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Bimodal Respiratory–Locomotor Neurons in the Neonatal
Rat Spinal Cord
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Neural networks that can generate rhythmic motor output in the absence of sensory feedback, commonly called central pattern genera-
tors (CPGs), are involved in many vital functions such as locomotion or respiration. In certain circumstances, these neural networks must
interact to produce coordinated motor behavior adapted to environmental constraints and to satisfy the basic needs of an organism. In
this context, we recently reported the existence of an ascending excitatory influence from lumbar locomotor CPG circuitry to the med-
ullary respiratory networks that is able to depolarize neurons of the parafacial respiratory group during fictive locomotion and to
subsequently induce an increased respiratory rhythmicity (Le Gal et al., 2014b). Here, using an isolated in vitro brainstem–spinal cord
preparation from neonatal rat in which the respiratory and the locomotor networks remain intact, we show that during fictive loco-
motion induced either pharmacologically or by sacrocaudal afferent stimulation, the activity of both thoracolumbar expiratory
motoneurons and interneurons is rhythmically modulated with the locomotor activity. Completely absent in spinal inspiratory
cells, this rhythmic pattern is highly correlated with the hindlimb ipsilateral flexor activities. Furthermore, silencing brainstem
neural circuits by pharmacological manipulation revealed that this locomotor-related drive to expiratory motoneurons is solely
dependent on propriospinal pathways. Together these data provide the first evidence in the newborn rat spinal cord for the
existence of bimodal respiratory-locomotor motoneurons and interneurons onto which both central efferent expiratory and
locomotor drives converge, presumably facilitating the coordination between the rhythmogenic networks responsible for two
different motor functions.
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Introduction
Functional interactions between neural networks constitute one
of the basal requirements of the CNS. This allows the production

of a well adapted behavior needed to satisfy the demands imposed
by both environment and organism. In this context, central pat-
tern generators (CPGs) producing locomotion can control or
modulate the activity of other neural networks engaged in other-
wise separate rhythmic motor behaviors. For example, ascending
efference copies of rhythmic locomotor output produced by the
lumbar CPG have been found to project to thoracic spinal cir-
cuitry. In Xenopus froglets (Beyeler et al., 2008) and the newborn
rat (Falgairolle and Cazalets, 2007), this locomotor-related signal
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Significance Statement

In freely moving animals, distant regions of the brain and spinal cord controlling distinct motor acts must interact to produce the
best adapted behavioral response to environmental constraints. In this context, it is well established that locomotion and respi-
ration must to be tightly coordinated to reduce muscular interferences and facilitate breathing rate acceleration during exercise.
Here, using electrophysiological recordings in an isolated in vitro brainstem–spinal cord preparation from neonatal rat, we report
that the locomotor-related signal produced by the lumbar central pattern generator for locomotion selectively modulates the
intracellular activity of spinal respiratory neurons engaged in expiration. Our results thus contribute to our understanding of the
cellular bases for coordinating the rhythmic neural circuitry responsible for different behaviors.
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appears to play an important role in coordinating back and limb
muscles during locomotion, and thereby contributes to postural
adjustments of the trunk musculature. Moreover, the lumbar-
derived ascending locomotor signal is also engaged in interlimb
coordination as a result of asymmetrical interactions between
lumbar and cervical locomotor CPG networks where the former
is able to impose its own locomotor pattern on the latter (Juvin et
al., 2005, 2012). Furthermore, such ascending copies of lumbar
locomotor output can also assist distant neural generators in-
volved in the production of different rhythmic motor behaviors,
such as gaze control or respiration. In Xenopus tadpoles (Combes
et al., 2008; Lambert et al., 2012) and juvenile frogs (von Ucker-
mann et al., 2013), the locomotor efference copy signal can help
to stabilize gaze during swimming by modulating activity in the
brainstem extraocular motor nuclei. Recently, we reported (Le
Gal et al., 2014b) that locomotor CPG-derived efference copies in
the neonatal rat can also tonically excite some neural components
of the medullary respiratory network, leading to an increased
respiratory rhythmicity.

This direct influence from the locomotor generator to the
respiratory network thus constitutes a neurogenic mechanism
that somehow could permit an interaction between oscillatory
neural elements involved in these two different motor functions.
However, whether spinal respiratory neurons receive a lumbar
locomotor drive during locomotion remains largely unexplored.
Here, using an in vitro isolated brainstem–spinal cord prepara-
tion from neonatal rat, we assessed the activity of different pools
of spinal respiratory neurons during activation of the lumbar
locomotor network. During episodes of fictive locomotion, only
thoracolumbar expiratory neurons were found to express rhyth-
mic depolarizations of their membrane potential in time with
ispsilateral lumbar locomotor bursting. This locomotor-related
drive consists of dual phasic and tonic components that persist
when the brainstem synaptic circuitry is pharmacologically si-
lenced. This finding strongly supports the conclusion that the
excitatory locomotor CPG influences on spinal expiratory neu-
rons depends exclusively on multisegmental propriospinal path-
ways. We therefore report for the first time in neonatal rat spinal
cord the existence of thoracolumbar bimodal neurons with the
ability to display a spontaneous expiratory activity pattern and a
clear locomotor-related behavior. Consequently, in freely mov-
ing animals, this bimodal activation of spinal neurons may assist
in coordinating these two different behavioral acts to reduce the
mechanical impact of locomotor movement on respiratory sys-
tem pressures and air flows, and to facilitate an increased respi-
ratory rhythmicity during exercise. Part of this work has been
presented previously in abstract form (Le Gal et al., 2014a).

Materials and Methods
Newborn rat lines and care. All surgical and experimental procedures
conformed to the guidelines of the European Communities Council Di-
rective and the local ethics committee of the University of Bordeaux. The
protocol was approved by the Committee on the Ethics of Animal Exper-
iments of the University of Bordeaux (Permit #5012031A). Experi-
ments were performed on newborn Sprague Dawley rats (of either
sex) that were obtained from females raised in the breeding facility of
our laboratory.

In vitro brainstem–spinal cord preparations. In vitro experiments were
performed on isolated preparations of the brainstem and spinal cord of
0- to 2-d-old rats. After anesthesia by hypothermia, animals were decap-
itated and eviscerated. The skin and muscles were rapidly removed, and
then preparations were placed in a 25 ml chamber containing circulating
(flow rate, 5–10 ml/min) artificial CSF (aCSF; see composition below)
maintained at 10°C throughout the dissection procedure. The dissection

was continued under binocular microscopy to gently isolate the brains-
tem (transected at the rostral pons) and spinal cord with its ventral roots
still attached. The preparation was then placed in a 10 ml recording
chamber and pinned down with its ventral surface upward. Ten to 12
pins were inserted through the meninges that surround the brainstem
and spinal cord to ensure mechanical stability. Preparations were super-
fused continuously (flow rate, 3–5 ml/min) with aCSF equilibrated with
95% O2/5% CO2, pH 7.4, containing the following (in mM): 100 NaCl, 4
KCl, 1.2 NaH2PO4, 2 CaCl2, 1.3 MgCl2, 25 NaHCO3, and 30 D-glucose.
The temperature of the superfusant aCSF was progressively raised to
22–25°C before recording procedures began. Due to the relatively low
bath temperature (Murakoshi et al., 1985), the obvious absence of affer-
ent feedback (particularly resulting from the bivagotomy; Cohen, 1979),
and inputs from higher brain regions, the presence of the pons (especially
A5 nuclei that tonically depress the respiratory rhythm generator; Hilaire
et al., 1989), and an aCSF containing a low K �/high Ca 2� concentration
(Ruangkittisakul et al., 2007; Panaitescu et al., 2010) that reduces neuro-
nal excitability, the spontaneous respiratory-like rhythms produced in
this type of reduced preparation were typically very slow, with average
cycle frequencies usually ranging from one to three episodes of bursts per
minute. However, these experimental conditions allowed simultaneous
recordings of inspiratory- and expiratory-related motor activities to be
conducted for �2–3 h (Giraudin et al., 2012; Le Gal et al., 2014b).

Electrophysiological recording and stimulation. Respiratory-related ac-
tivity in spinal ventral roots was recorded with glass suction electrodes
filled with aCSF solution. Signals were amplified (10,000�) by differen-
tial AC amplifiers (low cutoff, 100 Hz; high cutoff, 1 kHz; model 1700,
A-M Systems), digitized and acquired via a CED 1401 interface, stored on
a computer, and analyzed using Spike2 software (Cambridge Electronic
Design). In some experiments, sacrocaudal afferent stimulation was used
to induce episodes of fictive locomotion. To this end, sacrocaudal dorsal
roots were stimulated by low-frequency pulses (30 pulses, 1 Hz, 0.5–1 V)
or high-frequency pulses (20 pulses, 10 Hz, 0.5–1 V) delivered via glass
suction electrodes from a Master-8 stimulator (A.M.P.I.) controlled by
software written in the laboratory. Respiratory motoneurons and in-
terneurons in the spinal cord were impaled with sharp glass microelec-
trodes (2 M K-acetate, 0.1% biocytin; 60 –90 M�). The intracellular
signals were amplified (Axoclamp-2B, Molecular Devices), digitized
(model 1401, CED), and visualized on a computer with acquisition soft-
ware (Spike 2, CED). To identify the type of a recorded neuron, depolar-
izing current (�0.5 to 1 nA) was injected directly into the cell to generate
action potentials. In the case of a motoneuron, these evoked impulses
were recorded in the axon of the cell in an associated spinal ventral root.

Drug application. Pharmacological substances were bath applied from
at least 30 min after the end of dissection. When required, the recording
chamber was partitioned in two compartments with barriers of syringe-
ejected Vaseline to permit differential exposure of selected spinal cord
regions to pharmacological treatment. The watertightness of the parti-
tions was systematically checked at the end of the experiment by verifying
that methylene blue added to one side of the Vaseline bridge did not leak
into the other side. Experiments in which leakage was observed were
discarded. A mixture of N-methyl-D,L-aspartate (NMA; 15 �M; Sigma)
and serotonin [5-hydroxytryptamine (5-HT); 15 �M; Sigma-Aldrich]
was applied to lumbar segments to elicit prolonged and stable episodes of
fictive locomotion. To determine the involvement of the supraspinal
region in the studied mechanism, tetrodotoxin (TTX; 1 mM; Sigma-
Aldrich) was applied to brainstem.

Histology. Following each experiment, the spinal cord was stained for
the motoneuronal marker Islet. The tissue was fixed overnight at 4°C in
4% paraformaldehyde in PBS (0.1 M), and then rinsed twice in PBS and
cryoprotected with 20% sucrose in PBS overnight. After the tissue was
embedded in Tissue Tek and frozen to �80°C with cooled isopentane,
30-�m-thick serial frontal sections were cut on a cryostat. Free-floating
sections were rinsed in PBS three times (each rinse lasted 10 min); satu-
rated with PBS, Triton X-100 0.3%, and BSA 1%; and incubated with a
mouse anti-Islet antibody (1:250; Developmental Studies Hybridoma
Bank) overnight at room temperature (RT). The sections were then
rinsed in PBS, exposed to goat anti-mouse Alexa Fluor 488 secondary
antibodies for 1 h at RT, and mounted in VECTASHIELD Hard-Set
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Mounting Medium (Vector Laboratories). The biocytin contained in
sharp glass microelectrodes used for recording neurons was revealed with
FITC 568-conjugated extravidin (1:300; Sigma-Aldrich) in PBS solution
for 1 h at RT. Processed preparations were mounted in VECTASHIELD
Hard-Set, and fluorescence was visualized with a Leica SP5 confocal
microscope. The images were color corrected and assembled with the
Leica LAS AF Lite viewer and Adobe Photoshop.

Statistical analysis. The phase relationship between motor-related
bursts (inspiratory vs expiratory, right vs left locomotor) in different
ventral roots or individual motoneurons was determined by constructing
a circular phase diagram (for details, see Juvin et al., 2012). Briefly, sev-
eral bursts of a given motor output source were selected from a sequence
of stable rhythmic activity and taken as the reference. The phase values of
burst onsets in a second motor output were determined by dividing the
latency (i.e., duration between consecutive burst onsets of each motor
output) by the reference 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, whereas values approaching 0 or 1
indicated synchrony.

Statistical analyses were performed with SigmaPlot version 11.0 (Sys-
tat), and values were expressed as the mean � SEM. Student’s t test was
used to compare the means of two groups, and repeated-measures
ANOVA and Tukey’s post hoc tests were used to compare more than two
groups. Differences were considered statistically significant when the p
value was �0.05.

Results
Spatiotemporal distribution of spinal respiratory activities
Under control conditions, the respiratory motor activity gener-
ated by the isolated brainstem–spinal cord preparation (Fig.
1A,D) consists of episodes of cyclic impulse bursts (mostly in
doublets) occurring spontaneously in spinal ventral roots
throughout the cervicolumbar cord (Fig. 1B1,E1). Due to our
experimental conditions (lowered temperature, absence of
sensory feedback, presence of pontine structures) and the saline
K�/Ca 2� concentrations used (see Materials and Methods), the
mean frequency of respiratory rhythms produced by these re-
duced preparations is generally low (1.27 � 0.33 burst episodes/
min; n 	 8 preparations). Despite this, motor activity recorded
from the C4 –C6 ventral roots, which contain axons of phrenic
motoneurons, remains coincident with the discharge recorded
extracellularly from the phrenic nerve (Morin et al., 2000) and
movement of the thorax (Suzue, 1984), and is considered to
closely reflect the inspiratory phase of respiration (Smith and

Feldman, 1987). Motor bursts recorded from L1–L2 ventral
roots, which contain axons of abdominal motoneurons (Girau-
din et al., 2008), are similar to the patterns of abdominal muscle
activity recorded in vivo in the neonatal rat (Janczewski et al.,
2002; Iizuka, 2009) and correspond to the expiratory phase
(Smith et al., 1990; Iizuka, 1999, 2004; Ruangkittisakul et al.,
2007). Contrary to what is observed in human and intact adult
animals in which the discharge of abdominal muscles can occur
in different patterns (augmenting, plateau, or decrementing)
during the postinspiratory (early-expiratory) and preinspiratory
(late-expiratory) periods (for review, see Iizuka, 2011; Feldman et
al., 2013), lumbar (abdominal) expiratory discharge occurs
mainly during the first part of the expiratory phase (early-
expiratory) when recorded in vitro in the neonatal rat spinal cord
(Fig. 1B1). In most cases, it consists of a decrementing postin-
spiratory burst that can be associated with a short preinspiratory
discharge (Fig. 1B2). It is noteworthy that during an episode of
fictive respiration, the inspiratory-related and expiratory-related
burst activities are generated alternately (Fig. 1B2), with a mean
phase value of 0.52 � 0.06 (n 	 22 respiratory cycles; Fig. 1C). It
is also noteworthy that, in agreement with a previous study (Gi-
raudin et al., 2008), thoracic T5–T12 respiratory outputs consist
of both inspiratory and expiratory-related bursting (for example,
see T8 ventral root; Fig. 1E2). Although some thoracic motoneu-
rons can be recruited during both inspiratory and expiratory
phases in the adult rat (de Almeida et al., 2010), the occurrence of
temporally distinct motor discharges in a given motor root in our
experiments is likely to reflect the alternating recruitment of ex-
ternal (inspiratory) and internal (expiratory) intercostal motor
axons that are present within that ventral root (Saji and Miura,
1990). The isolated neonatal rat brainstem–spinal cord prepara-
tion is thus capable of generating spontaneous episodes of fictive
respiration, which is expressed as inspiratory, mixed inspiratory-
expiratory, and expiratory motor outputs along the spinal cord.

Spinal inspiratory neurons are not directly influenced by the
locomotor generators
Inspiratory neurons are distributed rostrocaudally within the
cervicothoracic cord region, extending from C1 to T12 spinal
segments (Giraudin et al., 2008). In a first step, we performed
single-cell recordings of functionally identified interneurons and

Figure 1. Pattern of spontaneous respiratory activity recorded in vitro from the isolated neonatal rat brainstem–spinal cord. A, D, Schematics of preparations with recording electrodes placed on
cervical (C4 or C5), thoracic (T8), and lumbar (L1) spinal ventral roots. B1, E1, Different raw respiratory activities recorded in C4 or C5 (inspiratory-like), T8 (inspiratory- and expiratory-like), and L1
(expiratory-like) ventral roots. B2, E2, Expanded traces of respiratory bursts recorded in C4, C5, T8, and L1 ventral roots. C, Circular plot of the phase relationship between C4 inspiratory burst onset
and L1 expiratory burst onset (n 	 22 respiratory burst cycles).
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Figure 2. Functional identification of inspiratory and expiratory motoneurons. A, Schematic of the preparation with an intracellular electrode positioned on a cervical segment (C4) and
extracellular recording electrodes placed on cervical (C4) and lumbar (L2) ventral roots. B1, B2, Spontaneous respiratory activity recorded in a cervical inspiratory motoneuron (C4 Mn),
along with C4 (inspiratory-like) and L2 (expiratory-like) ventral roots. Expanded traces are shown in B2. C1, Orthodromic activation of a C4 inspiratory motoneuron (C4 Mn). Action
potentials occurring 1:1 in a C4 root were evoked by depolarizing current injection (i; from 0.7 to 1.1 nA) into the motoneuron. C2, Superposition of 15 spikes generated by the C4 Mn and
recorded in the corresponding C4 root. Note the constant delay between the onset of the central evoked action potential and that of the orthodromic axon spike in the C4 ventral root.
D, Photomicrographs of immunolabeling for Islet (middle, red) in the biocytin-filled neuron (left, green) recorded in B and C, and the merged image (right) confirming that the
double-labeled (yellow) neuron was indeed a motoneuron. E, Schematic of the preparation. Here, the intracellular electrode was positioned in lumbar segment (L1) and extracellular
recording electrodes were placed on C6 and L1 ventral roots. F1, F2, Spontaneous respiratory activity recorded in a lumbar expiratory motoneuron (L1 Mn), and from C6 (inspiratory-like)
and L1 (expiratory-like) ventral roots. Expanded traces are shown in F2. The dashed line indicates resting membrane potential.
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motoneurons to examine membrane and firing properties of the
four different types of cervical (C4 –C8) and thoracic (T1–T10)
inspiratory neurons. Intracellular recordings were obtained from
23 inspiratory neurons identified as interneurons (n 	 10 cervi-
cal; n 	 2 thoracic) or motoneurons (n 	 7 cervical; n 	 4
thoracic) on the basis of the outcome of their antidromic or
orthodromic activation (Fig. 2C1,C2) and their immunoreactiv-
ity to Islet (Fig. 2D). All the reported neurons were spontaneously
and rhythmically active during fictive respiration (Fig. 2B1),
showing a large depolarization (motoneurons, 18 � 3 mV, n 	
11; interneurons, 11 � 2 mV, n 	 12) with associated spiking in
phase with inspiratory-related C4 ventral root activity (Fig. 2B2),
and therefore were classified as inspiratory cells. Details of passive
membrane properties, spontaneous firing frequencies during de-
polarizing synaptic drives, and amplitudes of the central inspira-
tory drive potential of the four neuronal groups are given in Table
1. Because statistical analysis of these data did not reveal any
significant differences either between cervical and thoracic mo-
toneurons or between cervical and thoracic interneurons, we
considered these two groups of inspiratory neurons as homoge-
neous cell populations (Table 1, pooled data).

We previously reported that, when active, the lumbar loco-
motor generators exert an excitatory ascending influence on
the medullary respiratory rhythm network, leading to a signif-
icant increase in respiratory rhythm frequency (Morin and
Viala, 2002; Le Gal et al., 2014b). To determine whether this
ascending drive also directly modulates the spontaneous
activity of spinal respiratory neural populations, single-unit
recordings of cervicothoracic inspiratory neurons were per-
formed before (Fig. 3 A, B) and during coactivation of the
lumbar locomotor networks. To elicit prolonged fictive loco-
motion, a mixture of NMA (15 �M) and 5-HT (15 �M) was
selectively bath applied to the lumbosacral cord region (Fig.
3C). In the presence of these neuromodulators, extracellular
recordings from right and left L2 ventral roots, which primar-
ily innervate hindlimb flexor muscles (Kjaerulff and Kiehn,
1996), showed robust coordinated rhythmic locomotor activ-
ity (Fig. 3D1) characterized by a strict left–right alternation
(mean phase, 0.45 � 0.02; n 	 32 random locomotor cycles;
Fig. 3D3). During such episodes of drug-induced fictive loco-

motion, all cervicothoracic inspiratory neurons retained their
phasic inspiratory-related pattern of discharge (Fig. 3D1),
and, in agreement with our previously reported data (Le Gal et
al., 2014b), the respiratory rhythm frequency was significantly
increased (from 1.27 � 0.33 to 1.94 � 0.29 burst episodes/
min; p � 0.001; n 	 8 preparations). Although an ascending
efference copy signal produced by the lumbar CPGs can
clearly modulate the ongoing respiratory rate, no locomotor-
related change in the membrane potential of recorded cervi-
cothoracic inspiratory motoneurons (n 	 10; Fig. 3D1,D2) or
interneurons (n 	 10) was observed. Finally, it is noteworthy
that similar results were obtained when fictive locomotion was
elicited by electrical stimulation of sacrocaudal afferent pathways
instead of by pharmacological activation (Table 2). All these re-
sults therefore support the conclusion that the lumbar locomotor
networks do not directly influence cervicothoracic inspiratory
neurons during fictive locomotion.

Spinal expiratory neurons are directly influenced by the
locomotor generators
In a similar series of experiments, we recorded the activity of
functionally identified expiratory neurons to assess their be-
havior during activation of lumbar locomotor generators. As
previously mentioned, expiratory-related activity occurs in
alternation with inspiration, and can be expressed spontane-
ously in motor roots from thoracic (T5) to lumbar (L2) seg-
ments (Giraudin et al., 2008). Intracellular recordings of 33
spinal expiratory neurons were made within the thoracic (T7–
T12) and lumbar (L1–L2) regions (Fig. 2 E, F ). On the basis of
orthodromic activation and immunoreactivity to Islet, 18 cells
(n 	 7 thoracic; n 	 11 lumbar) were unambiguously identi-
fied as motoneurons, and the remaining 15 spinal expiratory
cells were classified as interneurons. All expiratory neurons
displayed spontaneous rhythmic membrane depolarizations
that occurred in phase with lumbar expiratory motor output
(Fig. 2F1), and were characterized by the presence of prein-
spiratory and postinspiratory spike discharges (Fig. 2F2). It is
noteworthy that, at the onset of an inspiratory burst, expira-
tory motoneurons and interneurons hyperpolarized sharply
by �5.0 � 0.6 mV (n 	 18), and �4.4 � 0.6 mV (n 	 11),
respectively (Fig. 2F2, arrow), and depolarized when cervical
activity ceased. Here again, details of passive membrane prop-
erties, firing frequencies during synaptic motor commands,
and amplitudes of the central expiratory drive potential for the
four neuronal groups are given in Table 1. Here also, due to a
lack of significant differences in their passive and synaptic
membrane properties, thoracolumbar expiratory motoneu-
rons and interneurons were each considered as homogen-
eous cell populations (Table 1, pooled data). Finally, comparisons
between inspiratory-related and expiratory-related cell groups re-
vealed that the amplitude of the central inspiratory synaptic drive
was significantly greater than that of the expiratory drive, resulting in
a higher mean maximal firing frequency of inspiratory neurons
(Table 1).

Again, to further explore the behavior of spinal respiratory
neurons during fictive locomotion, intracellular recordings of
expiratory cells were performed before (Fig. 4A,B) and during
(Fig. 4C,D) activation of the lumbar locomotor generators. The
lumbar spinal cord was selectively exposed to NMA/5-HT to ac-
tivate locomotor patterns characterized by a clear left–right
alternating bursting activity in bilateral L2 ventral roots (Fig.
4D1–D4), while the thoracocervical cord and brainstem were
continuously superfused with normal saline solution. In these

Table 1. Passive membrane properties, amplitude of respiratory synaptic drive and
frequency of resultant firing of spinal inspiratory and expiratory neurons

Cell type
RMP
(mV)

Rn
(M�)a

Vsyn
(mV)b

Fmax
(Hz)c

Burst
duration (s)

Inspiratory
Cervical MN (n 	 7) �61 � 2 42 � 10 23 � 4 61 � 10 1.4 � 0.2
Thoracic MN (n 	 4) �54 � 6 58 � 21 10 � 5 32 � 12 1.1 � 0.4
Pooled (n 	 11) �58 � 3 47 � 9 18 � 3 52 � 9 1.6 � 0.2
Cervical IN (n 	 10) �57 � 3 71 � 17 12 � 2 43 � 9 1.5 � 0.1
Thoracic IN (n 	 2) �58 � 9 79 8 � 4 31 � 5 1.3 � 0.3
Pooled (n 	 12) �57 � 2 72 � 14 11 � 2 41 � 7 1.4 � 0.1

Expiratory
Thoracic MN (n 	 7) �58 � 3 32 � 9 7 � 1 16 � 2 1.4 � 0.2
Lumbar MN (n 	 11) �57 � 2 48 � 10 7 � 0.5 14 � 3 1.7 � 0.2
Pooled (n 	 18) �57 � 1 41 � 7 7 � 1 14 � 2 1.6 � 0.1
Thoracic IN (n 	 8) �63 � 2 77 � 21 6 � 1 13 � 2 2.0 � 0.3
Lumbar IN (n 	 7) �62 � 2 64 � 11 10 � 1 14 � 3 1.7 � 0.2
Pooled (n 	 15) �63 � 2 69 � 10 8 � 1 13 � 2 1.9 � 0.2

MN, Motoneuron; IN, interneuron; RMP, resting membrane potential; Rn, neuron input resistance; Vsyn, respiratory
synaptic drive potential; Fmax, maximal firing frequency during respiratory synaptic drive.
ap � 0.05, comparison of pooled values.
bp � 0.001, comparison of pooled values.
cp � 0.001, comparison of pooled values.
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experimental conditions, all thoracic expiratory motoneurons
and interneurons (Table 2) showed rhythmic depolarizations of
their membrane potential (Fig. 4D1–D3) that occurred in phase
with ipsilateral L2 locomotor bursts (mean phase value, 0.05 �
0.01; n 	 65 locomotor cycles; Fig. 4D4). A closer inspection of
this rhythmic central locomotor drive revealed the presence of a
dual-component influence (Fig. 4D2,D3) consisting of phasic mem-
brane potential oscillations (motoneurons, 3.86 � 0.36 mV, n 	 5;
interneurons, 4.18 � 0.39 mV, n 	 4) superimposed on a tonic
depolarization (motoneurons, 3.77 � 0.58 mV, n 	 5; interneurons,
5.34 � 1.97 mV, n 	 4). Under these conditions, it is noteworthy

that a large number of recorded thoracic
motoneurons (five of five motoneurons)
and interneurons (two of four interneu-
rons) displayed both locomotor- and
expiratory-related drives (Fig. 4D), and two
interneurons (2 of 4 interneurons) dis-
played only a locomotor-related drive. Fur-
thermore, in a certain number of cases (two
of five motoneurons; three of four interneu-
rons), the strength of the locomotor-related
drive was sufficient to reach spike threshold
and the production of impulse bursting.

Because populations of lumbar expi-
ratory motoneurons (Fig. 5A–D) and
interneurons (Fig. 5E–I ) are located in
the immediate vicinity of the hindlimb
locomotor networks, drug-induced lo-
comotion was no longer used because of
a concomitant pharmacological activa-
tion of lumbar respiratory neurons. For
this reason, repetitive electrical stimula-
tion of sacrocaudal dorsal root afferents
was used as an alternative drug-free method
for lumbar locomotor network activation
(Lev-Tov et al., 2000; Whelan et al., 2000;
Etlin et al., 2013). Similar to thoracic expira-
tory cells during pharmacological activation
of the lumbar cord, all lumbar expiratory
motoneurons (Fig. 5C,D1) and interneu-
rons (Fig. 5E,F1) displayed rhythmic
locomotor-like oscillations of their mem-
brane potential during afferent stimulus-
evoked fictive locomotion (Table 2). Here
again, the locomotor drive recorded from
the lumbar neurons consisted of repetitive
oscillations [motoneurons, 4.66 � 0.85

mV, n 	 8 (Fig. 5D2); interneurons, 5.56 � 1.82 mV, n 	 7 (Fig.
5F2)] that occurred in phase with ispsilateral L1 locomotor bursts
[motoneurons: mean phase value, 0.09 � 0.05, n 	 31 locomotor
cycles (Fig. 5G, middle); interneurons: mean phase value, 0.07 �
0.02, n 	 27 locomotor cycles (Fig. 5G, right)], and superim-
posed on a tonic membrane depolarization (motoneurons:
3.62 � 0.69 mV, n 	 8; interneurons: 2.59 � 1.05 mV, n 	 7).
Regardless of the mode of activation of spinal locomotor net-
works (by chemical or afferent electrical stimulation), the ampli-
tude of tonic and phasic depolarizations in lumbar and thoracic
expiratory neurons showed no significant differences (tonic
component in lumbar vs thoracic neurons, p 	 0.67; phasic com-
ponent, p 	 0.76). Similar to what we observed in thoracic spinal
neurons, a large number of lumbar motoneurons (six of eight
motoneurons) and interneurons (five of seven interneurons)
continued to express both locomotor- and expiratory-like oscil-
latory activity (Fig. 5F2, arrow), and, for some of them (two of
eight motoneurons; four of seven interneurons), the amplitude
of the locomotor-related command was sufficient to attain spike
threshold and impulse bursting to be generated (Fig. 5D1,F1).

Finally, to rule out the possibility that these rhythmic
potential oscillations were somehow due to a simple reflex
activating process, without the involvement of central rhyth-
mogenic circuitry, the duration of sacrocaudal afferent
stimulation was shortened (to 2 s), and the frequency of stim-
ulation increased (from 1 to 10 Hz). This allowed the lumbar
locomotor generators to be activated by a briefer triggering

Figure 3. Absence of lumbar locomotor generator influence on inspiratory motoneurons during pharmacologically
induced fictive locomotion. A, C, Schematics of the experimental procedures. B, D1, Spontaneous activity of a C4 inspiratory
motoneuron (C4 Mn), and in C4 (inspiratory-like) and bilateral L2 (expiratory-like) ventral roots under control saline
conditions (B) and during NMA/5-HT application to the lumbar cord region (D1). D2, Averaging of instantaneous mem-
brane potential level of a C4 inspiratory motoneuron and integrated left (l) and right (r) L2 root activity during 32 cycles of
fictive locomotion. D3, Circular plot illustrating the phase relationship between the onsets of integrated motor bursts
recorded over 32 random cycles from left (l) and right (r) L2 ventral roots. RMP, Resting membrane potential.

Table 2. Impact of pharmacologically or electrically evoked fictive locomotion on
the membrane potential of spinal inspiratory and expiratory neurons

Cell type N

Number of neurons tested
Locomotion-induced
membrane
oscillations

NMA/5HT
only

SCA stimulation
only Both

Inspiratory
Cervical MN 7 3 4 0/7
Thoracic MN 3 1 1 1 0/3
Cervical IN 9 4 4 1 0/9
Thoracic IN 1 1 0/1

Expiratory
Thoracic MN 6 2 1 3 6/6
Lumbar MN 8 8 8/8
Thoracic IN 4 1 3 4/4
Lumbar IN 7 7 7/7

MN, motoneuron; IN, interneuron; SCA, sacrocaudal afferent.
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stimulus without the continual recruit-
ment of spinal sensorimotor loops that
might occur during tonic activating
stimulation. In these conditions,
locomotor-like burst discharge contin-
ued to be expressed in bilateral lumbar
L1 motor roots after the short episode of
sacrocaudal dorsal root stimulation had
ceased (Fig. 5I1). Significantly, also dur-
ing this persistent poststimulus bursting,
lumbar expiratory motoneurons and in-
terneurons (Fig. 5I2) continued to express
locomotor-like oscillatory activity that was
in phase with ipsilateral L1 ventral root
bursts. Together, therefore, these results
support the conclusion that the lumbar lo-
comotor generators rhythmically modulate
the membrane potential of thoracolumbar
expiratory neurons.

Pathways mediating the locomotor
drive to spinal expiratory neurons
We reported previously that efferent cop-
ies from the lumbar locomotor networks
are conveyed by long projection pathways
to the brainstem respiratory networks
where they increase the ongoing respira-
tory rate (Le Gal et al., 2014b). Is the
rhythmic modulation of spinal expiratory
neurons during locomotion mediated by
a supraspinal relay involving these as-
cending pathways or is it dependent on
local direct pathways within the spinal
cord? To address this question, a final se-
ries of in vitro experiments (n 	 4) was
conducted in which all supraspinal activ-
ity was silenced by pharmacological ma-
nipulation. As described above in control
conditions, lumbar respiratory neurons spontaneously expressed
rhythmic depolarizations in phase with the expiratory-related
burst discharges recorded from L1 ventral roots (Fig. 6A,B).
Again, during sacrocaudal afferent-evoked fictive locomotion,
such lumbar expiratory neurons generated rhythmic oscillations
that were tightly correlated with locomotor activity recorded in
the ipsilateral L1 ventral root (Fig. 6C,D). Following this func-
tional characterization, the voltage-gated sodium channel
blocker TTX (0.5 �M) was selectively applied to the brainstem
region to completely suppress pontomedullary circuit activity
(Fig. 6E), while the entire spinal cord continued to be superfused
with normal saline solution. After TTX treatment and with respi-
ratory rhythmicity absent (Fig. 6F), sacrocaudal dorsal root af-
ferent stimulation (Fig. 6G) conserved its ability to activate the
lumbar locomotor generators, which in turn produced unaf-
fected episodes of locomotor burst activity in lumbar L1 motor
outputs (Fig. 6H). Importantly furthermore, during such bouts
of afferent-evoked fictive locomotion in the enforced absence of
fictive respiration, locomotor-timed rhythmic oscillations were
still observed in lumbar expiratory neurons (Fig. 6H), and
showed no significant differences from the locomotor drive gen-
erated in control conditions. We therefore conclude that the ex-
citatory influence of the hindlimb locomotor generators on
spinal expiratory neurons relies exclusively on local propriospi-
nal pathways.

Discussion
Bimodal respiratory–locomotor spinal neurons
Previous evidence from a variety of studies has suggested that the
lumbar rhythm generators for locomotion may interact with
spinal respiratory circuitry to modulate, or to control, motor
efferent activity in several respiratory muscles. For example, in
curarized spinal rabbits treated with a mixture of nialamide and
DOPA, locomotor-like phrenic bursting activity generated by the
cervical cord can be driven by lumbar locomotor neural circuitry
(Viala et al., 1979; Viala, 1986) in a pattern that is strongly corre-
lated with the hindlimb extensor-type activities (Viala et al.,
1987). Similarly in spinalized and paralyzed cats, the pharmaco-
logical activation of locomotor generators results in alternat-
ing rhythmic activity between the left and right phrenic nerves
(Schomburg et al., 2003). Here again, this predominant pattern
of phrenic motor output, which could serve as a trunk-stabilizing
mechanism, is clearly coupled to the fictive locomotor rhythm,
even though different phase relationships could be observed
(Schomburg et al., 2003). On the basis of these findings, it was
postulated that, during locomotion, the lumbar rhythm gene-
rators also project an efference copy signal to spinal inspirat-
ory neurons. Somewhat surprisingly in our experiments, a
locomotor-related influence was never observed in cervical
(phrenic) and thoracic (intercostal) inspiratory motoneurons
and interneurons during episodes of fictive locomotion. This dis-

Figure 4. Presence of a locomotor drive potential in thoracic expiratory motoneurons during drug-induced fictive locomotion.
A, C, Schematics of the experimental procedure. B, D1, Rhythmic respiratory activity recorded in a thoracic expiratory motoneuron
(T8 Mn) and in C4 (inspiratory-like), T8 (mixed inspiratory-expiratory), and left (l) and right (r) L2 (expiratory-like) ventral roots
under control saline conditions (B), and during NMA/5-HT application to the lumbar region (D1). Expanded traces are shown in D2.
D3, Averaging of membrane potential of a T8 expiratory motoneuron and integrated L2 ventral root activity during 65 cycles of
fictive locomotion. D4, Circular plots showing the phase relationships between the onsets of locomotor-related membrane depo-
larization in the T8 Mn and integrated motor bursts (n 	65) recorded in the ipsilateral (l) L2 ventral root (plot at left), and between
integrated motor bursts recorded in left and right L2 ventral roots (plot at right). AP, Action potential; RMP, resting membrane
potential.
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Figure 5. Lumbar expiratory motoneurons and interneurons are rhythmically driven during fictive locomotion elicited by sacrocaudal afferent electrical stimulation. A, C, E, H,
Schematics of the experimental procedures. B, D1, D2, Rhythmic activity of a lumbar expiratory motoneuron (L1 Mn), and in C6 (inspiratory-like) and left (l) and right (r) L1
(expiratory-like) ventral roots under control saline conditions (B), and during continuous repetitive electrical stimulation (30 pulses, 1 Hz, 0.5–1 V; D1) of sacrocaudal dorsal root
afferents (SCA stim). Corresponding expanded traces are shown in D2. F1, F2, I1, I2, Rhythmic activity recorded in a lumbar expiratory interneuron (L1 In), and in C4 (inspiratory-like)
and left (l) and right (r) L1 (expiratory-like) ventral roots during continuous (30 pulses, 1 Hz, 0.5–1 V; F1) or train (20 pulses, 10 Hz, 0.5–1 V; I1) electrical stimulation of SCA stim.
Corresponding expanded traces are shown in F2 and I2. The arrow in F2 indicates the expiratory-related drive received by the interneuron during the locomotor episode. G, Circular plots
showing the phase relationships between integrated motor bursts recorded in right and left L1 ventral roots (plot at left), and between the onsets of locomotor-related membrane
depolarizations in the L1 Mn (plot at middle) or L1 In (plot at right) and integrated motor bursts (n 	 31) recorded in the ipsilateral (l, left) L1 ventral root (plot at left). AP, Action
potential; RMP, resting membrane potential.
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similarity could result from a combina-
tion of factors, including interspecies
differences (rabbit/cat vs rat), experimen-
tal approaches (in vivo vs in vitro), and
stage of development (adult vs neonate).
Moreover, it is noteworthy that in the ear-
lier adult animal experiments (Viala et al.,
1979; Schomburg et al., 2003), fictive lo-
comotion was induced by intravenous in-
jection of nialamide/DOPA, whereas in
our in vitro study, locomotor rhythmogen-
esis was evoked by the selective bath appli-
cation of NMA/5HT to the lumbosacral
cord. While the widespread diffusion of
intravenously injected drugs may nonspe-
cifically change neuronal excitability
throughout the spinal cord, the local appli-
cation of neuroactive drugs that we used in
our split-bath experiments avoided the
presence of any exogenous chemicals in the
rostral cord region. Consequently, the neu-
romodulatory environment of phrenic in-
spiratory cells was clearly different in these
studies and could underlie the different oc-
currence (Viala et al., 1979; Schomburg et
al., 2003) or absence (present study) of
locomotor-related rhythmicity in spinal in-
spiratory neurons.

In our study, single-unit recordings re-
vealed that all spinal expiratory cells depo-
larized rhythmically in time with fictive
locomotion, indicating for the first time
in the neonatal rat that synaptic connec-
tivity exists between lumbar locomotor
and spinal expiratory circuitry. Our data
are therefore consistent with, and add to, a
number of previous studies showing that
axial musculature, which drives the expi-
ratory phase of breathing at rest in mam-
mals (Koterba et al., 1988; De Troyer et al.,
1990; Deban and Carrier, 2002), is also
somehow engaged in locomotion (Grill-
ner et al., 1978; Puckree et al., 1998; Deban
and Carrier, 2002; Reilly et al., 2009). For
instance, the activity in nerves supplying
abdominal muscles displays left/right al-
ternation during fictive locomotion in
spinalized and paralyzed cats (Koehler et
al., 1984; Schomburg et al., 2003), and
this predominant rhythmic pattern was
reported to be highly correlated with
hindlimb flexor activity (Koehler et al.,
1984). Similarly, we show here that rhyth-
mic, locomotor-related depolarizations in expiratory neurons
occur exclusively in phase with locomotor bursts in the ipsi-
lateral L1–L2 ventral roots, which predominately carry
hindlimb flexor motor axons to the pelvic girdle region
(Kjaerulff and Kiehn, 1996). This “flexor-type” influence of
the lumbar locomotor generator on expiratory neurons that
control ventral trunk musculature could produce spine bend-
ing, resulting in a forward displacement of the pelvis. This in
turn would assist in flexing the trunk during locomotion and
facilitate respiratory exhalation.

The projection of these two independent motor drives onto a
common neuronal population has also been described in the brain-
stem, where central respiratory and locomotor rhythms converge
onto single neurons of the lateral reticular nucleus (Ezure and
Tanaka, 1997), enabling the cerebellar control of locomotor–respi-
ratory integration. Here, we find that a large proportion of recorded
spinal (thoracic and lumbar) expiratory neurons receive suprath-
reshold convergent respiratory and locomotor inputs (4 of 14 mo-
toneurons, 29%; 7 of 11 interneurons, 64%) and can be considered
as bimodal spinal neurons, thus corresponding to intercostal and

Figure 6. Locomotor generator-driven membrane oscillations of lumbar expiratory motoneurons are mediated by propriospi-
nal pathways. A, C, E, G, Schematics of the experimental procedures. B, D, Rhythmic activity of a lumbar expiratory motoneuron (L1
Mn), and in C8 (inspiratory-like) and left (l) and right (r) L1 (expiratory-like) ventral roots under control saline conditions (B), and
during tonic electrical stimulation (30 pulses, 1 Hz, 0.5–1 V) of sacrocaudal dorsal root afferents (SCA stim, D). F, Raw spontaneous
respiratory activity in C8 and bilateral L1 ventral roots under control saline conditions (top) and after application of TTX (0.5 �M) to
the brainstem (bottom). Note that under TTX treatment, spinal respiratory bursting was no longer produced. H, Locomotor-related
membrane potential oscillations in an L1 expiratory motoneuron persisted during SCA stim, while brainstem circuitry was
held silent under TTX. Recordings in B, D, F, and H are from the same preparation. AP, Action potential; RMP, resting membrane
potential.
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abdominal muscle efferents engaged in both breathing and locomo-
tor function simultaneously (Deban and Carrier, 2002). Presum-
ably, the remaining spinal expiratory cells that express a
subthreshold locomotor-related drive constitute an auxiliary motor
pool that is recruited when locomotion becomes stronger. In this
condition, the locomotor efference copy influence becomes corre-
spondingly stronger, and the number of activated spinal expiratory
neurons is increased to reinforce exhalation.

A dual-component locomotor drive to spinal
expiratory neurons
As mentioned above, in control conditions during respiratory rhyth-
mogenesis, thoracolumbar neurons express an expiratory-type pat-
tern. During coincident pharmacological or electrical activation of
the locomotor rhythm-generating networks, these neuronal popu-
lations also receive a central locomotor drive potential that relies
exclusively on propriospinal pathways. This finding is consistent
with those of previous studies showing that the spinal cord, when
isolated from its supraspinal control and peripheral sensory feed-
back, is capable of generating locomotor-related bursts in different
types of spinal respiratory neurons during fictive locomotion
(Koehler et al., 1984; Viala, 1986; Schomburg et al., 2003). Interest-

ingly, this locomotor influence consists of
dual tonic and phasic components that
are identical in shape (duration and
magnitude) to those received by actual
locomotor motoneurons during fictive
walking patterns (Cazalets et al., 1996;
Bertrand and Cazalets, 2002). These
striking similarities thus argue in favor
of a common origin of the locomotor-
related drive, namely the spinal locomo-
tor rhythm generator itself. The tonic
component results in a sustained depo-
larization of neurons throughout the lo-
comotor episode, whereas the rhythmic
phasic component is invariably phase
locked, with locomotor burst activity
recorded in lumbar segments. The pres-
ence of such a dual-component drive
has also been observed in locomotor-
type motoneurons in the Xenopus em-
bryo during swimming (Soffe and
Roberts, 1982; Dale and Roberts, 1985;
Tunstall and Roberts, 1994), with the
tonic “slow” and the phasic “fast” depo-
larizing components being mediated by
NMDA and kainate/quisqualate recep-
tors, respectively. As in Xenopus spinal
neurons, it is likely that, during locomo-
tion in the neonatal rat, the tonic compo-
nent provides a sustained depolarizing
background level that increases the excit-
ability of spinal expiratory neurons. This
sustained depolarizing input would in
turn prime thoracolumbar expiratory
neurons to the coincident phasic compo-
nent generated by hindlimb locomotor
networks, thereby ensuring their prefer-
ential response to the locomotor drive
during functional locomotor–ventilatory
coordination. As mentioned above, the
presence of this locomotor-related drive

in spinal expiratory cells could serve to minimize the biome-
chanical conflicts between the locomotor and respiratory func-
tions of the trunk musculature (Bramble and Carrier, 1983;
Young et al., 1992), and to facilitate exhalation during faster
locomotion.

Sensory–motor pathways involved in mammalian
locomotor–respiratory coordination
Due to the tissue isolation procedure and the developmental
stage used, it is widely accepted that motor output patterns gen-
erated in vitro from neonatal experimental preparations differ
from the adult motor patterns produced in vivo (Smith and Feld-
man, 1987). With this caveat in mind, nevertheless, the isolated
brainstem–spinal cord preparation from newborn animals has
allowed major progress to be made in understanding the opera-
tion of the central neural networks responsible for respiration
(for review, see Onimaru, 1995; Ramirez and Viemari, 2005;
Feldman and Del Negro, 2006; Greer, 2012; Johnson et al., 2012;
Feldman et al., 2013; Smith et al., 2013) and locomotion
(Whelan, 2003; Kiehn et al., 2008; Vinay and Jean-Xavier, 2008;
Brownstone and Bui, 2010; Kiehn and Dougherty, 2013), and
their interconnectivity (Morin and Viala, 2002; Giraudin et al.,

Figure 7. Summary diagram of potential sensory–motor pathways involved in the integrated locomotor–respiratory function
of quadrupedal mammals. See text for further explanations. 1, Pathway 1 from Morin and Viala (2002); 2, Pathway 2 from Giraudin
et al. (2012); 3, Pathway 3 from Le Gal et al. (2014b); 4, Pathway 4 from the present study.
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2008, 2012; Le Gal et al., 2014b). On the basis of our previous and
present in vitro findings, we propose the involvement of specific
neural substrates that could subserve locomotor–respiratory
coordination in the freely moving animal (Fig. 7). During loco-
motion, sensory inputs from somatic proprioceptive afferents
activated by limb muscle contractions are responsible for en-
training ongoing respiratory rhythmicity (Fig. 7, pathways 1 and
2; Morin and Viala, 2002). This ascending excitatory signal is first
relayed synaptically in the rostral spinal cord and then conveyed
to the parabrachial/Kölliker-Fuse nuclei in the brainstem pontine
region, from where it is transmitted to the medullary respiratory
networks (Fig. 7, pathway 2; Giraudin et al., 2012). The ability of
forelimb and hindlimb somatic afferent inputs to entrain the
respiratory rhythm at birth is the mechanism by which locomo-
tor–respiratory coupling would be achieved in quadrupeds. In
addition, afferent inputs have direct access to inspiratory phrenic
motoneurons, which receive a characteristic sequence of excit-
atory and inhibitory synaptic inputs during the activation of limb
proprioceptive afferents (Fig. 7, pathway 1). The resulting change
in cellular excitability may serve to prepare spinal inspiratory
neurons to respond adequately to the medullary respiratory drive
entrained by limb sensory afferent activation (Morin and Viala,
2002). In parallel, the hindlimb locomotor pattern generators
themselves participate in increasing respiratory network rhyth-
micity during episodes of locomotion (Fig. 7, pathway 3; Le Gal et
al., 2014b). This influence is mediated by an ascending excitatory
signal that is conveyed to the& parafacial respiratory group
(pFRG) via the activation of a brainstem substance P-releasing
pathway. Consequently, during locomotion, pFRG/preinspira-
tory neurons are tonically depolarized and could be responsible
for the locomotion-induced respiratory acceleration. Finally, in
the present study, we further show that the hindlimb locomotor
rhythm generators, when active, have the ability to directly mod-
ulate the excitability of spinal expiratory motoneurons and in-
terneurons (Fig. 7, pathway 4). This locomotor-related drive in
spinal expiratory cells could serve to facilitate respiratory exhala-
tion during locomotion. However, whether their forelimb
counterparts are similarly able to influence the excitability of
brainstem and/or spinal respiratory neurons during quadrupedal
locomotion remains unknown.

References
Bertrand S, Cazalets JR (2002) The respective contribution of lumbar seg-

ments to the generation of locomotion in the isolated spinal cord of
newborn rat. Eur J Neurosci 16:1741–1750. CrossRef Medline
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