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Abstract

Coordinating the four limbs is an important feature of terrestrial mammalian locomotion. When the foot dorsum
contacts an obstacle, cutaneous mechanoreceptors send afferent signals to the spinal cord to elicit coordi-
nated reflex responses in the four limbs to ensure dynamic balance and forward progression. To determine
how the locomotor pattern of all four limbs changes in response to a sensory perturbation evoked by activat-
ing cutaneous afferents from one hindlimb, we electrically stimulated the superficial peroneal (SP) nerve with a
relatively long train at four different phases (mid-stance, stance-to-swing transition, mid-swing, and swing-to-
stance transition) of the hindlimb cycle in seven adult cats. The largest functional effects of the stimulation
were found at mid-swing and at the stance-to-swing transition with several changes in the ipsilateral hindlimb,
such as increased activity in muscles that flex the knee and hip joints, increased joint flexion and toe height,
increased stride/step lengths and increased swing duration. We also observed several changes in support pe-
riods to shift support from the stimulated hindlimb to the other three limbs. The same stimulation applied at
mid-stance and the swing-to-stance transition produced more subtle changes in the pattern. We observed no
changes in stride and step lengths in the ipsilateral hindlimb with stimulation in these phases. We did observe
some slightly greater flexions at the knee and ankle joints with stimulation at mid-stance and a reduction in
double support periods and increase in triple support. Our results show that correcting or preventing stum-
bling involves functional contributions from all four limbs.
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The skin contains mechanoreceptors that, when activated, send afferent signals to the spinal cord, signaling
a perturbation. For example, when the foot dorsum hits an obstacle during the swing phase, cutaneous in-
puts trigger a functional reflex response in all four limbs to rapidly move the leg away from and over the stim-
ulus or obstacle to ensure dynamic balance and forward progression. Here, we investigate the locomotor
pattern of all four limbs after cutaneous nerve stimulation of one hindpaw at four different phases of the step
cycle during quadrupedal treadmill locomotion. Stimulating cutaneous afferents innervating the foot dorsum
generates functional responses involving the whole-body. These responses are phase dependent and serve
\to correct or prevent stumbling. /
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Introduction

Proprioceptive and tactile feedback regulates the loco-
motor pattern by interacting with central neural circuits (for
recent review, see Frigon et al., 2021). For instance, cuta-
neous mechanoreceptors send afferent signals to the spi-
nal cord and influence motor output during real and fictive
locomotion (Rossignol et al., 2006; Grillner and El Manira,
2020; Frigon et al., 2021). During real locomotion, when the
foot dorsum hits an obstacle during the swing phase, cuta-
neous inputs trigger a functional reflex response called the
stumbling corrective reaction to rapidly move the leg away
from and over the stimulus or obstacle. The stumbling cor-
rective reaction has been observed in many mammals, in-
cluding intact and spinal-transected cats (Forssberg et al.,
1977; Prochazka et al., 1978; Forssberg, 1979; Wand et
al., 1980; Buford and Smith, 1993; Quevedo et al., 2005a;
McVea and Pearson, 2007) and mice (Mayer and Akay,
2018), as well as in human infants, adults and the elderly
(Schillings et al., 1996, 2000, 2005; Van Wezel et al., 1997;
Zehr et al., 1997; Haridas and Zehr, 2003; Lam et al., 2003;
Potocanac et al., 2016).

Stimulating nerves of the foot, such as the superficial
peroneal (SP) nerve that innervates the foot dorsum, elic-
its specific reflex responses in the ipsilateral (stimulated
limb) and contralateral (opposite limb of same girdle) legs/
hindlimbs but also in the homolateral (limb of the other gir-
dle on same side) and diagonal (limb of the other girdle on
opposite side) arms/forelimbs in cats and humans during
locomotion (Haridas and Zehr, 2003; Hurteau et al., 2018;
Pearcey and Zehr, 2019). Thus, the stumbling corrective
reaction is part of a whole-body response that coordi-
nates activity in all four limbs. Coordinating the four limbs
is a fundamental requirement for quadrupedal locomotion
in mammals and bipedal locomotion in humans to main-
tain balance in an ever-changing environment (for review,
see Dietz, 2002; Dietz and Michel, 2009; Zehr et al., 2016;
Frigon, 2017). To be functionally appropriate, responses
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evoked by cutaneous inputs during locomotion are strongly
modulated by phase (Miller et al., 1977; Buford and Smith,
1993; Van Wezel et al., 1997; Zehr et al., 1997; Hurteau et
al., 2018). For example, stimulating the SP nerve during the
stance or extension phase does not elicit limb withdrawal.
Instead, it evokes responses that prevent stumbling by
strengthening extensor activity in the stimulated limb
(Forssberg, 1979; Quevedo et al., 2005a). This has
been termed the stumbling preventive reaction.
Studies have shown that stimulating nerves of the foot
mainly alters the structure of the step cycle of the ipsilateral
hindlimb/leg in cats and humans when applied during
swing (Duysens and Pearson, 1976; Forssberg et al., 1977;
Forssberg, 1979; Buford and Smith, 1993; Schillings et al.,
1996; Zehr et al., 1997). For example, the ipsilateral hind-
limb swing phase is prolonged along with contralateral
stance. The same stimulation during stance of the ipsilateral
hindlimb produces weaker effects on the structure of the step
cycle. Some studies also observed temporal adjustments in
the cycle following stimulation (Forssberg et al., 1977; Buford
and Smith, 1993). Although we know that cutaneous inputs
signaling a perturbation are distributed to the four limbs dur-
ing quadrupedal locomotion and phase-modulated, we do
not know how they affect the spatiotemporal structure of the
interlimb pattern at different times during the step cycle. A re-
cent study showed phase-dependent reflex responses in
flexor and extensor muscles of the hindlimb stimulated and in
muscles of the other three limbs during treadmill locomotion
in cats (Hurteau et al., 2018). In that study, however, the stim-
ulation parameters (three 0.2-ms pulses at an intensity just
above the motor threshold) were selected to limit perturbing
the stimulated limb. In the present study, we stimulated the
SP nerve with a longer train (25 0.2-ms pulses) to induce a
noticeable perturbation of the stimulated limb during mid-
swing. We used the same stimulation intensity in three other
parts of the cycle to assess phase-dependency. Based on
the responses observed by Hurteau et al. (2018), we antici-
pate phase-dependent changes in cycle and phase dura-
tions, support periods, as well as stride and step lengths in
the forelimbs and hindlimbs with a cutaneous perturbation of
the hindlimb. We predict that the effects on the locomotor
pattern of the four limbs will be greater with stimulation during
the swing phase, as stimulating the SP nerve or foot dor-
sum during stance has no or weak effects on the struc-
ture of the step cycle for the hindlimbs/legs (Forssberg,
1979; Zehr et al., 1997). Therefore, the purpose of this
study was to characterize functional changes in the loco-
motor pattern of all four limbs after a cutaneous nerve
stimulation that mimics a mechanical stimulus of one
hindpaw at four different phases of the step cycle during
quadrupedal treadmill locomotion. Additionally, we used
recordings of muscle activity [electromyography (EMG)]
in the four limbs to provide insight on how the central
nervous system contributes to functional changes.

Materials and Methods

Ethical approval
The Animal Care Committee of the Université de
Sherbrooke approved all procedures in accordance with
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policies and directives of the Canadian Council on Animal
Care (Protocol 442-18). We obtained the current dataset
from seven adult cats (three females and four males) with
a mass between 3.5 and 6.9 kg. Before and after experi-
ments, cats were housed and fed in a dedicated room
within the animal care facility of the Faculty of Medicine
and Health Sciences at the Université de Sherbrooke. As
part of our effort to maximize the scientific output of each
animal, all animals participated in other studies to answer
different scientific questions, some of which have been
published (Lecomte et al., 2021). For instance, cats par-
ticipated in experiments where they walked on a split-belt
treadmill at different speeds and left-right speed differen-
ces with or without stimulating peripheral nerves, such as
SP, superficial radial and distal tibial. They also performed
quadrupedal and hindlimb-only locomotion in the forward
and backward directions (Harnie et al., 2021, 2022). Cats
also stepped on a walkway where they negotiated ob-
stacles and stepped along a circular path. In all seven
cats of the present study, we performed a lateral spinal
hemisection at mid-thoracic levels and performed the
same data collection as in the intact state. We collected
the data presented here three to six weeks after implant-
ing electrodes during a single experimental session.

General surgical procedures

We performed the implantation surgery under aseptic
conditions in an operating room with sterilized equipment,
as previously described (Hurteau et al., 2017; Harnie et
al., 2019, 2021; Merlet et al., 2020, 2021). Briefly, cats first
received an intramuscular injection containing butorpha-
nol (0.4 mg/kg), acepromazine (0.1 mg/kg), glycopyrrolate
(0.01 mg/kg), and ketamine/diazepam (0.11 ml/kg in a
1:1 ratio, i.m.) for sedation and induction. Cats were
then anesthetized with isoflurane (1.5-3%) using a
mask and then intubated with a flexible endotracheal
tube. Anesthesia was maintained by adjusting isoflur-
ane concentration as needed (1.5-3%). After surgery,
we injected an antibiotic (cefovecin, 0.1 mil/kg) subcu-
taneously and taped a transdermal fentanyl patch
(25 pg/h) to the back of the animal 2-3 cm rostral to the
base of the tail for prolonged analgesia (removed after
5-7d). We also injected buprenorphine (0.01 mg/kg), a
fast-acting analgesic, subcutaneously at the end of the
surgery and ~7 h later. After each surgery, we placed
the cats in an incubator until they regained conscious-
ness. At the conclusion of the experiments, a lethal
dose of pentobarbital was administered through the
left or right cephalic vein under isoflurane anesthesia.

Implantation procedure

To record EMG, we directed pairs of Teflon-insulated
multistrain fine wires (AS633; Cooner Wire) subcutaneously
from two head-mounted 34-pin connectors (Omnetics)
that were sewn into the belly of selected forelimb and hind-
limb muscles for bipolar recordings, with 1-2 mm of insula-
tion stripped from each wire. The head connector was
secured to the skull using dental acrylic and four to six
screws. During surgery, we verified electrode placement
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Table 1: Muscles analyzed for each cat
Cat AR Cat GR CatJA Cat KA CatKIl CatMI Cat TO

SRT X X X X X X X
BFP X X X X X
ST X X X X X

BFA X X X X X
VL X X X X X
LG X X X X X X
SOL X X X X X X
BB X X X X X
TRI X X X X X X X
ECU X X X X X

The table provides the muscles analyzed for each cat (n=7). SRT, anterior
sartorius (n =7 cats); BFP, biceps femoris posterior (n =5 cats); ST, semitendi-
nosus (n =6 cats); BFA, biceps femoris anterior (n =5 cats); VL, vastus lateralis
(n=5 cats); LG, lateral gastrocnemius (n=6 cats); SOL, soleus (n=6 cats);
BB, biceps brachii (n=6 cats); TRI, the long head of the triceps brachii (n=7
cats); ECU, extensor carpi ulnaris (n =5 cats).

by electrically stimulating each muscle through the appro-
priate head connector channel and assessed the muscle
contraction. The current data set includes EMG from the
following muscles bilaterally: biceps brachii (BB, elbow
flexor), biceps femoris anterior (BFA; hip extensor), biceps
femoris posterior (BFP; knee flexor/hip extensor), ex-
tensor carpi ulnaris (ECU; wrist extensor), lateral gas-
trocnemius (LG; ankle extensor/knee flexor), anterior
sartorius (SRT; hip flexor/knee extensor), soleus (SOL;
ankle extensor), semitendinosus (ST; knee flexor/hip
extensor), the long head of the triceps brachii (TRI; elbow
and shoulder extensor), vastus lateralis (VL; knee exten-
sor). Table 1 provides the muscles analyzed for each cat.
For bipolar nerve stimulation, pairs of Teflon-insulated
multistrain fine wires (AS633; Cooner Wire) were passed
through a silicon tubing. A horizontal slit was made in the
tubing and wires within the tubing were stripped of their
insulation. The ends protruding through the cuff were
knotted to hold the wires in place and glued. The ends
of the wires away from the cuff were inserted into an
Omnetic connector for bipolar nerve stimulation. Cuff
electrodes were directed subcutaneously from head-
mounted connectors and placed around the left and
right SP nerves at ankle level. At this level, the SP nerve
is purely cutaneous (Bernard et al., 2007).

Experimental protocol

Figure 1 schematically illustrates the experimental set-
up and protocol. Cats performed experiments on a tread-
mill with two independently controlled running surfaces
120cm long and 30cm wide (Bertec). Cats were initially
trained to step on the treadmill at various tied-belt (both
belts at same speed) speeds using food and affection as
reward. During experiments, we stimulated the left or right
SP nerve while cats stepped at speeds of 0.3 to 0.5 m/s.
The speed varied between cats because we aimed to
use the slowest speed at which animals could maintain a
consistent locomotor pattern. We electrically stimulated
the SP nerve with a Grass S88 Stimulator at an intensity
of 1.2 times the motor threshold, defined as the voltage
that elicited a small consistent short-latency (8—-10 ms)
excitatory response in an ipsilateral flexor, such as ST.

eNeuro.org



eMeuro

A EMG and temporal parameters

Al "

Aorbialvattbh Bt bl
LVL e bt
e Ballonibad
"

LSOL  vigppiipothemmstitir Wil ol rontor ot
LSRT # ot A

LTRI —— ittt

LBB ¥ St ,

RVL e ik S
RSOL # ot et oetieteh
RSRT Pttt e
RTRI bt L i

RBB

A——————p
cycle duration burst
duration

stance duration swing
LHSt e duration EE———————

LFSt | |
RHSt m— ] _—
RFSt m— ]
C
Diagonal Homolateral
Contralateral Ipsilateral

D Spatial parameters and joint angles

markers

Hindlimb
Liftoff Contact
\_/_ M
/'o
o ‘__ Reflective o»j\ .hip

Research Article: New Research 4 0of 18

B Phase-dependent nerve stimulation
Stimulation at mid-stance

Stim-RSP )

Ipsi-RH C— s D
Homo-RF I 1 Do Doees =
Contra-LH

- O e e
Diag-LF mmmm ——— o D

Stim-RSP T
Ipsi-RH T mosm =
Homo-RF o s I |
Contra-LH mmm C——
Diag-LF memm ———

Stim-RSP |

lpsi-RH T Domm Do -
Homo-RF [ Dooa o BN
Contra-LH —

- e
Diag-LF mmm 1 meew

Stim-RSP |
Ipsi-RH T o
Homo-RF 1

Contra-LH ==
Diag-LF mmm

= Control cycle
m Stimulated cycle
m 1st cycle

Forelimb

Liftoff

Step length :

‘&
<

a = horizontal distance traveled between contact and liftoff

Stride length = a + swing duration x treadmill speed

Step length :

A

Figure 1. Experimental design. A, The figure shows electromyography (EMG) from selected muscles and stance phases of the four limbs
during locomotion in a single cat along with some temporal measures. B, The superficial peroneal (SP) nerve was electrically stimulated at
varying delays relative to an ipsilateral hindlimb extensor burst onset to evoke responses at four phases of the step cycle. We measured var-
iables in three consecutive cycles. C, The different limbs are defined based on the stimulation. The ipsilateral and contralateral limbs are the
stimulated and opposite hindlimbs, respectively. The homolateral and diagonal limbs are the forelimbs on the same and opposite sides of
the stimulated hindlimb, respectively. D, We placed reflective markers on bony landmarks and measured spatial parameters and joint an-
gles. BB, biceps brachii; Contra, contralateral; Diag, diagonal; F, forelimb; H, hindlimb; Homo, homolateral; Ipsi, ipsilateral; L, left; R, right;
SOL, soleus; SRT, anterior sartorius; St, stance TRI, long head of triceps brachii; VL, vastus lateralis.

We determined motor threshold during mid-swing and
used the same stimulation intensity in the other phases.
Each stimulation consisted of a train of 25 impulses (0.2-
ms duration, 300-Hz frequency) for a total train duration

November/December 2022, 9(6) ENEURO.0178-22.2022

of 88 ms. These stimulation parameters are similar to those
used to describe the neuronal circuits involved in the stum-
bling corrective reaction with SP nerve stimulation in de-
cerebrate curarized cats during fictive locomotion (Quevedo
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et al.,, 2005a,b). The correspondence of these stimulation
parameters to natural stimuli is not easy to demonstrate be-
cause when the cat’s foot dorsum contacts an obstacle,
hair cells are first deflected followed by mechanoreceptors
in superficial and deep layers of the skin. The stumbling cor-
rective reaction can result from a combined activation of
these different receptors. However, Buford and Smith (1993)
reported that the foot dorsum made contact for ~100 ms
with the force-sensitive rod, which is close to our 88-ms
train. We delivered ~60 stimuli pseudo-randomly every five
to six step cycles and analyzed three consecutive cycles:
the cycle preceding stimulation, the stimulated cycle and
the cycle following stimulation. Stimuli were delivered at
varying delays relative to an ipsilateral hindlimb extensor
burst onset to evoke responses at four phases of the step
cycle: mid-stance, stance-to-swing transition, mid-swing
and the swing-to-stance transition. We obtained ~5-20
stimuli per locomotor phase for all cats.

Data acquisition and analysis
Temporal variables

During experiments, two cameras (Basler AcA640-100 gm)
captured videos of the left and right sides at 60 frames/s with
a spatial resolution of 640 x 480 pixels. A custom-made
Labview program acquired images and synchronized
them. We used custom-made software to analyze videos
offline at 60 frames/s. By visual inspection, we deter-
mined, for all four limbs, stance onset as the first frame
where the paw made visible contact with the treadmill
surface and stance offset as the most caudal displace-
ment of the toes. For all four limbs, we measured cycle
duration from successive stance onsets, whereas stance
duration corresponded to the interval of time from stance
onset to offset (Fig. 1A). We measured swing duration as
cycle duration minus stance duration (Fig. 1A). From the
events of the ipsilateral limb (i.e., contact and liftoff of
the paw), we determined by visual inspection if the stim-
ulus fell in one of the four phases (Fig. 1B). When the
stimulus occurred outside of the defined ranges, we ex-
cluded it from the analysis (Fig. 1B). Figure 1C shows the
four limbs in relation to the stimulated hindlimb.

Spatial variables

Figure 1D shows spatial parameters that we measured
from kinematic events. Reflective markers were placed on
the skin over bony landmarks on the scapula, minor tuber-
cle of the humerus, elbow, wrist, metacarpophalangeal
joint and at the tips of the forepaws for the forelimbs and
over the iliac crest, greater trochanter, knee, lateral mal-
leolus, metatarsophalangeal joint and at the tips of the
hindpaws for the hindlimbs (Fig. 1D). To calculate spatial
variables, we obtained x and y coordinates of each marker
using DeepLabCut, an open-source software package
that uses deep learning for motion tracking (Mathis et al.,
2018; Nath et al., 2019), as we recently described in the
cat (Lecomte et al., 2021). We measured step lengths, de-
fined as the distance between the leading and trailing
limbs at stance onset of the leading limb for the forelimbs
and hindlimbs (Hoogkamer et al., 2014; Fig. 1D). Stride
lengths were measured as the horizontal distance between

November/December 2022, 9(6) ENEURO.0178-22.2022

Research Article: New Research 50f 18
stance onset and offset of a given limb added to the dis-
tance traveled by the treadmill during the swing phase,
which was calculated by multiplying swing duration by
treadmill speed (Courtine et al., 2005; Thibaudier and
Frigon, 2014; Dambreville et al., 2015; Harnie et al.,
2018; Fig. 1D). We measured total angular excursion
(max-min values) for the hip, knee and ankle joints across
the cycle for the hindlimbs (Fig. 1D). We also calculated the
maximum height above the supporting surface of the hip,
knee and toes for the hindlimbs, and shoulder, elbow and
toes for the forelimbs across the cycle.

Electromyography

EMG signals were preamplified (10x, custom-made sys-
tem), bandpass filtered (30-1000Hz) and amplified (100-
5000x) using a 16-channel amplifier (AM Systems Model
3500). EMG data were digitized (5000 Hz) with a National
Instruments card (NI 6032E), acquired with custom-made
acquisition software, and stored on a computer. To quanti-
fy EMG bursts, we selected three flexor (BFP, n=5; SRT,
n=7; and ST, n=6) and four extensor (BFA, n=5; LG,
n=6; SOL, n=6; and VL, n=5) muscles in the hindlimbs
and one flexor (BB, n =6) and two extensor (ECU, n=5 and
TRI, n=7) muscles in the forelimbs. We measured EMG
burst duration from onset to offset and mean EMG ampli-
tude by integrating the full-wave rectified EMG burst from
onset to offset divided by burst duration. We then normal-
ized EMG amplitudes to the mean control amplitude (i.e.,
mean amplitude measured during the cycle preceding stim-
ulation) and expressed as a percentage. We performed sta-
tistical analysis of the EMG amplitude on normalized data.
The same experimenter (A.N.M.) determined burst onsets
and offsets of selected muscles by visual inspection from
the raw EMG waveforms using a custom-made program.

Statistics

To evaluate the effects of SP nerve stimulation on spa-
tiotemporal variables and EMG bursts, we performed a
nonparametric one-factor [step cycles (control, stimu-
lated, first cycle after stimulation)] Friedman test in each
phase. The normality of each variable was assessed by
the Shapiro Wilk test. When a main effect was found, a
post hoc analysis was conducted using Bonferroni’s test.
The critical level for statistical significance was set at an
a-level of 0.05. Analyses were done with Statistica 8
(Statsoft). All values in the figures are the mean = SD.

Results

To determine the effects of perturbations by hindlimb
cutaneous inputs on the quadrupedal pattern at different
times in the step cycle, we electrically stimulated the SP
nerve in four phases and characterized adjustments in the
four limbs. We measured and compared kinematic and
EMG variables during mid-stance, the stance-to-swing
transition, mid-swing, and the swing-to-stance transition
of the ipsilateral limb (the limb stimulated). We analyzed
variables in a stepping sequence of three successive
cycles: the control cycle (cycle before the stimulation, in
white), in the stimulated cycle (red), and in the first (dark
gray) poststimulation cycle.

eNeuro.org



eMeuro

Mid-stance

A — Ipsi

----Contra

150
Hp ¢
50

150 ]
Knee
50_|

150"
Ankle -
50_

Toe 10_
height 0]

Joint angle (deg)

Ipsi-VL
Ipsi-SOL
Ipsi-SRT

Homo-TRI

Research Article: New Research 6 of 18

B Stance-to-swing

Homo-BB
Contra-VL

Contra-SOL

Contra-SRT
Diag-TRI t——————+Hakinim—s——tuliimbs———— i —— L ¥ L (LT

Diag-BB

Ipsi-Stance
Homo-Stance

Contra-Stance

Diag-Stance

Mid-swing

9]

Joint angle (deg)

Contra-VL0L #=
Contra-SOL

D Swing-to-stance

4

Contra-SRT

Diag-TRI #r——+——teiistis———— Mooty ——
"

T

T

e o ————— O ——
>

4
4

Diag-BB — i

Ipsi-St
Homo-St

Contra-St s

Diag-St

1s

Figure 2. Phase-dependent kinematic and EMG adjustments during locomotion in a single cat. The figure shows joint angles of the
ipsilateral and contralateral hindlimb, toe height, EMG from selected muscles along with stance phases of the four limbs with stimu-
lation at mid-stance (A), stance-to-swing transition (B), mid-swing (C), and swing-to-stance transition (D). For abbreviations, see

Figure 1 legend.

Hindlimb cutaneous inputs produce phase-dependent
kinematic and EMG adjustments

Figure 2 shows the effects of SP nerve stimulation dur-
ing four phases for a single cat during treadmill locomo-
tion at 0.4 m/s. Each panel shows, from top to bottom,
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joint angles and toe height of the hindlimbs, the EMG of
selected muscles and the stance phases of all four limbs.
The vertical shaded area represents the period of SP nerve
stimulation. As can be seen, the effects of nerve stimulation
were highly dependent on phase. For instance, at mid-
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Figure 3. Cycle and phase durations of all four limbs during locomotion across cats. The figure shows cycle, stance and swing du-
rations with stimulation at mid-stance (A), stance-to-swing transition (B), mid-swing (C), and swing-to-stance transition (D) in the ip-

silateral (Ipsi), contralateral (Contra),

homolateral (Homo), and diagonal (Diag) limbs. Control, stimulated and first cycle after

stimulation are shown in white, red, and gray, respectively. Each data point represents the mean = SD for the group (n=7 cats). p
values comparing the cycles are indicated (main effect of Friedman test) and those in bold highlight significant main effects. The as-
terisks (*) indicate a significant difference with the control cycle obtained with Bonferroni’s post hoc test.

stance (Fig. 2A) and at the swing-to-stance transition (Fig.
2D), we observed a brief inhibition of the ipsilateral SOL
EMG activity and brief bursts or increased activity in the ip-
silateral SRT and homolateral TRI. In contrast, stimulation at
the stance-to-swing transition increased flexion at the three
joints of the ipsilateral hindlimb, particularly at the knee, and
considerably elevated toe height (Fig. 2B). Stimulation at
mid-swing prolonged and increased flexion at the knee and
ankle and increased toe height as it was starting to decrease
(Fig. 2C). With stimulation at the stance-to-swing transition
or mid-swing, we can observe some EMG changes, such as
a brief burst in the ipsilateral VL and SRT. Thus, there are
clear differences in the responses evoked depending on
where within the step cycle the stimulus is delivered.

Temporal adjustments of all four limbs with hindlimb
cutaneous inputs

To determine how stimulating the SP nerve affected
temporal characteristics of the locomotor pattern, we
measured cycle, stance and swing durations in the four
limbs (Fig. 3). Note that the right hindlimb is the limb
stimulated (ipsilateral). Stimulation during mid-stance had
no effect on cycle and phase durations of the ipsilateral
hindlimb but significantly increased contralateral swing
duration in the stimulated cycle (+5.1%, p=0.018 vs
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control; Fig. 3A). We found no changes in the homolateral
and diagonal forelimbs. Stimulation at the stance-to-
swing transition significantly increased ipsilateral swing
duration in the stimulated cycle (+13.7%, p =002 vs con-
trol; Fig. 3B) and contralateral cycle and stance duration
in the stimulated limb (+2.6%, p=0.005 and +2.8%,
p=0.004 vs control, respectively; Fig. 3B). We found no
changes in the homolateral and diagonal forelimbs. With
stimulation at mid-swing, ipsilateral cycle and swing du-
rations were significantly longer in the stimulated cycle
(+6.0%, p=0.002 and +23.5%, p=0.002 vs control, re-
spectively; Fig. 3C) whereas no changes in cycle and
phase durations were found in the three other limbs.
Stimulation performed at the swing-to-stance transition
only significantly decreased homolateral forelimb swing
duration in the stimulated cycle (—10.5%, p=0.005 vs
control; Fig. 3D).

We generally find eight individual support periods dur-
ing quadrupedal locomotion in a cycle (D’Angelo et al.,
2014; Frigon et al., 2014, 2021). Note that a diagonal sup-
port period can be replaced by a period of quadrupedal
support in some cycles, thus we can find nine different
support periods. Figure 4 shows the duration of the sup-
port periods in the four stimulation phases. Stimulation at
mid-stance increased the triple support period involving
the ipsilateral, contralateral and homolateral limbs (+17.7%,
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Figure 4. Support periods during locomotion across cats. The figure shows support periods with stimulation at mid-stance (A),

stance-to-swing transition (B), mid-swing (C), and swing-to-stance transition (D). Control, stimulated and first cycle after stimulation
are shown in white, red, and gray, respectively. Each data bar represents the mean + SD for the group (n=7 cats). p values com-
paring three consecutive cycles are indicated (main effect of Friedman test) and those in bold highlight significant main effects. The
asterisks (*) indicate a significant difference with the control cycle obtained with Bonferroni's post hoc test. Ipsi, ipsilateral; Homo,

homolateral; Contra, contralateral; Diag, diagonal.

p=0.018 vs control) and decreased the ipsilateral homolater-
al double support periods (—21.4%, p =0.018 vs control; Fig.
4A). Stimulation at the stance-to-swing transition increased
the diagonal support involving the contralateral and homolat-
eral limbs in the stimulated cycle (+279.2%, p=0.015 vs

November/December 2022, 9(6) ENEURO.0178-22.2022

control), whereas the triple support involving the ipsilateral,
contralateral and diagonal limbs decreased in the first cycle
after stimulation (—16.0%, p=0.018 vs control; Fig. 4B).
Stimulation at mid-swing increased the contralateral homolat-
eral double support period in the stimulated cycle (+49.3%,
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Figure 5. Step and stride lengths of all four limbs during locomotion across cats. The figure shows step and stride lengths with stim-
ulation at mid-stance (A), stance-to-swing transition (B), mid-swing (C), and swing-to-stance transition (D) in the ipsilateral (Ipsi),
contralateral (Contra), homolateral (Homo), and diagonal (Diag) limbs. Control, stimulated and first cycle after stimulation are shown
in white, red, and gray, respectively. Each data point indicates the mean + SD for the group (n=7 cats). p values comparing three
consecutive cycles are indicated (main effect of Friedman test) and those in bold highlight significant main effects. The asterisks (*)
indicate a significant difference with the control cycle obtained with Bonferroni’s post hoc test.

p =0.005 vs control; Fig. 4C). We observed a decrease in the
duration of two triple support periods in the first cycle after
stimulation: ipsilateral, contralateral, and diagonal limbs
(—45.0%, p=0.001 vs control) and contralateral, homolateral
and diagonal limbs (—13.6%, p =0.012 vs control; Fig. 4C). In
contrast, the quadrupedal increased (+35.1%, p=0.012 vs
control; Fig. 4C). At the swing-to-stance transition, we only
observed a decrease in the triple support period involving the
ipsilateral, contralateral and diagonal limbs during the first
cycle after stimulation (—16.0%, p=0.005 vs control; Fig.
4D).

Spatial and kinematic adjustments of all four limbs
with hindlimb cutaneous inputs

We measured step length to determine the distance be-
tween homologous limbs at contact of the leading limb
and stride length to determine the distance traveled by all
four limbs with stimulation of the SP nerve in the four
phases (Fig. 5). Stimulation at mid-stance only signifi-
cantly increased contralateral stride length in the stimu-
lated cycle (+9,1%, p=0.012 vs control; Fig. 5A). With
stimulation at the stance-to-swing transition, ipsilateral
step and stride lengths were significantly longer in the
stimulated cycle (+7.6%, p=0.004 and +6.8%, p=0.012
vs control, respectively; Fig. 5B) and diagonal stride length
was significantly shorter in the first cycle after stimulation
(—5.4%, p=0.018 vs control; Fig. 5B). Step and stride

November/December 2022, 9(6) ENEURO.0178-22.2022

lengths of contralateral and homolateral limbs were unaf-
fected. With stimulation at mid-swing, ipsilateral step and
stride lengths were significantly longer in the stimulated
cycle (+9.1%, p=0.049 and +5.7%, p=0.006 vs control,
respectively; Fig. 5C), whereas the contralateral step length
was shorter (—13.3%, p=0.005 vs control; Fig. 5C).
Stimulation at the swing-to-stance transition did not affect
step and stride lengths of any of the four limbs. Thus, with
stimulation at the stance-to-swing transition and at mid-
swing, the ipsilateral hindlimb travels a greater distance.

Heights and angles

Hindlimb cutaneous inputs alter the maximum height of
the hip, knee and toes in the hindlimbs, and the shoulder,
elbow and toes in the forelimbs, in a phase-dependent
manner (Fig. 6). Overall, homolateral and diagonal should-
er, elbow and forelimb toe heights were not altered by SP
nerve stimulation in all locomotor phases (Fig. 6). In the
hindlimbs, stimulation performed at mid-stance signifi-
cantly lowered the ipsilateral and contralateral hip in the
stimulated cycle (—0.8%, p =0.006 and —0.9%, p=0.004
vs control, respectively; Fig. 6A). Ipsilateral knee height
was also significantly lowered in the stimulated cycle
(p=0.012 vs control; Fig. 6A). We found no change for the
ipsilateral and contralateral toe heights and contralateral
knee height. With stimulation at the stance-to-swing transi-
tion, ipsilateral hip, knee and toe heights were significantly
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Figure 6. Joint and toe heights in the four limbs during locomotion across cats. The figure shows maximum heights of the hip,
knee, hind-toe, shoulder, elbow, and fore-toe with stimulation at mid-stance (A), stance-to-swing transition (B), mid-swing (C), and
swing-to-stance transition (D). Control, stimulated and first cycle after stimulation are shown in white, red, and gray, respectively.
Each data point represents the mean + SD for the group (n=7 cats). p values comparing the cycles are indicated (main effect of
Friedman test) and those in bold highlight significant main effects. The asterisks (*) indicate a significant difference with the control
cycle obtained with Bonferroni’s post hoc test. Ipsi, ipsilateral; Homo, homolateral; Contra, contralateral; Diag, diagonal.

elevated in the stimulated cycle (+1.5%, p=0.018; +6.1%,
p=0.005; +358.4%, p=0.004 vs control, respectively; Fig.
6B), whereas the contralateral hip, knee and toe heights
were unaffected. Stimulation performed at mid-swing signif-
icantly elevated ipsilateral hip, knee and toe heights in the
stimulated cycle (+1.5%, p=0.028; +7.5%, p=0.002 and
+231.3%, p=0.005 vs control, respectively; Fig. 6C). With
stimulation at the swing-to-stance transition, only the con-
tralateral hip was lowered in the stimulated cycle (—0.9%,
p =0.005 vs control; Fig. 6D).

Cutaneous inputs from the SP nerve also generated
phase-dependent changes in joint angles in the ipsilateral
hindlimb (Fig. 7). With stimulation at mid-stance, ipsilateral
knee and ankle joints had smaller maximum angles in the
stimulated cycle (—1.3%, p=0.018 and —1.7%, p=0.049
vs control, respectively; Fig. 7A). Knee and ankle joints also
had significantly smaller minimum angles (i.e., greater flex-
ion) in the stimulated cycle (—2.0%, p=0.012 and —2.7%,
p =0.018 respectively; Fig. 7A). At contact, knee and ankle
joints were significantly smaller (i.e., more flexed) in the
stimulated cycle (—2.2%, p=0.018 and —2.7%, p =0.002
vs control, respectively; Fig. 7A). The same observations
were made at liftoff (—2.9%, p=0.018 and —2.6%, p=
0.018 vs control, respectively; Fig. 7A). We found no change
for hip angle. With stimulation at the stance-to-swing

November/December 2022, 9(6) ENEURO.0178-22.2022

transition, ipsilateral knee and ankle joints had smaller
minimum angles (i.e., greater flexion) in the stimulated
cycle (—29.2%, p=0.005 and —15.2%, p =0.004 vs con-
trol, respectively; Fig. 7B), with no change in hip angle.
At contact and liftoff, ipsilateral hindlimb joints were un-
affected. With stimulation at mid-swing, knee and ankle
joints had significantly smaller minimum angles (i.e., great-
er flexion) in the stimulated cycle (—16.1%, p=0.005 and
—18.8%, p=0.005 vs control, respectively; Fig. 7C). The
hip and ankle joints also had smaller maximum angles
(—3.2%, p=0.004 and —1.3%, p =0.012 respectively; Fig.
7C) in the first cycle after stimulation. At liftoff, the hip,
knee and ankle joints at liftoff were significantly more
flexed in the first cycle after stimulation (—3.7%, p=
0.049; —4.2%, p=0.049; and —3.0%, p =0.021 vs con-
trol, respectively; Fig. 7C). At contact, the knee joint
had was significantly more flexed in the stimulated
cycle (—0.3%, p=0.049 vs control; Fig. 7C) whereas
no change was reported in hip and ankle joint angles.
Stimulation at the swing-to-stance transition only de-
creased knee angle at contact in the stimulated cycle
(—1.0%, p=0.012 vs control; Fig. 7D). Knee joint also
had smaller maximum angles in the first cycle following
the stimulation (—0.9%, p=0.021 vs control, respec-
tively; Fig. 7D).
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Figure 7. Joint angles of the ipsilateral limb during locomotion
across cats. The figure shows hip, knee and ankle joint angles
of the ipsilateral limb at contact, liftoff as well as the maximum
and minimum values with stimulation at mid-stance (A), stance-
to-swing transition (B), mid-swing (C), and swing-to-stance
transition (D). Control, stimulated and first cycle after stimula-
tion are shown in white, red, and gray, respectively. p values
comparing three consecutive cycles are indicated (main effect
of Friedman test) and those in bold highlight significant main ef-
fects. The asterisks (*) indicate a significant difference with the
control cycle obtained with Bonferroni’s post hoc test.

Muscle activity adjustments of all four limbs with
hindlimb cutaneous inputs
EMG burst duration

For burst duration, we found a significant decrease with
stimulation at mid-stance (Fig. 8A) for the homolateral BB
in the stimulated cycle (—6.6%, p =0.009 vs control) and
in the first cycle after the stimulation (—6.5%, p =0.009 vs
control). With stimulation at the stance-to-swing transition
(Fig. 8B), we found a significant increase of EMG burst du-
ration for the ipsilateral BFP (+31.9%, p =0.022 vs control)
and ST (+33.1%, p=0.038 vs control) in the stimulated
cycle and for the ipsilateral LG (+4.2%, p=0.022 vs
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control) in the first cycle after stimulation. In contrast, we
found a significant decrease of EMG duration for the ho-
molateral BB in the stimulated cycle (—6.2%, p=0.011 vs
control) and in the first cycle after the stimulation (—6.2%,
p=0.011 vs control), and for the diagonal BB (—9.9%,
p =0.022 vs control) only in the first cycle after the stimula-
tion. Most changes in EMG burst duration occurred with
stimulation at mid-swing (Fig. 8C). We observed a signifi-
cant increase of EMG burst duration for the ipsilateral SRT
(+29.9%, p=0.002 vs control) and BFP (+43.3%, p=
0.015 vs control) and the contralateral VL (+10.1%, p =0.039
vs control), LG (+7.3%, p=0.016 vs control) and SOL
(+5.6%, p=0.049 vs control) in the stimulated cycle. In con-
trast, we observed a significant decrease of EMG duration for
the contralateral SRT (—5.5%, p=0.013 vs control) in the
stimulated cycle. With stimulation at the swing-to-stance
transition (Fig. 8D), no significant changes were found.

EMG amplitude

For mean EMG amplitude, no significant changes were
found with stimulation at mid-stance (Fig. 9A). With stimu-
lation at the stance-to-swing transition (Fig. 9B), we ob-
served a significant increase of EMG amplitude for the
three flexor muscles of the hindlimbs (SRT, BFP, and ST)
in the stimulated cycle. The two largest increases occurred
for the ipsilateral BFP (+243.4%, p=0.022 vs control) and
ST (+251.0%, p=0.022 vs control), with a smaller increase
for the ipsilateral SRT (+13.0%, p=0.021 vs control). As
with burst duration, most significant changes in EMG ampili-
tude occurred with stimulation at mid-swing (Fig. 9C). In the
hindlimbs, we found a significant increase of EMG amplitude
for the ipsilateral/contralateral BFP (+78.3%, p =0.007 and
+20.8%, p=0.039 vs control, respectively), the contralat-
eral ST (+31.4%, p=0.009 vs control) and VL (+15.5%,
p=0.039 vs control) and the ipsilateral SRT (+13.6%,
p =0.049 vs control) in the stimulated cycle. We found a sig-
nificant increase for the ipsilateral LG (+20.0%, p=0.015
vs control) and SOL (+4.8%, p =0.006 vs control) in the
first cycle after stimulation. In the forelimbs, we only ob-
served a significant increase for the diagonal ECU
(+16.4%, p=0.022 vs control) in the stimulated cycle.
With stimulation at the swing-to-stance transition (Fig.
9D), we observed a significant increase of EMG ampli-
tude for the contralateral SRT (+7.0%, p= 0.048 vs
control) and ST (+53.3%, p=0.009 vs control) in the
stimulated cycle.

Discussion

The main purpose of this study was to determine how
the quadrupedal locomotor pattern adjusts to a sensory
perturbation evoked by electrically stimulating cutaneous
afferents of the SP nerve with a relatively long train at four
different phases of the step cycle. Studies to date have
focused almost exclusively on adjustments in the ipsi-
lateral and contralateral hindlimbs/legs in cats and hu-
mans (Forssberg, 1979; Schillings et al., 1996; Lam et
al., 2003; Quevedo et al., 2005a,b). Below, we discuss
how stimulating the SP nerve led to phase-dependent
kinematic and EMG adjustments in the four limbs during
quadrupedal locomotion in intact cats.
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Figure 8. Burst durations in all four limbs during locomotion across cats. The figure shows EMG burst durations in selected
muscles with stimulation at mid-stance (A), stance-to-swing transition (B), mid-swing (C), and swing-to-stance transition (D)
in the ipsilateral (Ipsi), contralateral (Contra), homolateral (Homo), and diagonal (Diag) limbs. Control, stimulated and first
cycle after stimulation are shown in white, red, and gray, respectively. SRT, anterior sartorius (n =7 cats); BFP, biceps femo-
ris posterior (n =5 cats); ST, semitendinosus (n=6 cats); BFA, biceps femoris anterior (n=5 cats); VL, vastus lateralis (n=5
cats); LG, lateral gastrocnemius (n =6 cats); SOL, soleus (n =6 cats); BB, biceps brachii (n =6 cats); TRI, the long head of the
triceps brachii (n =7 cats); ECU, extensor carpi ulnaris (n =5 cats). p values comparing three consecutive cycles are indicated
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continued

(main effect of Friedman test) and those in bold highlight significant main effects. The asterisks (*) indicate a significant dif-
ference with the control cycle obtained with Bonferroni’s post hoc test.

Functional effects of the sensory perturbation on the
locomotor pattern are phase dependent

The SP nerve innervates the skin of the foot dorsum
(Bernard et al., 2007). Thus, electrically stimulating SP
afferents simulates a contact to the foot dorsum.
Mechanical or electrical stimulation of the foot dorsum
or the SP nerve has been used to describe the stumbling
corrective reaction in cats and humans (Forssberg, 1979;
Wand et al., 1980; Buford and Smith, 1993; Schillings
et al., 1996; Zehr et al., 1997; Quevedo et al., 2005a,b;
Hurteau et al., 2018). We recently showed that stimulating
the SP nerve during treadmill locomotion evoked phase-
dependent reflex responses in all four limbs in intact cats
(Hurteau et al., 2018). In that study, however, we delivered
short trains (three pulses) just above the motor threshold to
evoke reflex responses without noticeably perturbing the
pattern. In other words, we wanted to avoid a large kine-
matic change in the gait pattern to focus on cutaneous re-
flex responses. In the present study, we used longer trains
(25 pulses), to generate a large functional response during
mid-swing, consisting mainly of pronounced knee flexion.
At this stimulation intensity, it is unlikely that we activated
high threshold nociceptive afferents that mediate the
withdrawal reflex because such activation elicits flexion
withdrawal throughout the locomotor cycle, including
during the stance phase as well as during quiet standing
(Forssberg, 1979; Buford and Smith, 1993; Zehr et al.,
1997). Moreover, cats did not display discomfort with
stimulation. Thus, it is likely that temporal summation of
inputs from low-threshold SP afferents evoked the large
response observed with stimulation at mid-swing and at
the stance-to-swing transition. We used the same stimu-
lation intensity to determine the functional effects of acti-
vating SP nerve afferent inputs in all four limbs at four
phases: mid-stance, the stance-to-swing transition, mid-
swing, and the swing-to-stance transition. These four
phases have different functional requirements to main-
tain balance and ensure forward progression when faced
with a sensory perturbation to the foot dorsum. We will
first discuss the effects of stimulation at mid-swing and
the stance-to-swing transition followed by stimulation at
mid-stance and at the swing-to-stance transition.

Not surprisingly, we observed the largest functional ef-
fects of the stimulation at mid-swing and at the stance-to-
swing transition, as observed by other studies in various
cat preparations (Forssberg, 1979; LaBella et al., 1992;
Quevedo et al., 2005a,b; Hurteau et al., 2018) and during
human locomotion (Schillings et al., 1996; Zehr et al,,
1997; Lam et al., 2003). At mid-swing, the stimulated
hindlimb is off the ground and the other three limbs must
ensure balance to allow the stimulated hindlimb to alter its
trajectory. At the stance-to-swing transition, swing is just
beginning and the stimulated limb can prolong either its
stance or produce a stumbling corrective reaction. With
stimulation at mid-swing and the stance-to-swing transi-
tion, the knee and ankle of the ipsilateral hindlimb flexed
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significantly more compared with the control cycle (Fig.
7). We also observed an increase in hip flexion with stimu-
lation at mid-swing. Flexion of the joints considerably in-
creased toe height (Fig. 6). Increased activity of BFP and/
or ST (knee flexors/hip extensors) as well as SRT anterior
(hip flexor/knee extensor), along with an earlier onset or
later offset of their activity were responsible for increased
knee and hip flexion (Figs. 8, 9). Increased and prolonged
joint flexion and flexor activity increased swing duration
(Fig. 3), producing longer stride and step lengths (Fig. 5).
Our results are consistent with several studies that de-
scribed increased activity in knee, ankle, and hip flexors
with electrical stimulation of the foot dorsum during swing in
intact and chronic spinal cats or in the flexor phase during
fictive locomotion in decerebrate curarized cats (Forssberg
et al., 1977; Forssberg, 1979; Quevedo et al., 2005a,b). The
stumbling corrective reaction in humans evoked mechani-
cally or with electrical stimulation of the SP nerve shares
similar characteristics with the cat (Schillings et al., 1996;
Zehr et al., 1997; Haridas and Zehr, 2003). In both cats and
humans, increased activity in ankle extensors and/or sup-
pression of ankle flexors precedes increased activity in
ankle flexors during the stumbling corrective reaction with
mechanical and/or electrical stimulation of the foot dorsum
during swing (Buford and Smith, 1993; Van Wezel et al.,
1997; Zehr et al., 1997; Haridas and Zehr, 2003; Quevedo et
al., 2005a,b). Coupled with knee flexion, this helps move the
foot up and away from the contact before the hip and ankle
flex to move the limb forward and over the obstacle. Ankle
extension/plantarflexion is sometimes absent with electrical
stimulation, with only ankle and knee flexion observed
(Buford and Smith, 1993).

What adjustments do we observe in the other three
limbs with stimulation at mid-swing and at the stance-to-
swing transition? We observed an increase in cycle and
stance phase durations of the contralateral hindlimb with
stimulation at the stance-to-swing transition in the stimu-
lated cycle, but not with stimulation at mid-swing (Fig. 3).
Burst durations of contralateral extensors, such as VL,
SOL, and LG, increased during the stimulated cycle with
stimulation at mid-swing (Fig. 8). We also observed an in-
crease in contralateral VL amplitude with stimulation at
mid-swing (Fig. 9). A few studies have reported increased
activity and/or excitatory reflex responses in contralateral
extensors in intact cats with electrical stimulation of the
foot dorsum during swing (Forssberg, 1979; Duysens and
Loeb, 1980). A short-latency crossed inhibitory pathway
from the SP nerve to ankle extensors is also present dur-
ing locomotion in intact cats and could help prolong the
contralateral stance phase when the ipsilateral hindlimb is
perturbed during swing (Frigon and Rossignol, 2008a).
With stimulation at mid-swing and at the stance-to-swing
transition, we observed no changes in swing durations of
the contralateral hindlimb or in phase durations of the ho-
molateral and diagonal forelimbs. Measuring changes in
support periods revealed how cats adjusted their interlimb
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Figure 9. Burst amplitudes in all four limbs during locomotion across cats. The figure shows EMG burst amplitudes in selected
muscles with stimulation at mid-stance (A), stance-to-swing transition (B), mid-swing (C), and swing-to-stance transition (D) in the
ipsilateral (Ipsi), contralateral (Contra), homolateral (Homo), and diagonal (Diag) limbs. Control, stimulated and first cycle after stimu-
lation are shown in white, red, and gray, respectively. SRT, anterior sartorius (n=7 cats); BFP, biceps femoris posterior (n =5 cats);
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continued

ST, semitendinosus (n =6 cats); BFA, biceps femoris anterior (n=5 cats); VL, vastus lateralis (n=5 cats); LG, lateral gastrocnemius
(n=6 cats); SOL, soleus (n=6 cats); BB, biceps brachii (n=6 cats); TRI, the long head of the triceps brachii (n=7 cats); ECU, exten-
sor carpi ulnaris (=5 cats). p values comparing three consecutive cycles are indicated (main effect of Friedman test) and those in
bold highlight significant main effects. The asterisks (*) indicate a significant difference with the control cycle obtained with

Bonferroni’s post hoc test.

pattern to the perturbation (Fig. 4). With stimulation at the
stance-to-swing transition, the diagonal period involving
the contralateral hindlimb and homolateral forelimb in-
creased during the stimulated cycle while the triple support
period involving both hindlimbs and the diagonal forelimb
decreased in the first cycle after stimulation. With stimula-
tion at mid-swing, the contralateral homolateral support
period increased during the stimulated cycle, thus shifting
support to the contralateral side, followed by a decrease in
the first cycle after stimulation in two support periods and
an increase in quad support. Therefore, adjustments in the
interimb pattern contributed to dynamic balance in re-
sponse to a sensory perturbation at mid-swing and the
stance-to-swing transition.

Stimulating the SP nerve at mid-stance or at the swing-
to-stance transition produced more subtle changes in the
pattern. With a perturbation in these phases, the goal is
not to correct the trajectory of the stimulated limb but to
prevent stumbling. Stimulation at these two phases did
not produce changes in stride and step lengths in the four
limbs, with the exception of a small increase in stride
length of the contralateral hindlimb with stimulation at
mid-stance (Fig. 5). We did observe some slightly greater
flexions at the knee and ankle joints in the stimulated cycle at
mid-stance along with a decrease in hip height of the ipsilat-
eral and/or contralateral hindlimbs in both phases, as ob-
served by others (Forssberg, 1979; Buford and Smith, 1993).
Increased knee and ankle flexion during stance with SP nerve
stimulation is due mainly to a period of inhibition in knee and
ankle extensors and to a lesser degree to weak excitatory re-
sponses in flexor muscles (Forssberg, 1979; Duysens and
Loeb, 1980; Buford and Smith, 1993; Quevedo et al., 2005a,b;
Frigon and Rossignol, 2008a; Hurteau et al., 2018). With
stimulation at mid-stance, we observed an increase in the
triple support period involving the two hindlimbs and the
homolateral forelimb during the stimulated cycle with a de-
crease in the ipsilateral homolateral support period. Thus,
with a perturbation at mid-stance, stumbling is prevented
by reducing double support and increasing triple support.
With stimulation at the swing-to-stance transition, the pe-
riod of triple support involving both hindlimbs and the diag-
onal forelimb is reduced in the first cycle after stimulation.
In other words, a small correction occurs in the cycle after
the perturbation.

During human locomotion, stimulating the SP nerve
evokes cutaneous reflexes in the four limbs and although
it modifies leg kinematics, particularly at the ankle joint, it
does not alter arm kinematics or the structure of its cycle
when stimuli are given at any point in the cycle (Haridas
and Zehr, 2003). Thus, although humans have maintained
a quadrupedal-like coordination pattern during locomo-
tion (Dietz and Michel, 2009; Frigon, 2017; Pearcey and
Zehr, 2019), the neural linkages from SP afferents to the
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arms appear weaker than in cats. The lack of functional
effects of SP nerve stimulation on arm swing kinematics
during human locomotion is not surprising because hu-
mans must frequently use their arms during walking inde-
pendently of the normal rhythmic pattern with the legs
(Meyns et al., 2013). In contrast, cats need to stabilize
forelimb support when the hindlimb is perturbed to main-
tain dynamic balance.

Mechanisms coordinating the four limbs in response to a
sensory perturbation

Interlimb coordination depends on complex dynamic
interactions between spinal circuits that generate the
basic pattern of locomotion, somatosensory feedback
that informs the central nervous system of changes within
the body and the environment, and supraspinal structures
that regulate posture and volitional aspects of locomotion
(Frigon, 2017). However, neural mechanisms are not the
only factor coordinating the limbs. Properties of the muscu-
loskeletal system also play an important role. We recently
showed that adult cats with a complete spinal transection
at low thoracic levels produced stable quadrupedal loco-
motion over a range of speeds, despite no neural communi-
cation between the brain/cervical cord and the lumbar cord
(Audet et al., 2022).

The presence of the stumbling corrective reaction with
stimulation of the foot dorsum or the SP nerve indicates a
spinal origin, at least for controlling adjustments in the
hindlimbs (Forssberg, 1979). Low-threshold cutaneous
afferents from the foot dorsum or SP nerve activate sev-
eral spinal pathways that evoke excitatory and inhibi-
tory post-synaptic potentials in hindlimb motoneurons
(Forssberg, 1979; Schmidt et al., 1989; Quevedo et al.,
2005b). Stimulating the SP nerve can reset the locomotor
rhythm during fictive locomotion in decerebrate curarized
cats, consistent with direct access to the spinal locomotor
central pattern generator (Stecina et al., 2005; Quevedo et
al., 2005a). Interlimb reflexes described in cats (Hurteau et
al., 2018) and humans (Haridas and Zehr, 2003) occurring
at short latencies likely help to rapidly coordinate muscle
activity in the four limbs to stabilize the musculoskeletal
system. These short-latency interlimb reflexes, with an
onset of <20ms in cats, are likely confined to the spinal
cord, involving commissural interneurons at segmental lev-
els and short or long propriospinal pathways coupling the
forelimbs and hindlimbs (Frigon, 2017; Frigon et al., 2021).
Longer-latency interlimb reflex responses, >25ms in cats,
can involve supraspinal structures, and occur rapidly
enough to assist in altering limb trajectory and making
postural corrections (Frigon et al., 2021). Despite the
involvement of supraspinal structures, we do not think
that voluntary corrections played an important part, if
at all, in responding to sensory perturbations.
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A few mechanisms can mediate the phase-dependent
effects of SP nerve stimulation on the locomotor pattern.
Phase-dependent modulation of cutaneous reflexes oc-
curs in spinal cats, consistent with a spinal mechanism
(Forssberg et al., 1975, 1977; LaBella et al., 1992; Frigon
and Rossignol, 2008a; Hurteau et al., 2017; Hurteau and
Frigon, 2018). As an example, increases in burst ampli-
tudes of ipsilateral flexors and contralateral extensors
with SP nerve stimulation peaks during swing when these
muscles are active (Fig. 9). Thus, the more depolarized
state of motoneurons can explain the larger excitatory re-
flex responses in these muscles. However, studies have
shown that modulation of reflex responses is often inde-
pendent of the background level of EMG, consistent with
gating of the transmission in reflex pathways at premoto-
neuronal levels, which includes modulatory sites in the spi-
nal interneuronal network and primary afferents that project
to the spinal cord (Andersson et al.,, 1978; Duysens and
Loeb, 1980; Buford and Smith, 1993; Van Wezel et al.,
1997; Zehr et al.,, 1997, 1998; Haridas and Zehr, 20083;
Quevedo et al., 2005a,b; Bui et al., 2013; Hurteau et al.,
2017, 2018). Short and longer latency excitatory responses
in a given muscle can also be independently modulated dur-
ing the locomotor cycle. It has been proposed that the spinal
locomotor central pattern generator gates transmission
in cutaneous reflex pathways because cutaneous re-
flexes are modulated during fictive locomotion in decere-
brate curarized spinal-transected cats (Andersson et al.,
1978; LaBella et al., 1992). Indeed, spinal interneurons
regulate the release of neurotransmitter from the synap-
tic terminals of cutaneous afferents, including those from
the SP nerve, through presynaptic inhibition/primary af-
ferent depolarization in a phase-dependent manner, as
shown during fictive locomotion in decerebrate curarized
spinal-intact and spinal-transected cats (Gossard et al.,
1989, 1990; Gossard and Rossignol, 1990). Pathways
originating in the cervical cord, such as the central pat-
tern generator controlling the forelimbs, and in supraspi-
nal structures, also modulate transmission in hindlimb
cutaneous reflex pathways (Engberg et al., 1968; Hongo
et al., 1969; Bretzner and Drew, 2005; Sirois et al., 2013).
Therefore, several mechanisms can contribute to cuta-
neous reflex modulation with phase during locomotion.

Concluding remarks

In this study, we showed that stimulating cutaneous af-
ferents innervating the foot dorsum generates functional
responses involving the whole-body. These responses are
phase-dependent and serve to correct or prevent stum-
bling. We are currently investigating functional responses
evoked in the four limbs with stimulation of forelimb cu-
taneous afferents. Additionally, although several studies
have shown changes in cutaneous reflexes during loco-
motion after neurologic injury (Jones and Yang, 1994;
Zehr et al.,, 1998; Frigon and Rossignol, 2006, 2007,
2008b; Frigon et al., 2009; Duysens et al., 2010; Zehr
and Loadman, 2012), whether responses evoked by
stimulating arm/forelimb and leg/hindlimb cutaneous af-
ferents maintain their corrective or preventive functions,
is less well understood. For example, stroke subjects
show different kinematic changes at the knee and ankle
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joints with stimulation of the SP nerve compared with
healthy subjects (Zehr et al., 1998). However, in that study,
the two groups walked at different treadmill speeds (slower
in stroke subjects) and were not age-matched (older in
stroke subjects). We are currently investigating whole-
body functional responses before and after incomplete spi-
nal cord injury during locomotion in the same cats.
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