1985; Matthews, 1986) systems.
Similarly reflex pathways were shown to
modulate in a behaviorally dependent
manner (Stein and Capaday, 1988; Chen et
al., 1998; Zytnicki and Jami, 1998; Zehr
and Stein, 1999; Hultborn, 2001), often
because of changes in the efficacy of spe-
cific pathways.

A possible source for this discrepancy is
a relatively weak spinal effect that was
masked by a large trial-by-trial variability
in the spinal baseline level. Indeed, al-
though the context-dependent impact on
the evoked response of muscle and de-
scending volley (Di Lazzaro et al., 1998)
was clearly robust, it is hard to predict the
magnitude of this effect in the response of
the local heterogeneous population of INs
that was used here to quantify evoked spi-
nal response. Thus, to observe such an ef-
fect it may be necessary to average over
much larger number of repeated stimuli in
any given epoch. Therefore, our results
cannot rule out the existence of such a
task-dependent effect, but they can pro-
vide some upper bound to its strength.

A model that could account for the dy-
namic CS interactions uses the predomi-
nantly phasic (Cheney and Fetz, 1980) and
synchronized (Lee et al., 1998; Baker et al.,
2001) firing of M1 neurons known to exist at movement onset.
This firing pattern could be translated by descending fibers into a
particularly effective recruiting drive for spinal neurons (as was
suggested for cortical neurons) (Abeles, 1982; Salinas and Se-
jnowski, 2000). At segmental levels, the descending command
has been reported to be further enhanced through its additional
role in mediating presynaptic inhibition of afferent information
during movement onset in nonhuman (Rudomin and Schmidt,
1999; Seki et al., 2003) and human (Pierrot-Deseilligny and
Meunier, 1998) subjects. This presynaptic inhibition may act to
change the balance among converging inputs on spinal neurons
by amplifying the relative impact of cortical inputs (which are not
subjected to this inhibition) (Nielsen and Petersen, 1994; Jackson
et al., 2006). In this model, moderate changes in firing pattern of
cortical neurons accompanied by gating of competing pathways
greatly alter the availability of spinal neurons to be recruited by
cortical commands. Overall, the cortical drive for voluntary
movements exerts a paramount, albeit transient impact on spinal
activity extending beyond its anatomical volume. The outcome
of these interactions is that during motor actions, spinal inter-
neurons contain parametric information related to the exerted
directional torque. Thus, in primates performing voluntary
movements, the indirect CS pathway, routed via segmental INs,
may actively participate in processing the descending cortical
command before it reaches the muscles.
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