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Identification, Localization, and Modulation of Neural Networks for
Walking in the Mudpuppy (Necturus Maculatus) Spinal Cord
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We tested the hypothesis that the neural networks for walking
in the mudpuppy can be divided into a flexor and an extensor
center, each of which contains collections of interneurons lo-
calized in the vicinity of their motoneuron pools. Combining a
battery of techniques, we identified and localized the elbow
flexor center and its motoneuron pool in the C2 segment and
the elbow extensor center and its motoneuron pool in the C3
segment. Rhythmic flexion or extension of the limb in isolation
could be induced by continuous trains of current pulses of the
C2 or C3 segments, respectively. Independent activation could
also occur after application of glutamate receptor agonist
NMDA. Part of segment C2 in isolation generated rhythmic
elbow flexor bursts, whereas part of segment C3 in isolation
generated rhythmic elbow extensor bursts. An isolated region
spanning the C3 roots generated both flexor and extensor

bursts. The step cycle was modulated in a phase-dependent
manner by stimulation of the dorsal roots, the ventral roots, or
either of the two centers. The effects of ventral root stimulation
were removed by deafferentation to block reafferent input at-
tributable to muscle contraction induced by the stimulation. We
conclude that the neural networks for walking contain at least a
flexor and an extensor generator that are localized in close
apposition to the motoneuron pools, that the two centers can
work independently despite the fact that there are reciprocal
inhibitory interconnections between them, and that sensory
input interacts with the spinal neural networks to reset the
ongoing walking rhythm in a phase-dependent manner.
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The spinal cord in vertebrates is capable of generating rhythmic
motor behaviors, such as locomotion, with or without sensory
input (Székely et al., 1969; Delcomyn, 1980; Grillner, 1981, 1985;
Pearson, 1993). The neural networks responsible for locomotion
are composed of populations of interneurons and are often re-
ferred to as central pattern generators (CPGs). The organization
of the CPGs for vertebrate locomotion is beginning to be under-
stood at a cellular level. Grillner and his colleagues (Grillner et
al., 1991, 1995; Grillner, 1996) identified classes of excitatory and
inhibitory interneurons and elucidated for the first time the cir-
cuitry responsible for generating and coordinating the bending
motion of the trunk required for swimming in the lamprey. The
circuitry that produces swimming has also been examined in a
tadpole (Roberts et al., 1986, 1995; Perrins, 1995). A pair of half
centers that are mutually inhibitory is an essential feature of the
characterized segmental circuits.

The circuitry for walking is much more difficult to determine
experimentally because it involves coordinated limb movement
about multiple joints in different limbs. Progress is being made to
localize the networks for walking (Iwahara et al., 1991; Cazalets
et al., 1995, 1996; Bracci et al., 1996; Cowley and Schmidt, 1997;
Kjaerulff and Kiehn 1996; Kremer and Lev-Tov, 1997) and to
identify interneurons in the mammalian spinal cord that could be
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involved in generating walking (Edgley et al., 1988; Shefchyk et
al., 1990; Viala et al., 1991; Hochman et al., 1994; Kjaerulff et al.,
1994; MacLean et al., 1995; Kiehn et al., 1996; Raastad et al.,
1996). However, the complexity of the mammalian spinal cord
makes it extremely difficult to investigate the organization of the
neuronal circuitry. The smallest functional unit was once as-
sumed to be a center for each limb (Grillner, 1981). Based on
pieces of indirect evidence, Grillner attempted to subdivide the
CPGs into several subunits called “unit burst generators” (Grill-
ner, 1981). He assumed that there is one network for each group
of close synergists. This attractive hypothesis is technically diffi-
cult to test with the available experimental preparations. To
circumvent the complexity of the mammalian nervous system, we
developed an in vitro walking preparation from an amphibian, the
mudpuppy (Necturus maculatus) (Wheatley and Stein, 1992;
Wheatley et al., 1992, 1994; Jovanovi¢ et al., 1996a). We show
in this study that the CPG for each limb can be divided into gen-
erators that produce flexor or extensor rhythms independently.

A second issue concerns the interplay between sensory input
from the moving limb and the operation of CPGs. In the cat,
stimulation of low-threshold extensor muscle afferents in the
flexion phase initiates a new extensor burst but suppresses the
flexor burst. Such stimulation in the extension phase prolongs
the ongoing extensor burst and delays the onset of the flexor
burst (Duysens and Pearson, 1980; Conway et al., 1987; Pear-
son, 1993; Guertin et al., 1995; Rossignol, 1996). Resetting
effects of sensory input have also been shown in the neonatal
rat (Kiehn et al., 1992; Tizuka et al., 1997). Here we show a
phase-dependent resetting of the ongoing walking-like rhythm
by stimulation of the dorsal roots, ventral roots, and the elbow
flexor or extensor generators.
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Part of this work has been reported in an abstract (Cheng et al.,
1997).

MATERIALS AND METHODS

Twenty-nine adult mudpuppies (22-30 cm in length) were used for the
experiments. The animals were anesthetized before surgery by applica-
tion of 3-aminobenzoic acid ethyl ester (Sigma, St. Louis, MO) to the
water bath (1-2 gm/1).

Retrograde labeling of motoneuron pools. We used two fluorescent
tracers in complement to label the motoneuron pools of the elbow flexor
(brachialis) and extensor (ulnae) muscles. The contours of these muscles
were visible through the skin in these animals. Fluorogold (7% in
DMSO-saline; Fluorochrome, Englewood, NJ) was injected into the
belly of the elbow extensor in the left limb and the belly of the elbow
flexor in the right limb in six animals (Richmond et al., 1994). Approx-
imately 5 ul of the tracers was delivered using a 26 gauge needle over the
course of 5 min in each muscle. A second tracer, fast blue (3% in
DMSO-saline, 5 ul; Sigma), was used in two animals to avoid overesti-
mation of the number of labeled motoneurons attributable to the diffus-
ibility of fluorogold (Richmond et al., 1994). The animals were killed
under anesthesia 3-22 d after injection. The target muscles were dis-
sected and the tracks of injection within these muscles were verified. To
examine the labeled cells, the spinal cord was isolated, fixed overnight in
4% paraformaldehyde/0.1 M sodium phosphate buffer, pH 7.2-7.4, at 4°C,
transferred to 30% sucrose/H,0 for 2 hr at 22°C (or overnight at 4°C) for
cryoprotection, and sliced either coronally or horizontally in 40 um
cryostat sections (JUNG GM 3000; Leica Canada, Inc.). The sections
were mounted sequentially onto slides (Fisherbrand; Fisher Scientific,
Houston, TX), coverslipped (Cytoseal; Stephens Scientific), and in-
spected for the labeled motoneurons under a fluorescence microscope
(Leitz, Wetzlar, Germany) equipped with type A filter (excitation band-
pass 340-380, suppression long pass 430 nm) and dark-field-bright-field
illumination.

In vitro walking preparation. The preparation contained the first five
segments of the spinal cord, the brachial nerves, and the forelimb(s). A
segment border is defined as midway between two adjacent spinal dorsal
roots. The procedures for surgical dissection, electromyography (EMG),
and induction of walking-like limb movement were described in detail
elsewhere (Wheatley et al., 1992). Briefly, after a dorsal laminectomy
under anesthesia, the first five segments of the spinal cord were isolated
from the rest of the body with one or both forelimbs attached by the
brachial nerves. The paraspinal muscles were removed. Pairs of fine
teflon-insulated silver wires (75 um in diameter) were inserted into the
elbow flexor and extensor muscles for EMG recording. The preparation
was placed dorsal side up in a recording chamber superfused with
continuously oxygenated Ringer’s solution at a rate of 2-5 ml/min (NaCl
115 mmMm, KCI 2 mm, CaCl, 2 mm, MgCl, 1.8 mm, HEPES 5 mm, and
glucose 1 gm/l, pH 7.35). The cord and forelimb(s) were stabilized by
pinning the vertebrate column and the procoracoid cartilage to the base
of the chamber coated with Sylgard resin (Dow Corning). Deafferenta-
tion was performed in some animals by cutting the dorsal roots within the
spinal canal. Walking-like motion of the leg(s) was induced by bath
application of 20—80 um NMDA (Sigma) with 5-20 uM D-serine, which
potentiates the effect of NMDA (Wheatley et al., 1992).

Microstimulation. Motor responses were elicited by stimulation of re-
gions of the spinal cord with constant cathodic currents (Master §;
A.M.P.I, Jerusalem, Israel) through a stimulus isolator (NL800, Digi-
timer, Ltd.). The surface of the cord dorsum was first stimulated system-
atically with concentric tungsten electrodes (negative pole, ~100 wm in
diameter) at a spatial resolution of 1.0 mm. At spots where extension or
flexion was induced by trains of stimulation with the lowest threshold
current, a tungsten microelectrode (~10-um-diameter tips, 1-2 MQ;
Micro Probe, Gaithersburg, MD) was then inserted into the predicted
areas of the gray matter (200-500 um deep) where interneurons were
densely populated (see Fig. 1B). Continuous trains of current pulses (40
Hz, 0.2 msec duration) were used to find regions where rhythmic flexion
or extension of the limb could be induced by unpatterned stimulation.
Peak current amplitudes ranged between 2 and 8 pA, which corre-
sponded to an estimated stimulation volume of 100 um radius (Ranck,
1981; Yeomans, 1990). The tracks of electrodes were examined in 40 um
frozen sections stained with cresyl violet and were confirmed to be in the
intermediate areas of the gray matter.

Surgical isolation of regions of the cervical cord. With the aid of a
surgical dissection microscope (Leica), fine insect pins and iridectomy
scissors were used to isolate regions of the cord. The unwanted regions
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were removed by vacuum suction to ensure complete isolation. In cases
in which two regions of the cord were necessary, a gap of at least 1 mm
was produced between the separated regions attributable to the tension
within the spinal cord.

Resetting “walking” rhythm by stimulation of regions of the cord, dorsal
roots, and ventral roots. Trains of constant current pulses (40 Hz, 0.2 msec
pulse duration, six pulses) were delivered to specific regions of the cord
dorsum (C2 or C3), dorsal roots, or ventral roots every four to six step
cycles. The stimulus intensity was 1.2X motor thresholds (6-12 pA). The
mean durations of the step cycles before and after each stimulated step
were measured and compared (Student’s ¢ test). The phasic effects of the
perturbation were examined by plotting the cycle duration of the stimu-
lated steps against the timing of stimulation in each cycle. The slope of
the best fitting straight line gave a measure of the degree of resetting (1
represents complete resetting; Stein and Lee, 1981).

Correlation analyses. The phase relationship between the flexor and
extensor EMG bursts was quantified by cross-correlation analysis, and
the rhythmicity of the flexor and extensor bursts was tested by auto-
correlation analysis whenever necessary. At least 50 step cycles were
included for the analyses. A positive value for the peak near zero in a
cross-correlation indicates that the two signals (flexor and extensor
EMGs) are relatively in phase, whereas a negative value indicates that
they are relatively out of phase. A value of 1 represents a perfect
correlation. The exact phase relationship can be determined by measur-
ing the time delay (see Fig. 3) as a fraction of the complete step cycle.

RESULTS

Motoneuron pools innervating the elbow flexor and
extensor muscles

Retrograde labeling by fluorescent tracers (fluorogold and fast
blue) revealed the patterns of distribution of motoneurons inner-
vating brachialis and extensor ulnae of the limb. The labeling was
consistent between animals using both tracers. Figure 1 shows the
distribution and morphology of the labeled cells. The flexor pool
was localized mainly in the caudal part of the C2 segment (~3.0
mm long), and the extensor pool was localized in the caudal part
of the C3 segment (~4.0 mm long). There was an overlap region
at the rostral C3 segment (~0.2-0.4 mm) where motoneurons of
both the flexor and extensor muscles were labeled. Part of the
extensor motoneuron pool from the C3 segment is shown in
Figure 14 (horizontal section, midline top, rostral right). The
motoneurons were organized approximately into two columns of
cells. In the coronal plane, ~80 cells in the gray matter of each
side were typically stained with cresyl violet within each 40 um
section (Fig. 1B). The cells around the central canal were ex-
cluded from the counting because they appeared to be ependymal
cells (not labeled in silver staining). One to three motoneurons
were labeled retrogradely in each 40 um coronal section, and the
majority of the neurons in the gray matter appeared to be inter-
neurons. The labeled motoneurons are exemplified in coronal
sections (Fig. 1C,D) from the extensor pool and the overlapping
region. Two extensor motoneurons were labeled retrogradely on
the left side of a 40-um-thick coronal section from the caudal C3
segment (Fig. 1C). Both extensor (Fig. 1D, left) and flexor (Fig.
1D, right) motoneurons were labeled at the entry level of the C3
ventral root, which can be seen in this section. Partial reconstruc-
tion of a flexor motoneuron in the C2 segment shows the mor-
phological details of its processes and orientation in the cord (Fig.
1E). The cell bodies of these motoneurons were ~35-45 pum in
diameter. The dendritic trees extended into the white matter of
the ipsilateral side toward the edge of the cord. The axons were
found to join the ventral roots either at the level of ventral root
formation (Fig. 1D,E) or to ascend or descend up to ~3 mm
within the ventral column of the white matter before entering the
ventral roots (data not shown). Note that the sizes of the cells are
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Microphotographs of the spinal cord. A, Motoneurons labeled retrogradely with fluorogold in a 40-um-thick horizontal section of the extensor

motoneuron pool taken from the C3 segment (midline top and rostral right). B, Histology of the mudpuppy spinal cord stained with cresyl violet in a
40-um-thick coronal section from the C2 segment. There are ~80 cells in the gray matter on each side. One to three motoneurons are typically labeled
retrogradely on each side, as shown in C and D. C, Two extensor motoneurons are labeled retrogradely in a 40-um-thick coronal section from the C3
segment. D, At the C3 ventral root entry level, both extensor motoneurons (left) and flexor motoneurons (right) are labeled. The C3 ventral root can be
seen in this section. £, Partial reconstruction of a flexor motoneuron showing the morphological details of its processes and orientation in the cord. The

dotted line indicates the border of the gray matter.

not corrected for the shrinkage of the cord because of the dehy-
dration process for fixation.

Identification of the elbow flexor and extensor centers

The flexor and extensor centers for the elbow joint were first
identified by the use of microstimulation in six preparations. The
cord dorsum was stimulated systematically with 1 mm resolution
by continuous trains of constant current pulses, and the threshold
for flexor and extensor responses was mapped (see Materials and
Methods). Stimulation of the C2 segment induced flexor re-
sponses. The lowest threshold for the elbow flexor responses was
localized in the middle of this region, ~0.5 mm lateral to the
midline of the cord but medial to the flexor motoneuron column.
At this spot, continuous trains of pulses induced rhythmic flexion
of the forelimb about the elbow joint and rhythmic elbow flexor
bursts (Fig. 2). Note that these rhythmic responses occurred
without activation of the elbow extensor. Their counterparts in
the contralateral limb were also silent.

Stimulation of the C3-C5 segments evoked extensor responses.
The lowest threshold was localized in the caudal C3 segment,

C2 stimulation C3 stimulation
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C-flexor
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_]o2smv

10s

Figure 2. Electrically induced independent activation of the elbow flexor
and extensor centers. Stimulation by continuous trains of constant current
pulses at 40 Hz of the C2 segment medial to the flexor motoneuron pool
induced rhythmic bursts of the elbow flexor muscle, whereas stimulation
of the caudal part of the C3 segment produced rhythmic extensor bursts,
all on the ipsilateral side of stimulation (I-). The flexor and extensor
muscles on the contralateral limb (C-) did not respond to the stimulation.
The EMG has been rectified and low-pass-filtered at 30 Hz for clarity.
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Figure 3. Chemically induced independent activation of the elbow flexor and extensor centers. A, Rhythmic flexor EMG bursts developed first after bath
application of NMDA (60 um) while the extensor was still tonically active (Induction). Alternation of flexor and extensor bursts then emerged with well
coordinated rhythmic limb movement (Walking). The vertical dotted lines indicate the transition of activation from the flexor to the extensor muscles. The
flexor turned to tonic activation while rhythmic extensor bursts were still evident when the walking-like rhythm started to deteriorate after several hours
of walking-like movement (Waning). The flexor and extensor bursts became synchronized for a short period during washout of NMDA (Washout). The
EMG signals have been low-pass filtered at 20 Hz and rectified. B, Cross-correlation analysis shows the antiphase relationship (negative peak value at
0) between the flexor and extensor bursts during walking. C, During washout, the flexor and extensor bursts were synchronized, as shown by the in-phase

relationship in cross-correlation (positive peak value at 0).

medial to the extensor motoneuron column. At this location,
continuous trains of pulses induced rhythmic extension of the
limb and elbow extensor bursts (Fig. 2). Again, the extensor
bursts were independent of its antagonist and its counterpart of
the contralateral limb.

Stimulation of a region (~2 mm long) immediately rostral to
the C3 dorsal root induced rhythmic flexion and extension of the
wrist without noticeable EMG activities of the elbow flexor and
extensor muscles. At higher intensity, stimulation of this region
induced rhythmic alternation or co-contraction of flexor and
extensor bursts of the elbow (data not shown). Stimulation of the
rostral part of C2 segment caused protraction of the limb about
the shoulder joint. Retraction of the limb about the shoulder was
induced by stimulation of caudal C4 and rostral C5.

Independent rhythmic activation of the elbow flexor and exten-
sor muscles was also observed during bath application of the
glutamate receptor agonist NMDA in some preparations. Figure
3 shows an example of such chemically induced independent
activation. Figure 34 shows that rhythmic flexor bursts developed
first during induction of the walking-like motion while excitation
of the extensor was still tonic (Induction). Then a regular walking-
like rhythm became well established, and rhythmic alternation of
flexor and extensor bursts emerged (Fig. 34, Walking). The flexor
turned to more tonic activation, whereas rhythmic extensor bursts
were still evident when the walking-like rhythm started to wane
after several hours of walking (Fig. 34, Waning). The flexor and
extensor bursts became synchronized for a short period during
washout of NMDA (Fig. 34, Washout). It was noticed that the

limb movement became jerky, and the range of motion was
reduced in conditions in which one of the muscles was tonically
active or the bursts of the antagonist muscles were synchronized.
The cycle duration increased from 1.8 sec (Fig. 34, Walking) to
8.2 sec (Fig. 34, Washout). Cross-correlation analysis demon-
strated an antiphase relationship (negative peak value near 0)
between the elbow flexor and extensor bursts during walking and
an in-phase relationship (positive value near 0) during washout,
as shown in Figure 3, B and C, respectively.

Surgical isolation of the elbow flexor and

extensor centers

This part of the study was performed in nine preparations. An
isolated region spanning the C2 spinal roots (~4 mm long)
generated rhythmic elbow flexor EMG bursts in the presence of
NMDA (60 um) and p-serine (15 uM). A schematic representa-
tion of the isolated region is shown in Figure 4A4. This region of
the cord was connected to the forelimb by the C2 ventral root.
The C2 dorsal root was cut, and the rest of the cord was removed.
An example of rhythmic flexor bursts before and after the surgical
isolation is shown in Figure 4B. The extensor bursts were totally
abolished by the isolation whereas the flexor bursts remained
rhythmic, albeit at a slower pace.

Similarly, an isolated part (~4 mm long) of the C3 segment
generated rhythmic elbow extensor EMG bursts in the presence
of NMDA (80 um) and p-serine (20 um) through the C3 ventral
root that connected this part of the cord with the forelimb. The
C3 dorsal root was cut, and the rest of the cord was removed.
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Figure 4. Isolation of the flexor center. 4, Schematic diagram of the

surgery. The box highlights the isolated part of the C2 segment (~4 mm
long). This region alone generated rhythmic elbow flexor EMG bursts
through the C2 ventral root. The C2 dorsal root was cut, and the rest of
the cord was removed. B, Rhythmic alternating flexor and extensor bursts
were evident in the presence of NMDA (60 um) before the isolation. The
vertical dotted lines indicate the transition from flexor bursts to extensor
bursts. The extensor bursts were totally abolished by the surgical isolation
as indicated, whereas rhythmic flexor bursts remained.
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Figure 5. Isolation of the extensor center. 4, Schematic illustration of the
surgery. The box highlights the isolated part of the C3 segment (~5 mm
long) that generated rhythmic elbow extensor EMG bursts through the C3
ventral root. The C3 dorsal root was cut and the rest of the cord was
removed. B, Rhythmic alternating flexor and extensor bursts were evident
in the presence of NMDA (80 um) before the isolation. The vertical dotted
lines indicate the flexor and extensor transition of activation. The flexor
bursts were totally abolished by the surgical isolation, whereas rhythmic
extensor bursts remained.

Figure 5 shows the rhythmic elbow extensor bursts before and
after the isolation, together with a schematic representation of
the isolated region. The flexor bursts were completely abolished
by the isolation, whereas the extensor bursts were still evident,
although the rhythmicity was less regular, and the cycle duration
was prolonged.

An isolated region spanning the C3 roots (~8 mm long) gen-
erated rhythmic flexion and extension alternation of the limb and
elbow flexor and extensor bursts through the C3 ventral root. This
isolated part of the cord is schematically shown in Figure 6A4.
Note that the contralateral half of the cord was also removed
through the midsagittal line. The movement of the leg generated
by this isolated segment was noted to be less smooth, and the
range of motion was also reduced. The flexor and extensor EMG
bursts, however, remained rhythmic, as exemplified in Figure 6B.
Auto-correlation analysis confirmed the rhythmicity of the flexor
and extensor activation with a cycle duration of ~5 sec (Fig.
6C,D). The phase relationship between the flexor and extensor
bursts was quantified by cross-correlation analysis. Although the
flexor and extensor bursts were less regular when compared with
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the less reduced preparation (Fig. 3), they were clearly coupled
with a time delay of 1.2 sec (Fig. 6F).

Separation of the two centers by a transverse section just rostral
to the C3 dorsal root revealed different rhythms of flexor and
extensor bursts. Figure 7 shows an example of such experiments.
The histogram in Figure 7 depicts the onset delay between the
flexor and extensor bursts before and after the separation, to-
gether with the schematic position of the section (inset). The
flexor—extensor onset delay was relatively fixed at 0.8 sec (Fig. 7,
filled bars) before the separation. The rhythms generated by the
two centers were decoupled by the separation (Fig. 7, open bars),
leading to a randomized flexor—extensor onset relationship. The
cycle durations were also prolonged, particularly for the extensor
bursts.

Resetting of the walking-like rhythm

Low-intensity stimulation (a train of six pulses of 40 Hz at 1.2X
motor threshold) of each dorsal root (C2-C4) evoked motor
responses in both the flexor and extensor muscles and reset the
ongoing walking-like rhythm in a phase-dependent manner (n =
6). Figure 8 illustrates the resetting effects of C3 dorsal root
stimulation. The cycle duration was measured as offset-to-offset
of adjacent flexor bursts, as shown in Figure 84. The stimulated
step (Fig. 84, During) was either shortened (top trace) or pro-
longed (bottom trace) depending on the timing of stimulation.
Plotting the cycle duration against the timing of the stimulation (0
represents offset of flexion) revealed that the cycle duration
varied as a function of the timing of stimulation. The slope of the
best straight line fit, 0.912, indicates the effectiveness of stimula-
tion in resetting the rhythm (a slope of 1 represents perfect
resetting). Stimulation of the C3 dorsal root showed the strongest
effects among the three dorsal roots. Also shown in Figure 8 are
the mean cycle durations immediately before and after the stim-
ulated step, which were not significantly different from each other
in this case. A small but statistically significant slope also oc-
curred in the step cycle immediately after the stimulated step in
two of the six preparations. The resetting effects of stimulating
different roots (C2-C4) were compared. Preferential effects on
flexor or extensor rhythms from a particular dorsal root were not
found.

Resetting of the walking-like rhythm was also induced by
stimulation of the ventral roots (C2-C4) in a phase-dependent
manner (n = 4). Deafferentation by dorsal rhizotomy abolished
the resetting effect of ventral root stimulation. Figure 9 shows an
example of such observations. Stimulating the C3 ventral root
partially reset the cycle duration (Fig. 94). This effect was re-
moved by rhizotomy of all the dorsal roots (Fig. 9B). The mean
cycle durations of the steps immediately before and after the
stimulated steps were not significantly different. The average of
these means is shown in Figure 9, A and B, horizontal line.

The effects of naturally occurring sensory input on the walking-
like rhythm were investigated by comparing the average cycle
durations before and after cutting each of the C2—-C4 dorsal roots.
An observation consistent between preparations (n = 4) was that
the cycle duration decreased after the C3 dorsal root was cut,
regardless of the order of root cutting. Conversely, cutting the C2
dorsal root resulted in a longer cycle duration in all of the
preparations. After all the dorsal roots of the preparation were
cut, the walking-like rhythm became faster in three of the four
preparations. Figure 9C illustrates the results from a representa-
tive experiment. Note that cutting the C4 and CS5 dorsal roots also
shortened the cycle duration in this preparation.
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Figure 6. Rhythmic flexor and extensor EMG
bursts were generated by a region spanning the
C3 ventral root (~8 mm long). The box in the
schematic illustration of the surgery (A4) high-
lights the isolated region. C3 dorsal root was
cut. The rest of the cord, including the con-
tralateral side, was removed. This isolated re-
gion produced rhythmic flexor and extensor
bursts through the C3 ventral root in the pres-
ence of 80 um NMDA (B). Auto-correlation
analysis confirmed the rhythmicity of the
flexor (C) and extensor (D) bursts. Cross-
correlation analysis revealed the coupling of
the flexor and extensor activation with a time
delay of ~1.2 sec (E).
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Figure 7. Decoupling of the two centers by surgical separation of the
cord. The onset delay between the flexor and extensor EMG bursts was
relatively fixed ( filled bars) before the separation at the position shown in
the inset. After the separation, the rhythms generated by the two centers
were decoupled as indicated by the wide spread of the onset delay
between the flexor and extensor bursts (open bars).

Resetting of the walking-like rhythm was also induced by stim-
ulating regions of the cord (n = 4). Figure 10 shows an example of
such effects. The extensor bursts were terminated prematurely
whenever stimulation was delivered to the flexor center in the C2
segment (Fig. 104). The walking-like rhythm was completely reset
in a phase-dependent manner, as indicated by the slope (1.007) of
the best straight line fit (Fig. 10B). The mean cycle durations of the
steps immediately before and after the stimulated steps were not
significantly different. The average of these mean durations is
shown in Figure 10B (horizontal line). Conversely, stimulating the
extensor center in the C3 segment initiated or prolonged the
extensor bursts and terminated or delayed the onset of the flexor
bursts (data not shown). This reciprocal inhibition between the two
centers was observed in all the preparations tested.

DISCUSSION

The results demonstrate that the neuronal networks for rhythmic
flexor and extensor activation required for walking are distinctly
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localized in regions of the spinal cord. The elbow flexor center
was identified and localized in the C2 segment. The elbow exten-
sor center was localized in the C3 and C4 segments (Fig. 11A4).
The motoneuron pool for the flexor or extensor muscle was
localized in close apposition to its pattern generator as revealed
by the retrograde-labeling experiments. The flexor and extensor
centers can oscillate independently. These findings represent the
first direct evidence that the so-called central pattern generators
for walking can be divided into smaller functional subunits (Grill-
ner, 1981). The results further show that the elbow flexor and
extensor centers are interconnected by inhibitory connections and
that sensory input plays an important role in determining the
rhythmicity of these centers. Together, these data constitute the
basis for an updated model of the neural network for walking
(Fig. 11B). This model only incorporates data for elbow move-
ments and may need to be extended, for example, to include
protraction and retraction movements at the shoulder.

Flexor and extensor centers

The conceptual framework for the organization of the central
pattern generator for walking has been strongly influenced by the
half-center model of Brown (1911) that was developed to account
for the alternating activation of flexor and extensor muscles in the
cat during walking. Brown envisaged that each pool of motoneu-
rons for flexor or extensor muscles is driven by a corresponding
half center of interneurons. Between the two half centers are
inhibitory connections that ensure alternating activation of flexor
and extensor muscles. This model assumes that rhythmicity in
flexor and extensor half centers depends on the connectivity
between the two half centers. Instead, our results showed that
each of the two centers can generate rhythmic motor output for
walking, independent of the other. This is indicated in Figure
11B by the presence of separate rhythm generators for the flexor
and extensor. Evidence for the separation came from the follow-
ing several distinct experiments: (1) continuous trains of electri-
cal stimulation to the flexor center (or the extensor center)
induced rhythmic flexion (or extension) of the limb, independent
of its antagonist and its counterpart in the contralateral limb (Fig.
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Figure 8. Resetting the walking-like rhythm by dorsal root stimulation. A, Examples of raw recordings of the flexor EMG showing the measurement
of cycle duration and the effects of stimulation on the cycle duration. A train of 6 pulses of 40 Hz at 1.2X the motor threshold intensity was delivered
to the C3 dorsal root at times indicated by arrows. The cycle duration of the disturbed step (During) was either shortened (top trace) or prolonged (bottom
trace) depending on the timing of stimulation. The cycle durations of the steps immediately before and after the disturbed step were not substantially
affected. B, The cycle duration of the disturbed steps was plotted against the timing of stimulation. The effect was phase-dependent. The slope (0.912)
of the best straight line fit indicates the resetting effectiveness, with 1 indicating a perfect resetting. The mean cycle durations of steps before and after
the stimulated steps are also shown and are not significantly different.
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Figure 9. Resetting the walking-like rhythm by reafferent input consequent to limb movement. 4, Stimulation of the ventral root C3 by a train of 6 pulses
of 40 Hz at 1.2X the motor threshold intensity modulated the cycle duration in a phase-dependent manner and partially reset the walking-like rhythm.
B, Deafferentation by dorsal rhizotomy abolished the resetting effect of ventral root stimulation. The average of the mean cycle durations of the steps
immediately before and after the stimulated cycle is shown as a horizontal line in A and B. C, Dorsal root cutting, per se, significantly affected the walking
cadence. Cutting the C3 dorsal root shortened the cycle duration compared with the precutting control (Ctl), whereas cutting the C2 dorsal root
prolonged the cycle duration. Cutting the C4 and CS5 dorsal roots also shortened the cycle duration.

2); (2) independent activation of one center was also sometimes similar situation may apply to mammals as well, as suggested by
induced by the glutamate receptor agonist NMDA (Fig. 3); and recent work showing some independence of flexor and extensor
(3) surgical isolation and separation of the regions of the cord activity in the neonatal rat (Hochman and Schmidt, 1998) and in
provided unequivocal evidence for the existence of two distinct the spinal cat (R. B. Stein, K. G. Pearson, D. J. Bennett, and S. J.
rhythmogenic centers. An isolated region of the C2 segment DeSerres, unpublished observations). Generation of the rhythm
generated rhythmic flexion (Fig. 4). Similarly, part of the C3 may arise from interneurons with pacemaker properties or from

segment in isolation generated rhythmic extensor bursts (Fig. 5). neural networks within a center. Hochman et al. (1994) recorded
Separation of the two regions produced independent rhythms NMDA-mediated membrane oscillations in interneurons in rat
that had no phase relationship to one another (Fig. 7). spinal cord slices in the absence of synaptic interaction. On the

Thus, electrical, chemical, and anatomical evidence all argue other hand, Wheatley et al. (1994) found that the majority of the
strongly for the presence of two separate rhythm generators. A interneurons in the mudpuppy spinal cord had their peak firing at
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Figure 10. Resetting the walking-like rhythm by stimulation of

the flexor center. 4, The extensor bursts were terminated pre-
maturely whenever stimulation was delivered to the flexor cen-

ter in the C2 segment as indicated by the stimulus artifacts ( four A
large brief peaks). B, The cycle duration was modulated, and the
walking-like rhythm was completely reset in a phase-dependent
manner. The mean cycle duration of the steps immediately
before and after the stimulated steps is indicated by the hori-
zontal line.

Figure 11. Schematic localization of the elbow flexor and ex-
tensor centers and modeling of the neural networks required for
walking. A, The localization of the flexor center in the C2 and
part of C3 segments (F) and the extensor center in the C3 and
C4 segment (E) are based on the integration of data from
electrical stimulation and surgical isolation experiments. A small
overlap region at C3 spinal root level is also shown. B, A model
of neural networks required for walking is drawn based on the
data presented in this work. This model contains independent
flexor and extensor generators that drive the flexor motoneuron
pool and extensor motoneuron pool, respectively. There are
inhibitory interconnections between the two centers. Somato-
sensory input makes both excitatory and inhibitory connections
with each of the two centers, modulates the activity of the neural
network, and resets the ongoing walking-like rhythm in a phase-
dependent manner.

the transitions between flexion and extension phases and so may
be responsible for switching the rhythm from one phase to
another.

The neural network for walking may be divisible into even
smaller units (for review, see Rossignol, 1996). We have only
recorded EMGs of the flexor and extensor muscles at the elbow.
However, we did notice that stimulation of a region caudal to C3
dorsal root induced rhythmic extension of the wrist without
noticeable EMG activities of the elbow flexor and extensor mus-
cles. Further stimulation of the rostral part of the C2 segment
activated the shoulder flexors and produced a protraction of the
limb. Therefore, there appears to be a rostro—caudal gradient
generating activity in shoulder, elbow, and wrist muscles that
could be normally coupled with some phase shift like the segmen-
tal oscillators in the lamprey (for review, see Grillner et al., 1991).

The surgical isolation experiments alone do not provide
enough information to determine the precise boundary of the
flexor and extensor centers (Fig. 114). Part of the flexor gener-
ator may extend to overlap the region of the extensor generator
(or vise versa), and its activity may be masked after the removal
of its motoneuron pool by the surgery. However, evidence from
microstimulation experiments argues against the possibility of
such overall overlap. Isolated rhythmic flexor activity was induced
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by stimulating the C2 segment, and likewise, isolated extensor
activity was generated by stimulating the C3 segment (Fig. 2),
indicating distinct localization of the flexor and extensor centers.
One could argue that the stimulation excited the motoneuron
pool directly, as well as the pattern generator, and thus activity
may be seen only near the stimulation site. However, this possi-
bility is unlikely, because the stimulation volume with the present
parameters was estimated to be small (within 0.2 mm radius)
relative to the length of the motoneuron column, which could be
as long as 4 mm, and thus the motor output was likely produced
by the pattern generator.

The finding of distinctly localized rhythmogenic centers may
reflect a principle of neural network organization that is common
across species. Earlier studies have demonstrated that rhythmic
output could be generated from isolated spinal cord segments.
The minimal number of segments required was found to be eight
in the dogfish (Grillner, 1974), four in the lamprey (Cohen and
Wallén, 1980; Grillner et al., 1982), two in the cat (Deliagina et
al., 1983), and one in the turtle (Mortin and Stein, 1989; Stein et
al., 1995). In the chick embryo, one segment was also able to
generate rhythmic locomotor-like activities (Ho and O’Donovan,
1993). Furthermore, a single hemisegment was observed to pro-
duce locomotor-like output in the neonatal rat (Cowley and
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Schmidt, 1997). These observations together suggest that more
complex neural networks with greater adaptability are probably
built on the small modular pattern generators.

Inhibitory coupling

Our observations do not contradict Brown’s (1911, 1914) sugges-
tion that reciprocal inhibition contributes to the normal rhythmic
pattern. Stimulation of one center could terminate its antagonist
and completely reset the walking-like rhythm (Fig. 10). Mutual
inhibitory connections between the flexor and extensor centers
are therefore included in Figure 11B. They are presumably im-
portant for coordinating rhythmic limb movements by alternating
activation of the flexors and extensors. The limb movements
became jerky, and the range of motion was reduced in conditions
in which one of the muscles became tonically active or the bursts
of both muscles became synchronized (Fig. 3). Synchronized
activation of the flexors and extensors has also been seen after
blocking inhibitory transmission in the mudpuppy (Jovanovié¢ et
al., 1996b) and in the neonatal rat (Cowley and Schmidt, 1994).
This represents further evidence that the inhibitory connections
are not essential for rhythm generation but are important for
coordinated gait. It also suggests that there are weaker excitatory
connections between the flexor and extensor centers, but these
have not been included in Figure 11B.

Sensory modulation

Afferent input resets and profoundly modulates the centrally
generated rhythm. Our results show that the step cycle could be
lengthened or shortened in a phase-dependent manner by low-
intensity stimulation of the dorsal roots (Fig. 8). This is indicated
by the presence of both excitatory and inhibitory connections
onto the flexor and extensor centers in Figure 11B. Ventral root
stimulation produced a weaker degree of resetting (Fig. 9), but
this is probably mediated by reafferent sensory input induced by
muscle contraction and limb movement because dorsal rhizotomy
completely abolished the effects. The sensory input appears to be
representative of naturally occurring sensory information result-
ing from limb movement during locomotion. Indeed, dorsal rhi-
zotomy alone induced consistent changes in step cycle duration,
indicating that sensory input as a consequence of the walking
motion interacts with the rhythmogenic networks and modulates
the walking cadence. It appears that dorsal roots C2 and C3 carry
the major portion of the information that affects the rhythm. The
input through the C3 dorsal root on balance prolongs the step
cycle duration, and that through the C2 dorsal root on balance
shortens the cycle duration. The overall effects of dorsal rhizot-
omy appear to be in favor of a faster rhythm, in agreement with
findings in the rat (Iakhnitsa et al., 1987; Atsuta et al., 1991;
Iwahara et al., 1991). The cellular basis for this interaction
remains to be resolved, but the transitional interneurons de-
scribed previously (Wheatley et al., 1994) may be involved. Func-
tionally, sensory input in the extension phase may serve as a
positive feedback to enhance the striding force and increase the
range of the limb movement, thus increasing the step cycle dura-
tions (Pearson, 1995; Whelan et al., 1995). Sensory input in the
flexion phase, on the other hand, may be related to landing of the
foot and used to trigger the onset of extensor activation, leading
to shortened step cycles.

As well as afferent effects on the CPG, the CPG affects afferent
transmission. The same stimulus could lengthen or shorten the
step cycle depending on its time in the cycle. The gain of many
sensorimotor pathways is modulated in a phase-dependent man-
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ner during a variety of locomotor behaviors in humans and other
mammals (Stein and Capaday 1988; Brooke et al., 1997). Presyn-
aptic inhibition appears to be involved in gating the sensory input
(Stein, 1995; Brooke et al., 1997). How the activities of the
networks for walking affect sensorimotor transmission in the
mudpuppy requires further investigation.

The length of the hemisected spinal cord necessary for gener-
ation of the elbow flexor and extensor rhythm is relatively small
(8 mm) (Fig. 6) and the cord contains a small number of relatively
large interneurons (Fig. 1B). The organization of the flexor and
extensor centers can be studied separately (Fig. 11B), and the
connectivity between the two centers and between the CPGs and
the sensory input is becoming clear. Thus, the mudpuppy seems a
very promising preparation for finally elucidating the circuitry for
vertebrate walking and its modulation.
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