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Facilitation of Stepping with Epidural Stimulation in Spinal
Rats: Role of Sensory Input
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We investigated the role of afferent information during recovery of coordinated rhythmic activity of the hindlimbs in rats with a complete
spinal cord section (approximately T8) and unilateral deafferentation (T12-S2) to answer the following questions: (1) Can bilateral
stepping be generated with only afferent projections intact on one side? (2) Can the sensory input from the non-deafferented side
compensate for the loss of the afferent input from the deafferented side through the crossed connections within the lumbosacral spinal
cord? (3) Which afferent projections to the spinal cord from the non-deafferented side predominantly mediate the effect of epidural
stimulation to facilitate stepping? Recovery of stepping ability was tested under the facilitating influence of epidural stimulation at the S1
spinal segment, or epidural stimulation plus quipazine, a 5-HT agonist. All chronic spinal rats were able to generate stepping-like patterns
on a moving treadmill on the non-deafferented, but not deafferented, side from 3 to 7 weeks after surgery when facilitated by epidural
stimulation. Adaptation to the loss of unilateral afferent input was evident at 7 weeks after surgery, when some movements occurred on
the deafferented side. Spinal-cord-evoked potentials were observed on both sides, although middle (monosynaptic) and late (long
latency) responses were more prominent on the non-deafferented side. The afferent information arising from the non-deafferented side,
however, eventually could mediate limited restoration of hindlimb movements on the deafferented side. These data suggest that facili-
tation of stepping with epidural stimulation is mediated primarily through ipsilateral afferents that project to the locomotor networks.
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Introduction
Goldberger (1988) reported excellent recovery of motor function
after deafferentation with a spared root compared with a more
impaired locomotor pattern after a complete unilateral deaffer-
entation in cats. This observation emphasized the importance of
afferent feedback in the control of locomotion but also showed
that the loss of afferent information can be compensated for by an
increased contribution of descending control. Based on evidence
indicating a critical role for afferent information in the recovery
of coordinated stepping in chronic spinal animals, a number of
motor training strategies have been developed to maximize the
use of afferent input in promoting recovery of locomotor capac-
ities after a spinal cord injury (Edgerton et al., 1991, 2001; Ros-
signol, 2006).

Another strategy to facilitate motor performance after a
spinal cord injury is the modulation of afferent input via epi-
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dural stimulation (ES). ES has been applied successfully as a
method to enhance stepping in animals (Gerasimenko et al.,
2003, 2006, 2007; Ichiyama et al., 2005) and in humans (Dimi-
trijevic et al., 1998; Dimitrijevic and Dimitrijevic, 2002; Her-
man et al., 2002) after spinal cord injury and has been associ-
ated with modulation of afferent input at the dorsal root level
(Coburn et al., 1985; Holsheimer, 1998). Recently, we have
used ES to investigate the spinal cord circuits that are involved
in the modulation of stepping patterns in intact (Gerasimenko
etal., 2006) and complete (Lavrov et al., 2006a) spinal rats. We
observed modulation of spinal cord motor-evoked potentials
in a phase-dependent manner during bipedal stepping in in-
tact rats (Gerasimenko et al., 2006) and in nondisabled hu-
mans (Courtine et al., 2007). We also found that the reappear-
ance of polysynaptic components of the evoked potentials
after a complete injury generally coincides with the recovery of
the ability of the spinal cord to produce stepping movements
when facilitated by ES (Lavrov et al., 2006a).

To provide further insight into the role of afferents in gener-
ating stepping, we studied the recovery of stepping in complete
spinal rats that also underwent an extensive unilateral deafferen-
tation (T12-S2). We observed that ES-facilitated locomotion is
mediated primarily by the afferents projecting to the ipsilateral
locomotor networks, although modulation of sensory feedback
from the non-deafferented side facilitated some long-duration
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cyclic movements on the deafferented side after a recovery period
of 7 weeks.

Preliminary results have been published previously (Lavrov et
al., 2006b).

Materials and Methods

Data were collected from two groups of adult female Sprague Dawley rats
(270-300 g body weight): control rats (n = 5), and rats with a complete
midthoracic (approximately T8) spinal cord transection plus unilateral
deafferentation (T12-S2) (n = 4). All experimental procedures complied
with the guidelines of the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were conducted in accordance with a
protocol approved by the Animal Care Committee at the University of
California, Los Angeles.

Surgical procedures. All surgeries were performed under aseptic condi-
tions. The rats were anesthetized deeply by a combination of ketamine
(100 mg/kg) and xylazine (10 mg/kg) administered intraperitoneally and
were maintained at a surgical level with supplemental doses of ketamine
as needed.

Headplug. A small incision was made at the midline of the skull. The
muscles and fascia were retracted laterally, small grooves were made in
the skull with a scalpel, and the skull was dried thoroughly. Two amphe-
nol headplugs with Teflon-coated stainless steel wires (AS632; Cooner
Wire) were securely attached to the skull with screws and dental cement
as described previously (Roy et al., 1991; Ichiyama et al., 2005). A skin
incision was made in the mid-dorsal region of the back (see below), and
eight wires from the headplug were routed subcutaneously to the most
distal end of the opening.

EMG implants. Skin and fascial incisions were made to expose the
bellies of the medial gastrocnemius (MG) and tibialis anterior (TA) mus-
cles bilaterally. Two wires were routed subcutaneously from the back
incision to each muscle site. Bipolar intramuscular EMG electrodes were
formed and secured into the midbelly of each muscle as described previ-
ously (Roy et al., 1991). The EMG wires were coiled near each implant
site to provide stress relief. Stimulation through the headplug was used to
verify the proper placement of the electrodes in each muscle.

Spinal cord transection, unilateral dorsal rhizotomy, and epidural stim-
ulation electrode implants. A mid-dorsal skin incision was made between
T6 and L4, and the paravertebral muscles were retracted as needed. A
partial laminectomy was performed at the T8 —T9 level, and the dura was
opened longitudinally. Lidocaine (2-3 drops) was applied locally, and
the spinal cord was completely transected at a midthoracic (approxi-
mately T8) level as described previously (Talmadge et al., 2002). A partial
laminectomy was performed from T13 to L2, and the dura was opened
from T12 to SI and from S3 to S5. The dorsal roots on the left side were
transected intradurally (as close to their exit from the spinal column as
possible) from T12 to S2 (Fig. 1). Two wires from the headplug were
passed subcutaneously to the most proximal end of the back incision.
One Teflon-coated wire was passed to S1, and a small notch was made in
the Teflon coating (~0.5-1.0 mm) on the surface toward the spinal cord
and served as the stimulating electrode. The wire was affixed to the dura
(Fig. 1, S1 spinal segment) at the midline using 9.0 sutures as described
previously (Ichiyama et al., 2005). The appropriate position of the stim-
ulating electrode was verified postmortem: connective tissue secured the
electrode to the dura at the correct location on the spinal cord in all rats
and thus ensured a stable position for all stimulation sessions. All wires
(for EMG and ES) were coiled in the back region to provide stress relief.
The Teflon coating was stripped from the distal centimeter of the second
wire, which was then inserted subcutaneously in the back region and
served as a common ground.

All incision areas were irrigated liberally with warm, sterile saline and
closed in layers (i.e., investing fascia and then the skin). All closed inci-
sion sites were cleansed thoroughly with saline solution. Analgesia was
provided by Buprenex (0.5-1.0 mg/kg, i.m.; three times per day). The
analgesics were initiated before completion of the surgery and continued
for a minimum of 2 d. The rats were allowed to fully recover from anes-
thesia in an incubator. The rats were housed individually, and the blad-
ders of the spinal rats were expressed manually three times per day for the
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Figure1.  Schematic of the spinal cord transection and unilateral deafferentation surgery. A
complete spinal cord transection was performed at approximately the T8 spinal level (between
vertebral segments T7 and T8). The dura (gray shading) was opened longitudinally from verte-
bral level T11 to S3 (leaving a short strip at approximately the L2 level intact), and a unilateral
(left side) dorsal rhizotomy (cutting the dorsal root as close to the spinal cord as possible and as
close to its exit from the vertebral column as possible) was performed intradurally from the T12
tothe S2 spinal segments. A single insulated wire electrode with a small notch (~0.5-1.0mm)
exposing the wire facing the spinal cord was sutured (asterisks represent the two sutures) on
the short strip of intact dura over spinal segment S1 through which electrical stimulation was
used to facilitate stepping and induce bilateral reflex responses. The middle arrow points to the
transection site, and the bottom arrow points to the epidural electrode implant site. The extent
of the unilateral dorsal rhizotomy is identified on the left side with the cut dorsal roots shown as
broken lines.

first 2 weeks after surgery and twice per day thereafter. The hindlimbs of
the spinal rats were moved passively through a full range of motion once
per day to maintain joint mobility. The motor responses to pinching of
the toes were evaluated daily to test for the presence of afferent input. The
procedures for the care of spinal animals have been detailed previously
(Roy et al., 1992).

Stimulation and recording procedures. Testing procedures were started
1 week after surgery and were performed at 1, 3, and 7 weeks after sur-
gery. All testing was performed weekly during ES with and without qui-
pazine when the rats were fully awake. EMG activity was collected during
stepping with a frequency of 2 kHz using a custom-made Labview pro-
gram, and the duration and mean amplitude of identified EMG bursts
were determined (Roy et al., 1991; Courtine et al., 2008). The EMG
signals were led from the animal through long shielded wires to amplifi-
ers (A-M Systems) with a frequency response between 10 Hz and 1 kHz.

Stimulation was performed using a Grass S88 Stimulator and a stim-
ulus isolation unit (Grass SIUS5; both from Grass Instruments). Epidural
stimulation at S1 was performed via single stimuli (duration, 0.5 ms).
Spinal cord reflexes were tested initially by stimulation at 0.2 Hz to de-
termine the stimulus intensity—response amplitude curve. Averages of 10
responses were collected at stimulation intensities ranging from 0.5 to 10
V at 0.5 V intervals (Lavrov et al., 2006a).

To test for locomotor ability, the spinal rats were secured in an upper
body harness support system, and the hindlimbs were placed on a mov-
ing treadmill belt as described previously (Ichiyama et al., 2005). Spinal
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The rhythmicity of activity facilitated by epidural stimulation (40 Hz) and of spinal cord reflexes to a single stimulus after a complete midthoracic spinal cord transection and unilateral

dorsal rhizotomy (Fig. 1). A, Representative stick diagrams of the hindlimb movements in a control rat and in an experimental rat, 1, 3, and 7 weeks after lesion. The time between individual sticks
is 40 ms. Blocks at the bottom of each pair of stick diagrams represent stance (gray), swing (blank), and foot dragging (black). Arrowheads indicate the initiation of epidural stimulation (Stim). Deaff,
Deafferentation; Non-deaff, non-deafferentation. B, Successive trajectories of the right and left hindlimb endpoint recorded from the same rats and same steps as in A. , D, Mean (SEM) step height
(€) and step length (D) from both limbs of control and spinal-transected rats with unilateral deafferention. E, Spinal cord motor-evoked responses to a single stimulus recorded from the tibialis
anterior muscle on the non-deafferented and deafferented hindlimb of a representative spinal rat at 1, 3, and 7 weeks after lesion. The stimulus (not shown) is at the beginning of each trace. The
arrows indicate the appearance of MR or LR. *p << 0.05, significant difference between the non-deafferented and deafferented hindlimbs. All values for the non-deafferented and deafferented

hindlimbs in Cand D are statistically lower than control. ER, Early response. Error bars indicate SEM.

cord stimulation at S1 was induced by continuous ES at 40 Hz (25 ms
interpulse interval) and a pulse duration of 0.2 ms. At 7 weeks after
surgery, to improve the stepping performance, the rats were injected with
the 5-HT agonist quipazine (0.3 mg/kg, i.p.) as described previously
(Ichiyama et al., 2005). An automated body weight support system was
used to provide the optimum amount of body weight support necessary
to enable walking (Ichiyama et al., 2005).

Analysis of reflex data. All recordings were performed and analyzed as
described previously (Lavrov et al., 2006a). To identify the latencies and
amplitudes of EMG responses to epidural stimulation, stimulus intensi-
ties between 0.5 and 10 V were used. During each test session, it was
determined that three responses were modulated differentially and were
clearly voltage dependent. We also used rate-dependent inhibition to
separate the different spinal cord motor-evoked responses as described
previously (Lavrov et al., 2006a). Short-latency (between 1.5 and 6.5 ms)
early responses remained unchanged under all frequencies of stimulation
and correspond to direct activation of motoneurons. Middle (monosyn-
aptic) responses with latencies between 6.5 and 9.5 ms were partially
inhibited with 5 and 10 Hz stimulation. Late responses (LRs) with laten-
cies between 9.5 and 13.5 ms that may reflect the activation of polysyn-
aptic circuits were completely inhibited with 5 and 10 Hz stimulation
(Gerasimenko et al., 2006; Lavrov et al., 2006a).

Kinematics recordings. Three-dimensional (3D) video recordings (100
Hz) were made using four cameras (two cameras on each side at 100 fps;
Basler Vision Technologies) oriented at 45 and 135° with respect to the
direction of the locomotion (i.e., the animal’s sagittal plane on both
sides). Reflective markers were attached bilaterally to the shaved skin
overlying the following bony landmarks: the anterior superior iliac spine
(11), the greater trochanter (GT), the knee joint (K), the malleolus (M),
the fifth metatarsal (MT), and the tip of toe (T). The SIMI motion cap-
ture software (SIMI Reality Motion Systems) was used to obtain 3D
coordinates of the markers.

Stepping data analysis. The body was modeled as an interconnected

chain of rigid segments (i.e., II-GT for the pelvis, GT-K for the thigh, K-M
for the shank, M-MT for the foot, and MT-T for the fifth digit), and the
joint angles were generated as described previously (Courtine et al.,
2005). A cycle was defined as the time interval between two successive
paw contacts. Successive paw contacts were identified with an accuracy of
*+1 video frame. Data for a duration to acquire ~10 step cycles on the
non-deafferented side were extracted from a continuous sequence for
each animal. Limb kinematics were determined as described by Courtine
et al. (2005).

Muscle weights. At the end of the experimental period, the rats were
deeply anesthetized with sodium pentobarbital (125 mg - kg ~'; Sigma)
and transcardially perfused with 1 ml - g ' body weight of PBS, pH 7.4,
followed by 2 ml - g~ ! body weight of 4% paraformaldehyde in PBS
(Sigma). The following muscles were removed bilaterally, cleaned of
excess fat and connective tissue, and weighed: the soleus, MG, and plan-
taris as representative plantarflexors, and the TA and extensor digitorum
longus as representative dorsiflexors.

Statistical analyses. All data are reported as mean + SEM. Statistically
significant differences were determined using a one-way repeated-
measures ANOVA. Values that were not normally distributed were ana-
lyzed using the nonparametric Kruskal-Wallis rank test. Paired Student’s
t tests and nonparametric Wilcoxon tests were used to assess statistical
differences between the left and right sides. The criterion level for statis-
tical significance was set at p < 0.05 for all analyses.

Results

Recovery of stepping ability after a complete spinal cord
transection and unilateral rhizotomy

Recovery of stepping on the non-deafferented side

The ability of the spinal rats to step when provided with ES was
tested 1, 3, and 7 weeks after injury. At 1 week, ES at 40 Hz applied
atthe S1 spinal segment failed to produce any rhythmic activity in
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the hindlimb on the non-deafferented side (Fig. 24, B, 1 week).
Approximately 2 weeks after the injury, two to three consecutive
step-like movements could be observed at the onset of ES (data
not shown). Consistent sequences of stepping movements reap-
peared around week 3 only on the non-deafferented side (Fig.
2 A, B, 3 weeks). These movements consisted of a stance phase on
the dorsal aspect of the foot or with the toes curled, whereas the
dorsum of the foot was mostly dragged along the treadmill belt
during the swing phase. Stepping performance steadily improved
during the following weeks, and at week 7 after injury, the ani-
mals showed stepping movements with plantar placement and
less dragging of the paw during the swing phase of gait than at 3
weeks (52 = 5% of swing duration at 3 weeks vs 25 * 14% at 7
weeks) (Fig. 2A, B, compare 3 and 7 weeks). There was a progres-
sive increase in both step height (Fig. 2C) and step length (Fig.
2D) over time, such that the mean step height was 43%, and the
mean step length was 49% of control values at the 7 week time
point (supplemental Video 1, available at www.jneurosci.org as
supplemental material). These values, however, were still lower
than control values. In addition, step height was higher on the
non-deafferented than on the deafferented side at 3 and 7 weeks
after injury (Fig. 2C). At 3 weeks, step length was longer on the
non-deafferented than on the deafferented side, but these values
were similar at 7 weeks after injury (Fig. 2D).

Recovery of movement on the deafferented side

Despite the ES-enabled stepping activity on the non-deafferented
side, no movement was observed on the deafferented side in any
animal during the first 4—5 weeks after injury. During this period,
the deafferented hindlimb was hyperextended and dragged along
the treadmill belt during stepping (Fig. 2A, B). Some stepping-
like movements reappeared on the deafferented side ~5-7 weeks
after the injury.

The movements of the deafferented hindlimb, however, oc-
curred at a very low frequency in comparison with the stepping
movements on the non-deafferented side. Based on limb kine-
matics, the mean cycle period with epidural stimulation alone
was 6.72 * 2.13 s (n = 3; data from a total of only 7 steps,
reflecting the very low frequency of occurrence relative to the
intact side) on the deafferented side compared with 2.4 = 1.47 s
(n = 3; data from 30 steps) on the non-deafferented side. These
movements of the deafferented limb consisted of a long stance/
dragging period on the dorsum of the paw (3.6 = 0.4 s) in a
hyperextended position followed by a very fast, kicking-like for-
ward motion (0.28 = 0.08 s) that occurred most often after the
beginning of the stance phase on the non-deafferented side (Fig.
2 A; supplemental Video 1, available at www.jneurosci.org as sup-
plemental material). Based on EMG patterns, the periodicity of
the oscillations with a combination of epidural stimulation at S1
and quipazine was 8.85 * 1.15 s (n = 3; data from 28 steps) on the
deafferented side compared with 1 = 0.21 s (n = 3; data from 97
steps) on the non-deafferented side. All of these data illustrate the
importance of ipsilateral afferent input in modulating stepping,
whether it is based on kinematics or EMG and whether stepping
is facilitated by ES alone or ES in combination with quipazine.

The EMG patterns on the deafferented side were characterized
by long periods of very high tonic activity in the MG during
stance/dragging followed by short, phasic EMG bursts in the TA
during the fast forward-kicking movements (Fig. 3A). This pat-
tern was in contrast to a more rhythmic and alternating bursting
pattern on the non-deafferented side. The mean EMG amplitude
was higher on the deafferented than on the non-deafferented side
for both the MG and TA (Fig. 3B). In addition, the mean EMG
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Figure 3.  Analysis of EMG activity on the non-deafferented (Non-deaff) and deafferented
(Deaff) sides at 7 weeks after a complete spinal cord transection and unilateral deafferentation.
A, EMGbursting patterns for the MG and TA muscles on the non-deafferented and deafferented
hindlimbs of a representative spinal rat during treadmill stepping at 7 cm/s facilitated by epi-
dural stimulation (at S1, 40 Hz) and quipazine (0.3 mg/kg, i.p.) administration. B, C, Mean
(SEM) EMG burst amplitude (B) and duration (C) for the MG and TA in the non-deafferented and
deafferented hindlimbs for all rats. *p << 0.05, significant difference between the non-
deafferented and deafferented hindlimbs. Error bars indicate SEM.

burst duration was higher on the deafferented than on the non-
deafferented side for the MG, but not different on the two sides
for the TA (Fig. 3C).

Weight-bearing-related afferent input plays a critical role in the
generation of step-like movements on the deafferented side

To investigate the role of afferent information during ES- and
quipazine-enabled stepping, we studied the kinematics of both
hindlimbs when the animals were positioned (suspended) above
the treadmill belt without any weight-bearing afferent input (Fig.
4, no contact) and when the hindlimbs were in contact with the
treadmill belt and had weight-bearing afferent input (Fig. 4, con-
tact). When the animal was suspended, a combination of quip-
azine and ES at S1 elicited step-like movements at a low frequency
on the non-deafferented side, whereas the deafferented hindlimb
remained hyperextended (supplemental Video 2, available at
www.jneurosci.org as supplemental material). When the animal
was lowered onto the moving treadmill belt, the contact of the
hindlimb on the non-deafferented side stopped the ongoing air-
stepping movements, and rhythmic-stepping movements on the
treadmill began within 2.3 * 0.85 s and continued until the ter-
mination of ES or treadmill belt motion. The onset of some
slowly oscillating movements of the deafferented hindlimb at
contact on the treadmill was delayed significantly (7.1 = 2.4 s),
relative to the onset of locomotion on the non-deafferented side.

Restoration of flexion and cross-extension reflexes

Flexion and cross-extension reflexes were evaluated daily in both
hindlimbs after surgery. There was no response to pinching of the
paw on the deafferented side during the entire testing period. At
1 or 2 d after surgery, no animals responded to paw pinching on
the non-deafferented side. At 3 d after surgery, pinching or press-
ing the paw on the non-deafferented side produced a weak ipsi-
lateral flexor reflex but no response on the contralateral (deaffer-
ented) side. At 3-7 d after surgery, all animals showed a flexion
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response on the non-deafferented side and
the appearance of a weak cross-extension
reflex on the deafferented side.

Restoration of spinal cord
motor-evoked responses
Early, middle, and late responses were

evoked by single-shock stimulation of the
spinal cord at S1 in all animals at 1, 3, and
7 weeks after surgery while the animals
were in a body weight support system as
described previously (Lavrov et al., 2006).
An early response that reflects the direct
activation of motor pools or motor axons
was observed in both the MG and TA mus-
cles on both sides at 1 week and did not
change significantly during the remainder
of the study. There was a gradual increase
in the maximum amplitude of the middle
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Figure 4. Intact afferents are required for the initiation of activity on the non-deafferented and deafferented sides in spinal

rats. Representative stick diagrams are shown of the movements observed on the non-deaffererented and deafferented sides of
aspinal rat while suspended above the treadmill (no foot contact) and after contact (arrows) of the feet with the moving treadmill
belt when facilitated by epidural stimulation (at S1, 40 Hz) and quipazine (0.3 mg/kg, i.p.) administration. The time between
individual sticks is 40 ms. Note the slow and delayed movements on the deafferented side occurring after rhythmic activity is
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Muscle weights

Considering that the extensive unilateral
deafferentation (T12-S2) may be expected
to result in muscle atrophy on the deaffer-
ented side and affect the responses evoked
by spinal cord stimulation, the weights of
several hindlimb muscles were determined
bilaterally. There were no significant dif-
ferences in the weights of the soleus, plan-
taris, TA, or extensor digitorum longus
between the deafferented and non-

LR/max amplitude (% of ERmax)
o

Figure 5.

Post-surgery (wk)

Post-surgery (wk)

A-D, Changes in the maximum amplitude of the MR (MR/max) and LR (LR/max) for the MG (4, €) and TA (B, D) on

deafferented hindlimbs. The weight of the
MG was higher on the deafferented than
on the non-deafferented side.

Discussion

the non-deafferented (black) and deafferented (red) sides of a spinal rat at 1, 3, and 7 weeks after surgery. Data represent the
average of 10 evoked potentials from four rats (thin lines) and the overall average for the four rats for each time point (thick lines).
MR/max and LR/max are shown as a percentage of ERmax at each time point. Note that the amplitudes of the responses are
consistently higher on the non-deafferented side and that a significant level of recovery of the LR on the deafferented side occurs
only at 7 weeks for both the MG and TA. *p < 0.05, significant difference between the means for the non-deafferented and
deafferented hindlimbs.

The present data rather clearly demon-

strate three important and novel points re-

garding the spinal control of locomotion. First, when facilitating
bilateral stepping with epidural stimulation applied at the mid-
line of the spinal cord, each leg is almost completely dependent
on the presence of afferent projections on that same side. Despite
the commonly recognized bilateral communication within the
spinal circuitry even in fictive locomotion, the present results
demonstrate a remarkable level of independence of each side
when stepping is facilitated by epidural stimulation. Second,
these results demonstrate a highly interdependent effect of elec-
trical stimulation of the spinal afferents projecting to the spinal
circuitry and the proprioceptive information that is derived nor-

mally from the hindlimbs when placed on a moving treadmill
belt. Third, this complete dependence of the afferents on the
same side to facilitate stepping can change over time via reorga-
nization of the spinal circuitry that interprets the sensory input,
such that afferents from the non-deafferented side can drive oc-
casional movements on the deafferented side.

Completeness of the unilateral deafferentation for the motor
pools studied

Both morphological and electrophysiological data locate the mo-
tor pools and sensory projections for the MG between the L4 and
L6 spinal segments and for the TA between the L4 and L5 spinal
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segments (Vejsada and Hnik, 1980; Peyronnard and Charron,
1983; Peyronnard et al., 1986; Manzano and McComas, 1988;
Rivero-Melidn, 1996). Axons of proprioceptive endings from the
TA and extensor digitorum longus were found mainly at L4 with
only a few at L5 and from the posterior superficial crural muscles
(gastrocnemius, soleus, plantaris) mainly at L5 (Pantaleo and
Calamai, 1973). Thus, unilateral deafferentation from the T12 to
S2 spinal cord levels should eliminate sensory input to the mo-
toneuronal pools tested. Our results demonstrate that a model of
complete spinal cord transection and extensive unilateral deaffer-
entation can be combined with chronically implanted epidural
and intramuscular EMG electrodes for quantifying bilateral spi-
nal cord synaptic efficacy in vivo in rats.

ES facilitates stepping via spinal cord afferents

In the present study, epidural stimulation at near motor thresh-
olds facilitated stepping in all tested animals only in the non-
deafferented hindlimb after the loss of the afferent input on one
side. These results support our hypothesis that in spinal rats epi-
dural stimulation facilitates spinal locomotor networks through
the dorsal root afferents and are in agreement with previous
modeling studies (Coburn, 1985; Coburn and Sin, 1985; Rattay,
1989; Holsheimer, 1998). The loss of sensory information from
one side had little or no effect on the rhythmic activity on the
non-deafferented side. Indeed, EMG and kinematics features
from the non-deafferented side were remarkably similar to the
stepping facilitated by epidural stimulation in spinal rats with
intact afferents (Ichiyama et al., 2005; Lavrov et al., 2006a; Gerasi-
menko et al., 2007). These data emphasize the prominent role of
ipsilateral projections in mediating the facilitation effect of epi-
dural stimulation on stepping.

Recovery of the late (long latency) response evoked by epi-
dural stimulation on the non-deafferented side was similar in
amplitude and timing to the recovery of the late response previ-
ously observed in spinal rats with intact afferents (Lavrov et al.,
2006a). Also, there appears to be some association with the tim-
ing of the restoration of locomotor-like movements facilitated by
epidural stimulation and the reemergence of a late response. The
time of recovery of reflex responses evoked by toe pinching (~7
d) and spinal cord stimulation (~2-3 weeks) differed. The earlier
restoration of ipsilaterally and contralaterally evoked responses
from pinching of the intact limb may correspond to restoration
of early components of flexor—extensor reflexes that also occurs
within hours to days after spinal cord injury (Valero-Cabré et al.,
2004). Recovery of the late response observed 3 weeks after spinal
cord transection on the non-deafferented side corresponds to the
restoration of polysynaptic reflexes mediated by Aa and A low-
threshold skin afferents 2—3 weeks after injury (Valero-Cabré et
al., 2004; Lavrov et al., 2006a). Although the effect of epidural
stimulation at near motor thresholds appears to be primarily
mediated by dorsal root afferents, the restoration of the middle
response on the deafferented side after ~3 weeks suggests that
stimulation also influences intraspinal fibers that have monosyn-
aptic contact with motoneurons. These findings implicate addi-
tional synaptic events beyond the monosynaptic Ia afferents, i.e.,
the classical H-reflex, in the generation of the epidural
stimulation-evoked middle response.

The transected spinal cord can adapt to the unilateral loss of
afferent input via crossed connections from the non-deafferented
side

The present results demonstrate that sensory information from
the non-deafferented side can affect the spinal circuitry of the
deafferented side (i.e., trigger spinal circuits on the deafferented
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side to generate an occasional robust movement). For all tested
animals, the appearance of movement on the deafferented side
was observed only after recovery of stepping on the non-
deafferented hindlimb. Also, on the deafferented side, movement
was only observed after paw contact of the non-deafferented
hindlimb on a moving treadmill belt (i.e., only in the presence of
robust stepping activity on the non-deafferented side). The activ-
ity observed on the deafferented side consisted of robust forward
movements of the hindlimb. MG EMG burst amplitude and du-
ration of the deafferented hindlimb was significantly greater than
on the non-deafferented side. The prolonged duration of exten-
sor (MG) EMG bursts during stance with no difference in the
duration of the flexor (TA) EMG bursts during swing in the deaf-
ferented hindlimb bears some resemblance to the differential
modulation of stance and swing when stepping at different
speeds (Halbertsma 1983; Roy et al., 1991; Prochazka et al., 2002).
Also, the short periods of inhibition of the extensor muscles on
the deafferented side demonstrate a persistence of intralimb re-
ciprocal inhibition within the spinal circuitry. These observations
suggest that significant spinal reorganization of commissural
connections occurred after unilateral dorsal rhizotomy. These
results extend our previous findings that epidural stimulation
alone does not necessarily induce stepping without placement of
the paw on the treadmill (Ichiyama et al., 2005) and emphasizes
that rather than inducing stepping, ES facilitates stepping when
appropriate sensory input is provided (Edgerton, et al., 2004).
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