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Abstract
Afferent inputs are known to modulate the activity of locomotor central pattern generators, but their
role in the generation of locomotor patterns remains uncertain. This study sought to investigate the
importance of afferent input for producing bilateral, coordinated hindlimb stepping in adult cats.
Following complete spinal transection, animals were trained to step on the moving belt of a treadmill
until proficient, weight-bearing stepping of the hindlimbs was established. Selective dorsal
rhizotomies of roots reaching various segments of the lumbosacral enlargement were then conducted,
and hindlimb stepping capacity was reassessed. Depending on the deafferented lumbosacral
segments, stepping was either abolished or unaffected. Deafferentation of mid-lumbar (L3/L4) or
lower-lumbar (L5-S1) segments abolished locomotion. Locomotor capacity in these animals could
not be restored with the administration of serotonergic or adrenergic agonists. Deafferentation of L3,
L6, or S1 had mild effects on locomotion. This suggested that critical afferent inputs pertaining to
hip position (mid-lumbar) and limb loading (lower-lumbar) play an important role in the
generation of locomotor patterns after spinal cord injury.
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Introduction
The interplay between the locomotor central pattern generator (CPG) and afferent inputs in the
formation of locomotor patterns remains a topic of debate. The ability to train an adult spinal
cat to step on a moving treadmill belt has been known for many years,1,2 yet the underlying
mechanisms are uncertain. The works of Sherrington3 and Brown4 provide two opposing
views in explaining these observations: that the activity seen is reflex-driven or is the result of
intrinsic properties of the spinal cord, respectively. The latter view has dominated our thinking
in recent years and the intrinsic factors are now known as the CPG.5,6
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Evidence in favor of a CPG comes from studies in which the spinal cord is isolated from
descending and/or peripheral connections, either anatomically or pharmacologically.7 In these
preparations, no motor activity is observed in the absence of stimulation. The application of
excitatory neuro-transmitters such as l-DOPA or serotonin leads to a pattern of reciprocal
activity in flexor and extensor nerves.8,9 This activity is also reciprocal across the spinal cord
so that ipsilateral flexors and contralateral extensors are activated simultaneously.10 The
similarity of this pattern to that observed in walking has led to the view that these patterns are
the output of the locomotor CPG.11,12

Treadmill stepping patterns in the awake, spinalized animal, nevertheless, are very different
from the patterns seen in fictive preparations. Stepping on a moving treadmill belt provides
sensory inputs to the spinal cord, which play a major role in phase transitions.13 For example,
transitions from stance (extensor phase) to swing (flexor phase) occur only when sensory
information pertaining to hip position and limb loading is permissive. Stretch of the flexor
muscles resets the locomotor pattern in decerebrate cats,14 and hindrance of hip extension
delays or prevents the initiation of swing while prolonging stance.14 Hip position is also
important for the swing to stance transition.15

The locomotor activity patterns in the presence of sensory inputs are also more robust,
involving shorter flexor than extensor bursts and a period of double stance.16 Importantly, they
also contain a distinct burst of activity in the semitendinosus muscle of the hindlimbs that
appears before the onset of stance and is not seen in fictive preparations.17 It therefore appears
that sensory inputs not only modulate the timing and intensity of CPG generated motor patterns
and adapt them to the environment,18–20 but also contribute to the generation of locomotor
bursts.17–21

Further insights regarding the interplay between the CPG and afferent inputs in locomotion
are gained from neuro-mechanical models. Yakovenko et al.22 showed that in instances with
low central drive (i.e., a weak CPG) the contribution of the stretch reflex is crucial in
maintaining stable gait patterns. Ekeberg and Pearson23 further demonstrated that gait can be
established through sensory inputs and independently of a CPG. They also examined the
relative importance of hip position and limb loading for locomotion, and were able to generate
a stable gait using either a combination of hip angle (relayed through inputs to mid-lumbar
segments) and ankle force (relayed through inputs to lower-lumbar segments), or ankle force
alone.23

The goal of the present study was to assess directly the role of afferent inputs in locomotor
pattern generation. We specifically asked the question: could a chronically spinalized cat,
previously trained to step on a moving treadmill belt, cope with sensory disturbances? Stepping
capacity was evaluated after removal of sensory inputs reaching various spinal segments. We
found that sensory information is a necessary component for locomotor pattern generation.
Afferent inputs pertaining to hip position and limb loading are both critically needed for
stepping in the chronically spinalized cat. The findings further demonstrate that the mid-lumbar
segments in cats (equivalent to L1/L2 upper-lumbar segments in rodents) are incapable of
producing a potent locomotor pattern in the absence of afferent inputs.

Some of this work was previously presented in abstract form.24

General methods
Experiments were performed on nine adult cats (1 male) weighing 2.8–4.5 kg. All experiments
were approved by the University of Alberta Animal Welfare Committee.
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Spinalization
A laminectomy was performed at the T11 vertebral level under isoflourane anaesthesia and
aseptic surgical conditions. The dura mater was opened and the spinal cord exposed. A
complete transection of the spinal cord was made under microscope vision using micro-
dissection scissors, and the completeness of the lesion verified visually. The lesion space was
filled with absorbable haemostat (Surgicel) and the dura mater, muscle and skin sutured shut
in layers. Analgesia (Ketoprofen) and antibiotics (Cefazolin) were administered. Following
recovery from surgery, animals were transferred to individual cages and attended twice daily
for bladder expression. Antibiotics and analgesics were continued as required.

Treadmill Training
Treadmill training was initiated on the third postoperative day. The animals were placed in a
harness suspended over a custom-made, split-belt treadmill with independent force plates under
each belt. The forelimbs were supported on a stationary platform and the hindlimbs were placed
over the moving belts. A plexiglass divider prevented excessive limb adduction. Training
intensity increased to three 10 min sessions a day over the first week. The treadmill belts were
set at a speed of 0.25 ms−1. Training involved manual placement of the hindlimbs and perineal
stimulation until weight bearing and toe clearance were achieved. Initially, training was also
supplemented with quipazine (0.5 mg/kg i.p.), a non-specific serotonergic precursor.
Subsequently, only perineal stimulation and later the moving treadmill belts alone were needed
to stimulate a stepping behavior.

Deafferentation
Once stable, proficient stepping was achieved (typically after 3 months of training) a baseline
record of the stepping was obtained (see section Testing further). In a subsequent surgical
procedure the dura mater was opened to expose the dorsal rootlets innervating various
lumbosacral spinal segments. Dorsal rootlets to: (1) S1, (2) L6 and the rostral third of L7
(hereafter referred to as L6), (3) L4, (4) L3, L4 and the rostral third of L5 (hereafter referred
to as L3/4), or (5) L5-S1 were identified, tied with suture and cut bilaterally. The size of the
rhizotomy in the L3/4 and the L6 deafferentations was approximately the same. The dura mater,
muscle layers and skin were then sutured and the animal recovered as previously described.

Two days after surgery training recommenced on the treadmill at the same speed and intensity
as before. Perineal stimulation was applied as needed to facilitate stepping.

Testing
A total of three testing sessions were performed for each cat. Two, full-length tests were
performed prior to the deafferentation and two weeks after the deafferentation, and one shorter
test was conducted one week postdeafferentation. The ability of the cat to stand and to step
spontaneously at a variety of treadmill speeds ranging from 0.1 to 0.6 m/s and the cat’s
pawshake and flexor withdrawal reflexes were assessed. Kinematic, kinetic, and
electromyographical (EMG) recordings were acquired to quantify the hindlimb responses of
the cat. To quantify the kinematics, reflective markers were bilaterally placed on the iliac crest,
hip, knee, ankle, and metatarso-phalengeal joints and the tip of the third toe. The limbs were
then filmed using two high-speed, digital camcorders placed orthogonally to the sagittal plane
of each limb. To record EMG activity, pairs of fine wires (9-strand stainless steel Cooner wire,
insulated except for 2–3 mm at the tip) were transcutaneously inserted into the major hip, knee,
and ankle flexor and extensor muscles under isoflourane anaesthesia prior to the testing session.
After the acquisition of a complete set of data, quipazine (0.5 mg/kg i.p.) was administered
and the tests repeated 20 min later. Clonidine (an α2 noradrenergic agonist) was then
administered (75 µg/kg i.p.) and the tests repeated when the paw shake reflex had disappeared,
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typically 15–20 min following administration of the drug. The time from the administration of
the quipazine to the completion of the clonidine and quipazine testing was less than 1 h.

One week after the deafferentation a shorter test was conducted in which kinematic, kinetic,
and EMG data were recorded but no pharmacological agents were administered.

Data acquisition and analysis
The EMG recordings were band-pass filtered (30–1000 Hz) and amplified 1000× using custom-
built amplifiers and a Neurolog system (Digitimer, Welyen Garden City, UK). Data were
sampled (4000 samples/sec) using a CED 1401Power analog-to-digital card and Signal2 or
Spike2 software (Cambridge Electronic Design, Cambridge, UK). Video clips of the hindlimbs
(120 frames/sec) were transferred to a computer and limb movements were extracted using
MotionTracker2D (Dr. Douglas Webber, University of Pittsburgh). Data analyses were
performed in the MATLAB environment (Mathworks, Natick, USA) using custom-written
routines.

Ground reaction forces (GRFs) generated during stepping in each testing session were
normalized to the amount of force generated by each leg during periods of full weight-bearing
standing obtained in the predeafferentation testing session for each animal. A 95% confidence
level was deemed to be significant.

Results
Following 2–4 months of intensive treadmill training all spinal cats were able to step
independently on the moving treadmill belt with only lateral, balance support provided, and
without the need for pharmacological or perineal stimulation. Animals were able to step at a
wide variety of speeds and under “taxing” circumstances in which the split belts were set to
different speeds. Once the animals stepped proficiently, no instances of double flexion were
encountered, that is, at least one hindlimb provided weight-support at any one time during
stepping.

The location of the deafferentation dramatically affected spinal stepping. Reconstructed stick
figures representing the spontaneous stepping of the hindlimbs on a moving treadmill belt at
0.25 m/s from a spinalized, but sensory intact animal and one example animal from each of
the rhizotomized groups are shown in Figure 1. Also shown are the generated GRFs averaged
over all the steps (mean ± standard deviation, 50 ± 15 steps) taken by the animal in each
condition. Rhizotomies of single spinal segments (L4, L6, or S1) had little effect on the stepping
pattern. In stark contrast, the L3/4 and L5-S1 deafferentations removed the ability of the animal
to step spontaneously on the moving treadmill belt.

The effects of the L3/4 and L5-S1 deafferentations which led to the loss of sensory information
pertaining to hip position and limb loading, respectively, are further exemplified in Figures 2
and 3. Stick figure representations from one cat in each group and joint angles averaged over
a step cycle (35 ± 12 steps) are presented for three stepping conditions. With no stimulation
other than the moving treadmill belt, neither the L3/4 nor L5-S1 deafferented cat could
spontaneously step (Figs. 2A, 3A, respectively). Addition of the serotonergic and noradrenergic
agonists quipazine and clonidine, failed to elicit a functional stepping pattern on the moving
treadmill belt (Figs. 2A, 3A). In both deafferentations the addition of the pharmacological
agents led to some increase in the phasic modulation of load force. Perineal stimulation in both
cases restored some semblance of rhythmic oscillations in the legs (Figs. 2C, 3C); however,
neither pharmacological nor perineal stimulation was capable of eliciting a stepping behavior
similar to that obtained with intact sensory inputs (Fig. 1A), and significant abnormalities were
noted. Moreover, the effects of the L3/4 and L5-S1 deafferentations were not the same.
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The range of angles that the hip traversed during a step following the deafferentation compared
to predeafferentation ranges provided an indicator of the deficit generated by the loss of the
sensory information. The S1, L6, and L4 deafferenations produced a small, non-significant
decrease in the range of hip motion (a decrease of ~5%). The L5-S1 deafferenation also
produced only a small decrease in the range of hip angle that was not statistically significant
during perineal stimulation. In contrast, the L3/4 deafferentation significantly reduced the
range of hip angle by 45% (P < 0.05, paired t-test).

The differences in hindlimb stepping in cats with L3/4 and L5-S1 deafferentations are further
highlighted in Figure 4 in which the best stepping trials obtained in these animals are shown.
Stick figure representations along with EMG activity are shown in which stepping was evoked
by a combination of the moving treadmill belt, perineal stimulation, quipazine and clonidine.
The L3/4 cat was unable to bring the leg forward of the hip, the stepping movements were
rapid and limb placement was on the dorsum of the paw. In contrast, the L5-S1 cat performed
each phase of the step cycle and placed the foot on the plantar surface of the paw, but exhibited
deficits in the transitions between the phases of the step cycle.

A summary of the average peak GRFs (loading) produced by the hindlimbs during stepping
following each deafferentation is shown in Figure 5A. Data are normalized to each cat’s GRF
produced during weight-bearing standing prior to the deafferentation. On average, the L3/4
and L5-S1 deafferentations significantly reduced the GRF to ~10% of baseline values (Fig. 5A
black bars; P < 0.05, ANOVA, Tukey HSD post hoc comparisons). All other deafferentations
produced changes of less than 10%.

Clonidine significantly decreased GRF in animals with intact sensory inputs as well as in those
with L6 and L4 rhizotomies (Fig. 5A hashed bars; P < 0.05, ANOVA, Tukey HSD post hoc
comparisons). While clonidine had no effect on GRF in animals with L3/4 or L5-S1
deafferentations, quipazine significantly increased GRF in animals with L3/4 deafferentation
relative to pre-drug levels (Fig. 5A gray bars). The effects of clonidine, the α2-noradrenergic
agonist, are not surprising in light of its inhibitory actions. Clonidine is used as an
antispasmodic agent in individuals with spinal cord injury,25 and the hallmark indicator of its
action in spinal cats is the loss of the paw shake reflex. The effectiveness of clonidine in
facilitating locomotor-like patterns in spinal cats has been attributed to the localization of its
receptors to the mid-lumbar segments of the cord, segments previously thought to contain the
locomotor CPG networks.26 In this study, clonidine was ineffective in producing locomotor-
like stepping patterns in the absence of sensory inputs to the L3/4 or L5-S1 segments, and
significantly reduced the level of GRF produced during stepping. In contrast to clonidine,
receptors for the serotonergic agonist, quipazine, are widely distributed throughout the spinal
cord (Cowley and Schmidt 1997). Because quipazine enhances the excitability of spinal
motoneurons,27,28 its effects on increasing GRF were anticipated. Interestingly, however,
quipazine had no effect on GRF after the L5-S1 deafferentation, suggesting that its effects may
be primarily presynaptic.29

Representative GRF traces averaged over a step cycle from a spinal, sensory-intact animal,
and an animal in each of the L3/4, L5-S1, and S1 deafferentation groups are shown in Figure
5B. Whereas the sensory-intact and S1 deafferented cats showed a normal pattern of
modulation of step force during all stimulation conditions (less with clonidine), there was little
or no modulation in the GRF generated in the cats with the L3/4 or L5-S1 deafferentations.

Discussion
The ability of the spinal cat to step on a moving treadmill belt under a variety of conditions is
remarkable. Devoid of descending supraspinal control, and with only sensory inputs, the cord
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is able to generate a motor pattern that adapts to changing and novel environmental demands.
Moreover, proficient spinal stepping continues to be “safe,” in that at least one leg is always
in contact with the ground, bearing the weight of the hindquarters. The present study
demonstrated that the spinal cord is also able to adapt to changes in sensory inputs. Removal
of the sensory inputs to an entire spinal segment had only minor consequences on the motor
output. This would suggest that after learning to walk, the disconnected spinal cord retains
plastic capacity even after some sensory disruption. Carrier and colleagues examined the effect
of neuroectomy on the locomotion of spinal cats.30 They demonstrated that spinal animals that
underwent a neuroectomy after learning to walk were able to maintain a symmetrical locomotor
pattern, despite a unilateral absence of dorsiflexion, again suggesting that the spinal cord is
able to make further plastic changes after learning how to generate spinal locomotion.

Both hip angle and load information are necessary for spinal stepping
Throughout this study successful stepping consisted of both weight-bearing of the hindquarters
through the hindlimbs and forward movement of the limbs with paw placement occurring in
front of the hip. The most striking finding is the effect of both the L3/4 and the L5-S1
deafferentations in abolishing the treadmill-evoked stepping behavior in the spinal cats.
Removal of the sensory inputs to the L3/4 spinal segments removes the information concerning
the hip position whilst the L5-S1 deafferentation leaves that inputs intact but removes all of
the load information. The “rules” of locomotion as outlined by Prochazka13 and with
experimental evidence from Pearson and coworkers14,15,31 indicate that the phase transitions
within the stepping pattern rely upon hip position or load information. In this study we
demonstrated that both of these components are required for the generation of spinal stepping.
This is somewhat in contrast to the recent modeling result from Ekeburg and Pearson23 who
showed that only loading information was required to generate adequate stepping in their
coupled hindlimb model of a cat. An earlier model by Yakovenko et al.22 highlighted the role
of sensory feedback (stretch reflexes) in the presence of weak central drive. However, this is
the first study that experimentally examined the role of bilateral sensory feedback to spinal
locomotion. The results herein will further refine studies focused on modeling the neural
control of locomotion.

Differences between mid-lumbar and lower-lumbar deafferentations—The L3/4
and the L5-S1 deafferentations abolished the spinal cats’ ability to step spontaneously on a
moving treadmill belt. In both conditions additional stimulation (primarily perineal) generated
some oscillations in the hindlimbs but the patterns were missing critical elements that define
locomotion. Moreover, the evoked oscillations were characteristically different in the two
deafferentations. The animals without information concerning the position of their hip (L3/4
rhizotomy) were unable to bring their paws forward of their hips, even when the spinal circuits
were activated through several forms of stimulation. This suggests that the hip sensory
information is critical for enabling proper activation of the flexor muscles and in turn, forward
placement of the leg in space. In contrast, the removal of all load information (L5-S1) did not
alter the placement of the limb during each individual phase of the gait cycle. Rather, the
primary deficit was in the switching between the phases. The animal was unable to switch
easily and fluidly from the stance to swing phase with either leg. Presumably, this is a result
of the lack of loading information leading to uncertainty about whether it is “safe” to take one
leg off the ground. Furthermore, the amount of loading produced by the legs was severely
reduced.

Deficits in stepping induced by deafferentation of a single spinal segment were comparatively
minor, even when the same size deafferentations as the L3/4 rhizotomies was performed in
another part of the spinal cord (e.g., the L6 deafferentation). This leads us to believe that the
effects we see from the L3/4 and L5-S1 rhizotomies are not due to the size of the sensory
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disruption, but to the nature of the sensory inputs removed. In the L4, L6, and S1
deafferentations, adequate information pertaining to hip position and limb loading was
preserved, allowing for proper generation of the locomotor pattern.

Comparison with fictive and in vitro preparations—Previous studies in fictive
preparations demonstrated that in the absence of any sensory feedback, the spinal cord is
capable of generating a rhythmic, locomotor-like pattern. In the present study we showed that
removal of sensory information concerning just one of the primary inputs for spinal locomotion
disrupts and inhibits the stepping ability of the chronically spinalized cat. It is likely that the
rhythmic oscillations induced via a combination of stimuli (treadmill belt, pharmacological
agents, and perineal stimulation) were produced by the CPG networks in the spinal cord. Such
oscillations may represent the patterns seen during fictive locomotion that is commonly
induced by pharmacological agents or electrical stimulation of the mesencephalic locomotor
centre or the dorsal columns. However, this study demonstrates that such oscillations are
inadequate for locomotion in spinal animals.

Interestingly, the application of perineal stimulation was much more efficacious in eliciting
alternating oscillations of the hindlimbs following the L3/4 and L5-S1 rhizotomies than the
serotonergic and noradrenergic agonists.32 This suggests a more prominent role for lower
segments of the lumbar enlargement in the production of locomotion than previously
suggested.33,34

Previous in vitro studies in neonatal preparations of rodent spinal cords suggested that the CPG
networks involved in locomotion reside within the lumbar segments of the spinal cord.35,36

Similarly, studies in adult cat preparations33,37–39 highlighted the importance of the lumbar
segments for the generation of stepping-like locomotor patterns. However, findings from both
the rodent and cat preparations have diverged in their interpretation of the organization and
distribution of these CPG networks. While some studies suggest that the locomotor CPG is
localized to the upper- and mid-lumbar segments in rodents,35 and cats38 respectively, others
demonstrated that the CPG networks are more distributed throughout the lumbar cord.33,36,
37,39 Furthermore, some researchers within the latter camp proposed that the locomotor
rhythmogenic capacity of the lumbar segments decreases caudally (i.e., within the lower-
lumbar segments).36,39

The findings from this study do not address the distribution or organization of the CPG
locomotor networks. Nonetheless, they strongly highlight the importance of sensory inputs to
pattern generation. Most importantly, the findings demonstrate that the L3/4 segments in the
spinal cats are incapable of generating stepping locomotor patterns in the absence of sensory
information pertaining to hip position. Similarly, these same segments are incapable of
generating appropriate stepping patterns in the absence of loading information relayed to lower-
lumbar segments. Furthermore, lower-lumbar segments with intact sensory inputs are
incapable of generating full locomotor patterns in the absence of sensory information pertaining
to hip position relayed to the mid-lumbar segments. Therefore, the concepts of localized or
distributed CPG with a rhythmogenic gradient in the lumbar cord do not appear to be prominent
in the absence of sensory inputs to either the L3/L4 or L5-S1 segments. After chronic
spinalization, sensory inputs pertaining to hip position and limb loading appear to play a
primary role in the rhythmogenesis of locomotor stepping.

Functional implications—This study demonstrated the importance of the previously
hypothesized rules for locomotion (Prochazka13) which depend on hip position and limb
loading. Indeed these rules not only appear to safeguard against unsafe stepping, but are a
prerequisite for the initiation and maintenance of stepping in the adult spinalized cat. The results
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present sensory inputs as critical components for locomotor pattern generation in the spinalized
cat.

Based on the present findings which demonstrated the critical dependence of the CPG on
sensory inputs, one may refute the argument that the locomotor CPG is a necessary element
for stepping. However, previous work from our laboratory and the laboratory of others strongly
suggests that both the CPG and sensory inputs are necessary for stepping, and each alone is
incapable of producing robust locomotion.40,41

Therefore, when developing rehabilitation programs or control paradigms for devices to restore
stepping after spinal cord injury in humans, it may be advantageous to utilize spinal CPG and
sensory-driven rules of locomotion as guidelines.40,42–44

Conclusions
In this study we demonstrated the critical importance of both hip position and limb loading for
the generation of locomotor patterns that enable spinal stepping. Removal of either leads to an
inability to step spontaneously on a moving treadmill belt. With additional stimulation animals
with either sensory loss can produce rhythmic oscillations; however, these oscillations are
incomplete locomotor patterns. Both the CPG and afferent inputs are necessary for locomotor
pattern generation.
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Figure 1.
Stick-figure representation of the effect of various deafferentations on hindlimb walking
movements in the completely spinalized cat. (A) No deafferentation, (B) S1 rhizotomy, (C)
L6 rhizotomy, (D) L4 rhizotomy, (E) L3/4 rhizotomy, and (F) L5-S1 rhizotomy. To the right
of the stick figures are the GRFs averaged over a step cycle and normalized to the full load
taken by the hindlimb during full weight-bearing standing. The upper four plots are
qualitatively similar indicating a lack of major effect of the deafferentation on the evoked
stepping pattern. The L3/4 and L5-S1 rhizotomies abolished spontaneous stepping activity of
the hindlimbs as evidenced by the lack of modulation of joint angles in the stick-figures and
the flat GRF traces.
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Figure 2.
Stick figure representations and joint angle plots of the stepping evoked with various forms of
stimulation in a cat with an L3/4 deafferentation. (A) shows the stepping on a moving treadmill
belt with no pharmacological or perineal stimulation, and (B) with the addition of quipazine
followed by clonidine. No appreciable stepping is demonstrated in each of these plots. In (C),
perineal stimulation is applied to an animal with no pharmacological agents. In this case,
rhythmic oscillations in the hindlimbs are evoked. Joint angle modulations are shown on the
right for the hip (D), knee (E), and ankle (F). The solid line corresponds to no stimulation, the
dashed to the quipazine followed by clonidine, and the dotted to the perineal stimulation. Note
that in all cases, the hips only traversed a comparatively small range of angles and the hindlimb
is not placed forward of the hip.
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Figure 3.
Stick figure representations and joint angle plots of the stepping evoked with various forms of
stimulation in a cat with an L5-S1 deafferentation. (A) shows the stepping on a moving
treadmill belt with no pharmacological or perineal stimulation, and (B) with the addition of
quipazine followed by clonidine. No appreciable stepping is demonstrated in each of these
plots. In (C), perineal stimulation is applied to an animal with no pharmacological agents. In
this case, disorganized elements of a locomotor pattern are evoked. Joint angle modulations
are shown on the right for the hip (D), knee (E), and ankle (F). The solid line corresponds to
no stimulation, the dashed to the quipazine followed by clonidine, and the dotted to the perineal
stimulation.
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Figure 4.
Evoked stepping during a prolonged period of perineal stimulation in an L3/4 and an L5-S1
deafferentated cat that had received quipazine and clonidine. Differences in the locomotor
deficits associated with each of the deafferentations are illustrated. (A) Alternating, rhythmic-
like stepping movements of the hindlimbs could be elicited following the L3/4 deafferentation,
but with deficits in limb placement in space: the paw was not placed in front of the hip and the
cat stepped on the dorsum of the paw. (B) Normal range of limb placement could be achieved
with proper stepping on the plantar surface of the paw following the L5-S1 deafferentation;
however, the hindlimbs were unable to switch regularly between the swing and stance phases
and pauses occurred at these transition points.
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Figure 5.
GRF generated during hindlimb stepping following the various rhizotomies. The forces are
normalized to the load carried by the limb during full weight-bearing standing prior to the
deafferentation. (A) Mean GRF and standard deviation bars are shown for all animals in the
study. No decreases in force were seen with the S1, L6, and L4 deafferentations relative to
predeafferentation levels (black bars), while large decreases were seen following the L3/4 and
L5-S1 deafferentations. Quipazine generally increased the peak GRF, especially following the
L3/4 deafferentation (gray bars), while clonidine generally decreased it (hashed bars). Cross
symbols (†) indicate the significant changes in GRF induced by the application of
pharmacological agents within a condition (sensory intact or a particular deafferentation).
Double cross symbols (‡) indicate the significant changes in GRF relative to predeafferentation
levels. (B) GRF averaged over a step cycle for a spinal animal with intact dorsal roots, an
animal with L3/4, L5-S1, or S1 rhizotomy. In each plot the no-drugs (solid), quipazine
(dashed), and clonidine (dotted) traces are shown. Note that the y-axis range is different for
the different rhizotomy conditions.
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