JOURNAL OF
NEUROPHYSIOLOGY.

J Neurophysiol 134:1359-1377, 2025.
First published September 24, 2025; doi:10.1152/jn.00331.2025

Q0 '
american U N
physiological

society’

RESEARCH ARTICLE
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Abstract

Animals adjust their locomotor pattern to increased speed demands by decreasing stance/extensor phase duration while the
swing/flexor phase remains relatively unchanged, which we refer to here as “stance/extensor dominance.” The control of loco-
motor speed involves dynamic interactions between spinal circuits, supraspinal drive, and somatosensory feedback. Whereas
complete spinal cord injuries abolish brain-spinal cord interactions, incomplete lesions, such as lateral hemisections, preserve
some connectivity between brain and spinal circuits. In this study, we investigated adjustments in the locomotor pattern at differ-
ent treadmill speeds before and after staggered lateral thoracic hemisections performed on opposite sides of the spinal cord
(first at right T5—-T6 and then at left T10-T11). We collected kinematic and electromyographic data during treadmill locomotion
from 0.4 to 0.8 m/s before and 8 wk after each spinal lesion in eight adult cats. Our main results show left-right asymmetries in
hindlimb phase durations after each lesion, with prolonged swing on the ipsilesional side and prolonged stance on the contrale-
sional side across speeds. Hindlimb stance dominance was also weakened on the side of each lesion, first on the right and then
on the left after the first and second hemisections, respectively. In contrast to phase durations, hindlimb stride lengths remained
symmetrical after both injuries across speeds. Using our recent computational models and experimental data of the present
study, we provide predictions of altered interactions between supraspinal drive and somatosensory feedback onto flexor and
extensor half-centers to explain left-right changes in hindlimb phase durations across speeds after staggered lateral thoracic
hemisections.

NEW & NOTEWORTHY Staggered lateral thoracic hemisections reversibly altered the temporal structure of the hindlimb locomo-
tor cycle by reducing stance/extensor phase dominance in the ipsilesional hindlimb in favor of the swing/flexor phase. The con-
tralateral hindlimb compensated by prolonging stance and reducing swing. The forelimbs started taking more steps within a
hindlimb cycle independently of speed or lesion side. These results can be explained by reorganized sensorimotor interactions
based on network architecture from recently published computational models.

lateral thoracic hemisection; locomotion; sensorimotor interactions; speed

INTRODUCTION
Animals, including humans, continuously adjust their loco-
motor speed to meet environmental and behavioral demands.

This requires precise limb and trunk movements, controlled
by dynamic interactions between central and peripheral
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neural mechanisms (1-3). Spinal cord injury (SCI) disrupts
descending motor and ascending somatosensory pathways,
altering dynamic sensorimotor interactions between different
parts of the nervous system, including those involved in con-
trolling locomotion and modulating speed. People with SCI
walk much more slowly (4-8). However, animals, such as cats,
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maintain the ability to adjust their pattern to different speeds
on a treadmill after a complete thoracic SCI (9-13). This is
because proprioceptive and tactile inputs can still access and
inform the spinal locomotor network below the SCI, directing
it to change its output to adjust to treadmill speed. Humans
with a clinically complete SCI can also step on a treadmill with
electrical epidural stimulation of the spinal cord (14), but the
effects of different treadmill speeds have not been specifically
tested. Less is known about the control of locomotor speed
after incomplete SCI, where spared supraspinal pathways can
still interact with spinal sensorimotor circuits (15-17). For
instance, after a lateral thoracic hemisection, cats recover
quadrupedal treadmill locomotion up to speeds of 0.8-1.0 m/s
(16-18), but notable left-right asymmetries appear in stance
and swing phase durations (17), muscle activity (16), and hind-
limb kinematics (15).

To explain how spinal sensorimotor circuits control loco-
motor cycle and phase durations with a change in speed
before and after SCI, we recently developed computational
models of hindlimb locomotion based on experimental
data obtained in intact cats as well as after complete (i.e.,
spinal cats) or incomplete (lateral hemisection) lesions of
the thoracic spinal cord (3, 19). We showed that spinal loco-
motor networks operate in a state machine regime at low
speeds in intact cats and at all speeds in spinal cats. A state
machine is a behavior that operates in only one of a finite
number of states at any given time. It may change its state
(e.g., a phase transition) only in response to an external
input (20, 21). In the spinal-transected model, phase transi-
tions were entirely dependent on somatosensory feedback
from the hindlimbs. In the intact model, at higher speeds,
the operation of the spinal locomotor network switches to a
flexor-driven regime and then to a classical half-center
regime, relying more on supraspinal drive. Our hemisected
model proposed that the lesioned side is primarily con-
trolled by somatosensory feedback, while the contralesional
side is controlled by supraspinal drive. In the hemisected
model, we considered the lesioned side as “transected” (i.e.,
completely cut off from descending commands) and the
contralesional side as “intact” (i.e., receiving full supraspi-
nal inputs).

However, what happens to the control of cycle and phase
durations as a function of speed if a second contralateral
hemisection is performed a few spinal segments below the
first one? How does the system compensate for the bilateral
loss of direct supraspinal drive with these staggered hemi-
sections? Does the second hemisection generate a state
resembling a complete transection, or do residual descend-
ing inputs continue to influence locomotor control and
speed modulation? Does the second lateral hemisection
mitigate, counteract, or neutralize left-right temporal or
spatial asymmetries induced by the first hemisection with a
change in speed? Unlike a single unilateral hemisection or
complete spinal transection, staggered thoracic hemisec-
tions create a unique disruption of ascending and descend-
ing pathways (22-25). Previous studies using this paradigm
have shown that the second hemisection can reverse left-
right asymmetries in hindlimb stance and swing durations
observed after the first hemisection, but this was only
tested at a single treadmill speed of 0.4 m/s (26). It remains
unclear how speed variations influence these asymmetries.
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Therefore, the purpose of this study was to assess kine-
matic and electromyographic (EMG) changes in the loco-
motor pattern at different treadmill speeds following
staggered lateral thoracic hemisections and use these data
to uncover potential underlying mechanisms to explain
changes. Specifically, we are interested in two types of
somatosensory feedback that regulate the stance-to-swing
transition, stretch-related feedback from hip flexors (27),
which we can estimate by measuring hip angle, and hind-
limb loading (28), which we can estimate by measuring
extensor muscle activity. Our results show different adjust-
ments in the locomotor pattern of the hindlimbs as a func-
tion of treadmill speed depending on the side of the lesions,
with left-right phase duration asymmetries after the first
hemisection that reversed after the second hemisection.
Our experimental data provide additional mechanistic
insight for our recent computational models (3, 19), testing
the network architecture and sensorimotor interactions
that we proposed to explain speed-dependent adjustments
in the control of phase and cycle durations before and after
SCL.

MATERIALS AND METHODS
Animals and Ethical Information

In accordance with policies and directives of the Canadian
Council on Animal Care (Protocol no. 2022-3349), all proce-
dures were approved by the Animal Care Committee of the
Université de Sherbrooke. We collected the present dataset
from eight adult cats, four females and four males, with
mass between 4.1 and 6.5 kg (5.3 1.0 kg). All animals com-
pleted the study, and no data were excluded. To reduce the
number of animals used in research, all cats participated in
other studies to investigate different scientific questions,
some of which have been published (24-26, 29-32).

General Surgical Procedures

We performed all surgical procedures in an operating
room, in aseptic conditions with sterilized equipment. Before
surgery, cats were sedated with an intramuscular injection of
butorphanol (0.4 mg/kg), acepromazine (0.1 mg/kg), and gly-
copyrrolate (0.01 mg/kg). We also administered ketamine-
diazepam (0.05 mL/kg) intramuscularly for induction. We
shaved the fur overlying the animals’ back, stomach, and
limbs with electric clippers and then cleaned the skin with
chlorhexidine soap. Before intubation with a flexible endotra-
cheal tube, we anesthetized the cats, using a mask with iso-
flurane (1.5-3%) delivered in O,. We maintained anesthesia
throughout the surgery, adjusting the level of isoflurane by
assessing cardiac and respiratory rates, pupil size and reactiv-
ity, limb withdrawal reflexes, and jaw tone. We monitored
body temperature with a rectal thermometer and maintained
it within the physiological range (37-38°C) by adjusting the
heat provided by an infrared lamp positioned ~50 cm above
the animal and a water-filled heating pad placed underneath.

During surgery and for 7 h afterward, we injected a fast-
acting analgesic (buprenorphine, 0.01 mg/kg) subcutane-
ously. We also administered a subcutaneous antibiotic (cefo-
vecin, 0.1 mL/kg) and applied a transdermal fentanyl patch
(25 pg/h) to the back of the animal, 2-3 cm rostral to the base
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of the tail, providing prolonged analgesia for 4-5 days. After
surgery, we closely monitored the cats in an incubator until
they regained consciousness. At the end of the experiments,
we euthanized the animals by administering a lethal dose of
pentobarbital (120 mg/kg) through the left or right cephalic
vein.

Electrode Implantation

To chronically record electromyography (EMG) from dif-
ferent limb muscles, we implanted pairs of Teflon-insu-
lated multistrand fine wires (AS633; Cooner Wire Co.,
Chatsworth, CA). We directed these wires subcutaneously
from two head-mounted 34-pin connectors (Omnetics
Connector, Minneapolis, MN) to selected fore- and hind-
limb muscles. For bipolar recordings, we stripped 1-2 mm
of insulation from the wires and threaded them in the mus-
cle belly with 23 gauge x 1% in. needles, maintaining an
~1-cm interelectrode distance between wires. Then, we
verified the placement of each electrode by electrically
stimulating the corresponding muscle through the appro-
priate head connector channel. Finally, we secured the
head connector to the skull with six metallic screws and
dental acrylic.

Staggered Lateral Hemisections

After collecting data in the intact state, we performed a
first lateral hemisection on the right side of the spinal cord
between the fifth and sixth thoracic vertebrae (T5-T6), fol-
lowing the same general surgical procedures described
above. During surgery, we incised the skin covering the area
of interest and carefully set aside the muscles and connec-
tive tissues. We then performed a small dorsal laminectomy
to expose the spinal cord. After exposing the spinal cord, we
applied lidocaine hydrochloride (2%) topically as an anes-
thetic and made two or three injections within the targeted
region. Using surgical scissors, we hemisected the right
side starting from the midline and proceeded laterally. We
then stopped any residual bleeding. Before closing the inci-
sion, we placed a hemostatic material (Spongostan Dental;
Ethicon Inc., Somerville, NJ) within the lesion site.

We collected data for 8-12 wk after the first hemisection up
to when cats reached a visible plateau in locomotor recovery.
We then performed a second lateral hemisection on the left
side of the spinal cord between the 10th and 11th thoracic ver-
tebrae (T10-T11). Surgical procedures and postsurgical care
were the same for both injuries. After surgeries, we moni-
tored the cats for voluntary bodily functions. Experienced
personnel manually expressed their bladders and large intes-
tines as needed, and we frequently cleaned the lower half of
the animals to prevent infections. Data collection lasted for
8-12 wk after the second hemisection.

Experimental Protocol

Before electrode implantation, we trained all cats to walk
on a treadmill at speeds up to 1.0 m/s. The treadmill con-
sisted of two independently controlled running surfaces,
each 120 cm long and 30 cm wide (Bertec, Columbus, OH).
The two belts were separated by a Plexiglas separator (10 cm
high and 1.0 cm wide; Avrex Canada Inc., Boucherville, QC,
Canada) placed between the limbs to prevent them from
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impeding each other. For this study, we collected kinematic
and EMG data at three different time points: the intact state
and 7-8 wk after each hemisection, at speeds ranging from
0.4 to 0.8 m/s with 0.1 m/s speed increments because some
cats could not step up to 1.0 m/s after the first (HO, KA, PO,
TO) and/or second (AR, HO, JA, KA, PO, TO) hemisection.
During each trial, we collected a sequence of at least 10 con-
secutive cycles. We used positive reinforcement (e.g., food,
affection) and gave cats at least 30-s rest periods between tri-
als to avoid fatigue.

After hemisections, we did not specifically train cats to
recover quadrupedal locomotion. However, we collected
data in other tasks on the treadmill, such as split-belt loco-
motion (with left and right limbs stepping at different
speeds) and on a custom-made walkway (30, 32). We also
evoked cutaneous reflexes in some cats at different speeds
during tied- and split-belt locomotion (24, 25). These tasks
can be considered a form of training. After hemisections,
some cats required mediolateral balance assistance that we
provided by slightly holding their tail without providing
weight support (see Table 1 of Ref. 26). We applied perineal
stimulation as needed to increase spinal excitability and
facilitate hindlimb locomotion (33). To ensure consistency,
the same experimenter manually pinched or rubbed the skin
of the perineal region during stimulation. This approach pre-
vented bias, as overly strong perineal stimulation can gener-
ate exaggerated flexion of the hindlimbs or impair left-right
alternation. The strength of the stimulation was adjusted on
a case-by-case basis to achieve optimal locomotor patterns.

Data Acquisition and Analysis

Data acquisition.

We recorded videos from the left and right sides with two
cameras (Basler AcA640-100g; Basler, Ahrensburg, Germany)
operating at 60 frames/s with a resolution of 640 x 480 pixels.
We acquired EMG signals that were preamplified (10x, cus-
tom-made system), band-pass filtered (30-1,000 Hz), and
amplified (100-5,000x), using a 16-channel amplifier (A-M
Systems model 3500, Sequim, WA). We digitized the signals
(5,000 Hz) with a National Instruments card (NI 6032E) and
acquired them with custom software before storing them on a
computer. We synchronized the recorded images and EMG
data, using a custom program developed in LabVIEW (RRID:
IMSCR_014325). Because the data acquisition system was lim-
ited to16 channels and we recorded from >16 muscles, we col-
lected data twice at each speed, once for each connector.

Temporal analysis.

We analyzed videos offline, using a custom-made program
to identify contacts and liftoffs for each limb. We defined
paw contact as the first frame showing visible contact with
the treadmill surface and liftoff as the frame showing the
most caudal displacement of the toe. Using this information,
we measured cycle, stance, and swing durations. Cycle dura-
tion represents the time interval between successive paw
contacts of the same limb, whereas stance duration corre-
sponds to the time between paw contact and liftoff. To mea-
sure swing duration, we subtracted stance duration from
cycle duration. We averaged the temporal values for each
limb. We also plotted stance and swing durations against
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cycle durations to establish phase/cycle duration relation-
ships. After the first or second hemisection, some cats dis-
played cycles where the forelimbs performed two cycles
within one hindlimb cycle, or a 2:1 fore-hind pattern, as
reported previously (15, 25, 33). These 2:1 patterns were often
intermingled with 1:1 fore-hind patterns. The occurrence of
2:1 fore-hind patterns was quantified for each cat by calculat-
ing the number of cycles with two cycles of the same fore-
limb within one right hindlimb cycle, divided by the total
number of cycles within a locomotor episode.

To determine whether the left-right locomotor pattern
becomes asymmetrical after hemisection, we calculated an
asymmetry index (AI) for individual cycle, stance, and swing
durations by subtracting the left temporal value from the
right one. The difference was normalized to the sum of both
right and left variables, and the average Al was then com-
puted over 10-20 consecutive locomotor cycles (17).

_ Rightvalue — Left value

Al= Right value + Leftvalue

The sign of the Al value indicates the direction of the
asymmetry, with zero indicating perfect right/left symmetry,
negative values reflecting longer durations on the left com-
pared to the right side, and positive values indicating longer
durations on the right compared to the left side. We finally
determined individual support periods based on contacts
and liftoffs to measure when two, three, or four limbs were
in contact with the treadmill and expressed them as a per-
centage of cycle duration (26, 30, 34). Within a normalized
cycle, defined from successive right hindlimb contacts, we
identified nine periods of limb support (26, 30, 34, 35).

Spatial analysis.

To analyze spatial variables, we used DeepLabCut (RRID:
SCR_021391), an open-source machine learning tool pow-
ered by deep neural networks (36). We measured stride
length as the distance between contact and liftoff of a
limb, added to the distance traveled by the treadmill dur-
ing the swing phase (26, 30, 37, 38). We also calculated an
Al for stride lengths across all speeds before and after each
hemisection. We also measured hip angles at liftoffs,
defined as the angle at the greater trochanter between the
iliac crest and the tibial head, across all speeds in the
intact state and after each hemisection.

EMG analysis.

Although we implanted electrodes in several muscles, we
focused our analysis on six muscles of the right (R) and
left (L) limbs: the biceps brachii (BB), an elbow flexor and
shoulder protractor (LBB, n = 5; RBB, n = 5); the extensor
carpi ulnaris (ECU), a wrist dorsiflexor (LECU, n = 5;
RECU, n = 6); the long head of triceps brachii (TRI), an
elbow extensor and shoulder retractor (LTRI, n = 6; RTRI,
n = 7); the lateral gastrocnemius (LG), an ankle plantar-
flexor and knee flexor (LLG, n = 5; RLG, n = 5); the soleus
(SOL), an ankle plantarflexor (LSOL, n = 5; RSOL, n = 4);
and the anterior sartorius (SRT), a hip flexor and knee
extensor (LSRT, n = 6; RSRT, n = 5). We used a custom
program to calculate burst durations and mean ampli-
tudes after visually identifying burst onsets and offsets.
Burst duration was measured from onset to offset, and
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mean amplitude was calculated by integrating the full-
wave rectified burst from onset to offset and dividing it by
its duration. We expressed EMG burst amplitudes as per-
centages of the maximal value obtained across the five
speeds and three spinal states (intact, Hemil, and Hemi2)
within each muscle and animal to provide a normalized
EMG amplitude.

Histology

To confirm the extent of the lesions, we collected spinal
cord sections for histological analysis. After euthanizing the
cats, we removed a 2-cm-long spinal segment at each lesion.
We fixed the segment in 25 mL of 4% paraformaldehyde pre-
pared in 0.1 M phosphate-buffered saline (PBS) and stored it
at 4°C. After 5 days, we cryopreserved the segments in a 30%
sucrose-PBS solution for 72 h at 4°C. Then, we sliced the spi-
nal cord into 50-pm coronal sections with a cryostat (CM1860;
Leica BioSystems Inc., Concord, ON, Canada) and mounted
the sections on gelatinized slides. After drying the slides over-
night, we stained them with 1% cresyl violet for 12 min,
washed them in water for 3 min, and dehydrated them in suc-
cessive ethanol baths for 5 min (50%, 70%, 100%). Finally, we
cleared the slides in xylene, mounted them with dibutyl
phthalate polystyrene xylene (Sigma-Aldrich Canada), and
scanned them with a Nanozoomer 2.0-RS (Hamamatsu Corp.,
Bridgewater, NJ). Using ImageJ (RRID:SCR_003070), we
reconstructed the lesion of the slide with the most identifiable
damage. We estimated the lesioned area by dividing the area
of the scarring tissue stained with cresyl violet acetate by the
total area of the selected slice and expressed it as a percentage
(24-26, 30, 32).

Statistical Analysis

We used a linear mixed-effects model to assess the effects
of speed and spinal state on all outcome variables, including
the occurrence of 2:1 patterns, cycle and phase durations,
swing proportion, asymmetry indices, support periods, stride
lengths, hip angles, and EMG variables. We performed the
analysis with the Imer() function from the Ime4 package in R
software (version 2024.09.1; RRID:SCR_001905). The model
included two fixed factors, State (levels: intact, Hemil,
Hemi2) and Speed (levels: 0.4, 0.5, 0.6, 0.7, and 0.8 m/s), as
well as their interaction (State x Speed). To account for inter-
individual variability and repeated measures, we included a
random intercept (capturing baseline differences between
cats) and a random slope (capturing variability in the effect of
state across cats). We structured the model as follows:
Variable ~ State x Speed + (1 + State|Cat_ID). We conducted
atype III analysis of variance (ANOVA), using the car package
to evaluate the main effects of State, Speed, and their interac-
tion. This approach is equivalent to a two-way repeated-
measures ANOVA but provides greater flexibility by accom-
modating interindividual variability and unbalanced data.
For post hoc comparisons, we used the estimated model coef-
ficients to assess differences between individual levels of
State and Speed relative to their respective reference condi-
tions (intact state and 0.4 m/s). No correction for multiple
comparisons was applied.

We also calculated regression equations for stance/swing
and cycle duration relationships with SigmaPlot (version
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11.0; Systat Software; RRID:SCR_003210). For each phase and
time point, we determined the slopes, the coefficient of
determination (R?), and Pearson’s correlation coefficient (7).
Then, we examined the relationship between phases and
cycle duration and analyzed the effect of state on the slope
of the phase-cycle duration relationship, using a one-factor
repeated-measures ANOVA in IBM SPSS Statistics 26.0 (IBM
Corp., Armonk, NY; RRID:SCR_002865). Finally, we per-
formed a multiple regression analysis to determine whether
the slope of phase and cycle durations differs between the
stance and swing phases at each time point. We set the level
of statistical significance at P < 0.05 for all tests.

RESULTS

Staggered Hemisections Affect Quadrupedal
Locomotion and Coordination between the Fore- and
Hindlimbs at Different Speeds

Based on histological analysis, we estimated the extent of
the first (Fig. 1A) and second (Fig. 1B) spinal lesions for each
cat. The first lesion (Hemil) ranged from 40.3% to 66.4%, with
a mean of 50.1+9.1%, and the second (Hemi2) ranged from
33.5% to 53.7%, with a mean of 45.8+6.5%. At 7-8 wk for
Hemil and Hemi2, all eight cats could step on the treadmill
over arange of speeds. Four of eight cats stepped up to1.0 m/s
after Hemil (AR, GR, JA, MB), but only two of these reached
this speed after Hemi2 (GR, MB). Although all cats could walk
from 0.4 m/s to 0.8 m/s at both time points post hemisection,
all required mediolateral balance assistance at Hemi2 for all
tested speeds. At Hemil, all cats performed quadrupedal loco-
motion without perineal stimulation. At Hemi2, three of eight
cats required perineal stimulation at all tested speeds (AR,
MB, PO).

Figure 2 illustrates adjustments in the locomotor pattern
to treadmill speed by showing EMG and stance phases at 0.4
and 0.8 m/s in one cat before and after staggered hemisec-
tions. In the intact state, this cat performed an equal number
of forelimb and hindlimb locomotor cycles, or a 1:1 forelimb-
hindlimb pattern (Fig. 2A). At 0.8 m/s, the stance phases
and TRI/ECU/LG/SOL burst durations were visibly shorter

A First lesion

TO

JA 43.5% AR 51.4%

40.7% KA PO 40.3%

¥
S

Second lesion

46.9% 51.7% AR 33.5% 49.4%

MB 40.9% KA 53.7% 43.7%

46.6% GR ﬁ

Figure 1. Extent of spinal lesions. Estimated extent of the first (A) and sec-
ond (B) lesions performed at right (T5-T6) and left (T10-T11) thoracic lev-
els, respectively, based on histological analysis of individual cats. The
shaded areas indicate the lesioned regions. On the left and right of each
diagram are the cat ID and lesion extent expressed as a percentage of
total area, respectively.

2® 9@
2® Y@

*2
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compared to 0.4 m/s. At Hemil (Fig. 2B) and Hemi2
(Fig. 2C), this cat displayed 2:1 forelimb-hindlimb patterns,
where a forelimb performed two cycles within one right
hindlimb cycle. At Hemil, the right hindlimb showed a
prolonged swing phase and RSRT burst duration, which
became shorter at 0.8 m/s. In contrast, the left hindlimb
displayed a longer stance phase and LLG/LSOL burst dura-
tions, which also shortened at 0.8 m/s. At Hemi2, the left
hindlimb showed a longer swing phase and LSRT burst
duration, whereas its stance phase and LLG/LSOL burst
durations were shortened compared to Hemil. Meanwhile,
the stance phase and RLG/RSOL burst durations became
longer in the right hindlimb, whereas the swing phase and
RSRT burst durations became shorter. At 0.8 m/s, these
left-right differences persisted, with shorter stance/swing
and LLG/LSOL/LSRT burst durations in the left hindlimb,
whereas the right hindlimb only showed shorter stance
and RLG/RSOL burst durations. Forelimb cycle, phase,
and EMG burst durations slightly decreased with each
hemisection as 2:1 fore-hind patterns emerged.

For the group, at Hemil both the left and right forelimbs
showed similar occurrence of 2:1 fore-hind patterns (Table 1).
The occurrence of 2:1 patterns did not significantly change at
Hemi2 compared to Hemil for LF (P = 0.2) and RF (P = 0.1).
Similarly, the occurrence of 2:1 patterns was not significantly
affected by treadmill speed for LF (P = 0.7) or RF (P = 0.5).

Staggered Hemisections Produce Limb- and Speed-
Dependent Changes in Cycle and Phase Durations

Before and after hemisections, cycle duration significantly
decreased with increasing speed in all four limbs for the group
(Fig. 3A, significant main effect of speed). At Hemil and
Hemi2, cycle duration was significantly shorter in the fore-
limbs (LF: Hemil, P < 0.001; Hemi2, P < 0.001; RF: Hemil, P <
0.001; Hemi2, P < 0.001) and longer in the hindlimbs (LH:
Hemil, P = 0.008; Hemi2, P = 0.01; RH: Hemil, P = 0.008;
Hemi2, P=0.009) compared to the intact state (Fig. 34, signif-
icant main effect of state). This is mainly due to the appear-
ance of 2:1 fore-hind patterns. Before and after hemisections,
stance duration significantly decreased with increasing speed
in all four limbs (Fig. 3B, significant main effect of speed). At
Hemil and Hemi2, stance duration was significantly shorter
in LF (Hemil, P < 0.001; Hemi2, P < 0.001) and RF (Hemil, P=
0.01; Hemi2, P < 0.001) and longer at Hemil in LH (P < 0.001)
before returning to intact values at Hemi2 (Fig. 3B, significant
main effect of state). Stance duration did not significantly
change in RH after hemisections. Before and after hemisec-
tions, speed significantly affected swing duration (Fig. 3C, sig-
nificant main effect of speed). We mainly observed a slight
decrease with increasing speed. We observed large changes in
swing duration following hemisections, particularly in the
hindlimbs (Fig. 3C, significant main effect of state). In LF
(Hemil, P = 0.002; Hemi2, P < 0.001) and RF (Hemil, P <
0.001; Hemi2, P < 0.001), swing duration decreased at Hemil
and Hemi2 compared to the intact state. At Hemil (P < 0.001)
and Hemi2 (P = 0.003), swing duration was significantly lon-
ger in RH and at Hemi2 (P = 0.003) in LH compared to the
intact state.

To assess left-right asymmetries in the hindlimbs across
speeds after staggered hemisections, we measured an
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asymmetry index (AI) (Fig. 4). The Al for cycle duration
remained around O across speeds, indicating that both
hindlimbs maintained a 1:1 pattern, or perfect left-right
symmetry. On the other hand, stance and swing durations

Table 1. Occurrence of 2:1 fore-hind patterns after
staggered hemisections

Hemi1 Hemi2
Speed, m/s LF RF LF RF
0.4 35+39% 35+38% 51+£22% 51+£26%
0.5 4£31% 42+30% 52+20% 48+23%
0.6 39+22% 40+£22% 47+27% 49£19%
0.7 41+£30% 41+£30% 56 +18% 50+20%
0.8 32+25% 34+£23% 48 £19% 48+19%

Each value in the table is the mean * SD percentage of 2:1 fore-
hind patterns across treadmill speeds for the group (n = 8) after
the first (Hemil) and second (Hemi2) hemisections for the left (LF)
and right (RF) forelimbs.
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showed marked asymmetries after hemisections com-
pared to the intact state. At Hemil, left stance (P < 0.001)
and right swing (P < 0.001) were significantly longer than
right stance and left swing, respectively. At Hemi2, the
pattern reversed with longer right stance and left swing,
but despite a main effect of state, pairwise comparisons
showed no significant differences compared to the intact
state (stance, P = 0.10; swing, P = 0.14).

Staggered Hemisections Affect the Temporal Structure
of the Locomotor Cycle across Speeds

Studies have shown that a change in cycle duration with
speed is accompanied by a concomitant change in stance dura-
tion while swing duration remains relatively unchanged in
cats and humans (10, 12, 37, 39-44). In other words, stance
(extensor phase) duration controls or dominates cycle duration
(45). To determine whether staggered thoracic hemisections
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Figure 3. Temporal adjustments across speeds during quadrupedal treadmill locomotion before and after staggered hemisections. Cycle (4), stance (B),
and swing (C) durations for the fore- and hindlimbs across treadmill speeds before and after hemisections. Data are represented as mean + SD for each
limb (n = 8 cats). Light gray diamonds represent means for individual cats from 8-36 cycles. P values for the main effects of state (St), speed (Sp), and
their interaction (St x Sp) were obtained from a linear mixed-effects model followed by a type Il ANOVA and are shown atop each panel. P values in
bold indicate a significant main effect at <0.05. Hemi1, first hemisection; Hemi2, second hemisection.

affect this dominance, we plotted stance and swing durations
as a function of cycle duration (Fig. 5) (17, 34, 40, 46). We then
measured the slope (a), coefficient of determination (R?), and
Pearson’s correlation coefficient (r) for the linear regressions of
stance-cycle and swing-cycle relationships.

Overall, in the forelimbs, staggered hemisections did not
affect stance dominance (Fig. 5, A and B). The slopes were
significantly greater for stance-cycle duration relationships
than for swing-cycle duration relationships in all three states
in both forelimbs. The slope of the stance-cycle relationship
was significantly more pronounced at Hemi2 in LF com-
pared to the intact state (P = 0.002). In the hindlimbs, how-
ever, we observed notable changes after hemisections. At
Hemil, although stance dominance remained in LH (Fig. 5C,

J Neurophysiol « doi:10.1152/jn.00331.2025 « www.jn.org

center), in RH (Fig. 5D, center) the cycle varied with both
stance and swing. In RH, the slopes of stance-cycle and
swing-cycle duration relationships were significantly smaller
(P=0.009) and greater (P = 0.02), respectively, compared to
the intact state. At Hemi2, we observed a reversal, with cycle
duration varying with both stance and swing phases in LH
(Fig. 5C, right). In LH, the slopes of stance-cycle and swing-
cycle duration relationships were significantly smaller (P =
0.03) and greater (P = 0.03), respectively, compared to the
intact state. In RH, we observed a return of stance domi-
nance, albeit weakened compared to the intact state (Fig. 5D,
right). Thus, staggered hemisections affect the control of the
cycle by its subphases, with weakened stance dominance on
the side of the lesion.

1365

Downloaded from journals.physiology.org/journal/jn (096.245.049.174) on January 1, 2026.


http://www.jn.org

()) SPEED-DEPENDENT LOCOMOTOR ADJUSTMENTS AFTER STAGGERED HEMISECTIONS

Cycle duration

St(P=0.2) St (P <0.001)
0.307 sSp(P=1.0) 0.307 Sp(P=0.9)
« 020 0.20
) L<R
2 0.10 0.10
>
g 0.001—$64—ssesBoodeoseR=L  0.00
E -0.10 -0.10
£ L>R
-0.20 -0.20
-0.30 -0.30

Stance duration

Swing duration

Cintact
= Hemi1
Wl Hemi2

St (P < 0.001)
Sp(P=09)

0.30
0.20
0.10
0.00
-0.10

-0.20

-0.30

04 05 06 0.7 08
Speed (m/s)

04 05 06 07 08
Speed (m/s)

04 05 06 07 038
Speed (m/s)

Figure 4. Asymmetry index of hindlimb cycle and phase durations at different speeds before and after staggered hemisections. The temporal asymme-
try index was calculated between the right (R) and left (L) hindlimbs for cycle, stance, and swing durations across 5 locomotor speeds before and after
lateral hemisections. Bars show mean + SD (n = 8 cats), and light gray diamonds represent individual means. P values for the main effects of state (St),
speed (Sp), and their interaction (St x Sp) were obtained from a linear mixed-effects model followed by a type Ill ANOVA and are shown atop each panel.
P values in bold indicate a significant main effect at <0.05. Hemi1, first hemisection; Hemi2, second hemisection.

To determine why stance dominance changes after the
first and second hemisections, we measured the proportion
of swing as a function of the cycle, shown to positively cor-
relate with weakened extensor/stance dominance and/or
increased flexor/swing dominance (45-47). In both fore-
limbs, swing phase proportion significantly increased with
increasing speed (Fig. 64, significant main effects of speed).
After hemisections, this proportion was significantly reduced
in RF at Hemil (P = 0.007) and Hemi2 (P < 0.001), and in LF
at Hemi2 (P < 0.001), compared to the intact state (Fig. 6A,
significant main effects of state). However, these changes
with speed were small. In both hindlimbs, we also observed a
small but significant increase in swing proportion with speed
(Fig. 6B, significant main effect of speed). Compared to the
intact state, at Hemil swing proportion significantly increased
in RH (P < 0.001) but not LH, whereas at Hemi2 swing pro-
portion remained high in RH (P = 0.003) and considerably
increased in LH (P = 0.003) (Fig. 6B, significant main effect of
state).

Reorganization of Support Periods after Staggered
Hemisections

To determine how animals adjust their limb coordination
with a change in speed, we measured individual support
periods before and after staggered hemisections. During
quadrupedal locomotion, we identified nine individual sup-
port periods within a cycle, defined by the number of limbs
contacting the treadmill at a given time (26, 29, 30, 34, 48).
In the intact state, support periods 1, 3-5, and 7-9 occupied
the largest proportion of the cycle (Fig. 7, left, and Table 2).
These are periods of triple and homolateral support. We
rarely observed periods 2 and 6, diagonal support periods.
Periods 1, 3, 5, 7, and 9 decreased with increasing speed,
whereas periods 4 and 8, right and left homolateral support
periods, increased (Fig. 7, significant main effect of speed).
All periods, except for periods 4 and 9, were significantly
affected by state (Fig. 7, significant main effect of state). At
Hemil, periods 1 (P < 0.001), 3 (P = 0.04), and 5 (P = 0.005)
significantly decreased compared to the intact state while
the diagonal support period 6 (P = 0.03), involving RF and
LH, significantly increased. Pairwise comparisons revealed
no significant differences between Hemil and the intact
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state for support periods 2, 7, and 8. At Hemi2, periods 1 (P <
0.001), 5 (P < 0.001), and 8 (P = 0.03) significantly decreased
compared to the intact state while periods 2 (P < 0.001), 3
(P =0.02), 6 (P < 0.001), and 7 (P = 0.02) increased. Thus,
staggered hemisection significantly increased diagonal sup-
port periods (2 and 6) and triple support periods involving
both forelimbs (3 and 7) while decreasing triple support peri-
ods involving both hindlimbs (7 and 5).

Speed- and State-Dependent Modulation of Stride
Length

Under normal conditions, increasing treadmill speed is
associated with shorter cycle durations and longer stride
lengths, enabling the limb to cover more distance in less
time (34, 37, 49, 50). Here, we measured stride length values
across speeds before and after staggered hemisections
(Fig. 8). As expected, stride lengths significantly increased
with increasing speed in both hindlimbs (Fig. 84, significant
main effect of speed). Compared to the intact state, stride
lengths significantly increased for RH at Hemil (P = 0.03)
and Hemi2 (P = 0.01) and at Hemi2 for LH (P = 0.03)
(Fig. 84, significant main effect of state). To quantify left-
right asymmetries in stride lengths, we measured an Al
before and after each hemisection (Fig. 8B). Interestingly, we
observed no main effect of speed or state, indicating that
stride lengths remain relatively symmetrical in the left and
right hindlimbs, consistent with Audet et al. (26), which only
looked at one speed.

Speed- and State-Dependent Modulation of Hip Angles
at Liftoff

An important somatosensory signal regulating phase dura-
tions and transitions is related to hip angle and the length of
hip flexors at the stance-to-swing transition (27, 51). Hip angle
increased with increasing speed in both LH and RH (Fig. 9,
significant main effects of speed). However, we found no sig-
nificant main effect of state for LH. Although we observed a
significant main effect of state for RH, pairwise comparisons
revealed no significant differences between the intact state
and Hemil (P = 0.5) or Hemi2 (P = 0.3). Thus, staggered hemi-
sections did not affect hip angles at liftoff.
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Figure 5. Phase-cycle duration relationships before and after staggered hemisections. A and B: forelimbs. C and D: hindlimbs. Stance (dark circles) and
swing (blue circles) durations were plotted against cycle duration in the intact state (left), after the first hemisection (Hemi1, center), and after the second
hemisection (Hemi2, right). Each circle represents a cycle, with ~8-15 cycles at each speed per cat (n = 8 cats). Dashed lines indicate the intact stance-
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To determine how staggered hemisections affected the burst duration remained unchanged at Hemil but was signif-

neural drive to left and right limb muscles when changing
speed, we measured EMG burst durations (Fig. 10) and ampli-
tudes (Fig. 11) in selected muscles of the fore- and hindlimbs.
In the intact state, EMG burst durations significantly
decreased with increasing speed in all forelimb and hind-
limb muscles (Fig. 10, significant main effect of speed). At
Hemil, EMG burst duration significantly decreased for LBB
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icantly longer at Hemi2 (P = 0.01), and RBB burst duration
was shorter at Hemil (P = 0.006) and Hemi2 (P < 0.001)
compared to the intact state. The burst duration did not
change for LTRI, RTRI, LECU, RECU, and RSOL after either
hemisection.

In the intact state, the normalized EMG amplitude signifi-
cantly increased with increasing speed for BB, TRI, ECU,
SOL, LG, and SRT (Fig. 11, significant main effect of speed).
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Figure 7. Support periods across speeds before and after staggered hemisections. The color maps on the /eft show 9 individual support periods,
expressed as a percentage of right hindlimb cycle duration, at different speeds in the intact state (/eft), after the first hemisection (Hemi1, center), and
after the second hemisection (Hemi2, right). Downward and upward arrows at Hemil and Hemi2 indicate a significant decrease and increase, respec-
tively in support periods for all speeds compared to the intact state. In the diagrams on the right, black filled paws represent limbs in contact with the
treadmill surface, and open/white paws indicate limbs in an aerial phase. P values for the main effects of state (St), speed (Sp), and their interaction (St x
Sp) were obtained from a linear mixed-effects model followed by a type Il ANOVA. P values in bold indicate a significant main effect at <0.05. LF, left
forelimb; LH, left hindlimb; RF, right forelimb; RH, right hindlimb; P values of pairwise comparisons: *<0.05; ***<0.001; ns, nonsignificant.
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Table 2. Percentage of support periods across speeds and states
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Each value in the table is the mean + SD percentage of individual support periods (SPs). Hemil, first hemisection; Hemi2, second hemisection.

At Hemil, the normalized burst amplitude was significantly
smaller for RSRT (P = 0.01) and RECU (P = 0.02) compared to
the intact state (Fig. 11, significant main effect of state). At
Hemi2, these changes were no longer significantly different
from the intact state. The LLG normalized amplitude did not
change at Hemil but decreased at Hemi2 (P = 0.04). Although
we found a significant main effect of state, pairwise compari-
sons showed no significant changes in normalized EMG burst
amplitude for LSOL and LTRI after either hemisection com-
pared to the intact state. We found that the normalized EMG
burst amplitude remained unchanged across states for LBB,
RBB, RTRI, LECU, LSRT, RSOL, and RLG (Fig. 11, no signifi-
cant main effect of state).

DISCUSSION

The main goal of the present study was to determine how
the locomotor pattern adjusts to different speeds on a tread-
mill after staggered thoracic lateral hemisections and to use
kinematic and EMG data to assess changes in sensorimotor
interactions. We found that the locomotor system compen-
sates by reorganizing the temporal structure of the cycle in
the hindlimbs across speeds, generating left-right asymme-
tries after the first hemisection that reverse after the second
one. Below, we explain these compensatory changes to
maintain speed modulation and the potential mechanisms
involved based on our experimental data and our recent
computational models (3, 19).

Left-Right Temporal Asymmetries Following Staggered
Lateral Hemisections Are Due to Changes in
Sensorimotor Interactions

After the first hemisection at T5-T6 on the right side, we
observed shorter stance and longer swing phases in the ipsi-
lesional right hindlimb compared to the contralesional left
hindlimb across speeds (Fig. 4). This asymmetry reversed
after the second hemisection on the left side at T10-T11, with
shorter stance and longer swing in the left hindlimb com-
pared to the right hindlimb. These asymmetries make func-
tional sense because they favor a longer support period of
the contralesional hindlimb after each lesion. After the first
right hemisection, stance is prolonged in the left hindlimb,
whereas after the second left hemisection, stance is pro-
longed in the right hindlimb. Interestingly, these compensa-
tory changes were maintained across speeds and likely
contributed to the reduction of support periods 1 and 5,
which involve simultaneous support by both hindlimbs
(Fig. 7). The changes in stance and swing phase durations
that we observed at 7-8 wk after the first and second hemi-
sections were undoubtedly due to the lesions. Audet et al.
(26), using the same paradigm, albeit at a single speed of
0.4 m/s, showed similar changes/reversals in phase dura-
tions at an early time point (1-2 wk) after both hemisections
that were maintained over time at 7-8 wk post lesions. Thus,
it is unlikely that the main changes in phase durations were
due to training and/or time-dependent effects.

What triggers this compensation? Is it a voluntary decision
made by the animal or simply a consequence of the lesion
based on network architecture? In our recent model, we pro-
posed that supraspinal drive adjusts the gain of somatosen-
sory feedback onto ipsilateral flexor and extensor half-centers
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Figure 8. Stride lengths across speeds before and after staggered hemisections. A: bars represent the mean + SD of stride lengths for the left and right
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Hemi2, second hemisection.

through presynaptic inhibition [see Fig. 1 of Rybak et al.
(19)]. Several studies have shown or proposed a decrease in
presynaptic inhibition after spinal cord injury (52-55),
although a few studies have shown or suggested an increase
(56, 57). Differences likely stem from different preparations
and the indirect measures generally used to assess presyn-
aptic inhibition.

In our model, somatosensory feedback includes stretch-
related signals related to hip extension that excite the ipsilat-
eral flexor half-center (27), which we termed SF-E1 in our
model, as well as loading-dependent signals from limb exten-
sor muscles that activate the ipsilateral extensor half-center,
which we termed SF-E2 (58-60). Thus, the loss of supraspinal
drive on the right side following the first hemisection reduces
presynaptic inhibition of excitatory length inputs from hip
flexor group Ia/II afferents to the flexor half-center, initiating
an earlier stance-to-swing transition and thereby shortening
stance and prolonging swing in the ipsilesional hindlimb.
The supraspinal drive and its inhibition of SF-E2 are also abol-
ished after hemisection. However, as stance is shortened on
the side of the lesion, the time spent loading the limb and the
influence of SF-E2 on the extensor half-center are also
reduced. This earlier onset and prolongation of the swing
phase increases inhibitory input on the contralateral flexor
half-center through inhibitory connections between the right
and left flexor half-centers via commissural interneurons. In

addition, reduced presynaptic inhibition of ipsilesional
length feedback SF-E1 on the right side increases excitatory
input on the contralesional left extensor half-center. Reduced
excitation of the left flexor half-center disinhibits the left
extensor half-center and prolongs left stance. This allows
both hindlimbs to maintain equal cycle duration. After the
second hemisection on the left side the pattern is reversed,
increasing left swing, decreasing left stance, decreasing right
swing, and increasing right stance. Again, according to our
model, this is a consequence of the lesion and the disinhibi-
tion of SF-E1 on the left side. We cannot exclude other scenar-
ios or mechanisms, but this is a simple explanation based on
network architecture. Although we did not find a significant
increase in hip angle following staggered hemisections
(Fig. 9), this is not necessary for an increased excitatory influ-
ence of SF-E1 onto the ipsilateral flexor half-center, which is
mediated by disinhibition of SF-E1 due to the loss of supraspi-
nal drive. However, the increase in hip angle at liftoff with
increasing speed in the intact state, which was maintained
after hemisections, serves to counteract the increased supra-
spinal drive and inhibition of SF-E1. Figure 12 schematically
illustrates the main changes in sensorimotor interactions
leading to left-right asymmetries in phase durations after
staggered hemisections.

Changes in stance/extensor burst durations and swing/
flexor burst durations after staggered hemisections also

Left hi Right hip Clintact
P St (P =0.02) 9 P B Hemi
16071 St(P=0.8) 1607 sp (P<0.001) Il Hemi2
Sp (P<0.001) Stx Sp (P < 0.001)
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) ) o o
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< 120 8 120
100 100
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Speed (m/s)

06 0.7 08

Figure 9. Hip angle at liftoff across speeds before and after staggered hemisections. Hip joint angles were measured at liftoff of the left and right hindlimbs
before and after hemisections. Bars represent mean + SD (n = 8 cats), with light gray diamonds indicating individual means. P values for the main effects of
state (St), speed (Sp), and their interaction (St x Sp) were obtained from a linear mixed-effects model followed by a type Il ANOVA and are shown atop
each panel. Pvalues in bold indicate a significant main effect at <0.05. Hemi1, first hemisection; Hemi2, second hemisection.
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Figure 10. Electromyographic (EMG) burst duration in forelimb and hindlimb muscles across speeds before and after staggered hemisections. Bars rep-
resent means + SD of EMG burst durations, with light gray diamonds showing means per individual cat. P values for the main effects of state (St), speed
(Sp), and their interaction (St x Sp) were obtained from a linear mixed-effects model followed by a type Il ANOVA and are shown atop each panel. P val-
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5; LBB, n = 5); ECU, extensor carpi ulnaris (RECU, n = 6; LECU, n = 5); LG, lateral gastrocnemius (RLG, n = 5; LLG, n = 5); SOL, soleus (RSOL, n = 4;
LSOL, n = 5); SRT, sartorius (RSRT, n = 5; LSRT, n = 6); TRI, triceps brachii (RTRI,n =7; LTRI, n = 6).

affected the control of cycle duration as a function of speed
(Fig. 5). In the intact state, in all four limbs, cycle duration
varied mainly with stance duration with a change in speed.
This stance/extensor dominance has been demonstrated in
several studies in cats and humans (10, 12, 37, 39, 40, 42—
44). However, after the first hemisection, stance domi-
nance weakened in the ipsilesional right hindlimb as cycle
duration varied with both stance and swing durations,
while the left hindlimb maintained stance dominance.
These results align with previous findings in cats with a lat-
eral thoracic hemisection (17) or lateral funiculi lesions
(61). After the second hemisection on the left side, stance
dominance weakened in the left hindlimb as cycle dura-
tion now varied with both stance and swing durations,
and although stance dominance recovered in the right
hindlimb, it did not return to intact values. For both hin-
dlimbs, weakened stance dominance correlated with an
increase in swing proportion (Fig. 6). Swing proportion
increased in the right ipsilesional hindlimb after the first
hemisection and remained elevated after the second,
whereas in the left hindlimb it only increased after the
second hemisection. Again, we propose that this is due to
changes in sensorimotor interactions as described above
(Fig. 12).

J Neurophysiol « doi:10.1152/jn.00331.2025 « www.jn.org

Studies have shown that variations in cycle and phase
durations are sensitive to supraspinal inputs and somato-
sensory feedback (10, 34, 46-48). For instance, electrically
stimulating the mesencephalic locomotor region during
spontaneously occurring fictive locomotion can switch an
extensor-dominated rhythm to a flexor-dominated one
(46). Descending motor pathways running in the dorsolat-
eral cord, such as the corticospinal and rubrospinal tracts,
seem particularly important in regulating flexor/swing
phase duration (45, 62). In contrast, descending pathways
running in the ventral/ventrolateral funiculi, such as the
reticulospinal and vestibulospinal tracts, appear essential for
extensor activation and support (61, 63, 64). However, if
supraspinal inputs significantly contribute to phase domi-
nance, why do spinal cats maintain stance/extensor domi-
nance during real and fictive locomotion (46, 65)? One study
showed that stretching and/or loading ankle extensors, thus
increasing group I/II afferent feedback from these muscles,
strengthened extensor dominance (47). In the present study,
we observed reduced activity in an ipsilesional ankle plantar-
flexor after the first (e.g., RLG) and second (e.g., LLG) hemi-
sections (Fig. 11). Reduced group I/II feedback from extensor
muscles on the side of the lesion could have weakened exten-
sor dominance while an increase in RLG activity after the
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Figure 11. Normalized electromyographic (EMG) burst amplitudes in forelimb and hindlimb muscles across speeds before and after staggered hemisec-
tions. The amplitude of EMG signals was normalized to the value obtained at 0.8 m/s and analyzed for different muscles across speeds before and after
hemisections. Bars represent means + SD of EMG burst durations, with light gray diamonds showing means per individual cat. P values for the main
effects of state (St), speed (Sp), and their interaction (St x Sp) were obtained from a linear mixed-effects model followed by a type Il ANOVA and are
shown atop each panel. P values in bold indicate a significant main effect at <0.05. Hemi?, first hemisection; Hemi2, second hemisection. L, left; R, right.
BB, biceps brachii (RBB, n = 5; LBB, n = 5); ECU, extensor carpi ulnaris (RECU, n = 6; LECU, n = 5); LG, lateral gastrocnemius (RLG, n = 5; LLG, n = 5);
SOL, soleus (RSOL, n = 4; LSOL, n = 5); SRT, sartorius (RSRT, n = 5; LSRT, n = 6); TRI, triceps brachii (RTRI, n = 7; LTRI, n = 6).

second left hemisection, reflecting increased loading of the
right hindlimb, could have contributed to restoring right hind-
limb extensor dominance. Split-belt locomotion in intact and
spinal cats, which induces left-right asymmetries in sensory
feedback from the hindlimbs, can also weaken stance/exten-
sor dominance in the hindlimb stepping on the fast belt by
shifting the center of mass toward the slower-moving belt (10,
66). Asymmetries in cutaneous sensory feedback from paw
pads also induce left-right asymmetries by shifting the body
weight toward the anesthetized paw during the stance phase
in split-belt locomotion to maximize load-dependent sensory
inputs (66). Thus, we think that the increase in swing/flexor
dominance and/or weakened stance/extensor dominance is
due to left-right asymmetries in supraspinal pathways and
somatosensory feedback induced by the lesions, which do not
occur after a complete transection.

On the other hand, we did not observe left-right asymme-
tries in stride lengths after staggered hemisections, and they
continued to increase with speed while maintaining left-
right symmetry (Fig. 8). Why is it that the temporal structure
of the left-right pattern is reorganized but not the spatial one
after staggered hemisections? Stride length reflects the
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distance traveled by the limb during the stance phase, added
to the distance traveled by the treadmill during the swing
phase (26, 30, 37, 38). Thus, stride length directly depends on
speed and cycle duration because it is the product of tread-
mill speed and the sum of stance and swing phase durations.
After hemisections, although stance and swing durations
were asymmetrically modulated between the limbs, these
changes occurred reciprocally, preserving symmetrical left-
right cycle duration and thus maintaining equal left-right
stride lengths. However, a limitation of using this formula
after the injury is that it assumes continuous forward pro-
gression during the swing phase, as the distance traveled
during the swing phase is calculated as the swing duration
multiplied by the treadmill speed. But after hemisection, the
swing trajectory might be altered (e.g., the limb may take
longer to lift or pause at a certain point of the swing phase)
so that the swing duration no longer reflects pure forward
displacement.

Lesion Extent and Interanimal Variability

Performing a perfect lateral hemisection is not realistic,
and the estimated amount of damaged pathways varied

J Neurophysiol « doi:10.1152/jn.00331.2025 - www.jn.org

Downloaded from journals.physiology.org/journal/jn (096.245.049.174) on January 1, 2026.


http://www.jn.org

()) SPEED-DEPENDENT LOCOMOTOR ADJUSTMENTS AFTER STAGGERED HEMISECTIONS

Intact

Left

Right

o ¢
L : e
%) il %)
o~ ) o~
W noou
[ L
%) i\ %)

Hemi1

Hemi2

(7] ~ (%]
il o T
m LL m
- n -
(9] N (%]
o u fil
L
N & N

® Flexor half-center == Supraspinal drive

[TStance}

{ TSwing}

[TSWing}

[TStance}

E Extensor half-center == Sensory feedback

| l

@— Inhibitory IN — Presynaptic — Excitatory
inhibition connection

Figure 12. Schematic representation of the speed-dependent control of phase durations before and after staggered thoracic hemisections. The figure
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limb, are represented as extensor (E) and flexor (F) half-centers. The left and right F half-centers mutually inhibit each other via commissural inhibitory
interneurons. The F half-center receives somatosensory feedback from hip flexor group la/ll afferents (SF-E1), whereas the E half-center receives feed-
back from group Ib afferents (SF-E2). SF-E1 and SF-E2 are both active during the stance phase and are presynaptically inhibited by supraspinal drive.
Supraspinal inputs send excitatory drive to both the F and E half-centers. After the first hemisection on the right side (Hemi1), supraspinal drive and its
inhibition of SF-E1and SF-E2 are abolished on the right. This leads to greater excitatory feedback from SF-E1 on the right F half-center. Because loading
and thus SF-E2 are reduced for the right hindlimb, the excitatory effects of SF-E2 on the E half-center do not change much from the intact state, despite
reduced presynaptic inhibition. After the second hemisection on the left side (Hemi2), the reverse occurs, with greater excitatory inputs from left SF-E1
onto the left F half-center. The effects on left and right stance and swing phases are described in the main text.

from one animal to another (Fig. 1). For instance, both hemi-
sections typically damaged the lateral, dorsolateral, and ven-
trolateral funiculi, disrupting descending tracts such as the
lateral corticospinal, rubrospinal, and medullary reticulospi-
nal pathways on the lesioned side. These damaged pathways
are involved in voluntary and postural control, as well as
skilled movements and modulation of muscle activation
(67-69). With the first hemisection, four cats (JA, HO, GR,
PO) retained portions of the right ventral funiculus, preserv-
ing anterior corticospinal, pontine reticulospinal, and vesti-
bulospinal tracts, which are implicated in controlling muscle
tone, posture, balance, and coordinated movements (67, 69—
71). Two cats (AR, GR) had unilateral damage of the right dor-
sal column, whereas the others (TO, JA, HO, MB, KA, PO) dis-
played bilateral or complete damage, disrupting ascending
somatosensory feedback essential for locomotor adjust-
ments. With the second hemisection, four cats (JA, HO, GR,
PO) had unilateral damage of the left dorsal column, one cat
(MB) had bilateral damage, and the remaining cats (TO, AR,
KA) showed almost complete sparing. Some cats (AR, MB,
GR, PO) also retained portions of the left ventral funiculus at
T10-T11. This variability in spared versus damaged pathways
across animals likely influenced quadrupedal locomotion
and its adjustment to treadmill speed.

However, it is important to mention that interanimal vari-
ability and locomotor adjustments observed after staggered

J Neurophysiol « doi:10.1152/jn.00331.2025 « www.jn.org

hemisections cannot be limited to lesion extent and to
spared or damaged pathways. Even in the intact state, cats
exhibit inherent variability in spinal locomotor circuitry,
reflex modulation, and muscle activation patterns, shaped
by factors such as genetic polymorphisms, physiology, mor-
phology, and prior movement or learning experiences (72).
Spinal cord injury further amplifies this variability by alter-
ing neuronal pathways in various ways across animals. As a
result, cats may develop similar and/or unique compensa-
tory strategies after injuries. This variation was also reported
by the divergent changes observed between cats in cutane-
ous-induced reflex responses after staggered thoracic hemi-
sections (24, 25). Hence, although the location and extent of
lesions influence locomotor recovery, the adopted compen-
satory mechanism after the injury depends on multiple fac-
tors. Staggered hemisections involve a series of neuroplastic
changes.

As discussed above, we observed left-right temporal
changes in the hindlimb pattern after each hemisection.
How does this reflect neuroplasticity within spinal sensori-
motor circuits controlling the left and right hindlimbs? We
acknowledge that the model proposed by Rybak et al. (19)
and in Fig. 12 oversimplifies the underlying neurobiology.
It does not account for neural plasticity, only for changes
in left-right sensorimotor interactions resulting from the
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lesions. A unilateral lesion of the thoracic cord, followed a
few weeks later by a complete thoracic transection a few
segments below, highlights that substantial plasticity
occurs within circuits intrinsic to the lumbosacral cord
after the first lesion in adult cats (15-18, 73). Indeed, hind-
limb locomotion was expressed the day after the transec-
tion, a recovery that normally takes a minimum of 3 wk.
Although the hindlimb on the side of the hemisection dis-
plays a more robust pattern after spinal transection, both
hindlimbs express locomotion, consistent with bilateral
neuroplasticity, albeit asymmetrical. A similar phenom-
enon was observed after staggered thoracic hemisections
followed by a complete thoracic transection, where hind-
limb locomotion was also observed the day after transection
(26). These studies underscore that spinal sensorimotor cir-
cuits caudal to the lesions controlling hindlimb locomotion,
including speed modulation, become more autonomous
and less reliant on supraspinal pathways after thoracic
lesions. Martinez et al. (17) reported that covariations in
stance and swing phase durations across speeds persisted in
the hemisected hindlimb after complete spinal transection,
consistent with a memory trace in the circuits controlling
the hindlimb on the hemisected side. In the present study,
the second hemisection on the left side partially restored
stance dominance in the right hindlimb, the side of the first
hemisection. Thus, spinal sensorimotor circuits retain the
ability to induce left-right asymmetrical neuroplastic changes
after alateral hemisection in an already injured spinal cord.
Multiple mechanisms could have been involved in loco-
motor recovery after lateral hemisections performed on
opposite sides of the spinal cord. In mice, a study comparing
simultaneous versus temporally staggered thoracic lateral
hemisections reported limited locomotor recovery after
simultaneous lesions, restricted to the hindlimb ipsilateral
to the first injury (22). In contrast, hemisections separated in
time, as in the present study, allowed recovery of locomotion
in both hindlimbs, suggesting that hindlimb recovery
relies on time-dependent changes (22). Studies indicate that
signal transmission between supraspinal and spinal circuits
remains feasible after lateral hemisections on both sides of
the cord, despite bilateral disruption of direct descending
projections (22-24, 74-76). It has been proposed that pro-
priospinal neurons form new circuits to allow for neural
transmission across the two lesions (76, 77). Spared reticulo-
spinal tracts sprout and appear to facilitate locomotor recov-
ery in rats after incomplete SCI (78). In cats, spinal circuits
also undergo substantial reorganization. After a right lateral
hemisection, transmission between cervical and lumbar seg-
ments improves over time, as evidenced by the partial recov-
ery of homolateral and diagonal cutaneous reflex responses
after stimulation of the left superficial radial nerve (24).
Beyond propriospinal plasticity, reorganization of primary
afferent projections and local reflex circuits below the lesion
may further contribute to locomotor recovery (79, 80). For
example, proprioceptive afferents reorganize their synaptic
connectivity with specific spinal targets and facilitate the for-
mation and strengthening of descending circuits following
thoracic hemisection (80, 81). Although our findings strongly
suggest that reorganization within sensorimotor circuits cau-
dal to the lesions plays a major role in locomotor recovery,
multiple mechanisms are undoubtedly involved. Although
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the discussed neuroplastic changes might improve func-
tional transmission between locomotor structures, they can
exert both beneficial and detrimental effects on locomotion
(75, 82-84). Future modeling efforts should incorporate or
consider these multiple layers of plasticity, including cellular
and molecular mechanisms. However, just because a new
pathway transmits a neural signal or axonal sprouting occurs
does not mean that they make a meaningful contribution to
locomotor control.

Altered Forelimb-Hindlimb Coordination Following
Staggered Thoracic Hemisections

Several studies have reported a 2:1 fore-hind pattern after
SCIs in rats and cats (15, 26, 38, 61, 85-89). However, the
mechanisms underlying this altered coordination are poorly
understood. Fictive locomotion studies in decerebrate spinal
cats have demonstrated that C3-C4 propriospinal neurons
can generate rhythmic activity independently of lumbar and
supraspinal inputs, supporting the existence of autonomous
cervical central pattern generators (CPGs) (90). However,
experimental evidence showed that the hindlimbs impose
their rhythm on the forelimbs via ascending propriospinal
pathways projecting from the lumbar to the cervical cord
(91-93). After thoracic hemisections, these ascending path-
ways are disrupted and the hindlimbs’ influence on the
forelimbs is eliminated. Consequently, forelimb-hindlimb
coordination is altered, and a 2:1 fore-hind pattern emerges.
Despite this dissociation, 1:1 left-right coordination remains
at both girdles, likely because of robust commissural interac-
tions at cervical and lumbar levels. As mentioned above, a lat-
eral hemisection reduces the excitatory supraspinal drive to
the ipsilesional extensor half-center, shortening the stance
phase and impairing hindlimb support. This biomechanical
deficit shifts the center of mass rostrally, increasing the load
on the forelimbs (87). One proposed mechanism to enhance
stability after injury is to increase the forelimb cadence by
shortening cycle duration and stride length to maintain the
center of mass within the support polygon (94). Thus, the
emergence of a 2:1 fore-hind pattern may contribute to this
stabilizing strategy by expanding the support polygon (38).
This further prevents interference between homolateral limb
pairs, as evidenced by the increased frequency of diagonal
support periods after the hemisections (Fig. 7). Finally, after a
lateral thoracic hemisection, hindlimb locomotor activity
depends more on somatosensory feedback and intrinsic spi-
nal mechanisms (71). In contrast, cervical locomotor networks
continue to receive excitatory supraspinal inputs and somato-
sensory feedback. However, the greater load demands on the
forelimbs, and hence greater inputs from SF-E2 afferents, and
the injury-related loss of ascending inhibitory inputs from
hindlimb locomotor networks increase the excitability of
forelimb CPGs, which increases their oscillatory rhythm and
step frequency (87). Interactions between forelimb and hind-
limb locomotor networks will need to be incorporated or con-
sidered in future modeling efforts.

Conclusions

In this study, we showed that locomotor adjustments to
increasing treadmill speeds following thoracic staggered
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hemisections involve a reorganization of the temporal struc-
ture of the locomotor cycle in both hindlimbs. Although
these adjustments generate left-right temporal phase asym-
metries that reverse after a second contralateral lesion, they
maintain symmetrical cycle durations and stride lengths.
This suggests the implication of compensatory mechanisms
based on how the architecture of the network is organized
and reorganized after spinal lesions (19). Understanding
how speed is controlled after SCIin animal models is impor-
tant from a translational perspective because people with
SCI have difficulty attaining moderate walking speeds (4-
8). Our findings underscore that locomotor circuit reorgan-
ization after SCI, including altered somatosensory feedback
and reduced supraspinal drive, plays a key role in adjusting
the locomotor pattern to speed variations.
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