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Spinal Premotor Interneurons Mediate Dynamic and Static
Motor Commands for Precision Grip in Monkeys

Tomohiko Takei'? and Kazuhiko Seki'->?
Department of Neurophysiology, National Institute of Neuroscience, Tokyo 187-8502, Japan, 2Department of Developmental Physiology, National Institute
for Physiological Sciences, Okazaki 444-8585, Japan, and *PRESTO, Japan Science and Technology Agency, Saitama 332-0012, Japan

The extent of spinal interneuron (IN) contribution to dexterous hand movements is unclear. Here, we studied the response patterns and
force relationships of spinal premotor INs (PreM-INs) in three awake, behaving monkeys performing a precision grip task. We recorded
activity from the cervical spinal cord (C5-T1) simultaneously with electromyographic (EMG) activity from hand and arm muscles during
the task. Spike-triggered averaging of EMGs showed that 25 PreM-INs had postspike effects on EMG activity. Most PreM-INs (23/25)
displayed movement-related firing rate modulations: 11 had phasic followed by tonic facilitation (p +t+); 4 were pure phasic; 4 were pure
tonic; and 4 were deactivated, while their target muscles consistently had p+t+ activity (65/66 muscles). PreM-IN phasic activity started
earlier than target muscle activity (49 = 81.4 ms, mean * SD), and the peak amplitude was correlated with the peak amplitude of the rate
of change of grip force (4/17, p < 0.05), suggesting that they contributed to force initiation. In contrast, PreM-IN tonic activity started at
almost the same time as the target muscle activity and the mean firing rate was correlated with the mean grip force during the hold period
(4/15, p < 0.05), suggesting that they contributed to force maintenance. These results indicated that the neural pathway mediated by the

spinal PreM-INs makes a significant contribution to the control of precision grip in primates.

Introduction

The ability to execute a precision grip is an evolutionary advance
in humans and other primates. With regard to the neural control
of primate precision grip, the importance of a monosynaptic con-
nection from the motor cortex to spinal motoneurons (cortico-
motoneuronal [CM] pathway) has been emphasized in both
phylogenetic and physiological studies (for review, see Lemon,
2008). For example, digit dexterity across species is correlated
with the extent of the direct CM projection (Heffner and Master-
ton, 1983), and electrophysiological studies have revealed that
direct CM cells in the primary motor cortex are selectively acti-
vated during precision grip (Muir and Lemon, 1983). These re-
sults suggest that the CM pathway is particularly important in the
control of fractionated finger movement.

Anatomical studies have demonstrated the existence of corti-
cospinal projections that influence motoneurons indirectly via
their connections with spinal interneurons (INs; indirect path-
way), in addition to the CM pathway. For example, the majority
of corticospinal projections terminate in the spinal intermediate
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zone (Ralston and Ralston, 1985; Bortoff and Strick, 1993); some
project disynaptically to motoneurons via spinal interneurons
(Rathelot and Strick, 2009). Evidence from behavioral studies in
animals with CM pathway lesions (for review, see Isa et al., 2007;
Alstermark et al., 2011), and selective blockade of the indirect
pathway via propriospinal neurons (Kinoshita et al., 2012) indi-
cated that the indirect pathway contributes to dexterous hand
movement commands. However, it remains unclear how indi-
vidual neurons mediating the indirect pathway are involved in
the control of precision grip.

Using methods to record from the cervical spinal cord in
awake, behaving monkeys, we demonstrated that spinal INs exert
postspike effects in finger muscles during precision grip in mon-
keys (Takei and Seki, 2010). This result indicates that spinal pre-
motor INs (PreM-INs) have synaptic connections with finger
muscle motoneurons and may be involved in the generation of
finger muscle activity during precision grip. In this study, we
further explored the contribution of spinal PreM-INs to the con-
trol of precision grip by examining their patterns of activity dur-
ing precision grip, and investigating the relationship between
firing activity and grip force. Our results indicate that most spinal
PreM-INs had significantly modulated firing rates during the
dynamic phase and/or static phase of the precision grip. Phasic
activity during the dynamic phase was correlated with the rate of
change of grip force (dF/dt); tonic activity during the static phase
was correlated with steady grip force. These results show that
spinal PreM-INs are involved in both the initiation and mainte-
nance of grip force during precision grip. Moreover, as the ma-
jority of PreM-INs exhibited both phasic and tonic activities
simultaneously, we suggest that spinal PreM-INs function to in-
tegrate dynamic and static motor commands to produce final
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Recording setup and example of recordings. A, Recording configuration. Monkeys were trained to pinch two spring-loaded levers with their index finger and thumb (precision grip task).

Spinal neuron and muscle activities were recorded simultaneously. An applesauce reward was given through a feeding straw for every successful trial. B, Recordings during a precision grip task. Grip
force exerted by the monkey's index finger and thumb, the rate of change the df/dt, spinal extracellular recording (Spinal IN), unit discharge timing (Spike) and instantaneous firing rate, and EMG
signals (EMG) recorded from the FDI are shown from two successive trials. Red and blue rectangles indicate dynamic and static periods where peak firing rate and mean tonic firing rate were
calculated (red: —0.25t0 0.5 s after grip onset; blue: —0.75 to —0.25 s before release onset). C, Averaged response of Spinal IN and EMG activity. The firing rate and EMGs were aligned to grip onset
and averaged across trials. The onset timing of PreM-IN and EMG signals was defined as the peak time of the second derivative of the averaged responses (triangles). D, Measurements of rectified
EMG spike-triggered averages. Onset was identified at the time point when the peak (or trough) crossed within =2 SDs of the baseline mean. Onset latency was measured relative to the onset of
the triggered neuron action potential. Peak width at half-maximum was measured as the width of the peak (trough) halfway between its maximal (minimal) value and the baseline mean.

output to the spinal motoneurons. Preliminary results of this
study were presented in abstract form (Takei and Seki, 2009).

Materials and Methods

Animals. Electrophysiological recordings were obtained from three adult
male macaque monkeys (monkey A: Macaca fuscata, 6.8 kg; monkey E:
Macaca mulatta, 5.6 kg; and monkey U: M. fuscata, 8.5 kg). Experiments
were performed in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and were approved
by the Animal Research Committee at the National Institute for Physio-
logical Sciences, Japan.

Behavioral task and data acquisition. The monkeys were trained to
perform a precision grip task. Details of the behavioral task, surgical
operations, experimental setup, and procedures for recording single-unit
and electromyographic (EMG) activity were described previously (Takei
and Seki, 2010). Briefly, monkeys were required to grip spring-loaded
levers with their index finger and thumb (Fig. 1A). The lever positions
were displayed on a computer screen as cursors, and monkeys were re-
quired to track targets in a step-tracking task. Each trial consisted of a rest

period (1.0-2.0 s), lever grip, lever hold (1.0-2.0 s), and lever release.
Successful completion of a trial was rewarded with a drop of applesauce.
The force required to reach the target positions was adjusted individually
for index finger and thumb (monkey A: 0.4-2.0 N for index, 1.0-3.0 N
for thumb; monkey E: 0.6—-1.1 N for index, 0.1-0.3 N for thumb; and
monkey U: 0.4—0.6 N for index, 0.4-0.6 N for thumb).

Unilateral laminectomy of vertebrae C5-T1 was performed while the
animals were anesthetized with isoflurane (1.0-2.0% in 2:1 O,/N,0O) or
sevoflurane (1.5-3.0% in 2:1 O,/N,O) under aseptic conditions, and a
custom-made recording chamber was implanted over the laminectomy
(Perlmutter et al., 1998). During the recording, the monkey was seated in
a primate chair with the head and upper back restrained. Single-unit
activities from C5-T1 were recorded with a Tungsten or Elgiloy micro-
electrode. Action potentials were isolated from background activities
on-line using a spike-sorting device based on a template-matching algo-
rithm (MSD; Alpha Omega Engineering). The quality of isolation was
monitored continuously throughout the recording. The stationarity of
single-cell activity was checked by inspecting the average rate and task-
related firing modulation of each cell. Cells that showed obvious trial-
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by-trial variance in these parameters were omitted from the study. Off-
line, isolation quality was assessed by compiling an interspike interval
(ISI) histogram.

EMGs from hand, forearm, and upper arm muscles were recorded
simultaneously. For recording of EMGs, pairs of stainless steel wires
(AS632, Cooner Wire) were implanted subcutaneously in 20 forelimb
muscles of monkeys A and E, including intrinsic hand muscles [first
dorsal interosseous (FDI), second DI, third DI, and fourth DI; adductor
pollicis (ADP); abductor pollicis brevis (AbPB); abductor digiti minimi
(AbDM)], extrinsic hand muscles [flexor digitorum superficialis (FDS),
radial part of flexor digitorum profundus (FDPr), ulnar part of flexor
digitorum profundus, abductor pollicis longus, extensor digitorum-2,3
(ED23), extensor digitorum-4,5, extensor digitorum communis (EDC)],
wrist muscles [flexor carpi radialis, flexor carpi ulnaris (FCU), palmaris
longus (PL), extensor carpi radialis longus and brevis, extensor carpi
ulnaris (ECU)], and elbow muscles [brachioradialis, pronator teres, bi-
ceps brachii (biceps), and triceps brachii (triceps)]. For monkey U, EMG
wires were acutely inserted percutaneously into two muscles (FDI and
AbDM) on each experimental day. To test the neuron and muscle activ-
ities during the task, the data recorded over at least 10 trials for each single
unit were included in the present dataset.

Identification of premotor interneurons. The spike-triggered EMG av-
erage (STA) was computed to discriminate PreM-INs from the recorded
neural population. Details of the STA method were described previously
(Takei and Seki, 2010). Briefly, STAs were compiled off-line for neuron—
muscle pairs with at least 2000 recorded action potentials (Fig. 1D). EMG
was rectified and averaged over an interval of 80 ms beginning 30 ms
before and ending 50 ms after the spike onset. The baseline STA trend was
subtracted using the incremented-shifted averages method (Davidson et
al., 2007), and then the STA was smoothed with a flat 5-point finite
impulse response filter. Significant STA effects were identified with
multiple-fragment statistical analysis (Poliakov and Schieber, 1998). The
test window was set at a duration of 12 ms between 3 and 15 ms after the
spinal neuron spike. Potential cross talk between simultaneously re-
corded EMGs was evaluated by combining a cross-correlation method
(Buys etal., 1986) and the third EMG differentiation (Kilner et al., 2002),
and STA effects potentially resulting from cross talk between EMG re-
cordings were eliminated from the present dataset.

Onset latency and peak width at half-maximum (PWHM) were mea-
sured to quantify the temporal characteristics of the STAs (Fig. 1D).
Onset latency was defined as the time when the averaged EMG crossed a
level 2 SDs from the baseline mean (from 10 to 30 ms before the trigger).
PWHM of the STA effect was determined by finding the level that was
half of the peak amplitude above (or below for a trough) the baseline
mean and by measuring the width of the peak (or trough) at this level.

STA effects with appropriate onset latencies and narrow PWHMs re-
flect relatively direct synaptic input from the trigger neuron to the mo-
toneuron pool producing the recorded EMG (postspike effects). Other
STA effects with earlier onset latencies and/or wide PWHMs might re-
flect additional synaptic inputs to the motoneuron pool synchronized
with the trigger neuron spikes (synchrony effects; Schieber and Rivlis,
2005). The earliest possible onset latency of the postspike effects was set at
3.5 ms, which was determined based on our previous investigation (Takei
and Seki, 2010). The PWHM criterion depends on the cross-correlation
kernels between spinal IN activities. Unfortunately, however, few studies
have assessed the correlation in awake behaving monkeys (Prut and Per-
Imutter, 2003), and there is no clear information regarding the kernel.
Therefore, we adopted the PWHM criterion (7-9 ms) from a computer
simulation of cortical neurons (Baker and Lemon, 1998). Our primary
objective was to evaluate the postspike effects of spinal INs excluding
synchrony effects. Therefore, we used the strictest criterion for the cor-
tical neurons (PWHM = 7 ms) to reduce the false-positive postspike
effects (but see Smith and Fetz, 2009 for further discussion concerning
this criterion). Combined, if a neuron produced postspike effects with an
onset latency >3.5 ms and a PWHM <7 ms on at least one muscle, the
neuron was identified as a PreM-IN.

Premotor interneuron response patterns. To characterize PreM-IN re-
sponse patterns, response histograms were compiled with a bin width of
20 ms, and started 1.5 s before and ended 3 s after grip onset. Grip onset
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was defined as the time at which the rate of change of the total grip force
exceeded 2 N/s, which was calculated as the first derivative of the sum of
forces exerted by the index finger and thumb. If the firing rate was con-
tinuously above or below >2 SDs baseline activity (i.e., from 1.0 to 1.5 s
before grip onset) for >200 ms, the response was significant. Spinal
PreM-IN response patterns were categorized as a combination of phasic
facilitation/suppression and tonic facilitation/suppression, based on the
criteria used for cortical neurons (Cheney and Fetz, 1980; Wannier et al.,
1991; Maier et al., 1993). In these previous studies, the sustained activity
at the hold period was further categorized into “tonic,” “decrementing,”
and “ramp” patterns (summarized in Fetz et al., 2002). In this study,
however, we combined them as tonic, as our dataset was relatively small
and further categorization may have made it too sensitive to small sam-
pling variations.

Onset latency of significant firing responses was measured by first
calculating the instantaneous firing rate, FiringRate(#), as the inverse of
the interspike interval:

1
Firing Rate(t) = ; s for t; <t <ty

i+1 L

where t; is the time of the ith spike. The instantaneous firing rate was then
low-pass filtered (fourth order, Butterworth, cutoff of 20 Hz) and down-
sampled to 1000 Hz (Fig. 1B). This allowed us to measure the onset of
firing modulation at 1 ms resolution. The instantaneous firing rate was
aligned to grip onset (from 1.5 s before to 3.0 s after grip onset) and
averaged across trials (Fig. 1C). Response onset was defined as the time
when the second derivative of the averaged firing rate was at maximum
(or at minimum for decreasing firing patterns) around grip onset, which
indicated when the rate of change in the firing rate increased (or de-
creased) most steeply (Fig. 1C, arrowhead). The firing rate derivative at
each time point was calculated as the difference between the averages of
the 50 ms intervals preceding and following the time point.

EMG response patterns. EMG response patterns and onset latency were
determined by the same procedure as that used for PreM-IN activity. The
recorded EMGs were high-pass filtered (fourth order, Butterworth, cut-
off of 5 Hz), rectified, low-pass filtered (fourth order, cutoff of 20 Hz),
and then downsampled to 1000 Hz. The response average was compiled
by aligning to the grip onset (from 1.5 s before to 3.0 s after grip onset),
and then the response pattern was categorized based on the criteria that
were used for PreM-IN categorization. The EMG onset was defined as the
time when the second derivative of the averaged EMG was at maximum
surrounding the grip onset time (Fig. 1C).

Correlation between neural activity and grip force. The parametric cor-
relation between firing rate and grip force was assessed from trial-by-trial
data. The correlation was differentially examined for the dynamic grip
period (Fig. 1B, red) and the static hold period (Fig. 1B, blue). These
analyses were performed on the unit that showed significant modulation
of firing during each behavioral epoch.

To measure correlations during the static hold period, mean firing rate
(spikes per second) and mean grip force (newtons) were calculated in the
0.5 s interval during the static hold period, beginning 0.75 s and ending
0.25 sbefore release onset (Fig. 1B, blue). Release onset was defined as the
time when the total force derivative was below —2 N/s. The correlation
between firing rate and finger force was assessed by plotting the mean
firing rate against the mean force of each trial, and calculating the Pear-
son’s correlation coefficient (r). If the linear correlation was significant
according to the rtest (p < 0.05), then cell force sensitivity was measured
using the slope of the linear regression line in spikes per newton.

To determine the correlations during the dynamic grip period, the
peak firing rate (spikes per second) and peak rate of change of dF/dt
(newtons per second) were measured in a time window that included
0.25 s before to 0.5 s after grip onset in each trial (Fig. 14, red). The
correlation between peak dF/dt and peak firing rate was assessed, and the
significance of the correlation was examined by the ¢ test (p < 0.05).

For neurons that demonstrated a significant firing modulation during
the static hold period, the correlation between the firing rate and the
EMG activity was also assessed. Mean firing rate and mean EMG activity
were calculated in the same 0.5 s static hold period (Fig. 1B, blue), and the
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sicand tonic facilitation (p+t+); Fig. 2A].
The next most common patterns were
pure tonic facilitation (t+; Fig. 2B) and
pure phasic facilitation (p+; Fig. 2C).
Similar to these neurons, the majority of
the PreM-INs showed a significant in-
crease in firing rate during the precision
grip task (19/25 cells, 76%). A few neu-
rons decreased their firing rates, such as
that shown in Figure 2D. This neuron had
clear background activity before the onset
of movement and showed phasic facilita-
tion at grip onset following sustained sup-
pression during the hold period (p+t—).

95 trials

pt+ The proportions of these response pat-

terns are summarized in Figure 3A and
Table 1.

Release  Ao203

297 trials

We then compared the PreM-IN re-
sponse pattern with the EMG activity of
the target muscle, in which each PreM-IN
had significant postspike effects. For this
purpose, target muscle activity was cate-
gorized in the same way as the PreM-INs,
and the results show that almost all of the
target muscles had a p+t+ activity pat-

tern (Figs. 2, 3B; Table 1). These findings
were consistent with the results of previ-
ous studies, which showed that hand and
arm muscles were typically activated in a
p+t+ ort+ pattern during precision grip
(Maier et al., 1993; Maier and Hepp-

Time relative to grip onset (s)

Figure2.

inmonkey E, and those in C recorded in monkey A.

correlation between the mean firing rate and the mean EMG amplitude
was assessed by calculating the r value. These analyses were performed
off-line using MATLAB (MathWorks).

Results

Among the 219 spinal neurons recorded from three monkeys (34
in monkey A, 176 in monkey E, 9 in monkey U), 25 neurons
produced 66 significant postspike effects (54 facilitations and 12
suppressions) in hand and arm muscles, and were therefore iden-
tified as PreM-INs (20 excitatory and 5 inhibitory). The neurons
had either postspike facilitation (PSF) or postspike suppression
(PSS) on at least one muscle (2.6 muscles on average); no neuron
had both PSF and PSS simultaneously. The IST histogram showed
that very few spikes (0.2% of all spikes) had an ISI <1 ms, indi-
cating that there was almost no contamination from other unit
activities. A detailed analysis of the postspike effects of these neu-
rons was reported previously (Takei and Seki, 2010).

PreM-IN response patterns and their target muscles

The PreM-INs had a variety of response patterns during precision
grip. The most common pattern was a transient increase in firing
rate at grip onset that was sustained during the hold period [pha-

A-D, Examples of four PreM-IN response patterns. In each panel, cell discharge raster plot, histogram of cell discharge
(filled rectangles) and averaged instantaneous firing rates (solid line), averaged grip force, and averaged EMG of a target muscle
are shown (from top to bottom). Signals were aligned to the grip onset (dotted line). The gray diamonds in the raster plot indicate
the timing of release onset. One target muscle is shown for each PreM-IN. Insets indicate the STAs of the corresponding target
muscle EMG and significant PSFs are indicated by the arrows. Neurons in A and D were recorded in monkey U, those in B recorded

Reymond, 1995). Comparison between
PreM-IN response patterns and their tar-
get muscles indicated that the PreM-INs
had a variety of response patterns (most
frequently p+t+, p+, or t+), even
though their target muscles were consis-
tently activated in the p-+t+ pattern.
These contrasting response patterns be-
tween PreM-INs and their target muscles
suggested that the phasic and tonic con-
trol of grip force were substantially separated at the spinal
PreM-IN level, but not at the motoneuron level.

Onset latency of PreM-INs relative to their target muscles

To investigate the temporal relationship between the activities of
spinal INs and target muscles, we measured the onset latency of
the spinal PreM-IN and target muscle activities. Onset was de-
fined as the peak time of the second derivative of response aver-
ages (Fig. 1C). Figure 4A shows the response activity PreM-IN
population average of each response pattern [p+t+, p+, t+,
tonic suppression (t—), or p+t—] together with the average of all
target muscle activities. The population averages showed that
PreM-INs with a p+ component (p+, p+t+, or p+t—) and
those with a t— component tended to start earlier than the grip
onset, while the PreM-INs with a t+ component started later.
Target muscle activity started almost simultaneously with grip
onset (7.9 * 46.7 ms, mean * SD). Figure 4B shows the onset
latency distribution of PreM-IN activity relative to the onset of
their target muscles. On average, PreM-IN activity started —43 =
81 ms before the onset activity of the target muscle (63 neuron—
muscle pairs, Table 2). This result shows that the PreM-IN activ-
ity preceded that of the target muscle. As illustrated in Figure 44,
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Figure 3. A, B, Proportions of PreM-IN response patterns (4) and their target muscles (B)
during a precision grip task.

Table 1. PreM-IN and target muscle response patterns during precision grip

PreM-IN
Type Total Excitatory Inhibitory Target muscle
Total 25 (100) 20 (100) 5(100) 66 (100)
p+t+ 11 (44) 10 (50) 1(20) 65 (98)
p+ 4(16) 4(20) — 1(2)
t+ 4(16) 2(10) 2 (40) —
t— 2(8) 2(10) — —
p+t— 2(8) 2(10) — —
Unmodulated 2(8) — 2 (40) —

Numbers in parentheses indicate the percentage of the total in each column.

the majority of PreM-INs with a phasic component (p+, p+t+,
p+t—) started earlier than the target muscle, while the PreM-INs
with pure t+ started about the same time or later than the
onset of target muscle activity. One-way ANOVA did not detect
significant differences among response pattern onset latencies
(Fias8) = 2.1, p = 0.09), probably due to the large variance of
onset distribution. However, when PreM-INs with a p+ compo-
nent (p+, p+t+, p+t—) were pooled, PreM-INs with a p+
component had a significantly earlier onset latency than the
PreM-INs with a pure t+ pattern (—49+81.4 vs 14.7£59.3 ms, t
test, p < 0.05; Fig. 4C). The PreM-INs with phasic facilitation
components consistently preceded the target muscles (p+,
p+t+, p+t—), which suggested that a p+ component contrib-
uted to the initiation of target muscle activity. On the other hand,
PreM-INs with a pure t+ showed later onset, suggesting that they
contribute more to the maintenance of muscle activity and grip
force during the static hold period.

In addition, the neurons with t— components had an onset
that preceded that of the target muscle. Given that they all had
excitatory postspike effects on target muscles (Table 1), this firing
pattern may reflect the elimination of an excess facilitatory effect
on target motoneurons before onset of muscle activity.

Location of PreM-INs with different response patterns

As separate PreM-IN populations could be involved in either the
dynamic or static phases of precision grip, we wished to deter-
mine whether these populations were separately organized
within the spinal cord (Sher et al., 2010). Therefore, we compared
the spatial distributions of the PreM-INs with p+t+, p+, and t+
patterns, which were the most common response patterns.
PreM-IN depth was measured relative to the location where the
first cellular activity was recorded in each penetration (Takei and
Seki, 2008,2010), and the distribution along the dorsoventral axis
was compared among the response patterns (Fig. 5). PreM-IN

Takei and Seki e Activity of Spinal Premotor Interneurons during Precision Grip

A Population averages

V = Mean onset

PreM-IN

n=11110Hz

p+t- v -2 |
Target muscle N
-1 05 0 05 1

Time relative to grip onset (s)

B Mean = -43 + 81 ms
_._
15 1 .
I ptt+
— +
2 10 - :)+
b= ]
RS> O p+t-
(2] -
£ e
S 5
o
(@]
0+ ———
-400 -300 200 -100 0 100 200 300 400
C 1
p+t+ —o—+
p+ o—
t+ —lo—
|
pH- —0— |
t- —
-400 -300 200 -100 0 100 200 300 400

Onset latency relative to target muscle onset (ms)

Figure4. A, Population activities of PreM-INs with p+t+ (11 cells), p+ (4 cells), t+
(4 cells), t— (2 cells), or p+t— (2 cells) response patterns, together with the average of
all target muscle activities (66 muscles). The activities are aligned with grip onset. Mean
onset timing is indicated by the open triangle. B, Histogram of onset latencies of PreM-IN
activity relative to the onset of target muscle activity. Upper circles and error bars indicate
mean = SD of onset latency of the all PreM-INs that exhibited significant modulation
(n = 23). ¢, Mean onset latencies for PreM-INs separated by response pattern. The circles
and error bars indicate mean = SD.

depth was significantly different among the groups (one-way
ANOVA, F(, 16 = 3.9, p < 0.05). The PreM-INs with a p+
pattern were located in a more ventral position (red circles),
while t+ neurons were located in the dorsal portion (blue
circles); their distributions did not overlap. These observa-
tions suggested that PreM-INs involved in the dynamic and
static phases of precision grip were spatially segregated within
the spinal cord. Interestingly, the PreM-INs with a p+t+ pat-
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Table 2. PreM-IN onset latency relative to target muscle onset

Type Al Excitatory Inhibitory
Total —43 = 81(63) —46 = 86 (54) —26=41(9)
p+t+ —41 = 56 (41) —41 £59(35) —40 = 35(6)
p+ —65 = 145 (10) —65 = 145 (10) —

t+ 15 £59(7) 25+ 73(4) 1x£45(3)
t— —62 = 85(3) —62 = 85(3) —

pt+t— —147 £ 69(2) —147 £ 69(2) —

Mean == SD numbers in parentheses indicate the number of neuron—muscle pairs.
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Figure 5.  Distribution of the PreM-IN intraspinal depth relative to the first cell, shown sep-
arately for PreM-INs with p+t+ (purple), pure p+ (red), and pure t+ (blue) response pat-
terns. Squares and error bars indicate the mean = SD.

tern exhibited a wider distribution and straddled the localiza-
tion of the p+ and t+ neurons (purple circles). These results
indicate that dynamic and static control systems were repre-
sented in separate groups of spinal INs, and they overlapped in
PreM-INs with a p+t+ pattern.

Correlation of PreM-IN firing with grip force and dF/dt

To investigate the contributions of PreM-IN phasic and tonic
activities to the dynamic and static phases of force output further,
we examined the correlations between PreM-IN firing and ex-
erted grip force (Fig. 6) or the rate of change of dF/dt (Fig. 7). We
first tested the linear correlation between the mean firing rate and
mean force for the PreM-INs with t+ components (15 PreM-
INs: 11 p+t+ and 4 t+ neurons). A typical example of a PreM-IN
is shown in Figure 6. The grip force and PreM-IN firing during
three trial examples are shown. The mean grip force and the
PreM-IN mean firing rate were calculated duringa 0.5 s period of
the steady hold period in each trial (Fig. 6A, gray areas). Scatter
plots of the mean firing rate versus the mean force demonstrated
that the firing rate was significantly correlated with the grip force
(r =10.36, p < 0.001), with a rate-force slope of 183 Hz/N (Fig.
6B). Among the 15 PreM-INs with a t+ component, 4 PreM-INs
(27%) showed a significant correlation with grip force (Table 3);
the number of significantly correlated INs exceeded the level of
chance (binomial test, p < 0.0001). The correlation between
mean firing rate and mean force was also tested for PreM-INs
with t— components (four PreM-INs: two p+t— and two t—
neurons). In contrast to the PreM-INs with a t+ pattern, none of
the PreM-INs with a t— pattern showed a significant correlation
with static grip force.
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Figure 6.  Example of the correlation between the tonic firing rate of a PreM-IN and static
grip force. A, Three example trials showing the grip force (left) and instantaneous firing rate of
a PreM-IN (right). The shaded areas indicate the time window where mean force and mean
firing rate were calculated. B, Scatter plot of mean firing rate versus mean grip force of the IN
shown in A. The solid line indicates the regression line.

A similar analysis was performed for PreM-INs with p+ com-
ponents (17 PreM-INs: 11 p+t+, 4 p+, and 2 p+t— neurons).
The peak instantaneous firing rate and peak dF/dt were measured
in each trial (Fig. 7A, arrowheads), and they were plotted in a
scatter plot (Fig. 7B). The scatter plot showed a significant posi-
tive correlation (r = 0.17, p < 0.01) between the peak firing and
peak dF/dt. A significant correlation with peak dF/dt was found in
4 of 17 PreM-INs (24%; Table 4), and again the number of cor-
related INs was significantly above the level of chance (binomial
test, p < 0.01).

Correlation of PreM-IN firing with target and non-target
muscle activity

For the INs with t+ components, we further examined the cor-
relation between the IN firing rate and target or non-target mus-
cle activity during the static hold period. The single neuron
shown in Figure 8A—G had postspike facilitation in the FDPr (Fig.
8B), but not in the FDS (Fig. 8E). The relationship between
PreM-IN and these muscles is illustrated in Figure 8A. Figure 8, D
and G, shows the correlation between the mean firing rate and the
mean EMG amplitude of FDPr and FDS, respectively. A scatter
plot showed that the firing rate of this IN was significantly corre-
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Figure 7.  Example of the correlation between the peak firing rate and the peak dF/dt. 4,

Three example trials showing the df/dt (left, solid line), the grip force (left, gray line), and
instantaneous firing rate of a PreM-IN (right). The triangles indicate the peak timings of the
dF/dt and the PreM-IN firing rate. B, Scatter plot of the peak firing rate versus the peak df/dt.
The solid line indicates the regression line.

Table 3. Correlations between tonic firing rate and static force or muscle activity

n r Slope (Hz/N)
Neuron—force correlation
Total (15) 4 0.35+0.10 90 * 68
Excitatory (12) 3 0.40 = 0.04 88 = 83
Inhibitory (3) 1 0.21 9%
Neuron—muscle correlation
Target muscle
Total (48) M 0.39 £ 0.17 —
Excitatory (39) 10 0.41 = 0.17 —
Inhibitory (9) 1 0.21 —
Non-target muscle
Total (246) 54 0.23 =0.18 —
Excitatory (192) 42 0.25 =0.17 —
Inhibitory (54) 12 0.16 = 0.19 —

lated with FDPr activity on a trial-to-trial basis (Fig. 8D; r = 0.38,
p <0.001), but not with FDS (Fig. 8G; r = —0.09, p = 0.38), even
though FDPr (target muscle) and FDS (non-target muscle) had sim-
ilar p+t+ response patterns during precision grip (Fig. 8C,F).
Among 48 pairs of PreM-INs and target muscles, 11 pairs
(23%) showed significant correlations, while 54 of 246 pairs
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Table 4. Correlations between peak firing rate and peak dF/dt

Neuron—force correlation n r Slope (Hz per N/s)
Total (17) 4 0.21 £ 0.06 28+ 21
Excitatory (16) 4 0.21 = 0.06 28 *£2.1
Inhibitory (1) 0 — —
A
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Figure 8.  Example of the correlation between the tonic firing rate and static target muscle
activity (B—D) and non-target muscle activity (E-G). A, Schematic illustrations showing the
estimated connection of the PreM-IN with the FDPrand the FDS. B, E, STA of FDPr (B) and FDS (E)
triggered by the same PreM-IN. The PreM-IN showed a significant PSF (arrow) in FDPr (target
muscle), but not in FDS (non-target muscle). C, F, Response average of FDPr and FDS aligned
with release onset, with the gray areas indicating the time window analyzed. D, G, Scatter plot
of mean firing rate versus mean FDPr or FDS amplitude. The solid line indicates the regression
line. The firing rate had a significant correlation with the target muscle (FDPr), but not with the
non-target muscle (FDS). H, Comparison of the correlation between PreM-IN firing rate with
target and non-target muscles. The r? was averaged for the pairs with the target muscle (11
pairs) and the pairs with the non-target muscle (54 pairs), with significant correlations.

(22%) of PreM-INs and non-target muscles showed significant
correlations. The r* was then compared between pairs with target
muscle and non-target muscle. The correlation coefficient was
significantly higher for the pairs with target muscle than the pairs
with non-target muscles (¢ test, p < 0.05; Fig. 8H). This result
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suggests that PreM-IN activity modulated target muscle activity
by producing postspike effects. Together, these observations sug-
gest that PreM-IN postspike effects may contribute to the gener-
ation of hand muscle activity and then the production of finger
grip force during the precision grip task.

Discussion

In this study, we explored the contribution of spinal PreM-INs to
precision grip control by examining their firing activity during
precision grip and correlation with grip force. Previous studies on
the control of precision grip focused exclusively on supraspinal
motor structures, particularly CM connections, from motor cor-
tex to spinal motoneurons (for review, see Lemon, 2008). Our
previous study identified PreM-INs that had postspike effects on
hand muscles during precision grip (Takei and Seki, 2010), but
their contribution to the generation of muscle activity and grip
force remained unclear.

Here, we showed that spinal PreM-INs located in cervical seg-
ments significantly modulated their activity during the dynamic
and static phases of precision grip (phasic and tonic activities),
and some of the phasic and tonic activities were correlated with
the rate of change of dF/dt and static finger force, respectively.
These results indicated that the neural pathway mediated by the
spinal PreM-INs, together with the CM pathway, makes a signif-
icant contribution to the control of precision grip in primates.

Phasic and tonic activity during precision grip
Most PreM-INs that had postspike effects on hand or arm mus-
cles showed significant modulation of their firing rates during a
precision grip task (23/25 cells, 92%). The majority of the cells
had phasic and tonic facilitation patterns (p+t+, 11/23 cells; Fig.
3A). As all of the target muscles showed similar p+t+ activity
(41/41 pairs; Fig. 3B), it is likely that the activities of these PreM-
INs are involved in the generation of the target muscle activity by
driving target motoneurons. It should also be noted that a signif-
icant PreM-IN population displayed activity that only partly
matched their target muscles, i.e., some PreM-INs showed pure
phasic or tonic facilitation even though their target muscles were
activated in a p+t+ pattern (Fig. 2 B, C). Similar phasic and tonic
neuronal activities during precision grip were observed in several
supraspinal motor structures, including primary and sensory
cortex (Smith et al., 1975; Hepp-Reymond et al., 1978; Wannier
et al., 1991; Maier et al., 1993; Salimi et al., 1999), cerebellar
cortex (Smith and Bourbonnais, 1981), the “motor” thalamus,
and the globus pallidus (Anner-Baratti et al., 1986). These obser-
vations suggest that precision grip may be controlled by two dis-
tinct neural populations in the CNS, which are predominantly
responsible for either force initiation or force maintenance.
Comparison between primary motor cortex (M1) neurons
and spinal cord neurons may be appropriate to show the rele-
vance of this hypothesis. For example, phasic activity of M1 neu-
rons precedes the onset of force change and EMG activities
(Smith et al., 1975; Wannier et al., 1991), and the peak firing rate
is correlated with the first derivative of the exerted dF/dt (Smith et
al., 1975), suggesting that the phasic activity of M1 neurons pri-
marily contributes to the initiation of grip force. On the other
hand, M1 neurons with pure tonic activity are recruited later
(Smith et al., 1975; Wannier et al., 1991) and the tonic firing rate
is correlated with static grip force (Smith et al., 1975; Wannier et
al., 1991) as well as static muscle activity (Maier et al., 1993),
suggesting that tonic activity could contribute to steady mainte-
nance of the grip force. Spinal PreM-INs with phasic and tonic
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Figure 9. A, Summary of response patterns for different populations of neurons during
precision grip task. Proportions are given for spinal PreM-INs, UID neuronsin M1 (Wannier etal.,
1991),and PTNsin M1 (Smith etal., 1975), and (M cellsin M1 (Maier etal., 1993). Note that the
t+ components of (M cells and PTNs include other sustained activities during a hold period, i.e.,
“ramp” and “decrementing” patterns. The proportion of spinal PreM-IN target muscle results is
also shown. B, A schematic illustration for possible functional connections. The dashed lines
indicate connections not tested in this study. The gradual increase in the proportion of a muscle-
like activity pattern (p+t+) suggests that the phasic and tonic activities could be converged
and integrated at each neural level.

activity had similar characteristics. PreM-INs with a p+ compo-
nent had an earlier onset, which mostly preceded the target mus-
cle activity (Fig. 4), and the peak firing rate of some neurons was
correlated with the peak dF/dt (Fig. 7). PreM-INs with a t+ com-
ponent had a later onset (Fig. 4), and the mean firing rate in the
hold phase was correlated with the mean force (Fig. 6) and mean
target muscle activity (Fig. 8). These similarities between M1 and
spinal neurons suggest that the separate neural populations are
linked and involved in the control of dynamic and static aspects
of precision grip, respectively.

Comparison of activity patterns between M1 and spinal cord
during precision grip

Due to the similarities between M1 and spinal neurons, it may be
expected that spinal interneurons function to simply “relay” neu-
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Figure 10.

Comparison between a wrist FE and a precision grip task. 4, B, Muscle activities in a single trial during a wrist FE task () and a precision grip task (B). Wrist torque and grip force (top),

two flexor EMGs (Flex1 and Flex2), and two extensor EMGs (Ext1 and Ext2). The names of the muscles are shown in parentheses. Note that the digit adductor (ADP) and abductor (AbPB) are
categorized as flexors and extensors, respectively, based on their action on the thumb. (, The proportions of response patterns of PreM-INs for each task, compared with motoneurons (MNs, wrist
FE task) or target muscles (precision grip task). Unmod, Unmodulated. D, Distributions of postspike effects on the flexors (including flexors and adductors) and extensors (including extensors and
abductors) tested in each task: PSF (open circles) and PSS (filled circles). The percentages of PreM-INs are depicted by the relative sizes of the respective circles. The data for the wrist FE task are from

Seki et al. (2003) (A) and Perlmutter et al. (1998) (C, D).

ral activity from the motor cortex to spinal motoneurons. How-
ever, the proportion of the response patterns suggested
substantial differences between the spinal and motor cortex neu-
rons. Figure 9A presents a comparison of the response patterns of
M1 neurons during a precision grip task, which were reported in
previous studies [pyramidal tract neurons (PTNs), Smith et al.,
1975; unidentified neurons (UIDs), Wannier et al., 1991; CM
cells, Maier et al., 1993], as well as spinal PreM-IN and the target
muscle activities recorded in the present study. In general, all
categories of neurons had similar response patterns, including
p+, t+, pt+t+, and other patterns (except for p+ of CM cells).
However, the proportion was different between the categories of
neurons—the p+t+ proportion gradually increased when the
neural population was closer to the motor output. Among the
UIDs, which included all types of M1 neuron, the most common
patterns were p+ (20%) and t+ patterns (19%); few neurons had
ap+t+ pattern (8%), suggesting that most UIDs were separately
involved in the dynamic or static control of precision grip. PTNss,
which have corticospinal connections, had a higher prevalence of
the p+t+ pattern (23%). The prevalence of p+t+ patterns was
more prominent in CM cells, which have postspike effects on
spinal motoneurons (p+t+: 55%). Similarly, our results show

that spinal PreM-INs predominantly had a p+t+ pattern. Fi-
nally, almost all target muscles had p+t+ activity. As illustrated
in the hypothetical schema (Fig. 9B), this gradual increase in a
“muscle-like” activity pattern (i.e., more p+t+ neurons found in
the neural population closer to the motor output) suggests that
phasic and tonic activities could be converged and integrated to
p+t+ activity along the stream of cortical motor output. This
gradual p+t+ pattern increase suggests that spinal PreM-INs do
not just relay the descending activity, but that they integrate dy-
namic and static motor commands.

The hypothesis that the phasic and tonic activities of supraspi-
nal neurons converge in spinal PreM-INs was further supported
by the intraspinal distribution of PreM-INs with p+, t+, and
p+t+ patterns. We found that the intraspinal locations of PreM-
INswith p+ and t+ patterns were segregated into the ventral and
dorsal portions, respectively, while the p+t+ pattern neurons
were distributed from the ventral to the dorsal halves and strad-
dled the distribution of the p+ neurons and t+ neurons (Fig. 5).
This topographic localization suggests that parts of the phasic and
tonic activities of supraspinal neurons project to two distinct
groups of spinal INs [i.e., p+ PreM-INs (ventral) and the t+
(dorsal)], and that other neurons converge onto another group of
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INs (i.e., pt+t+ PreM-INs) and integrate dynamic and static mo-
tor commands at the spinal premotor level.

In addition, the onset latency of the spinal IN activity relative
to the target muscle activity further supports the occurrence of
integration of descending commands at the spinal level. The av-
erage onset latency of PreM-IN was 43 ms (Fig. 4), which was
much longer than the onset latency of their postspike effects on
the target muscles (7—8 ms) (Takei and Seki, 2010). This differ-
ence indicates that the synaptic effects of the PreM-INs activity
do not immediately recruit target motoneuron pools, but that
they require considerable further processing to activate target
motoneurons. At this time, the activation of other premotor sys-
tems has already started; the average onset latencies relative to the
target muscle EMG are 54 and 96 ms for CM and rubromotoneu-
ronal (RM) cells, respectively (Cheney and Fetz, 1980; Cheney et
al., 1988). This comparison indicates that the spinal PreM-INs
are activated concurrently with the CM and RM neurons, sug-
gesting that PreM-INs are involved in the process that defines the
final pattern of muscle activity in concert with other premotor
systems.

Comparison of PreM-IN activity between the precision grip
and alternate wrist movement tasks

The activity of PreM-INs has been studied for wrist flexion and
extension (FE) movement (wrist FE task) (Maier et al., 1998;
Perlmutter et al., 1998; Fetz et al., 2002; Seki et al., 2003). Record-
ings of muscle activities revealed the characteristic differences in
these two tasks (Fig. 10A); the alternate wrist FE movement was
characterized as a clear reciprocal relationship between forearm
flexors and extensors, while the grasping movement was charac-
terized as broad coactivation of flexor and extensor muscles
(Longetal., 1970; Smith, 1981; Maier and Hepp-Reymond, 1995)
(Fig. 10B). Therefore, we explored the possible differences in
spinal PreM-INs involved in the two tasks. First, we compared
the proportion of the response patterns (Fig. 10C). In general, the
pattern of PreM-IN activity was similar; p+t+, p+, and t+ were
the most common. However, the relative proportions differed;
t+ was more prominent for the wrist FE task (38%) and p+t+
was more prominent for the precision grip task (44%). This dif-
ference may reflect the difference in motor unit (or muscle) ac-
tivity during both tasks; most motor unit activity showed the t+
pattern in the wrist FE task, while almost all of the target muscles
showed p+t+ in our precision grip task. This suggested that
PreM-INs showed “muscle-like” activity for each task. Next, we
compared the distribution of postspike effects on flexor and ex-
tensor muscles. In the wrist FE task, the PreM-IN tended to have
postspike effects on either the flexor or extensor muscles (flexors,
58%; extensors, 29%), and a smaller proportion of PreM-INs had
postspike effects on both concurrently (11%). Conversely, in the
precision grip, a greater proportion of the PreM-INs had post-
spike effects concurrently on the flexor and extensor muscles
(31%), and the relative proportion differed significantly between
the two tasks (x test, p = 0.024). These results suggested that the
basic activity pattern of PreM-INs did not differ between the wrist
FE and precision grip tasks, but that the output effects of the
recruited PreM-INs to wrist muscles or hand muscles differed in
their nature.

Correlation between PreM-IN activity and grip force

As PreM-INs have relatively direct synaptic effects on target mus-
cles, we expected that their firing activities would have a paramet-
ric correlation with the target muscle activity and precision grip
force. Our results actually show that a considerable proportion of
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PreM-INs with p+ and t+ activity patterns were significantly
correlated with dF/dt (4/15) and static force (4/17), respectively.
As these PreM-INs had postspike effects on the hand muscles,
this population may be smaller than initially expected. This
smaller correlation could be ascribed to an underestimation of
the correlation between grip force and neural firing activity due
to our behavioral protocol. The trial-to-trial variation in grip
force generated by our monkeys (0.1-0.2 N) was relatively small
in comparison with an earlier study (Maier et al., 1993, their Fig.
6). Therefore, this smaller variation in grip force may cause un-
derestimation of the correlations of PreM-IN firing and grip
force. Despite the possible underestimation, the number of sig-
nificant correlated neurons exceeded the level of chance (bino-
mial test, p < 0.0001 and p < 0.01 for static and dynamic
correlated neurons, respectively). Therefore, we concluded that
the PreM-INs showed significant correlations with static and dy-
namic forces. In addition, we found that the correlations between
PreM-IN firing rate and static force or peak dF/dt were exclu-
sively positive, regardless of the fact that both excitatory and
inhibitory INs were included in the PreM-INs. These observa-
tions indicated that the firing rates of excitatory and inhibitory
PreM-INs were coactively recruited with increasing grip force.
The finding that inhibitory PreM-INs are coactivated with the
target muscles they inhibit was also observed for wrist FE move-
ments (Perlmutter et al., 1998, their Fig. 12). The coactivation of
the excitatory and inhibitory inputs to spinal motoneurons was
consistent with the phenomenon known as balanced inhibition
and excitation, which is assumed to regulate the response gain of
the target motoneurons (Chance et al., 2002; Berg et al., 2007;
Kristan, 2007).

Conclusions

In conclusion, we found that spinal PreM-INs located in the
C6-T1 segments significantly modulated their activity during
dynamic and static phases of precision grip (phasic and tonic
activity), and the phasic and tonic activities were correlated with
dF/dt and static finger force, respectively. These results clearly
indicate that the neural pathway mediated by the spinal PreM-
INs, together with the CM pathway, makes a significant contri-
bution to the control of precision grip in primates.
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