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Gating of Sensory Input at Spinal and Cortical Levels during
Preparation and Execution of Voluntary Movement
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All bodily movements stimulate peripheral receptors that activate neurons in the brain and spinal cord through afferent feedback. How
these reafferent signals are processed within the CNS during movement is a key question in motor control. We investigated cutaneous
sensory-evoked potentials in the spinal cord, primary somatosensory and motor cortex, and premotor cortex in monkeys performing an
instructed delay task. Afferent inputs from cutaneous receptors were suppressed at several levels in a task-dependent manner. We found
two types of suppression. First, suppression during active limb movement was observed in the spinal cord and all three cortical areas. This
suppression was induced by both bottom-up and top-down gating mechanisms. Second, during preparation for upcoming movement,
evoked responses were suppressed exclusively in the motor cortical areas and the magnitude of suppression was correlated with the
reaction time of the subsequent movement. This suppression could be induced by a top-down gating mechanism to facilitate the

preparation and execution of upcoming movement.

Introduction

Every bodily movement stimulates peripheral sensory receptors
that activate neurons in the CNS via sensory pathways. This re-
afferent feedback is not constant, but is influenced by top-down
mechanisms that regulate sensory feedback during movement. Such
sensory gating is evident in the reduction of the amplitude of sensory
responses during movement and has been proposed as a mechanism
to modulate afferent input to the CNS. Sensory gating has been
found in multiple regions in the mammalian CNS, including the
oculomotor (Thilo et al., 2004), whisker (Urbain and Deschénes,
2007), and orofacial system (Andreatta and Barlow, 2003).

Gating of somatic sensation during voluntary limb movement
has been amply documented (Angel and Malenka, 1982;
Blakemore et al., 1998; Bays et al., 2006). For example, psycho-
physical thresholds for detecting tactile stimulation are increased
during movement (Milne et al., 1988) and the threshold changes
covary with movement parameters (Angel and Malenka, 1982).
Somatosensory-evoked potentials in human cerebral cortex are
also modulated during movement (Starr and Cohen, 1985). At-
tenuation of evoked responses is greater during self-initiated than
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passive movement (Rushton et al., 1981); this attenuation is spe-
cific to afferent input from the contralateral limb (Cohen and
Starr, 1987). The magnitude of gating is also related to parame-
ters of the motor task (Rushton et al., 1981; Wasaka et al., 2005).
Abnormal absence of attenuation has been implicated in clinical
syndromes, such as schizophrenia (Shergill et al., 2005) and focal
dystonia (Murase et al., 2000).

The sites and roles of somatosensory gating in the preparation
and execution of limb movement remain largely unknown. Sen-
sory gating during movements has been found in several levels in
the ascending sensory pathway (i.e., dorsal column nuclei, medial
lemniscus, thalamus) (Ghez and Pisa, 1972; Coulter, 1974; Tsu-
moto et al., 1975; Chapman et al., 1988; Hantman and Jessell,
2010). Gating found in the cerebral cortex (Jiang et al., 1990)
could be attributed to suppression in these sensory relays, but
could also involve corticocortical mechanisms. To resolve the
way that the separate sensorimotor regions in the CNS are in-
volved in manifesting and generating sensory gating, it is crucial
to evaluate the sensory gating in these different regions under the
same experimental conditions.

Our study was designed to elucidate the neural mechanisms
that produce sensory gating by probing the evoked responses in
cortical and subcortical regions during preparation and execu-
tion of active hand movement. We measured the local field po-
tentials evoked by electrical stimulation of a forearm cutaneous
nerve and recorded these sensory-evoked potentials (SEPs) in
cervical spinal cord (SC), primary sensory cortex (S1), primary
motor cortex (M1), and premotor cortex (PM) in monkeys per-
forming a voluntary wrist flexion—extension task with an in-
structed delay period. We found evidence for two kinds of
sensory gating: nonspecific and specific. Nonspecific sensory gat-
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ing was found during active movement and hold, and appeared
widely distributed at all recording sites. In contrast, specific sen-
sory gating was found during an instructed delay period exclu-
sively in the motor cortical areas that contribute to preparation
and execution of movement.

Preliminary results have been presented in abstract form (Seki
and Fetz, 2010).

Materials and Methods

Subjects. We obtained data from two monkeys (Macaca nemestrina and M.
fuscata). Experiments were approved by the Institutional Animal Care and
Use Committee at the University of Washington and the Animal Research
Committee at the National Institute for Physiological Sciences. During train-
ing and recording sessions, the monkeys sat upright in a primate chair with
the right arm restrained and elbow bent at 90°. The right hand was held in a
cast with the fingers extended and the forearm in the mid-supination/pronation
position. The cast holding the monkey’s hand was attached to a servomotor-
driven manipulandum. The left arm was loosely restrained to the chair.

Behavioral paradigm. The monkeys were trained to generate auxotonic
(spring-loaded), ramp-and-hold flexion and extension torques about the
wrist. Torque controlled the position of a cursor on a video screen in
front of the animal (Fig. 1B, bottom).

Trials began with the cursor held in a center target window, corre-
sponding to zero torque, for 1.3—1.6 s (rest). Next, the flexion and exten-
sion targets were shown to the left and right of the center target. One
target was filled transiently (0.3 s; cue) indicating the correct movement
to be performed at the end of the instructed delay period (delay), signaled
by disappearance of the center target (go). No wrist movement occurred
during the delay period (between 1.5 and 2 s, randomized) of accepted
trials. Following a briefreaction time (RT) after the go signal, the monkey
moved (active move) the cursor to the desired target quickly (<1.5 s
including RT) and held against an elastic load for a period of 1.5 s (active
hold). At the end of the active hold period, the torque target disappeared
and the center target reappeared (second go). After a second RT, the
monkey relaxed the forearm muscles, allowing the servo-controlled
spring to passively return the wrist (Passive Move) to the zero torque
position (rest). After keeping the cursor within the center target for 0.8 s,
the monkey was rewarded with applesauce (reward) for successful trials.

In this paradigm, the monkeys exerted wrist movements of 31.4 = 2.9°
in flexion and 28.6 * 3.9° in extension.

Surgical implants. After training, surgeries were performed aseptically
with the animals under 1-1.5% isoflurane anesthesia. Head stabilization lugs
were cemented to the skull with dental acrylic, anchored to the bone via
screws. For recording SEPs of spinal cord, a plastic (Ultem 2000; Modern
Plastics) recording chamber was implanted over a hemilaminectomy of the
lower cervical vertebrae (C4—T1) (Perlmutter et al., 1998). For recording
SEPs at cortical sites, a plastic chamber allowing exploration of a 30-mm-
diameter cortical area was implanted over the forelimb area on the left hemi-
sphere of each monkey (Fig. 1 A). For recording EMGs, pairs of stainless steel
wires (AS632; Cooner Wire) were implanted subcutaneously in 10—12 mus-
cles (Seki et al., 2009). Two nerve cuff electrodes (Haugland, 1996; Seki et al.,
2009) were implanted on the superficial radial nerve (SR), midway between
elbow and wrist, and separated by 4—5 cm (Fig. 1 A): a distal bipolar cuff for
stimulation and a tripolar cuff for recording orthodromic volleys evoked by
stimuli to the distal cuff electrodes.

Data recording. SEPs evoked by electrical stimuli applied to the SR were
recorded with glass-insulated tungsten microelectrodes or glass-insulated
elgiloy microelectrodes (0.2—1.0 Mohm) while the monkey performed wrist
flexion and extension movements in an instructed delay task. The SR nerve
was stimulated with biphasic constant-current pulses (100 ws/phase) at a
constant frequency of 3 Hz and at 2X threshold, measured from the size of
orthodromic volleys recorded in the proximal cuff electrode (Fig. 1C). As
shown in Figure 1 D, the area of the afferent volley was constant throughout
the task in both flexion and extension trials. This result confirms that elec-
trical stimulation applied through the distal cuff electrode activated SR affer-
ents consistently even during dynamic hand movement.

For the cortical recording, electrode penetrations were made in pre-
central and postcentral cortex with a grid spacing of I mm (Monkey K) or
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2 mm (Monkey M). The electrode was advanced with a manual hydraulic
microdrive and recording of cortical SEPs were performed at 0.5 mm
intervals, starting from the depth that electrical activity of cortical neu-
rons was first recorded. At each recording location, SEPs evoked by SR
stimuli were compiled and averaged. The SEPs with maximal amplitude
in each track were used as the representative SEP for each penetration. In
monkey M (first monkey), the sensorimotor cortex, including premotor
cortex and area 1, were mapped systematically. In monkey K (second
monkey), recording was targeted to M1, S1, and ventral PM using the
movement evoked by intracortical microstimulation and the latency dif-
ference between responses in precentral and postcentral gyrus. The loca-
tion of each area was confirmed histologically postmortem. For spinal
recording, electrode penetrations were made to find single and/or mul-
tiunit activity evoked by SR stimuli. Once clear responses were recorded,
the electrode was further advanced to the site of the largest amplitude
SR-evoked potential. Again, the SEPs with maximal amplitude in each
track were taken for analysis.

Measurement of SEPs. The SEPs evoked by SR stimulation were aver-
aged separately for each behavioral epoch. The onset latencies and peak
areas of SEPs were measured as illustrated in Figure 2 A. The onset latency
of extracellular field potentials was measured from the onset of the stim-
ulus to the onset of the downward (negative) deflection of the earliest
component of the field potential. The baseline was taken as the 20 ms of
the record before the stimulus was delivered. The size of the SEPs was
measured by the peak area under the baseline from the onset to the offset
of the averaged waveform. SEPs in M1 showed small positive compo-
nents before the negative component that probably reflect the remote
recording of the large SEPs of neighboring area 3b (Fig. 3). In this case,
the latency was measured to offset of the positive component.

Measurement of movement kinematics. The angular position of the
wrist joint was measured by the manipulandum and recorded along with
other signals at a sampling rate of 1 KHz, and smoothed by moving
averages (100 point). The derivative of smoothed position signal was also
calculated to obtain speed measures. Averages of both signals were
aligned with the onset of active and passive movement in flexion and
extension trials and computed over an averaging window of 1.1 s (—100
ms, and +1000 ms from each onset). Maximal or minimal value of the
position derivative during the averaging window was defined as the peak
speed of each trial. Differences between maximal or minimal angle were
defined as the amplitude of each movement, and the average of the
derivative signal was defined as a mean speed of each trial.

Simultaneous recording of spinal and cortical SEPs. In a preliminary
attempt to evaluate the covariance of the sizes of SEPs across SC and
cortical sites, we made simultaneous recordings from the three cortical
areas and SC. Once the mapping of SEPs over S1, M1, and PM were
completed, glass-coated tungsten electrodes were implanted at the site of
the largest recorded SEPs in each area in monkey M. The electrodes were
implanted while recording the SR-evoked SEPs as the monkey performed
the task. When the largest SEP was recorded in each track, the electrode
and its connector were attached to the skull using dental acrylic. After this
procedure, the craniotomy was completely covered by dental acrylic.
Subsequently, the cervical recording chamber was implanted. This al-
lowed us to simultaneously record SR-evoked SEPs in three cortical sites
(via implanted electrode) and spinal cord (via movable electrode) (see
Figs. 5, 9). Successful recording of the SEPs of SC, simultaneously with
clean SEPs from three cortical areas, was made only from one SC site (in
asingle experiment). Therefore, the data obtained by the implanted elec-
trodes was used only for the covariation analysis between the cortex and
spinal cord (see Results, below), but not in the analyses of the latency,
area, and task-dependent modulation of the SEPs.

Statistical tests. A one-way ANOVA with post hoc comparison (Tukey’s
test) was used for comparing the area and onset latency of SEPs among
four recorded areas. A multiway ANOVA was used for comparing the
SEPs of each monkey, behavioral epoch, recorded area, and movement
direction. Dunnet’s test was used for comparing the SEPs of multiple
behavioral epochs relative to the rest. Finally, Student’s ¢ test was used for
pairwise comparison. The trial-by-trial covariation of the SEPs across
four recording areas was evaluated by Pearson’s correlation coefficient.
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Histological procedures. Near the conclu-
sion of each experiment, we made small elec-
trolytic lesions at several sites within the gray
matter of cerebral cortex and spinal cord by
passing a DC current (30 wA for 30 s)
through the recording electrodes. Animals
were killed with pentobarbital sodium (50
mg/kg, i.v.) and perfused with 10% Formalin
or 4% paraformaldehyde. The cortex and
spinal cord were cut into 50 wm sections and
stained with cresyl violet.

Results

Database

In monkey M, successful recordings were
made from 69 cortical sites and significant
SEPs were recorded from 46 sites. The on-
set latencies and the areas of SEPs of mon-
key M are illustrated in the cortical maps
shown in Figure 2, B and C. The onset
latencies of SEPs (Fig. 2 B) were obviously
different for sites in precentral and post-
central gyrus. All of the postcentral SEPs
had an onset latency <9.5 ms, while all of
precentral latencies were longer than 9.5
ms. In addition, the size of SEP (Fig. 2C)
was largest in the sites just anterior and
posterior to the central sulcus (CS). These
results suggest that onset latency of SR-
evoked SEPs can be used to localize the co-
ordinates of the CS. To further document
these measures in each division within the
sensorimotor cortex (PM, M1, S1), we se-
lected 25 sitesin PM (n = 8), M1 (n=7),S1
area 3b (n = 6),and Sl area 1 (n = 4) (Fig.
2D).InMonkey K, instead of mapping wide
cortical areas (as shown in Fig. 2B,C), we
targeted the equivalent cortical area that was
selected in monkey M. Using the estimated
coordinate of CS, we recorded SEPs from
eacharea (n=31:PM =9,M1 =11,S] area
3b = 11; Fig. 2E). SEPs from spinal cord
were recorded in 29 sites (monkey M) and
eight sites (monkey K). In total, SEPs that
were used for analysis were recorded from
52 intracortical sites (25 for monkey M and
31 for monkey K) and 37 intraspinal sites
(29 for K and 8 for M).

SR-evoked field potentials

Figure 3A shows typical examples of SEPs
recorded in the four sites: SC, S1 (area 3b),
M1, and PM. These SEPs were compiled
and averaged over all behavioral epochs
(Fig. 1B). A sharp negative deflection
was characteristic of SEPs at all four
sites. The amplitudes of SEPs were larg-
estin S1 and smaller in M1, PM, and SC.
The onset latency was shortest in SC (4.1
ms), longer in S1 (7.1 ms), and longest

in M1 (10.7 ms) and PM (11.2 ms) (Fig. 3B). The locations of
the electrodes in these recording sites were histologically con-

firmed (Fig. 3C).
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Figure 1. Methods. A, Nerve stimulation. Two nerve cuffs were implanted on the SR of the right arm: a distal bipolar cuff for
stimulation (Stim) and a proximal tripolar cufffor recording volleys. Constant stimulus frequency (3 Hz) and current (2 X threshold current,
which activates the afferent fibers coding tactile stimuli) were used throughout the recording period. SR-evoked field potentials were
recorded from both cervical spinal cord and cerebral cortex. Spinal SEPs were recorded within the gray matter of ipsilateral spinal cord and
cortical SEPs were recorded in contralateral M1, PM, and S1 of wrist—arm representation. B, Behavioral task. Typical torque trace during a
single flexion trial is shown with task epochs. Diagrams below depict the cursor controlled by the monkey (small filled square) and targets
(larger squares) on video screen for the 10 epochs: first Rest, Cue, Delay, first RT, Active Move, Active Hold, second RT, Passive Move, second
Rest, and Reward (for details, see Materials and Methods). €, Average of orthodromic volleys (n = 21,990) recorded in the proximal cuff
electrodes. Gray shading represents the area of volleys measured for comparing them across the behavioral epochs. D, Area of orthodromic
volley during behavioral task shown in B (22 flexion trials, 22 extension trials). Volleys were averaged separately for each behavioral epoch
and areas plotted as percentage of rest.

These results were consistently observed in both monkeys
(Fig.4). The average onset latency (Fig. 4, top) and peak area (Fig.
4, bottom) of SEPs in each area are shown separately for monkey
M (Fig. 4A) and monkey K (Fig. 4 B). In both animals, analysis of
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monkey M were not subjected to the analysis of task-dependent modulation. “x” in Eis the site where thumb extension movement
was evoked by electrical stimulation with intracortical microstimulation (10 A, 0.1 ms biphasic pulses, 10 pulses at 333 Hz).

onset latency and peak area was performed with a one-way
ANOVA contrasting four factors for recording sites. A significant
main effect of recording sites emerged in both the onset latency
[monkey K: F; 55, = 57.80, mean square error (MSE) = 55.17,
p<0.001; monkey M: F, ., = 237.73, MSE = 122.66, p < 0.001]
and peak area (monkey K: F; 53y = 3.605, MSE = 110.55, p <
0.023; monkey M: Fq 4, = 9.32, MSE = 25,259.3, p < 0.0001).

Post hoc comparison of the onset latency revealed significant
differences between SC and S1 in both monkeys (Tukey’s test,
p < 0.05). Among the cortical areas, SEPs in S1 had shortest

Peak area (Monkey M)

Representative cortical sites
(Monkey K)

Measurement of SEPs. A, Measurement of onset latency (red arrow) and peak area (gray shading) of the SEPs. Stim,
Time of stimulation of SR. Baselines (horizontal lines) were determined from mean of the background activity (20 ms before
stimulation). Top, SEPs with preceding positive component (M1). Bottom, SEPs without preceding positive component. B, €,
Penetration map of monkey M shown with onset latency (B) or the peak area (€). Largest SEPs in each penetration were analyzed.
The latency and area was color-coded. D, E, Site in the cortex of monkey M (D) or monkey K (E) that were subjected to further
comparison of the latency, area, and task-dependent modulation. Note that area 1 of S1 was not recorded in monkey K and data of
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latencies in both monkeys (Tukey’s test,
p < 0.05). These data indicate that the in-
put from SR arrived earliest in the SC
[5.6 = 1.5 ms (means = SD; monkey K);
4.7 = 0.6 ms (monkey M)], and earlier in
S1 [area 3b: 7.9 = 0.9 ms (monkey K),
7.0 = 0.1 ms (monkey M); area 1: 7.6 =
0.6 ms (monkey M)] than M1 [10.8 = 0.9
ms (monkey K), 12.4 = 1.4 ms (monkey
M)] or PM [11.35 * 0.5 ms (monkey K),
11.57 = 0.3 ms (monkey M)]. Differences
of onset latency between S1 and the motor
areas could reflect the time required for
intracortical transmission from postcen-
tral to precentral gyrus (Ghosh and Por-
ter, 1988; Aizawa and Tanji, 1994).
Within motor cortices, we found a signif-
icant difference between M1 and PM in
monkey M (Tukey’s test, p < 0.05) but
not in monkey K. Within sensory cortices,
we found no significant difference be-
tween area 3b and area 1 in monkey M (no
comparison was available for monkey K).

Post hoc comparison on the area of SEP
revealed a significant difference between
SC and S1 (area 3b) in both monkeys
(Tukey’s test, p < 0.05). Within motor
cortices, we found a significant difference
between M1 and PM in monkey M
(Tukey’s test, p < 0.05) but not in monkey
K. Within sensory cortices, we found no
difference between area 1 and 3b in mon-
key M (no comparison was available for
monkey K).

midline

Modulation of evoked SEPs during

task epochs

Our primary objective was to determine
whether the size of SEPs in each area of
cortex and spinal cord was modulated as a
function of the behavioral epochs. Figure
5 shows nonaveraged SEPs as well as
EMGs and wrist kinematics during a sin-
gle flexion trial (Fig. 5A). The superim-
posed examples (Fig. 5B) show robust (S1,
PM, M1) or modest (SC) suppression of
the size of SEPs during active movement.
In addition, the evoked responses were re-
duced during the instructed delay period
in M1 and PM. In this example, SEPs of
each area were recorded simultaneously,
but the following analyses were made on
the SEPs that were recorded indepen-
dently from each area using movable electrodes. To quantify
these effects, SEPs recorded at all cortical (n = 52; Fig. 2D) and
spinal (n = 37) sites were compiled and averaged separately for
each of the behavioral epochs, movement direction (flexion or
extension), monkey, and recorded area. Result of multiway
ANOVA suggested that there were significant effects (F(;; ;,7¢) =
6.72, MSE = 33,295.9, p < 0.0001) of both area (F = 5.68, p =
0.0007) and behavioral epoch (F = 8.50, p < 0.0001), but not
monkey (F = 0.50, p = 0.47) or movement direction (F = 0.52,
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p = 0.46). Therefore, we combined the A
SEP areas for both monkeys and those for
flexion and extension trials and present
resultant data for each area (Figs. 5C, 6C).

As clearly shown, the size of SEP in all
recorded areas was suppressed during the

task. Next, we made a detailed analysis for

each behavioral epoch.

Figure 6 compares the averaged SEPs
for the instructed delay and active move-
ment relative to the control (Rest) in each
area. Representative examples (one site
for each recorded area) are shown in Fig-
ure 6 A. The most obvious modulation of
SEPsin all recorded areas was the suppres-
sion during active movement. Suppres-
sion of SEPs was also clear during the
instructed delay period in M1 and PM,
but not in S1 or SC. Next, we measured
the area of SEPs of these representative
sites and plotted them relative to the
movement onset (extension) by moving
average (window = 500 ms, step = 100
ms; Fig. 6 B). In these plots, two types of
suppression were detectable. First, the
area of SEPs after movement onset (start-
ing at time 0) was smaller than that of rest
in all recorded areas (Dunnet’s test, p <
0.05). Second, the area of SEPs before
movement onset (even 800 ms before the B v
onset of movement) was consistently
smaller in M1 (Dunnet’s test, p < 0.05).
The SEPs in PM showed similar charac-
teristics as M1 but the amount of the sup-
pression did not reach statistical
significance. Figure 6C shows the average
size of SEPs recorded at all cortical (n =
52) and spinal sites (n = 37) in these three
behavioral epochs. Again, the two types of
suppression shown in Figure 6, A and B,
were confirmed in this population analy-
sis. First, during active movement, the size
of SEP was significantly suppressed in all
three cortices and spinal cord (t test, p <
0.05). This widespread reduction during
active movement suggests a general type
of suppression. Second, during the in-
structed delay period, the amplitudes of
the SEPs were smaller than those of rest in
M1 and PM (¢ test, p < 0.05), suggesting a
more specific suppression of SEPs during
the instructed delay period.

In addition to dynamic movements, we also examined changes in
SEPs during the static hold. Figure 7A compares the sizes of SEPs
between rest and active static hold (for flexion and extension). Sim-
ilar to the suppression during active movement (Fig. 6), suppression
during active hold was clearly present in all recorded regions for both
flexion torque [paired ¢ test, p = 0.03 (SC), p = 0.0002 (S1), p =
0.0002 (M1), and p < 0.0001 (PM)] and extension torque [paired ¢
test, p = 0.0019 (SC), p = 0.0001(S1), p < 0.0001 (M1), and p <
0.0001 (PM)]. This suggests that the suppression during a static mo-
tor output could be a common phenomenon in the CNS.

n=1779

m

n=1779

n=1004

Figure 3.

n
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Example of SEPs. 4, Typical examples of SR-evoked field potentials (averaged over all task epochs) in M1, S1, PM, and
SC. Most recording sites had predominantly negative field potentials. This negative wave was followed by a positive componentin
S1 (red), and was sometimes preceded by a small positive component in M1 (dark blue) and PM (light blue). The negative field
potentials probably reflect synaptic potentials in local neurons; the positive components could reflect recording of remote field
potentials generated in adjacent regions. We analyzed the first negative component. B, Fields shown superimposed in faster
sweeps. Triangles mark onset of the negative component. €, Locations of histologically confirmed sites where the recording shown
in A and B was made. First, Transverse section of cervical spinal cord at (8 level. Second, Top view of cerebral cortex (left hemi-
sphere). Third and fourth, Saggital sections made from the level shown in the top view (horizontal lines). Recordings from monkey
M. ArS, Arcuate sulcus; IPS, intraparietal sulcus.

Fig. 7B compares the size of SEPs between active and passive
movements. Little difference was observed between active flexion
and passive flexion in the recorded regions [f test, p = 0.38 (SC),
p =0.03(S1), p = 0.80 (M1), and p = 0.29 (PM); Fig. 7B, left],
although suppression during active movement tended to be
greater. This observation confirms previous reports by Chapman
and colleagues (Chapman et al., 1988; Jiang et al., 1990). In con-
trast, suppression was significantly greater during active exten-
sion than during passive extension [f test, p = 0.04 (SC), p =
0.0002 (S1), p = 0.04 (M1), and p = 0.0002 (PM); Fig. 7B, right].
These results could be explained by two potential mechanisms
that induce movement-related suppression. First, the size of sup-
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pression is influenced by movement kinematics (Angel and
Malenka, 1982), so the difference between active and passive
extension could be attributed to either the size or speed of
movement. To test this possibility, the position signals of the
manipulandum (angle of wrist; Fig. 5A) were averaged aligned
with onset and offset of all flexion (n = 2710) and extension
(n = 2594) trials used for the analysis shown in Figure 7B.
Subsequently, we calculated the amplitude, mean, and peak
speed of movements from individual traces and compiled
them for four movement conditions (Fig. 7C, data from two
monkeys combined). A significant main effect of movement
condition emerged in the amplitude (F 0575y = 974.0,
MSE = 11,716.1, p < 0.000), mean speed (F; 1551, = 223.7,
MSE = 35,086.5, p < 0.0001) and peak speed (F; 1579) =
447.3, MSE = 734,121, p < 0.0001). Post hoc comparison
revealed that all comparisons among each movement condi-
tion in the three kinematic parameters were significantly dif-
ferent (Tukey’s test, p < 0.05). This result may suggest that the
kinematics could affect the suppression of SEPs, but it is not
clear whether they could explain the difference in the size of
SEPs between active and passive movement (Fig. 7B) in any
systematic way. For example, passive movements were signif-
icantly smaller and slower than active movements (in both
directions of movement), but the difference of the area of SEPs
cannot be explained by these difference in the kinematic pa-
rameter since the difference in SEPs were found only in the
extension. Future studies to resolve the effect of movement
kinematics on the suppression of spinal and cortical SEPs
would need to use tasks specifically designed to separate size
and speed of movements.

Second, we previously reported that cutaneous afferent input
to spinal cord was suppressed during active movement by pre-
synaptic inhibition, and that inhibition could be induced by de-
scending motor command as well as self-induced reafference
(Seki et al., 2003), and that presynaptic inhibition was stronger
during active extension than flexion (Seki et al., 2009; their Fig.
9). This evidence suggests that the larger suppression in active
relative to passive extension could be induced in part by presyn-

Onset latency and area of SEPs. A, B, Means (+=5D) of the onset latencies and areas of SR-evoked field potentials in
monkeys M (4) and K (B). Individual recording sites for PM (n = 8 and 9), M1 (n = 7and 11),and S1 (n = 6 and 11) are shown in
Figure 2, Dand £. Intraspinal recording sites (n = 29 and 8) are not shown. Onset latencies were shorterin SCand S1than M1and
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aptic inhibition at the spinal level, which
would also affect subsequent ascending
relays including S1, M1, and PM. In addi-
tion to presynaptic mechanisms, postsyn-
aptic suppression may work in parallel.
The source of this suppression could
involve reafferent as well as descending
mechanisms. Activity of SR afferents was
largest during active extension since the
receptive fields of SR afferents are on the
skin over the radial side of hand dorsum,
which is pressed against the cast holding
the monkey’s hand during active exten-
sion (Seki et al., 2009). Therefore, this
suppression could be induced in part by
such a reafferent bottom-up mechanism.
The suppression could not be attributed
PM to possible increased refractoriness of SR
afferents, since the size of incoming vol-
leys was the same for active and passive
movements (Fig. 1D). It is also possible
that top-down descending control of pre-
synaptic and/or postsynaptic inhibition at
the spinal level may be biased toward ac-
tive extension to counter this reafference

(cf. Fig. 8C).

Relation between SEP modulation and motor performance
Unlike the suppression of SEPs during active extension, which
could be induced by either bottom-up or top-down mechanisms,
modulation of SEPs during the instructed delay period could not
be caused by bottom-up reafferent mechanisms, since there was
no movement during this period. Therefore, the suppression of
SEPs found in M1 and PM during the instructed delay period
(Fig. 6) would be induced by a motor-related command (top-
down). We explored the functional relevance of this suppression
by comparing the size of suppression with the reaction times of
subsequent movements.

We first sorted all successful trials by their reaction times and
obtained a median of the reaction times, and compiled SEPs
evoked during delay periods associated with short (shorter than
median) and long (longer than median) reaction times. Figure 8,
A and B, show representative examples of two flexion and two
extension trials, with shorter and longer reaction times. As
shown, for the extension movements, SEPs were more strongly
suppressed before the shorter reaction times. Similar analyses
performed on the SEPs from motor cortex (data from M1 and
PM were pooled) in two monkeys are summarized in Figure 8C.
Data for M1 and PM in monkey M [n = 12 (M1 = 5, PM = 7)]
and monkey K [n = 14 (M1 = 7, PM = 7)] were similar and
pooled (n = 26). SR-induced SEPs during the instructed delay
period before extension movement with shorter reaction times
were significantly smaller than that with longer reaction times in
extension trials (paired ¢ test, p = 0.01, df = 25), but this was not
seen for flexion trials (paired t test, p = 0.679, df = 25). These
results suggest that suppression of sensory input from SR to mo-
tor cortex is significantly correlated with preparation and execu-
tion of rapid wrist extension.

Our behavioral task was designed to discourage any move-
ment during the instructed delay period, and we confirmed that
there was negligible EMG during this period (Fig. 5A). However,
it is impossible to reject the possibility of a very small amount of
muscle activities just before the go signal, and one can argue this
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activity may induce reafference that could
suppress SEPs. To test this possibility, we
compared the size of SEPs in the earlier
and later part of the instructed delay pe-
riod, using the same dataset as Figure 8,
A-C. As shown in Figure 8, D-F, we found
no difference in the size of SEPs of motor
cortices in both flexion (paired ¢ test, p =
0.83, df = 25) and extension (paired ¢ test,
p = 0.65, df = 25). This result supports
the hypothesis that the suppression of
SEPs occurring during the instructed de-
lay period was not induced by any
bottom-up reafference signal.

Modulation of covariation of SEPs
among cortical areas and spinal cord

In the above results, the task-dependent
modulation of SEPs in spinal cord and
cortices (Figs. 5-8) was analyzed using
data recorded from each area separately.
This allowed us to document the largest
SEPs in each recording track and compare
the behavior of maximal responses in each
area. To obtain additional information on
the potential sources of modulation, we
also performed an experiment using si-
multaneous recordings at representative
sites to document the trial-by-trial covari-
ation of the SEPs in these areas. Figure 9
illustrates the results (see also Fig. 5A, B).
The magnitude of suppression of SEPs in
two connected regions (e.g., M1 and PM)
would be expected to covary if they were
modulated by a common mechanism. To
gain relevant evidence, we recorded si-
multaneous SEPs from one electrode
each in S1, M1, PM (implanted), and SC
(moveable microelectrode). The task-de-
pendent modulation of these SEPs is
shown in Figure 9A. We then calculated
the correlation coefficient for pairs of
SEPs in individual trials of each behav-
ioral epoch. Figure 9B shows the task-
dependent covariance between each of the
cortical and spinal SEPs. The overall mod-
ulation of covariance (evaluated by differ-
ence between the maximal and minimal r
value during task: Ar) was largest between
SC and S1 (Ar = 0.60), S1 and M1 (Ar =
0.65), and M1 and PM (Ar = 0.51). The
task-dependent modulation of covariance
could be grouped into two types: transient

<«

movement. B, Three superimposed SR-evoked field potentials
during rest (open circle), instructed delay (triangle), and active
movement (filled circle). Note reduction of SEP during active
movement. C, Epoch-dependent modulation of the area of
SEPs evoked in M1, 51, PM, and SC. Data obtained in two mon-
keys (M1:n = 10and 6, PM:n = 9and 8,51:n = 11and 10,
SC:n = 6and 25; Fig. 2D,£); datain both flexion and extension
trials were pooled and averaged.
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and sustained. Transient modulation of
covariance occurred around active move-
ment and decreased after the active hold
period, as found for covariance between
SC and S1 (Fig. 9B). Transient modula-
tion of covariance is associated with the
transient decrease of the amplitude of
SEPs around active movement (Fig. 9A).
Sustained modulation increased during
the instructed delay (seen between M1
and PM) or active movement (between S1
and M1), and stayed high until the end of
the task. Sustained modulation is associ-
ated with sustained suppression of SEPs
during the task that is prominent in M1
and PM (Fig. 9A). The transient modula-
tion of covariance between the SC and S1
SEPs during active movement suggests
that the SC might be a potential source to
generate the transient suppression of SEPs
in S1 and subsequent cortical areas (Fig.
9A). In contrast, sustained enhancement
of covariance among cortices might re-
flect a source that generates the sustained
suppression of SEPs starting during an in-
structed delay period (Fig. 9A).

Figure 9C summarizes the data shown in
Figure 9, A and B, in terms of significant
effects during task epochs. At the beginning
of the task, greater covariance was found be-
tween PM and M1 during the instructed de-
lay period (Fig. 9C2). During active
movement (Fig. 9C3), the covariance be-
tween SC and S1 as well as that between PM
and M1 was dominant. During active hold
(Fig. 9C4), covariance among all pairs was
significant. During passive movement, only
M1-S1 and M1-PM were significant (Fig.
9C5). Again, it is clear that the larger covari-
ance between SC and S1 was transient (found
only during active movement and active hold
period), and that between M1 and PM was
sustained until the end of the trial.

Discussion

This study probed the neural responsive-
ness to cutaneous input at spinal and cor-
tical levels in monkeys performing an
instructed delay motor task. These exper-
iments allowed us to compare responses

<«

movement in all three cortical regions. SEPs were also sup-
pressed during the instructed delay period in M1 and PM. B,
Peak area of SEPs (shown in A) relative to movement onset.
Example of extension trials. Mean = SE of the peak area dur-
ing control (rest period) are shown as the blue bars and dotted
lines. Number of extension trials for obtaining each figure are
given. *p << 0.05 from rest (Dunnet’s test). C, The areas of
evoked fields during rest, instructed delay period, and active
movement period in SC, S1, M1, and PM. Data from two mon-
keys were pooled. *p << 0.05; ns, not significant (p = 0.05) (t
test).
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at multiple sites during preparatory peri-
ods as well as active and passive move-
ments. We documented SEPs, which are
generated by the postsynaptic potentials
of cells in the vicinity of the recording
electrodes. The magnitudes of the SEPs
reflect both the size of the arriving synap-
tic input as well as the responsiveness of
the postsynaptic cells to this input.
Changes in responsiveness that could lead
to decreased SEPs include postsynaptic
inhibition of local neurons from top-
down gating mechanisms or bottom-up
collateral inhibition (Eccles et al., 1963;
Ghez and Pisa, 1972; Seki et al., 2003, 2009).
The data suggest the existence of top-down
and bottom-up gating mechanisms operat-
ing at all levels during active movements,
and top-down gating mechanism at motor
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ulation via an implanted cuff electrode we
are able to stimulate the peripheral afferents
synchronously and measure the latency of
cortical and spinal-evoked responses (Figs.
1-4), stimulate exclusively cutaneous (but
not muscle) afferents, and deliver constant
stimulus intensities and afferent volleys even during dynamic behavior
(Fig. 1 D). These features allowed us to examine the modulation of pe-
ripherally induced response during volitional movement.

In this study, SEPs were recorded throughout task performance
by stimulating at 3 Hz. It is known that higher repetition frequency
can suppress the amplitude of SEPs (Curtis and Eccles, 1960; Hult-
born et al., 1996). Therefore, the size of SEPs documented in this
study may have underestimated the sizes evoked by lower frequency
stimulation. However, this stimulus frequency would not affect the
relative size of suppression during task epochs, since it was constant
throughout the task.

Gating of serial transmission in ascending pathways during
active movement

The relative onset latencies of the SEPs are consistent with serial
transmission of afferent activity from spinal cord to S1 to motor

force period. SEPs of most regions were suppressed during sustained flexion and extension. *p << 0.05 (paired ¢ test). B, Compar-
ison between active and passive flexion (red) and extension (blue). *p << 0.05 (¢ test). Active extension (filled blue bar) induced
greater suppression of SEPs than passive extension (open blue bar). ¢, Amplitude (angle) and speed (peak and mean) of active and
passive movement are shown in both flexion and extension trials. Average of the trials used in B are shown. Mean = SE. All
differences within each kinematic parameter were significant (p << 0.01, Tukey's test).

areas (Fig. 4). Physical proximity to the periphery can obviously
explain the earliest latency of SEPs (4 ms) recorded in SCs
(Seki and Fetz, 2010), and responses in S1 (7—8 ms) probably
represent the earliest cortical responses induced via the lem-
niscal pathway. The latency in M1 and PM was longer (10—11
ms). The difference in the onset latency between S1 to M1 or
PM is consistent with the latency recorded for orthodromic
transmission from S1 to M1 (Aizawa and Tanji, 1994). Al-
though a direct pathway from thalamus to motor areas has
been reported (Lemon and van der Burg, 1979; Tracey et al.,
1980), we will assume the SEPs recorded in M1 and PM were
largely mediated by corticocortical connections from S1, and
we will discuss the consequent implications for gating.

The largest and most widespread suppression of SR-evoked
SEPs occurred during active movement, for both flexion and
extension (Fig. 5C). Some of this widespread suppression is at-
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tributable to inhibition at the first spinal relay. Previous work
showed that responses of first-order spinal interneurons to SR
input are reduced during active movement, and that this reduc-
tion is produced at least in part by presynaptic inhibition of SR
afferents, as demonstrated by measuring primary afferent depo-
larization (Seki et al., 2003, 2009). The projections from these
inhibited interneurons could include neurons involved in the
lemniscal pathway as well as spinothalamic cells (Seki et al.,
2003), and this suppression at the initial relays would result in
nonspecific reduction of SEPs throughout the lemniscal pathway,
including thalamus and sensorimotor cortex (Chapman et al.,
1988).

Our observations suggest that this widespread suppression
could involve both top-down and bottom-up mechanisms.
Suppression at spinal relays could be produced by a top-down
gating mechanism accompanying commands to initiate move-
ment, since it begins before onset of EMG activity (Seki et al.,
2003, 2009). In addition, some of the reduction of SEPs after

onset of movement could also be due to bottom-up collateral
inhibition partially induced by reafferent activity of the SR
itself (Fig. 7). The amount of suppression during task perfor-
mance (including active and passive movement and active
hold period) relative to rest is substantially greater in S1 than
in SC, and greater yet in motor cortical areas (Figs. 5-7). This
might suggest the presence of mechanisms at these higher
levels in addition to effects attributable to reduction in first-
order transmission.

Gating of corticocortical transmission during the instructed
delay period

During the instructed delay period, the SR-evoked SEPs were
significantly suppressed in M1 and PM but not in SC or S1
(Fig. 6). If afferent input is transmitted serially from S1 to M1,
the greater reduction of SEPs in motor areas suggests that
corticocortical transmission may be locally gated, perhaps via
top-down signals from higher-order sites generating prepara-
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tory activity, such as SMA (Aizawa and Tanji, 1994). Both M1
and PM have many neurons exhibiting robust increased
activities during instructed delay periods and this activity is
positively correlated with the performance of upcoming
movement (Wise, 1985; Alexander and Crutcher, 1990; Re-
quin et al., 1990; Boussaoud, 1995). Therefore, the function of
such a mechanism could be to protect the fidelity of such
preparatory neural activity. Our monkeys were trained to
move quickly when the go signal was presented to obtain re-
ward. The stimuli applied to SR during the task were delivered
at a fixed frequency of 3 Hz and provided no useful informa-
tion for making successful trials. Such task-irrelevant activa-
tions of M1 and PM could result in the lower fidelity of the
preparatory neural activity and disrupt the cortical mecha-
nisms generating the motor-set for quick movement during
the delay period. Therefore, suppressing such task-irrelevant
activation would be beneficial for better performance of the
subsequent movement. It is likely, therefore, that sensory gat-
ing before movement could attenuate irrelevant input to mo-
tor cortices and help motor cortex neurons achieve a better
motor-set for the upcoming movements. This hypothesis is
consistent with the observation that active extensions with
faster reaction times were preceded by instructed delay peri-
ods with smaller SEPs.

Another mechanism that could be involved in modulating
SEP amplitude is occlusion. If cells in a region are more active
in a particular behavior, the responses evoked by extraneous
input could be reduced because the evoked postsynaptic cur-
rents are subject to greater shunting. The degree to which this
may be a contributing factor in gating remains for future
resolution.

Modulation of covariation of SEPs

The observations on covariation of the SEPs are based on one
recording site for each area and so are somewhat preliminary.
Nevertheless, the results show that a sustained covariation of
SEPs occurred in M1 and PM throughout the task, and transient
covariation occurred during specific epochs for other sites, like S1
and SC. This demonstrates the power of documenting SEP cor-
relations to further elucidate the neural mechanism underlying
the modulation of sensory input during voluntary movement. It
would be desirable to record from more sites per area simultane-
ously to characterize each region and the interactions among
them more completely.

Conclusion

In summary, we found that responses to afferent inputs from
cutaneous receptors are suppressed at several levels in a task-
dependent manner. The strongest suppression occurred during
dynamic limb movement and was due at least in part to top-down
suppression (mediated by presynaptic and possibly postsynaptic
inhibition), since it precedes the onset of active movement. This
creates a general suppression because it was observed at the ear-
liest relay in the spinal cord as well as all three cortical areas. After
onset of active movement and during active hold, bottom-up
mechanisms of lateral inhibition could also contribute to the
observed reduction of SEPs. Preparation for an upcoming move-
ment was associated with suppression of SEPs specifically in the
motor cortical areas and the magnitude of this suppression was
inversely correlated with the reaction time of the subsequent
movement.
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