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Activity of Spinal Interneurons during Forward and
Backward Locomotion
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Higher vertebrates are capable not only of forward but also backward and sideways locomotion. Also, single steps in different
directions are generated for postural corrections. While the networks responsible for the control of forward walking (FW)
have been studied in considerable detail, the networks controlling steps in other directions are mostly unknown. Here, to
characterize the operation of the spinal locomotor network during FW and backward walking (BW), we recorded the activity
of individual spinal interneurons from L4 to L6 during both FW and BW evoked by epidural stimulation (ES) of the spinal
cord at L5-L6 in decerebrate cats of either sex. Three groups of neurons were revealed. Group 1 (45%) had a similar phase
of modulation during both FW and BW. Group 2 (27%) changed the phase of modulation in the locomotor cycle depending
on the direction of locomotion. Group 3 neurons were modulated during FW only (Group 3a, 21%) or during BW only
(Group 3b, 7%). We suggest that Group 1 neurons belong to the network generating the vertical component of steps (the
limb elevation and lowering) because it should operate similarly during locomotion in any direction, while Groups 2 and 3
neurons belong to the networks controlling the direction of stepping. Results of this study provide new insights into the or-
ganization of the spinal locomotor circuits, advance our understanding of ES therapeutic effects, and can potentially be used
for the development of novel strategies for recuperation of impaired balance control, which requires the generation of correc-
tive steps in different directions.
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Animals and humans can perform locomotion in different directions in relation to the body axis (forward, backward, side-
ways). While the networks that control forward walking have been studied in considerable detail, the networks controlling
steps in other directions are unknown. Here, by recording the activity of the same spinal neurons during forward and back-
ward walking, we revealed three groups of neurons forming, respectively, the network operating similarly during stepping in
different directions, the network changing its operation with a change in the direction of stepping, and the network operating
only during locomotion in a specific direction. These networks presumably control different aspects of the step. The obtained
results provide new insights into the organization of the spinal locomotor networks. /
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Introduction

All vertebrates can control the direction of locomotor move-
ments relative to the front-to-rear body axis. Thus, in addition to
forward locomotion, which is the main form of locomotion for
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et al, 2003; Karayannidou et al., 2009; Hsu et al., 2017) and
FW locomotion (Musienko et al., 2014).

While the neural mechanisms responsible for the control of
forward locomotion have been studied in considerable detail (for
review, see Grillner, 1975; Grillner and Zangger, 1979; Orlovsky
et al,, 1999; Rossignol et al., 2006; Kiehn, 2016), our knowledge
about the neural mechanisms generating locomotion in other
directions is scarce (Deliagina et al., 2019). Although the com-
parison of the kinematics of forward walking (FW) and back-
ward walking (BW) in humans and animals has revealed
substantial differences (Thorstensson, 1986; Buford et al., 1990;
Eilam and Shefer, 1992; Ashley-Ross and Lauder, 1997; Vemula
et al,, 2019), the analysis of the muscle activity patterns revealed
similar basic flexor—extensor synergies (Pratt et al., 1996; Jansen
etal,, 2012; Zelik et al., 2014; Harnie et al., 2021). It has been sug-
gested that there are some common direction-independent neu-
ronal networks contributing to the generation of both FW and
BW.

It has been shown that BW can be evoked by electrical epidu-
ral stimulation (ES) of the spinal cord in decerebrate and spinal-
transected (spinal) subjects (Musienko et al., 2007; Courtine et
al., 2009; Shah et al., 2012), as well as by perineal stimulation in
spinal cats (Harnie et al,, 2021). Thus, not only basic FW but
also BW movements are generated by spinal networks.
Experiments on a split-belt treadmill demonstrated that, as
during FW (Forssberg et al., 1980; Frigon et al., 2017), the
stepping of each limb during BW is generated by a separate
network (Harnie et al., 2021; Lyakhovetskii et al., 2021).

Previously, we demonstrated that ES of certain sites of the spi-
nal cord can evoke stepping in any direction relative to the body
axis and the direction of locomotion is determined by the direc-
tion of treadmill belt motion, while on an unmovable surface, in-
place stepping is observed (Musienko et al., 2012). We suggested
that the locomotor system includes two principal mechanisms,
one generating a vertical component of the step (limb elevation
and lowering), and the other generating a horizontal component
(limb transfer from one extreme point to the other along the
direction of locomotion). The latter includes networks generat-
ing the horizontal component of the step in different directions.
It was also suggested that the same mechanisms generate a single
corrective step in a particular direction in response to sensory in-
formation signaling a distortion of balance or body configuration
(Hsu et al., 2017).

The vertical component of the step is generated during step-
ping in any direction, while the horizontal component is specific
to each direction. We hypothesize that individual neurons form-
ing the network generating the vertical component of the step
have the same phase of activity in the locomotor cycle during
walking in any direction, while the activity of neurons that are
elements of the networks generating the horizontal component
of the step is strongly modified with a change of stepping direc-
tion. The activity of individual spinal neurons during locomotion
in different directions has not been studied. Here, we test our hy-
pothesis by recording the activity of the same individual spinal
neurons during both FW and BW evoked by ES in decerebrate
cats. The obtained results support our hypothesis.

Materials and Methods

Experiments were conducted on four adult cats of either sex (weight
range, 2.5-4.0kg). All procedures were conducted in accordance with
protocols (#01a/2017 and #01a/2018) approved by the Animal Care
Committee of the Pavlov Institute of Physiology (St. Petersburg, Russia),
and adhered to the European Community Council Directive (2010/

J. Neurosci., April 27, 2022 - 42(17):3570-3586 « 3571

63EU) and the guidelines of the National Institutes of Health (Guide for
the Care and Use of Laboratory Animals).

Surgical procedures. The surgical procedures were similar to those in
our previous studies (Merkulyeva et al., 2018; Musienko et al., 2020).
The cats were deeply anesthetized with isoflurane (2-4%) delivered in
O,. For the induction of anesthesia, xylazine (0.5mg/kg, i.m.) was
injected. The level of anesthesia was monitored based on applying pres-
sure to a paw (to detect limb withdrawal), as well as by checking the size
and reactivity of the pupils. The trachea was cannulated, and the carotid
arteries were ligated. The animals were decerebrated at the precollicular-
postmammillary level. A laminectomy was performed between the L4
and L7 segments for ES and recording of neurons. The exposed dorsal
surface of the spinal cord was covered with warm paraffin oil. Bipolar
electromyographic (EMG) electrodes (0.2 mm flexible stainless steel
Teflon-insulated wires; catalog #AS632, Cooner Wire) were implanted
bilaterally into the m. gastrocnemius lateralis (Gast; ankle extensor, and
knee flexor) and m. tibialis anterior (Tib; ankle flexor), as described pre-
viously (Gerasimenko et al., 2009). Anesthesia was discontinued after
the surgical procedures. The experiments were started 2-3 h thereafter.

During the experiment, the rectal temperature and mean blood pres-
sure of the animals were continuously monitored. The rectal tempera-
ture was maintained at 37 * 0.5°C with the help of heat irradiation. The
blood pressure was kept at >80 mmHg. If needed, the injection of pred-
nisolone (3 mg/kg, i.m.) was performed to stabilize the arterial pressure
and to reduce brain swelling after decerebration.

Experimental design. The experimental design (Fig. 1A) was similar
to that used in our previous study (Musienko et al., 2020). The head, the
vertebral column, and the pelvis of the decerebrate cat were fixed in a
rigid frame. The forelimbs had no support, whereas the hindlimbs were
positioned on the treadmill with two separate belts (left and right) mov-
ing at the same speed (0.5 m/s) and below referred to as the “treadmill
belt.” The distance between the treadmill belt and the fixed pelvis was
21-25cm (depending on the animal size), which determined a hemi-
flexed limb configuration in the middle of stance typical for walking.
The treadmill belt was moving either backward or forward in relation to
the animal.

In each cat, locomotion was evoked by ES of the spinal cord
(Iwahara et al., 1992; Musienko et al., 2007, 2012; Gerasimenko et al.,
2009; Merkulyeva et al., 2018). The stimulation started 2-3 s after onset
of the treadmill belt motion. For ES, a ball electrode (d=0.5 mm) was
positioned on the dura mater in the middle of the dorsal surface of the
spinal cord at the L5-L6 level (Fig. 14, ES). A syringe needle in the dor-
sal muscles was used as a reference electrode for ES. The site of ES
stimulation that produced well coordinated FW and BW on the
treadmill belt moving backward and forward, respectively, was
used (Merkulyeva et al., 2018). We used the following parameters
of stimulation: bipolar square pulses, frequency, 5 Hz; pulse dura-
tion, 0.2-0.5 ms; current, 100-300 pA.

The left and right side views of the walking cat were recorded by two
video cameras (50 frames/s; model HDR-CX160E, Sony). In addition,
we recorded the anterior-posterior locomotor limb movements by
means of two custom-made mechanical sensors, one of which, Limb-L,
is shown in Figure 1A. The sensor consisted of a high-resolution variable
resistor, the axis of which was rotated by means of a long lever attached
to the limb.

Recording of neurons. In the present study, spinal neurons were
recorded extracellularly from the spinal segment L4-L6 by means of
commercially available multichannel electrode arrays (ME; Fig. 1A).
Each array consisted of a shaft with 32 Pt/Ir/Au electrode sites (A1x32-
10 mm-50-177; NeuroNexus). Each site surface area was 177 pm?> with
impedance of ~1 M() at 1 kHz. Electrode sites were distributed 50 pm
apart vertically. Thus, the recording length of the array was ~1.5 mm,
which allowed for simultaneous recordings of many individual neurons
from different areas of the gray matter. The array was mounted on an
electrode holder driven by a manual micromanipulator. To increase the
stability of the recording that is to prevent displacement of the nervous
tissue in relation to the recording electrodes caused by movements (e.g.,
locomotor, breathing), the exposed dorsal surface of the spinal cord was
covered with warm paraffin oil, the space between the dura mater and
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the walls of the spinal canal was filled with tis-
sue adhesive glue (Indermil X Fine, Henkel
Ireland Operations and Research Limited) in
the area of recording.

We attempted to explore systematically
the whole cross section of the gray matter
except for the areas of motor nuclei.
However, histologic verification of the array
track positions showed that while in L4 and
L6 segments the array track positions cov-
ered the whole cross section of the gray
matter, in the L5 spinal segment all array
tracks were positioned in the medial part of B
the gray matter. Recording of putative spi-
nal interneurons at the same position of the
array in the gray matter was performed dur-
ing the 7-10 s before the treadmill was
switched on (to reveal the spontaneous ac-
tivity of neurons), during FW evoked by ES
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Figure 1.

In addition, to estimate the possible contri-
bution of sensory feedback from the limb to the
locomotor modulation of a neuron, the major-
ity of neurons was recorded during passive
movements of the ipsilateral and passive move-
ments of the contralateral limb performed man-
ually along the FW and BW trajectory. For this
purpose, in the resting animal with no ES, one
of the hindlimbs was suspended while the other
one (held by the metatarsus) was moved for-
ward from the posterior extreme position (simi-
lar to that observed at the end of the stance
during FW) to the anterior extreme position
(similar to that observed at the end of swing during FW) where the limb
was landed (imitation of swing). Then the limb was moved backward to-
gether with the moving treadmill belt (imitation of stance). To move the
limb along the BW trajectory, the limb was moved backward from the
anterior extreme position (similar to that observed at the end of stance
during BW) to the posterior extreme position (similar to that observed
at the end of swing during BW) where the limb was landed (imitation of
swing). Then the limb was moved forward together with the moving
treadmill belt (imitation of stance). At each position of the electrode
array, neurons were recorded during 5-10 cycles of passive movements
along the FW trajectory and during 5-10 cycles of passive movements
along the BW trajectory performed by each of the hindlimbs.

To determine the approximate location of individual neurons
(recorded at a definite position of the array by a particular electrode site)
on the spinal cord cross section, the lateral and vertical coordinates of
the array tip were marked.

The signals from the electrode array (neuronal activity), EMG
electrodes, and mechanical sensors were amplified and digitized with
a sampling frequency of 24 kHz (neurons), 20 kHz (EMGs), and 5 kHz
(sensors). Neuronal activity was bandpass filtered in the ranges 2.2-
7500 Hz (Medusa preamplifiers, Tucker-Davis Technologies) and
300-6000 Hz (digital), and EMGs were filtered only on the
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Experimental design and comparison of FW and BW movements evoked by ES of the L5. 4, The head, vertebral
column, and pelvis of a decerebrate cat were fixed in a rigid frame (points of fixation are indicated by X). The hindlimbs
were positioned on the treadmill. Walking of the hindlimbs was evoked by the ES of the spinal cord. A change in the direc-
tion of locomotion from forward to backward was caused by a change in direction of the treadmill belt motion, respectively,
from backward to forward relative to the animal (indicated by arrows). Anterior/posterior movements of each limb were
recorded by mechanical sensors (only the left sensor, Limb-L, is shown). Neuronal activity was recorded by an ME. B, C,
Extreme positions of the left hindlimb during one forward (B) and backward (C) step cycle. Angles a4 and «p characterize
the extreme anterior and posterior paw positions in relation to the trunk, respectively. Angle A« characterizes the amplitude
of limb movements. Thick and thin arrows indicate directions of the treadmill belt movement and the foot movement during
swing, respectively. D, E, Comparison of characteristics of FW and BW evoked by ES (mean = SD). In D and E, N=3,n =
60; and N'=4, n =60, respectively. ***p < 0.001.

amplifier stage in the range 100-5000 Hz (model 1700 Differential
AC Amplifier, A-M Systems). These signals, together with the sig-
nals indicating the switching-on and switching-off of the tread-
mill and ES, were recorded on a computer disk using a data
acquisition system (RZ5 BioAmp Processor, Tucker-Davis Technologies).
For synchronization of the video recording with other recorded signals, syn-
chro pulses were used that were recorded by the acquisition system, and
produced light flashes recorded by video cameras.

Data analysis. The multiunit spike trains recorded by each electrode
were separated into unitary waveforms representing the activity of indi-
vidual neurons using the spike-sorting procedure in analysis software
(Spike2, Cambridge Electronic Design). The spikes with the same wave-
form were assumed to be generated by the same spinal neuron during
FW and BW (Fig. 2A,B,D). Only neurons with a stable spike shape and a
high signal-to-noise ratio were used for the analysis. Many neurons were
recorded simultaneously by several neighboring sites, which increased
the confidence of the spike sorting. An example of activity of nine neu-
rons simultaneously recorded during FW and BW, their positions on the
cross section of the gray matter, as well as waveforms of their spikes are
shown in Figure 2A-D, respectively.

Since the main kinematic difference that discriminates FW from BW
is the direction of the limb movement during stance and swing, we com-
pared activity of individual neurons in these two main phases of the FW
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Figure 2.  Activity of the same spinal neurons during FW and BW. A-D, Location of nine spinal neurons
(#1-9) recorded simultaneously by the multichannel electrode array on the left side of L6 (C), overdrawn
waveforms of their spikes extracted from the mass activity by spike-sorting procedure (D), as well as
their activity during FW and BW (A and B, respectively). Neuronal activity was recorded along with
movements of the left and right limbs (Limb-L and Limb-R), and EMGs of the left (L) and right (R) gas-
trocnemius and tibialis muscles (Gast-L, Gast-R, and Tib-L, Tib-R, respectively). The EMGs were rectified.
The EMG signals contained large responses to individual epidural stimuli. Swing phases of the left hind-
limb are highlighted. E-H, The rasters (E, G; for clarity, only 10 of 20-60 recorded cycles are shown)
and the histograms (F, H) of the activity of neuron #5 in the cycle of the ipsilateral hindlimb during FW
(E, F) and BW (G, H). The swing phase is highlighted. F, H, The violet lines show the best two-level rec-
tangular approximations of the histograms, with the burst period (top level indicating also the mean
burst frequency, Fyys) and interburst period (bottom level indicating also the mean interburst fre-
quency, Finer). The green lines show the mean cycle frequency (Fyqe).
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and BW cycle. The activity of the neurons was typi-
cally modulated with the locomotor rhythm (Fig. 24,
B). To characterize this modulation, a phase histogram
of neuronal activity in a step cycle was created.
Because of some variability in the duration and struc-
ture of step cycles within tests with locomotion in a
particular direction, as well as difference in the dura-
tion and structure of the step cycle in the tests with
FW and BW (Merkulyeva et al., 2018), we used dual-
referent phase analysis (Berkowitz and Stein, 1994);
that is, we normalized the swing and stance phase sep-
arately. The swing was normalized to the swing pro-
portion in the locomotor cycle averaged across all
episodes of FW and BW in all cats. The stance was
normalized correspondingly. Normalized swing and
stance constituted 30% and 70% of the locomotor
cycle, respectively. Such normalization ensured that
neuronal activity during a definite phase (swing or
stance) of FW was compared with the activity during
the same phase of BW or when these characteristics
were compared in different steps within the same test.

The spike time sequence of an individual neuron
was converted to the instantaneous rate versus time
and then to the instantaneous rate versus phase (300
points for the swing, 700 points for the stance). The
dependence of the instantaneous rate on the phase was
averaged over all steps of a given test. Then the histo-
gram was smoothed (sliding averaging, window width,
30 bins) to remove high-frequency noise. Examples of
the rasters and the resulting histograms are shown in
Figure 2E-H.

To evaluate the depth of step-related modulation
of neuronal activity, we used the best two-level rectan-
gular fit for the entire activity histogram (Zelenin et
al,, 2011); the upper and lower levels were defined as a
mean burst and interburst frequency, respectively (Fig.
2H; Zelenin et al., 2011). Also, for each neuron, the
mean cycle frequency (Fig. 2H) was calculated for the
entire activity histogram, and the mean frequency of
spontaneous activity (recorded before the treadmill
was switched on) was calculated.

The activity of neurons was considered modulated
if, first, the mean burst frequency was significantly dif-
ferent from the mean interburst frequency (Student’s
t test, p < 0.05) and, second, the pattern of modulation
in the majority of the locomotor cycles was consistent
(the Pearson’s correlation coefficient between the pro-
files of the activity in individual locomotor cycles and
in the entire activity histogram was >0.3 in >60% of
the locomotor cycles). These criteria were always
stricter than with Rayleigh’s test (p < 0.01). The coeffi-
cient of frequency modulation was defined as K04 =
(1 = Finter/Fourst) X 100%, where Fiyer and Fy . are
mean interburst and burst frequencies, respectively.

To reveal the mean and the variability of the activ-
ity phase of an individual neuron in the locomotor
cycle, the instantaneous frequency of the neuron ver-
sus the normalized phase of the locomotor cycle (see
above) was used. The best two-level rectangular fit for
instantaneous frequency of the neuron within each
individual step cycle was used to determine its burst
onset and burst offset phases in this cycle. Then the
mean * SD for the burst onset phase and for the burst
offset phase were calculated across all step cycles using
circular statistics methods (Batschelet, 1981).

To reveal groups of neurons with similar activity
phases during FW as well as during BW, we used a
modified version of the k-means method of cluster
analysis similar to the method used by Krouchev et al.
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(2006). For each neuron, its activity phases were presented in the 4D
space with the following coordinates: (1) the mean * SD burst onset
phase during FW; (2) the mean * SD burst offset phase during FW; (3)
the mean * SD burst onset phase during BW; and (4) the mean = SD
burst offset phase during BW.

We did not specify the number of clusters a priori. The clustering
procedure consisted of the following three stages: (1) ranking neurons
according to the stability of their activity; (2) primary clustering (“seed-
ing”) that produced an initial set of “raw” clusters; and (3) “refining” of
the” raw” clusters.

First, we ranked all neurons according to the stability of their activity
phase, reflected in SDs of the onset and offset phases, since we supposed
that neurons with stable phase of activity have larger contribution to
control of locomotor movements. For this purpose, we converted SDs
into “weights” by using the following formula, which is similar to a sig-
moid function: w=10/(1 + 900SD?). Thus, neurons with higher variabil-
ity (i.e,, neurons with unstable activity, and therefore a larger SD) had
lower weight of their phase, and vice versa. Then the integral stability of
the activity phase of the neuron during FW and BW (W) was calculated
as follows: W = (Wonew)” + (Wostrw)” + (Wonsw)” + (Wortsw)”, where
WonEws> WofiEw> Wonsw» and wogpw were the weights of the onset and off-
set phases during FW and BW, respectively. Then, all neurons in the list
were ranked according to their W.

For primary clustering, the point in the 4D space corresponding to
the first neuron in the ranked list (characterizing the onset and offset of
the neuron during FW and BW) was considered as the first cluster.
Then points of other neurons were compared one by one with already
existing clusters. Closeness or remoteness of a point from the centers of
the existing clusters was characterized by the following two parameters:
Euclidian distance (D) and Z-distance (Z). If at least one of these distan-
ces exceeded the threshold level (D > 0.3 or Z > 5) the point gave rise
to a new cluster. If the point was close to one or several clusters (D < 0.3
and Z < 5), it was merged with the cluster for which D was minimal.
For this expanded cluster, its center was recalculated. The center of the
cluster (i.e., the average onset and offset phases during FW and BW for
neurons composing the cluster) was calculated by using the weighted av-
erage for a phase of onset (®°") or offset (D°): ® = Z(we)/Zw, while
the weighted average SD was calculated by the following formula: SD =
2 (wSD)/Zw.

The set of clusters obtained during the primary (seeding) clustering
was used to resort the points with a refining procedure, similar to seed-
ing but by using stricter criteria, as follows: the point was considered far
from the center of the cluster if D > 0.15 or Z > 4. In such a case, it was
considered to be “assorted” (added to cluster 0). If the point was close to
one or several clusters (D < 0.15 and Z < 4), it was merged with the clus-
ter for which D was minimal. This resorting was repeatedly applied to
the entire ranked list of neurons until convergence to the final set of
clusters.

In addition, for each cluster the midburst phase @™ during a partic-
ular direction of locomotion (FW or BW) was calculated as ®™¢ =
(@™ + ®°%)/2. For an individual cluster, the difference between the
midburst phases observed during FW and BW was used to categorize
this cluster as a cluster with similar or different phases of activity during
FW and BW.

To reveal the possible contribution of movement-related sensory
inputs from the ipsilateral and the contralateral hindlimb to the modula-
tion of individual neurons during FW and BW, a part of the neurons
was recorded during both passive movements of the ipsilateral hindlimb
and during passive movements of the contralateral hindlimb performed
along both the FW and BW trajectories. For neurons that were modu-
lated by passive movements of the limbs, we tried to assess a possible
contribution of this sensory-produced modulation to their modulation
during FW and BW. For this purpose, for each neuron that was modu-
lated by passive movements performed by either hindlimb, first, we
compared the phase of its modulation in the cycle of the ipsilateral limb
movement with that observed in the cycle of the contralateral limb
movement. If the neuron had the same phase of modulation in the cycle
of the ipsilateral and in the cycle of the contralateral limb movement
along FW as well as BW trajectories, the sensory inputs from the limbs
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cannot explain the locomotor modulation of these neurons since during
both FW and BW the hindlimbs moved in antiphase. If the neuron had
either opposite phases of modulation in the cycles of ipsilateral and con-
tralateral limb movement (e.g., in the middle of the stance during ipsilat-
eral limb movement and in the swing during contralateral limb
movement, or at the end of the stance during ipsilateral limb movement
and at the beginning of stance during contralateral limb movement),
such a neuron received complementary sensory inputs from the two
limbs, which could potentially contribute to locomotor modulation of
these neurons. Second, to find out whether it was the case, we compared
the phase of the modulation of these neurons in the cycle of the ipsilat-
eral limb during locomotion in a particular direction with that observed
during passive movements of the ipsilateral limb along the locomotor
trajectory in the same direction. If the neuron with complementary sen-
sory inputs had the phase of modulation similar under the two condi-
tions, it was suggested that modulation of this neuron during
locomotion can be explained by sensory feedback from the hindlimbs. If
the phases of modulation largely overlapped under the two conditions
(the phase of the burst in one of the conditions was within the phase of
the burst observed in another condition; Musienko et al., 2020), it was
suggested that sensory feedback from the hindlimbs can potentially con-
tribute to modulation of these neurons during locomotion. Finally, if the
phases of modulation under the two conditions were different, it was
suggested that locomotor modulation of this neuron cannot be explained
by sensory feedback from the limb. For neurons that were modulated by
passive movements of one hindlimb only, the similar procedure was
used to reveal the possible contribution of sensory feedback to locomo-
tor modulation. However, the phase of modulation during passive move-
ments of the limb was compared with the phase of modulation in the
cycle of the same limb during locomotion.

To characterize quantitatively the difference in the limb movement
in relation to the trunk during FW and BW, we connected the hip with
the tip of the paw at the extreme anterior and posterior limb positions in
stance by lines and calculated angles between the pelvis and these lines
(Fig. 1B,C, angles aa, ap, respectively). To evaluate the magnitude of
limb oscillations, the angle between the extreme anterior and posterior
limb positions (Fig. 1B, angle A = ap—a,) was calculated. In each cat,
the steps recorded in sequential FW and BW episodes were used. Then,
we averaged a particular parameter across steps obtained in all cats dur-
ing FW and BW.

Statistical analyses. All quantitative data in this study are presented
as the mean = SD. Paired Student’s t test (two tailed) was used for pair-
wise comparisons. Welch’s ¢ test (two tailed) was used to characterize
the statistical significance when comparing different means. To evaluate
the statistical significance of difference in percentages of different types
of modulated neurons recorded in L4, L5, and in L6, we used Pearson’s
X’ test. To compare a sample with a reference probability distribution or
to compare two samples, we used a one-sample or two-sample
Kolmogorov-Smirnov test, respectively. The significance level for all
tests was set at p=0.05.

Histologic procedures. At the termination of the experiments, the cats
were deeply anesthetized with isoflurane (5%) and then perfused trans-
cardially with isotonic saline followed by 4% paraformaldehyde solution,
which caused death. The L4 and L6 spinal segments were removed from
the spine and stored in 20% and 30% sucrose until they sank. Then,
regions of segments containing the recording sites were cut on a freezing
microtome into 50 um frontal sections. The sections were collected in
0.1 M PBS, pH 7.4, and then stained with cresyl violet. The positions of
the array in the spinal cord were verified by observation of the array
tracks. The positions of the recording sites were estimated in relation to
the array track position.

Results

Forward and backward locomotor movements evoked by ES
Examples of the FW and BW evoked by ES in the same cat are
shown in Figure 2, A and B, respectively. In both cases, the right
and left hindlimbs were stepping in antiphase. The EMG pat-
terns were also similar in these two cases: the ankle extensor
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Table 1. Neurons recorded in individual cats

Active

Modulated Nonmodulated Inactive Total (n)
Cat #1 (L4) 54 6 3 63
Cat #2 (L5) 107 17 8 132
(at #3 (L6) 24 0 2 26
Cat #4 (L6) 158 46 1 215
Total (n) 343 69 24 436
Total (%) 79 16 5 100

Modulated, Neurons modulated during FW and/or BW; Nonmodulated, neurons that were active but nonmo-
dulated during both FW and BW; Inactive, neurons that had a mean cycle frequency <<1Hz. The spinal seg-

ment in which neurons were recorded in a particular cat is indicated in parentheses by italic.

A

Group 1a Group 1b Group 2a

Group 2b
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(Gast) was active during the stance phase of the limb, and
the flexor (Tib) was active during the swing phase. The
EMG signals during ES-evoked locomotion contained large
short-latency responses to stimulating pulses coming at a
frequency of 5 Hz (Fig. 2A,B). These general features of the
two locomotor patterns were similar in all studied cats; they
were also similar to those described in previous studies
(Iwahara et al., 1992; Musienko et al., 2012; Merkulyeva et
al., 2018).

However, the structure of the locomotor cycle, as well as the
kinematics of locomotor movements during FW and BW, were
different. As shown in Figure 1E, during BW the cycle duration
was longer [mean * SD, 1.09 = 0.28 s (N=4,
N, = 60) vs 0.88 = 0.11 s (N=4, ng, = 60),
Welch’s ¢ test, ;) = —5.35, p=8.6 X 1077

P st
@00 © @D

compared with FW, and the swing proportion
was a smaller [mean * SD, 0.28 + 0.07
(N=4, n, = 60) vs 0.37 = 0.04 (N=4, ng, =
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0 60) fraction of cycle; Welch's ¢ test, t(og) = 8.33,
p=51x10""].
The limb performed stepping at a more

rostral position in relation to the trunk during

BW than during FW (the values of angles a4
and ap were 71 * 6° and 94 =+ 10° vs 89 = 7°
and 129 *2° respectively; Welch’s ¢ test,
ta1s) = 14.81 and t41) = 41.37, p=1.1 x 10~
and p=4.3x 107 respectively; Fig. 1D).
Correspondingly, the magnitude of limb oscil-
lations during BW locomotion was signifi-
cantly smaller than that during FW (the value
of A angle was 18 = 5° vs 35 9% ¢ test,
ta1s = 12,58, p=1.6 x 10~ Fig. 1D).

These results are similar to those
described previously (Musienko et al., 2012,
2020; Merkulyeva et al., 2018). However, it
should be noted that the kinematics of FW
and BW caused by ES differ, to some extent,
from those observed in intact cats (Buford
Y et al., 1990; Buford and Smith, 1990). It was

Group 13 ———

demonstrated that the kinematics of the
hindlimb FW movements depended on the
rostrocaudal position of the epidural elec-
trode and that ES of the rostral and caudal
segments of the lumbosacral enlargement
causes FW, with predominance in the activ-
ity of flexors and extensors, respectively
(Merkulyeva et al., 2018). Since in the rostral
and caudal segments of the lumbosacral
enlargement, motoneuronal pools of flexor
and extensor muscles prevail, respectively
(Vanderhorst and Holstege, 1997), it has
been suggested that ES of a specific segment
not only activates locomotor networks gen-

»
|«

<«—— Group 1b

-0.5 0

T
0.5

|<— Locomotor cycle —>|

Figure 3.

in circles are cluster numbers.

Phase characteristics of neurons. A, The phase shift between the middle points of average bursts of individual
clusters in the normalized FW and BW cycles. According to the value of the phase shift, all clusters can be combined into
the following four populations: Group 1a, Group b, Group 2a and Group 2b. B, Phase distribution of bursts of individual
Group 1 swing neurons in normalized FW/BW locomotor cycle. Bursts of individual neurons during FW and BW are indi-
cated by adjacent red and blue lines, respectively. Activity of the same neurons in neighboring cycles is indicated by the
corresponding pale colors. The mean bursts of individual clusters during FW and BW with the middle point indicated
(circles) are shown by thick purple and violet lines. Neurons of different clusters are demarcated by dotted lines. Numbers

erating FW but also increases the level of
excitability of motoneurons located in the
stimulated and neighboring segments. In
addition, the differences in the kinematics
of BW could be caused by differences in the
body configuration in which BW was per-
formed. In our study, BW was performed
with the spine fixed in a straight configura-
tion that allowed us to record neuronal ac-
tivity, while an intact cat performs BW with

1.0
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flexion of the lumbar spine (Buford et al., 1990).

Characterization of neuronal database

Altogether, the activity of 436 individual spinal neurons was
extracted from the multiunit spike trains recorded by the elec-
trode array in the four cats, including 63, 132, and 241 neurons
recorded in the L4, L5, and L6 spinal segments, respectively
(Table 1). Of all the recorded neurons, rather few (5%) were
“inactive” (i.e., they had a mean cycle frequency of <1Hz, and
thus, their contribution to the control of locomotion was very
weak) or active but nonmodulated (16%; see criteria for modulation
in Materials and Methods) during both FW and BW (Table 1). The
majority of neurons (~86% from L4, ~81% from L5, and ~76%
from L6) were active and modulated during FW and/or BW. Only
these neurons were used for further analysis.

Classification of modulated neurons

Two hundred forty-five of 343 modulated neurons (~71%)
exhibited modulation during both FW and BW. Each of the four
phase parameters (FW onset, FW offset, BW onset, and BW off-
set phases) was distributed along the entire locomotor cycle.
Continuous shifts in the active set of spinal interneurons during
changes in locomotor speed were demonstrated in the larval
zebrafish (McLean et al., 2007, 2008). Similarly, one could
hypothesize that there was no discrete activation of different neu-
ronal groups or populations in our dataset and that, instead, it
represented a uniform, random distribution of activities. This
hypothesis was rejected with the one-sample Kolmogorov-
Smirnov test that compared a distribution of each of the four pa-
rameters (FW onset, FW offset, BW onset, and BW offset phases)
with a uniform distribution (the corresponding significance lev-
els were p=8x10">° 6x 107>, 6x 107>, and 6x 10™%,
respectively).

To reveal subgroups of neurons with similar burst positions
in the locomotor cycle during FW, as well as similar burst posi-
tions in the locomotor cycle during BW, these neurons were sub-
jected to clustering (see Materials and Methods). One hundred
seventy-nine neurons fell into 22 clusters. In 66 neurons, combi-
nations of activity phases during FW and BW were unique, and
we termed these “cluster #0”.

To ensure that our “cluster” representation did not signifi-
cantly distort the experimental data, we used the two-sample
Kolmogorov-Smirnov test. For each of the four phase parame-
ters (FW onset, FW offset, BW onset, and BW offset phases), we
compared the experimentally obtained distribution with a distri-
bution in which the phase of each neuron was replaced by the
mean phase of a cluster to which the neuron belonged. We found
that the difference was not statistically significant (p =0.33, 0.08,
0.47, and 0.13, respectively). Moreover, if each of the four phase
parameters (FW onset, FW offset, BW onset, and BW offset
phases) for a neuron was replaced not by the mean phase of its
cluster but by a random value from a Gaussian distribution with
the mean and SD of its cluster, then the corresponding signifi-
cance levels were p=0.98, 0.99, 0.99, and 0.94, respectively.
Therefore, we concluded that the presentation of the experimen-
tal data as a sample from a set of 22 clusters was adequate.

To reveal clusters with similar and different phases of activity
during FW and BW, for each cluster, the difference between the
midburst phases (the phase shift) during FW and BW was calcu-
lated. We applied hierarchical cluster analysis to the values of the
phase shifts using the Ward (1963) variance minimization
method. The elbow method (Thorndike, 1953) suggested the
presence of two main groups (Figure 34, Group 1 and Group 2).

Musienko et al.  Networks Generating Forward and Backward Walking

Table 2. Different types of modulated neurons recorded in individual cats

Gat#1 (L4  Cat#2(L5) Cat#3(L6) Cat#4 (L6)  Total

Group 1 16 (30%) 53 (51%) 6 (30%) 70 (47%) 145 (45%)
Group Ta 6 21 2 34 63
Group 1b 10 32 4 36 82

Group 2 16 (30%) 17 (17%) 7 (35%) 42 (28%) 82 (25%)
Group2a 12 12 3 23 50
Group2b 4 5 4 19 32

Group 3 21 (40%) 33 (32%) 7 (35%) 37 (25%) 98 (30%)
Group3a 12 30 7 26 75
Group3b 9 3 0 n 23

Total 53 103 20 149 325 (100%)

Number of neurons in groups and subgroups recorded in individual animals is indicated. Percentage of neu-
rons constituting individual groups in individual animals as well as in all animals is indicated in parentheses.
Eighteen modulated neurons did not belong to any group and were not included in the analysis.

Each of these two groups consisted of two smaller groups (Figure
3A, Group 1a, Group 1b, Group 2a, and Group 2b).

Group 1 contained clusters with small phase shifts (up to 15%
of the cycle), while Group 2 contained clusters with substantial
phase shifts (between 21% and 47% of the cycle). Group 1la con-
tained clusters (#1, #2, #4, #8, and #9) with almost the same mid-
burst position in the FW and BW locomotor cycles (the phase
shift from 0% to 4% of the cycle), and Group 1b contained clus-
ters (#11-13, 16-18) with relatively small phase shifts (from 7%
to15% of the cycle). Group 2a contained clusters (#3, 5-7, 15, 20)
with substantial phase shifts (from 21% to 30% of the cycle), and
Group 2b contained clusters (#10, #12, #19, #21, and #22) with
burst middles located in almost opposite phases of the locomotor
cycle during FW and BW (phase shifts from 39% to 47% of the
cycle). Forty-six neurons from cluster #0 were assigned to Group
1 or Group 2 subgroups according to the value of their midburst
phase shift in the FW and BW cycle. Eighteen neurons of cluster
#0 fell into neither Group 1 nor Group 2 and were not further
considered.

Ninety-eight of 325 modulated neurons (30%) exhibited
modulation only during locomotion in one direction. Seventy-
five neurons (22%) were modulated during FW only and 23 neu-
rons (7%) were modulated during BW only (Table 2). They
formed Group 3a and Group 3b, respectively. Neurons from
Groups 1-3 were found in all cats (Table 2), except for Cat #3, in
which Group 3b neurons were not found, most likely because of
the small number of neurons (1 =26; Table 1) recorded in this
cat.

Activity phases of Group 1-3 neurons during FW and BW
Group 1 neurons

According to the midburst phases of the clusters in the FW/BW
normalized cycle (see Materials and Methods for the details), we
divided all clusters forming Group 1a and Group 1b into “swing”
and “stance” clusters. The mean midbursts of the swing clusters
(Fig. 3B, white circles on crimson and violet lines; the lines show
the mean cluster bursts) were located within the swing phase and
at the transition from stance to swing or from swing to stance,
while the mean midbursts of the stance clusters were located
within the stance phase (Fig. 4).

The swing clusters (#1, #2, and #9) and stance clusters (#8
and #4), which belonged to Group 1a, contained neurons with
similar phases of activity during both FW and BW (Figs. 3B, 4,
adjacent red and blue lines, respectively), while the neurons
forming Group 1b swing clusters (#13 and #18; Fig, 3B) and
Group 1b stance clusters (#17, #14, #11, and #16; Fig. 4) had a
noticeable phase shift between burst onsets during FW and BW
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Figure 4. Phase distribution of bursts of individual Group 1 stance neurons in normalized FW/BW cycle.

Abbreviations are as in Figure 3.
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locomotion. One can also see that phases of ac-
tivity of swing clusters as well as phases of activ-
ity of stance clusters differed to some extent.
Among the nine individual neurons shown in
Figure 2, A and B, neurons #5 and #6 belonged
to Group 1b stance and Group la swing popula-
tions, respectively.

Group 2 neurons

Figure 5 shows the phases of activity of individ-
ual Group 2a and Group 2b neurons during FW
and BW locomotion. Each neuron in the Group
2a clusters had a long burst of activity during
locomotion in one direction and a short burst of
activity during locomotion in the opposite direc-
tion. A relatively small shift in the phase of the
burst onsets led to a substantial overlap in the
phases of activity during FW and BW locomo-
tion in the majority of Group 2a neurons.
Neurons forming clusters #20 and #7 generated
a long burst during BW and a short burst during
FW. By contrast, the neurons of clusters #6, #5,
and #3 generated a long burst during FW and a
short burst during BW. However, the phases of
activity of clusters #20 and #7, as well as the
phases of activity of clusters #6, #5, and #3 were
noticeably different.

In general, Group 2b neurons generated a
burst of activity in the opposite phases of the
locomotor cycle during FW and BW. Thus, neu-
rons forming clusters #19, #21, and #10, on aver-
age, were active in swing during FW locomotion
and in stance during BW. By contrast, cluster
#12 and #22 neurons were active mainly in
stance during FW and in swing during BW.
However, the phases of activity of clusters #19,
#21, and #10, as well as the phases of activity of
clusters #12 and #22 differed to some extent.
Among the nine individual neurons shown in
Figure 2, A and B, neurons #1 and #9 belonged
to Group 2a and Group 2b, respectively.

Group 3 neurons

Figure 6, A and B, shows the phases of activity of
individual Group 3a neurons during FW (Fig. 6A)
and Group 3b neurons during BW (Fig. 6B). Both
populations contained neurons with relatively
short bursts of activity (occupying less than a half
of the locomotor cycle), as well as neurons with
long bursts of activity (occupying more than a half
of the locomotor cycle), which are shown sepa-
rately in the top and bottom parts in Figure 6, A
and B, respectively. The phases of activity of the
neurons with short and long bursts in both Group
3a and Group 3b were evenly distributed across
the locomotor cycle (Figure 6A,B, respectively).
Among the nine individual neurons shown in
Figure 2, A and B, neurons #2 and #8 belonged to
Group 3a.

Stability of modulation

We supposed that spinal neurons that are crit-
ically important for the control of locomotor
movements in a particular direction should have
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“stable” modulation. That is, they should
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l<—Swing Swing—>;

have a small dispersion of the burst phase in A
the sequential locomotor cycles and the pro-
file of their activity in individual locomotor
cycles should be consistent. We used the
same criteria for the stability of modulation as
in the previous study (Musienko et al., 2020).
(1) The SD of burst onset and/or burst offset
should not be >0.1 part of the locomotor
cycle (0.1 was close to the median value for all
observed SDs; also, 0.1 comprised 30% of the
swing phase and <20% of the stance phase;
therefore an onset/offset phase with SD < 0.1
could be considered as rather precisely bound
to a particular phase of the locomotor cycle).
We accepted the stability of only one edge of
the burst because a subset of the recorded
neurons had a ramp-up or ramp-down burst
shape, with stable burst offset and burst onset
phases, respectively. (2) The average correla-
tion coefficient between the profiles of the ac-
tivity in individual locomotor cycles and in
the entire activity histogram should not be
<C0.6 to ensure a consistent profile of activity
in different cycles. According to these criteria,
all modulated neurons were divided into the
following four types: neurons with stable
modulation during both FW and BW (“FW/
BW-stable neurons”), neurons exhibiting sta-
ble modulation during FW only (“FW-stable

Group 2a

— -
—— -

neurons”), neurons exhibiting stable modula-
tion during BW only (“BW-stable neurons”),
and neurons that had unstable modulation
during both FW and BW (“unstable neu-
rons”). Among the nine individual neurons
shown in Figure 2, A and B, neurons #1 and
#4-6 were FW/BW-stable, while neurons #2,
#3, and #8 were FW-stable. Neuron #9 was an
unstable neuron.

As one can see in Figure 7A, the propor-
tion of FW/BW-stable neurons in Group la
was significantly higher than that in Groups
1b, 2a, and 2b (respectively, 43% vs 27%, 22%,
and 19%; x” test, p=0.04, p=0.02, and p=
0.02). In Groups la, 1b, and 2a, the propor-
tions of FW-stable neurons were similar and
more than twofold higher than in Group 2b
(22%, 30%, and 36% vs 9%, respectively). By
contrast, the proportion of BW-stable neu-
rons was substantially higher in Group 2b Y

Group 2b

compared with Groups 1a, 1b, and 2a (22%
vs 6%, 15%, and 12%). The differences in
the relative number of FW-stable neurons
between Group 2a and Group 2b, as well as
the relative number of BW-stable neurons
between Group 2b and Group la were statis-
tically significant (x* test, p=0.007 and p=
0.03, respectively). Finally, the proportion of unstable neurons
was the highest in Group 2b (50% in Group 2 vs 29%, 25%, and
30% in Group la, 1b, and 2a, respectively). The differences
between the relative number of unstable neurons in Group 2b
and Group 1a, as well as in Group 2b and Group 1b, were statis-
tically significant (x> test, p=0.04 and p = 0.03, respectively). In

Figure 5.
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T
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Phase distribution of bursts of individual Group 2a and Group 2b neurons in normalized FW/BW cycle.
Abbreviations are as in Figure 3B.

Group 3a and Group 3b, more than half of neurons were FW-
stable (53%) and BW-stable (58%), respectively. The majority of
clusters constituting Groups 1 and 2 contained FW/BW-stable,
FW-stable, BW-stable, and unstable neurons.

However, it should be noted that the proportions of stable
neurons in Groups 1-3 revealed in the present study, were most
likely underestimated because most neurons modulated during ES-
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A <— Swing—>j¢<—— Stance ———> were, thus, considered putative inter-

A _— | neurons. The neurons of different
—— groups were intermixed.

] Group 1-3 neurons were not

— evenly distributed in the L4-L6 seg-

==I ments (Fig. 7B). Thus, Group 1 neu-

———— "I rons dominated and constituted about

— half of all recorded neurons in L5 and

L6 (51% and 45%, respectively). The

difference in the relative number of
Group 1 neurons recorded in L4 and L5

was statistically significant (30% vs

51%; x> test, p=0.01). Although the

proportion of Group 3 neurons was

slightly higher in L4 (40%) compared

Group 3a

: with that in L5 (32%) and L6 (27%), the
difference was insignificant. The pro-
portion of Group 2 neurons in L5 was
substantially lower than that in L4 and
L6 (17% vs 30% and 29%, respectively).
The difference in the relative number

of Group 2 neurons recorded in L5 and

L4 was statistically significant (x> test,

p=0.047).

The specific populations of neurons

<€

within each of three groups were also not
L evenly distributed in the L4-L6 segments

B k— Swing —>«——  — Stance ——— )

0 05
j¢—— Locomotor cycle

(Fig. 7B). Thus, while similar proportions
of Group la and Group 1b swing neu-
rons were recorded in L5 and L6 seg-
ments, in the L4 segment, Group 1b
swing neurons were absent. The propor-

I I
1

tion of Group 1 stance neurons did not
differ significantly from the proportion

of Group 1 swing neurons in L5 (31% vs
21%; x° test, p=0.08), but in L4 and L6,

the proportion of Group 1 stance neu-

rons was significantly higher than that in

Group 1 swing neurons (23% vs 8% and

29% vs 15%, respectively; x? test, p=0.03

<— Group 3b —»

and p=0.002, respectively). Within the

1
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Figure 6.

and “long” bursts of activity are shown separately.

evoked locomotion respond to individual ES stimulus (Deliagina
et al, 2017), which affects the stability of their modulation.
We demonstrated that a substantial proportion of individual spinal
neurons exhibiting stable modulation during FW evoked by supra-
spinal commands showed unstable modulation during ES-evoked
FW (Musienko et al., 2020).

Distribution of Groups 1-3 neurons in the spinal cord

Figure 8A-D shows the location of individual neurons from dif-
ferent populations of Groups 1-3 recorded in L4, L5, and L6 on
the corresponding cross sections of the spinal cord. One can
see that most of these neurons were recorded in the inter-
mediate and ventral parts of the gray matter outside the
area of motor nuclei (Vanderhorst and Holstege, 1997), and

Phase distribution of Group 3 neurons. A, B, Distribution of bursts of individual Group 3a () and Group 3b (B)
neurons in normalized FW/BW cycle, respectively. Abbreviations are as in Figure 3B. Phase distribution of neurons with “short”

1.0  Group 1 stance population, the propor-
tion of Group la stance neurons in L6
was similar to that in L5 (14% and 10%,
respectively), but it was significantly
lower than that in L4 (14% vs 4%; x°
test, p=0.04). The relative number of
Group 2b neurons recorded in L5 was
similar to that in L4 (5% and 7%, respec-
tively), but it was significantly lower than that recorded in L6
(5% vs 14%; x” test, p=0.02). Finally, the highest proportion of
Group 3b neurons was recorded in L4 (17% vs 3% and 7% in L5
and L6, respectively; y? test, p=0.002 and p = 0.02, respectively).

Activity levels of neurons in Groups 1-3 during FW and BW
Figure 9A-E compares various activity characteristics [the mean
*+ SD values of spontaneous activity (Fig. 9A4), cycle frequency
(Fig. 9B), burst frequency (Fig. 9C), interburst frequency (Fig.
9D), and coefficient of modulation (Fig. 9E)] during FW and
BW for different populations of Groups 1-3. Neurons in Group
2a and Group 2b were pooled since the levels of spontaneous ac-
tivity and all parameters of activity during FW, as well as during
BW, were similar.
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In general, the mean values of spontane- A 100-
ous activity as well as the mean values of cycle
frequency, burst, and interburst frequency 80
during FW, were similar in most populations 2 iihstabie
of Group 1-3 neurons. Also, in most popula- S 60 BW-stable
tions, the activity parameters during FW did 2 F\W-stable
not differ significantly from those during “CZ 40 B FW/BW.stable
BW. However, there were a few exceptions. 2
Thus, the mean value of spontaneous activity 207
(Fig. 9A) in Group 3b neurons was almost 0
fivefold lower compared with those in Group Gr1a Gr1b Gr2a Gr2b Gr3a Gr3b
1 (1.26 = 2.48 vs 7.05 = 8.54 Hz; unpaired ¢
test, 125 = 6.64, p=8.5x 10~'%), Group 2 B
(1.26 £2.48 vs 6.22*=7.58Hz; unpaired t B 100 BGr3a
test, f(103) = 5.07, p=1.8 10~), and Group BGr2o
3a neurons (1.26 + 2.48 vs 6.69 * 10.79 Hz; 20| BWGraa
unpaired f test, o = 4.04, p=0.0001). The S Gr 1b-stance
value of the mean interburst frequency (Fig. g 60 ] B Gr 1a-stance
9D) in Group la swing neurons during BW o 40 Gr 1b-swing

. . o H 3

was twofold higher than that during FW ° E : B Gr 1a-swing
(respectively, 15.19 + 17.82 vs 6.48 = 7.68 Hz; -
paired t test, f,s) = —3.80, p=7.9 x 10°%) F 3

and twofold higher than that in Group 3b
neurons (15.19*17.82 vs 7.31 = 8.35Hz;
unpaired t test, 35 = —2.06, p=0.046).
Small but significant differences were
also found between the mean burst fre-
quencies (Fig. 9C) in Group la swing neu-
rons and Group la stance neurons during
BW locomotion (respectively, 41.21 %
28.86 vs 28.75 = 15.00 Hz; unpaired ¢ test,
tzs) = 2.05, p=0.048), in Group la swing neurons and
Group 3a neurons during FW (respectively, 26.96 *20.13
vs 38.18 = 24.44 Hz; unpaired t test, t39) = —2.14, p=0.04),
in Group 1b swing neurons during FW and BW (respec-
tively, 35.25 = 21.10 vs 30.72 * 20.40 Hz; paired ¢ test, (23,
=2.20, p=0.04), as well as between the mean interburst fre-
quencies (Fig. 9D) during BW in Group 2 and Group 3b
neurons (respectively, 12.50 *=12.27 vs 7.31 *=8.36 Hz;
unpaired t test, t(s5) = —2.38, p=0.02).

In contrast to the parameters of activity considered above,
which were similar during FW and BW in most populations of
Group 1-3 neurons, the value of the coefficient of modulation
(Fig. 9E) in the majority of Group 1-3 populations was signifi-
cantly decreased during BW compared with that during FW
[respectively: 69 + 21% vs 85 £ 12% in Group la swing popula-
tion (paired t test, t,) = 5.41, p = 1.13 x 10 °); 62 = 20% Vs
74+ 19% in Group la stance population (paired t test, t(;0) =
2.67, p=0.0095); 70 = 19% vs 77 = 18% in Group 1b stance pop-
ulation (paired t test, f;14 = 2.08, p=0.04); 66+ 19% vs
71*+20% in Group 2 neurons (paired t test, ;) = 2.29,
p=0.02)]. Also, during FW, the coefficient of modulation in
Group la swing neurons was significantly higher than that in
each of other populations of Group 1-3 neurons [85 * 12% vs
67 = 23% in Group 1b swing neurons, 74 = 19% in Group la
stance neurons, 77 =18% in Group 1b stance neurons,
71 x£20% in Group 2 neurons, 74 = 20% in Group 3a neurons;
unpaired ¢ test, respectively: ts) = 3.41, p= 0.002; tp) = 2.68,
p=0.0095 trg) = 240, p=0.02; tir1) = 442, p=34X 1077 f7g) =
3.35, p=0.001) while during BW, a significant difference was found
only between the values of the coefficient of modulation in Group
3b and Group la stance neurons (74 = 19% vs 62 £ 20%; unpaired
£ test, fso) = 2.29, p=0.03).

Figure 7.

Group.

Distribution of different populations of Group 1-3 neurons in L4—L6 and the stability of their modulation
during FW and BW. A, Relative number of FW/BW-stable, FW-stable, BW-stable, and unstable neurons within different
populations of Group 1-3 neurons. B, Proportion of different populations in Group 1-3 neurons recorded in L4, L5, and
L6. In B, Group 1, Group 2, and Group 3 are outlined by dotted red, dotted black, and solid black lines, respectively. Gr,

The characteristics of activity in Group 1-3 neurons during
FW were similar to those during ES-evoked FW reported in our
previous study (Musienko et al., 2020).

Contribution of sensory feedback observed in a quiescent
state to the modulation of individual Group 1-3 neurons
during FW and BW

Although changes in the processing of specific types of afferent
signals from the limbs during FW compared with that in the qui-
escent state have been demonstrated (Duysens and Pearson,
1980; Conway et al., 1987; Shefchyk et al., 1990; Gossard et al.,
1994; McCrea, 1998; Quevedo et al., 1998; Angel et al., 2005),
one cannot exclude the existence of a neuronal population the
modulation of which is determined by sensory feedback,
with processing similar to that observed in a quiescent state.
To reveal such neurons, more than half of Group 1-3 neu-
rons (n=91, 22, 14, 47, and 14 from Group 1, Group 2a,
Group 2b, Group 3a, and Group 3b, respectively) were
recorded during both passive movements of the ipsilateral
hindlimb and passive movements of the contralateral hind-
limb performed along both the FW and BW trajectories (see
Materials and Methods). We did not find substantial differ-
ences between data related to different populations of
Group 1 neurons, and they were therefore pooled.

Figure 10A-D shows the relative number of neurons with dif-
ferent responses to passive limb movements in different popula-
tions of Group 1-3 neurons. One can see that, in each
population, the overwhelming majority of neurons was modu-
lated by movements of at least one of the hindlimbs along the
FW trajectory, as well as along the BW trajectory (Fig. 10, Ip- &
Co-, Ip-, Co-). Also, in Group 1, Group 2a, Group 2b, and
Group 3a, the relative number of neurons modulated by move-
ments of the ipsilateral limb and the contralateral limb (Fig. 10,
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hindlimb only; however, the proportion
of neurons modulated by movements of
the ipsilateral limb and the contralateral limb
was twofold lower compared with that modu-
lated by movements of the contralateral limb
only (Fig. 10D, 7% vs 14%, respectively). In
general, the proportions of neurons modu-
lated by sensory inputs from both limbs, from
the ipsilateral limb only, and from the contra-
lateral limb only, as revealed by FW and
BW movements, were similar in Groups 1, 2a,
and 2b.

The populations of Group 1-3 neurons
differed in the proportion of neurons for
which modulation during FW and BW
locomotion could be explained by the sen-
sory feedback from the limbs observed in a
quiescent state. Thus, in Group 2b, Group
3a, and Group 3b, the proportion of such
neurons was substantially higher than that
in Group 1 and Group 2a [for FW: 31% in
Group 2b vs 5% in Group 1 (x° test,
p=0.002), 31% in Group 2b vs 5% in Group
2a (X2 test, p=0.03), 34% in Group 3a vs
5% in Group 1 (/\/2 test, p=9.7 x 107°), 34%
in Group 3a vs 5% in Group 2a (x? test,
p=0.007); for BW: 15% in Group 2b vs 3%
in Group 1, 15% in Group 2b vs 5% in
Group 2a, 21% in Group 3b vs 3% in Group
1 (x* test, p=0.007), 21% in Group 3b vs
5% in Group 2a]. In contrast, the relative
number of neurons in which sensory feed-
back observed in a quiescent state could
potentially contribute to locomotor modula-
tion was substantially lower in Group 3a
and Group 3b compared with those in
Group 1 and Group 2a [for FW: 13% in
Group 3a vs 46% in Group 1 (x* test,
£=9.5x1077), 13% in Group 3a vs 50% in
Group 2a (x” test, p=0.0008); for BW: 14%
in Group 3b vs 49% in Group 1 (y? test,
p=0.009), 14% in Group 3b vs 45% in
Group 2a ( X2 test, p=0.04)]. In Group 2b
neurons, for FW the proportion of such
neurons was twofold lower (23%) than that
for BW (23% vs 46%).

However, it is necessary to note that
passive limb movement along the loco-

Figure 8.

cord, recorded in L4, L5, and L6.

Ip- & Co-), as well as the relative number of neurons modulated
by movements of the ipsilateral limb only (Fig. 10, Ip-), were
substantially higher than the number modulated by move-
ments of the contralateral limb only (Fig. 10, Co-). In
Group 3b, the proportion of neurons modulated by move-
ments of the ipsilateral hindlimb only was also much higher
than that modulated by movements of the contralateral

Group 1-3 neurons recorded in L4, L5, and L6 spinal segments during both FW and BW. A-D,
Positions of Group 1a and Group 1b swing neurons (A), Group Ta and Group 1b stance neurons (B), as well as
Group 2a and Group 2b neurons (C), and Group 3a and Group 3b neurons (D) on the cross section of the spinal

motor trajectory only partly mimicked
the sensory feedback during real loco-
motion. One may expect that many limb
afferents were activated similarly during
passive and locomotor limb movement
(e.g., joint afferents, mechanoreceptors
of the foot sole), while other afferents
most likely had weaker activity (e.g.,
muscle spindle afferents that have cen-
tral control mediated by y-motoneurons; Murphy et al,
1984) or were silent (e.g., Ib afferents). One cannot also rule
out the possibility that the level of excitability of spinal net-
works in decerebrate preparation is lower than that in the
quiescent state of intact subjects. Thus, one cannot exclude
that the proportion of neurons for which modulation is

2 3mm
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Figure 9.  Comparison of different parameters of activity in different populations of Group 1-3 neurons during FW and
BW. A-E, Mean = SD values of spontaneous frequency (A), cycle frequency (B), burst frequency (C), and interburst fre-
quency (D), and coefficient of modulation (E) for Group 1a and Group 1b swing, Group 1a and Group 1b stance, Group 2,
Group 3a, and Group 3b neurons during FW (bars outlined by violet) and BW (bars outlined by blue). The number (N) of ani-
mals and the number (n) of Group 1a swing, Group 1b swing, Group 1a stance, Group 1b stance, Group 2, Group 3a, and

determined by sensory feedback, with
processing similar to that observed in a
quiescent state, was underestimated.

Discussion
In the present study, we compared the ac-
tivity of the same individual spinal neu-
rons during real (with normal sensory
feedback from limbs) FW and BW evoked
in decerebrate cats by ES of the spinal
cord. We found that most neurons modu-
lated their activity during FW and/or BW,
suggesting that they contribute to the con-
trol of stepping. Among the modulated
neurons, we revealed and characterized
three groups of neurons that differed in
their activity phases during FW and BW.

Individual neurons in Group 1 had
similar activity phases during both FW
and BW and thus, form a part of the loco-
motor network operating similarly under
both conditions. We suggest that it gener-
ates a vertical component of steps (the
limb elevation and lowering; Fig. 11A)
exhibited during stepping in any direction.
Group la neurons, in which the activity
phases are almost identical during FW and
BW, may form the rhythm-generating part
of this network. Clusters with different
phases likely play different functional roles
in the control of the vertical component of
steps, e.g., clusters #1, #2, and #9 from
Group la swing generate, respectively, ele-
vation, the limb maintenance above the
ground during swing, and the limb lower-
ing, while clusters #4 and #8 from Group
la stance generate, respectively, limb low-
ering and the maintenance of the limb on
the ground (Fig. 11B).

In contrast to Group 1 neurons, Group
2 neurons had substantially different activ-
ity phases during FW and BW. Thus,
Group 2 neurons form a part of the loco-
motor network that changes its operation
with a change in stepping direction.
Among Group 2b neurons, bursts of activ-
ity during FW and BW were almost in
antiphase. Because the main kinematic dif-
ference between BW and FW is reversed
hip joint motion (Buford et al, 1990),
Group 2b neurons likely control the direc-
tion of the hip motion. Clusters #10, #19,
and #21 (active during FW swing and BW
stance) cause hip flexion, while clusters
#12 and #22 (active during FW stance and
BW swing) evoke hip extension. Thus, we
suggest that Group 2b neurons belong to

“«—

Group 3b neurons are as follows: N =4, and n =27, 24, 36, 58,
82, 75, and 23, respectively. *p << 0.05, **0.001 < p < 0.01,
w8 < 0,001,



Musienko et al. @ Networks Generating Forward and Backward Walking

A 60_

Fw BW

1

% of neurons

Grou

1
i
1
2 1 )
© g 404 ! =« Complem ip- & co-
N 5 1 Cannot contrib to locom
I
S ?:J ... Contrib to locom
o « i : B Similar to locom
G} O 20 A :
& !
I
I

Group 2b
% of neurons

als

[T]

Ip-  Ip- Co- N/m Ip-  Ip- Co- N/m
& &
Co- Co-
D Group 3a Group 3b

7 I
|
» i
C 1
O 40 A 1
= i
) |
c ]
Y I
O 204 El 1
X i
i
I

Ip-  Ip- Co- N/m Ip- Ip- Co- N/m
& &
Co- Co-

Figure 10.  Effects of passive movements of the ipsilateral and the contralateral hindlimbs along the FW and BW trajectory
on the activity of neurons in different populations of Groups 1-3. A-D, Relative numbers of neurons modulated by passive
movements of either hindlimb (Ip- and Co- bars), neurons modulated by movements of only ipsilateral or only contralateral
limb (Ip- and Co- bars, respectively), and neurons nonmodulated by passive limb movements (N/m bars), in populations of
Group 1 (A), Group 2a (B), Group 2b (C), Group 3a (D), and Group 3b (D) neurons. Parts of the Ip- & Co- bars with dotted
and solid outlines show the proportions of neurons with complimentary (Complem Ip- & Co-) and opposite inputs from ipsi-
lateral and contralateral hindlimb (see Materials and Methods for explanation), respectively. Red, pink, and gray parts of the
bars indicate the proportion of neurons with the phase of modulation caused by sensory feedback similar to, strongly over-
lapping with, and different from that observed during locomotion (Similar to locom, Contrib to locom, and Cannot contrib to
locom, respectively). The number (N) of animals, and the number (n) of Group 1, Group 2a, Group 2b, Group 3a, and Group
3b neurons are as follows: N=4, n=91, 22, 14, 47, and 14, respectively.

the mechanism generating the horizontal component of the step
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#5, and #6 and clusters #7 and #20, respec-
tively, contribute to limb lowering during
both FW and BW but to the generation of
the propulsive force only during FW and
BW (Fig. 11A,C). Thus, Group 2a contrib-
utes to the control of both the vertical and
horizontal components of steps.

Finally, the activity of Group 3 neurons
is modulated during FW only (Group 3a)
or BW only (Group 3b), suggesting that
they belong to the networks determining
the forward or backward direction of step-
ping, respectively (Fig. 114,C).

We found that the proportion of
FW/BW -stable neurons is significantly
higher in Groups la and 3 compared
with Groups 1b and 2. Potentially, Group
la FW/BW-stable neurons form the core of
the rhythm-generating locomotor network,
while Group 3a FW-stable neurons and
Group 3b BW-stable neurons are critically
important for the control of the forward and
backward direction of stepping, respectively.

We did not find any substantial differ-
ences between activity parameters in
Group 1-3 neurons, as well as between ac-
tivity parameters during FW and BW in
specific Group 1 and 2 populations. The
only significant, though rather small, dif-
ference was found in the coefficient of
modulation, which was decreased during
BW in most Group 1 and 2 populations.
This could be related to the smaller ampli-
tude of the limb movements during BW
compared with FW (Musienko et al., 2012;
Merkulyeva et al., 2018; Fig. 1B-D).

We found that, although most neurons
were modulated by passive locomotor-like
movements of the ipsilateral and/or con-
tralateral hindlimb, the FW/BW-related
modulation of most Group 1-3 neurons
was not determined by the sensory feed-
back from the limbs observed in a quies-
cent state. These results confirm those of
our previous study devoted to FW
(Musienko et al., 2020) and are in line with
earlier studies (Duysens and Pearson,
1980; Conway et al., 1987; Shefchyk et al,,
1990; Gossard et al., 1994; McCrea, 1998;
Quevedo et al,, 1998; Angel et al., 2005).
Also, our results suggest that, when acti-
vated, not only forward but also backward
locomotor networks strongly modify the
observed at rest sensory inputs from the
limbs to most spinal neurons. Nevertheless,
Groups 2b and 3 had significantly higher
proportions of neurons with locomotor

(Fig. 114,0).

In Group 2a neurons, the burst onset phases (in late swing)
were almost identical during FW and BW. However, during
locomotion in one direction the burst was short (terminated in
early stance), while during locomotion in the opposite direction
it occupied almost the entire stance. We assume that clusters #3,

modulation that can be explained by sensory feedback observed
during passive limb movements than Groups 1 and 2a. Because the
networks generating the horizontal component of steps are driven
by the sensory feedback from limbs (Musienko et al., 2012), this
result supports our suggestion that Group 2b and 3 neurons are ele-
ments of these networks.
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There are two main conceptual
models of the organization of locomo-
tor networks. The two-layer hypothesis
(McCrea and Rybak, 2008; Rybak et al.,
2015) suggests that the network con-
tains a central rhythm generator, which
drives the pattern formation layer.
By contrast, the one-layer hypothesis
(Grillner, 2006; Grillner and Kozlov,
2021) suggests that the network consists
of a set of “unit burst generators” con-
trolling groups of synergistic muscles at
different joints, while changed interac-
tions between them result in the gener-
ation of different locomotor patterns,
including FW and BW. Our results are
compatible with both these models.
One can suggest that, in the framework
of the two-layer hypothesis (McCrea
and Rybak, 2008; Rybak et al., 2015),
Group la neurons belong to the rhythm-
generating layer, and Groups 1b, 2, and 3
neurons belong to the pattern formation
layer, while in the framework of the one-
layer hypothesis (Grillner, 2006; Grillner
and Kozlov, 2021), Group 1 neurons
form unit burst generators and
Group 2 and 3 neurons coordinate
the unit burst generators shaping
the locomotor pattern.

We suggest that the four interneuro-
nal populations (Groups 1, 2, 3a, and
3b) form four modules of the locomo-
tor network, which can be selectively
activated in a specific combination to
generate stepping in a particular direc-
tion or in place. Also, we demonstrated
that operation of the Group 2 module
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Figure 11.  Hypothetical contribution of different groups of spinal neurons to the generation of the vertical and horizontal
components of the step. A, Basic mechanisms for the control of step direction (modified from Musienko et al., 2012). ES of the
spinal cord activates a network generating a vertical component of step. It also causes subthreshold activation of all networks
generating a horizontal component. Because of the treadmill motion (e.g., forward), the limb reaches the extreme anterior posi-
tion, and sensory feedback activates network backward, resulting in the backward step. Thus, ES evokes stepping opposite to the
direction of treadmill motion. Neuronal Groups (Gr) and their clusters (cl) that presumably contribute to generation of the vertical
component of step, as well as the horizontal forward and backward components of step are indicated. B, Group 1a clusters, pre-
sumably contributing to the generation of different phases of vertical component of the step. The limb elevation, maintenance of
the limb in an elevated position during swing, the limb lowering, and maintenance of the limb in a lowered position are indi-
cated by upward black arrow, crimson horizontal line, downward black arrow, and green horizontal line, respectively. Crimson
and green numbers indicate clusters that belong to Group 1a swing and Group 1a stance, respectively. €, Neuronal groups as
well as specific clusters of Group 2b and Group 2a neurons, presumably contributing to the generation of different phases of the
horizontal component of the step during FW and BW. Crimson and green arrows show direction (F, forward; B, backward) of the
limb movement in relation to the trunk during swing and stance, respectively.

changes with a change in stepping di-

rection. The modular organization of

the locomotor network controlling swimming speed was demon-
strated in adult zebrafish (Ampatzis et al., 2014). Several findings
in mice (Talpalar et al., 2013; Rancic et al., 2020; Falgairolle and
O’Donovan, 2021; Zelenin et al., 2021), cats (Krouchev et al.,
2006; Desrochers et al., 2019), and humans (Huang et al., 2021;
Yokoyama et al., 2021) also point to the modular organization of
the network generating different locomotor patterns.

Recent advances in genetics have inspired numerous studies
striving to identify the components of spinal locomotor networks
based on transcription factor expression (Kiehn, 2016; Rancic
and Gosgnach, 2021). Although no single genetically identified
type of spinal neurons has been found to be solely responsible
for rhythm generation or the control of step direction, there is
evidence that Shox2 non-V2a neurons and Hb9 interneurons
may contribute to the generation of locomotor rhythmic activity
(Dougherty et al., 2013; Kiehn, 2016; Caldeira et al., 2017). The
present study and other studies (Talpalar et al., 2013; Rancic et
al., 2020; Falgairolle and O’Donovan, 2021; Zelenin et al., 2021)
suggest that different locomotor patterns are generated by spe-
cific combinations of modules of the locomotor network and,
moreover, that the operation of some modules can be remark-
ably changed with a change in the generated pattern. Thus, the
functional role of a genetically identified neuronal population in

the control of locomotor movements can depend on the type of
locomotor pattern generated, and therefore, results obtained in
in vitro preparations generating a “locomotor-like” motor pat-
tern should be considered with caution.

Because there are some differences in FW and BW kinematics
evoked by ES in decerebrate cats (Musienko et al., 2012, 2020;
Merkulyeva et al., 2018) and by supraspinal command in intact
cats (Buford et al, 1990; Buford and Smith, 1990), one could
suppose that different locomotor networks are activated in these
two conditions. However, recently, we demonstrated that the
same locomotor network generates FW caused by ES and stimu-
lation of the mesencephalic locomotor region. Slightly distorted
during ES operation of a part of this network can explain some
differences in FW kinematics observed in the two conditions
(Musienko et al., 2020). Thus, the same locomotor modules gen-
erating BW are likely activated by ES and a specific supraspinal
command in intact animals, and slight differences in operation of
some modules lead to differences in kinematics. Unfortunately, the
brain center for initiation of BW is unknown, and this assumption
cannot be tested experimentally.

To conclude, in the present study for the first time, the opera-
tion of spinal locomotor networks during real FW and BW
evoked by ES of the spinal cord has been compared at the level
of individual spinal interneurons. Neuronal groups potentially
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forming four parts (modules) of the locomotor network generat-
ing the vertical and horizontal components of the forward and
backward steps have been revealed and characterized. The
obtained results support our previously formulated hypothesis
about the functional organization of the locomotor network gen-
erating stepping in different directions and provide new insights
into the understanding of its operation. Also, these results
advance our understanding of the neuronal mechanisms of ther-
apeutic ES effects and can potentially be used for the develop-
ment of novel strategies for recuperation of both locomotor
function and balance control, which requires the generation of
corrective steps in different directions.
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