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CHAPTER 17

Distributed processing in the motor system:
spinal cord perspective

Yifat Prut, Steve I. Perlmutter and Eberhard E. Fetz *

University of Washington, Department of Physiology and Biophysics and the Regional Primate Research Center, Seattle, WA 98195, USA

Background

The motor system has long been thought to operate
in a serial mode of processing (Thach, 1978; Kurata,
1993). In this mode, information regarding motor
action evolves. sequentially through a series of mo-
tor stations, with each successive station translating
the arriving information into a set of instructions
that progressively contain more motor-related infor-
mation. Ultimately, the neural information is trans-
formed into muscle action by the segmental spinal
circuitry. However, there is abundant evidence, both
anatomical and physiological, that conflicts with this
notion, leading to the conclusion that the system
incorporates parallel processing as well as serial
processing (Alexander et al., 1990; Alexander and
Crutcher, 1990). The relative extent to which the
system employs each of these modes of operation
is not yet known. In this paper we will summarize
some of the evidence supporting parallel processing
in the motor system during generation of volun-
tary arm movements, and will estimate the role of
synchronous firing in such information processing.

Parallel descending information

The anatomy of descending pathways to the spinal
cord (Kuypers, 1981) shows that cortical motor cen-
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ters control motoneurons (MNs) through three layers
(Fig. 1).

Motor Cortex

Fig. 1. Schematic illustration of cortical control of MNs. Three
main routes are available: CM control originating from layer V
cortical cells in primary and non-primary motor areas synapse
on MNs (black filled cell); corticospinal control originates from
sensory and motor cortices and terminates on spinal INs (gray
filled cells), which in turn make synaptic contacts with MNs;
cortico-reticulo-spinal pathway affects MNs through a polysy-
naptic route, including a synapse in the reticular formation and a
synapse on spinal INs.
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The first is the corticomotoneuronal (CM) control
mediated through direct synapses of cortical neurons
on MNs. CM axons arise from layer V pyramidal
cells located in primary and non-primary motor cor-
tical areas (Murray and Coulter, 1981; Toyoshima
and Sakai, 1982; Dum and Strick, 1991; Porter and
Lemon, 1993). It has been shown that a single corti-
cospinal axon can contact most, or even all, MNs of a
given pool, as well as multiple pools (Lawrence et al.,
1985; Shinoda et al., 1986). The second layer of con-
trol is the indirect corticospinal pathway; cortical ax-
ons contact spinal interneurons (INs), which project
mono- or polysynaptically to MNs. These contacts
can span up to several segments (Kuypers, 1981)
and their specific termination zone is dependent on
the area of origin (Martin, 1996). The third layer of
control is indirectly mediated through brain stem nu-
clei (Moll and Kuypers, 1977; Kuypers, 1981). This
cortico-reticulo-spinal pathway mostly terminates on
long propriospinal INs, which distribute their axons to
multiple spinal segments (often throughout the length
of the cord). The latter two levels of supraspinal con-
trol affect MNs indirectly through segmental INs. Al-
though this indirect influence may seem weak com-
pared with the direct CM synapses, it can have a pow-
erful impact given that spinal INs provide more than
90% of the input to MNs (Porter and Lemon, 1993).
It has been estimated that each MN receives input
from several thousand segmental INs (Alstermark and
Kummel, 1990). The relative numbers of MNs (sev-
eral thousand) and INs (few hundred thousand) in
each segment (Binder, 1989) suggest a high degree
of convergence of IN input on MNs. The supraspinal
information arriving to the spinal cord through these
various routes is diverse, containing both motor, pre-
motor and sensory information (Murray and Coulter,
1981; Toyoshima and Sakai, 1982; Dum and Strick,
1996). Our experiments were designed to evaluate the
impact of the indirect corticospinal route on the seg-
mental spinal network during voluntary movement.

Motor preparatory activity

In addition to the anatomy of the motor system,
which provides the structural foundation for paral-
lel processing of information, the physiology is also
in agreement with this parallel mode of operation.
Existence of pre-movement activity was documented
for many supraspinal structures in a task that in-
cluded an instructed delay period, namely a time
period between a cue onset and a trigger ‘go’ cue
(Tanji and Evarts, 1976; Thach, 1978; Kubota and
Hamada, 1979; Weinrich and Wise, 1982; Wise et
al., 1986; Georgopoulos et al., 1989; Riehle and
Requin, 1989). Alexander and Crutcher (1990) ob-
served that the onset time of this preparatory activity
greatly overlapped across motor centers regardless
of the large difference in their ‘synaptic distance’
from the effectors (i.e., muscles). Since preparatory
activity was considered to be a reflection of motor
planning of forthcoming movement, it was suggested
that the motor plan is generated in a distributed man-
ner throughout the supraspinal motor system. This
notion provided major support to the idea that infor-
mation in the motor system is processed in parallel.

Spinal preparation for movement

To date, the participation of the spinal cord in prepa-
ration for movement has been estimated only in-
directly. Modulations of monosynaptic reflex path-
ways (Requin et al., 1977; Bonnet and Requin,
1982; Brunia et al., 1982; Komiyama and Tanaka,
1990) were considered to reflect cortically mediated
presynaptic inhibition, which modifies sensory in-
flow and motoneuuronal excitability in preparation
for the ensuing movement. Recently, we have shown
(Prut and Fetz, 1999) that in primates performing a
flexion/extension wrist task with an instructed delay
period, many spinal INs exhibit specific pre-move-
ment delay period modulation of firing rate (Fig. 2A

Fig. 2. Examples of spinal INs exhibiting pre-movement preparatory activity. (A) Spinal IN with an excitatory rate modulation during
pre-extension period. Extension (left, black histogram) and flexion (right, gray histogram) trials are plotted separately. For each set of
trials, the torque traces (bottom chart), the raster plot (middle chart) and the peri-stimulus-time histogram (PSTH, top chart) are plotted.
All trials and events are aligned on cue onset (time zero). In each trial, the event before cue onset is the start of the trial. The events
after cue onset are the ‘go’ signal (triangles), movement onset (diamonds), and movement offset (squares). (B) Spinal IN with inhibitory

preparatory activity. (From Prut and Fetz, 1999.)
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and B). This preparatory activity was found in more
than 30% of the recorded cells. The distribution of
onset times for spinal preparatory activity had an
average of 220 ms (median of 190 ms) and greatly
overlapped the onset time previously reported by
Alexander and Crutcher (1990) for cortical cells.
However, it should be recognized that our measur-
ing technique differed from that employed by others,
and this may have contributed methodological differ-
ences in the estimated onset times. The preparatory
rate modulation that was found in spinal INs was
often inhibitory, and in reverse polarity compared
with the subsequent movement response of the cell
(Fig. 3). Often, the preparatory activity that was
found in correct trials was absent when the monkey
made an erroneous movement response to the cue.
This further indicates that spinal preparatory activity
reflects a correct cue-to-response match, as opposed
to being cue-related or purely motor-related activity.
The existence of rate modulation during the delay
period may not be surprising given the extensive in-
put to the spinal cord from sensory and motor areas
that exhibit such activity.

Spinal preparatory activity may not only reflect
supraspinal processes. It may also take an active
part in gating or modulating sensory information
arriving from the periphery, which will subsequently
be transmitted to supraspinal centers to continuously
update the motor plan (Evarts and Granit, 1976;
Tanji and Evarts, 1976; Evarts et al., 1984). In this
scenario, as soon as preparation for movement starts,
activity reverberates throughout the motor system via
anatomical parallel loops.

Synchronization within spinal and supraspinal
circuitry

In view of the broad and diverse impact of de-
scending pathways on spinal activity and the high
degree of convergence of input from segmental INs
upon MNs, what is the mechanism by which de-
scending inputs arriving to the cord select a spe-
cific motor pattern? In part this input affects spinal
circuitry through a direct excitatory drive. Indeed,
interrupting descending pathways results in muscle
weakness, which presumably reflects the loss of the
excitatory drive (Rymer, 1993). An additional mech-
anism through which supraspinal drive can shape
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Fig. 3. Relations between polarity of movement response and
polarity of delay-period response. Each point represents a case
of significant delay modulation in either flexion (black) or ex-
tension (gray) trials. Each cell contributes either one or two
points. X-axis value is the averaged rate modulation during the
delay period relative to the rate during the rest period. Y-axis
value is the averaged rate modulation during the subsequent ac-
tive hold period (when the monkey is actively generating either
flexion- or extension-directed torque) relative to the rate during
the rest period. The upper-right and lower-left quadrants rep-
resent cases of congruency in the polarity of the delay-period
activity and hold-period activity (excitation or inhibition in both
periods relative to rest). These two quadrants contain 102/167
(61%) of the cases (number of points in each quadrant shown
in corners). The upper-left and lower-right quadrants represent
cases of reverse polarity between delay- and hold-period activity
(excitation/inhibition or inhibition/excitation, respectively, rela-
tive to rest). These two quadrants contain 65/167 (39%) of the
cases. Of 167 cases plotted, 98 (59%) have inhibitory delay-
period modulation (the left two quadrants of the graph). (From
Prut and Fetz, 1999.)

spinal activity and control muscle recruitment is by
modifying the temporal properties of the firing of
these neurons.

Synchronized firing was shown for both mo-
tor cortical cells (Smith and Fetz, 1989; Vaadia
et al., 1995; Hatsopoulos et al., 1998; Grammont
and Riehle, 1999; Maynard et al., 1999) and motor
units (MUs) (Datta and Stephens, 1990; Nordstrom
et al., 1992; De Luca et al., 1993; Schmied et al.,
1993). Many have suggested that the synchronized
firing of MUs is the result of cortical input (Baker
et al., 1988; Farmer et al., 1993; Schmied et al,,
1994; Smith et al., 1999) and is most likely gener-



ated by branching of CM fibers within MN pools
and across pools of similar muscles (Datta et al.,
1991). It seems remarkable that branches emerging
from single cells could have such a prominent im-
pact on the firing of two MNs. In fact other factors
may play a role in the observed synchronization.
The first factor is synchronization among CM cells.
Two synchronized CM cells, projecting to different
MUs, may entrain those MUs to fire synchronously
without direct branching input from either CM cell
to both MUs.

A second factor that may contribute to correla-
tion in firing among MUs is synchronization among
spinal INs. In our study we recorded activity of
spinal INs from three behaving monkeys performing
wrist flexion and extension movements. Recordings
were made from either single or a pair of elec-
trodes. EMG activity was simultaneously recorded
from up to 14 forearm muscles. Online and of-
fline spike-sorting techniques were used to separate
multiple waveforms from a single electrode. Spike-
triggered averages were compiled for each neuron to
determine functional connectivity between cells and
muscles.

Firing properties of spinal INs

We first studied the firing properties of single spinal
INs (Fig. 4). In many cases, the autocorrelation of
spinal INs (Fig. 4A) and MNs (Fig. 4B) had pe-
riodic features, reflecting a tendency to fire with
regular interspike intervals (ISI). The extent of reg-
ularity in firing was quantified by the coefficient
of variation (CV) of the ISI. The mean CV val-
ues for INs during rest and hold periods (Fig. 4C)
were 0.72 and 0.65, respectively; MNs exhibited the
highest level of regularity (~0.35). In contrast, the
CV of cortical neurons tends to be higher, above 1
(Lee et al., 1998; Shadlen and Newsome, 1998). A
value of 0.8 is a lower bound for cortical regularity
(Stevens and Zador, 1998). It is clear that spinal
circuitry expresses a much higher level of regular
firing than cortical cells. For comparison, primary
afferent inputs to spinal INs fire more regularly than
INs (Matthews and Stein, 1969; Nordh et al., 1983).
However, when the fusimotor drive to the muscle
spindle is severed, the firing of primary afferents
becomes even more regular (Matthews and Stein,
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1969). This observation led to the assumption that
the supraspinal input, which affects the y-system, is
the source for the increase in variability of primary
afferents. Similar supraspinal inputs on spinal INs
may act to increase their variability in firing as well.

Correlation in firing among spinal INs

We have found that neighboring spinal INs are more
likely to exhibit similar response properties than are
neurons located far apart. Such similarity in response
patterns can be the result of a common drive. This
type of common drive also was considered as a
source for a rapid correlation in firing (on the or-
der of a few tens of milliseconds) between cortical
neurons (Abeles, 1982). Fig. 5 shows an example of
two spinal INs with a significant correlation in their
firing. The results of this study are summarized in
Table 1.

Correlations were measured between pairs of
spinal INs recorded by single or neighboring elec-
trodes. The duration of the computed correlation
was 100 ms. Only cases where at least 200 spikes
from each of the units (i.e., the trigger unit and
the reference unit) were available were considered.
For each pair of units three correlograms were com-
piled: during rest, during flexion-hold, and during
extension-hold (periods in which the monkey ac-
tively maintained the cursor within the target on the
screen). Of the 438 neuronal pairs for which correla-
tion was computed in at least one behavioral mode,
255 were pairs of units recorded from the same elec-
trode and 183 were pairs recorded from two different
electrodes. Of all the histograms, 49 (11%) had a
peak in at least one behavioral mode. The frequen-
cies of correlation as a function of behavioral mode
and distance between cells are listed in Table 1.

As shown in Fig. 5, in some cases the correlations
were dynamic, changing in strength or existence
depending on the behavioral mode. We counted the
number of cases in which correlation exhibited such
dynamic features for those pairs whose correlation
was computed in more than one behavioral mode
(385 pairs). Only 212 pairs provided sufficient data
to compute correlation in three behavioral modes,
173 pairs in two modes, and 53 pairs in one mode
only. Of these, 42 pairs had a peak in at least one
behavioral mode. Table 2 summarizes the tendency
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Fig. 4. Firing properties of single spinal INs. (A) Autocorrelation of a spinal IN computed for data collected during rest (left histogram),
flexion-hold (middle histogram) and extension-hold (right histogram). The number of triggers is given for each histogram. (B) The same
as A but for a spinal MN that is inactive during rest and extension periods. (C) Distribution of CV values computed during rest (left,
black) and hold period (right, gray) for the whole population of spinal neurons. The total number of cases, the average value and the
standard deviation are given for each histogram.
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Fig. 5. Two examples of cross-correlograms computed for pairs of spinal INs. (A) Correlograms computed during rest (left histogram),
extension-hold (middle histogram) and flexion-hold (right histogram). A significant peak in the correlogram exists during extension-hold.
The horizontal lines show the average rate of the target unit (middle line) and the 99% confidence interval (upper and lower lines). The
central dip is the result of the fact that the two cells were recorded by the same electrode. (B) The same as A but for a different pair of
units. In this case, a peak of different extent can be seen in all three behavioral modes, while it crosses the lines of significance during
flexion-hold only. ‘

TABLE 1

Frequency of synchronization among spinal INs

N'=49/438 Rest Hold flexion Hold extension
Cross-correlogram peaks 22 28 18
NS ? correlograms 250 227 239
% Peaks 9 12 8
Peaks at distance ? = 0 19 26 17
NS correlogram at distance = 0 123 118 132
% Peaks 15 22 13

! Number of pairs with a significant peak in at least one behavioral mode over the total number of pairs.
2 Non-significant.
3 Distance = 0 refers to cells recorded by a single electrode.
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TABLE 2

Modulation of synchronization across behavioral modes

Computed correlograms ! Type? N %

3 modes 3 peaks 4 10
2 peak + 1 NS 6 14
1 peak + 2 NS 16 38

2 modes 2 peaks 5 12
1 peak + 1 NS 11 26

Total 42 100

Dynamic/constant * 33/42 79

NS = non-significant.

I Number of behavioral modes (out of 3) at which correlograms
were computed.

2 Type of observed correlograms, namely either flat (NS) or with
a significant peak.

3 Two modes were found for pairs for which there were not
enough data in one mode to compute a correlogram. In a few
cases the correlogram had a clear peak, which was either in-
significant or was based on low number of triggers or reference
spikes (<200). These correlograms were excluded.

4Ratio between pairs for which synchronization was modified
according to the behavioral mode and pairs with a constant
synchronization.

of correlogram to change in different behavioral
modes.

The majority of correlograms were sensitive to
the behavioral mode. Therefore the existence of cor-
related activity reflects not only the hardwired input
arriving to these cells (which is constant throughout
the trial), but also the behavioral epoch. Also, corre-
lated firing seemed to be more frequent during flex-
ion-hold periods than during rest and extension-hold
periods (Table 1). Additional differences between
the properties of INs during flexion and extension
were previously reported from our lab (Perlmutter et
al., 1998). Accordingly, functional linkages between
cells and muscles are observed more frequently in
spike-triggered averages of flexor than of extensor
muscles. It therefore may be that part of the ob-
served effect of INs firing on muscle activity could
be explained by a synchrony in firing among spinal
INs. The increased tendency for correlated firing dur-
ing flexion may increase both the frequency and the
potency of the observed effects on flexor muscles,
making them more common.

However, it is important to note that the observed
synchronizations between spinal INs occurred over
a short time scale (often not more then a few mil-

liseconds), and their peak area, which corresponds to
their strength, was often small.

Discussion

Our study of spinal activity during preparation for
movement further supports the idea of distributed,
parallel processing in the motor system. The spinal
manifestation of pre-movement delay period activ-
ity suggests that spinal circuitry is involved already
in early stages of movement preparation. The role
of this activity and its source remains unknown. It
was previously suggested (Moll and Kuypers, 1977;
Baumgartner et al., 1996) that the premotor cor-
tex has a predominantly inhibitory effect on spinal
activity. Premotor cortex cells exhibit very robust
preparatory activity (Weinrich and Wise, 1982; Wise,
1985; Wise et al., 1986; Kurata, 1993) and therefore
these cells could be the source of inhibition of INs
during the preparatory period. Further study will be
required to test this hypothesis.

Existence of synchrony between spinal INs

The second question that we addressed in our study
is the way the diverse information arriving to the
spinal cord is processed by spinal INs. We found
that spinal INs tend to fire in a very regular manner.
This finding is in contrast with the data provided for
cortical cells (including M1), which fire in a highly
irregular manner (Smith, 1989; Softky and Koch,
1993; Lee et al., 1998; Shadlen and Newsome, 1998;
Stevens and Zador, 1998). Furthermore, spinal cir-
cuitry also differs from motor cortical neurons in the
extent of correlation in firing. Despite the fact that
nearby spinal INs have similar response properties,
only a small fraction of them were correlated in their
firing, and these correlations were brief and weak.
For M1 neurons, the estimated numbers of corre-
lated cells ranged between 20% and 35% (Smith,
1989; Fetz et al., 1991; Hatsopoulos et al., 1998;
Lee et al., 1998), while in the spinal cord the to-
tal number of correlated cells was about 11%. The
two results (higher regularity and lower correlation)
are in agreement with other findings demonstrating
the inverse relations between these two factors for
y-motoneurons (Davey and Ellaway, 1984). A possi-
ble reason for the relative low number of correlated



pairs found among spinal INs may reside in a specific
connectivity scheme, in which cells of the same type
are connected, regardless of their anatomical dis-
tance. However, it has been shown that the pattern of
input arriving to INs is in some cases random (Har-
rison and Jankowska, 1985), so that local branches
of a given fiber will synapse on INs in their vicinity
regardless of the specific origin of this fiber. Also we
have found a tendency of correlated activity to occur
among neighboring cells (those that were recorded
by the same electrode). This suggests that neigh-
boring INs are more likely to share their input (as
opposed to a case where cell identity rather than its
location determines its input), and therefore the low
frequency of correlated activity found in our study is
not due to the bias in recording mostly neighboring
cells. Also, the impact of distance on cortical cor-
relation seems to be less pronounced (Smith, 1989;
Vaadia et al., 1995; Maynard et al., 1999) than in
the cord. These facts are all in agreement with a ten-
dency for asynchronous firing among INs compared
with cortical neurons.

Functional role of spinal synchrony

Several observations suggest that spinal synchrony
has a functional context. The first finding is that
spinal synchrony was modulated by the behavioral
mode. The majority of correlated pairs were corre-
lated only in some but not all the behavioral epochs.
This result is similar to the dynamic correlations
of firing that were found in the prefrontal cortex
(Vaadia et al., 1995) and the ‘information capacity’
reported for M1 synchronization (Hatsopoulos et al.,
1998; Maynard et al., 1999). Given the firing prop-
erties of spinal INs, with their highly regular firing,
and the lower number of correlations in the cord
compared with the number of correlations in M1,
spinal synchronization may be induced by converg-
ing inputs arriving to the cord, rather than intrinsic
computational processes taking place within spinal
circuitry. Accordingly, the behavioral modulation of
spinal synchronization is the result of modulations
among corticospinal inputs.

The second finding that suggests a functional role
for the correlation between spinal INs is the consis-
tency between the tendency of spinal cells to have a
functional linkage with flexors muscles (Perlmutter
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et al., 1998) and the excess of correlation during
active flexion. Regardless of the source of the syn-
chronization, such activity can enhance the impact of
a single cell upon its target muscle. This is partic-
ularly important for cells that have an oligosynaptic
linkage to MNs, whose efficacy tends to be relatively
weak. On the other hand, the limited extent of the
correlation may help to limit the muscle fields of
spinal INs compared with the larger muscle fields
of CM cells (Perlmutter et al., 1998). Accordingly,
spinal synchronization may sharpen the broad input
to spinal neurons, as the existence or absence of
synchronization within a group of INs may respec-
tively amplify or attenuate the impact of arriving
inputs.

The contribution of spinal correlation to MU syn-
chronization is still unclear. Although IN synchro-
nization is comparable to MU synchronization in
duration (Datta and Stephens, 1990; Schmied et al.,
1994) and task dependency (Bremner et al., 1991)
the two events differ in their frequency. The number
of synchronized MU pairs found within a muscle
and across muscles is about 60-90% (Datta and
Stephens, 1990; Bremner et al., 1991). On the other
hand, there is a large convergence in the spinal cord
where hundred of thousands of INs project to several
thousands of MNs. Such a convergence pattern may
amplify the limited correlation found between INGs.
However, a direct test is required to estimate the role
of spinal INs in MU synchronization.

Summary and conclusions

Recordings of spinal INs during a flexion/extension
wrist task with an instructed delay period have shown
directly that many spinal neurons modulate their rate
during the preparatory period soon after a visual
cue. The onset time and the relation between the
delay period activity of spinal INs and the ensuing
movement response suggest that this type of activity
is not simply related to the forthcoming motor action,
but rather reflects a correct match between the visual
cue and the motor response. The existence of such
activity further supports the notion that the motor
system operates in a parallel mode of processing, so
that even during early stages of motor processing
multiple centers are activated regardless of their
anatomical distance from muscles.
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The firing properties of spinal INs during the
performance of the task seem to differ from the
comparable properties of motor cortical cells. Spinal
INs fire in a highly regular manner — their CV is
substantially lower than the observed CV of cortical
cells. Also, although neighboring cells tend to have
similar response properties, the frequency of signif-
icant correlation is lower than for cortical cells and
the anatomical extent of the correlation seems to be
narrower.

The similarity and differences between cortical
and spinal cells in terms of response and firing
properties suggests that while both type of cells are
active in parallel throughout the behavioral phases of
the motor task, each may operate in a different mode
of information processing.

Abbreviations

INs spinal interneurons
CM corticomotoneuronal
MU motor units

MN motoneurons

M1 primary motor cortex
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