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Effective quadrupedal locomotion requires a close coordination between the spatially distant central pattern generators (CPGs) control-
ling forelimb and hindlimb movements. Using isolated preparations of the neonatal rat spinal cord, we explore the role of intervening
thoracic circuitry in cervicolumbar CPG coordination and the contribution to this remote coupling of limb somatosensory inputs. In
preparations activated with bath-applied N-methyl-D,L-aspartate, serotonin, and dopamine, the coordination between locomotor-related
bursts recorded in cervical and lumbar ventral roots was substantially weakened, although not abolished, when the thoracic segments
were selectively withheld from neurochemical stimulation or were exposed to a low Ca 2� solution to block synaptic transmission.
Moreover, cervicolumbar CPG coordination was reduced after a thoracic midsagittal section, suggesting that cross-cord projections
participate in the anteroposterior coupling. In quiescent preparations, either cyclic or tonic electrical stimulation of low-threshold
afferent pathways in C8 or L2 dorsal roots (DRs) could elicit coordinated ventral root bursting at both cervical and lumbar levels via an
activation of the underlying CPG networks. When lumbar rhythmogenesis was prevented by local synaptic transmission blockade, L2 DR
stimulation could still drive left–right alternating cervical bursting in preparations otherwise exposed to normal bathing medium. In
contrast, when the cervical generators were selectively blocked, C8 DR stimulation was unable to activate the lumbar CPGs. Thus, in the
newborn rat, anteroposterior limb coordination relies on active burst generation within midcord thoracic circuitry that additionally
conveys ascending and weaker descending coupling influences of distant limb proprioceptive inputs to the cervical and lumbar genera-
tors, respectively.

Introduction
During quadruped locomotion, interappendicular coordination is
essential to the production of accurate stepping movements, with
changes in patterns of coupling between the forelimbs and
hindlimbs underlying the expression of different gaits such as walk-
ing, trotting, and galloping (Orlovsky et al., 1999). Understanding
the neural basis of such adaptive motor function therefore requires
knowledge not only of the individual central pattern generator
(CPG) networks in the cervical and lumbar spinal cord that produce
propulsive movements of the anterior and posterior limbs, respec-
tively (Grillner, 1981; Rossignol, 1996), but also of the neural mech-
anisms by which the output programs of these spatially distant CPGs
are coordinated to ensure effective locomotory behavior.

In principle, the coordination of the rhythmogenic networks
controlling the individual limbs could derive from two signaling

processes: (1) the transfer of coupling information between the
cervical and lumbar locomotor CPGs via intercalated intraspinal
pathways and (2) coordinating influences that originate extrinsi-
cally to the spinal cord, such as peripheral sensory feedback or
locomotor-related signals descending from the brainstem. How-
ever, despite considerable in vivo data available for the respective
roles of propriospinal (Miller et al., 1975; English, 1979; Ros-
signol et al., 1993) and extraspinal signaling (Matsukawa et al.,
1982; Udo et al., 1982; English and Weeks, 1989) in mammalian
interlimb coordination, as well as more recent in vitro evidence
(Ballion et al., 2001; Juvin et al., 2005; Cowley et al., 2008), the
underlying functional pathways and coupling mechanisms re-
main relatively poorly understood.

The crucial role played by limb sensory feedback in regulating
locomotor CPG network operation in the mammalian spinal
cord is now widely recognized. Afferent input from hindlimb
joint and load receptors to the lumbar generators has long been
known to activate treadmill stepping in spinalized cat (Sher-
rington, 1910; Rossignol et al., 2006; Edgerton et al., 2008) and to
control the temporal patterning of ongoing limb movements
(Pearson, 2004). Moreover, the major actions of proprioceptive
signaling can be reproduced in vitro, where electrical stimulation
of hindlimb afferent nerves can elicit locomotor-like output from
adjacent, otherwise quiescent lumbar CPG circuitry in the rodent
spinal cord (Smith et al., 1988; Whelan et al., 2000; Marchetti et
al., 2001) and can reset or entrain lumbar rhythms already in-
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des Neurosciences Cognitives et Intégratives d’Aquitaine, Zone Nord, bâtiment 2A, 146 rue Léo Saignat, 33076
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duced by neurochemical stimulation (Kiehn et al., 1992; Sqalli-
Houssaini et al., 1993; Iizuka et al., 1997). However, the extent to
which limb sensory inputs exert coupling influences on the dis-
tant CPGs controlling the other limbs remains unknown.

Here, by making motor root recordings from the isolated
newborn rat spinal cord and using split-bath configurations
along with pharmacological manipulation and cord lesions, we
explore the coordinating interactions between the forelimb/
hindlimb CPGs during locomotor-related rhythmogenesis in the
absence of supraspinal influences and under conditions where
limb afferent input activation can be experimentally controlled.
Our results indicate that the orchestration of coordinated qua-
drupedal stepping patterns is accomplished at least in part by the
cooperative action of intrinsically active propriospinal circuitry
that links the forelimb/hindlimb generators and the distributed
central influences of extrinsically arising proprioceptive signals
resulting from limb movements.

Materials and Methods
In vitro spinal cord preparations. All procedures were conducted in accor-
dance with the local ethics committee of the University of Bordeaux 2 and
the European Communities Council Directive. Experiments were per-
formed on newborn (0 to 3 d old) Wistar rats that were obtained from
timed pregnant females raised in our laboratory’s breeding facility. Ani-
mals were deeply anesthetized by hypothermia and decapitated. The skin
and muscles were rapidly removed and preparations were then placed in
a 25 ml recording chamber containing circulating artificial CSF (ACSF;
see composition below) maintained at 10°C. The flow rate was set so as to
change the total chamber volume within 5 min. The dissection was then
continued under a binocular microscope to gently isolate the spinal cord
with its dorsal and ventral roots still attached. The cord was then fixed on
a Sylgard resin block with the ventral surface upward. Preparations were
superfused continuously with ACSF equilibrated with 95% O2/5% CO2,
pH 7.4, and containing the following (in mM): 113 NaCl, 4.5 KCl, 1
NaH2PO4, 2 CaCl2, 1 Mg Cl2, 25 NaHCO3, and 11 D-glucose. At the end
of the dissection, the temperature of the bathing medium was progres-
sively raised to 22–25°C before recordings began.

Extracellular recordings and electrical stimulations. Motor output activ-
ity in spinal ventral roots was recorded using glass suction electrodes.
Signals were amplified by homemade AC amplifiers (10,000�), band-
pass filtered (0.1–3 kHz), rectified, integrated (sample rate, 3 kHz; � � 20
ms), digitized, and stored on a computer hard disk (Spike2 software;
Cambridge Electronic Design) for off-line analysis.

Electrical pulse train stimulation over an amplitude range of 0.2 to 1 V
at 0.3 ms per pulse and 1–5 Hz was applied to spinal dorsal roots (DRs)
via glass suction electrodes using an eight-channel digital stimulator
(A.M.P.I.). The stimulation followed a procedure described previously
(Morin and Viala, 2002; Giraudin et al., 2008), which was based on this
study’s finding that the activation of large-diameter, and therefore pre-
sumed proprioceptive, DR axons in isolated in vitro preparations re-
quires relatively low stimulus intensities. The classification of activated
DR afferents as “low threshold” derived from experiments where a prox-
imally placed recording electrode was used to detect the threshold (T) for
en passant DR impulses elicited by a more distal afferent nerve stimula-
tion (see Fig. 8 A). Unless otherwise stated in the text, a value of 1.5 times
this threshold stimulus intensity was applied to a given DR throughout
the course of the experiment.

Figure 1. Blockade of synaptic transmission in thoracic segments of the neonatal rat spinal
cord weakens the coordination between cervical (forelimb) and lumbar (hindlimb) locomotor-
related rhythmicity. A–C, Left, Schematics of the isolated spinal cord with locations of extracel-
lular electrode recordings. Right, Raw extracellular (bottom traces) and corresponding
integrated activity (top traces) in left (l) and right (r) cervical (C), thoracic (T) and lumbar (L)
ventral roots during fictive locomotion induced by NMA/5-HT/DA applied to the whole cord (A),
during selective blockade of synaptic transmission in the thoracic cord region (from T3 to T10)
with a low Ca 2�/high Mg 2� medium (B), and after restoration of generalized normal ACSF
conditions (C). D, Top, Cross-correlograms showing alternation (indicated by a negative cross-
correlation coefficient at lag 0) between homolateral lumbar (L5) and cervical (C8) ventral root
bursts in control conditions and during exposure of the thoracic segments to low Ca 2�/high
Mg 2� (corresponding to A and B, respectively). Note that the strength of coordination between
L5/C8 motor bursts was reduced under thoracic cord synaptic blockade. Each cross-correlogram

4

was computed from 2–3 min of activity; dashed lines indicate the 95% (�2 SEM) confidence
interval. Bottom, Histograms showing the mean cross-correlation coefficients (�SEM) of ho-
molateral L5 versus C8 ventral root bursts in the three experimental conditions illustrated in
A–C. Numbers of preparations are indicated in parentheses. E, Histograms showing mean co-
efficients of variation (vertical bars) and corresponding SDs (vertical lines) of cervical (left) and
lumbar rhythms (right) before, during, and after application of low Ca 2�/high Mg 2� ACSF to
the thoracic cord region. *p � 0.05. NS, Not significantly different.
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Drug application. Pharmacological substances were bath applied by
means of gravity supply, beginning at a minimum of 30 min after the end
of dissection. A mixture of N-methyl-D,L-aspartate (NMA; 5–20 �M),
serotonin (5-HT; 10 �M), and dopamine (DA; 100 �M) (all purchased
from Sigma) was used to elicit prolonged and stable episodes of fictive
locomotion (Juvin et al., 2005). In some experiments, the recording
chamber was partitioned into two or three compartments with barriers
of syringe-ejected Vaseline to allow the differential exposure of selected
spinal cord regions to pharmacological stimulation. In other cases, a
modified ACSF containing a lowered Ca 2� concentration (0.1 mM

CaCl2, 5 mM MgCl2) was bath-applied to either the thoracic, lumbar, or
cervical compartments to reversibly block all chemical synaptic trans-
mission within the segments of that cord region (see Fig. 8 A). The water
tightness of partitions was checked at the end of the experiment by ob-
serving the movements of methylene blue added to the bathing medium
on one side of the Vaseline bridge.

Cord lesions. In an additional series of experiments, the two sides of the
thoracic cord from segments T3 to T10 were separated by making a
sagittal midline split using a razor blade fragment. Again a control period
of 30 min was respected before recording data collection.

Data analysis. The coordination between the burst activities of differ-
ent spinal ventral roots was examined by means of cross-correlation
analysis of at least 120 s of stable fictive locomotory-related activity. The
resultant correlograms were plotted with 95% (means � 2 SEM) confi-
dence intervals that were calculated using Statistica 6 software (Statsoft).
Cross-correlation coefficients between two locomotor activities allowed
estimation of their coupling strengths, whereby values approaching 1
indicated synchrony, whereas values toward �1 corresponded to burst
alternation. In the same experiments (Figs. 1, 2), the regularity of cervical
and lumbar rhythms was determined by measuring the mean locomotor
cycle period before, during, and after a given pharmacological manipu-
lation, and by calculating the mean coefficients of variation, which in
each case was defined as the ratio of the SD to the mean.

The phase relationship between locomotor bursts in two different ven-
tral roots was determined by constructing a circular phase diagram from
normalized cycles (Kjaerulff and Kiehn, 1996). In each experiment, 15
bursts of a given ventral root (VR1) were randomly selected from a
sequence of stable rhythmic activity and taken as the reference. The phase
values (�) of burst onsets in a second ventral root (VR2) with respect to
VR1 were determined by dividing the latency from the start of each VR1
burst to the next VR2 burst onset by the VR1 cycle period. The phase
values were then plotted on a circular phase diagram with a scale ranging
from 0 to 1, where values close to 0.5 reflected burst alternation, and
values approaching 0 or 1 indicated phase coincidence. This provided a
mean vector (�) whose direction and length (r, also on a scale of 0 to 1)
indicated, respectively, the preferred phase and strength of phase cou-
pling between bursts in the selected nerve pairs. The evaluation of r, using
the Rayleigh test to determine the concentration of phase values around
the mean vector, estimated the coupling strength (considered to be sig-
nificant for a probability of p � 0.05).

Group values were expressed as means � SEM. Differences between
means were analyzed using a statistical software package (Sigma Stat for
Windows; SPSS) and assessed by one way ANOVA with a Tukey post-
test. Differences in mean values for each parameter were taken to be
significant at p � 0.05.

Results
Active participation of thoracic circuitry in cervicolumbar
CPG coordination
As reported previously (Barriere et al., 2004; Juvin et al., 2005),
the bath application of a combination of NMA (10 �M), 5-HT (10
�M), and DA (100 �M) to in vitro spinal cord preparations elicits
prolonged episodes of stable fictive locomotion (Fig. 1A). Simul-
taneous extracellular recordings from left and right cervical (C8)
and lumbar (L5) ventral roots that primarily innervate extensor
muscles of the forelimbs (McKenna et al., 2000) and hindlimbs
(Kjaerulff and Kiehn, 1996), respectively, revealed closely coor-
dinated rhythmic activity [e.g., cross-correlation coefficient (�)

for bursts in right L5 vs right C8, �0.36 � 0.05; n � 7 prepara-
tions; Fig 1D, cross-correlogram, bottom left histogram bar] that
alternated both bilaterally at cervical and lumbar levels (mean
phase value, � � 0.48; n � 35 preparations) and longitudinally in
the extensor (C8 and L5) motor roots of each side (� � 0.61; n �
35). This coupled cervicolumbar burst pattern, which corre-

Figure 2. Neurochemical activation of the thoracic cord region significantly enhances the
coordination of cervicolumbar locomotor rhythmicity. A–C, Left, Schematics of experimental
procedure. Right, Integrated and corresponding raw extracellular recordings from bilateral cer-
vical (C), thoracic (T), and lumbar (L) ventral roots during bath application of NMA/5-HT/DA to
the whole cord (A), to the cervical and the lumbar cord enlargements only (B), and again to the
entire cord (C). In B, thoracic segments from T3 to T10 were exposed to normal ACSF. D, Mean
cross-correlation coefficients (�SEM) of right lumbar (rL5) versus right cervical (rC8) ventral
root activity during NMA/5-HT/DA application to the whole cord (A, C) or to cervical and lumbar
spinal segments with the thoracic cord under normal ACSF (B). E, Histograms of the mean
coefficients of variation (vertical bars) and corresponding SDs (vertical lines) of cervical (left)
and lumbar rhythms (right) in the three experimental conditions. Numbers of preparations are
indicated in parentheses. *p � 0.05. NS, Not significantly different.
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sponded to an interlimb coordination ap-
propriate for in vivo quadrupedal walking
(Orlovsky et al., 1999), was also associated
with rhythmic bursting activity in the ven-
tral roots of midcord thoracic segments
(Fig. 1A, T7 trace).

In principle, the strict coordination
between the remote lumbar and cervical
pattern generators could be accomplished
by direct, long-projecting propriospinal
pathways or indirectly by coupling signals
that are relayed synaptically through the
interposed thoracic segments. Indeed,
separate neuroanatomical (Reed et al.,
2006) and electrophysiological evidence
(Cazalets, 2005; Juvin et al., 2005) has sug-
gested that both transthoracic pathways
and local circuit interactions contribute to
lumbocervical coupling in the rat spinal
cord. On this basis, we argued that a selec-
tive blockade of synaptic transmission in
the thoracic cord region should prevent
any cervicolumbar coordination by relay
signaling without disrupting the coupling
action of any through-projecting axonal
pathways. As seen in Figure 1B, during
continued chemical activation of the cer-
vical and lumbar CPGs, a local exposure
of the midcord region (from T3 to T10) to
a low Ca 2�/high Mg 2� ACSF blocked ac-
tivity in the thoracic segments (T7 trace)
and significantly weakened (� � �0.12 �
0.04; p � 0.025; n � 7 preparations) the
coupling between the ongoing cervical
and lumbar rhythms (Fig. 1 D, middle
histogram bar). Although this reduction
in cervicolumbar coordination coin-
cided with a decrease in thoracic cord
activation, it is possible that the cou-
pling impairment was also associated
with a disorganization of rhythm produc-
tion in one or both of the spinal enlarge-
ments. To test this latter possibility, the
regularity of cervical and lumbar rhyth-
micity was assessed before, during, and af-
ter the exposure of the thoracic segments
to the low Ca 2�/high Mg 2� ACSF. As il-
lustrated in Figure 1E, no significant dif-
ferences in the coefficients of variation
were observed in the three experimental conditions, indicating
that the temporal organization of neither the ongoing cervical
nor lumbar rhythms was perturbed by the thoracic low Ca 2�

exposure. Finally, the original level of anteroposterior coordina-
tion was partially restored after removing the thoracic synaptic
blockade by washout with normal NMA/5-HT/DA-containing
medium (Fig. 1C,D). These results therefore confirmed the im-
portance of synaptically relayed activity through thoracic spinal
circuitry for forelimb and hindlimb CPG coordination.

In a previous study, Ballion et al. (2001) reported that the
pharmacological activation of either the lumbar or cervical gen-
erators could elicit correlated burst activity in the thoracic seg-
ments, leading to the suggestion that passively distributed
ascending and descending signals from the two cord enlarge-

ments are sufficient to maintain cervicolumbar coordination. To
test this possibility in a further series of split-bath experiments,
we activated the cervical and lumbar CPGs with NMA/5-HT/DA
while locally applying standard ACSF to the thoracic cord region.
In initial control conditions, when the activating mixture was
applied to the entire spinal cord, cervical (C8), thoracic (T7) and
lumbar (L5) ventral roots displayed typical locomotory-related
burst activity (Fig. 2A) that, as seen previously, was tightly coor-
dinated in a single regular pattern (e.g., right L5 versus right C8,
� � �0.49 � 0.07; n � 7 preparations; Fig. 2D, left bar). How-
ever, when the thoracic segments were selectively exposed to nor-
mal ACSF, the cervical and lumbar ventral roots continued to
express robust rhythmic bursting, but the thoracic cord region
fell silent and now the coordination between the anterior and
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Figure 3. Thoracic cross-cord connections contribute to the coordination of cervicolumbar locomotor rhythmicity. A, B, Left,
Schematics of experimental procedure. Right, Integrated and corresponding raw extracellular recordings from left (l) and right (r)
cervical (C8) and lumbar (L5) ventral roots during NMA/5HT/DA application to the whole cord (A) and after a thoracic midsagittal
section extending from segments T3 to T10 (B). C, Mean cross-correlation coefficients (�SEM) of right versus left L5 (left histo-
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pathways. Numbers of preparations are indicated in parentheses. *p � 0.05. NS, Not significantly different.

956 • J. Neurosci., January 18, 2012 • 32(3):953–965 Juvin et al. • Neural Substrates for Newborn Rat Interlimb Coordination



posterior CPG rhythms was significantly decreased (� � �0.11 �
0.04; p � 0.001; n � 7 preparations; Fig. 2D, middle bar, compare
control bar, left). Here again, the absence of significant changes in
the coefficient of variation of cervical and lumbar rhythmicity
during this thoracic ACSF manipulation (Fig. 2E) suggested that
the decrease in cervicolumbar coupling was not additionally as-
sociated with a disorganization of rhythm production at either
spinal levels. Finally, strongly coordinated cervicolumbar activity
in association with thoracic ventral root bursting was restored
when the midcord region was again bathed in the modulator-
containing medium (Fig. 2C,D, right bar). These findings were
therefore consistent with the conclusion that the intervening
midthoracic segments contribute actively to inter-CPG coupling
via intrinsic network mechanisms that presumably, like those of
the cervical and lumbar generators, are activated when their levels
of excitability are sufficiently elevated, as occurs during direct
exposure to NMA/5-HT/DA.

Involvement of thoracic cross-cord projections in
cervicolumbar coordination
Recent evidence has indicated that commissural connectivity in
the thoracic segments contributes to the descending transmission

of brainstem locomotor command signals
to the lumbar generators (Cowley et al.,
2009), raising the possibility that similar
cross-cord propriospinal pathways might
also intervene in cervicolumbar CPG coor-
dination. To assess this possibility, we per-
formed a midsagittal section of the thoracic
spinal cord in isolated preparations (n � 7)
under whole-cord activation by NMA/5-
HT/DA. As seen previously (Fig. 2), in the
control intact cord, bilateral lumbar exten-
sor burst activity occurred in strict alterna-
tion (� � �0.75 � 0.02; Fig. 3A,C, left, left
histogram bar) as did left–right bursting in
the cervical extensor counterparts (� �
�0.55 � 0.06; Fig. 3A,C, middle, left bar).
Similarly, activity in homolateral cervical
and lumbar extensor ventral roots was also
closely coordinated in an out-of-phase rela-
tionship (� � �0.81 � 0.02; Fig. 3A,C,
right, left bar). Under continued chemical
activation, but after a midsagittal section
from T3 to T10, the alternating left–right
rhythms of the lumbar and cervical gen-
erators were not significantly altered
(� � �0.75 � 0.04, p � 0.89 and � �
�0.31 � 0.15, p � 0.11, respectively; Fig.
3B,C, left, middle panels, right histogram
bars), whereas the strength of longitudinal
coupling between the cervical and lumbar
rhythms was now significantly decreased
(� � �0.62 � 0.07; p � 0.045; Fig. 3B,C,
right, right bar). Together, therefore,
the above findings strongly support the
conclusion that the maintenance of well-
coordinated anteroposterior rhythmogen-
esis in the neonatal rat spinal cord requires
the active propagation of coupling signals
through thoracic circuitry and the involve-
ment, at least in part, of midline-crossing
segmental pathways.

Implication of proprioceptive afferent feedback in
cervicolumbar coupling
In addition to the involvement of propriospinal circuitry in cer-
vicolumbar CPG coupling, to what extent might extrinsic input
signals from limb proprioceptors contribute to the coordination
of locomotory limb movements? To address this question, low-
threshold hindlimb and forelimb afferent pathways that are pre-
sumed to originate from muscle and joint receptors (Kudo and
Yamada, 1987; Morin and Viala, 2002) were rhythmically acti-
vated by applying electrical stimuli (1–7 s pulse trains at a pulse
intensity, duration, and frequency of 1.5 times threshold; 0.3 ms
and 1–5 Hz, respectively) to a lumbar L2 or cervical C8 DR in
otherwise quiescent spinal cord preparations under normal
ACSF exposure. As seen in Figure 4A1, the onset of such a stim-
ulation of a lumbar L2 DR elicited strongly coordinated burst
activity at the posterior and anterior cord levels in a characteristic
fictive walking pattern that consisted of left/right alternation in
homologous ventral roots (right/left C8) and simultaneous
bursting in homolateral (C8 and L2) ventral roots. Moreover, the
DR stimulus-induced motor rhythm could be entrained in a one-
to-one coupling over a range of cycle periods (from 3–7 s; n � 10
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preparations; Fig. 4B1), although with
train periods inferior to 3 s (1–2 s), the
same afferent stimulation continued to
evoke coordinated cervicolumbar bursting
but was unable to impose full one-to-one
coupling (Fig. 4B1). Similarly, rhythmical
electrical stimulation of a cervical C8
DR induced coordinated cervicolumbar
locomotor-like bursting (Fig. 4A2). Here
again, this distributed motor pattern, which
was less robust than that elicited by L2 DR
stimulation, could only be entrained in a
one-to-one coupling at train stimulus peri-
ods �3 s (n � 7 preparations; Fig. 4B2).

Although these results clearly show
that an activation of either forelimb or
hindlimb sensory pathways can induce
coordinated bursting activity at the cervi-
cal and lumbar enlargements, they do not
indicate whether the elicited pattern de-
rives from an active intervention of the
limb CPGs themselves. Indeed, the possi-
bility that the stimulus-evoked patterns
could simply result from a “reflex” activa-
tion of premotor interneurons and/or
motoneurons (Sherrington, 1910; Sher-
rington, 1917), without the involvement
of central rhythmogenic circuitry, could
not be totally excluded. However, several
lines of evidence argue against this possi-
bility. First, a purely reflexive activation of
limb motoneurons would result in a strict
one-to-one coupling entrainment of their
discharge regardless of the stimulus train
period, which was not observed in our ex-
periments where one-to-one coupling
coupling failed at relatively low-stimulus
cycle periods (Fig. 4B1,B2). Second, in
80% (8 of 10) of the preparations in this
experimental series, locomotor-like burst
discharge continued to be expressed in
both cervical and lumbar motor roots af-
ter an episode of lumbar L2 DR stimula-
tion had ceased. In the majority of such
cases, this poststimulus activity consisted
of one or two additional bursts, but in
three episodes from different preparations
(Fig. 5A) it comprised five or more well-
coordinated cycles. Again, such persistent
bursting in the remote output nerves does
not readily comply with a simple reflex acti-
vating process. Third, in the same in vitro
preparations, tonic electrical DR stimula-
tion could elicit coordinated locomotor-like
activity, and therefore in a rhythmic pattern
that was completely unrelated to the timing
of afferent nerve stimulation. This is illus-
trated in Figure 5B, where repetitive, con-
stant frequency stimulation of a L2 DR
(pulse intensity, 1.5 times T; duration, 0.3
ms; frequency, 3 Hz) led to coordinated
ventral root bursting that lasted 5 to 10 cy-
cles in a previously silent spinal cord (n � 5
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Figure 5. The DR stimulation-elicited motor patterns result from the activation of locomotor rhythm-generating circuitry. A,
Left, Schematic of the preparation with recording electrodes (unfilled) placed on bilateral cervical (C8) and lumbar (L2) ventral
roots and a stimulating electrode (filled) on right L2 DR. Middle, Integrated and raw motor activity immediately after the termi-
nation of an episode of cyclic L2 DR stimulation (st.). Note the occurrence of several cycles of locomotor-like bursting after
termination of afferent input stimulation. Right, Circular plots (from 15 poststimulus cycles in 3 preparations) of the phase
relationships between motor burst onsets in ipsilateral left L2 versus C8 (top) and left L2 vs right L2 (bottom) ventral roots. B, C,
Left, Schematic of the experimental procedure, which was the same as in A except that the right L2 (B) or the left C8 (C) DR was now
stimulated tonically (bottom traces). In both cases, well-coordinated cervicolumbar ventral root bursting was expressed in a
pattern that was unrelated to the timing of DR stimulation. Right, Corresponding phase plots of L2 versus C8 (top) and left versus
right L2 (bottom) ventral root bursts in the two tonic stimulus conditions. The plots in B and C were each constructed from 15 cycles
expressed during stimulation-induced bursting in five and three different preparations, respectively.
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preparations). Furthermore, in three preparations, a similar induc-
tion of cervicolumbar rhythmicity, comprising two to six burst cy-
cles, occurred in response to tonic stimulation of a C8 DR (Fig. 5C).
Finally, in all three experimental conditions illustrated in Figure 5,
the burst-phase relationships corresponded globally to quadrupedal
fictive walking, whereby homolateral lumbar (flexor) L2 and cervical
(extensor) C8 motoneurons were synchronously active while burst-
ing in bilateral L2 and C8 homologues occurred in alternation (Fig.
5, circular diagrams, right). Together, these findings therefore indi-
cate that inputs from forelimb or hindlimb proprioceptive pathways
are capable of eliciting coordinated locomotor-related output pat-
terns via an activation of the central rhythmogenic circuits in both
the cervical and lumbar regions of the isolated rat spinal cord.

Influence of limb sensory inputs on motor burst-phase
relationships
Although the above findings indicated that the activation of in-
dividual lumbar or cervical afferent pathways can trigger coordi-
nated cervical and lumbar CPG operation, whether this input
information can also shape the temporal organization of the dis-

tant motor patterns produced remained unclear. To explore this
issue, we compared the phase relationships between ipsilateral
flexor (L2) and extensor (L5 and C8) motor root bursts during
episodes of fictive locomotion evoked either pharmacologically
by NMA/5-HT/DA application (n � 35 preparations; Fig. 6A1)
or by cyclic electrical stimulation of a lumbar L2 (n � 8; Fig. 6B1)
or cervical C8 (n � 9; Fig. 6C1) dorsal root. All burst-phase
relationships were expressed in reference to motor discharge in
L2, as this is typically the most stable ventral root activity during
fictive locomotion produced by the newborn rat spinal cord (Fal-
gairolle and Cazalets, 2007).

Regardless of the method of locomotor CPG activation, bursts
in cervical C8 and lumbar L2 motoneurons were always simulta-
neously expressed (Fig. 6A2,B2,C2, left, corresponding circular
phase plots of burst onsets; right, normalized phase diagrams) in
accordance with a fundamental feature of quadrupedal walking
(Juvin et al., 2005). Similarly, the typical antiphase relationship
occurring between homolateral lumbar extensor (L5) and flexor
(L2) motor bursts during chemical cord activation (Fig. 6A2,
right polar plot, phase diagram; � � 0.40) was also preserved
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Figure 6. Comparison of fictive locomotor patterns evoked either by neuroactive drug application or by electrical stimulation (st.) of low-threshold limb sensory pathways. A1, B1, C1, Left,
Schematics of experimental procedure. Recording electrodes (unfilled) were placed on ipsilateral cervical (C8) and lumbar (L2, L5) ventral roots. Right, Typical coordinated motor burst patterns
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during CPG activation by L2 DR stimulation (Fig. 6B2, right
polar plot, phase diagram; � � 0.57). However, during antero-
posterior CPG activation by C8 DR stimulation (Fig. 6C2, right
polar plot; � � 0.17), L5 motor bursts occurred relatively earlier
in each L2 burst cycle, resulting in a substantial overlap in the
discharge of these functionally antagonistic motor pools (Fig.
6C2, right, phase diagram).

A possible explanation for this unexpected, albeit consistent,
alteration in the relative timing of lumbar flexor and extensor
motor bursts in response to cervical afferent pathway activation
was that it resulted from the unilateral mode of DR stimulation.
Because peripheral sensory inputs from the left and right limb
pairs are activated in phase opposition during actual stepping
(Nieuwenhuijzen et al., 2000; Pearson, 2000), an additional series
of experiments was conducted in which low-threshold DR affer-

ents to both sides of the lumbar or cervical cord were stimulated
alternately to more accurately reproduce the bilateral patterning
of proprioceptive information input that occurs in vivo. How-
ever, in close correspondence with the effects of solitary DR acti-
vation (Fig, 5B,C), a strictly antiphase relationship or an overall
tendency toward coincident bursting continued to be expressed
by homolateral flexor L2 and extensor L5 ventral roots in activity
patterns elicited by alternating electrical stimulation of left and
right L2 (Fig. 7A; n � 9 preparations) or C8 (Fig. 7B; n � 7) dorsal
roots, respectively. Here again, in the two experimental situa-
tions, robust bilaterally alternating bursting persisted at the two
spinal enlargements, and with homolateral C8 and L2 burst dis-
charge displaying an in-phase coordination. Thus, the anteropos-
terior and flexor/extensor coupling within the rhythmic motor
patterns generated by unilateral or alternating bilateral activation

Figure 7. Coordinated cervicolumbar ventral root burst activation by alternating bilateral stimulation (st.) of low-threshold lumbar or cervical dorsal root afferents. A, B, Left, Schematics of
experimental procedure. Middle, Raw motor activity at lumbar (left and right L2, L5) and cervical (left and right C8) levels during alternating cyclic stimulation (monitored in lower traces) of left and
right L2 (A) or C8 (B) DRs. In each case, an expanded portion (indicated by asterisks) is placed at right to show greater detail. Note the occurrence of alternating (A) or overlapping (B) L2 and L5 motor
bursts during the lumbar or cervical DR stimulation, respectively.
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of cervical or lumbar afferent inputs are
closely comparable. Furthermore, to-
gether these results indicated that the al-
terations in motor burst coordination
expressed during the different modes of
forelimb afferent pathway activation de-
rive from changes in the flexor/extensor
phase relationships within the distant
hindlimb generators themselves rather
than by en bloc changes in cervicolumbar
CPG coupling.

Intervention of CPG circuitry in the
coordinating influences of limb
afferent inputs
The remote triggering action of lumbar
(L2) sensory afferents on the forelimb lo-
comotory CPGs, for example, could be
conveyed by direct neuronal pathways
that project up the spinal cord, or the in-
put signals may be transmitted indirectly
through a local activation of the lumbar
generator circuits that in turn activate
their cervical counterparts via second-
order propriospinal pathways. To distin-
guish between these two possibilities, L2
DR stimulation was performed in isolated
preparations under conditions in which
any synaptic input from L2 afferent fibers
to the lumbar CPG networks was revers-
ibly blocked with low Ca 2�/high Mg 2�

ACSF applied selectively to the lumbosa-
cral cord.

The initial verification that low Ca 2�

ACSF indeed suppresses synaptic trans-
mission in the spinal cord is illustrated in
the test experiment (n � 3) of Figure 8A,
where afferent fiber impulses were elicited
by pulse stimulation (0.6 V; 1.5 times T)
applied more distally to a lumbar (L5) DR
while monosynaptic reflex responses were
recorded in the corresponding L5 ventral
root (Fig. 8A1). With a similar DR stimu-
lation in the presence of reduced Ca 2�

ACSF (Fig. 8A2), although the resulting
low-threshold afferent volley recorded
more proximally remained unaffected,
the ventral root response had disap-
peared, indicating an effective synaptic
blockade in the segmental sensory-motor
circuitry (Strauss and Lev-Tov, 2002).
Moreover, this reflex pathway blockade,
which persisted even with stronger DR
stimulus intensities (up to four times T),
was removed by washout with normal
ACSF (Fig. 8A3).

Under normal ACSF conditions in
subsequent experiments (n � 4) in which
DR train stimulation was now applied, the
rhythmic activation of a single L2 DR
(pulse intensity 1.5 times T; duration, 0.3
ms; frequency, 5 Hz; train period of 2– 4s)
elicited coordinated locomotor-like activ-

Figure 8. Direct ascending influence of low-threshold lumbar sensory afferents on the cervical pattern generators. A1–A3,
Ability of low-calcium ACSF to reversibly block synaptic transmission in segmental reflex pathways. A1, A low-threshold afferent
volley (top trace) recorded proximally from an L5 DR in response to a distally applied stimulus (st.) pulse (0.6 V; bottom trace) and
the synaptically driven response in the L5 ventral root (middle trace). In the presence of low Ca 2�/high Mg 2� (A2), the motor
response to the same DR activation was abolished, but reappeared after washout with normal ACSF (A3). B–D, Left, Schematics of
the isolated spinal cord with locations of recording electrodes (unfilled) placed on cervical (left and right C8) and lumbar (right L2)
ventral roots, and a stimulating electrode (filled) placed on the left L2 DR. A Vaseline partition allowed the differential perfusion of
the cervical and lumbar cord regions. Right, Effects of cyclic L2 DR activation on bilateral C8 and right L2 ventral root activity under
control conditions (B), during exposure of the lumbar cord to low Ca 2�/high Mg 2� (C), and after washout with normal ACSF (D).
Robust bilaterally alternating cervical bursting persisted in response to L2 DR stimulation under the two perfusion conditions and
notably in the absence of lumbar CPG activity (as in C).
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ity in cervical and lumbar segments as described above (Figs.
4A1, 8B). When the posterior cord region was exposed to a low
Ca 2�/high Mg 2� solution (Fig. 8C), the same lumbar afferent
stimulation continued to elicit robust, bilaterally alternating
bursting in cervical ventral roots, whereas, consistent with the
synaptic blockade of segmental reflex pathways seen in Figure
8A2, its ability to induce lumbar locomotor-related activity was
suppressed (Fig. 8C, L2 trace). Again, this blockade of lumbar
CPG operation was restored by replacing the modified bathing
solution in the posterior compartment with normal ACSF (Fig.
8D). The maintenance of lumbar afferent-driven cervical rhyth-
micity in the absence of lumbar CPG activation (Fig. 8C) there-
fore strongly suggested that L2 sensory afferents have direct
access to the cervical CPG circuitry via projection pathways that
bypass the lumbar locomotor generators and that are likely to
participate in forelimb/hindlimb coordination during actual
locomotion.

In a series of corollary experiments (n � 4), the cervical C8 DR
of one side was stimulated rhythmically while the cervical cord
region was in turn subjected selectively to synaptic blockade by
low Ca 2�/high Mg 2� exposure. As seen previously (Fig. 4A2),
under control ACSF conditions, stimulation of low-threshold C8
DR afferents induced rhythmic motor bursting in both cervical
and lumbar ventral roots (Fig. 9A). However, the application of
the low Ca 2� solution to the anterior cord now prevented the
expression of the cervical afferent-induced bursting at both the
cervical and lumbar levels (Fig. 9B). This absence of lumbar CPG
activation was not somehow due to a diminished viability of the
preparation, since under the same differential bathing condi-
tions, cyclic electrical stimulation of a lumbar L2 DR was able to
elicit alternating bursting in the left and right L2 motor roots (Fig.
9C). Finally, when normal ACSF was reapplied to the entire cord,
stimulation of the C8 DR again induced coordinated, bilaterally
alternating rhythmicity at both the cervical and lumbar cord lev-
els (Fig. 9D). These results therefore lead to the conclusion that,
in contrast to the predominantly direct access of lumbar sensory
afferents to the cervical CPG, a substantial component of the
descending coordinating influence of cervical sensory inputs on
the lumbar pattern generators requires the active intervention of
cervical CPG circuitry.

Discussion
The findings of this study, which are summarized in Figure 10,
provide new evidence for the functional organization of thoracic
cord relay circuitry and its role in the coordination of the cervical
and lumbar CPGs in the neonatal rat spinal cord. We also dem-
onstrate that the activation of proprioceptive input pathways
arising from either the forelimbs or hindlimbs is capable of elic-
iting sustained episodes of coordinated locomotor-like activity at
both cervical and lumbar cord levels. Furthermore, our data show
that this coupled anteroposterior bursting evoked by limb affer-
ent stimulation is accomplished by an asymmetric ascending and
descending control of the distant cervical and lumbar CPG net-
works by hindlimb and forelimb sensory pathways, respectively.

Role of thoracic circuitry in cervicolumbar CPG coupling
Locomotor-related activity generated in vitro by the neurochemi-
cally stimulated spinal cord in isolation from supraspinal influ-
ences and movement-related sensory feedback occurs in a
stereotyped coordination pattern that corresponds to fictive qua-
drupedal walking (Juvin et al., 2005, 2007). Moreover, the pro-
priospinal coupling between the lumbar and cervical CPGs was
found previously to be mediated predominantly by asymmetric

ascending influences from the hindlimb generators to their fore-
limb counterparts via a caudorostrally directed gradient of excit-
ability in the intervening thoracic cord segments (Juvin et al.,
2005) (Fig. 10).

Our present data confirm and add to these earlier findings on the
pivotal role played by thoracic circuitry in lumbocervical CPG coor-
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dination. This was evident in partitioned-bath experiments, where
the selective blockade of synaptic transmission in the thoracic cord
region (Fig. 1) or withholding the latter from chemical stimulation
(Fig. 2) substantially decreased the coordination between ongoing
cervical and lumbar generator bursting. Thus, although long-direct
ascending and descending fibers projecting in the ventrolateral fu-
niculi are known to communicate between the cervical and lumbar
enlargements (Reed et al., 2006, 2009), these through pathways are
alone insufficient to ensure effective inter-CPG coordination.
Rather, coupling is critically dependent on additional signal trans-
mission through polysynaptic thoracic relays that are themselves
active contributors to the coupling process. Although the thoracic
cord in the neonatal rat was originally thought not to be intrinsically
rhythmogenic (Kremer and Lev-Tov, 1997; Ballion et al., 2001),
rhythmic activity has been reported to occur in the cervical and
thoracic spinal segments when a 5-HT/NMA combination (Cowley
and Schmidt, 1997; Ballion et al., 2001) is applied to this isolated
supralumbar region. Furthermore, more recent evidence from
chemically stimulating the completely isolated thoracic cord has dis-
closed an endogenous burst-generating capability that is presumed
to underlie the metachronal propagation of spinal bursting activity
during locomotion (Cazalets, 2005; Falgairolle and Cazalets, 2007).
On this basis, thoracic circuitry can be seen to provide a variable
coupling mechanism by which alterations in its inherent excitability
is able to upregulate (via the expression of actively distributed
bursting that is rhythmically entrained by the lumbar and/or
cervical CPGs) or downregulate (as is presumably required for
independent forelimb and hindlimb movements) the extent of
inter-CPG communication.

The relative contribution of synaptically relayed signaling (vs
transmission via long projecting pathways) to cervical and lum-

bar CPG coordination bears a striking
equivalence to the descending pathways
that normally convey locomotor com-
mands to these networks from the brains-
tem (Cowley et al., 2010). For example,
blocking synaptic activity in the cervicotho-
racic cord suppresses lumbar locomotor-
related activity that is otherwise elicited by
electrical or chemical brainstem stimula-
tion, thereby indicating the primary in-
volvement of propriospinal synaptic relays
in mediating the descending signal trans-
mission (Zaporozhets et al., 2004, 2006).
Correspondingly, brainstem-evoked activa-
tion of the lumbar CPGs is unaffected by the
staggered disruption of long ipsilateral bul-
bospinal projections, but the propagation of
locomotory command signals is facilitated
by increasing neuronal excitability in the in-
tervening cervicothoracic region (Cowley et
al., 2008). Furthermore, the persistence of
effective descending signaling in the pres-
ence of contralateral cord hemisections
implicated the involvement of cross-cord
propriospinal pathways. Here, we find that
propriospinal commissural projections also
contribute substantially to the inter-CPG
transmission of locomotor signals, as indi-
cated by the significant decrease in cervi-
columbar burst coordination following a
midsagittal thoracic cord section (Fig. 3).
Thus, although the isolated spinal cord in-

variably expresses diagonally coupled bursting that corresponds to
quadrupedal walking in vivo (Juvin et al., 2005, 2007), it is likely that
the capacity of propriospinal circuitry to coordinate the forelimb
and hindlimb generators through the intervention of both un-
crossed (Juvin et al., 2005) and crossed thoracic axonal pathways
provides the substrates for locomotor gait changes in the behaving
animal.

Fictive quadruped locomotion induced by limb sensory
afferent activation
The ability of sensory signals to activate locomotor CPG net-
works has long been known to enable spinalized mammals to
execute hindlimb treadmill stepping (Pearson, 2004; Rossignol et
al., 2006; Edgerton et al., 2008). Sensory input from hindlimb
load and joint receptors is a potent activator of locomotor rhyth-
mogenesis in spinal cord injury patients (Dietz et al., 2009) and is
reportedly essential for inducing hindlimb stepping in spinal cat
(Norton and Mushahwar, 2010). Moreover, the capacity of lum-
bar DR stimulation to activate hindlimb CPG circuitry (Smith et
al., 1988; Marchetti et al., 2001) and reset/entrain ongoing lum-
bar rhythms (Kiehn et al., 1992; Sqalli-Houssaini et al., 1993;
Iizuka et al., 1997) has been established in the isolated rodent
spinal cord. However, whether sensory information from a given
limb can activate the other limb-controlling generators and par-
ticipate in their cycle-by-cycle coordination has hitherto re-
mained unknown.

To our knowledge, our results show for the first time in a
mammal that cyclic or tonic stimulation of low-threshold affer-
ent pathways from a single hindlimb or forelimb is capable of
driving well-coordinated patterns of rhythmic locomotor-related
bursting at both lumbar and cervical cord levels (Figs. 4, 5). This
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Figure 10. Summary diagram of asymmetrical spinal pathways contributing to the coordination of the spatially distant rhyth-
mogenic networks underlying quadrupedal locomotion in neonatal rat. In addition to direct ascending inter-network connections
from the hindlimb-to-forelimb pattern generators (solid vertical line at right), anteroposterior limb coordination requires the
active participation of relay circuitry in intervening thoracic cord segments (shaded circles and intersegmental arrows). Moreover,
unlike the ascending influence of hindlimb sensory afferents on the cervical pattern generators, which bypasses the lumbar CPGs
(second vertical line at right), the rostrocaudal impact of forelimb sensory inputs on the hindlimb generators requires the concom-
itant activation of the cervical CPGs (dashed vertical lines at left). See Discussion for further explanation. E, Extensor; F, flexor.
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indicates that sensory input from a given limb is not only able to
influence its adjacent segmental circuitry, but also has access to
the distant constitutive components of the spinal locomotor net-
work ensemble. In parallel with such remote sensory-to-CPG
influences, the cyclic modulation of reflex pathways by distant
limb-controlling circuitry, which assists in coupling rhythmic
arm and leg movements during human walking (Baldissera et al.,
1998; Zehr et al., 2004), may also contribute to interlimb coordi-
nation during quadrupedal locomotion, as was originally pro-
posed in cats (Miller et al., 1975). Although the identity of the
receptor pathways responsible for coupled cervicolumbar CPG
rhythmicity was not established in our experiments, the low stim-
ulus intensities used to activate these inputs is compatible with
the involvement of large diameter fibers, most likely propriocep-
tive, that are phasically active during locomotion and arise from
muscle spindles or Golgi tendon organs (Kudo and Yamada,
1987; Iizuka et al., 1997; Morin and Viala, 2002).

We reported previously that chemically activated lumbar gen-
erators can drive their cervical counterparts in the absence of
pharmacological stimulation at the cervical level, but not vice
versa (Juvin et al., 2005), indicating a caudorostral dominance in
the inter-CPG coordinating pathways (Fig. 10). Our present
split-bath perfusion experiments additionally revealed a longitu-
dinal asymmetry in the remote actions of limb proprioceptive
inputs: lumbar afferent stimulation in the absence of lumbar
CPG activity can elicit cervical CPG rhythmicity (Fig. 8), whereas
cervical DR inputs are unable to drive the lumbar generators
without concomitant cervical CPG activation (Fig. 9). This indi-
cated that the essential activating influence of lumbar sensory
inputs on the cervical generators is conveyed via direct pathways
that bypass the lumbar CPGs themselves, whereas the latter are
driven by cervical sensory inputs that require a summation of
signals carried by both direct and indirect (via cervical CPG acti-
vation) caudally directed pathways (Fig. 10). Presumably this
asymmetric remote control by extraspinal sensory inputs, which
parallels the predominately ascending propriospinal drive that
couples the lumbar and cervical generators (Juvin et al., 2005),
serves to reinforce and stabilize the performance of the limb
CPGs during actual locomotion (Hultborn and Nielsen, 2007),
while ensuring that the motor patterns produced by these spa-
tially distant networks are rapidly coadapted to changing envi-
ronmental demands.

We also found that the remote activation of hindlimb CPG
circuitry in vitro by forelimb sensory pathway stimulation elicits
lumbar ventral root bursting in a coordination pattern that dif-
fered from the typically alternating flexor/extensor activity ob-
served under neurochemical activation (Kjaerulff and Kiehn,
1996; Cowley and Schmidt, 1997) or in response to lumbar affer-
ent stimulation (Marchetti et al., 2001). The overlapping lumbar
flexor/extensor burst pattern evoked by either rhythmic unilat-
eral (Fig. 6) or alternating bilateral (Fig. 7) cervical DR activation
therefore points to a further asymmetry in the sensory pathway
influences projecting upward or downward in the spinal cord.
This may arise from differences in the way in which these afferent
systems and their spinal interneuronal targets are activated by
electrical DR stimulation in our in vitro experimental conditions
(Klein et al., 2010). Alternatively, the asymmetry may reflect an-
teroposterior differences in the intrinsic design of the interneu-
ronal systems themselves such that descending or ascending
afferent signals are conveyed respectively to different cellular lev-
els of the remote lumbar or cervical CPG networks (McCrea and
Rybak, 2008). However, the possibility that the asymmetric re-
sponsiveness might be related to the particular DRs selected for

stimulation in these experiments cannot be completely excluded.
Although C8 and L2 DRs were chosen because of their presumed
privileged access to the forelimb and hindlimb locomotor net-
works, respectively, further studies will be required to evaluate
the ability of different spinal DRs (i.e., flexor- vs extensor-
dominant roots at the cervical, thoracic, and lumbosacral levels)
to directly or indirectly activate distant CPG circuitry.

Finally, since the restoration of locomotor function after spi-
nal lesions is likely to involve multiple plasticity processes (Ros-
signol, 2000), including a remodeling both of propriospinal
circuitry (Bareyre et al., 2004) and the sensorimotor pathways
that process limb movement (Edgerton et al., 2008), understand-
ing the intraspinal and extraspinal mechanisms that normally
contribute to coordinated quadrupedal movements could pro-
vide important insights for spinal cord injury rehabilitation.
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