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ORIGINAL ARTICLE

Control of Forelimb and Hindlimb Movements
and Their Coordination during Quadrupedal Locomotion
across Speeds in Adult Spinal Cats
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Johannie Audet, ™ Jonathan Harnie]™* Charly G. Lecomte, Stephen Mari, Angéle N. Merlet] Boris I. Prilutsky,
llya A. Rybak;? and Alain Frigon'*

Abstract

Coordinating the four limbs is critical for terrestrial mammalian locomotion. Thoracic spinal transection
abolishes neural communication between the brain and spinal networks controlling hindlimb/leg move-
ments. Several studies have shown that animal models of spinal transection (spinalization), such as mice,
rats, cats, and dogs recover hindlimb locomotion with the forelimbs stationary or suspended. We know
less on the ability to generate quadrupedal locomotion after spinal transection, however. We collected
kinematic and electromyography data in four adult cats during quadrupedal locomotion at five treadmill
speeds before (intact cats) and after low-thoracic spinal transection (spinal cats). We show that adult spinal
cats performed quadrupedal treadmill locomotion and modulated their speed from 0.4 m/sec to 0.8 m/sec
but required perineal stimulation. During quadrupedal locomotion, several compensatory strategies
occurred, such as postural adjustments of the head and neck and the appearance of new coordination pat-
terns between the forelimbs and hindlimbs, where the hindlimbs took more steps than the forelimbs. We
also observed temporal changes, such as shorter forelimb cycle/swing durations and shorter hindlimb
cycle/stance durations in the spinal state. Forelimb double support periods occupied a greater proportion
of the cycle in the spinal state, and hindlimb stride length was shorter. Coordination between the forelimbs
and hindlimbs was weakened and more variable in the spinal state. Changes in muscle activity reflected
spatiotemporal changes in the locomotor pattern. Despite important changes in the pattern, our results
indicate that biomechanical properties of the musculoskeletal system play an important role in quadrupe-
dal locomotion and offset some of the loss in neural communication between networks controlling the
forelimbs and hindlimbs after spinal transection.
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transection

"Department of Pharmacology-Physiology, Faculty of Medicine and Health Sciences, Centre de Recherche du CHUS, Université de Sherbrooke, Sherbrooke, Quebec,
Canada.

2School of Biological Sciences, Georgia Institute of Technology, Atlanta, Georgia, USA.

3Department of Neurobiology and Anatomy, College of Medicine, Drexel University, Philadelphia, Pennsylvania, USA.

**Both authors contributed equally to this article.

*Address correspondence to : Alain Frigon, PhD, Department of Pharmacology-Physiology, Faculty of Medicine and Health Sciences, Université de Sherbrooke, 3001 12e Avenue
Nord, Sherbrooke, Quebec J1H 5N4, Canada E-mail: alain.frigon@usherbrooke.ca

1113



1114

AUDET ET AL.

Introduction

Coordinating movements of the four limbs is an essential
feature of terrestrial locomotion in quadrupedal mam-
mals and plays an important role in human locomo-
tion."™ Interlimb coordination involves complex
dynamic interactions between the spinal circuits that gen-
erate the basic pattern of locomotion, somatosensory
feedback that informs the central nervous system of
changes within the body and the environment, supraspi-
nal structures that regulate posture and volitional aspects
of locomotion, and properties of the musculoskeletal
system that stabilize the locomotor pattern.>*

Transection of the spinal cord at low thoracic levels
completely and permanently abolishes neural communi-
cation between the brain and spinal networks controlling
hindlimb movements. Despite this disruption, several
studies have shown that pre-clinical models of spinal
transection, such as mice, rats, cats, and dogs, recover
hindlimb locomotion with the forelimbs suspended or
on a stationary platform after a few weeks of treadmill
locomotor training’ "> or even without task-specific
training.'® This remarkable recovery is because of neural
circuits located in the spinal cord and capable of generat-
ing the basic locomotor pattern without inputs from the
brain and sensory feedback from peripheral receptors—
the so-called central pattern generator (CPG).>'7~2?

After a thoracic spinal transection, the spinal locomo-
tor CPG that controls the hindlimbs, located at lumbar
levels, retains the ability to interact with somatosensory
feedback from muscles, tendons, joints, and skin that
send afferents to spinal neurons located below the lesion.
This remaining sensory feedback adjusts the hindlimb
pattern to locomotor task demands, such as treadmill
speed,'®?** different speeds for the left and right hin-
dlimbs on a split-belt treadmill,**>2® stepping on a
slope,29 and stepping backward when the treadmill is
reversed.”® After a thoracic spinal transection, left-right
coordination between the forelimbs remains unaffected,
and the hindlimbs maintain coordination over a range
of speeds and with large differences in speed between
the hindlimbs during split-belt locomotion.*

Much less is known, however, about the coordination
between the forelimbs and hindlimbs after a thoracic spi-
nal transection. Most studies in spinal mammals (animals
with a spinal transection) have been performed with the
forelimbs suspended, mainly in rats,">'=3? or placed
on a stationary platform in cats.'''®?-*7-2830 Evidently,
after a thoracic spinal transection, no neural communi-
cation exists between the spinal locomotor CPGs control-
ling the forelimbs, located at low cervical/upper thoracic
segmr.=,nts,31’32 and those of the hindlimbs, located at
upper to midlumbar spinal segments.*> ™’

Although no neural communication exists between
spinal circuits located at cervicothoracic and lumbar lev-
els, biomechanical properties of the musculoskeletal sys-

tem remain and are known to play an important role in
stabilizing the locomotor pattern in intact animals during
locomotion.*®**!' These biomechanical properties could
help offset the loss of neural communication to coordi-
nate the forelimbs and hindlimbs, as highlighted in the
design of quadruped**** and hexapod robots.**

Studies have shown that puppies/dogs,* > kittens/
cats,””"% and neonatal rats”** can produce quadrupedal
locomotion because of mechanical interactions between
the limbs after spinal transection at thoracic levels.
While some authors have described that some of their
spinal mammals could walk and run short distances quad-
rupedally with some degree of forelimb-hindlimb coordi-
nation,’ others have reported a lack of forelimb-hindlimb
coordination, with the forelimbs adopting a faster and
seemingly independent cadence.’ 152 Moreover, despite
weeks of treadmill locomotor training, adult cats did
not perform quadrupedal locomotion as well as kittens.>>
Indeed, eight weeks after spinal transection, adult cats
required a strong stimulation below the level of the spinal
transection, such as pinching the skin at the base of the
tail, to provide transient weight support of their hindquar-
ters during quadrupedal locomotion.>?

A detailed investigation of interlimb coordination in
adult spinal cats during quadrupedal locomotion with an-
alyses of both kinematics and electromyography (EMG),
however, has not been specifically performed. The pur-
pose of this study was to characterize the pattern of
quadrupedal locomotion before and after a low-thoracic
spinal transection that completely abolishes the neural
communication between spinal networks controlling the
forelimbs and hindlimbs. We performed our investigation
on a treadmill across different speeds (0.4—0.8 m/sec)
allowing us to determine how the quadrupedal pattern
adjusts to an increase in speed in spinal cats. Our results
show that adult spinal cats can perform quadrupedal
treadmill locomotion and modulate their speed using sev-
eral compensatory strategies.

Methods

Animals and ethical information

All procedures were approved by the Animal Care Commit-
tee of the Université de Sherbrooke in accordance with pol-
icies and directives of the Canadian Council on Animal Care
(Protocol no. 442-18). We obtained the current data set from
four adult cats (>1 year of age at the time of experimen-
tation), two females and two males, weighing between
3.5kg and 6.5kg (4.911.6). Before and after the 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. Our study fol-
lowed ARRIVE guidelines for animal studies.” As part of
our effort to reduce the number of animals used in research,
some of the cats (Cats 1 and 3) were used in another study
to answer a different scientific question.”®
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General surgical procedures

Surgical procedures were performed under aseptic condi-
tions with sterilized equipment in an operating room, as
described previously.16’23’28’30’57’58 Before surgery, cats
were sedated with an intramuscular injection of butorpha-
nol (0.4 mg/kg), acepromazine (0.1 mg/kg), and glyco-
pyrrolate (0.01 mg/kg). Ketamine/diazepam (0.05 mL/kg)
was then administered with an intramuscular injection
for induction. Cats were anesthetized with isoflurane
(1.5-3%) delivered in O,, first with a mask and then
with an endotracheal tube. During surgery, we adjusted
isoflurane concentration by monitoring cardiac and respi-
ratory rates, by applying pressure to the paw (to detect
limb withdrawal), by assessing the size and reactivity
of pupils, and by evaluating jaw tone.

We shaved the animal’s fur (back, stomach, forelimbs
and hindlimbs) using electric clippers and cleaned the
skin with chlorhexidine soap. Cats received a continuous
infusion of lactated Ringers solution (3 mL/kg/h) during
surgery through a catheter placed in a cephalic vein. A
rectal thermometer monitored body temperature, which
was maintained within physiological range (37+0.5°C)
using a water-filled heating pad placed under the animal
and an infrared lamp ~ 50 cm over it.

At the end of surgery, we injected an antibiotic (cefo-
vecin, 0.1 mL/kg) subcutaneously and taped a transder-
mal fentanyl patch (25 mcg/h) to the back of the animal
2-3 cm rostral to the base of the tail to provide prolonged
analgesia (4-5—day period). We also injected buprenor-
phine (0.01 mg/kg), a fast-acting analgesic, subcutane-
ously at the end of the surgery and a second dose ~7h
later. After surgery, we placed the cat in an incubator
until it regained consciousness. We removed the fentanyl
patch 5-7 days after surgery.

Implantation of electrodes
Cats were implanted with electrodes to chronically record
the activity (EMG) of several forelimb and hindlimb
muscles. We directed pairs of Teflon-insulated multi-
strain fine wires (AS633; Cooner Wire, Chatsworth,
CA) subcutaneously from two head-mounted 34-pin con-
nectors (Omnetics, Minneapolis, MN,). Electrodes were
sewn into the belly of selected forelimb and hindlimb
muscles for bipolar recordings, with 1-2 mm of insulation
stripped from each wire. We verified electrode placement
during surgery by electrically stimulating each muscle
through the matching head connector channel. The head
connector was secured to the skull using dental acrylic.
In the present study, we used recordings from the
following muscles: biceps brachii (BB, elbow flexor),
biceps femoris anterior (BFA, hip extensor), biceps fem-
oris posterior (BFP, knee flexor/hip extensor), the long
head of the triceps brachii (TRI, elbow and shoulder
extensor), lateral gastrocnemius (LG, ankle extensor/

knee flexor), sartorius anterior (SRT, hip flexor/knee
extensor), soleus (SOL, ankle extensor), and vastus later-
alis (VL, knee extensor).

Spinal transection

After collecting data in the intact state (see below), a com-
plete spinal transection (i.e., spinalization) was made at
low thoracic levels. General surgical procedures were
the same as described above. The skin was incised over
the 12th and 13th thoracic vertebrae and, after carefully
setting aside muscle and connective tissue, a small lami-
nectomy of the dorsal bone was made. After exposing
the spinal cord, we applied xylocaine (lidocaine hydro-
chloride, 2%) topically and made two to three injections
within the spinal cord. We then completely transected the
spinal cord with surgical scissors between the 12th and
13th thoracic vertebrae. We then cleaned the ~0.5-cm
gap between the two cut ends of the spinal cord and stop-
ped any residual bleeding.

We verified that no spinal cord tissue remained con-
necting rostral and caudal ends, which we later confirmed
histologically. A hemostatic material (Spongostan) was
inserted within the gap, and muscles and skin were
sewn back to close the opening in anatomical layers.
After spinalization, we manually expressed the cat’s blad-
der and large intestine one to two times daily, or as
needed. Cats were monitored daily by experienced per-
sonnel. The hindlimbs were cleaned as needed to prevent
infection.

Experimental protocol

We collected kinematic and EMG data before (intact
state) and after cats recovered spontaneous quadrupedal
locomotion after spinal transection (spinal state) during
tied-belt (equal left-right speeds) locomotion from 0.4 m/s
to 0.8 m/sec in 0.1 m/sec increments. The treadmill con-
sisted of two independently controlled running surfaces
120cm long and 30cm wide (Bertec, Columbus, OH).
A Plexiglas separator (120cm long, 3cm high, and
0.5cm wide) was placed between the left and right
belts to prevent the limbs from impeding each other.
Data collection in the spinal state began between the 10th
and 14th weeks after spinalization, depending on the
locomotor recovery of the animals. During the recovery
period after spinal transection, however, no task-specific
training for quadrupedal locomotion was performed on a
treadmill on any of the four cats.

We collected data from five to 30 consecutive step
cycles using positive reinforcement (food, affection) in
both intact and spinal states. To avoid fatigue, ~20sec
of rest was given between episodes of locomotion. In
the spinal state, all data were collected with manual stim-
ulation of the skin of the perineal region. For perineal
stimulation, the same experimenter (J. Harnie) manually
pinched the perineal region (the skin under the tail) with
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the index finger and thumb. The strength of perineal stim-
ulation is difficult to quantify but we adjusted the pres-
sure applied to the perineal region on a case-by-case
basis (light/strong, tonic/rhythmic) to achieve the best
rhythmic behavior possible and to maximize support
during stance.””

Without perineal stimulation, the hindlimbs simply
dragged behind the body. If the perineal stimulation
was too strong, we observed exaggerated flexion of the
hindlimbs (hip, knee, and ankle) and/or improper left-
right alternation, which impaired quadrupedal treadmill
locomotion. In other words, too much excitability to
spinal locomotor networks was detrimental. Perineal
stimulation increases spinal excitability and facilitates
hindlimb locomotion in spinal mammals through an
undefined mechanism.”® During data collection, the
same experimenter (J. Harnie) held the tail of the animal
to provide balance but did not provide weight support.

Data collection and analysis

We collected kinematic data as described previ-
ously.16’24’30’60 Reflective markers were placed on the
skin over bony landmarks: the scapula, minor tubercle
of the humerus, elbow, wrist, metacarpophalangeal
(MCP) joint, and at the tip of the toes for the forelimbs
and over the iliac crest, greater trochanter, lateral malleo-
lus, metatarsophalangeal (MTP) joint, and at the tip of
the toes for the hindlimbs. Videos of the left and right
sides were obtained with two cameras (Basler AcA640-
100g) at 60 frames/sec with a spatial resolution of
640x480 pixels. A custom-made program (Labview)
acquired the images and synchronized acquisition with
EMG data. EMG signals were pre-amplified (10X,
custom-made system), bandpass filtered (30-1000 Hz),
and amplified (100-5000X ) using a 16- channel ampli-
fier (model 3500; A-M Systems).

We implanted more than 16 muscles per cat, so we
obtained data in each locomotor condition twice, one
for each connector, because our data acquisition sys-
tem limits us to recording a maximum of 16 channels si-
multaneously. The EMG data were digitized (2000 Hz)
with a National Instruments card (NI 6032E, Austin,
TX), acquired with custom-made acquisition software
and stored on computer.

Temporal variables. By visual detection, the same
experimenter (J. Audet) determined, for all four limbs,
paw contact as the first frame where the paw made visi-
ble contact with the treadmill surface and limb liftoff as
the most caudal displacement of the toes.

We measured cycle duration from successive paw con-
tacts, while stance duration corresponded to the interval
of time from foot contact to the most caudal displace-
ment of the toe/finger relative to the hip/shoulder.61 We
calculated swing duration as cycle duration minus stance

duration. We measured double support periods between
homologous limbs (forelimbs and hindlimbs) from con-
tact of the ipsilateral limb to liftoff (stance offset) of
the contralateral limb (DS1) and from contact of the con-
tralateral limb to liftoff of the ipsilateral limb (DS2).>*
The DS1 and DS2 were then summed and divided by
the cycle period of the reference limb.

We evaluated temporal interlimb coordination by mea-
suring phase intervals between four pairs of limbs®%: (1)
left and right forelimbs (forelimb coupling), (2) left and
right hindlimbs (hindlimb coupling), (3) left forelimb
and left hindlimb (homolateral coupling), and (4) left
forelimb and right hindlimb (diagonal coupling). Phase
intervals were calculated as the absolute amount of time
between contacts of two limbs divided by the cycle dura-
tion of the reference 1limb.°*®” The reference limb
was always the forelimb, with the exception of hindlimb
coupling. These values were then multiplied by 360 and
expressed in degrees to illustrate their continuous nature
and possible distributions.®*°

To determine whether spinal cats displayed greater
variations in limb couplings, we calculated the coefficient
of variation, a statistical measure of the relative dis-
persion of data points around the mean, by dividing the
standard deviation by the mean. These values were then
multiplied by 100 and expressed as a percentage.

Postural characterization. By visual inspection of the
videos obtained on the right side, we traced the silhouette
of each animal from a representative cycle at the same
scale at three key events of the locomotor cycle (liftoff,
midswing, and contact of the right forelimb). To charac-
terize the postural adjustments of the head and neck of
individual cats during locomotion, the resulting silhou-
ettes were then superimposed before (intact state) and
after the recovery of spontaneous quadrupedal locomo-
tion after spinal transection (spinal state). We then qual-
itatively described the differences between the two states.

Spatial variables. The following spatial variables were
analyzed using DeepLabCut™, an open-source transfer
learning program with deep neural network,®® as we
recently described in the cat.®® Step length, defined as
the anterior-posterior distance between the leading and
trailing limbs at stance onset of the leading limb was
measured for the forelimbs and hindlimbs.?**"-%3%° The
left and right limbs were the leading and trailing limbs,
respectively. Stride length was measured for the right
forelimbs and right hindlimbs as the distance between
contact and liftoff added to the distance traveled by the
treadmill during the swing phase, obtained by multiply-
ing swing duration by treadmill speed.®*%*70~72,

We measured the relative distance of the paw at con-
tact and liftoff as the horizontal distance between the
toe and shoulder or hip markers at stance onset and offset,
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respectively, for the right forelimb and right hindlimb,
respectively. We measured limb interference as the hori-
zontal distance between the toe markers of the forelimbs
and hindlimbs on the same side at stance onset and offset
of each of the four limbs of the animals.

Electromyography. The same experimenter (J. Audet)
determined burst onsets and offsets by visual inspection
from the raw EMG waveforms using a custom-made pro-
gram. Burst duration was measured from onset to offset.
The onset and offset of some muscles, particularly those
displaying two bursts per cycles, became clearer at faster
speeds. As such, a few passes were made to accurately
define the onsets and offsets of EMG bursts. We also
measured the phasing of EMG burst onsets and offsets
by calculating their timing in a normalized cycle.

Euthanasia and histology

At the end of the experiments, cats were anesthetized
with isoflurane before receiving a lethal dose (100 mg/kg)
of pentobarbital through the left or right cephalic vein.
To confirm that spinal transection was complete in four
cats, we performed histological analysis. Briefly, we
removed a 2 cm long segment of the spinal cord around
the spinal lesion immediately after euthanasia. We then
placed the spinal segment in 25 mL of a 4% paraformal-
dehyde solution in 0.1 M phosphate-buffered saline (PBS)
solution at 4°C. After 5 days, the spinal segment was
cryoprotected in PBS with 30% sucrose for 72h at 4°C.
Coronal sections of 50 um of the spinal cord were moun-
ted on slides and stained with 1% cresyl violet. We then
performed qualitative and quantitative evaluations of the
injury site.

Statistical analysis

We performed statistical analyses using IBM SPSS
Statistics 20.0 software. To determine the effects of loco-
motor state and speed on spatiotemporal and interlimb
coordination dependent variables during quadrupedal
tied-belt locomotion, we performed a two-factor repeated
measures analysis of variance (ANOVA) [(states: Intact,
Spinal) X (speeds: from 0.4 m/sec to 0.8 m/sec)]. Signifi-
cance level was set at p <0.05.

The Rayleigh test was performed to determine whether
phase intervals shown in circular plots were randomly
distributed, as described. 6637374 Briefly, we calculated
the r value to measure the dispersion of phase interval
values around the mean, with a value of 1 indicating a
perfect concentration in one direction, and a value of 0
indicating uniform dispersion. To test the significance of
the directional mean, we performed the Rayleigh z test:
z=nr’, where n is the sample size (number of steps).
The z value was then compared with a critical z value
on the Rayleigh table to determine whether there was a
significant concentration around the mean (p value).

Results

Quadrupedal locomotion after

spinal transection

In the present study, we show that adult spinal cats per-
formed quadrupedal treadmill locomotion and modulated
their speed from 0.4 m/sec to 0.8 m/sec when an experi-
menter assisted with balance by holding the tail. As stated
in Methods, quadrupedal locomotion in these spinal cats
required perineal stimulation. In a recent study, we also
showed that all four of these spinal cats required perineal
stimulation to perform hindlimb-only locomotion with
the forelimbs placed on a stationary platform.”®

Postural adjustments during quadrupedal
locomotion in adult spinal cats
Previous studies have shown that postural orientation
of the head influences hindlimb weight support in spinal
dogs and cats.”**>° Having this in mind, we character-
ized the posture of individual spinal cats during quadru-
pedal locomotion. To visualize postural differences, we
superimposed the silhouette of each cat in the spinal
state (black) with the one obtained in the intact state
(gray) at three key events of the gait cycle: (1) right fore-
limb liftoff, (2) right forelimb midswing, and (3) right
forelimb liftoff. This is illustrated in Fig. 1A, showing
representative cycles for each state.

Individual cats adopted different head and neck pos-
tures during quadrupedal treadmill locomotion. During
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FIG. 1. Postural adjustments during quadrupedal

locomotion in adult spinal cats. (A) Superimposed
silhouettes for each cat in the intact and spinal
states at (1) right forelimb liftoff, right forelimb
midswing and (3) right forelimb liftoff. (B) Stance
phases during quadrupedal locomotion in the
intact and spinal states at 0.4 m/sec for Cat 3 and
Cat 1. RFL, right forelimb; RHL, right hindlimb; LFL,
left forelimb; LHL, left hindlimb.
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quadrupedal locomotion at 0.4 m/sec, Cat 1 lowered its
head considerably with a convexity in the thoracic
spine. Cat 2 lowered its head slightly but maintained a
relatively straight back. Cat 3 protracted its head instead
of lowering it, with a slight forward tilt of the back. Cat 4
protracted its head and tilted its back slightly forward.
The postural strategies adopted by spinal cats during
locomotion were similar across treadmill speeds.

Adult spinal cats perform 1:1 and 1:2 fore-hind
coordination during quadrupedal locomotion
During tied-belt treadmill locomotion, intact quadrupedal
animals perform 1:1 fore-hind coordination, indicating
an equal number of coordinated steps at the shoulder
and hip girdles.®>”>7° After a spinal transection in Kit-
tens®! and adult cats,52 however, studies have reported
an apparent loss of coordination between the forelimbs
and hindlimbs, with the forelimbs taking more steps
than the hindlimbs—or a 2:1 fore-hind step ratio.

In the present study, two spinal cats (Cats 3 and 4)
maintained a 1:1 coordination between the forelimbs
and hindlimbs (Fig. 1B, left panel), whereas in the other
two spinal cats (Cats 1 and 2), the 1:1 coordination
broke down. Contrary to previous studies that showed
the forelimbs taking more steps than the hindlimbs,>'-?
however, we observed the hindlimbs taking more steps
than the forelimbs, or a 1:2 fore-hind coordination
(Fig. 1B, right panel). In these cats, cycles with 1:2 coor-

dination were interspersed with 1:1 coordination (Fig. 1B,
right panel) and represented 32% (Cat 1) and 35% (Cat 2)
of cycles at 0.4 m/sec.

As treadmill speed increased to 0.6 m/sec and above,
the proportion of cycles with 1:2 coordination decreased,
particularly in Cat 1: 56% (Cat 1) and 29% (Cat 2) of
cycles at 0.5m/sec; 19% (Cat 1) and 18% (Cat 2) of
cycles at 0.6 m/sec; 6% (Cat 1) and 30% (Cat 2) of cycles
at 0.7 m/sec; and 9% (Cat 1) and 22% (Cat 2) of cycles at
0.8 m/sec. It is possible that perineal stimulation played a
role in the emergence of 1:2 coordination.

Temporal adjustments of the forelimbs

and hindlimbs during quadrupedal locomotion

in spinal cats with an increase in speed

To determine how animals adjust movements of both the
forelimbs and hindlimbs to treadmill speed during qua-
drupedal locomotion, we measured various spatiotempo-
ral variables from 0.4 m/sec to 0.8 m/sec in the intact and
spinal states. For these measurements, we only report
cycles with 1:1 fore-hind coordination. In the right fore-
limb, cycle and stance durations significantly decreased
during quadrupedal locomotion with increasing speed
while swing did not change significantly (Fig. 2A). On
average, forelimb cycle duration was significantly longer
(+22%) in the intact state compared with the spinal
state. Forelimb stance duration did not differ significantly
between states while swing duration was significantly
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longer (+30%) in the intact state. In the right hindlimb,
cycle, stance, and swing durations during quadrupedal
locomotion decreased significantly with increasing speed
(Fig. 2B).

On average, hindlimb cycle duration was significantly
longer (+30%) in the intact state compared with the spi-
nal state, as was stance duration (+41%). On the other
hand, hindlimb swing duration did not significantly differ
between states.

To determine whether the forelimbs remained in
stance relatively longer in the spinal state to provide
more propulsion and stability, we measured the proportion
of stance and double support periods from 0.4 m/sec to
0.8 m/sec in intact and spinal cats. For stance proportion,
we only used cycles with 1:1 coordination, while for dou-
ble support periods, we used all cycles (i.e., cycles with
1:1 and 1:2 coordination).

In the right forelimb, stance proportion decreased dur-
ing quadrupedal locomotion with increasing speed but
did not significantly differ between states (Fig. 2C, left
panel). In the right hindlimb, stance proportion decreased
during quadrupedal locomotion with increasing speed
and, on average, was significantly longer in the intact
state compared with the spinal state (+16%) (Fig. 2C,
right panel). Forelimb double support periods were sig-
nificantly longer (+34%) in the spinal state compared

with the intact state while hindlimb double support peri-
ods did not significantly differ between states (Fig. 2D).
Forelimb double support periods did not significantly
change with increasing speed while hindlimb double sup-
port periods decreased visibly because of a decrease in
the spinal state.

Spatial adjustments of the forelimbs

and hindlimbs during quadrupedal locomotion

in spinal cats with an increase in speed

To comparatively investigate spatial adjustments of limb
movements in intact and spinal cats with increasing
speed, we measured the distances traveled by the limbs
and their relation to each other. In the right forelimb,
step and stride lengths significantly increased with increas-
ing speed during quadrupedal locomotion, with no signif-
icant effect of state for both measures (Figs. 3A, 3B,
left panels). In intact and spinal cats, the distance of
the forepaw relative to the shoulder at liftoff was signif-
icantly more caudal to the shoulder with increasing speed
(Fig. 3C, top panel). In contrast, speed did not signifi-
cantly affect the distance of the forepaw relative to the
shoulder at contact. In addition, state did not significantly
affect the distance between the toe of the forepaw and the
shoulder at liftoff and contact.
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In the right hindlimb, step and stride lengths signifi-
cantly increased with increasing speed during quadru-
pedal locomotion in intact and spinal cats (Figs. 3A,
3B, right panels). On average, stride length was signifi-
cantly longer (+22%) in the intact state while step length
did not significantly differ between states. In intact and
spinal cats, the distance of the hindpaw relative to the
hip at liftoff was significantly more caudal with increas-
ing speed while the distance at contact was unaffected
(Fig. 3C). State did not significantly affect the distance
of the toe relative to the hip at liftoff, but it was signifi-
cantly more rostral (+63%) in intact cats at contact (i.e.,
further from the hip).

We also measured the horizontal distance between
the toe markers of the right forelimbs and hindlimbs at
contact and liftoff of each limb to assess limb interfer-
ence. Cats often adopt a pacing-like gait on the treadmill,
where the forelimbs and hindlimbs perform approxima-
tely simultaneous directional movements, supposedly to
prevent the forelimbs and hindlimbs from interfering
with one another at hindlimb contact.”” Treadmill speed
did not significantly affect the horizontal distance
between the forelimbs and hindlimbs at forelimb contact,
forelimb liftoff, hindlimb contact, and hindlimb liftoff
(Fig. 4). When comparing states, however, the distance
between the forelimbs and hindlimbs was significantly
longer in spinal cats at forelimb contact (+24%), forelimb
liftoff (+63%), and hindlimb contact (+52%) but not at
hindlimb liftoff.

Modulation of muscle activity in the forelimbs
and hindlimbs during quadrupedal locomotion
in spinal cats with an increase in speed
Figure 5 illustrates EMG activity in selected forelimb
and hindlimb muscles during quadrupedal locomotion
in the intact and spinal states for Cats 1 and 3. Cat 3 main-
tained a 1:1 coordination while Cat 1 performed some
steps with a 1:2 fore-hind coordination. In the intact
state for both cats, the burst duration of forelimb and hin-
dlimb extensor muscles (TRI; SOL; BFA; VL) decreased
from 0.4 m/sec to 0.8 m/sec. Similarly, in the spinal state
for both cats, the burst duration of these extensor muscles
decreased with increasing speed. For the same speed,
however, the burst duration is slightly longer in the intact
state compared with the spinal state. In both states, the
burst onsets of TRI and SOL muscles occurred before
paw contact during quadrupedal locomotion while those
of BFA and VL muscles occurred at or around contact.
In contrast, burst onsets of the BB muscle differed
between states. In both intact cats, BB burst onset oc-
curred at the stance to swing transition while the burst
offset occurred at the swing to stance transition. In both
spinal cats, the burst duration of the BB muscle was pro-
longed. For instance, in both spinal cats at 0.4 m/sec, BB
burst onsets occurred right before the swing phase and
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FIG. 4. Homolateral limb interference during
quadrupedal locomotion in the intact and spinal
states across speeds. Each panel shows
horizontal distances between the homolateral
forelimbs (FL) and hindlimbs (HL) at contact
(left) and liftoff (right) of the forelimbs (top
panels) and hindlimbs (bottom panels) during
quadrupedal locomotion in the intact and spinal
state at five treadmill speeds. At each speed, we
averaged 4-42 (14.53 £7.74) cycles per cat. Each
data point is the mean * standard deviation for
the group (n=4 cats). The p values comparing
state and speeds are indicated (main effects of
repeated measures analysis of variance).
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continued until the middle of the stance phase. At the
faster speed of 0.8m/sec, it became easier to distin-
guish two bursts of muscle activity, one during swing
and another during stance (especially in Cat 1 in the spi-
nal state).

Burst duration. Figure 6 shows EMG burst durations
of selected forelimb and hindlimb muscles during qua-
drupedal locomotion from 0.4 m/sec to 0.8 m/sec in intact
and spinal cats for the group. The EMG burst duration
of the BB muscle, an elbow flexor, significantly changed
(slight decrease) with increasing speed in intact and spi-
nal cats and, on average, was significantly longer (+36%)
in intact cats.

In intact and spinal cats, the EMG burst duration of
the TRI muscle, an elbow and shoulder extensor, signifi-
cantly decreased with increasing speed during quadrupedal
locomotion, with no significant effect of state. In intact
and spinal cats, EMG burst durations of hindlimb



QUADRUPEDAL LOCOMOTION IN SPINAL CATS

1121

4 )
Cat 3 (0.4 m/s) Cat 3 (0.8 m/s) Cat 1 (0.4 m/s) Cat 1 (0.8 m/s)
RTRI bt ool RTRI e ———ohe e e
LBB = B STt S LBB i e o e e e
RSOLW’"‘ Wi g . T ! L RSOL b bl B L
C RBFA tof e et ¥ bt i b RBFA —+ 4o Y VRS YR TR T
I RWL I P LVL e et et
S Rl —e—e— —— e e—— om— R e— e— e—— o e e m— —
RH e s s s - oo ooss ss—. RHL o a——— @ oo = oo oos s s s
LFL o c—— e - s oo o m—— LFLm o s - s s s omm o
LHL @ ———— s s— — e . . LHL e o e - oo s s =
1s 1s 1s 1s
RTRI P4+ .-M- -4 W*"W“‘“W'\W"M”"“*}" I RTRI s mbfinge oo o] oot
BB " T, LBB PP A e A S
RSOL st chripth ittt it L Y CARTR et RSO e bt e -+ s e
T RBFA e e o e RBFA ittt ot !
K RVL b fopopibes pssanbief ot il ot b ol VL b S
%RFL———— — . e o = = RFL e c—— —— = o o o s
RHL o s o s oo s o= o= 1 RHL I I e— O O O OO e e .
LFL e — o o o o o s o o o LF o — e e o - s o o om0
LHL = oo s s s o 5m omm mm mm omm omm LHLD oo s oo oo s - om s Em o mom
1s 1s 1s 1s
FIG. 5. Quadrupedal locomotion in the intact and spinal states at 0.4 m/sec and 0.8 m/sec speed. Top and
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extensor muscles, BFA, VL, LG, and SOL significantly
decreased with increasing speed. On average, extensor
burst duration was significantly longer in intact cats com-
pared with spinal cats for VL (+40%) and SOL (+28%)
but not LG and BFA.

The EMG burst duration of the BFP muscle, a knee
flexor/hip extensor significantly changed with speed,
albeit not in a constant direction with increasing
speed, while the burst duration of the SRT muscle, a
hip flexor/knee extensor, did not change significantly.
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On average, BFP and SRT bursts durations did not sig-
nificantly differ between intact and spinal cats.

Burst phasing. Figure 7 shows the phasing of EMG
bursts for selected forelimb and hindlimb muscles in a
cycle normalized to stance onset of the corresponding
limb (i.e., BB and TRI muscles were normalized to stance
onset of the forelimb while VL, LG, SOL, SRT, and BFP
muscles were normalized to stance onset of the hind-
limb) during quadrupedal locomotion from 0.4 m/sec to
0.8 m/sec in intact and spinal cats for the group. For
the phasing of forelimb and hindlimb EMG bursts, we

found a significant shift in onsets and offsets with increas-
ing speed for some muscles. In the normalized cycle,
onsets occurred significantly earlier with increasing
speed for BB, TRI, BFA, SRT, and BFP. Speed did not
affect the burst onsets of VL, LG, and SOL.

On average, we observed an earlier burst onset of the
SRT in spinal cats, whereas state had no significant effect
on the burst onsets of the other muscles. Burst offsets
occurred significantly earlier at faster speeds for BB,
VL, LG, SOL, and BFP but not for TRI and BFA. We
observed earlier offsets in spinal cats compared with
intact cats for BB and VL but not for the other muscles.
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FIG. 7. Modulation of electromyography phasing during quadrupedal locomotion in the intact and spinal
states across speeds. The figure shows burst onsets and offsets from selected muscles in a normalized cycle
during quadrupedal locomotion in the intact and spinal states at five treadmill speeds. At each speed, we
averaged 4-42 (14.53 £7.74) cycles per cat. The bars represent stance durations while the circles represent
bursts onsets and offsets for the group. Each data point is the mean x standard deviation for the group
(n=3-4 cats). P values comparing state and speeds are indicated (main effects of repeated measures
analysis of variance). BB, biceps brachii (=4 cats); TR, triceps brachii (n=3 cats); BFA, biceps femoris

(n=3 cats); VL, vastus lateralis (n=3 cats); LG, lateral gastrocnemius (n=3 cats); SOL, soleus (n=4 cats);

SRT, sartorius anterior (n=3 cats); BFP, biceps femoris posterior (n=3 cats).
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Interlimb coordination during quadrupedal
locomotion in intact and spinal cats

To determine whether spinal cats coordinated their limbs
during quadrupedal locomotion, we measured the phase
interval between contacts of four limb pairs (see Meth-
ods). Values of 0 degrees or 360 degrees indicate a strict
in-phase coupling, while a value of 180 degrees indicates
a strict out-of-phase coupling. Previous studies have used
values between 270 degrees and 90 degrees to denote
an in-phase coupling and values between 90 degrees
and 270 degrees for out-of-phase coupling.®*%°

Figure 8 shows circular plots for homolateral and
diagonal couplings for Cats 1 and 4 during quadrupedal
locomotion in the intact and spinal states at 0.4 m/sec
and 0.8 m/sec. We performed the Rayleigh test and calcu-
lated the r value, a measure of angular dispersion around
the mean. In the intact state, r values for homolateral
(Table 1) and diagonal (Table 2) couplings were high,
with a mean of 0.97+0.03 and a range of 0.86 to 1.00.
In the spinal state, r values were almost always consis-
tently lower, with a mean of 0.60+0.24 and a range of
0.14 to 0.93, indicating a less consistent coordination
between the forelimbs and hindlimbs.

For the group, speed and state did not significantly
affect forelimb and hindlimb couplings, because cats
maintained values around 180 degrees, close to a strict
out-of-phase coupling (Figs. 9A and 9B). Eidelberg
and coworkers > had reported that mean intervals and

standard deviations of the homolateral coupling were
altered in spinal adult cats. Here, we confirm and extend
these findings in a larger sample.

Although speed did not significantly affect homolat-
eral and diagonal couplings, state had a significant effect
because of an earlier contact of the hindlimbs in the nor-
malized cycle (Figs. 9C and 9D). In the intact state,
homolateral coupling values ranged from 220 degrees

Table 1. Homolateral Couplings during Quadrupedal
Locomotion in the Intact and Spinal States

State Speed (m/sec)  Range (°) r P
Cat 1  Intact 04 259 -325 095 < 0.05
0.8 237 -310 0.97 < 0.05
Spinal 0.4 65 -254 0.46 Not significant
0.8 24 -348 043 < 0.05
Cat2 Intact 04 244 - 308 0.97 < 0.05
0.8 257 -307 0.98 < 0.05
Spinal 04 96 - 328 0.51 < 0.05
0.8 76 - 252 0.55 < 0.05
Cat3 Intact 0.4 185-300 0.86 < 0.05
0.8 278 -299  1.00 < 0.05
Spinal 0.4 106 - 204 0.89 < 0.05
0.8 120 - 349  0.40 < 0.05
Cat4  Intact 04 265 - 313  0.96 < 0.05
0.8 295 -315  0.99 < 0.05
Spinal 04 115-217 0.87 < 0.05
0.8 132-211 093 < 0.05

The table shows the range of homolateral coupling values in degrees for
individual cats during episodes at 0.4 m/sec and 0.8 m/sec and the r value, a
measure of angular dispersion around the mean, along with p values of the
Rayleigh test. We only used cycles with 1:1 coordination.
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Table 2. Diagonal Couplings during Quadrupedal Locomotion
in the Intact and Spinal States

State Speed (m/sec) Range (°) r P
Cat 1 Intact 04 87 - 122 0.99 < 0.05
0.8 85 - 127 0.98 < 0.05
Spinal 0.4 78 - 253 0.66 < 0.05
0.8 106 - 307 0.56 < 0.05
Cat 2 Intact 0.4 73 - 132 0.97 < 0.05
0.8 85 - 136 0.98 < 0.05
Spinal 04 92 - 281 0.54 < 0.05
0.8 27 - 295 0.23 < 0.05
Cat 3 Intact 04 48 - 125 0.94 < 0.05
0.8 92 - 123 0.99 < 0.05
Spinal 0.4 7 - 360 0.87 < 0.05
0.8 10 - 350 0.54 < 0.05
Cat 4 Intact 0.4 95 - 152 0.96 < 0.05
0.8 127 - 152 0.99 < 0.05
Spinal 04 90 - 304 0.69 < 0.05
0.8 13 - 348 0.82 < 0.05

The table shows the range of diagonal coupling values in degrees for
individual cats during episodes at 0.4m/sec and 0.8 m/sec and the r
value, a measure of angular dispersion around the mean, along with p val-
ues of the Rayleigh test. We only used cycles with 1:1 coordination.
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FIG. 9. Interlimb coordination during

quadrupedal locomotion in the intact and spinal
states across speeds. Forelimb (A), hindlimb (B),
homolateral (C), and diagonal (D) couplings are
shown during quadrupedal locomotion in the
intact and spinal states at five treadmill speeds.
At each speed, we averaged 4-42 (14.53+7.74)
cycles per cat. Each data point is the

mean + standard deviation for the group (n=4
cats). The p values comparing state and speeds
are indicated (main effects of repeated
measures analysis of variance).

to 338 degrees (2821 16), with in-phase or out-of-phase
couplings. Spinal cats, however, had values in a larger
range between 10 degrees and 342 degrees (168+22).
Diagonal coupling values ranged from 61 degrees and
149 degrees (100 £ 9) in the intact state, with an increased
and more variable range in the spinal state, with values
ranging from 9 degrees to 360 degrees (207 £62).

To determine whether spinal cats displayed greater
variations in limb couplings, we measured the coeffici-
ent of variation (Fig. 10). Coefficients of variation were
low for forelimb couplings and not significantly affected
by state. We observed a small but significant decrease
in forelimb coupling variations with speed. In contrast,
hindlimb coupling variations were significantly greater
in spinal cats with no significant effect of speed. We
observed the most striking changes in variations for
homolateral and diagonal couplings, both significantly
increasing in spinal cats, with no effect of speed. Again,
these results suggest a less consistent coordination be-
tween the forelimbs and hindlimbs during quadrupedal
locomotion in spinal cats.
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FIG. 10. Variations in interlimb coordination
during quadrupedal locomotion in the intact
and spinal states across speeds. Coefficients of
variation of forelimb (A), hindlimb (B),
homolateral (C), and diagonal (D) couplings are
shown during quadrupedal locomotion in the
intact and spinal states at five treadmill speeds.
At each speed, we averaged 4-42 (14.53+7.74)
cycles per cat. Each data point is the

mean * standard deviation for the group (n=4
cats). The p values comparing state and speeds
are indicated (main effects of repeated
measures analysis of variance).
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Discussion

The novelty of the present study was the comparative
investigation of quadrupedal locomotion (when all four
limbs are moving) before and after thoracic spinal tran-
section to highlight the role of forelimb movements and
forelimb-hindlimb coordination. We extend the results
of our recent study that compared quadrupedal locomo-
tion in intact cats with hindlimb-only locomotion (fore-
limbs stationary) in the intact and spinal states.®

Quadrupedal locomotion after spinal

transection required an increase in spinal

neuronal excitability

When evaluating treadmill quadrupedal locomotion in
spinal kittens, Howland and associates®' reported that
four of their five animals could perform spontaneous qua-
drupedal treadmill locomotion when an experimenter
held the tail to provide weight support and balance. In
contrast, Eidelberg and coworkers™ reported that a
strong stimulation below the level of the lesion, such as
pinching the skin at the base of the tail, was required
to elicit weight support and quadrupedal locomotion in
adult spinal cats.

Here, we confirm that adult spinal cats required an in-
crease in spinal excitability, which we provided with per-
ineal stimulation. Thus, neonatal or young animals appear
to have a greater capacity to compensate for the initial
loss of spinal excitability. Several studies have reported
that stimulating the perineal region facilitates weight
bearing and hindlimb locomotion in spinal-transected
animals through a non-specific increase in spinal excit-
ability mediated by an undefined mechanism.’® None of
the cats of the present study, however, could perform
hindlimb-only locomotion without perineal stimulation.

In the past, we have had spinal cats that performed
hindlimb-only locomotion with no perineal stimulation
but, unfortunately, we did not characterize their capacity
for quadrupedal locomotion, with one exception, where
we investigated quadrupedal locomotor capacity for
proof-of-concept. This spinal cat could perform quadru-
pedal locomotion without perineal stimulation (data not
shown), indicating that perineal stimulation or an increase
in spinal excitability is not necessarily required if a robust
locomotor pattern recovers after spinal transection.

From a functional and clinical perspective, the poten-
tial benefits of stimulating the perineal region on loco-
motor recovery in humans have received little attention.
To date, clinical studies have shown that after complete
or incomplete spinal cord injury, dorsal penile or clitoral
nerve stimulation is effective for managing neurogenic
detrusor hyperactivity and increasing cystometric bladder
capacity.”®™ Interestingly, other clinical studies have
suggested that in persons with complete or incomplete
spinal cord injury, the spinal networks retain a flexible
state of excitability and functionality that can be facili-

tated by exogenous and invasive methods of neuromodu-
lation, such as epidural electrical stimulation, to facilitate
the recovery of standing and/or locomotion.**~*?

The potential effects of tonic and/or phasic stimulation
of perineal afferents on other sensorimotor functions,
such as standing and/or locomotion, remain to be inves-
tigated, however. Overall, further investigations are
required in pre-clinical models to understand how
somatosensory feedback from the perineal region inter-
acts with spinal sensorimotor circuits to guide the devel-
opment of clinical research of a potentially powerful and
promising endogenous method to facilitate locomotion
after spinal cord injury.

Factors limiting quadrupedal locomotion

after spinal transection

Studies in spinal cats”?* and rats>>*> have shown that
the recovery of locomotion was inversely related to age at
the time of spinal transection. Howland and colleagues’"
reported that 15 weeks after spinal transection at birth,
two of their five kittens performed some full weight-
supported steps during independent quadrupedal over-
ground locomotion.’" Interestingly, the two spinal kittens
that recovered this capacity were the smallest animals of
the group. At 20 weeks post-spinalization, however, all
locomotor characteristics previously acquired, such as full
weight support and balance, deteriorated in both kittens.

The authors proposed that when the weight of the
animal reaches a threshold, full weight support and bal-
ance of the hindquarters becomes difficult because of
inadequate muscle strength and/or joint stability. It is
also possible that the higher center of gravity of adult
cats and the greater need for balance plays a role in the
deterioration of locomotion.

Consistent with this study, none of our four adult
spinal cats demonstrated weight-supported steps and/or
hindquarter balance during independent quadrupedal
overground (not shown) or treadmill locomotion. When
moving overground, we found that the forelimbs pulled
the cats’ body forward while the hindlimbs were posi-
tioned together either laterally (Cats 1, 3, and 4) or cau-
dally (Cat 2) to the body. Future studies, however,
should investigate the biomechanical factors and con-
straints that limit the recovery of balance and, therefore,
functional locomotion in spinal mammals.

Does treadmill locomotor training facilitate the
reexpression of locomotion or does it allow for

the development of compensatory strategies?

In the last decades, task-specific training was advocated for
functional recovery after spinal cord injury in both pre-
clinical research areas”' '='>°">? and clinical settings.”®'®
Consequently, most studies investigating the recovery of
quadrupedal locomotion in spinal puppies/kittens, spinal
neonatal rats, and adult spinal cats included exercise
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regimens,7 weeks of treadmill locomotor t1raining,5 152 or

animals were tested frequently in situations that enhanced
the opportunity for locomotion.” Recent studies, how-
ever, showed that the recovery of forward'® and back-
ward® hindlimb locomotion in spinal cats, with the
forelimbs on a stationary platform, does not require
task-specific training.

In the present study, we extend these results by demon-
strating that the recovery of quadrupedal locomotion also
does not require task-specific training, because none of
our cats were trained to perform quadrupedal locomo-
tion after spinal transection. It is important to mention,
however, that all our spinal cats required an increase in
spinal excitability in the form of perineal stimulation to
induce the expression of hindlimb-only® and quadrupe-
dal locomotion.

Postural adjustments during quadrupedal
locomotion in adult spinal cats

In the present study, we reported that adult spinal cats
adopted different head and neck postures during qua-
drupedal treadmill locomotion, showing interanimal
variability. An important question is: why do spinal
mammals adopt different head and neck postures dur-
ing locomotion? At the end of the 19th century, studies
described spinal dogs that could stand after low tho-
racic spinal transection.*>™*” Decades later, the arrival
of the chronophotographic method made it possible to
analyze this phenomenon in spinal dogs and compare it
with intact dogs.*®

It was proposed that the ability of spinal dogs to main-
tain their hindquarters in a standing posture was possible
because of the positioning of the head.”**>° By lowering
their head and contracting the musculature of the cephalic
region and the shoulder girdle, spinal dogs could hold
their trunk nearly horizontal. In other words, to stand
and maintain balance, spinal mammals lower their head
so the forelimbs act as a fulcrum and the head as a coun-
terweight.” Simply lowering the head and neck decreases
the height of the body’s center of mass, which may be
useful for balance control.

To unload the hindlimbs and put more weight on the
forelimbs, quadrupeds can protract the head and neck for-
ward, as seen in some cats in Figure 1. The importance of
head positioning has also been highlighted in mammals
with amputations just below the knee, where lowering
the head keeps the trunk horizontal.”'®" Moreover, a
study in horses with unilateral forelimb lameness
reported reduced amplitude of vertical head movements
during the stance phase of the lame forelimb and an
increase during stance of the intact forelimb.'> We pro-
pose that lowering the head could be a compensatory
strategy used by spinal cats to stabilize the trunk muscu-
lature and lower their center of mass to improve dynamic
stability during locomotion.

Adult spinal cats perform 1:1 and 1:2 fore-hind
coordination during quadrupedal locomotion

In the present study, we reported that two spinal cats
maintained a 1:1 coordination (Cats 3 and 4) between
the forelimbs and hindlimbs while in the other two spinal
cats, the hindlimbs performed more steps than the fore-
limbs (Cats 1 and 2). Interestingly, the two large males
(Cats 3 and 4) maintained 1:1 coordination, while the
two small females adopted 1:2 coordination. Studies after
spinal transection in kittens’' and adult cats®* reported
an apparent loss of coordination between the forelimbs
and hindlimbs, with the forelimbs taking more steps than
the hindlimbs (2:1 fore-hind coordination).

Similar findings have been reported after a variety of
incomplete thoracic spinal cord injuries, such as lateral
hemisection,®*'* compression injury,'® and lesions of
the ventral/ventrolateral'® or dorsal/dorsolateral quad-
rant of the spinal cord.”>'%® A recent study also showed
that blocking serotonergic receptors in the lumbar spinal
cord of intact rats generated 2:1 fore-hind coordination
patterns.'"’

Although the precise reason for the appearance of 2:1
forelimb-hindlimb coordination remains unclear, several
hypotheses have been proposed. First, a study proposed
that this compensatory strategy (faster forelimb cadence)
resulted from a reduction in inhibitory influence from
hindlimb CPGs to forelimb CPGs or a shift in the center
of gravity rostrally so that the forelimbs have to bear a
greater proportion of body weight after lesions of the spi-
nal cord.”” Second, a study proposed that this compensa-
tory strategy was a way to maximize static stability.®?
Indeed, performing smaller steps could be a strategy to
keep the center of gravity within the support polygon,
the surface obtained by joining the different points of
contact of the animal.”® Studies have reported that the
posture of the animal with a minimum of three limbs
on the ground is stable during locomotion if the center
of gravity falls within the support polygon.**-'%%-110

Spatiotemporal and kinematic variables
in intact and spinal cats
The majority of studies have compared quadrupedal locomo-
tion in the intact state to hindlimb-only locomotion in the spi-
nal state,' 22272894103 LI2 1 the present study, we show
that spatiotemporal adjustments of the forelimbs and hin-
dlimbs differ between the intact and spinal states during
quadrupedal locomotion. For the forelimb, cycle and
swing durations were longer in the intact state compared
with the spinal state. For the hindlimb, cycle and stance du-
rations were longer in the intact state compared with the spi-
nal state. We did not observe a difference in the duration of
the stance phase for the forelimb in spinal cats.

To determine whether the forelimb remained in stance
proportionally longer, we measured stance proportion
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and double support periods from 0.4 m/sec to 0.8 m/sec
in both states. Although forelimb stance proportion was
unaffected after spinal transection, we show that fore-
limb double support periods were longer in spinal cats
while hindlimb double support periods did not differ
between states. Hindlimb stance proportion was longer
in the intact state compared with the spinal state with
no state-dependent difference in double support periods.
The increase in forelimb double support periods is con-
sistent with a greater need for forelimb support during
quadrupedal locomotion in spinal cats. Cats might do
this voluntarily.

A notable difference between the intact and spinal
states was the horizontal distance between the toe mark-
ers of the right forelimbs and hindlimbs at contact and
liftoff, our measure of limb interference. As stated,
some intact cats adopt a pacing-like gait on the treadmill,
where the forelimbs and hindlimbs perform approxima-
tely simultaneous directional movements, proposed to
prevent the forelimbs and hindlimbs from interfering
with one another at hindlimb contact.”” We found that
the distance between the homolateral forelimbs and hin-
dlimbs increased in spinal cats at contact and liftoff of
the forelimb. This increased distance might be a volun-
tary strategy adopted by spinal cats to keep their forelimb
away from their hindlimbs to avoid interference.

Interlimb coordination in intact and spinal cats
Consistent with previous studies in spinal kittens®' and
spinal adult cats,’® we show that hindlimb coupling was
maintained during quadrupedal treadmill locomotion
while homolateral coupling was impaired (Figs. 9 and
10). It was reported that homolateral coordination cannot
be restored by assisting with weight support and/or with
treadmill locomotor training.”’ Here, we show that speed
and state did not affect forelimb coupling, because adult
spinal cats maintained values around 180 degrees, close
to a strict out-of-phase coupling.

The lack of change in forelimb and hindlimb cou-
plings is not surprising, because this coordination is
mediated by segmental commissural interneurons, neu-
rons with crossed projections.* In contrast, the spinal
state altered homolateral and diagonal coordination be-
cause of an earlier and more variable contact of the hin-
dlimbs. In the intact state, homolateral and diagonal
coupling values were consistent, whereas spinal cats had
considerably larger variations, consistent with impaired
coordination between the forelimbs and hindlimbs.

Spinal transection abolishes short and long proprio-
spinal pathways that project homolaterally or diago-
nally, as well as supraspinal signals to lumbar levels
that coordinate forelimb and hindlimb movements.*
Interestingly, by silencing long ascending propriospinal
neurons in rats, a recent study reported a disruption of

forelimb and hindlimb couplings during overground but
not treadmill locomotion.''® This study highlights that
changes in interlimb coordination during locomotion
after the loss of communication between cervical and
lumbar levels are context-dependent.

Forelimb and hindlimb muscle activity in intact and spi-
nal cats. Several studies have compared EMG activity
obtained during quadrupedal locomotion in intact cats
and hindlimb-only locomotion with the forelimbs on a
stationary platform in spinal cats.'""''" Although a few
studies have compared quadrupedal locomotion in the
intact and spinal states, they did not investigate changes
in forelimb and hindlimb muscle activity.>' In the pres-
ent study, we observed shorter burst durations in VL and
SOL in spinal cats. This decreased extensor burst dura-
tion can possibly be explained by a reduction in load
on the hindlimbs during quadrupedal locomotion in spi-
nal cats. For the other extensor muscles (BFA, LG) and
flexor (SRT, BFP) hindlimb muscles, however, no differ-
ences between states were observed in burst duration.
Therefore, adjustments in muscle activity appear to be
muscle specific.

Another important issue is whether the positioning of
the head modulates the activity of forelimb and hindlimb
muscles. Gottschall and Nichols''* investigated the con-
sequences of head pitch nose down on hindlimb muscle
activity during treadmill locomotion in decerebrate cats.
They reported that the modulation of head pitch nose
down produced immediate but transient changes in hin-
dlimb muscle activity, similar to those observed during
downhill locomotion in intact cats. For instance, head
pitch nose down mimicked uphill walking, with BFA
muscle activity starting just after hindpaw contact and
remaining active throughout stance with a higher mag-
nitude than with the head in a neutral position. In
contrast, head pitch nose up mimicked downhill walk-
ing, with absent BFA muscle activity during the entire
step. 14116

In the present study, we observed an important inter-
animal variability for the BFA muscle (Fig. 5). For ins-
tance, for spinal Cat 3, which protracted its head instead
of lowering it, with a slight forward tilt of the back
(Fig. 1A), we observed weak BFA activity, while for spi-
nal Cat 1, which lowered its head considerably and had
a convexity in the thoracic spine, we observed larger
magnitude BFA activity that was greater than in the intact
state. Thus, even though neural inputs from the head and
neck no longer reach lumbar levels after spinal transec-
tion, postural adjustments still influence hindlimb mus-
cle activity.

In the forelimbs, we did not detect a difference in burst
duration for the TRI muscle between intact and spinal
cats. The BB muscle also displayed a prominent second
burst of activity during the stance phase in the spinal
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state, particularly at faster speeds. This stance-related ac-
tivity could be a way to increase limb stiffness by coac-
tivating forelimb flexor and extensor muscles during
the support period. During downslope locomotion, previ-
ous studies have reported a second burst of activity in
some hindlimb flexor muscles during the stance phase
in the spinal state to better control descent.''"! 16

Functional and clinical considerations

Although we observed clear differences between the
intact and spinal states, including impaired fore-hind
coordination, adult spinal cats retained the ability to
perform quadrupedal locomotion. These results clearly
show that biomechanical properties of the musculoskel-
etal system play an important role in generating quadru-
pedal locomotion and adjusting it to an increase in speed
despite the loss of neural communication between cer-
vical and lumbar levels.

Similar to quadrupedal mammals, injury at any level
of the spinal cord disrupts neuronal circuits and/or path-
ways involved in coordinating the arms and legs in
humans.”®'"”''® Despite the importance of arm-leg coor-
dination, most rehabilitation strategies, such as task-
specific locomotor training and/or the prescription of
assistive devices focus solely on the lower limbs, which
is likely not optimal to promote the recovery of a func-
tional locomotor pattern. During locomotion, the primary
mechanical effect of upper limb swing is to reduce body
angular momentum generated by the contralateral lower
limbs about the vertical axis.!'® Moreover, studies have
suggested that during locomotion, upper limb swing
may facilitate lower limb muscle activation via neural
coupling, 120121

Bidirectional interactions between neural mecha-
nisms and properties of the musculoskeletal system, how-
ever, remain poorly understood. A better understanding
of these interactions during complex movements such
as locomotion would improve clinical rehabilitation
strategies and the design of assistive devices.
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