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Proper execution of voluntary movement requires a sensorimotor transformation based on the initial limb state. For example, success-
fully reaching to a stable target requires the recruitment of different muscle groups depending on limb position at movement initiation.
To test whether this transformation could occur at the spinal level, we stimulated the cervical spinal cord of anesthetized monkeys while
systematically changing initial posture and examined the modulation of the twitch response induced in the upper limb muscles. In three
monkeys, a multichannel microelectrode array was implanted into the C6 segment of the spinal cord and electromyographic electrodes
were implanted in 12 limb muscles (five hand, four elbow, and three shoulder muscles). The magnitude and onset latency of the evoked
response in each electrode–muscle pair were examined by systematically changing the hand position through nine positions in a hori-
zontal plane with the monkey prone. Among 330 electrode–muscle pairs examined, 61% of pairs exhibited significant modulation of
either magnitude or latency of twitch responses across different hand/arm configurations (posture dependency). We found that posture
dependency occurred preferentially in the distal rather than proximal muscles and was not affected by the location of the electrode within
the stimulated spinal segment. Importantly, this posture dependency was not affected by spinalization at the C2 level. These results
suggest that excitability in the cervical spinal cord is affected by initial arm posture through spinal reflex pathways. This posture
dependency of spinal motor output could affect voluntary arm movement by adjusting descending motor commands relative to the initial
arm posture.
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Introduction
The proper execution of voluntary movement requires informa-
tion about the initial effector state. Although the final movement
goal may be the same, different motor programs need to be exe-
cuted depending on the initial limb posture. For example, a
reaching movement toward a specific target will recruit different
muscle groups, depending on the arm position at movement

onset. When the right arm is placed on the left side of a target,
finger, wrist, and elbow extensor muscles are mainly recruited to
approach it. In contrast, flexor muscles are recruited when reach-
ing from the right side of a target. It is not fully understood how
the CNS recruits and adjusts motor commands corresponding to
the infinitely variable initial state of the arm and hand.

This initial state could be first sensed implicitly by proprio-
ceptors and skin receptors (Stein et al., 2004; Umeda et al., 2012),
and the ensemble activity of primary afferents from these recep-
tors could be represented as a local change in limb state by inte-
grating them within the CNS (Bosco and Poppele, 2001). Upon
voluntary movement onset, the initial state represented by this
integrated information needs to interact with motor commands
to allow the selection and control of the spatiotemporal activity of
appropriate muscles under different initial limb postures. This
integration may occur at various relays within the CNS (Scott,
2004). As proposed earlier (Grillner, 2006), the spinal cord can be
regarded as both the initial and final stages for this integration
because of its proximity to the periphery. Different patterns of
spinal reflexes induced in the contralateral limb dependent on
their initial posture (Grillner and Rossignol, 1978) suggest that
this mechanism is not limited to a single limb. The neural mech-
anism responsible for this integration, however, has not been
established.
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Spinal interneurons (INs), which are located mainly in the
intermediate zone of gray matter, receive projections from a ma-
jority of descending tracts, including corticospinal (Ralston and
Ralston, 1985; Morecraft et al., 2013), reticulospinal (Holstege
and Kuypers, 1982), and rubrospinal (Holstege and Tan, 1988).
These INs also receive convergent input from peripheral afferents
with different modalities and receptive fields (Lundberg and
Voorhoeve, 1962; Lundberg et al., 1962; Baldissera et al., 1981;
Jankowska, 1992; Hultborn, 2006). Importantly, they are active
in the preparation and execution of voluntary movement, sug-
gesting their crucial role (Perlmutter et al., 1998; Prut and Fetz,
1999; Takei and Seki, 2010, 2013). Therefore, it is reasonable to
hypothesize that the initial limb configuration is represented and
integrated into volitional motor commands in the spinal INs
through the convergent nature of their input.

Here, we applied intraspinal microstimulation (ISMS) and
recorded the evoked twitch responses using electromyography
(EMG) to test this hypothesis. Single-pulse microstimulation ac-
tivates neurons and fibers located within a limited radius around
the stimulus site (Stoney et al., 1968; Gustafsson and Jankowska,
1976), and muscle activity evoked by the stimuli represents the
motor output generated by these intraspinal sites (Perlmutter et
al., 1998; Moritz et al., 2007). Therefore, if the initial limb state is
represented within the spinal motor pathway, arm-posture-
dependent changes in the evoked twitch responses should be ob-
served at a majority of intraspinal sites where stimulation is
applied. Therefore, we electrically stimulated the cervical spinal

cord of an anesthetized monkey while systematically changing
the hand and arm position, and examined whether the evoked
muscle responses changed or were stable under these conditions.

Materials and Methods
Three male rhesus macaques (monkey TE, 4.1 kg; monkey TS, 5.0 kg;
monkey NE, 10.1 kg) were included in this study. All procedures were
performed in accordance with the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals and were approved by
the local ethics committee for primate research at the National Institute
of Neuroscience.

Electrode implantation. Surgical operations were performed on each
monkey to implant a floating microelectrode array (FMA; MicroProbes;
Fig. 1D) and EMG wire electrodes. Surgery to implant the FMA was
performed 2– 4 weeks after the surgery to implant the EMG wires. All
surgeries were performed using sevoflurane anesthesia (1.5–2.5% in 2:1
O2/N2O), and the monkey was artificially respired. Respiration rate was
adjusted to keep end-tidal CO2 within 30 –35 mmHg.

A 12-channel (monkeys TE and TS) or 32-channel (monkey NE) mi-
croelectrode array was implanted into the C6 segment of the spinal cord
(Fig. 1C) to apply ISMS. The electrode length was 4 mm (monkey TE), 3
mm (monkey TS), or a mixture of 2, 3, and 4 mm (10, 9, and 13 electrodes
each, respectively; monkey NE), and the impedance of each electrode
ranged from 0.5 to 1.2 M�. Within each array, electrodes were evenly
spaced (4 mm).

First, the C3–T2 vertebrae were exposed bilaterally. Titanium screws
were then inserted into the vertebrae transarticularly and tied with stain-
less steel wires on one side. A ground wire was wound around one of the
stainless steel wires. The titanium screws and the stainless steel wires were
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Figure 1. Experimental procedure and EMG analysis. A, A monkey was anesthetized and laid prone on a horizontal table. The posture of the left limb was changed by fixing the left wrist at one
of the seven points on a square grid of 8 cm intervals (A, crosses). The shoulder was stabilized with two vertical poles (gray circles). The number designations of the postures are shown in parentheses.
Red, pink, and blue dots represent the landmark points of the wrist, elbow, and shoulder joints, respectively. The joint angles of the shoulder (�) and elbow (�), and that between the shoulder and
wrist (�) were measured in each animal and are listed in Table 1. B, The wrist was fixed to each point by a swiveling U-shape hand holder with an integrated force sensor. C, A microelectrode array
was implanted in the C6 level of the spinal cord. The schema shows the placement of the microelectrode array in monkey TE in the dorsal view. D, The microelectrode array used for monkey TE. E,
Measurement of EMG responses. The EMG response was averaged over the trials in each posture; then base average and SD were calculated. Onset was identified at the time point when the signal
crossed the �5 SD of the base signal. Onset latency was measured relative to the stimulus onset. Area of response was measured as an integrated amplitude from 1 or 3 to 20 ms after the stimulus
onset. Overlay display of original traces without averaging of this response is shown in an inset. For this response, mean area was 813 � 21.1 �Vms and onset latency was 3.9 � 0.3 ms.
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cemented using dental acrylic. A C4 –C5 laminectomy was performed
and the dura matter removed to expose the dorsal surface of the spinal
cord. Each microarray was held by a conventional manipulator (SM-11,
Narishige) and fully inserted into the C6 segment of the spinal cord.
Subsequently, the spinal cord was covered by artificial dura (ePTFE patch
II, W.L. Gore & Associates), and the laminectomy closed using dental
acrylic. The connector of the electrode array, as well as the ground wire,
was placed on the acrylic over the vertebrae and surrounded with a close-
able chamber for protection.

For EMG recording, pairs of stainless steel wires (AS631, Cooner
Wire) were implanted subcutaneously in the following muscles of the left
arm: hand muscles: adductor pollicis, first dorsal interosseous (FDI),
flexor digitorum superficialis, flexor carpi radialis (FCR), extensor carpi
radialis; elbow muscles: brachioradialis, biceps brachii, long head of the
triceps brachii, lateral head of the triceps brachii (monkeys TE and NE
only); shoulder muscles: clavicular part of the deltoid, spine part of the
deltoid, pectoralis major. Because the signals from the FDI of monkeys
TE and NE were noisy, most likely because of a break in the electrode, the
data from these muscles were discarded from the dataset. Consequently,
EMGs recorded from 11 muscles were analyzed in each monkey.

Experimental procedure. Throughout the experiments, monkeys were
anesthetized using ketamine (initial dose of 3.0 mg/kg, i.m., supple-
mented at 2.3–3.8 mg/kg/h) and medetomidine hydrochloride (initial
dose of 100 �g/kg, i.m., supplemented at 30 –50 �g/kg) and laid prone on
a table. Two padded poles were placed around the upper left (ipsilateral)
arm at the shoulder joint to stabilize the position of the trunk during the
experiment. The left wrist was secured just proximal to the styloid pro-
cess of the radius in a specially designed swiveling U-shaped holder with
an integrated multiaxis force sensor (Nano17, ATI Industrial Automa-
tion), which could then be fixed at one of seven points on a square grid
with 8 cm intervals (Fig. 1 A, B). The hand distal to the U-shaped holder
was kept in a neutral position throughout the experiment. The joint
angles of the shoulder (�) and elbow (�), and that between the shoulder
and wrist (�) were measured in each animal and are listed in Table 1. The
right arm and hand were fully extended and placed next to the body,
parallel to the body axis. Both legs were also fully extended.

First, we determined stimulation thresholds by delivering an ISMS
train of 25 biphasic (negative-positive) pulses (400 �s duration at 50 Hz)
using an isolated stimulator (STG2008, Multi Channel Systems). Thresh-
old currents for each electrode were defined as the minimum current to
induce an output force at the left wrist by the 25 pulses. For monkeys TE
and TS, this was done on the third and 22nd days after the FMA implan-
tation. In the case of monkey NE, thresholds were obtained at the start of
the experimental sessions.

Recording sessions were performed 6 (monkey TE), 67 (monkey TS),
and 34 and 78 d (monkey NE) after the FMA implantations. In each
session, 7, 4, 13, and 6 electrodes, respectively, were selected because they
showed the lowest stimulation thresholds, and these were used for the
ISMSs. For monkey NE, different sets of electrodes were used for the two
sessions. The same stimulus train as that used for the determination of
threshold was used during the recording session, but we analyzed re-
sponses induced from the first stimulus exclusively as described below
(responses to the other stimulus pulses were the subject of another study
and are not analyzed in this paper). The pulse amplitude of stimulation
for each electrode was set at just above the threshold current. The ISMS
trains were delivered with an interval of 3 s. After 6 –20 trials were com-
pleted at one position, the wrist holder was moved to another point on
the grid. The number of trials was consistent across each posture and
each electrode, and the wrist position sequence and stimulation electrode

order were randomized. ISMS responses were recorded as evoked EMGs
and quantified. The EMGs were amplified (�1500 –5000), bandpass fil-
tered (5 Hz–3 kHz) using a multichannel differential amplifier (AB-611J
and SS-1611, Nihon Kohden) and digitized at 10 kHz (128-channel neu-
ral signal processor, Blackrock Microsystems).

Spinalization. To test how the ISMS responses changed following spi-
nalization at the upper cervical level, we conducted a terminal experi-
ment on monkey NE. Anesthesia was induced using ketamine (7.5 mg/
kg) and maintained with propofol (1.5–2.5 mg/kg/h) and additionally
sevoflurane (0.5–3.0% in 2:1 O2/N2O). C1 and C2 vertebrae were ex-
posed bilaterally and a laminectomy was performed at the C2 vertebra.
We then measured ISMS responses pretransection as a control. Stimulus
thresholds were determined as the minimum current required to induce
force output at the wrist. ISMSs with two stimulus intensities (1.5 and 2
times the threshold current) were applied across the same seven postures
as described above. After the control experiment, the spinal cord was
transected at the C2 level by tearing nerve fascicles using forceps under
microscopic vision. Gelatin sponge was inserted into the space between
the cut ends of the spinal cord to confirm the transection. Following an
interval of 30 min, the ISMSs were applied again in the same procedure to
the control experiment. After the experiment, the monkeys were deeply
anesthetized with pentobarbital sodium (35 mg/kg) and perfused transcar-
dially with heparin saline solution (heparin sodium 1 U/ml), followed by
10% formalin. After fixation, the spinal cord was removed and the position
of the implanted FMA electrode was confirmed.

Data analyses. Earlier studies used longer trains of stimuli (200 –1000
ms) at 25–70 Hz to evoke prolonged muscle force or movement (Bizzi et
al., 1991; Giszter et al., 1993; Lemay and Grill, 2004). However, this
approach has drawbacks (Strick, 2002). Using a long-train stimulus can
cause current spread and directly induce synaptic activation well beyond the
original stimulation site (Stoney et al., 1968; Gustafsson and Jankowska,
1976). As a result, the observed output may not be able to be specifically
ascribed to a localized phenomenon of the stimulation site (Cheney et
al., 2013). For this reason, we analyzed the response evoked exclu-
sively by the first single-stimulus pulse and limited the current to the
movement threshold.

Before testing the posture-dependent modulation of ISMS response,
the EMG signal was preconditioned according to the following three
steps: first, the EMGs were bandpass filtered (10 –1000 Hz, Butterworth;
order, 4); second, the stimulus artifact was eliminated by replacing the
time range between stimulus onset to 1 ms (monkeys TE and TS) or 3 ms
(monkey NE) with zeros; third, trials that showed a dominant
electrocardiogram-like signal concomitant with the EMG waveform or
dominant motor unit action potentials with spontaneous activity were
visually detected and excluded from further analysis.

Then, using these preconditioned EMGs, we characterized the
posture-dependent modulation of the ISMS response as follows: first, the
voltage level of �5 SDs of the signal from 30 to 10 ms before the stimulus
(baseline period) was obtained using all trials recorded for each elec-
trode–muscle pair and each posture; second, trials with a significant
response were selected if any peaks and/or troughs exceeded this voltage
continuously for �1 ms within a detection time window (0 –20 ms after
stimulus onset); third, the area and onset latency of the ISMS response in
each trial was measured (area was defined as the sum of absolute value
within the detection time window and was obtained for all trials with and
without significant responses; for the trials with significant responses,
their onset latency was defined as the earliest time point relative to the
stimulus onset at which the signal crossed the threshold voltages); finally,
the posture-dependent modulation of the obtained area and onset laten-

Table 1. Angle of elbow and shoulder joints at each wrist position

Angle

Wrist position

1 2 3 4 5 6 7

� 28.2° (8.5°) 16.1° (14.2°) 61.3° (5.9°) 53.6° (6.3°) 31.2° (9.3°) 74.9° (9.1°) 49.0° (8.1°)
� 127.3° (13.3°) 150.3° (24.0°) 67.6° (3.9°) 81.0° (5.7°) 121.8° (14.0°) 46.4° (4.2°) 89.5° (9.3)
� 0° (0°) 20.4° (0.9°) 0° (0°) 30.7° (1.9°) 49.8° (2.1°) 56.3° (3.8°) 71.0° (3.2°)

Mean (�SD) data from three monkeys. See Figure 1A for location of each angle (�, �, �).
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cies was tested using one-way ANOVA only for
electrode–muscle pairs exhibiting significant
responses in �1 posture.

Results
In three monkeys, we examined the ISMS-
induced response for a total of 330 elec-
trode–muscle pairs (77, 44, and 209 pairs
in monkeys TE, TS, and NE, respectively).
Among them, 202 (202 of 330; 61%) pairs
exhibited significant EMG responses (63
of 77; 82% for monkey TE; 29 of 44; 66%
for monkey TS; and 110 of 209; 53% for
monkey NE). The threshold current for
each FMA electrode ranged from 50 to
110 �A (monkey TE), from 100 to 200 �A
(monkey TS), and from 80 to 410 �A
(monkey NE), respectively. The effect of
the position of the electrode tip was exam-
ined in monkey NE, who had been im-
planted with an array consisting of
electrodes with different lengths. Thresh-
old currents for the three different lengths
[416 � 57.7 �A for 2 mm (n � 5), 282.5 �
29.8 for 3 mm (n � 4), 322.5 � 82.6 for 4
mm (n � 4)] were significantly different
(F(2,10) � 5.93, p � 0.02), suggesting that
the deeper electrodes, which were located
more ventrally, activated motoneuron
pools more directly than shallower elec-
trodes. No difference was found in the
rostral– caudal (322.0 � 81.0 vs 361.25 �
83.0 �A, t(11) � 0.83, p � 0.21, t test) or
medial–lateral (308.3 � 42.6 vs 378.5 � 95.1 �A, t(11) � 1.66, p �
0.06, t test) positions.

Posture-dependent modulation of ISMS-evoked responses
We first tested whether the ISMS-evoked EMG responses in arm
muscles showed modulation that was dependent on forelimb
posture. One example of an electrode–muscle pair is shown in
Figure 2A (channel 11–FDI pair from monkey TS). In this case, a
significant EMG response in the FDI muscle was observed in all
seven postures, and the size of the response differed among the
postures. The response was largest when the hand was positioned
closer to the forehead (7) and smallest when the hand was in the
center of the work field (4). This postural dependency was con-
firmed statistically (ANOVA, F(6,119) � 19.7, p � 0.01; Fig. 2B).
As well as the amplitude, the onset latency was also modulated
depending on the forelimb posture (Fig. 2C). We judged the
response to be posture dependent if either the amplitude or the
onset latency showed significant changes across postures. Among
the electrode–muscle pairs that exhibited a significant ISMS-
evoked response, a majority (80%) showed significant postural
dependency on either amplitude or latency (Table 2). The repro-
ducibility of postural dependency was confirmed using 12 elec-
trode–muscle pairs that showed postural dependency on the
same recording day (monkey NE). Among these pairs, a majority
(83%; 10 of 12) showed no difference in the pattern of postural
dependency between the first and second set of experiments (p �
0.01, two-way ANOVA) suggesting that postural dependency is a
reproducible phenomenon.

Next, we examined the possibility of whether the postural
dependency was induced by the experimental artifact. First, we

analyzed the influence of depth of anesthesia on the ISMS output.
Through six electrodes in monkey NE, ISMSs were applied on
posture 4 twice, at the beginning and end of the usual experiment,
and the depth of anesthesia was evaluated by measuring the heart
rate of the monkey. Mean heart rates were 68.8 � 0.7 beats per
minute (bpm) during the first measurement and 72.7 � 0.4 bpm
during the second measurement, and were significantly different
(t(25) � 16.6, p � 0.01, t test). Thus, anesthesia was deeper during
the first measurement. However, mean differences between the
response amplitudes and the onset latency during the first and
second measurements were not significant (amplitude, �1.50 �
7.94 �Vs, t(36) � 1.15, p � 0.26; latency, 0.18 � 1.80 ms, t(31) �
0.58, p � 0.57; paired t test). Therefore, the responses may not
have been affected by depth of anesthesia. Second, we examined
the possibility that the posture-dependent modulation of the
ISMS output could be ascribed to the subtle relocation of EMG
wires during the experiment. This is unlikely because our intra-
muscular wires were directly sutured into each muscle and the
order of stimulation to each electrode was randomized. In addi-
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Figure 2. Responses evoked by the spinal stimulation were modulated depending on limb posture. A, The response of the FDI
muscle evoked by stimulations through channel 11 (ch11; monkey TS). The wrist position (matching inset) is shown in parentheses.
B, The response amplitude (mean � SD) was significantly different depending on the limb posture (F(6,119) � 19.7, p � 0.01,
ANOVA). C, The onset latency (mean � SD) was also modulated depending on the limb posture (F(6,119) � 15.8, p � 0.01,
ANOVA).

Table 2. Proportion of the responses where amplitude and/or onset latency were
modulated dependent on limb posture

Monkey TE Monkey TS Monkey NE

Modulation 87% (55 of 63) 86% (25 of 29) 74% (81 of 110)
Amplitude and latency 71% (39 of 55) 68% (17 of 25) 57% (46 of 81)
Amplitude only 27% (15 of 55) 32% (8 of 25) 41% (33 of 81)
Latency only 2% (1 of 55) 0% (0 of 25) 2% (2 of 81)

Over 70% of responses represented significant modulation in all the three monkeys. Both the response amplitude
and onset latency were modulated in a majority of the responses that displayed posture dependency. The numbers
in parentheses show the number of the responses.
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tion, data shown in Figure 3 further suggest that this situation is
not likely. If the posture-dependent modulation were ascribed to
the relocation of the electrode in different postures, one might
expect the same patterns of posture-dependent modulations of a
particular muscle EMG output from all stimulation electrodes.
However, this figure shows different patterns of the posture de-
pendency observed in responses recorded from the same muscle
(FCR) but evoked by different stimulation electrodes (Fig. 3A,
ch22, B, ch24, inset). The response amplitude evoked by channel
22 (Fig. 3A) was higher in postures 3 (105.8 �Vs) and 6 (120.2
�Vs), and smaller in postures 1 (70.0 �Vs), 2 (66.6 �Vs), and 5
(67.4 �Vs). The amplitude evoked by channel 24, however (Fig.
3B), was largest in postures 1 (76.8 �Vs), 4 (58.4 �Vs), and 5
(69.2 �Vs), and smaller in postures 2 (39.2 �Vs), 3 (33.8 �Vs),
and 6 (45.2 �Vs). The patterns of modulation in the responses in
the FCR were significantly different between electrodes in chan-
nels 22 and 24 (F(6,266) � 31.76, p � 0.01, two-way ANOVA). This
difference in modulation pattern continued across many of the
stimulating electrodes. Therefore, posture dependency could not
be ascribed to instability of the EMG recording electrodes.

We also examined the possibility that the postural dependency of
ISMS output might be a secondary effect from the differing back-
ground activity of EMGs in different wrist positions. For this objec-
tive, we measured the SD of the baseline period as an index of
background EMG activity for each trial (n � 183) with significant
responses and examined their size for each wrist position. We found
a postural difference in 27% (n�51) of electrode–muscle pairs. This
probability was significantly smaller than that of the postural depen-
dency of ISMS responses (n � 155, 83%). Therefore, the effect of
baseline EMG difference on the postural dependency of ISMS re-
sponses was minor. Overall, weconcludethattheposturaldependency
of ISMS response was not an epiphenomenon caused by these experi-
mental constraints.

Characterization of posture dependency of ISMS output
If this posture dependency has a role in a specific movement of
the upper limb, it should be observed frequently in a specific
muscle or muscle groups. For example, the contribution to grasp-
ing should be represented predominantly in distal muscles and
the contribution to reaching movement should be represented in
proximal muscles. To test this possibility, we examined whether
posture dependency could be determined by specific characteris-
tics of specific muscles (Fig. 4A,B). Target muscles for EMG
recording were categorized according to (1) their location within

the body or (2) their anatomical function, as shown in Table 3.
The proportions of the responses that had a posture dependency
were compared using a � 2 test (� � 0.05) within these categories.
We found a significant effect of body part. The proportion of
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Figure 4. A–E, Distribution of posture dependency based on the location and function of
each muscle (A, B) and the location of the stimulation electrodes within the spinal cord (C–E). A,
The proportion of responses with posture dependency was significantly different depending on
the body parts containing the muscles (� 2

(2) � 6.52, p � 0.05, � 2 test). B, No significant
difference was detected based on the physiological function of muscles. Each intraspinal site
that was activated by ISMS was categorized according to its (C) mediolateral location, (D)
rostrocaudal location, and (E) depth (length of each electrode). No significant effect was ob-
served based on the location of each intraspinal site (� 2 test). The numbers in parentheses
show the number of responses.
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responses showing posture dependency in the hand, elbow, and
shoulder muscles were 89, 81, and 70%, respectively (Fig. 4A).
This difference depending on body part was statistically signifi-
cant (� 2

(2) � 6.52, p � 0.05, � 2 test), suggesting that the proba-
bility of finding a posture-dependent response to ISMS was
different depending on the location of the target muscle within
the body; a larger portion of hand muscles, compared to proxi-
mal muscles, showed posture dependency. In contrast, we found
no significant effect of the physiological function of the target
muscles. There was no difference in the proportion (� 2

(1) � 0.06,
p � 0.81, � 2 test) between the flexors (86%) and extensors (85%;
Fig. 4B). In summary, we found posture dependency predomi-
nantly in the distal finger muscles, but no difference was found
between physiological flexor and extensor muscles.

To test whether the generation of posture dependency could
be ascribed to a specific group of spinal neurons or axons, we
examined the topographic organization of the intraspinal sites
from which the posture dependency was generated. For this pur-
pose, we grouped the stimulated intraspinal sites using the loca-
tion of each electrode within the array relative to (1) its
mediolateral axis, (2) its rostrocaudal axis, and (3) its length. As
shown in Figure 4C–E, we found no significant effects based on
the location of the stimulation electrodes. The proportions were
as follows: (1) 80 and 80% for the medial and lateral halves (� 2

(1)

� 0.01, p � 0.92, � 2 test); (2) 82 and 78% for the rostral and
caudal halves (� 2

(1) � 0.45, p � 0.51, � 2 test); and (3) 73, 80, and
83% for the 2, 3, and 4 mm electrodes (� 2

(2) � 2.05, p � 0.36, � 2

test). Consequently, the nontopographical organization of in-
traspinal sites generating posture dependency may suggest that it
could involve multiple types of spinal neurons.

Posture dependency represents an intraspinal mechanism
A potential mechanism underlying posture dependency could be
posture-driven changes in the ensemble of afferent inputs (both
direct and indirect) from the arm and shoulder; the excitability of
the sites being stimulated by ISMS would then be affected by
them. The excitability of intraspinal sites could be modulated by
peripheral afferents, either via a direct pathway (e.g., a segmental
reflex pathway; Hultborn, 2006) or a more indirect pathway
through the brainstem (Drew et al., 1996) and cortex (Fromm
and Evarts, 1982). To dissociate these direct and indirect mecha-
nisms for generating posture dependency, the spinal cord was
transected at the upper cervical level (C2), allowing a comparison
in the posture dependency of the ISMS effect before and after the
transection in monkey NE. Figure 5A,B shows a typical example.

We found that posture dependency remained even after the tran-
section at C2. In these examples, responses in a single muscle (A,
deltoid; B, triceps lateralis) evoked by stimulation through a sin-
gle electrode (medial, caudal, 3 mm) clearly showed posture de-
pendency both before and after transection. Moreover, the
patterns of posture dependency are strikingly similar before
(gray) and after (black) the transection. Before the transection,
113 responses were found in 132 recorded EMGs. Among these,
91 (80.5%) showed posture dependency before the transection,
and an equivalent proportion of pairs (92, 78.0%) still showed
this posture dependency following the transection. Because this
change in proportion was not statistically significant (� 2

(1) � 0.23,
p � 0.63, � 2 test), we can conclude that posture dependency is
largely generated through an intraspinal mechanism and that the
effect from cortex and brainstem is minor, at least under the
current experimental conditions. This conclusion is also sup-
ported by the observation that the electrode–muscle pairs that
showed responses before and after the spinal transection were the
same pairs in most cases (n � 79; Fig. 5C, inset). Additionally, the
preferential distribution of the occurrence of posture depen-
dency in the hand muscles (Fig. 4A) was also preserved after
spinalization (Fig. 5D). This result suggests that this hand domi-
nance might also be generated through intraspinal mechanisms.

Discussion
In this study, we found that the sizes and latencies of the twitch
responses induced by single-pulse ISMS were modulated de-
pending on the limb posture. This modulation remained after the
transection of the spinal cord at C2, suggesting that the posture
dependency of ISMS responses was induced by intraspinal mech-
anisms. The modulation of ISMS-induced motor output by limb
posture has been reported in several studies. For example, the
force and EMG output of lower limb muscles induced by the
microstimulation of the frog’s lumbar cord is known to be mod-
ulated depending on the initial limb posture (Bizzi et al., 1991;
Giszter et al., 1993). A similar phenomenon has also been re-
ported in the spinal cord of cats (Lemay and Grill, 2004) and the
motor cortex in monkeys (Graziano et al., 2002; Van Acker et al.,
2013). Our findings extend these observations to the cervical spi-
nal cord of primates, and add the proposal that the spinal neural
mechanism responsible for posture dependency could also play a
key role in the primate for controlling arm and hand movement.

Ample evidence suggests that the ensemble of afferent activity
from muscle, joint, and cutaneous receptors is essential in shap-
ing a sense of limb posture (kinesthesia). For example, local an-
esthesia impairs the perception of limb position (Edin and
Johansson, 1995) and tendon vibration generates a strong pos-
tural illusion (Collins and Prochazka, 1996). Successful recon-
struction of the limb’s kinematic state via the ensemble activity of
peripheral nerves (Stein et al., 2004; Umeda et al., 2012) raises the
possibility that a part of kinesthesia could emerge at any level of
postsynaptic cells from multiple afferents, including spinal INs
and motoneurons (Bosco and Poppele, 2001, 2003). Therefore, it
is likely that an ensemble of primary afferent fibers are also re-
cruited in different modes by different arm postures, and that
these differences could be also reflected in the excitability of post-
synaptic neurons in the spinal cord, including spinal INs and
motoneurons. The posture dependency of the ISMS response,
consequently, could reflect that a different mode of ensemble
activity of the primary afferents also affects the excitability of
spinal motor output system.

The modulation of spinal motor output by afferent input may
not be exclusively accounted for by the intraspinal mechanism.

Table 3. Categories of the target muscles for EMG

Muscle Body part Anatomical function

Adductor pollicis Hand —
FDI Hand —
Flexor digitorum superficialis Hand Flexor
FCR Hand Flexor
Extensor carpi radialis Hand Extensor
Brachioradialis Elbow Flexor
Biceps Elbow Flexor
Triceps (lateral) Elbow Extensor
Triceps (long) Elbow Extensor
Deltoid (clavicle) Shoulder —
Deltoid (spine) Shoulder —
Pectoralis major Shoulder —

ADP, FDI, and three shoulder muscles were excluded from this categorization according to anatomical function
because it was difficult to categorize these muscles as flexors or extensors. Note that the terms “flexor” and “exten-
sor” defined anatomical functions, but not physiological functions of responsible joints.
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For example, neurons in the primary motor cortex, including
corticospinal neurons, have been shown to exhibit a robust response
to stimuli applied to the periphery (Asanuma and Arissian, 1984).
Deafferentation (Jiang et al., 2013) of forelimb somatic afferents is
known to introduce a rapid change in cortical sensory-motor repre-
sentation (Jiang et al., 2013). However, as shown in Figure 5, the
posture dependency of spinal motor output was sustained even after
transection at the C2 level. Therefore, we can conclude that the
mechanism underlying the posture dependency of a stimulus-
evoked response cannot be ascribed completely to these supraspinal
systems; rather, it could reside within the spinal cord, e.g., within the
segmental or propriospinal reflex pathways.

Spinal neurons are known to receive convergent input from
peripheral afferents with different modalities and receptive fields
(Baldissera et al., 1981; Hultborn, 2006). Sites of convergence
could be on the intraspinal terminal of primary afferents (Ru-
domin and Schmidt, 1999), INs (Jankowska, 1992; Liu et al.,
2010), or motoneurons (Scott and Mendell, 1976). Because ISMS
could activate any of these sites (Moritz et al., 2007), the result
showing posture dependency of spinal motor output regardless
of the stimulation location (Fig. 4C–E) may suggest that most of
these sites of convergence are likely to contribute to generating
this effect.

Interestingly, the posture dependency of spinal motor output
was observed preferentially in the hand muscles (Figs. 4A, 5D).
Although the neural mechanism underlying this hand preference

is not clear in our experiment, it could have some consequence in
understanding the cortical control of hand movements. It has
been shown that the majority of stimulation sites in monkey
motor cortex evokes movements of the thumb and fingers
(Asanuma and Rosén, 1972; Kwan et al., 1978) and stimulation of
the motor cortex facilitates distal muscles at 60% of sites (Park et
al., 2004). Based on these studies, it is possible that part of the
ISMS response in the finger and thumb muscles was generated by
stimulating the intraspinal axon of corticospinal cells (Moritz et
al., 2007). Then, biased distribution of the posture dependency to
the finger and thumb muscle suggests that corticospinal signals
generating volitional movement could be affected at the spinal
level by the initial limb posture. For example, posture-dependent
ensemble input from primary afferents could modulate the excit-
ability around the intraspinal terminal or postsynaptic cells of the
corticospinal tract in the spinal cord. The modulation of both
spinal reflex and descending motor output of the finger muscle
when changing shoulder position in human participants (Domi-
nici et al., 2005) seems to support this hypothesis. We suggest that
the modulation of descending motor commands to the spinal
cord by posture dependency could be a mechanism that adjusts
cortical motor commands depending on the initial state of the
arm and hand during voluntary movement (Grillner, 2006). The
original descending command could go through this “posture-
dependent filter” at the spinal cord, and the final motor com-
mand to individual motoneuron pools and thus muscles could be
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Figure 5. Effect of spinalization. A, B, Modulation patterns of the responses of the lateral head of the deltoid evoked by stimulation through channel 8 (A, ch8) or that of the triceps brachii evoked
by stimulation through channel 24 (B, ch24) before (gray) or after (black) spinalization. Modulation remained after spinalization. The arrows indicate stimulus timing. C, The proportion of the
responses with posture dependency was not significantly different (� 2
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generated through this filter. These “indirect” pathways could be
functioning as part of the control of volitional movement, in
parallel with more direct control, such as that via the corticomo-
toneuronal pathway (Lemon, 2008). To fully support this hy-
pothesis and elucidate the neural correlate of the posture
dependency of spinal excitability, further experiments compar-
ing the posture dependency of spinal cord and motor cortex in
both anesthetized and awake, active monkeys are needed. In fact,
it is highly possible that the postural dependency of spinal motor
output reported in this paper is masked or modulated by the
higher level of activity in the brain and descending tract. Eluci-
dating the mechanism and relevance of the mode of modulation
on the postural dependency of spinal motor output by these de-
scending commands will be a key issue for our understanding of
the neural control of voluntary movements.

Recently, spinal cord stimulation has been used in neural
prostheses. It has been shown that ISMS can generate functional
movements, such as walking (Mushahwar et al., 2000) or grasp-
ing (Moritz et al., 2007; Zimmermann et al., 2011) in animals,
without descending input. In human patients with complete
paraplegia, epidural stimulation of the spinal cord has also been
shown to facilitate standing and walking (Harkema et al., 2011;
Angeli et al., 2014). So far, however, most applications of ISMS
use preset stimulus parameters (amplitude and frequency of
stimulus train), and this could induce potential problems in clin-
ical applications. As introduced in this paper, ISMS using the
same parameters could evoke significantly different limb move-
ments depending on the initial posture of the limb. Therefore,
reliable and reproducible neural prostheses using ISMS may not
be achieved without knowing the relationship between the excit-
ability of neurons around the stimulating electrode and the limb
posture when ISMS is applied. Setting an initial value corre-
sponding to the resting posture is also a challenge in a cortically
controlled brain–machine interface (Velliste et al., 2014). Deter-
mining the neural mechanism that induces posture dependency
during ISMS, therefore, should also advance the clinical applica-
tion of ISMS for recovery from motor impairments.
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