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Long-latency Responses to a Mechanical Perturbation of the
Index Finger Have a Spinal Component

Demetris S. Soteropoulos and Stuart N. Baker
Institute of Neuroscience, Newcastle University, Newcastle, NE2 4HH, United Kingdom

In an uncertain external environment, the motor system may need to respond rapidly to an unexpected stimulus. Limb dis-
placement causes muscle stretch; the corrective response has multiple activity bursts, which are suggested to originate from
different parts of the neuraxis. The earliest response is so fast, it can only be produced by spinal circuits; this is followed by
slower components thought to arise from primary motor cortex (M1) and other supraspinal areas. Spinal cord (SC) contribu-
tions to the slower components are rarely considered. To address this, we recorded neural activity in M1 and the cervical SC
during a visuomotor tracking task, in which 2 female macaque monkeys moved their index finger against a resisting motor
to track an on-screen target. Following the behavioral trial, an increase in motor torque rapidly returned the finger to its
starting position (lever velocity .200°/s). Many cells responded to this passive mechanical perturbation (M1: 148 of 211 cells,
70%; SC: 67 of 119 cells, 56%). The neural onset latency was faster for SC compared with M1 cells (21.76 11.2ms vs
25.56 10.7ms, respectively, mean 6 SD). Using spike-triggered averaging, some cells in both regions were identified as likely
premotor cells, with monosynaptic connections to motoneurons. Response latencies for these cells were compatible with a
contribution to the muscle responses following the perturbation. Comparable fractions of responding neurons in both areas
were active up to 100ms after the perturbation, suggesting that both SC circuits and supraspinal centers could contribute to
later response components.
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Significance Statement

Following a limb perturbation, multiple reflexes help to restore limb position. Given conduction delays, the earliest part of
these reflexes can only arise from spinal circuits. By contrast, long-latency reflex components are typically assumed to origi-
nate from supraspinal centers. We recorded from both spinal and motor cortical cells in monkeys responding to index finger
perturbations. Many spinal interneurons, including those identified as projecting to motoneurons, responded to the perturba-
tion; the timing of responses was compatible with a contribution to both short- and long-latency reflexes. We conclude that
spinal circuits also contribute to long-latency reflexes in distal and forearm muscles, alongside supraspinal regions, such as
the motor cortex and brainstem.

Introduction
The spinal cord (SC) is often considered to be the epicenter of
limb reflexes, as it contains the necessary neural circuits for
mediating a varied repertoire of very fast responses to an external
stimulus. This is exemplified by the classical stretch reflex,

whereby a mechanical stimulus causes the rapid lengthening of a
muscle, which in turn causes the same muscle to contract with an
onset too fast to be mediated through any system except the SC.

Muscle responds to stretch with multiple bursts of activity.
The earliest component, referred to as the short-latency response
(SLR), is mediated through fast Group Ia spindle afferents with
conduction velocities at ;85 m/s. Primary spindle afferents
are particularly sensitive to rapid changes in muscle length
(Matthews, 1972), are reliably activated during a mechanical
perturbation, and have direct and potent monosynaptic connec-
tions onto motoneurons (Landgren et al., 1962; Mendell and
Henneman, 1968; Jack et al., 1971). After the SLR contributions
from the SC are typically considered to be over, any later muscle
activity, usually termed the long-latency response (LLR, also
used as such in our paper), is thought to be mediated through
supraspinal systems.
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One such supraspinal system is the primary motor cortex
(M1). Neurons in M1 respond to peripheral stimulation (Lemon
and Porter, 1976a,b) with a short delay, and in turn there are
numerous projections from M1 back down to the SC. In prima-
tes, some M1 cells directly contact motoneurons (Maier et al.,
1993; Lemon et al., 1998). These cortico-motoneuronal (CM)
cells respond to mechanical perturbations in distal joints at
delays compatible with a contribution to the LLR in monkey
forearm muscles (Cheney and Fetz, 1984). The transcortical
component of the LLR probably partly explains its sensitivity to
varying task demands (Omrani et al., 2014; Pruszynski, 2014;
Pruszynski et al., 2014). Other possible contributors include sub-
cortical areas with their own descending pathways to the SC,
such as the brainstem reticular formation (RF) and red nucleus
(Soteropoulos et al., 2012; Herter et al., 2015).

Given the involvement of spinal neuronal circuits in complex
motor actions, spinal contributions to components later than the
monosynaptic stretch reflex would be to be expected (Fig. 1).
Indeed, muscle responses at LLR delays survive interruption of
the transcortical route in both monkeys and cats (Ghez and
Shinoda, 1978; Tracey et al., 1980; Miller and Brooks, 1981).
Similar evidence also exists in humans with SC injury (Roby-
Brami and Bussel, 1987). Many spinal interneurons in the inter-
mediate layers of the SC receive sensory inputs from several
afferent classes (Brown and Fyffe, 1978, 1979; Fyffe, 1979;
Lundberg, 1979b; Jankowska et al., 1981; Jankowska and
McCrea, 1983; Jankowska and Edgley, 2010), and many in turn
also provide a potent source of inputs to motoneurons (Fetz et
al., 1996; Takei and Seki, 2010, 2013; Williams et al., 2010).

Disentangling the specific contribution of afferents inputs
through spinal interneurons is hard to do in humans, particularly
for the upper limb (but see Pierrot-Deseilligny and Burke, 2012).
Manipulations, such as peripheral cooling of the arm (Matthews,
1989) and pharmacological interventions using tizanidine
(Marque et al., 2005; Lourenco et al., 2006; Meskers et al., 2010),
have shown a potential Group II involvement in the LLR, but
results have not been consistent (see Kurtzer et al., 2018). Other
studies provide support for a cutaneous afferent contribution to
the LLR (Corden et al., 2000).

In order to assess the importance of spinal circuits to the LLR,
it is necessary to show that spinal circuits are activated following
a perturbation during behavior, and to relate the onset and dura-
tion of the SC responses to that of the muscles. In the reported
experiments, we recorded the responses of SC cells to a mechani-
cal perturbation of the index finger in the awake behaving
monkey, and compared their firing with that of M1 cells. A sub-
stantial fraction of SC neurons responded to index finger pertur-
bations; the timing of discharge modulation was consistent with
a contribution to both early and late components of the muscle
response.

Materials and Methods
All animal procedures were performed under UK Home Office regula-
tions in accordance with the Animals (Scientific Procedures) Act (1986)
and were approved by the relevant Local Research Ethics Committee.
Experiments were conducted on 2 adult female purposed-bred macaque
monkeys (Macaca mulatta). Animals were pair-housed and had ad libi-
tum access to water at all times. Food access was restricted during train-
ing and recordings but was ad libitum during the weekend. If the
number of rewards taken during recordings fell below a threshold level
for 2 consecutive days, animals were given ad libitum access to food on
the second day.

Behavioral task
The task has been described previously (Williams et al., 2009, 2010;
Soteropoulos et al., 2012). Briefly, animals were trained to perform a
slow index finger movement using visual feedback. The hand, and digits
1 and 3-5, rested within a padded pocket, which constrained movements
in all directions while the index finger was used to perform flexion/
extension movements through movements across the metacarpophalan-
geal joint. The index finger pressed on a lever attached to the shaft of a
torque motor and optical encoder, mounted approximately coaxially
with the metacarpophalangeal joint. The target appeared at a stationary
position (HOLD 1, 1 s), moved with a constant velocity of 12°s�1 (move-
ment period, RAMP) for 1 s, and then remained stationary for a further
1 s (HOLD 2). Movements were either in the extension or flexion direc-
tion, chosen randomly; the HOLD 1 and HOLD 2 displacements
required flexion by 12° or 24° from the neutral position. The lever was
attached to a motor, which simulated a spring load (torque for initial le-
ver movement, 26.4mN m; spring constant, 1.8mN m deg�1). Force on
the lever was always in a direction to oppose finger flexion. Deviations
from the target (typically. 1.4°) resulted in an error signal, and the trial
was terminated with no reward. At the end of a correct trial, or after an
error during the trial, the lever was rapidly (peak velocity typically in
excess of 100°/s) returned to the start position by increasing the torque
to the motor. If the trial was successful, the monkey was given a food/liq-
uid reward. The working arm was gently supported in a sleeve to prevent
proximal movements, while the contralateral arm was not restrained.

Surgery and implants
Following behavioral training, monkeys were implanted with a stainless-
steel headpiece to allow atraumatic head fixation. Recording chambers
were over the M1 (chamber center 12 mm anterior to the interaural line
and 18 mm lateral to midline) to allow single-unit recordings from this
area. Animals were prepared for EMG recording by implantation with

Figure 1. Schematic of possible circuits to mediate LLRs to perturbation. Blue represents a
spinal motoneuron. Gray represents three different premotoneuronal sources (SC, brainstem,
and cortex). The question mark is to highlight the lack of knowledge regarding the potential
role of spinal interneurons to contribute to activity in muscles following a perturbation de-
spite it being well established that many spinal neurons are in receipt of many afferent and
descending inputs.
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up to 10 epimysial patch electrodes, sutured to hand and forearm
muscles (see below for list of muscles). Wires from these electrodes led
subcutaneously to a connector mounted on the animal’s back. Following
recordings from M1 and the RF (reticular data are not part of this pa-
per), a spinal chamber was implanted over the cervical SC, involving
fusion of vertebrae from C4 to T2 (Williams et al., 2010).

To allow antidromic identification of corticospinal neurons (pyrami-
dal tract neurons [PTNs]), stainless-steel stimulating electrodes insulated
with parylene (MS501G, Microprobe) were implanted in the medullary
pyramidal tract (PT) ipsilateral to the recorded M1, using a double-angle
stereotaxic technique (Soteropoulos and Baker, 2006), with initial targets
A0 ML 0.7 DV �6 relative to interaural line. During electrode place-
ment, antidromic volleys were recorded from epidural electrodes placed
over M1.

All procedures were performed using aseptic technique under
general anesthesia comprising 3%-5% inhaled sevoflurane in 100% O2,
supplemented with a continuous intravenous infusion of alfentanil
(25mg kg�1 h�1). Postoperative care included broad-spectrum antibiotic
cover: coamoxyclav 140/35 (Synulox); clavulanic acid 1.75mg kg�1,
amoxycillin 7mg kg�1 (Pfizer); cefalexin (Ceporex, 10mg kg�1,
Schering-Plough Animal Health); amoxycillin (Clamoxyl LA), 15mg kg�1

(Pfizer), analgesics (buprenorphine, Vetergesic, 10mg kg�1, Reckitt and
Colman); and carprofen (Rimadyl, 5mg kg�1, Pfizer).

Behavioral, neural, and muscle recordings
During performance of the task, the angular position of the lever was
recorded (500Hz sampling rate) concurrently with the other neurophys-
iological signals described below. Various task and behavioral events
(e.g., the trial, hold, and move onset) were also captured.

Extracellular activity was recorded from multiple neurons from the
contralateral M1 and the ipsilateral SC, relative to the hand performing
the task. From M1, recordings were made using a 16-channel Eckhorn
drive system, while from the SC a 5-channel mini matrix drive was used,
loaded with tetrodes (all from Thomas Recording).

Cortical recordings targeted the hand representation of M1.
Intracortical microstimulation (trains of 13 biphasic pulses, 0.2ms per
phase, 3ms interspike interval, intertrain interval of;1s, stimulation in-
tensity ,40 mA) was typically conducted at the start and end of each
penetration to verify this.

Spinal recordings targeted segments C7 to T1, ipsilateral to the mov-
ing finger. Estimation of the depth of the electrodes relative to the surface
of the dura for spinal recordings is prone to errors due to the progressive
thickening of the dura and overlying tissues over successive days. To
accommodate for this, for each spinal penetration, the depth of the first
cellular activity was noted which would likely correspond to the dorsal
horn. The depth of ensuing cell recordings for that session was expressed
relative to this. As with M1 recordings, microstimulation (intensity up to
50 mA) was performed at the end of each recording session; and by
observing evoked movements and/or muscle activity, we could verify
that we were recording from the appropriate cervical segments and
regions.

Waveform signals were filtered and stored (0.3–10 kHz bandpass fil-
ter, gain 2000–10,000 sampling rate 25 kHz) for offline analysis in con-
junction with the behavioral task signals. Local field potentials were also
recorded from the same electrodes (3–100Hz bandpass filtered, 1000–
5000 gain, 500Hz sampling rate).

EMG recordings were available from subcutaneous patch electrodes
implanted over the following muscles: flexor digitorum superficialis
(FDS), flexor digitorum profundus (FDP), flexor carpi radialis (FCR),
flexor carpi ulnaris (FCU), extensor carpi ulnaris (ECU), extensor digito-
rum communis (EDC), extensor carpi radialis (ECR), abductor pollicis
longus (AbPL), first dorsal interosseus (1DI), and abductor pollicis bre-
vis (AbPB, Monkey D only). As AbPB and AbPL had very weak and
infrequent responses to the perturbation and they did not control the
digit being perturbed, their responses will not be considered further in
the paper. EMG signals were sampled at 5 kHz (gain 500–2000 K, 30Hz
to 2 kHz bandpass). Before any analysis, raw EMG signals had any DC
offset removed and were then full wave rectified.

Neurons in M1 were identified as corticospinal if they responded to
single-pulse stimulation of the PT (stimulus intensity, 400mA, biphasic
pulse, 0.2ms duration per phase, repetition rate ;1Hz) with a constant
(,0.1ms jitter) antidromic latency and if they showed a constant colli-
sion interval (as in Lemon, 1984).

Testing of peripheral inputs
For the spinal recordings, some of the neural responses to peripheral
stimulation were tested, either before or after the recording session. This
was conducted by manipulating the surface of the skin, muscles, and
joints of the fingers, wrist, and arm to establish the receptive field of the
unit. In many cases, it was possible to distinguish between cutaneous
and deep modalities, and the presence or absence of a receptive field
could be readily confirmed.

Analysis
The response of neurons to a particular event or stimulus was analyzed
by compiling perievent time histograms (PETHs), whereby neural activ-
ity was aligned to the event of interest, binned (nonoverlapping bins,
width= 1ms, unless otherwise stated), and averaged across trials. This
was then smoothed by convolving with a Gaussian kernel (unit area,
width parameter 2 ms), which then allowed measurement of response la-
tency and amplitude relative to the event of interest.

Lever velocity and acceleration were estimated by differentiating the
lever position signal once and twice, respectively. The time of peak veloc-
ity was used initially to align neural and muscle activity across trials. The
estimated mean onset latency of the perturbation for a given recording
session was then taken as the time point at which the lever acceleration
exceeded 2 SDs from baseline.

The activity of muscles and many cells was not always stationary
around the time of the perturbation, and this could make estimating
onset latency and response amplitude problematic. To compensate for
this, a regression line was fitted to a 100ms epoch before the perturba-
tion. This line was then extrapolated to 100ms after perturbation onset
and subtracted from the response.

The onset latency of EMG and cell responses to the perturbation was
then estimated by taking the first instancewithin the first 75ms after stim-
uluswhere all valueswere largeror smaller than the adjusted baseline for at
least 5ms. The mean value within this 5ms epoch was then compared (t
test, p, 0.005) with the distribution of mean values of 200 randomly
selected epochsof the samewidth fromtheprestimulus region.

Cells in both M1 and SC with direct connections onto motoneurons
(CM cells; or spinal premotor cells [PM]) were identified through spike-
triggered averaging of EMG for each muscle recorded from. Significant
postspike effects were detected as described by Williams et al. (2010). To
avoid spurious effects in these averages caused by the fact that both cells
and muscles responded to the perturbation, spikes that occurred 0–100
ms after the perturbation were excluded when compiling the averages.

Response ratio between areas
It was of interest to compare the fraction of cells thatwere active at various
delays after perturbation. For each cell, after the subtraction of baseline ac-
tivity from the PETH (as described above), the SDwas estimated from the
100ms preperturbation epoch, and any bins that were larger or smaller
than the 95% confidence limits were considered as significantly modu-
lated. This was then used to create an estimate of what fraction across a
population of cells was active at any given timepoint after perturbation.

It was also of interest to examine how the ratio of responsive cells active
between the two recorded areas evolved over time, as that could give an in-
dication of whether one group of cells was more or less involved than the
other at a given epoch. This was simply estimated by the following:

RespR tð Þ ¼ SCðtÞ
M1ðtÞ (1)

Whereby SC(t) is the fraction of responsive cells in the SC at time t
that are significantly different from baseline; M1(t) is the same but for
M1. Values .1 indicate that a higher fraction of spinal cells were active
compared with M1 at a given time, and the inverse is true for values,1.
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In order to detect whether the RespR was sig-
nificantly different from 1, a shuffling
approach was taken whereby the identity of
cells (SC vs M1) was randomly shuffled 500
times, before the same calculation was con-
ducted. If the RespR value of the real data
were outside the 95% confidence limits of
the shuffled data, then the ratio was consid-
ered significantly different from 1.

Modulation of cell activity with the task
The activity of M1 cells during the task has
been discussed in previous work (Williams
et al., 2009; Soteropoulos et al., 2012). For
the present study, it was of interest to exam-
ine whether cells responded differentially for
flexion versus extension trials, as that would
indicate activity specific to task performance
rather than a general response to movement
(e.g., postural stabilization). To do this,
PETHs were generated aligned to the end of
the successful flexion and extension trials
separately, and smoothed with a Gaussian
kernel (width parameter 2 ms). From these
PETHS, we calculated the directionality
index (DI) as follows:

DIðtÞ ¼ f lexðtÞ � extðtÞð Þ=max flex; extð Þj
�
�

(2)

Whereby the DI at time t was the abso-
lute difference between the firing rate during
flexion (flex) and extension (ext) trials at time t, divided by the maximal
rate seen during either trial. A DI value of zero indicates an identical rate
during extension and flexion trials; values close to 1 indicate a substantial
difference between the two trial types. For each cell, the mean values of
the DI during the three task phases (first hold, ramp, second hold) were
averaged to generate a mean DI for that neuron. To detect whether this
was significantly different from zero, 200 shuffled PETHs for flexion and
extension trials were generated where the identity of the trial was
randomized, and the mean DI was recalculated for each shuffle. If the DI
value of the real data were.10 of the DI values from shuffled data, then
the DI was considered significantly different from zero (p, 0.05).

Estimates of peripheral and central delays
In order to estimate the potential contribution of neural activity in M1
and SC to responses in muscles, an estimate of the peripheral conduction
delays was required. To obtain this, we estimated the latency of the mus-
cle responses to PT stimulation, which was typically conducted during
the M1 recording sessions to test for PTN cells. From each onset latency,
we subtracted 1.7ms, comprising the conduction delay from the PT elec-
trode to the SC (typically ;0.6ms), a 1ms synaptic delay from cortico-
spinal axons to motoneurons, and an additional 0.1ms utilization time
to allow for the PT stimulus to activate PT axons. This latency is an esti-
mate of the fastest efferent delay from SC to muscle. To estimate the
afferent delay from muscle to cord, we needed to scale the calculated
efferent delay by the ratio of the conduction velocities of Group Ia affer-
ents (;85m/s) (Cheney and Preston, 1976) and motor efferents (;75
m/s) (Eccles et al., 1968). The sum of the efferent and afferent delays
plus 1ms for synaptic transmission allowed us to estimate the fastest
possible latency for the monosynaptic stretch reflex for each muscle,
excluding the mechanical delay for spindle activation.

Results
A total of 211 neurons were recorded from M1 (Monkey D:102,
Monkey R:109), from 66 penetrations (39 in Monkey D, 27
in Monkey R). Sixty M1 cells were identified as PTNs (30 in

Monkey D, 30 in Monkey R) and an additional 19 as CM cells (6
in Monkey D, 13 in Monkey R). Unidentified (UIDs) neurons
were recorded from the same penetrations and locations as PTN/
CM cells and were thus likely also to be layer V pyramidal cells.
From the SC, 42 penetrations (18 in Monkey D, 24 in Monkey
R) yielded 119 neurons (24 in Monkey D and 95 in Monkey R),
with 26 of those identified as PM cells (3 in Monkey D, 23 in
Monkey R). The yield of CM/PM cells is comparable to yields
from previous studies (e.g., Takei and Seki, 2010) as identifica-
tion of such cells necessarily only happens after the data are
collected.

Muscle responses to mechanical perturbation
The rapid return of the lever produced peak lever velocities often
in excess of 200°/s. For .88% of recording sessions in both M1
and SC, the mean peak velocity across all trials was.200°/s
(range of mean peak values: 115–442°/s). Figure 2A shows the le-
ver position signals for a typical recording session in gray,
aligned to peak velocity. The gray shaded area is expanded in
Figure 2B, which now shows the velocity traces of the lever; for
this session, many trials had a peak velocity in excess of 200°/s.
Figure 2C shows the lever acceleration. The perturbation was suf-
ficient to produce a robust response in this session from all
recorded muscles (Fig. 2D).

The response incidence for each muscle is shown in Figure
3A; Figure 3B illustrates the number of muscles responding in a
session. Almost all (98.6%) sessions showed a response in at least
one recorded muscle, while most sessions (80%) showed a
response in at least two of the intrinsic hand and forearm flexor
muscles (1DI, FDS, FCU, FCR, or FDP). Figure 3C–E shows the
temporal profile of the response for the different muscles across
sessions; at each time point is plotted the fraction of all sessions
with EMG larger than 2� SD of the background epoch. For all

Figure 2. Task signals during perturbation and example EMG responses. A, Overlain lever position traces aligned relative to
the perturbation onset. B, Velocity traces of expanded epoch around the perturbation. C, Lever acceleration. D, Mean rectified
EMG signals recorded from the same session. Calibration bars for each muscle correspond to 10% of the mean EMG prepertur-
bation epoch (100 ms).
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muscles recorded, the response to the perturbation continued for
.70ms after the perturbation.

In order to determine the possible contributions of neural ac-
tivity to muscle responses, we needed an estimate of peripheral
conduction time. Figure 4 shows exemplar EMG responses to PT
stimulation that were used to estimate the efferent delay from
motoneuron to muscle (see Materials and Methods). Figure 5A
shows the mean response for different muscles, aligned to the
onset of the perturbation. EMG responses are scaled as a percent-
age of the 100ms period before the perturbation. Under each
muscle trace is the estimated peripheral loop time for each mus-
cle (triangle, black for Monkey D and gray for Monkey R). Dots
show response latencies for that muscle, measured from single
sessions in each animal. The peripheral delay estimates were typ-
ically consistent to within 1.3ms between the 2 monkeys. The
exception to this was the 1DI muscle, for which Monkey R had
an estimated loop time of 12.4ms compared with 15.5ms for
Monkey D. Monkey D was the larger of the two (8 vs 5.2 kg); this
difference may in part represent the extra conduction delay asso-
ciated with longer arms. An additional contribution to the differ-
ence between animals could come from differences in the
implantation location of the recording wires relative to the motor
point within the muscle. For forearm muscles, peripheral loop

times were 7–10.3ms. Figure 5B shows a histogram of the
response latency after the perturbation for each muscle, aligned
relative to the respective peripheral loop time. The bottom histo-
gram shows a combined histogram for all muscle responses.

These analyses show that the various muscles controlling the
index finger were robustly activated from the perturbation with
onset delays consistent with activation of fast afferents.

Neural responses to mechanical perturbation
In both M1 and SC, a substantial (.50%) fraction of neurons
showed a significant response to the perturbation. Figure 6
shows the PETH and raster plots of three SC neurons, with their
activity aligned to the onset of the perturbation. Across all cells, a
minimum of 18 perturbations were used to generate the PETHs
(mean 481, range 18-1102).

The frequency of responses to the perturbation is shown as
pie charts for UID cells in the SC in Figure 7A. The frequencies
for premotor interneurons identified through spike-triggered
averaging of the activity of eight muscles are shown Figure 7B.
Most of the spinal PM cells (23 of 26) showed postspike facilita-
tion. More than half of all spinal neurons (56%) showed a signifi-
cant response to the perturbation; and of those, 67% showed an
increase in firing rate as the earliest component of their response
(red pie chart sections). To the right of the pie charts are rasters
representing the responses of individual cells. Bins are colored
red if. 2� SD of the baseline, and blue if,�2� SD. Figure 7C
shows the mean responses of cells to the perturbation, with the
baseline subtracted as discussed in Materials and Methods. Red,
blue, and black lines indicate averages for cells with a significant
increase, decrease, or no change in firing after to the perturbation
(positive, negative, or unmodulated cells). There was no signifi-
cant difference (one-way ANOVA, F= 0.44, p=0.64) in the base-
line activity between positive, negative, and unmodulated cells
(mean baseline values of 24.6, 28.9, and 23.6Hz, respectively).
Positive cells had a significantly (p, 0.001, unpaired t test) larger
response amplitude (mean 21Hz above baseline) compared with
negative cells (mean 7.1Hz below baseline). However, as

Figure 3. Response incidence in recorded muscles. A, The incidence of responses for each
muscle across all recording sessions. B, Total number of muscles showing a response per
recorded session. C, Temporal profile of the response for 1DI across sessions, where each
time point shows the fraction of all sessions, which had a value larger than 2� SD of the
background epoch. D, Same as in C, but for the muscles in the extensor compartment in the
forearm. E, Same as in C, but for the muscles in the flexor compartment in the forearm. For
all muscles recorded, the response to the perturbation continued beyond 70ms after
perturbation.

Figure 4. Muscle responses to PT stimulation. Example rectified EMG responses from
recorded muscles following single-shock PT stimulation at 300 mA (long gray line). Numbers
next to each response indicate the onset latency of the response in ms (short gray lines).

Soteropoulos and Baker · Spinal Responses to Finger Perturbation J. Neurosci., May 13, 2020 • 40(20):3933–3948 • 3937



response amplitude is expressed relative to baseline, then there is
a flooring bias for negative cells (firing rate cannot go lower than
zero).

Figure 7D is a histogram of the depth that cells were recorded
from, with gray showing all cells and black identified PM cells.
The line in red corresponds to the fraction of cells at a given
depth that responded to the perturbation. There was a significant
correlation (Pearson’s correlation, R2 = 0.76, p, 0.0003)
between incidence of response and depth of recording. Although
we cannot definitely identify the laminar location of our neural

recordings, cells recorded from the more superficial depths had a
much higher incidence of response compared with deeper
recordings, which is consistent with the known termination pat-
tern of sensory afferents in the SC (Molander and Grant, 1985;
Woolf and Fitzgerald, 1986; Edgley and Jankowska, 1988; Riddell
and Hadian, 2000; Fisher et al., 2020).

For some of the spinal cells (n=95), we were able to test
responses to peripheral stimulation and found that a majority
(73%) was responsive. Of the PM cells that were tested (n= 18),
the fraction responding to peripheral stimulation was 61%
(n= 11). Figure 7E shows the depth distribution of cells with cu-
taneous (black) and deep (gray) receptive fields. At depths that
would correspond to superficial layers of the SC (,0.5 mm),
most (85%) of the tested SC cells responded to peripheral stimu-
lation and of those, most responded to cutaneous stimulation
(69%). Figure 7F is focused on cells responding to cutaneous
inputs from the hand (black line), and a similar pattern as Figure

Figure 5. Estimated response latencies of muscles. A, Mean muscle response aligned to
the onset of the perturbation. EMG responses scaled to the preperturbation epoch (100ms).
Bottom, Velocity trace average. Under each muscle trace is the estimated peripheral loop
time for each muscle (triangle: black for Monkey D; gray for Monkey R); the dots represent
response latencies for the given muscle measured from individual recording sessions. B,
Histogram of the response latency for each muscle aligned relative to the peripheral loop
time for the given muscle. Bottom, A similar histogram combined across all muscles.

Figure 6. Example responses in spinal interneurons. A, Average position (top) and velocity
(bottom) traces for a single recording session. Arrow indicates the direction of movement
that causes a finger extension. B, The PETH for three cells recorded from the SC (in red) over-
lain on the corresponding raster plots. Horizontal dotted line indicates the preperturbation
firing rate.
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Figure 7. Response incidence in the SC. A, Pie chart showing the fraction of spinal UID
cells responding to the perturbation with an increase in rate (red), a decrease (blue), or no
response (black). The raster to the right of the pie chart shows the bins for each neuron that
were larger (red) or smaller (blue) than twice the SD of the preperturbation epoch (100ms).

/

Cells have been sorted by response latency. B, Same as in A, but for identified spinal premo-
tor (PM) cells. C, Mean PETH across all spinal cells. Red represents the mean response across
all cells with a positive response. Blue represents those with a negative response. Black rep-
resents the mean for those with no significant response. Baseline activity has been sub-
tracted from each cell before averaging. D, Depth distribution of all recorded spinal cells.
Gray represents the UIDs. Black represents the PM cells. Red trace represents a sliding aver-
age of the fraction of cells at a given depth that responded to the perturbation. E, Depth dis-
tribution of cells responding to cutaneous stimulation (black) and to deep stimulation (gray).
F, Depth distribution of cells responding to cutaneous stimulation in the hand (black line),
and those that also responded to the finger perturbation (red line).

Figure 8. Response incidence in the M1. A, Pie chart showing the fraction of M1 UID cells
responding to the perturbation with an increase in rate (red) or a decrease (blue) or no
response (black). The raster to the right of the pie chart shows the bins for each neuron that
were larger (red) or smaller (blue) than twice the SD of the preperturbation epoch (100 ms).
Cells have been sorted by response latency. B, Same as in A, but for identified PTNs. C, Same
as in A, but for identified CM cells. D, Mean PETH across all M1 cells. Red represents the
mean response across all cells with a positive response. Blue represents those with a negative
response. Black represents the mean for those with no significant response. Baseline activity
has been subtracted from each cell before averaging.
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7E is seen. Of the 25 cells with responses to
cutaneous stimulation in the hand, most
(n=21, 84%) also responded to the finger
perturbation (red line).

Figure 8 is a comparable figure but for
the M1 cells. More than two-thirds of all
M1 cells (70%) showed a significant
response to the perturbation; and of those,
59% showed an increase in firing rate as
the earliest component of their response.
Figure 8A shows a pie chart of the fraction
of M1 UID cells responding to the pertur-
bation, and a raster indicating the response
timing. Similar plots for PTNs and CM
cells are shown in Figure 8B, C. Figure 8D
shows the mean responses of cells to the
perturbation. Unlike for spinal cells, there
was a significant difference between the
baseline firing rate of positive (mean
14.9Hz), negative (19.6Hz), and unmodu-
lated (10.8Hz) cells (one-way ANOVA,
F= 8.59, p=0.0003). As with spinal cells,
positive cells had a significantly (p, 0.001,
unpaired t test) larger response amplitude
(8.8Hz) compared with negative cells
(5.1Hz), although the same flooring caveat
applies as described previously for SC cells.

Figure 9 compares the firing responses
of cells between M1 and SC. Figure 9A, B
shows boxplots of baseline firing rates for
the different cell types (Fig. 9A is for cells
without a significant response to the per-
turbation; and Fig. 9B is for responsive
cells). Spinal neurons had significantly
higher firing rates than cells in M1 (25Hz
vs 15.1 Hz, respectively, unpaired t test,
p, 0.0001). A one-way ANOVA of base-
line firing versus cell type for cells with a
significant response to perturbation was significant (F= 4.05,
p=0.0035), and a post hoc analysis revealed that both spinal UID
and PM cells had higher rates compared with M1 UID cells, but
not PTNs or CM cells (Tukey-Kramer, adjusted for multiple
comparisons, p, 0.05). A comparison of cells without any sig-
nificant response to perturbations produced the same results
(M1 vs SC, t test, p, 0.0001).

Figure 9C shows the magnitude of the responses (relative to
baseline) for each cell type. For the purposes of this plot, the
absolute value of response was used, such that cells with rate sup-
pressions contribute positive values to the population. As with
baseline firing, spinal neurons had a significantly higher response
magnitude compared with M1 cells (10.2Hz vs 5.2Hz, respec-
tively, unpaired t test, p, 0.0003). A one-way ANOVA of
response magnitude versus cell type was significant (F= 9.1,
p, 8� 10�7). Post hoc analysis revealed that spinal UID cells
had significantly higher response magnitudes compared with all
other cell types (Tukey-Kramer, adjusted for multiple compari-
sons, p, 0.05).

To characterize how detectable a response to perturbation
would be against baseline firing, we examined the ratio of the
response relative to the background firing rate (signal to baseline
ratio [SBR]) (Soteropoulos and Baker, 2007; Soteropoulos et al.,
2012). This is useful, as the same response magnitude would
clearly be easier to detect in a cell with low compared with a high

firing rate. The values of SBR are shown in Figure 9D. There was
no significant difference either between areas (all SC cells vs all
M1 cells, SBR= 0.87 vs 0.89, respectively, unpaired t test, p. 0.1)
or between different cell types (one-way ANOVA, F= 1.01,
p= 0.4). This suggests that, relative to their background firing ac-
tivity, cells in the SC responded to the perturbations just as
robustly as cells in M1.

Latency of responses to perturbation
The latency of the onset of neuronal responses to the perturba-
tion is shown in Figure 10 for cortical and spinal cells. Figure
10A shows the cumulative distribution of response latency from
all M1 (black line) and SC (gray) cells. There was significant dif-
ference between M1 and SC in terms of mean latency (unpaired t
test, p, 0.017; mean latencies 21.7ms vs 25.5ms for SC and M1,
respectively). There was substantial overlap in latencies between
the cells from the two areas, although the SC had many more
latencies, 10 ms than M1 (13% vs ,1% of cells, respectively;
Fig. 10A, left of dotted line).

The colored histograms in Figure 10B show the latency distri-
butions for the different cell types (mean latency M1 UID, 27ms;
PTNs, 23.3ms; CM cells, 24ms; SC UID, 20.4ms; PM cells,
26.3ms). A one-way ANOVA comparing response latency with
cell type was significant (F=3.41, p= 0.009), and post hoc analy-
sis revealed that the most significant difference was between the

Figure 9. Baseline firing and response magnitudes in M1 and SC. A, Boxplots of baseline firing rates for the different
cell types indicated on the x axis. Only cells with no significant response to the perturbation are used. The same color code
applies to remaining panels. B, Same as in A, but for cells that responded to the perturbation. C, Absolute magnitude of
the responses (relative to baseline, in spikes/s) for each cell type. For the purposes of this plot, the absolute value of
response was used, such that cells with rate suppressions contribute positive values to the population. D, Signal to back-
ground ratio (SBR), formed by dividing the response magnitude of (C) by the baseline rate in B for each cell type; note the
logarithmic scale. UID cells in either M1 or SC, PTN. PM, Premotoneuronal cells in the SC. *p, 0.01.
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UID cells in M1 and the SC (Tukey-Kramer, adjusted for multi-
ple comparisons, p, 0.05).

There was no significant difference in onset latency between
SC cells that responded to cutaneous stimulation in the hand
and those with responses to other types of stimulation or without
sensory responses (one-way ANOVA, F= 0.67, p. 0.5).

Contribution of spinal premotor and corticomotoneuronal
cells to EMG responses
Because of concurrent recordings of EMGwith neural activity, we
were able to identify some cells as being presynaptic to motoneur-
ons using spike-triggered averaging (see Materials and Methods).
As some of these cells also responded to the perturbation, they
could have contributed to muscle responses (Cheney and Fetz,
1984). An exemplar premotor spinal cell is shown in Figure 11.
Figure 11A shows the raw recordings for 10 perturbations, and
underneath is the mean EMG for those 10 perturbations from the
muscle to which the cell was presynaptic; in this case, it was the
1DI muscle. Figure 11B shows the mean response of the same PM
andmuscle across all perturbations, indicating the earlier onset of
the neural response comparedwith that of themuscle.

Although every action potential of CM and spinal PM cells
generated a postsynaptic response in its target motoneurons, if
the response of a cell to the perturbation occurred well after the

EMG response, then a contribution would be far less likely than
if the cell responded before or during the EMG response. In
order to examine the cell response timing in this framework, we
first estimated the reflex loop time for each cell (Fig. 12A). This
was calculated to estimate the time it takes for the peripheral
stimulus to reach the motoneurons, via the cell of interest.

To calculate the loop time for a given cell, we simply summed
the delay with which the cell was activated following a perturba-
tion (Fig. 12B, tsensory), with the delay estimated from spike-trig-
gered averaging between the cell and its target muscle (Fig. 12C,
tmotor). For the example cell shown in Figure 11, these values are
26.5ms and 9.1ms respectively, giving a total of 35.6ms total
loop time. By measuring the offset and onset of the EMG
response to the perturbation (Fig. 12D), the loop time could then
be used to determine whether the cell could contribute to the
EMG activation. For this example cell, the loop time was within
the response period in the muscle, indicating that the cell could
contribute to the EMG response.

Figure 10. Response onset latency distribution. A, Cumulative distribution of response la-
tency following perturbation for SC cells (gray) and PTNs from M1 (black). The distributions
were significantly different between areas (two-sample Kolmogorov-Smirnov test,
p, 0.0013). B, Distribution histogram of response latency for the different cell types.
Dotted line indicates 10ms latency for reference throughout.

Figure 11. Exemplar spinal premotor neuron responding to index finger perturbation. A1,
Waveform traces from 10 mechanical perturbations. Red circles highlight the action poten-
tials of this given cell. More than one cell was present in the recordings. A2, Mean response
of 1DI muscle (to which the cell was presynaptic to) for the same trials. EMG activity was
normalized relative to preperturbation levels. A3, Mean velocity trace of lever. B, Same as in
A, but for all trials from which this cell was recorded. B1, Mean response of cell shown in A.
B2, mean response of 1DI muscle. B3, mean velocity trace of lever. Red arrow indicates
onset of neural response. Black arrow indicates onset of 1DI response. The time axis is the
same for all subplots.
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Figure 13 shows the results of this analysis conducted for the
CM/spinal PM cells that responded to the perturbation and
whose target muscles also had clear responses. The same cell
could contribute to more than one loop time estimate if it was
presynaptic to multiple muscles, which in turn responded to the
perturbation. Figure 13A shows the duration of the EMG
response (gray squares) for the particular muscle that the PMs
were presynaptic to and the colored markers show the loop
delay. Red markers are for CM cells (n=15), and cyan markers
are for spinal PM cells (n=11). Traces have been sorted in order
of EMG onset latency.

All but two cells (both PM) have loop times before or during
the EMG response period, consistent with a contribution to the

Figure 13. Population loop times for premotoneuronal cells. A, Distribution of loop delays
(sum of efferent delay and response delay to perturbation), compared with the onset and
duration of muscle response to which cells were presynaptic. Red represents CM cells from
M1. Cyan represents PM cells from the SC. Gray boxes represent the duration of the EMG
response for the target muscle (truncated at 100 ms after perturbation). B1, Mean EMG
response across effects shown in A. EMG was normalized as a fraction relative to prepertur-
bation epoch. B2, Histogram of loop times for CM (red) and PM (cyan) cells. C, Histogram of
loop times expressed relative to EMG response onset. Same color codes as in A. Negative val-
ues indicate cell responses before EMG onset. The EMG responses were also aligned relative
to their onset. Gray line indicates the fraction of effects responding at any given time after
EMG response onset. As EMG responses had varying durations (as shown in A), the fraction
decreases with time.

Figure 12. Estimation of sensorimotor loop time for a cell with direct linkage to moto-
neurons. A, Simplified schematic demonstrating the “transcortical” loop for a CM cell follow-
ing a sensory perturbation, through cell activation and back to muscle. A similar schematic
would apply for PM cells. For simplicity, the afferent component is depicted as a single link,
but the dotted line indicates that this is a polysynaptic path (for M1) or could be a monosy-
naptic or polysynaptic path (for SC). B, Delay from perturbation to cell response for a CM cell
in M1(tsensory). Top, The PETH for the given cell. Bottom, The mean velocity and acceleration
traces. For this particular cell, the onset latency was 26.5 ms. C, Delay from cell to muscle,
estimated through spike-triggered averaging (tmotor). Top, The trigger pulse from spike detec-
tion. Bottom, The average for the target muscle for this cell (1DI). In this example, the STA
latency is 9.1 ms. D, EMG response of target muscle to the perturbation, with onset and off-
set indicated by dotted lines. Gray bar represents the response epoch for this muscle. Red
and green arrows indicate the estimated delays from B and C, respectively. Their sum is the

/

loop time (35.6 ms) for this particular neuron (indicated by the dotted line); this is the ear-
liest time at which the response of this cell to the perturbation could start making a contri-
bution to the response of the target muscle.
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EMG response. Figure 13B1 shows the mean EMG response
across all effects shown in Figure 13A. Figure 13B2 shows the
distribution of loop times.

The loop delay of all premotor effects was between 10 and
50ms after the perturbation, and this was within 15ms of the
EMG onset for most effects (68%). In 30% of cases, the cell
response began before the onset of EMG. Most EMG responses
were long-lasting (range 22–86ms), which is well beyond the
width of most motor units recorded from the muscle surface by
spike-triggered averaging from an intramuscular-recorded single
unit (typically ,25 ms) (Lemon et al., 1990; Baker and Lemon,
1998). This implies that the EMG response was composed of
motor units firing at a range of delays. PMs whose contribution
would reach the muscle after the onset of the EMG response
could contribute to the activity of motor units activated later on
in the response.

The data were replotted in Figure 13C, as a histogram of neu-
ral loop time relative to EMG onset latency. In addition, we also
show the fraction of the cases where EMG activity continued at a
given time after the onset. All EMG recordings showed contin-
ued activity for at least 22ms after the response onset; by this
time, a large fraction of responding PMs in both M1 (84%) and
SC (66%) had loop times consistent with contributing to the
response.

To summarize, these results show that the response onset of
cells that are presynaptic to MNs, both in M1 and SC, occurs at
delays that would allow most of the cells to contribute to the
ongoing EMG response.

Relative contributions of M1 and SC to EMG responses
Analysis from the previous section showed that PM responses
from both M1 and SC occurred at latencies consistent with a
contribution to the EMG responses. It is then of interest to
examine the relative contribution of M1 and SC to the EMG
response. It might be expected that SC cells would mostly con-
tribute to the earlier components of the EMG response and M1
cells to the later components.

To investigate the relative contributions of M1 and SC to
responses, we compared the fraction of cells from each area that
was significantly different from baseline at various delays after
the perturbation onset, but to do so we need to take into account
the added conduction delay from M1 to muscles. We could shift
all M1 responses by;1.2ms to account for this, as that would be
the fastest delay fromM1 to motoneurons in the cervical enlarge-
ment. However, our dataset included identified PTNs. As part of
the identification process, we measured the antidromic latency
following PT stimulation in the medulla, and subtracted 0.1ms
as utilization time. Since the pyramidal electrodes are approxi-
mately halfway between M1 and the cervical enlargement, this
enabled us to calculate an accurate estimate for the delay from
M1 to SC for each cell individually, simply by doubling the meas-
ured antidromic latency. The results of this analysis are shown in
Figure 14A,B; the abscissa shows time relative to the perturba-
tion, measured when responses reach the SC. Early after the per-
turbation (11-21ms), the RespR was significantly.1 (mean 3.3),
indicating that 3.3 times more SC cells than M1 cells contributed
to the EMG response. Later on (35-41 ms), the RespR was signifi-
cantly ,1, suggesting that 1.3 times more M1 cells than SC cells
contributed during this period. There were two further, brief,
crossings of the confidence limits 80-90ms after the perturbation
(Fig. 14B, triangles); other than these epochs, there was no signif-
icant difference in the RespR during the rest of the 100ms period
after the perturbation.

In the same way that recordings in the cortex from UID cells
are likely to be biased toward the larger pyramidal neurons, it is
also possible that a similar bias exists in our spinal recordings
from UID neurons. This might include ascending projection

Figure 14. Relative responsiveness of M1 and SC. A, Fraction of responsive cells in each
area (red represents M1 PTNs: cyan represents SC) that are active after perturbation. B, Ratio
of the response fraction between the two areas (RespR; Eq. 1), plotted on a logarithmic scale.
Dotted lines indicate the 95% confidence limits. PETHs were shifted according to their anti-
dromic latencies before the curve for M1 was compiled. All times after perturbation are
therefore for activity reaching the spinal level. There are two epochs of significant difference
(11–21 and 35–41 ms; gray shading) with two additional brief crossings of the confidence
limits (between 80 and 90ms) highlighted by the small triangles. C, Same as in A, but only
using spinal PM cells. D, Same as in B, showing three epochs of significant difference
between areas (14–17, 35–41, and 88–93 ms). E, Fraction of EMGs with significant activity.
EMG response timings were shifted by subtracting the corresponding efferent delay for each
muscle, thereby aligning EMG responses relative to the neural activity at the spinal level.
Axis is thus the same as for C, D. Triangles represent the actual time of perturbation for the
EMG traces. Muscle responses were grouped into 1DI (blue), muscles from extensor (Ext,
green), and flexor (Flex, red) compartments in forearm.
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neurons, such as spinocerebellar cells, which would probably
have larger extracellular spikes. To exclude this possibility, we
repeated the analysis in Figure 14A, B, but we only used identi-
fied PMs from the SC compared with M1 PTNs; the results are
shown in Figure 14C, D. As before, early after the perturbation
(14–17 ms), premotor SC neurons have a significantly higher
RespR value than M1 PTNs (mean of 4.7). A higher fraction of
M1 PTNs is active later on (35–41 ms: mean 1.4, 88–93 ms:
mean 1.9). Figure 14E shows, for comparison, the fraction of
muscle recordings with activity significantly different from base-
line. Results are shown by different lines for distal (1DI), forearm
flexor (Flx), and extensor (Ext) muscles. The curves for each
muscle have been adjusted by correcting by the respective effer-
ent conduction delay; this means that all latencies are shown rel-
ative to activity in the SC, providing a consistent time frame for
comparison with Figure 14C, D. The triangles show the actual
time of perturbation for the different EMG traces.

To summarize, the very earliest part of the EMG response is
dominated by the SC. There are brief (,7ms) periods in the later
part of the response with a slightly greater contribution of M1
than SC; but for most of the EMG response period, M1 and SC
seem to make similar contributions.

Do spinal cells respond directly to the perturbation, or
indirectly to M1 activation?
Many SC interneurons are also known to receive descending
inputs from the cortex (Lundberg and Voorhoevem, 1961;

Jankowska et al., 1976; Riddle and Baker, 2010) and indeed PT
terminations are densest in the intermediate layers of the SC in
the monkey (Dum and Strick, 1996). It is thus possible that, for
some spinal cells, the response after a perturbation is produced
by descending activation from M1 instead of directly from affer-
ent stimulation. We cannot directly address this, but we can
exploit our knowledge of the antidromic latency of the PTNs to
determine what fraction of SC cell responses were too early to

Figure 15. Comparison of response latency in M1 and SC. A, Cumulative distribution of
response latency following perturbation for all SC cells (cyan) and PTNs (red). PTN latencies
were adjusted to include the conduction delay from cortex to SC based on the PTN-specific
antidromic latency. The two distributions are significantly different (two-sample Kolmogorov-
Smirnov test, p, 0.001). Vertical dotted lines indicate fraction of SC cells with latencies
smaller than fastest and second-fastest PTN. B, Percentile plot showing the percentage of SC
cells with latencies smaller than a given percentage of PTN cells (thick black line). Thin black
line indicates the percentage of SC cells with latencies smaller than a percentage of PTN cells,
plus spinal cells from the superficial layers of the SC (depth, 0.5 mm), which are known
not to receive any direct PT inputs.

Figure 16. DI during task. A, Top, PETH for example cell during flexion (blue) versus
extension (red) trials. Bottom, The DI for the same cell; note the high DI values during the
movement part of the task. B, Same as in A, but for a different cell with a lower DI as the
cell responds very similarly during the two trial types. C, Mean lever position signals for flex-
ion (blue) and extension trials (red). The maximal lever angle corresponds to the finger being
flexed. D, Distribution of DI values for M1 (black) and SC cells (gray). E, Boxplots showing
the median DI (with 25th and 75th percentiles outlined by box) during the task for M1
(black) and SC cells (gray), divided into the population of cells that responded to the pertur-
bation (Pert1) and those that did not (Pert-).
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have been initiated due to M1 activity. To do this, PTN responses
to the perturbations were again adjusted by adding twice the an-
tidromic latency to account for the conduction delay from the
cortex to the SC. An additional 1ms was added to account for
the synaptic delay between corticospinal fibers and SC cells.

The results of this analysis are shown in Figure 15. Figure
15A shows the cumulative distribution of SC (cyan) and adjusted
PTN (red) response latency. The mean adjusted PTN response
latency was 27.8ms (range 13–64.2ms). The two distributions
were significantly different (two-sample Kolmogorov-Smirnov
test, p, 0.001, KS statistic = 0.44); 23% of SC cells had onset
latencies that were shorter than the earliest PTN-adjusted la-
tency, which appeared to be an anomalous single measurement.
Excluding that single PTN, 46% of SC cells had an earlier onset
latency than the PTNs. This fraction is 38% if we only consider
spinal PM cells. This relationship was examined further by a per-
centile plot (Fig. 15B). This shows the percentage of SC cells with
latencies too early to be mediated by a given percentage of PTN
cells (thick black line). This is clearly above the identify line
(dotted), indicating that the SC cell population consistently
responded earlier than PTNs.

In primates, there are relatively few corticospinal termina-
tions from M1 in the most dorsal layers of the SC (Dum and
Strick, 1996; Yoshino-Saito et al., 2010). If we assume that the
most superficial SC cells (recorded ,0.5 mm from the first cells
encountered in the penetration) could not have responses medi-
ated through M1, we can adjust the percentile plot accordingly.
This amended plot is shown as in Figure 15B (thin line). The
overall fraction of SC cells that could not have their responses
initiated through any M1 PTN becomes .49% (rising to .63%
if we exclude the earliest, potentially anomalous PTN response).
These estimates should be considered conservative as they
assume a monosynaptic connection; in reality, some effects from
the corticospinal tract to SC cells will take a more indirect route,
which would require a larger compensation than the 1ms synap-
tic delay we allowed. Additionally, our dataset of PTN recordings
is biased toward the fastest PTNs (Firmin et al., 2014; Innocenti
et al., 2019; Kraskov et al., 2019a,b). If M1 contributes to SC
responses through the many PTNs, which are even slower than
those recorded here, then M1 contributions to SC responses
would be even smaller than assessed here.

We conclude that a substantial fraction of SC responses to the
perturbation were too early to be initiated by descending activa-
tion from PTNs. However, our results do not preclude a contri-
bution to the latter components of the SC response, or to SC
cells with late responses.

Directionality Index
The results so far have shown that cells in both M1 and SC
respond to mechanical perturbation; but if the cells that respond
to the perturbation have minimal activity during the task, then
that would limit the functional relevance of our results. To
address this, we examined how active cells were during the task,
and in particular whether cells were differentially active during
flexion versus extensions trials by calculating a DI (see Materials
and Methods). Cells that show a large modulation in firing dur-
ing the task, but whose response was similar across flexion and
extension trials, would result in a low DI value. These could be of
lesser interest, as their activity could be postural and less directly
related to task performance. The results of this analysis are
shown in Figure 16.

Figure 16A, B (top) shows the PETH of two SC cells for flex-
ion (blue) and extension (red) trials. Figure 16A, B (bottom)

shows how the DI index modulates during the trial. The first cell
(Fig. 16A) was very active during the ramp and second hold part
of flexion trials, but inactive in these phases during extension tri-
als. This resulted in a high DI (0.7). For the second cell (Fig. 15),
although it had a very high firing rate overall and a clear response
to the perturbation, the activity during the two movements was
very similar (DI=0.07). The vertical dotted lines in Figure 16A, B
demarcate the movement phases of the task (Hold 1, Ramp,
Hold 2), and Figure 15C shows the average lever angle signals
for flexion (blue) and extension (red) trials.

Figure 16D shows the distribution of DI values for all M1 cells
(black bars) and all SC cells (gray). There was no significant dif-
ference between the two areas (mean DI for M1: 0.42, for SC:
0.41, p. 0.1, unpaired t test). Most cells (.87%) in both areas
had a DI value significantly different from zero, but there was no
difference between cells with and without a response to the per-
turbation (Fig. 16E; one-way ANOVA, F= 0.44, p. 0.7). The
same conclusions hold if we only consider spinal PM cells that
do (mean DI= 0.45) and do not (mean DI= 0.44) respond to a
perturbation (unpaired t test, p. 0.8). We conclude that most
cells in our dataset were differentially active in flexion versus
extension trials, including those that responded to the
perturbation.

Discussion
The neural origin of later components of the stretch reflex
remains under debate. While a supraspinal contribution is well
supported, our results affirm that the SC is also likely to play a
role. SC cells, including premotor interneurons, responded as
robustly as M1 neurons to a mechanical perturbation of the
index finger, at latencies compatible with contributing to the
EMG response. The response of SC neurons to mechanical per-
turbations has been rarely studied in the upper limb (Fetz et al.,
2002); and to the best of our knowledge, this is the first time that
SC neurons, including premotor interneurons, have been shown
to respond to a mechanical perturbation in the fingers in the
awake behaving primate. Below we consider some implications
of this finding.

We should be cautious in assigning the spinal responses as
arising from a single source. Many spinal neurons receive both
afferent and descending inputs (Fig. 1), and these could both
potentially contribute to spinal activity at different delays after
the perturbation. For at least some of the spinal cells, it is highly
likely that the initial response was mediated through sensory
afferents as it was too rapid to be mediated through supraspinal
pathways (Fig. 15). The rapid lever motion of our paradigm
should be highly effective in activating Group Ia afferents, but
other proprioceptive fibers (e.g., Group Ib and II) most likely
also responded as during natural movements all three types can
respond to rapid changes in muscle length (Dimitriou and Edin,
2008a,b), most likely due to fusimotor drive. Cutaneous afferents
are also likely to contribute to some of the responses; indeed,
most SC cells responding to cutaneous stimulation in the hand
responded to the perturbation as well (Fig. 7F), and these cells
were more superficially located, matching the known termina-
tion patterns of cutaneous afferents in the dorsal SC (Molander
and Grant, 1985; Woolf and Fitzgerald, 1986; Edgley and
Jankowska, 1988; Maxwell et al., 2000; Fisher et al., 2020).

A further contribution to the activation of spinal neurons
could be made via descending pathways, originating from the
cerebral cortex and brainstem (Lemon, 2008). These pathways
project to motoneurons as well as to interneurons in the
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intermediate spinal laminae (Lundberg, 1979a; Alstermark and
Isa, 2012). As these systems can also respond to perturbations
(Soteropoulos et al., 2012; Herter et al., 2015), supraspinal cor-
rective responses could thus reach motoneurons not just directly
but also filtered through spinal interneurons. Descending contri-
butions would require an extra delay for the sensory signal to
reach the cortex or brainstem and the response to come back
down to the SC. The SC therefore probably contributes to muscle
responses for far longer than typically considered but should be
best characterized as a mix of afferent and descending sources.
Some human studies have also indicated a spinal contribution to
the LLR (Lewis et al., 2004; Lourenco et al., 2006).

Implications for motor control
A key feature of the LLR is its behavioral flexibility: the reflex
amplitude can modulate according to the requirements of a
manual task (Hammond, 1956; Pruszynski et al., 2008; Yang et
al., 2011). Supraspinal areas are usually thought to subserve this
because they not only respond to mechanical perturbations with
permissive latencies, but are also highly active during task per-
formance. In the cortex, M1 is well established to be a critical
area for voluntary movements, particularly involving the distal
forelimb, and many studies show that cells in M1 modulate their
activity during action. Further down the neuraxis, the engage-
ment of the red nucleus during voluntary reaching and grasping
movements has been known for some time (Otero, 1976;
Cheney, 1980; Gibson et al., 1985a,b; Alstermark and Isa, 2012),
although the near-absence of a rubrospinal tract in humans
(Nathan and Smith, 1982) makes rubrospinal contributions to
the LLR unlikely in humans. The brainstem RF, once thought to
contribute mostly to posture and locomotion, is now also known
to be highly active during voluntary movements with the upper
limb (Buford and Davidson, 2004; Schepens and Drew, 2004,
2006; Schepens et al., 2008), including during more isolated fin-
ger movements (Soteropoulos et al., 2012).

SC neurons are also active during voluntary movements.
Cells in the SC can be highly active during nonmovement epochs
in instructed delay tasks (Prut and Fetz, 1999), much like the pre-
motor cortex (Kurata and Wise, 1988; Kalaska and Crammond,
1995; Crammond and Kalaska, 2000; Churchland et al., 2006)
and RF (Buford and Davidson, 2004). Spinal interneurons are
active during whole-arm movements, such as reaching to grasp
(Riddle and Baker, 2010), as well as for more isolated wrist
(Shalit et al., 2012) and grasping actions (Alstermark and Isa,
2012; Takei and Seki, 2010, 2013). Combined with the results of
this study showing that SC cells respond to perturbations with
permissive latencies, the SC thus fulfills the same criteria for con-
tributions to the LLR as for M1.

Most experimental paradigms have examined upper limb
LLR responses while subjects are seated and in a stable posture
(but see Marsden et al., 1981). However, during everyday actions,
unexpected perturbations need to be accommodated not just
based on what the hands are doing but also on the involvement
of the rest of the body, taking into account posture and any loco-
motion. It is well established that spinal circuits integrate inputs
from multiple descending pathways, including systems that are
critical for locomotion and posture, such as the reticulospinal
and vestibulospinal projections (Illert et al., 1981; Krutki et al.,
2003; Jankowska et al., 2005; Cabaj et al., 2006; Isa et al., 2006;
Stecina et al., 2008; Bannatyne et al., 2009; Riddle and Baker,
2010) As such, SC premotor circuits are optimally placed to
allow the LLR to be coordinated within a much broader behav-
ioral context, although this remains to be explicitly shown.

Following motor damage, such as from stroke and SC injury,
or in neurodegenerative conditions, such as Parkinson’s disease,
a substantial fraction of patients develop hypertonia and hyper-
reflexia (Angulo-Parker and Adkinson, 2018; McGregor and
Nelson, 2019). Multiple systems along the neuraxis are likely to
contribute to this, but our results lend further support to the evi-
dence that changes in spinal circuitry could contribute to reflex
gains (D’Amico et al., 2014).

LLR: beyond a marker for cortical excitability?
The LLR is sometimes used as a noninvasive correlate of M1
excitability, although it has become clear over the last 20 years or
so that its locus is far from singular (Pruszynski et al., 2011;
Kurtzer, 2015). For distal and forearm muscles, contributions
fromM1 to the LLR are well supported, but there is also evidence
for subcortical involvement (Soteropoulos et al., 2012). For more
proximal muscles, there is also evidence for both M1 and sub-
cortical contributions (Omrani et al., 2014; Herter et al., 2015;
Foysal et al., 2016), but the relative importance of M1 is unclear.
Although cells in M1 are modulated during proximal limb per-
turbations (Omrani et al., 2014; Pruszynski et al., 2014), in
patients with aberrant bilateral corticospinal projections, bilateral
LLRs are seen for distal (Matthews et al., 1990) but not proximal
muscles (Fellows et al., 1996).

If all contributors to the LLR modulate in the same way dur-
ing behavior, or if only M1 activity shows any task modulation,
then there is little issue with using the LLR as a marker of M1
excitability. However, it is now well established that the state of
both brainstem (Buford and Davidson, 2004; Soteropoulos et al.,
2012) and the SC (Prut and Fetz, 1999; Takei and Seki, 2010,
2013; Williams et al., 2010) modulates with behavior. Although
it remains to be shown whether the perturbation-evoked
responses in subcortical regions modulate their size with behav-
ioral context as they do in M1, particularly when subjects are
comfortably seated in the laboratory environment, caution is
warranted in assigning any observed task-related modulation in
the LLR purely to cortical circuits.

In conclusion, our results show that a substantial fraction of
neurons in the lower cervical SC respond to a mechanical pertur-
bation of the index finger. The latency of these responses makes
it highly likely that the SC contributes to the muscle responses
beyond the SLR, at least for the forearm and intrinsic hand
muscles examined here.

References
Alstermark B, Isa T (2012) Circuits for skilled reaching and grasping. Annu

Rev Neurosci 35:559–578.
Angulo-Parker FJ, Adkinson JM (2018) Common etiologies of upper extrem-

ity spasticity. Hand Clin 34:437–443.
Baker SN, Lemon RN (1998) A computer simulation study of the production

of post-spike facilitation in spike-triggered averages of rectified EMG. J
Neurophysiol 80:1391–1406.

Bannatyne BA, Liu TT, Hammar I, Stecina K, Jankowska E, Maxwell DJ
(2009) Excitatory and inhibitory intermediate zone interneurons in path-
ways from feline group I and II afferents: differences in axonal projec-
tions and input. J Physiol 587:379–399.

Brown AG, Fyffe R (1978) The morphology of group Ia afferent fibre collat-
erals in the spinal cord of the cat. J Physiol 274:111–127.

Brown AG, Fyffe RE (1979) The morphology of group Ib afferent fibre collat-
erals in the spinal cord of the cat. J Physiol 296:215–226.

Buford JA, Davidson AG (2004) Movement-related and preparatory activity
in the reticulospinal system of the monkey. Exp Brain Res 159:284–300.

Cabaj A, Stecina K, Jankowska E (2006) Same spinal interneurons mediate
reflex actions of group Ib and group II afferents and crossed reticulospi-
nal actions. J Neurophysiol 95:3911–3922.

3946 • J. Neurosci., May 13, 2020 • 40(20):3933–3948 Soteropoulos and Baker · Spinal Responses to Finger Perturbation

http://dx.doi.org/10.1146/annurev-neuro-062111-150527
http://dx.doi.org/10.1016/j.hcl.2018.06.001
http://dx.doi.org/10.1152/jn.1998.80.3.1391
http://dx.doi.org/10.1113/jphysiol.2008.159129
http://dx.doi.org/10.1113/jphysiol.1978.sp012137
http://dx.doi.org/10.1113/jphysiol.1979.sp013001
http://dx.doi.org/10.1007/s00221-004-1956-4
http://dx.doi.org/10.1152/jn.01262.2005


Cheney PD (1980) Response of rubromotoneuronal cells identified by spike-
triggered averaging of EMG activity in awake monkeys. Neurosci Lett
17:137–142.

Cheney PD, Fetz EE (1984) Corticomotoneuronal cells contribute to long-la-
tency stretch reflexes in the rhesus monkey. J Physiol 349:249–272.

Cheney PD, Preston JB (1976) Classification and response characteristics of
muscle spindle afferents in the primate. J Neurophysiol 39:1–8.

Churchland MM, Santhanam G, Shenoy KV (2006) Preparatory activity in
premotor and motor cortex reflects the speed of the upcoming reach. J
Neurophysiol 96:3130–3146.

Corden DM, Lippold OC, Buchanan K, Norrington C (2000) Long-latency
component of the stretch reflex in human muscle is not mediated by
intramuscular stretch receptors. J Neurophysiol 84:184–188.

Crammond DJ, Kalaska JF (2000) Prior information in motor and premotor
cortex: activity during the delay period and effect on pre-movement ac-
tivity. J Neurophysiol 84:986–1005.

D’Amico JM, Condliffe EG, Martins KJ, Bennett DJ, Gorassini MA (2014)
Recovery of neuronal and network excitability after spinal cord injury
and implications for spasticity. Front Integr Neurosci 8:36.

Dimitriou M, Edin BB (2008a) Discharges in human muscle receptor affer-
ents during block grasping. J Neurosci 28:12632–12642.

Dimitriou M, Edin BB (2008b) Discharges in human muscle spindle afferents
during a key-pressing task. J Physiol 586:5455–5470.

Dum RP, Strick PL (1996) Spinal cord terminations of the medial wall motor
areas in macaque monkeys. J Neurosci 16:6513–6525.

Eccles RM, Phillips CG, Chien-Ping W (1968) Motor innervation, motor
unit organization and afferent innervation of m. extensor digitorum com-
munis of the baboon’s forearm. J Physiol 198:179–192.

Edgley SA, Jankowska E (1988) Information processed by dorsal horn spino-
cerebellar tract neurones in the cat. J Physiol 397:81–97.

Fellows SJ, Topper R, Schwarz M, Thilmann AF, Noth J (1996) Stretch
reflexes of the proximal arm in a patient with mirror movements: absence
of bilateral long-latency components. Electroencephalogr Clin
Neurophysiol 101:79–83.

Fetz EE, Perlmutter SI, Maier MA, Flament D, Fortier PA (1996) Response
patterns and postspike effects of premotor neurons in cervical spinal cord
of behaving monkeys. Can J Physiol Pharmacol 74:531–546.

Fetz EE, Perlmutter SI, Prut Y, Seki K, Votaw S (2002) Roles of primate spinal
interneurons in preparation and execution of voluntary hand movement.
Brain Res Brain Res Rev 40:53–65.

Firmin L, Field P, Maier MA, Kraskov A, Kirkwood PA, Nakajima K, Lemon
RN, Glickstein M (2014) Axon diameters and conduction velocities in
the macaque pyramidal tract. J Neurophysiol 112:1229–1240.

Fisher KM, Garner JP, Darian-Smith C (2020) Reorganization of the Primate
Dorsal Horn in Response to a Deafferentation Lesion Affecting Hand
Function. J Neurosci 40:1625–1639.

Foysal K, De Carvalho F, Baker SN (2016) Spike-timing dependent plasticity
in the long-latency stretch reflex following paired stimulation from a
wearable electronic device. J Neurosci 36:10823–10830.

Fyffe RE (1979) The morphology of group II muscle afferent fibre collaterals
[proceedings]. J Physiol 296:39P–40P.

Ghez C, Shinoda Y (1978) Spinal mechanisms of the functional stretch reflex.
Exp Brain Res 32:55–68.

Gibson AR, Houk JC, Kohlerman NJ (1985a) Magnocellular red nucleus ac-
tivity during different types of limb movement in the macaque monkey. J
Physiol 358:527–549.

Gibson AR, Houk JC, Kohlerman NJ (1985b) Relation between red nucleus
discharge and movement parameters in trained macaque monkeys. J
Physiol 358:551–570.

Hammond PH (1956) The influence of prior instruction to the subject on an
apparently involuntary neuro-muscular response. J Physiol 132:17P–18P.

Herter TM, Takei T, Munoz DP, Scott SH (2015) Neurons in red nucleus
and primary motor cortex exhibit similar responses to mechanical pertur-
bations applied to the upper-limb during posture. Front Integr Neurosci
9:29.

Illert M, Jankowska E, Lundberg A, Odutola A (1981) Integration in descend-
ing motor pathways controlling the forelimb in the cat: 7. Effects from
the reticular formation on C3-C4 propriospinal neurones. Exp Brain Res
42-42:269–281.

Innocenti GM, Caminiti R, Rouiller EM, Knott G, Dyrby TB, Descoteaux M,
Thiran JP (2019) Diversity of cortico-descending projections: histological

and diffusion MRI characterization in the monkey. Cereb Cortex 29:788–
801.

Isa T, Ohki Y, Seki K, Alstermark B (2006) Properties of propriospinal neu-
rons in the C3-C4 segments mediating disynaptic pyramidal excitation to
forelimb motoneurons in the macaque monkey. J Neurophysiol 95:3674–
3685.

Jack JJ, Miller S, Porter R, Redman S (1971) The time course of minimal exci-
tatory post-synaptic potentials evoked in spinal motoneurones by group
Ia afferent fibres. J Physiol 215:353–380.

Jankowska E, McCrea DA (1983) Shared reflex pathways from Ib tendon
organ afferents and Ia muscle spindle afferents in the cat. J Physiol
338:99–111.

Jankowska E, Edgley SA (2010) Functional subdivision of feline spinal inter-
neurons in reflex pathways from group Ib and II muscle afferents: an
update. Eur J Neurosci 32:881–893.

Jankowska E, Padel Y, Tanaka R (1976) Disynaptic inhibition of spinal moto-
neurones from the motor cortex in the monkey. J Physiol 258:467–487.

Jankowska E, McCrea DA, Mackel R (1981) Oligosynaptic excitation of
motoneurones by impulses in group Ia muscle spindle afferents in the
cat. J Physiol 316:411–425.

Jankowska E, Edgley SA, Krutki P, Hammar I (2005) Functional differentia-
tion and organization of feline midlumbar commissural interneurones. J
Physiol 565:645–658.

Kalaska JF, Crammond DJ (1995) Deciding not to GO: neuronal correlates of
response selection in a GO/NOGO task in primate premotor and parietal
cortex. Cereb Cortex 5:410–428.

Kraskov A, Baker S, Soteropoulos D, Kirkwood P, Lemon R (2019a) The cor-
ticospinal discrepancy: where are all the slow pyramidal tract neurons?
Cereb Cortex 29:3977–3981.

Kraskov A, Soteropoulos D, Glover I, Lemon RN, Baker SN (2019b) Slowly-
conducting pyramidal tract neurons in macaque and rat. Cereb Cortex
Advance online publication. Retrieved February 6, 2019. doi: 10.1093/cer-
cor/bhz318.

Krutki P, Jankowska E, Edgley SA (2003) Are crossed actions of reticulospi-
nal and vestibulospinal neurons on feline motoneurons mediated by the
same or separate commissural neurons? J Neurosci 23:8041–8050.

Kurata K, Wise SP (1988) Premotor and supplementary motor cortex in rhe-
sus monkeys: neuronal activity during externally- and internally-
instructed motor tasks. Exp Brain Res 72:237–248.

Kurtzer I (2015) Long-latency reflexes account for limb biomechanics
through several supraspinal pathways. Front Integr Neurosci 8:99.

Kurtzer I, Bouyer LJ, Bouffard J, Jin A, Christiansen L, Nielsen JB, Scott SH
(2018) Variable impact of tizanidine on the medium latency reflex of
upper and lower limbs. Exp Brain Res 236:665–677.

Landgren S, Phillips CG, Porter R (1962) Minimal synaptic actions of pyram-
idal impulses on some alpha motoneurones of the baboon’s hand and
forearm. J Physiol 161:91–111.

Lemon RN (1984) Methods for neuronal recording in conscious animals, pp
41–162. London: Wiley.

Lemon RN (2008) Descending pathways in motor control. Annu Rev
Neurosci 31:195–218.

Lemon RN, Porter R (1976a) Afferent input to movement-related precentral
neurones in conscious monkeys. Proc R Soc Lond B Biol Sci 194:313–
339.

Lemon RN, Porter R (1976b) A comparison of the responsiveness to periph-
eral stimuli of pre-central cortical neurones in anaesthetized and con-
scious monkeys [proceedings]. J Physiol 260:53P–54P.

Lemon RN, Mantel GW, Rea PA (1990) Recording and identification of sin-
gle motor units in the free- -to-move primate hand. Exp Brain Res 81:95–
106.

Lemon RN, Baker SN, Davis JA, Kirkwood PA, Maier MA, Yang HS (1998)
The importance of the cortico-motoneuronal system for control of grasp.
Novartis Found Symp 218:202–215; discussion 215-218.

Lewis GN, Polych MA, Byblow WD (2004) Proposed cortical and sub-corti-
cal contributions to the long-latency stretch reflex in the forearm. Exp
Brain Res 156:72–79.

Lourenco G, Iglesias C, Cavallari P, Pierrot-Deseilligny E, Marchand-Pauvert
V (2006) Mediation of late excitation from human hand muscles via par-
allel group II spinal and group I transcortical pathways. J Physiol
572:585–603.

Lundberg A (1979a) Integration in a propriospinal motor centre controlling
the forelimb in the cat, pp 47–65. New York: Igaku Shoin.

Soteropoulos and Baker · Spinal Responses to Finger Perturbation J. Neurosci., May 13, 2020 • 40(20):3933–3948 • 3947

http://dx.doi.org/10.1016/0304-3940(80)90075-0
http://dx.doi.org/10.1113/jphysiol.1984.sp015155
http://dx.doi.org/10.1152/jn.1976.39.1.1
http://dx.doi.org/10.1152/jn.00307.2006
http://dx.doi.org/10.1152/jn.2000.84.1.184
http://dx.doi.org/10.1152/jn.2000.84.2.986
http://dx.doi.org/10.3389/fnint.2014.00036
http://dx.doi.org/10.1523/JNEUROSCI.3357-08.2008
http://dx.doi.org/10.1113/jphysiol.2008.160036
http://dx.doi.org/10.1523/JNEUROSCI.16-20-06513.1996
http://dx.doi.org/10.1113/jphysiol.1968.sp008600
http://dx.doi.org/10.1113/jphysiol.1988.sp016989
http://dx.doi.org/10.1016/0924-980X(95)00247-I
http://dx.doi.org/10.1139/y96-036
http://dx.doi.org/10.1016/S0165-0173(02)00188-1
http://dx.doi.org/10.1152/jn.00720.2013
http://dx.doi.org/10.1523/JNEUROSCI.1414-16.2016
http://dx.doi.org/10.1007/BF00237390
http://dx.doi.org/10.1113/jphysiol.1985.sp015565
http://dx.doi.org/10.1113/jphysiol.1985.sp015566
http://dx.doi.org/10.3389/fnint.2015.00029
http://dx.doi.org/10.1007/BF00237494
http://dx.doi.org/10.1093/cercor/bhx363
http://dx.doi.org/10.1152/jn.00103.2005
http://dx.doi.org/10.1113/jphysiol.1971.sp009474
http://dx.doi.org/10.1113/jphysiol.1983.sp014663
http://dx.doi.org/10.1111/j.1460-9568.2010.07354.x
http://dx.doi.org/10.1113/jphysiol.1976.sp011431
http://dx.doi.org/10.1113/jphysiol.1981.sp013797
http://dx.doi.org/10.1113/jphysiol.2005.083014
http://dx.doi.org/10.1093/cercor/5.5.410
http://dx.doi.org/10.1523/JNEUROSCI.23-22-08041.2003
http://dx.doi.org/10.1007/BF00250247
http://dx.doi.org/10.3389/fnint.2014.00099
http://dx.doi.org/10.1007/s00221-017-5162-6
http://dx.doi.org/10.1113/jphysiol.1962.sp006875
http://dx.doi.org/10.1146/annurev.neuro.31.060407.125547
http://dx.doi.org/10.1007/BF00230105
http://dx.doi.org/10.1007/s00221-003-1767-z
http://dx.doi.org/10.1113/jphysiol.2005.102806


Lundberg A (1979b) Multisensory control of spinal reflex pathways. Prog
Brain Res 50:11–28.

Lundberg A, Voorhoeve PE (1961) Pyramidal activation of interneurones of
various spinal reflex arcs in the cat. Experientia 17:46–47.

Maier MA, Bennett KM, Hepp-Reymond MC, Lemon RN (1993)
Contribution of the monkey corticomotoneuronal system to the control
of force in precision grip. J Neurophysiol 69:772–785.

Marque P, Nicolas G, Simonetta-Moreau M, Pierrot-Deseilligny E,
Marchand-Pauvert V (2005) Group II excitations from plantar foot
muscles to human leg and thigh motoneurones. Exp Brain Res 161:486–
501.

Marsden CD, Merton PA, Morton HB (1981) Human postural responses.
Brain 104:513–534.

Matthews PB (1989) Analysis of human long-latency reflexes by cooling the
peripheral conduction pathway: which afferents are involved? Prog Brain
Res 80:103–112; discussion 157-160.

Matthews P (1972) Mammalian muscle receptors and their central actions.
London: Edward Arnold.

Matthews PB, Farmer SF, Ingram DA (1990) On the localization of the
stretch reflex of intrinsic hand muscles in a patient with mirror move-
ments. J Physiol 428:561–577.

Maxwell DJ, Riddell JS, Jankowska E (2000) Serotoninergic and noradrener-
gic axonal contacts associated with premotor interneurons in spinal path-
ways from group II muscle afferents. Eur J Neurosci 12:1271–1280.

McGregor MM, Nelson AB (2019) Circuit mechanisms of Parkinson’s dis-
ease. Neuron 101:1042–1056.

Mendell LM, Henneman E (1968) Terminals of single Ia fibers: distribution
within a pool of 300 homonymous motor neurones. Science 160:96–98.

Meskers CG, Schouten AC, Rich MM, de Groot JH, Schuurmans J, Arendzen
JH (2010) Tizanidine does not affect the linear relation of stretch dura-
tion to the long-latency M2 response of m. flexor carpi radialis. Exp
Brain Res 201:681–688.

Miller AD, Brooks VB (1981) Late muscular responses to arm perturbations
persist during supraspinal dysfunctions in monkeys. Exp Brain Res
41:146–158.

Molander C, Grant G (1985) Cutaneous projections from the rat hindlimb
foot to the substantia gelatinosa of the spinal cord studied by transgan-
glionic transport of WGA-HRP conjugate. J Comp Neurol 237:476–484.

Nathan PW, Smith MC (1982) The rubrospinal and central tegmental tracts
in man. Brain 105:223–269.

Omrani M, Pruszynski JA, Murnaghan CD, Scott SH (2014) Perturbation-
evoked responses in primary motor cortex are modulated by behavioral
context. J Neurophysiol 112:2985–3000.

Otero JB (1976) Comparison between red nucleus and precentral neurons
during learned movements in the monkey. Brain Res 101:37–46.

Pierrot-Deseilligny E, Burke DC (2012) The circuitry of the human spinal
cord: spinal and corticospinal mechanisms of movement, p 606.
Cambridge: Cambridge University Press.

Pruszynski JA (2014) Primary motor cortex and fast feedback responses to
mechanical perturbations: a primer on what we know now and some sug-
gestions on what we should find out next. Front Integr Neurosci 8:72.

Pruszynski JA, Kurtzer I, Scott SH (2008) Rapid motor responses are appro-
priately tuned to the metrics of a visuospatial task. J Neurophysiol
100:224–238.

Pruszynski JA, Kurtzer I, Scott SH (2011) The long-latency reflex is com-
posed of at least two functionally independent processes. J Neurophysiol
106:449–459.

Pruszynski JA, Omrani M, Scott SH (2014) Goal-dependent modulation of
fast feedback responses in primary motor cortex. J Neurosci 34:4608–
4617.

Prut Y, Fetz EE (1999) Primate spinal interneurons show pre-movement
instructed delay activity. Nature 401:590–594.

Riddell JS, HadianM (2000) Interneurones in pathways from group II muscle
afferents in the lower-lumbar segments of the feline spinal cord. J Physiol
522:109–123.

Riddle CN, Baker SN (2010) Convergence of pyramidal and medial brain
stem descending pathways onto macaque cervical spinal interneurons. J
Neurophysiol 103:2821–2832.

Roby-Brami A, Bussel B (1987) Long-latency spinal reflex in man after flexor
reflex afferent stimulation. Brain 110:707–725.

Schepens B, Drew T (2006) Descending signals from the pontomedullary
reticular formation are bilateral, asymmetric, and gated during reaching
movements in the cat. J Neurophysiol 96:2229–2252.

Schepens B, Drew T (2004) Independent and convergent signals from the
pontomedullary reticular formation contribute to the control of posture
and movement during reaching in the cat. J Neurophysiol 92:2217–2238.

Schepens B, Stapley P, Drew T (2008) Neurons in the pontomedullary reticu-
lar formation signal posture and movement both as an integrated behav-
ior and independently. J Neurophysiol 100:2235–2253.

Shalit U, Zinger N, Joshua M, Prut Y (2012) Descending systems translate
transient cortical commands into a sustained muscle activation signal.
Cereb Cortex 22:1904–1914.

Soteropoulos DS, Baker SN (2006) Cortico-cerebellar coherence during a
precision grip task in the monkey. J Neurophysiol 95:1194–1206.

Soteropoulos DS, Baker SN (2007) Different contributions of the corpus cal-
losum and cerebellum to motor coordination in monkey. J Neurophysiol
98:2962–2973.

Soteropoulos DS, Williams ER, Baker SN (2012) Cells in the monkey ponto-
medullary reticular formation modulate their activity with slow finger
movements. J Physiol 590:4011–4027.

Stecina K, Jankowska E, Cabaj A, Pettersson LG, Bannatyne BA, Maxwell DJ
(2008) Premotor interneurones contributing to actions of feline pyrami-
dal tract neurones on ipsilateral hindlimb motoneurones. J Physiol
586:557–574.

Takei T, Seki K (2010) Spinal interneurons facilitate coactivation of hand
muscles during a precision grip task in monkeys. J Neurosci 30:17041–
17050.

Takei T, Seki K (2013) Spinal premotor interneurons mediate dynamic and
static motor commands for precision grip in monkeys. J Neurosci
33:8850–8860.

Tracey DJ, Walmsley B, Brinkman J (1980) Long-loop’ reflexes can be
obtained in spinal monkeys. Neurosci Lett 18:59–65.

Williams ER, Soteropoulos DS, Baker SN (2009) Coherence between motor
cortical activity and peripheral discontinuities during slow finger move-
ments. J Neurophysiol 102:1296–1309.

Williams ER, Soteropoulos DS, Baker SN (2010) Spinal interneuron circuits
reduce approximately 10-Hz movement discontinuities by phase cancel-
lation. Proc Natl Acad Sci USA 107:11098–11103.

Woolf CJ, Fitzgerald M (1986) Somatotopic organization of cutaneous affer-
ent terminals and dorsal horn neuronal receptive fields in the superficial
and deep laminae of the rat lumbar spinal cord. J Comp Neurol 251:517–
531.

Yang L, Michaels JA, Pruszynski JA, Scott SH (2011) Rapid motor responses
quickly integrate visuospatial task constraints. Exp Brain Res 211:231–
242.

Yoshino-Saito K, Nishimura Y, Oishi T, Isa T (2010) Quantitative inter-seg-
mental and inter-laminar comparison of corticospinal projections from
the forelimb area of the primary motor cortex of macaque monkeys.
Neuroscience 171:1164–1179.

3948 • J. Neurosci., May 13, 2020 • 40(20):3933–3948 Soteropoulos and Baker · Spinal Responses to Finger Perturbation

http://dx.doi.org/10.1007/BF02157948
http://dx.doi.org/10.1152/jn.1993.69.3.772
http://dx.doi.org/10.1007/s00221-004-2096-6
http://dx.doi.org/10.1093/brain/104.3.513
http://dx.doi.org/10.1113/jphysiol.1990.sp018228
http://dx.doi.org/10.1046/j.1460-9568.2000.00022.x
http://dx.doi.org/10.1016/j.neuron.2019.03.004
http://dx.doi.org/10.1126/science.160.3823.96
http://dx.doi.org/10.1007/s00221-009-2085-x
http://dx.doi.org/10.1007/BF00236604
http://dx.doi.org/10.1002/cne.902370405
http://dx.doi.org/10.1093/brain/105.2.223
http://dx.doi.org/10.1152/jn.00270.2014
http://dx.doi.org/10.1016/0006-8993(76)90986-0
http://dx.doi.org/10.3389/fnint.2014.00072
http://dx.doi.org/10.1152/jn.90262.2008
http://dx.doi.org/10.1152/jn.01052.2010
http://dx.doi.org/10.1523/JNEUROSCI.4520-13.2014
http://dx.doi.org/10.1038/44145
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-2-00109.xm
http://dx.doi.org/10.1152/jn.00491.2009
http://dx.doi.org/10.1093/brain/110.3.707
http://dx.doi.org/10.1152/jn.00342.2006
http://dx.doi.org/10.1152/jn.01189.2003
http://dx.doi.org/10.1152/jn.01381.2007
http://dx.doi.org/10.1093/cercor/bhr267
http://dx.doi.org/10.1152/jn.00236.2007
http://dx.doi.org/10.1113/jphysiol.2011.225169
http://dx.doi.org/10.1113/jphysiol.2007.145466
http://dx.doi.org/10.1523/JNEUROSCI.4297-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.4032-12.2013
http://dx.doi.org/10.1016/0304-3940(80)90213-X
http://dx.doi.org/10.1152/jn.90996.2008
http://dx.doi.org/10.1073/pnas.0913373107
http://dx.doi.org/10.1002/cne.902510407
http://dx.doi.org/10.1007/s00221-011-2674-3
http://dx.doi.org/10.1016/j.neuroscience.2010.10.007

	Long-latency Responses to a Mechanical Perturbation of the Index Finger Have a Spinal Component
	Introduction
	Materials and Methods
	Results
	Discussion


