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Acetylcholine and the activation of muscarinic receptors influence the activity of neural
networks generating locomotor behavior in the mammalian spinal cord. Using electri-
cal stimulations of the ventral commissure, we show that commissural muscarinic (CM)
depolarizations could be induced in lumbar motoneurons. We provide a detailed electro-
physiological characterization of the muscarinic receptors and the membrane conductance
involved in these responses. Activation of the CM terminals, originating from lamina X
neurons and partition cells, induced a pathway-specific short-term potentiation (STP) of
commissural glutamatergic inputs in motoneurons.This STP is occluded in the presence of
the muscarinic antagonist atropine. During fictive locomotion, the activation of the commis-
sural pathways transiently enhanced the motor output in a muscarinic-dependent manner.
This study describes for the first time a novel regulatory mechanism of synaptic strength
in spinal locomotor networks. Such cellular mechanisms would endow the locomotor cen-
tral pattern generators with adaptive processes needed to generate appropriate synaptic
inputs to motoneurons during different motor tasks.
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commissural cholinergic interneurons

INTRODUCTION
Locomotion requires precise temporal and spatial activation pat-
terns of muscles between the two sides of the body and among
antagonistic muscles. In the ventral part of the spinal cord, the cen-
tral pattern generators (CPGs) generate both locomotor rhythm
and pattern. Electrophysiological, anatomical and, more recently,
genetic approaches have provided detailed descriptions of the
different interneuron (IN) subtypes that are components of the
locomotor CPGs (for review see for example: Grillner et al., 2008;
McCrea and Rybak, 2008; O’Donovan et al., 2008; Roberts et al.,
2008; Garcia-Campmany et al., 2010; Kiehn, 2011). In the rodent
spinal cord, locomotor CPG INs located in lamina VII, VIII, and
X have been categorized into five different classes (V0, V1, V2,
V3, and Hb9) based on transcription factor expression (Garcia-
Campmany et al., 2010). Whereas the locomotor rhythm (or
timing) generation relies on ipsilaterally projecting glutamater-
gic INs, interneurons whose axons cross the ventral commissure,
termed commissural INs (CINs), originate the reciprocal coor-
dination between the left and right sides of the spinal cord (for
review see Kiehn, 2006).

In addition to the INs involved in the fast synaptic transmis-
sion within the locomotor CPG, an intrinsic source of neuro-
modulation has been described in the ventral spinal networks.
Partition cells and some lamina X neurons represent two dif-
ferent types of cholinergic INs (Michael et al., 1997) that have
been shown to be part of the locomotor CPG (Huang et al., 2000;
Zagoraiou et al., 2009). Amongst lamina X cholinergic neurons
clustered around the central canal, a V0 IN subtype expressing

the paired-like homeodomain protein Pitx2 has been recently
described (Zagoraiou et al., 2009; Enjin et al., 2010).

The second type of cholinergic INs, the partition cells, are
medium to large size neurons located in lamina VII from the
central gray to the latter edge of the spinal cord (Phelps et al.,
1984). A portion of these neurons sends their axons through the
spinal cord midline and can then be referred to as cholinergic CINs
(Phelps et al., 1984; Huang et al., 2000; Stepien et al., 2010). Parti-
tion cells are active during fictive locomotion in cats (Huang et al.,
2000) and retrograde labeling with a restricted rabies virus recently
highlighted the ipsilateral and bilateral monosynaptic connectiv-
ity between partition cells and lumbar motoneurons in the rodent
spinal cord (Stepien et al., 2010).

Numerous studies have shown that cholinergic neuromodu-
lation plays a major role in spinal motor systems. Acetylcholine
(Ach) has been shown to inhibit the synaptic transmission between
sensory afferents and motoneurons (for example see Kurihara
et al., 1993). Moreover, in the isolated spinal cord preparation of
newborn rodents, a bath application of Ach and/or a cholinesterase
blocker triggers activities characterized by an alternating left–right
firing pattern and synchronized activity between the extensor and
the flexor motoneurons (Smith et al., 1988; Cowley and Schmidt,
1994; Anglister et al., 2008). At the cellular level, the activation of
muscarinic receptors has been reported to increase motoneuronal
excitability (Alaburda et al., 2002) via M2 receptors and inhibi-
tion of Ca2+-activated potassium channels (Miles et al., 2007).
Interestingly, it has been recently showed that the genetic inactiva-
tion of all of the cholinergic V0 neurons impairs the modulatory
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control of extensor burst amplitude during swimming, suggesting
an important role for these neurons in task-related modulation
(Zagoraiou et al., 2009).

To further describe the cholinergic system in the locomo-
tor CPG, we provide, in the present study, the first description
of the connectivity between cholinergic CINs and motoneu-
rons using electrical stimulations of the ventral commissure and
show that the muscarinic commissural transmission, originating
from both lamina X and partition cells, strengthens the commis-
sural glutamatergic inputs in motoneurons in a pathway-specific
manner.

MATERIALS AND METHODS
ETHICAL STANDARDS
Experiments were performed using 104 Sprague-Dawleys rats (5-
to 12-day-old) bred in our laboratory. All animal procedures were
performed with the approval of the Institutional Animal Care and
the Use committee of Bordeaux University.

SPINAL CORD SLICE PREPARATION
The animals were anesthetized using isofluorane until reflexes were
lost, then decapitated. The skin of the back was removed, and
a laminectomy was performed to expose and remove the spinal
cord in ice-cold sucrose-based saline containing the following

bubbled with 95% O2-5% CO2: 2 mM KCl, 0.5 mM CaCl2, 7 mM
MgCl2, 1.15 mM NaH2PO4, 26 mM NaHCO3, 11 mM glucose, and
205 mM sucrose. Transverse slices (350 μm) of the lumbar part of
the cord were cut with the aid of a vibroslicer and transferred
to a holding chamber. Slices were allowed to recover in oxy-
genated (95% O2-5% CO2) artificial cerebrospinal fluid (aCSF)
containing the following for at least 1 h at 30˚C prior record-
ings: 130 mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 1.3 mM MgSO4,
0.58 mM NaH2PO4, 25 mM NaHCO3, and 10 mM glucose.

WHOLE-CELL RECORDINGS AND COMMISSURAL STIMULATION
Whole-cell current or voltage-clamp recordings from motoneu-
rons, identified by their relatively large size in lamina IX in neonatal
rat spinal cord slices, were made under visual control with a
Multiclamp 700B amplifier. Recording glass microelectrodes (4–
7 MΩ) were filled with the following with a pH of 7.3: 120 mM
K-gluconate, 20 mM KCl, 0.1 mM MgCl2, 1 mM EGTA, 10 mM
HEPES, 0.1 mM CaCl2, 0.1 mM GTP, 0.2 mM cAMP, 0.1 mM Leu-
peptin, 77 mM d-Mannitol, and 3 mM Na2-ATP. For post hoc
localization and identification of the recorded cells, 0.02% biocytin
was added to the intracellular solution. Electrical stimulation of
the axons crossing through the ventral commissure was conducted
through bipolar tungsten electrodes (see Figure 1A; tip separation:
75–100 μm, stimulation duration: 500 μs, stimulation intensities

FIGURE 1 | Ventral commissure stimulations induce both fast AMPA

receptor-mediated EPSPs and slow muscarinic receptor-mediated EPSPs

in lumbar motoneurons. (A) Schema of the spinal cord slice preparation
(A1). Electrical stimulations of the ventral commissure (CS stim) were applied
using tungsten bipolar electrodes. Motoneurons were recorded (Mn rec) in a
whole-cell patch clamp configuration and filled with biocytin for post hoc
identification [(A2), scale bar: 10 μm]. (B) Representative traces of the effect

of a one shock, a 100-Hz, two shock and a 100-Hz, 20 shock CS stim recorded
in current clamp conditions from a motoneuron in a
strychnine/gabazine-containing saline (B1–B3) and with subsequent
applications of DNQX (B4–B6) and atropine (B7–B9). a, b, and c represent the
three different components of the response. Insets, traces at a higher time
resolution of the initial part of the responses in control conditions (1) and in
the presence of DNQX (2) (horizontal bar: 50 ms, vertical bar: 10 mV).
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ranging from 20 to 400 μA). To record monosynaptic excitatory
postsynaptic potentials (EPSPs) or currents (EPSCs), the poly-
synaptic transmission was depressed in all of the experiments
using a high cation-containing aCSF with 7.5 mM CaCl2 and
8 mM MgSO4. Strychnine and gabazine (1 μM) were also added
throughout the experiments to block the glycinergic and GABAA

receptor activation, respectively. All experiments were performed
at room temperature (25˚C). Oxotremorine (500 μM) was applied
on motoneurons with a fast exchanging solution system. Three
applications (2–5 s long) separated by 6 min were performed, and
the mean value of the oxotremorine-induced depolarization was
computed.

IN VITRO SPINAL CORD PREPARATION AND COMMISSURAL
STIMULATION
Spinal cords from P4 to P6 rats were collected as previously
described in the spinal cord slice preparation section and pinned
down with the ventral side upward. The ventral spinal artery,
which enters the ventral median fissure, was removed at the L5
level. The pia was then opened and a bipolar tungsten elec-
trode was vertically inserted to stimulate the ventral commissure
(Figure 10A). Locomotor-like activity was induced using a mix-
ture of N -methyl-d-l-aspartate (NMA, 16 μM) and serotonin
(5HT, 16 μM). Motor activity was recorded from the rL2, rL5,
and lL5 ventral roots using stainless steel electrodes insulated
with Vaseline (dots in Figure 10A). Locomotor parameters were
computed using a program developed in Matlab (Mathworks).
The coupling between left and right and flexor–extensor activi-
ties was analyzed using circular statistics on at least 20 locomotor
bursts using the Oriana software (Kovach Computing Services).
The results of this analysis gave the mean vector of the phase dis-
tribution and its length r (ranging from 0 to 1), indicating the
strength of the mean. The L2 and L5 phase values have been plot-
ted on a circle representing the interval of possible phases from
0 to 360˚. Phase values 0 and 360˚ reflect synchrony, and a phase
value of 180˚ reflects alternation. The mean phase Φ was indicated
by the direction of the vector originating from the center of the
circle. A Rayleigh test (Z) was used to assess the significance of the
coupling. A multisample testing was performed using the Watson–
Williams F-tests to assess the similarity between the mean vectors
before and after the pharmacological treatment.

RETROGRADE LABELING AND IMMUNOCHEMISTRY
Transverse slices (350 μm) of the L3–L5 lumbar part of the cord
from two P8–9 rats were prepared as for the patch clamp record-
ing experiments. Because targeted cells have been shown to be
located in the vicinity of the ventral commissure (Zagoraiou et al.,
2009; Enjin et al., 2010; Stepien et al., 2010), a small amount
of Texas Red dextran amine (TxR; 3000 kDa) was applied with
an insect pin ventrally to the central canal to prevent a mas-
sive labeling of surrounding areas. The slices were then kept for
6–8 h in the dark in oxygenated aCSF at 30˚C. After this migra-
tion period, the slices were immerged in 4% paraformaldehyde
in phosphate-buffered saline (PBS) overnight at 4˚C. After cry-
oprotection, 30 μm cryosections were mounted on slides and
were processed for Choline AcetylTransferase (ChAT) immun-
odetection. The primary antibody used was a goat anti-ChAT

antibody (1:100, Millipore) revealed with an Alexa fluor 488 don-
key anti-goat secondary antibody (1:500). Images of TxR and
ChAT immunopositive cells were obtained using a Nikon AZ100M
microscope. Drawings of each individual section were realized and
superimposed on a normalized spinal cord section to illustrate the
position and size of the different double-labeled neurons.

DATA ANALYSIS
All data are expressed as means ± SEM in the text and in the figures.
The asterisks in the figures indicate positive significance levels, and
the numbers in or above the histogram bars refer to the number
of neurons examined.

RESULTS
VENTRAL COMMISSURAL STIMULATIONS TRIGGER SLOW
MUSCARINIC EPSPs IN LUMBAR MOTONEURONS
The application of electrical stimulation to the ventral commis-
sure (CS stim; Figure 1A1) generated complex depolarizations in
motoneurons (Figure 1A2) that were recorded in current clamp
conditions. In all the motoneurons tested, the application of a
single shock CS stim triggered responses with three distinguish-
able components (a, b, and c; Figure 1B1). The first component
consisted of a fast EPSP that reached the spike threshold (a in
Figure 1B1 and trace 1 in inset in Figure 1B1–B4). This response
was followed by fast EPSPs of small amplitudes (b) superimposed
on a long-lasting depolarization (c; Figure 1B1). When 100 Hz
stimulation trains of 2 (Figure 1B2) or 20 shocks (Figure 1B3)
were delivered to the ventral commissure, the pattern of the
responses remained, but the amplitude of the depolarization was
strongly increased. Using 100 Hz stimulations, we observed an
increase in the number of both spikes generated in the first part
of the response (traces 1 in inset in Figure 1B1–B6) and small
amplitude EPSPs accompanied with a significant enhancement
of the long-lasting EPSP amplitude (Figure 1B2,B3). Both spikes
(traces 2 in inset in Figure 1B1–B6) and small amplitude EPSPs
were abolished in the presence of the AMPA/kainate receptor
antagonist DNQX (5 μM), whereas the long-lasting EPSP per-
sisted (Figure 1B4–B6). The subsequent bath application of the
muscarinic receptor antagonist atropine (200 μM) almost com-
pletely suppressed the DNQX-insensitive part of the response for
all of the stimulation modalities used (Figure 1B7–B9). These
results show that the CS stimulation induced both fast AMPA
receptor-mediated EPSPs (AMPA-EPSPs) and slow muscarinic
receptor-mediated EPSPs (muscEPSPs) in lumbar motoneurons.

In strychnine/gabazine/DNQX-containing aCSF, we examined
the dose-dependency of the atropine block on the commissural
muscEPSP induced with a 100 Hz, 20 shock CS stim. As shown
in Figure 2A1 and in the plot in Figure 2A2, bath applications of
10 μM atropine significantly reduced the muscEPSP amplitude.
Raising the atropine concentration progressively to 200 μM led
to the complete inhibition of muscEPSP (Figure 2A1,A2). The
effects of atropine were completely or partially reversed after a
30-min washout period (Figure 2A1,A2).

In a next step, we investigated the efficiency of different CS
stim modalities in inducing muscEPSPs. For this purpose, we
varied the stimulation frequency and the number of shocks deliv-
ered to the ventral commissure. As exemplified in Figure 2B1,

Frontiers in Neural Circuits www.frontiersin.org November 2011 | Volume 5 | Article 15 | 3

http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org
http://www.frontiersin.org/Neural_Circuits/archive


Bertrand and Cazalets Muscarinic-STP in motoneurons

FIGURE 2 | Atropine sensitivity of muscarinic receptor-mediated

EPSPs and CS stimulation parameters. (A) Superimposed muscarinic
(musc) EPSPs induced by a CS stim in the presence of different atropine
concentrations (A1). Plot of the mean muscEPSP amplitude as a function
of the atropine concentration (A2). Washout period: 30 min. (B)

Representative traces of muscEPSP induced with different CS stimulation
protocols (B1) in control conditions (black traces) and in the presence of
atropine (200 μM, gray traces). (B2) Summary plot of the mean
muscEPSP amplitude as a function of the number of shocks and
frequency of the CS stim.

we first observed that regardless of the frequency, a long-lasting
atropine-sensitive EPSP was generated in motoneurons. The mus-
cEPSP amplitude appeared to be dependent on both the CS stim
frequency and the number of shocks in the stimulation trains.
Increasing the CS stim frequency and shock number in the trains
boosted the muscEPSP amplitude until maximum muscEPSP
amplitude values were obtained using 50 or 100 Hz trains of
40 shocks (Figure 2B2). Raising the shock number up to 40 in
50 or 100 Hz trains caused a decrease of muscEPSP amplitudes
(Figure 2B2). Therefore, in all of the following experiments, mus-
cEPSPs were studied using a CS stim of 100 Hz trains with 20
shocks (CS high-frequency stimulation; CS HFS) unless otherwise
specified.

To examine the ionic basis of the muscEPSPs, the variations of
the motoneuron input membrane resistance were computed using
50 pA hyperpolarizing current injections applied at 0.8 Hz and
superimposed with a CS HFS (Figure 3A1). As shown on the rep-
resentative trace in Figure 3A2, muscEPSPs were accompanied by
a small but significant increase in the input membrane resistance
that was 72.4 ± 10 MΩ in control conditions and 81.1 ± 12 MΩ,
n = 11, 5 s after the CS HFS (paired t -test, p = 0.004). Acetyl-
choline acting at muscarinic receptors reduces a slowly activating
voltage-regulated K+ current, the M-current, in numerous sys-
tems (for review see Brown and Passmore, 2009). To assess whether
muscEPSPs are sustained by the M-current in lumbar motoneu-
rons,we tested the effects of the M-current antagonist XE991 on CS
HFS-induced responses. In voltage-clamp conditions, the super-
fusion of 10 μM XE991 in motoneurons held at −60 mV induced
an inward current with a mean amplitude of −90 ± 19 pA, n = 10

(data not shown). When stimulation trains (100 Hz, 20 shocks)
were applied to the ventral commissure in current clamp condi-
tions, in the presence of XE991, we observed first, an enhancement
of the neuronal excitability as shown by the increase in the num-
ber of spikes expressed in the first part of the CS HFS-induced
responses (compare black and gray traces in Figure 3B2) and
second, a significant and reversible decrease of muscEPSP ampli-
tudes compared to control conditions (Figure 3B1–B5). To assess
the specificity of the XE991 blockade, we tested the effects of
two other K+ channel blockers: 4-aminopyridine (4-AP; 50 μM)
and apamin (100 nM) on muscEPSPs. We observed that both
compounds increased the motoneuron excitability (Figure 3B4,
data not shown for 4-AP) but, in contrast to XE991, significantly
increased muscEPSP amplitudes (Figures 3B3–B5). The subse-
quent bath application of XE991 in the presence of 4-AP or apamin
(n = 5) further increased the motoneuron excitability (Figure 3B4,
trace 3) and led to the complete inhibition of muscEPSP expres-
sion. Altogether, these results show that the M-current is tonically
active in lumbar motoneurons and that muscEPSPs are linked to
the closure of the M-current in these neurons.

Muscarinic receptors belong to the large family of G protein-
coupled receptors. Five different subtypes of muscarinic recep-
tors numbered from 1 to 5 have been identified so far. To
assess their respective role in the commissural muscarinic (CM)
transmission in lumbar motoneurons, we supplemented the
strychnine/gabazine/DNQX-containing aCSF with various mus-
carinic receptor subtype antagonists, pirenzepine (M1 preferring),
AF-DX116 (M2 preferring), 4-DAMP (M3 preferring) or tropi-
camide (M4 preferring), and we used the CS stim protocol of
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FIGURE 3 | Commissural muscEPSPs are sustained by the closure of the

potassium M-current. (A) Membrane input resistance changes were
visualized by a rhythmic negative current application during the induction of
muscEPSP (A1). (A2) Plot of the membrane input resistance as a function of
time for the neuron presented in (A1). An increase in the input resistance was
observed during the slow depolarization. (B) Representative traces of the CS
stim in control conditions (black trace) and in the presence of the potassium

M-current blocker XE991 [gray trace; (B1)]. The long-lasting part of the
CS-stim-induced EPSP is suppressed, whereas the first part of the response
is enhanced (B2). Representative traces of the effects of apamin (100 nM;
gray trace) and apamin + XE991 on the whole CS HFS-induced depolarization
(B3) and on the first part of the response (B4). (B5) Summary plot of the
mean muscEPSP amplitude in the absence or presence of the different K+

channels blockers. The washout of XE991 was completed in 30–45 min.

20 shocks at 100 Hz. The M5 muscarinic receptor is the most
recent member of the muscarinic acetylcholine receptor family
to be cloned, and to date, selective commercial ligands that can
inhibit this receptor type are missing.

The muscEPSP amplitude and time constant were then ana-
lyzed. First, we observed that 10 μM of the M2 or M4 antago-
nist failed to alter the muscEPSP parameters (Figure 4A3,A4).
Nevertheless, an application of 100 μM tropicamide significantly
decreased the amplitude and increased the time constant of the
muscEPSP in a reversible manner (Figure 4A1,A3,A4). In the same
way, motoneurons superfused with an aCSF containing 50 μM
of the M2 preferring antagonist AF-DX116 expressed muscEP-
SPs with significantly reduced amplitudes and time constants
that tended to be longer (Figure 4A3,A4). Commissural mus-
cEPSPs were, in contrast, insensitive to the superfusion of the
M1 antagonist pirenzepine for any concentration that we tested
(Figure 4A3,A4). Finally, we investigated the potential role of the
M3 muscarinic receptor in the cholinergic commissural transmis-
sion. Although 1 μM 4-DAMP caused no significant effects, raising
the concentration to 10 μM led to a significant increase in both
the amplitude and the time constant of the muscEPSPs induced
by CS HFS (Figure 4A2–A4). These effects were reversed after a
30–45-min washout period.

The data reported above could have resulted from intermin-
gled pre- and post-synaptic effects of the muscarinic receptor
antagonists on cholinergic commissural transmission. To assess
the postsynaptic actions of the muscarinic antagonists, these com-
pounds were tested in motoneurons synaptically isolated with
tetrodotoxin (TTX, 0.5 μM). To stimulate the muscarinic recep-
tors expressed in the motoneuron membrane, oxotremorine, a

wide range muscarinic receptor agonist, was applied on the lumbar
motoneurons (see Materials and Methods). Because muscarinic
receptor activation has been shown to modulate calcium chan-
nels (see for example: Zhang et al., 2009), these experiments
were performed in a 2 mM Mn2+-containing aCSF without Ca2+.
In these experimental conditions, short-lasting applications of
oxotremorine (500 μM, 2–3 s) generated very long-lasting depo-
larizations in motoneurons (Figure 4B1,B2) that were signifi-
cantly depressed by XE991 (Figure 4B3). A dose-dependent inhi-
bition of the oxotremorine-induced depolarization was observed
with the four different muscarinic antagonists tested (see exam-
ples in Figure 4B1,B2). These depressing effects were observed in
concentration ranges from 1 to 10 μM for pirenzepine, AF-DX 116
and tropicamide and from 0.5 to 1 μM for 4-DAMP (Figure 4B3).
Altogether these data indicate that the lumbar motoneurons
express the M1, M2, M3, and M4 muscarinic receptors and that
the cholinergic commissural transmission is sustained by the
activation of M2, M4, and M3 receptors (see Discussion).

MUSCARINIC RECEPTOR ACTIVATION INDUCES A SHORT-LASTING
SYNAPTIC ENHANCEMENT OF THE GLUTAMATERGIC TRANSMISSION
For the next step, we sought to determine whether cholinergic–
glutamatergic interactions exist in the ventral motor spinal cord
as described, for example, in the hippocampus (Fernandez de
Sevilla et al., 2008). In the voltage-clamp mode, in motoneurons
held at −60 mV, a one shock CS stim evoked commissural EPSCs
(Figure 5A1), that were abolished by the AMPA/kainate antagonist
DNQX (10 μM, data not shown; com-AMPA-EPSCs). After a 10–
15-min control period of 0.3 Hz stimulations, a 100-Hz, 20 shock
CS stim was applied in the current clamp mode. When returned to
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FIGURE 4 | Commissural muscEPSPs involve the activation of M2, M3,

and M4 muscarinic receptors. (A) Representative traces of the effects of
the M4-preferring antagonist, tropicamide (A1), and those of the
M3-preferring antagonist, 4-DAMP (A2), on muscEPSP induced in control
conditions (strychnine/gabazine/DNQX-containing aCSF) and after the
washout of the drug (30–45 min). Summary plots of the mean muscEPSP
amplitude (A3) and time constant (A4) as a function of the muscarinic

antagonist concentration. (B) Traces illustrating the actions of 4-DAMP (B1)

and pirenzepine (B2) on depolarizations induced by short-lasting applications
of oxotremorine (oxo, 500 μM) in motoneurons synaptically isolated in a
TTX/2 mM Mn2+-containing aCSF without Ca2+. (B3) Summary plot of the
mean amplitude of the oxotremorine-induced depolarization in the absence
or presence of XE991 and as a function of the different muscarinic
antagonist concentrations tested.

the voltage-clamp mode, a short-term potentiation (STP) of the
com-AMPA-EPSC area was observed (Figure 5A1). Computed
for the entire population of motoneurons tested, the mean com-
AMPA-EPSC area was amplified by 40 ± 5% immediately after
a CS HFS compared with the mean area of the five last base-
line control EPSCs (n = 26; Figure 5A2). This enhancement was
observed in all of the motoneurons tested and dissipated within
approximately 500 s (Figure 5A2). To test whether the activation
of the muscarinic receptors contributes to the com-AMPA-EPSC
STP, a first CS HFS was applied in control saline (black traces in
Figure 5B) to check that com-AMPA-EPSC STP could be elicited
in the tested motoneurons. The subsequent bath application of
atropine caused a significant decrease of the baseline com-AMPA-
EPSC area (Mann–Whitney test, p = 0.005, n = 9; Figure 5B1,B2).
In the presence of the muscarinic receptor antagonist, a second
CS HFS completely failed to induce a com-AMPA-EPSC STP
(Figure 4B1, gray traces). For the population of motoneurons
tested in these experimental conditions, the mean com-AMPA-
EPSC area amplification was 36 ± 6% in normal aCSF (black dots
in Figure 5B2), 4 ± 6% in atropine-containing aCSF (gray dots in
Figure 5B2; n = 9) and 31 ± 6% (n = 6) after a full washout of
atropine (45–60 min, data not shown).

As previously shown, one shock CS stimulations trigger both
AMPA- and muscarinic EPSPs (Figure 1B). To verify whether
the muscarinic-dependent STP (musc-STP) we observed is linked

to an increase in the glutamatergic part of the CS stim-induced
responses and not in the muscarinic one, the effects of CS HFS
were tested in the presence of DNQX to isolate the CM inputs
(Figure 5C1). Due to the small amplitude and long duration of one
shock CS stim-induced muscEPSPs, these experiments were per-
formed in current clamp conditions and the stimulation frequency
used to generate baseline muscEPSPs was set to 1 Hz. In these con-
ditions, we observed that CS HFS-induced a small depression of
the muscEPSP area (Figure 5C1,C2). These results suggest that the
release of acetylcholine by commissural cholinergic axons triggers
a musc-STP of the commissural glutamatergic transmission.

In a next step, we investigated whether the musc-STP of com-
AMPA-EPSCs is linked to the 100-Hz stimulation or whether
other stimulation protocols that had been previously described
as efficient means to evoke muscarinic responses in motoneu-
rons (Figure 2B) could modify the synaptic strength of com-
missural glutamatergic inputs. Based on the results presented
in Figure 2B, four different stimulation paradigms were tested:
a low-frequency stimulation (1 Hz, 40 shocks, LFS; Figure 6A),
two “medium”-frequency stimulations (10 Hz, 20 and 40 shocks,
MFS; Figures 6B,C) and a HFS (50 Hz, 20 shocks; Figure 6D).
All four stimulation modalities triggered a com-AMPA-EPSC STP
(Figure 6). The area of the com-AMPA-EPSCs was, significantly,
boosted by 15 ± 8% using a CS LFS (n = 6; Figure 6A), 16 ± 7%
with a 20 shock MFS (n = 5; Figure 6B), 37 ± 16% with a 40 shock
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FIGURE 5 | High-frequency commissural stimulation induces

muscarinic-dependent STP of commissural AMPA-EPSCs. (A) Application
of a 100-Hz, 20 shock CS stim in current clamp conditions induced a STP in
commissural (com) AMPA-EPSCs recorded at −60 mV (A1). Traces above the
plot illustrate com-AMPA EPSCs recorded before (1), just after (2), and 500 s
after (3) CS HFS. The middle panel traces show the CS HFS-induced response
in current clamp conditions. (A2) Plot of the mean com-AMPA-EPSC area
before and after CS HFS for all of the neurons tested. (B) The STP recorded in
control conditions (black circles and traces) is blocked in the presence of
atropine [gray circles and traces (B1)]. Traces above the plot illustrate

com-AMPA-EPSCs recorded before (1), immediately following (2), and 500 s
after (3) CS HFS. The middle panel traces show the inhibition of the
long-lasting part of the CS HFS-induced response in current clamp conditions
in the presence of atropine. (B2) Summary plot of the mean com-AMPA-EPSC
area before and after the CS HFS in the absence (black circles) and the
presence of atropine (200 μM, gray circles) for all of the neurons tested. (C)

Representative traces of single shock CS stim-induced muscEPSCs (C1)

recorded 360 s before (1), during (2), just after (3), and 540 ms after CS HFS
(4) in a strychnine-gabazine-DNQX-containing aCSF. (C2) Plot of the mean
muscEPSP area before and after CS HFS for all the neurons tested.

MFS (n = 5; Figure 6C), and 37 ± 9% by a 50-Hz HFS (n = 6;
Figure 6D). Regardless of the stimulation protocol used, the
expression of the com-AMPA-EPSC STP was completely blocked
in the presence of atropine (n = 5, data not shown).

The effects we observed from the application of the M-current
antagonist, XE991 and M3 receptor antagonist, 4-DAMP on mus-
cEPSPs (Figure 4) prompted us to examine their potential role
in the muscarinic-dependent potentiation of the com-AMPA-
EPSCs. In addition to inhibiting the atropine-sensitive part of
the CS HFS-induced depolarization (middle panel in Figure 7A1,
see also Figure 3), XE991 significantly modified the baseline

com-AMPA-EPSC area from 4.1 ± 0.1 pA∗s in control condi-
tions to 3.3 ± 0.1 pA∗s in the presence of the M-current antag-
onist (Mann–Whitney test, p < 0.001, n = 11; Figure 7A2). In
contrast, the magnitude of the musc-STP was unchanged in a
XE991-containing aCSF compared to control conditions (two-way
ANOVA, p = 0.4; Figure 7A2). The mean com-AMPA-EPSC area
was enhanced by 49 ± 11% in the absence and 57 ± 16% (n = 11
neurons) in the presence of XE991. In a next step, we analyzed the
effect of a 20 shock 100 Hz Cs stim before and after the superfu-
sion of the M3-preferring antagonist 4-DAMP. At a concentration
(10 μM) that has been shown to enhance the muscEPSP amplitude
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FIGURE 6 | A STP of commissural AMPA-EPSCs could be induced with different stimulation paradigms of the ventral commissure. Time courses of the
com-AMPA-EPSC area before and after a low-frequency stimulation of the ventral commissure [CS LFS (A)], a medium-frequency stimulation (MFS) of 20
shocks (B), of 40 shocks (C), and a high-frequency stimulation (D). A STP of com-AMPA-EPSC could be observed with the different stimulation protocols used.

and duration (middle panel in Figure 7B1, see also Figure 4A),
4-DAMP had no significant effect on either the baseline com-
AMPA-EPSC area and the STP extent that were 5.1 ± 0.1 pA∗s and
28 ± 8% in control conditions and 4.9 ± 0.1 pA∗s (p = 0.2) and
27 ± 12% (p = 0.8, n = 8 neurons) in 4-DAMP-containing aCSF,
respectively (Figure 7B2).

The question now arises as to whether all of the glutamatergic
pathways synapsing on lumbar motoneurons are potentiated by
the CS HFS or whether this synaptic enhancement is restricted to
specific glutamatergic afferents. The ventral part of lamina VII and
laminae VIII and IX contain interneurons that are assumed to be
part of the locomotor CPG. Among the various classes of interneu-
rons that have been described, the ipsilateral and contralateral
glutamatergic neurons located in lamina VII have been shown to
project monosynaptically to lumbar motoneurons (for review see
Kiehn, 2011). To address the question of the pathway specificity
of the musc-STP, we then chose to test the impact of a CS HFS on
inputs arising from the ipsilateral or contralateral lamina VII. For
this purpose, one stimulating electrode was placed in the ipsi- or
contralateral ventral part of the lamina VII to induce glutamater-
gic ipsi or contra lamina VII EPSCsin motoneurons, respectively,
and a second stimulating electrode was positioned on the ven-
tral commissure as was done previously (Figures 8A1,B1). Under
our experimental conditions (i.e., in a strychnine/gabazine/high
cation-containing saline), a one shock stimulation delivered every
30 s to the ipsi lamina VII induced stable EPSCs. The subsequent
application of a CS HFS failed to modify the ispi lamina VII
EPSC area (0.5 ± 6%, n = 8; Figure 8A2), whereas a STP of the
com-AMPA-EPSCs could be induced in the same neurons when
long duration recordings could be achieved (45 ± 15%, n = 5;
Figure 8A3). In contrast, when the effects of a CS HFS were

tested on the glutamatergic inputs originating from the contralat-
eral lamina VII, an atropine-sensitive-STP of the contra lamina
VII EPSC area was observed (Figure 8B2). For the population
of motoneurons tested, the mean contra lamina VII EPSC area
was amplified by 47 ± 12%, n = 5, in normal saline (black dots in
Figure 8B2) and −1 ± 11% in an atropine-containing aCSF (gray
dots in Figure 8B2; n = 5).

PARTITION CELLS AND LAMINA X INTERNEURONS ARE THE SOURCE
OF THE CHOLINERGIC COMMISSURAL TRANSMISSION IN LUMBAR
MOTONEURONS
To assess the cellular type mediating the muscarinic commissural
transmission in spinal cord slices, we performed a TxR retrograde
labeling of axons crossing through the ventral commissure cou-
pled to ChAT immunoreactivity. In our experimental conditions,
14 cells retrogradely labeled and immunopositive for ChAT (TxR-
ChAT+) were observed from 11 sections of two animals. Out of
14, 11 TxR-ChAT+ neurons were located in the medial part of the
lamina VII within a distance of 350 μm from the lateral border
of the central canal (Figures 9A–C), whereas the three remaining
ones occurred in lamina X (Figures 9B,C).

THE COMMISSURAL MUSCARINIC TRANSMISSION IS NOT INVOLVED
IN LEFT–RIGHT OR FLEXOR–EXTENSOR COUPLING
Commissural interneurons have been shown to be involved in
left–right coordination and in flexor–extensor alternation in loco-
motor CPG. We therefore examined the impact of muscarinic
transmission blockade on motor coupling during fictive loco-
motion in isolated spinal cord preparations obtained from P4
to P6 rats. To monitor left–right and flexor–extensor activities,
the right lumbar 2 (rL2), rL5, and left L5 (lL5) ventral roots
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FIGURE 7 | Com-AMPA-EPSC STP is not altered by the potassium

M-current antagonist, XE991, or the M3-preferring antagonist 4-DAMP.

(A) Representative traces and time course of the com-AMPA-EPSC area
before and after CS HFS in the control condition (black circles and traces) and
in the presence of 10 μM XE991 [gray lozenges and traces (A1)]. Traces above
the plot illustrate the com-AMPA-EPSCs recorded before (1), immediately
following (2), and 600 s after (3) a CS HFS. The middle panel traces show that
the CS HFS-induced responses in current clamp condition without and with
XE991 in the superfusion medium. (A2) The average time course of the

com-AMPA-EPSC area before and after the CS HFS in the absence (black
circles) or the presence of XE991 (gray lozenges) for all of the neurons tested.
(B) Representative traces and time course of the com-AMPA-EPSC area
before and after CS HFS in the control condition (black circles and traces) and
in the presence of 10 μM 4-DAMP [gray squares and traces (B1)]. Traces
above the plot illustrate com-AMPA-EPSCs recorded before (1), immediately
following (2), and 600 s after (3) CS HFS. (B2) Average time course of the
com-AMPA-EPSC area before and after CS HFS in the absence (black circles)
or the presence of 4-DAMP (gray squares) for all the neurons tested.

were recorded (Figure 10A) with bursts in L2 and L5 corre-
sponding to flexor and extensor activity, respectively (Kiehn and
Kjaerulff, 1996). A bath application of the muscarinic antagonist
atropine (200 μM) in NMA-5HT-containing aCSF caused a small
but significant increase in locomotor period (Figure 10B1,B2)
with a mean locomotor period of 3.2 ± 0.3 s in control condi-
tions, 3.9 ± 0.3 s in the presence of atropine, and 3.4 ± 0.5 s after
washout (30–45 min, n = 7). Atropine, in contrast, failed to sig-
nificantly modify the burst amplitude values (Figure 10B1,B2).
The circular analysis of the rL5 and lL5 bursts revealed that
the left–right coupling was unaffected by the superfusion of
atropine (mean Φ = 160˚, r = 0.947 in control conditions and
186˚, r = 0.925 with atropine in the bath; Watson–Williams
F-test: p = 0.064; Figure 10B3). Moreover, the flexor–extensor
coupling monitored by alternating activity between the rL2 and
rL5 ventral roots and synchronicity between the rL2 and lL5
bursts was not changed in the atropine-containing saline (mean
rL2–rL5 Φ = 188˚, r = 0.916 in the absence and 160˚, r = 0.92
in the presence of atropine, Watson–Williams F-test: p = 0.062;
mean rL2–lL5 Φ = 345˚, r = 0.933 in control conditions and
356˚, r = 0.97 with atropine, Watson–Williams F-test: p = 0.358,
n = 7).

THE COMMISSURAL MUSCARINIC TRANSMISSION BOOSTS
MOTONEURON ACTIVITY DURING FICTIVE LOCOMOTION
The effect of a CS HFS applied at the L5 level was then assessed
in the in vitro isolated spinal cord preparation. In a quiescent
spinal cord, a 100-Hz, 20 shock CS HFS-induced transient activ-
ity in all the recorded ventral roots (Figure 10C1) that were not
significantly modified in the presence of atropine (Figure 10C2).
This result and the lack of atropine effects on the motor burst
amplitude previously reported suggest that in our experimental
conditions, this compound did not alter motoneuron excitability.
CS HFS effects were then tested during NMA-5HT-induced fictive
locomotion. Control locomotor activity was recorded during 40 s
prior to the CS HFS. To compute motor burst changes, the burst
amplitude was normalized to the mean baseline burst amplitude
and expressed as a function of the burst number to eliminate the
locomotor period interindividual variability. Burst number −1
corresponds to the final complete burst before the CS HFS, and
burst number 1 corresponds to the first complete burst recorded
after the CS HFS application. As shown in Figures 10D1,E, the
CS HFS was inefficient in modifying the motor burst amplitude
recorded from the rL2 ventral root, but it induced a STP of the
locomotor-related bursts recorded from both the rL5 and the
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FIGURE 8 |The muscarinic commissural transmission induced an

STP of the contralateral lamina VII glutamatergic inputs but not of

the ipsilateral lamina VII glutamatergic inputs. (A) Schema of the
experimental procedure (A1). A tungsten electrode was placed on the
ventral commissure (CS stim) and another in the ipsilateral lamina VII
(ipsi lamina VII stim) to record ipsi lamina VII EPSCs from motoneurons
(Mnrec) held at −60 mV, as exemplified by the trace in (A1). (A2) Plot
of the mean ipsi lamina VII EPSC area as a function of time before and
after CS HFS. No STP was induced in these experimental conditions.

(A3) Plot of the mean com-AMPA EPSC area as a function of time
before and after a CS HFS in five out of the eight neurons tested in the
(A2) condition, showing the induction of com-AMPA EPSC STP in
these neurons. (B). Schema of the experimental procedure (B1).
Contralateral lamina VII EPSCs (contra lamina VII) were evoked in
motoneurons as exemplified by the trace in (B1). (B2) The time course
of the mean contra lamina VII EPSC area as a function of time before
and after a CS HFS in the absence (black circles) or the presence of
atropine (200 μM, gray circles).

lL5 ventral roots (burst-STP). CS HFS-induced potentiation of
burst amplitude dissipated in about 30 s after induction in all of
the seven spinal cords tested. The subsequent supplementation of
the aCSF with atropine completely occluded burst-STP expression
(Figures 10D2,E) and, in contrast, led to a transient pause in loco-
motor activity immediately following the CS HFS (Figure 10D2).
The effects of atropine were reversed after a 30–45-min washout
(data not shown). The burst-STP appears specific to the CS stim, as
the same stimulation paradigm applied to the L5 dorsal root failed
to induce changes in the motor burst amplitude (Figure 10F).
These data suggest that during fictive locomotion, the activation of
the muscarinic commissural transmission can transiently amplify
the bursting activity of lumbar motoneurons.

DISCUSSION
The present work, to our knowledge, represents the first detailed
description of the electrophysiological properties of the synapses
between cholinergic partition cells and motoneurons. In addition,
our study reveals that the specific synaptic activation of com-
missural cholinergic inputs mediate pathway-specific short-lasting
synaptic potentiation in ventral spinal motor networks.

MUSCARINIC RECEPTORS IN THE SPINAL MOTOR NETWORKS
In the present study, we showed that a commissural cholin-
ergic transmission sustained by muscarinic receptor activation
could be recorded from lumbar motoneurons. These data fur-
ther emphasize the salient role of muscarinic receptors in motor

neural assemblies. In addition to the nicotinic-mediated effects of
acetylcholine (Ach), muscarinic-mediated ones have been, indeed,
reported at all neural levels involved in locomotion: in supraspinal
structures (Garcia-Rill and Skinner, 1987; Le Ray et al., 2004;
Smetana et al., 2007, 2010) and at the spinal cord level (Smith et al.,
1988; Kurihara et al., 1993; Cowley and Schmidt, 1994; Alaburda
et al., 2002; Miles et al., 2007; Anglister et al., 2008).

The pharmacological experiments performed in the present
study show the following: (1) the CM inputs cause the closure of
the M-current; (2) the CM transmission involved at least the M2,
M3, and M4 receptors.

In the literature, the M-current is classically associated with
the M1/M3 muscarinic receptors (for review see Brown, 2010).
The lack of effect of pirenzepine on the muscEPSP amplitude,
however, suggests that M1 receptor activation is not involved in
the CM transmission. Lumbar motoneurons should nevertheless
express M1 muscarinic receptors because pirenzepine significantly
inhibits the oxotremorine-induced depolarization observed in
synaptically isolated motoneurons. The role of the M3 receptors at
commissural cholinergic terminals appears to be more complex.
The muscEPSP amplitude and duration enhancement observed
in the presence of 4-DAMP suggests that the M3 receptor acti-
vation counteracts the Ach effects. 4-DAMP, however, inhibited
the oxotremorine-induced depolarization, indicating that a post-
synaptic M3 receptor activation depolarises the motoneurons.
Altogether, these data suggest that the M3 receptors are inhibitory
autoreceptors in commissural cholinergic terminals. These results
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FIGURE 9 | Detection of cholinergic commissural interneurons in spinal

cord slices. Photomicrographs of commissural interneurons (CINs)
retrogradely labeled with Texas red (TxR), applied ventrally to the central
canal and immunopositive for CholineAcetylTransferase (ChAT) in lamina VII
(A) and close to the central canal (B). The areas boxed in (A,B) are shown at
a higher magnification in (a,b) photomicrographs. Arrows point to the
double-labeled CINs. (C) A normalized spinal cord transverse section
illustrating the location of all the double-labeled CINs observed. The area
boxed is shown at a higher magnification in the inset. [Calibration bars:
(A–C), 200 μm; (a,b), 50 μm; inset, 100 μm].

are in agreement with numerous studies showing that Ach release is
subject to strong auto-inhibition via the activation of presynaptic
muscarinic receptors (for review see Brown, 2010). In the hip-
pocampus, activation of M1 receptors has been shown to increase
the glutamatergic release trough the inhibition of small conduc-
tance Ca2+ activated K+ channels (SK) present in dendritic spines
(Giessel and Sabatini, 2010). In the same way, delayed rectifier K+
channels have been shown to influence neurotransmitter release in
numerous synapses (see for example: Shimada et al., 2007; Martel
et al., 2011). Such regulations of Ach release in commissural termi-
nals could explain the increase in muscEPSP amplitude reported
in the presence of the SK (apamin) or delayed rectifier (4-AP)
channels blockers.

PARTITION CELLS AND LAMINA X NEURONS ARE THE SOURCE OF THE
COMMISSURAL MUSCARINIC TRANSMISSION
Premotor IN populations monosynaptically projecting to lumbar
motoneurons have recently been described (Stepien et al., 2010).
The analysis of the connectivity between cholinergic neurons
and motoneurons reveals the existence of both ipsilaterally and
bilaterally projecting neurons. In our study, high divalent cation-
containing aCSF was used through out the electrophysiological
experiments to depress the polysynaptic transmission (Cazalets
et al., 1995). Moreover, we show that the CM transmission per-
sists in the presence of blockers of fast excitatory and inhibitory
synaptic transmission (in the presence of DNQX, strychnine, and
gabazine). We could then claim that the CM transmission we stud-
ied is essentially monosynaptic. The possibility that CS electrical
stimulations could have activated ipsilateral propriospinal path-
ways cannot be completely excluded. However, the small size of
the stimulating electrodes as well as the stimulation parameters
used (see Materials and Methods) should have confined the stim-
ulating currents to the ventral commissure thereby limiting the
stimulation of non-commissural fibers.

Since the pioneer studies describing spinal cholinergic neu-
rons, clear distinctions have been made between central canal
cells of lamina X and partition cells located in lamina VII (Bar-
ber et al., 1984; Phelps et al., 1984). ChAT immunoreactivity in
the spinal cord has indeed revealed cells of small size with oval
or rounded cell bodies located in lamina X (central canal cells)
and larger, multipolar cells in the midportion of the intermediate
gray matter (partition cells). In addition to these topological and
morphological differences, Michael et al. (1997) have shown that
TrkA immunoreactivity is present in a high percentage of partition
cells but only a small proportion of central canal cells suggesting
that these two groups of cholinergic neurons constituted different
interneuronal populations. According to this cellular classification
and to the extent of lamina X (Watson et al., 2008), we show in the
present study that muscEPSPs largely originated from cholinergic
partition cells located in lamina VII and lamina X central canal
cells retrogradely labeled from the ventral commissure.

The recently described subpopulation of cholinergic V0 INs,
Pixt2 neurons preferentially connect ipsilateral lumbar motoneu-
rons (Zagoraiou et al., 2009). The cholinergic retrogradely labeled
neurons observed in the present study could then be part of
the bilaterally projecting cholinergic partition cells identified by
Stepien et al. (2010) whose description closely corresponds to the
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FIGURE 10 | Commissural muscarinic transmission transiently amplifies

the motor output during fictive locomotion. (A) Schematic diagram of the
experimental procedure. Fictive locomotion was recorded from the right
lumbar 2, 5 and left lumbar 5 ventral roots (rL2, rL5, lL5) in the isolated spinal
cord preparation. A tungsten bipolar electrode was used to stimulate the
ventral commissure (CS stim). (B) Integrated recordings (I) of fictive
locomotion induced by the bath application of NMA and 5HT (16 μM each) in
the absence (B1) or presence of atropine [200 μM (B2)]. Circular analysis of
the motor burst activity relationships (Φ) in the control condition (black circles
and trace) and in an atropine-containing aCSF (white circles and dashed trace)
(B3). (C) CS HFS (100 Hz, 20 shocks) induced transient activity in a quiescent
spinal cord preparation in the control condition (C1) and in the presence of

atropine (C2). (D). CS HFS application during NMA/5HT-induced fictive
locomotion in the absence (D1) or presence of atropine (D2). (E) Summary
plots of the normalized burst amplitude as a function of the burst number for
the three-recorded ventral roots. Burst number −1 corresponds to the final
complete burst recorded before the CS HFS, and burst number 1 corresponds
to the first complete burst observed after the CS HFS. In the control
conditions (black circles), CS HFS-induced a short-term potentiation of the
amplitude of motor bursts recorded from the two L5 ventral roots that was
occluded in the presence of atropine (white circles). (F) Summary plots of the
fictive locomotion normalized burst amplitude as a function of the burst
number for the three-recorded ventral roots before and after the application of
a 100-Hz, 20 shock stim to the lL5 dorsal root (DR HFS).

TxR retrogradely labeled cells observed in our report. Among the
different types of cholinergic synapses connecting motoneurons,
large terminals, which are termed C-boutons, located on motoneu-
ronal somata and proximal dendrites, have been described.
Cholinergic V0INs have been shown to be the unique source of the
C-boutons (Miles et al., 2007; Zagoraiou et al., 2009). The phar-
macological analysis performed in our study indicates that the
functional organization of the commissural cholinergic synapses
differs from the one reported for the C-terminals. We indeed show

that the CM transmission is coupled to the M-current and, con-
sequently, to the M1/M3/M5 family (Delmas and Brown, 2005).
C-boutons, in contrast, are exclusively associated with the M2 mus-
carinic receptors and are in close apposition with Kv2.1 and KCa

currents (Miles et al., 2007; Zagoraiou et al., 2009). In the study
of Zagoraiou et al. (2009), the authors observed the disappearance
of ChAT immunopositive axosomatic C-boutons in motoneurons
following the genetic inactivation of V0c INs but analyses to char-
acterize potential changes in cholinergic synapses at the dendritic
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tree level were not carried out. M-channels are mainly expressed
at the dendritic level in neurons such as pyramidal cells in the
hippocampus (see for example Lawrence et al., 2006). We can then
hypothesize that part of the cholinergic INs, as the commissural
ones, could connect lumbar motoneurons through axodendritic
synapses associated with M-channels. Cholinergic spinal INs could
then be divided into, at least, two different populations based
on their synapse type on motoneurons: the Pitx2 neurons that
project bilaterally on motoneurons through C-boutons and other
lamina X neurons and some partition cells that project contralater-
ally through cholinergic synapses associated with the M-channel
and presumably with the M1–M3 receptor family. It has also to
be noted that this study has been performed in rat spinal cord
slices. Discrepancies between our data and data from earlier stud-
ies could be due to differences in rat and mouse cholinergic
system.

SHORT-TERM PLASTICITY OF COMMISSURAL GLUTAMATERGIC INPUTS
We have found that the activation of the commissural cholinergic
system triggers a pathway-specific STP of commissural gluta-
matergic inputs in the spinal cord. Moreover, activation of the
commissural transmission during fictive locomotion causes a sig-
nificant muscarinic-dependent increase in motor output. Interac-
tions between the cholinergic and glutamatergic neurotransmitter
systems have been shown to influence various forms of synap-
tic plasticity within different nervous structures (see for example:
Martella et al., 2009; Drever et al., 2011). In these models, mus-
carinic receptor activation has been shown not only to modulate
synaptic plasticity induced by HFS, but also to induce long-term
plasticity itself. Our study shows that such synaptic amplification
mechanisms are present in the spinal cord networks. The lack
of effect of the M3-preferring antagonist 4-DAMP on both the
baseline com-AMPA-EPSC area and the STP indicate that these
receptors are not involved in the modulation of glutamatergic
transmission and in the musc-STP. In contrast, the M-current
blocker XE991 decreased the baseline com-AMPA-EPSC area
without altering the musc-STP. These results could be explained
by a presynaptic control of the glutamatergic transmission by the
M-current, as shown, for example, in hippocampal synaptosomes
(Martire et al., 2004).

In the literature, as in the present study, the electrical stimula-
tions used to activate muscarinic pathways in the central nervous
system regularly induces glutamatergic-mediated events preceding
long-lasting muscarinic responses (Brown, 2010). These observa-
tions lead to the idea that glutamate and Ach could be co-released
from the same synaptic terminals. This is the case in, for example,
cultured basal forebrain neurons, where Ach can inhibit its own
release and also that of glutamate (Allen et al., 2006). Modula-
tions of one neurotransmitter system then impact the other. In
the present study, however, a bath application of atropine or an
inhibition of the M3 receptors did not modify the baseline com-
AMPA-EPSC amplitude. These data tend to suggest that different
synaptic terminals release Ach and commissural glutamate onto
motoneurons, although a possible co-release cannot be completely
ruled out.

An interesting characteristic of the musc-STP described in the
present paper is that it appears specific of the contralateral lamina

VII glutamatergic inputs. Indeed, CS HFS potentiated com-lamina
VII EPSCs but failed to modify the ipsi lamina VII EPSC area.
The question arises as to whether this pathway specificity could
be artifactual and linked to the direct electrical stimulation of
commissural glutamatergic axons by the CS stimulating elec-
trode. In our opinion, the occlusion of com-lamina VII EPSC
STP by atropine excludes this possibility. These data indeed indi-
cate that the amplification of com-lamina VII EPSC area relies
on Ach release and muscarinic receptor activation and not on an
electrically induced increase in glutamatergic axon excitability.

In the last part of this study, using the in vitro spinal cord prepa-
ration, we showed that commissural cholinergic pathways could
modulate motoneuron output during fictive locomotion. As the
T13–L2 segments have been described as the main arrhythmo-
genic area in the rodent spinal cord (Cazalets, 2000; Kiehn, 2006),
the effects of CS HFS were tested at the L5 level to minimize the
effect of the CS HFS on the locomotor CPG. While musc-STP
was observed in every lumbar spinal cord slice, the L5 CS HFS
effects were restricted to the L5 segments in the whole spinal cord
preparation. The application of serotonin, used to induce fictive
locomotion, could partly explain this lack of propagation as this
neuromodulator has been shown in different studies to inhibit
part of the synaptic transmission along the spinal cord (see for
example: Schmidt and Jordan, 2000; Barriere et al., 2008). In the
same series of experiments, we observed that L5 CS HFS triggered
a transient pause in fictive locomotion in the presence of atropine.
In spinal cord slices, commissural stimulations were applied in the
presence of blockers of the fast inhibitory transmission to isolate
glutamatergic transmission. In the whole preparation in contrast,
the spinal cord was superfused with NMA-5HT containing aCSF.
In these experimental conditions, the stimulation of inhibitory
commissural interneurons could then partly account for the gap
in motor bursting observed after L5 CS HFS in the presence of
atropine.

PHYSIOLOGICAL RELEVANCE
The present results are of particular interest with regard to the
recent data obtained in mice in which all of the cholinergic V0 INs
were genetically inactivated (V0coff mouse; Zagoraiou et al., 2009).
Using EMG recordings, these authors showed that the locomotor
parameters of V0coff mice were unaltered compared to control
animals. The lack of atropine effects that we reported on phase
coupling during fictive locomotion further supports the fact that
cholinergic INs are not directly involved in motor pattern gen-
eration. In contrast, V0c INs seem to play a major role in the
modulation of the motor output. V0coff mice indeed present a
significant impairment in gastrocnemius burst amplitude mod-
ulation during swimming (Zagoraiou et al., 2009). The authors
hypothesize that this effect could be explained by a failure to acti-
vate M2 muscarinic receptors at C-boutons on motoneurons. Our
study provides an additional explanation. Cholinergic transmis-
sion could indeed be altered inV0coff mice, leading to the occlusion
of musc-STP and then to the impossibility for the locomotor CPG
to increase glutamatergic inputs on motor neuron pools during
swimming.

We have, so far, no idea as to how commissural lamina
X neurons as well as partition cells participate in locomotion
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(see Huang et al., 2000). These neurons could also play a
major role in postural control, which likely require synchronized
activation.

Bilaterally projecting cholinergic partition cells have been
shown to present a high degree of synaptic specificity with a pref-
erential targeting of corresponding motor pools (Stepien et al.,
2010). If we hypothesize that bilaterally projecting partition cells
originate CM transmission and then musc-STP, a very interesting
question that arises is whether commissural glutamatergic trans-
mission is potentiated in functionally identical motoneuron pools
in the two different sides of the spinal cord.

Our study opens the door to the exciting possibility that the
cholinergic system, by changing synaptic coupling inside the loco-
motor CPG, could amplify specific synaptic inputs in a task-
related manner. Partition cells and lamina X neurons, by their
“strategic position” at the interface between sensory, autonomic
and ventral systems, appear particularly suitable to exert such
neuromodulatory control.
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