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To effect movement, motoneurons must respond appropriately to
motor commands. Their responsiveness to these inputs, or excit-
ability, is regulated by neuromodulators. Possible sources of mod-
ulation include the abundant cholinergic ‘‘C boutons’’ that sur-
round motoneuron somata. In the present study, recordings from
motoneurons in spinal cord slices demonstrated that cholinergic
activation of m2-type muscarinic receptors increases excitability by
reducing the action potential afterhyperpolarization. Analyses of
isolated spinal cord preparations in which fictive locomotion was
elicited demonstrated that endogenous cholinergic inputs increase
motoneuron excitability during locomotion. Anatomical data indi-
cate that C boutons originate from a discrete group of interneurons
lateral to the central canal, the medial partition neurons. These
results highlight a unique component of spinal motor networks
that is critical in ensuring that sufficient output is generated by
motoneurons to drive motor behavior.

afterhyperpolarization � C bouton � central pattern generator �
muscarinic receptors � spinal cord

To generate movement, it is necessary for motoneurons
(MNs) to integrate the inputs (motor commands) they

receive and produce an output sufficient to effect muscular
contraction. The relationship of input to output is determined by
neuronal excitability, which in the case of MNs is known to be
regulated by identified descending modulatory systems (1).
Given that these descending systems are disrupted after spinal
cord injury, strategies aimed at restoring movement need to
address not only premotor circuits that provide motor commands
but also any modulatory systems that ensure MNs are sufficiently
excitable to respond to these commands. Spinal premotor cir-
cuits for locomotion can be activated after spinal transection (2)
and provide one clear target for treatments designed to produce
functional recovery. Should an intrinsic spinal modulatory sys-
tem exist, this would be an important additional target for such
strategies.

The somata and proximal dendrites of MNs are contacted by
large cholinergic varicosities named ‘‘C boutons’’ (3–11). It has
been known since 1972 (12) that C boutons originate from spinal
cord neurons, but the location of these cells remains unknown
(10). Although the C bouton synapse has been anatomically
characterized and shown to be associated with postsynaptic type
2 muscarinic (m2) receptors (8–10), neither the physiological
effects of m2 receptor activation on MNs nor the roles of C
boutons in motor activity are known. In the absence of motor
behavior, exogenous application of cholinergic agonists affects
MN excitability via undefined mechanisms (13–17). We there-
fore studied the possibility that the intrinsic spinal neurons that
give rise to the C boutons regulate MN excitability via activation
of m2 receptors, and that this system is used during motor
behavior.

Results
The Effects of Muscarinic Receptor Activation on Spinal MNs. Because
C boutons are closely associated with postsynaptic m2 receptors
by the second postnatal week (8–10), we investigated the effects

of muscarinic receptor activation on spinal MNs by using whole-
cell patch-clamp recordings in spinal cord slices from postnatal
day 9 (P9)–P15 mice.

Muscarine applied locally (100 �M, pressure-injected, mi-
cropipette tip diameter �2 �m) or via the perfusate (50 �M)
induced varied subthreshold responses in MNs held at �60 mV
in voltage clamp or at rest (�58 to �75 mV) in current clamp.
These responses included inward currents (�30 to �500 pA, n �
10) or depolarizations (1–17 mV, n � 13), outward currents
(10–60 pA, n � 11) or hyperpolarizations (1–2 mV, n � 6), and
no effect (n � 2). There was no obvious relationship between the
type of response and developmental stage or the passive mem-
brane properties of MNs. The current–voltage relationships for
inward (n � 2) and outward (n � 4) currents were established
by using local application of muscarine (Fig. 1 A and B Right).
These data revealed that both the inward and outward currents
increased with depolarization and had reversal potentials
(�95 � 8 mV and �94 � 5 mV, respectively) near the equilib-
rium potential for K� as calculated for our solutions by using the
Nernst equation (�98 mV). In addition, muscarine-induced
inward currents were associated with a decrease in conductance
(�10 � 7%), whereas outward currents were associated with an
increase in conductance (�3.7 � 0.5%). Together, these data
indicate that activation of muscarinic receptors on MNs can
either enhance or reduce a resting K� conductance. We also
investigated whether muscarine-induced currents were mediated
by m2 receptors. Muscarine-induced outward currents (Fig. 1B
Left, n � 3), but not inward currents (Fig. 1 A Left, n � 2) or
depolarizations (n � 6), were blocked by the relatively selective
m2 channel antagonist methoctramine (10 �M) (18, 19). These
data indicate that only the small outward currents are likely to
be activated by acetylcholine released from C boutons.

Next, we examined the effects of muscarinic receptor activation
on MN output. Regardless of the polarity of subthreshold re-
sponses, bath applications of muscarine (50 �M) were associated
with an increase in the frequency of repetitive action potential firing
evoked by the injection of square current pulses (Fig. 1C). To study
the effects of muscarine on frequency–current ( f–I) relationships
relative to the resting membrane potential, subthreshold changes in
potential were offset via injection of direct current, and a series of
current steps of increasing magnitude were applied. Plots of steady-
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state firing frequency (mean frequency during the last 500 ms)
versus injected current demonstrated a significant increase in the
slope of f–I relationships from 86 � 11 Hz nA�1 in control to 112 �
14 Hz nA�1 in the presence of muscarine (37 � 7% increase, n �
19; Fig. 1 D and E). Application of oxotremorine (100 �M), an
m2-preferring muscarinic agonist (20), similarly increased the slope
of f–I relationships (35 � 8% increase, n � 6; Fig. 1E). Methoc-
tramine alone (10 �M, n � 8) had no effect on f–I slopes and
blocked muscarine-induced increases in the f–I slope (Fig. 1E; n �
8). These data indicate that activation of the muscarinic receptor
subtype (m2) found at the C boutons results in increased gain of the
input–output relation (i.e., increased excitability) of MNs.

Subsequent experiments investigated the mechanism by which
m2 receptor activation increases MN excitability. Because in-
creased f–I gain can result from a reduction in the postspike
afterhyperpolarization (AHP), we investigated whether m2 re-
ceptor activation reduces the AHP in spinal MNs of mice. Action
potentials were elicited by brief (10-ms) current pulses, and AHP
amplitudes were measured as the difference between resting
membrane voltage and peak hyperpolarization. Muscarine ap-
plied locally (100 �M, 1- to 5-sec duration) caused a rapid
reduction in the amplitude of the AHP (n � 6; Fig. 2 A and B).
Bath applications of muscarine (50 �M) elicited longer-lasting
reductions in AHP amplitude and thus were used to quantify the
reduction: from 4.3 � 0.7 mV to 1.9 � 0.5 mV (n � 10; Fig. 2C).
Reductions in the AHP induced by muscarine, applied locally

Fig. 1. Muscarinic receptor activation increases spinal MN excitability. (A and
B) Voltage-clamp traces (Left) and the current–voltage relationships (Right) of
methoctramine-insensitive inward currents (A) and methoctramine-sensitive
outward currents (B) induced by muscarine (100 �M, locally applied) in MNs
held at �60 mV. The methoctramine was bath-applied (10 �M). (C) Increased
MN firing in response to the same amplitude of current injection in the
presence of muscarine (50 �M, bath-applied) compared with control. (D)
Increased steady-state f–I slope for an MN in the presence of muscarine (50
�M, bath-applied). (E) Pooled data showing changes in the slopes of f–I plots
in response to bath applications of muscarine (50 �M, n � 19), oxotremorine
(100 �M, n � 6), or muscarine (50 �M) with methoctramine (10 �M, n � 8). #,
significantly different to muscarine alone.

Fig. 2. Muscarinic receptor activation increases spinal MN excitability via a
reduction in the AHP. (A) Single action potentials (truncated) and AHPs
elicited in an MN showing the methoctramine-sensitive (10 �M, bath-applied)
effects of muscarine (100 �M, locally applied). (B) Plots of AHP amplitude
versus time relative to the local application of muscarine (100 �M) in control
and in the presence of methoctramine (10 �M). (C) Average AHP amplitude in
MNs in control conditions (n � 10), during bath application of muscarine (50
�M, n � 10) and during bath application of both muscarine (50 �M) and
methoctramine (10 �M, n � 8). (D) Unchanged amplitude of calcium currents
(measured at the end of voltage steps, �60 mV to a test potential of 0 mV,
500-ms duration, delivered every 30 sec) plotted versus time during bath
application of muscarine (50 �M). CdCl2 (500 �M) eliminated the currents,
confirming the specificity of our protocol for voltage-activated Ca2� currents
(n � 2). Traces at bottom show examples of currents elicited in control,
muscarine, and CdCl2. (E and F) Steady-state f–I plots for one MN (E) and
average MN f–I slopes (F; n � 6) in control, apamin (100 nM), and both apamin
and muscarine (50 �M). #, significantly different to control.
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(n � 5; Fig. 2 A and B) or via the perfusate (n � 8; Fig. 2C), were
prevented by bath application of methoctramine (10 �M),
indicating involvement of m2-type receptors.

The AHP is mediated by a Ca2�-dependent K� (KCa) con-
ductance (21). Because muscarine modulates voltage-activated
Ca2� currents in several types of neuron (22), we investigated
whether the reduction in AHP is mediated by reduced Ca2�

influx. We found no evidence of muscarinic modulation of Ca2�

currents in mouse spinal MNs (Fig. 2D; n � 5). This result
indicates that the m2 receptor-mediated reduction in amplitude
of the AHP results from modulation of the KCa conductance
rather than reduction in voltage-activated Ca2� conductance.

Next, we determined whether modulation of KCa conductance
is the primary mechanism underlying increased excitability of
MNs in response to muscarine. We applied the SK-type KCa
channel blocker apamin to abolish the AHP (21) and then tested
whether the muscarinic-mediated increase in MN excitability
also was blocked. As reported previously (23), applications of
apamin (100 nM) to the perfusate increased MN firing rates and
the slopes of f–I relationships (from 91 � 26 Hz nA�1 to 197 �
57 Hz nA�1, n � 6; Fig. 2 E and F). The subsequent addition of
muscarine (50 �M) to the perfusate produced subthreshold
responses in five of six MNs but no further increase in the slopes
of f–I relationships (182 � 41 Hz nA�1 with muscarine, n � 6;
Fig. 2 E and F). Together, the above data indicate that activation
of the m2 receptors, found at postsynaptic sites of C boutons,
increases MN excitability by reducing a SK-type KCa conduc-
tance, which in turn decreases AHP amplitude.

The Role of Cholinergic Inputs to MNs During Locomotion. To inves-
tigate whether spinal cholinergic inputs modulate MN excitabil-
ity during motor behavior, we used a postnatal (P6–P9) mouse
isolated spinal cord preparation (Fig. 3B) that elicits locomotor-
related activity in response to application of 5-hydroxytrypta-
mine (5-HT; 10 �M), NMDA (5 �M), and dopamine (25–50
�M) (24). During ventral root recordings, cholinergic drugs were
applied locally via pressure injection (1- to 10-sec duration, tip
diameter �10–15 �m) to the motor pool on one side of the spinal
cord at the level of the second lumbar segment. Local applica-
tions were used specifically to investigate the effects on motor
output and avoid effects on rhythm-generating networks. Ap-
plication of methoctramine (100 �M or 1 mM) caused a rapid,
reversible reduction in the amplitude of locomotor-related
bursts recorded from the ipsilateral ventral root (Fig. 3A).
Calculations based on 10 bursts before and 10 bursts immediately
after drug applications demonstrated that 100 �M methoctra-
mine reduced burst amplitude by 18 � 4%, and 1 mM methoc-
tramine reduced burst amplitude by 43 � 5% (Fig. 3 A and C;
n � 4). Application of the general muscarinic receptor antago-
nist atropine (1 mM, 3–10 sec) also reduced burst amplitude
(27 � 4%, n � 5; data not shown). Simultaneous analysis of
ipsilateral and contralateral nerve roots showed that methoc-
tramine (1 mM, 1–5 sec) only reduced burst amplitude on the
side of drug injection (Fig. 3 D and E; 31 � 3% reduction, n �
8). Methoctramine had no effect on burst frequency (Fig. 3F) or
left–right alternation (Fig. 3D), indicating that local applications
had no significant effect on rhythm-generating networks.

We also investigated the effect of enhancing endogenous
cholinergic actions on MNs by locally applying the cholinesterase
inhibitor physostigmine. Application of physostigmine (1 mM)
caused a delayed (up to �1 min) and long-lasting increase in the
tonic activity recorded from the ipsilateral ventral root in all
preparations (n � 5, Fig. 3G Lower, raw trace). In two of five
preparations, there also was a clear increase in the amplitude of
the phasic locomotor-related bursts (Fig. 3G Upper, integrated
trace).

Together, these data indicate that cholinergic inputs to MNs
are active during drug-induced fictive locomotion. By activating

Fig. 3. Endogenous cholinergic activity increases MN output during fictive
locomotion. (A) Local methoctramine application (100 �M and 1 mM, 10-sec
duration) decreased locomotor output as seen in rectified/integrated L2 ven-
tral root recordings. (B) Schematic demonstrating positioning of the drug
injection pipette through a slit made in the pia matter above the motor
column. (C) Average reduction by methoctramine (100 �M and 1 mM) of
locomotor-related burst amplitude reported relative to control (n � 4). (D)
Local methoctramine application (1 mM, 5-sec duration) during fictive loco-
motion did not affect contralateral activity. (E and F) Average amplitude and
frequency of locomotor-related bursts recorded before and during methoc-
tramine application (1 mM, 1- to 5-sec duration, n � 8). (G) Rectified/
integrated (Upper) and raw (Lower) traces of locomotor output recorded from
the L2 root during the local application of physostigmine (1 mM, 5-sec dura-
tion). *, significantly different to 100 �M methoctramine. #, significantly
different to control.
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m2 receptors, which are found at synapses formed by C boutons,
cholinergic inputs increase MN excitability, thus ensuring that
appropriate output is generated during motor behavior.

The Source of Cholinergic Inputs to MNs. Having characterized the
physiological roles of cholinergic inputs to MNs, we investigated
which neurons in the spinal cord (12) give rise to the C boutons.
Initially, we analyzed candidate populations of cholinergic neu-
rons by using mice in which expression of enhanced GFP is
controlled by the choline acetyltransferase (ChAT) promoter
(25) [see supporting information (SI) Fig. 5 and SI Methods]. In
the lumbar spinal cords of these animals, GFP expression was
observed in all MNs and in their synaptic contacts on Renshaw
cells. In contrast, C boutons and certain populations of ChAT�

interneurons (in dorsal horn and laminae VII and X) were
GFP�. These data demonstrate that C boutons do not originate
from MNs, which is consistent with previous reports (7), and
leave the populations of GFP� cholinergic interneurons as
possible sources.

In previous studies (R.H., A.J.T., D. J. Maxwell, unpublished
work), we had noted that some cholinergic interneurons in the
offspring of Dbx1-cre recombinase mice (26) crossed with a
ROSA26-floxed-YFP reporter line (27) expressed yellow fluo-
rescent protein (YFP). In the double-transgenic offspring, YFP
is seen in all cells in which the promoter for Dbx1 is expressed
at any point in development. We found that C boutons in these

animals were YFP� (Fig. 4 A–D), indicating that the cells of
origin of these terminals must express YFP.

We therefore used immunohistochemistry to identify the
ChAT�/YFP� neurons in the spinal cord that could give rise to C
boutons. To refine our search, we also used an antibody against the
neuronal form of nitric oxide synthase (NOS), because we previ-
ously have shown that many cholinergic neurons in rat spinal cord
contain NOS (28). In a set of five 60-�m sections (n � 2 animals),
we analyzed 913 ChAT� boutons on the somata or proximal
dendrites of MNs and found that 901 (99%) of these were YFP�/
NOS�, 10 were YFP�/NOS�, 1 was YFP�/NOS�, and 1 was
YFP�/NOS� (Fig. 4 A–D). We therefore used triple immunola-
beling to reveal neurons with the same immunohistochemical
profile as the C boutons: ChAT�/YFP�/NOS� (Fig. 4E). In 10
60-�m sections from the upper lumbar spinal cord of one Dbx1-
YFP mouse, we identified 937 ChAT-immunoreactive cells that
were not in the motor nuclei and found that 96 (10.2%) of these
were YFP�/NOS�. These neurons, which presumably include the
cells of origin of the C boutons, had a very restricted distribution
(Fig. 4F). Most (76) were lateral to the central canal (lamina X and
the medial part of lamina VII), whereas 12 were located dorsal to
the central canal, 11 were in the ventromedial part of lamina VII,
and one was in lamina V. The YFP�/NOS� cells that lay lateral to
the central canal showed strong ChAT immunoreactivity compared
with most of the cholinergic neurons that immediately surrounded
the canal (data not shown). In another mouse, we examined

Fig. 4. C boutons likely originate from interneurons located lateral to the central canal (lamina X/medial lamina VII). (A–D) High-magnification confocal images
of a single optical section through an MN (M) from a Dbx1-YFP mouse. Staining for ChAT, YFP, and NOS indicates that C boutons (arrowheads) are YFP� but lack
NOS, whereas some other ChAT� terminals are NOS� (arrow). (E) A single optical section through the region surrounding the central canal (CC) from a Dbx1-YFP
mouse. Asterisks mark ChAT�/YFP�/NOS� neurons. (Inset) Strong ChAT immunoreactivity in these cells. (F) Plots of all ChAT� neurons (apart from those in the
motor nuclei) from 10 60-�m upper lumbar spinal cord sections of a Dbx1-YFP mouse (gray matter outlined). Cells have been distinguished based on the presence
or absence of YFP and NOS. (Scale bars: A–D, 5 �m; E, 20 �m.)
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sections from caudal thoracic spinal cord and observed an almost
identical distribution of ChAT�/YFP�/NOS� neurons. Together,
these results strongly suggest that the C boutons originate from a
population of cells that are located in lamina X and the most medial
part of lamina VII.

Discussion
In the present study, we demonstrate that activation of the m2
receptor, which is found at synapses formed by C boutons, leads
to an increase in excitability of MNs via a reduction in amplitude
of the AHP. In addition, we show that cholinergic inputs to MNs
act via m2 receptors to increase MN excitability during rhythmic
motor behavior. This function ensures that MNs fire at sufficient
rates to effect appropriate muscle contraction while keeping
excitatory input to MNs at a minimum.

Activation of postsynaptic muscarinic receptors has a wide range
of actions on neuronal ion channels (22). Our data are consistent
in part with previous findings in salamander MNs (15) and rat
hypoglossal MNs (17), which showed a muscarine-induced reduc-
tion in amplitude of the AHP. Although this reduction in the AHP
(which led to increased MN excitability) was consistent, the sub-
threshold effects of muscarine were varied. Because subthreshold
depolarizations were not blocked by methoctramine, which reduced
the ventral root output during fictive locomotion, it is clear that they
did not contribute significantly to the increased excitability during
rhythmic activity.

Our data indicating that cholinergic inputs to MNs are active
during locomotion and that they increase MN excitability via m2
receptor-mediated effects on the AHP are consistent with
previous studies that demonstrated that the AHP of spinal MNs
is a target for modulation during motor behavior. This finding
was first demonstrated in the decerebrate cat in which, during
fictive locomotion, the amplitude of the AHP in spinal MNs was
reduced (29). Similar reductions in AHP amplitude have been
reported in MN recordings from isolated neonatal rat spinal
cords during fictive locomotion (30), indicating that spinal
mechanisms are involved.

Although there are other cholinergic inputs to spinal MNs
besides C boutons (6, 31), several lines of evidence suggest that
C boutons are responsible for the increased MN excitability
during locomotor-related activity. First, being on or close to MN
somata, C boutons are well positioned to act as modulators of the
intrinsic properties, such as the AHP, that regulate neuronal
output. Second, we have shown that the increase in excitability
is mediated by m2 receptors, which are found exclusively postsyn-
aptic to C boutons (8–10). Although m2 receptor knockout
animals showed no obvious change in motor coordination (32),
this finding does not preclude a role for m2 receptor-mediated
increase in MN excitability. For example, in the absence of m2
receptors, there may be compensatory modulation (e.g., from
descending serotonergic systems) or increased drive from last-
order interneurons to MNs. Third, anatomical evidence con-
cerning expression of ion channels at C bouton synapses corre-
lates well with the physiological data in the present study. This
evidence includes the presence of discrete clusters of small
conductance KCa channels in close apposition to C boutons
(R. E. Fyffe, personal communication).

Several groups of cholinergic interneurons have been identi-
fied in the spinal cord (33). In addition to autonomic neurons
(which are present at thoraco-lumbar and sacral levels), there are
scattered neurons in the dorsal horn, cells that surround the
central canal (central canal cluster cells), and a population of
neurons that occupy a region extending from lamina X to the
lateral edge of the gray matter. The latter show strong ChAT
immunoreactivity and were named partition cells because they
are located between dorsal and ventral horns. We found that the
YFP�/NOS� neurons, which likely give rise to the C boutons, are
lateral to the central canal and show strong ChAT immunore-

activity. This profile identifies them as belonging to the medial
group of partition neurons (33). Interestingly, YFP was not
present in all of the strongly ChAT� neurons in this region,
suggesting that the C boutons originate from a specific subpopu-
lation of medial partition cells that express Dbx1 at some stage
during their development.

The results of the present study indicate that this subpopula-
tion of medial partition neurons is responsible for increasing MN
excitability during fictive locomotion in the mouse. This finding
is supported by experiments in the cat in which Fos expression
revealed that many cholinergic neurons, but particularly those
located ‘‘in the medial portion of lamina VII close to lamina X,’’
are active during fictive locomotion (34). The distribution of
these active cells is very similar to that of the YFP�/NOS� cells
seen in the present study [compare our Fig. 4F with figure 7 of
Huang et al. (34)].

The experiments presented here indicate that C boutons are
important in regulating MN output. Interestingly, previous
studies suggest that they also may be involved in certain patho-
logical conditions. For example, after sacral spinal cord tran-
section, C boutons transiently disappear from sacrocaudal MNs;
the time course of their loss and reappearance mirrors the time
course of spinal shock (35, 36). In addition, there is a loss of
cholinergic terminals (37) and muscarinic binding sites (38) on
human MNs in sporadic amyotrophic lateral sclerosis (ALS).
Whether this loss of C boutons is involved in the pathogenesis of
the disease, and whether it contributes to the symptomatic
weakness of the disease, however, is not clear.

C boutons also are relevant to strategies aimed at restoring
motor function after spinal cord injury. One clear goal of such
strategies is to activate spinal rhythm-generating networks.
However, it will also be important to ensure that MNs respond
to the motor commands that they receive. Because the C bouton
system is present after chronic spinal cord injury (35) and
regulates MN excitability, it is a potential target for strategies
aimed at regaining motor function after injury.

Materials and Methods
All procedures were approved by the Dalhousie University
Animal Care Committee or the Ethical Review Process Appli-
cations Panel of the University of Glasgow and conformed to the
guidelines of the Canadian Council of Animal Care or the U.K.
Animals (Scientific Procedures) Act 1986.

Electrophysiology. In vitro whole spinal cord preparation. The prepa-
ration of the in vitro isolated whole spinal cord was similar to that
described in ref. 24. Briefly, Swiss–Webster mice (P6–P9) were
anesthetized with ketamine (500 mg/kg), and their spinal cords
were isolated from the mid-cervical to upper sacral segments and
secured in a continually perfused recording chamber. Glass
suction electrodes were attached to ventral roots for recording.
Signals were amplified, filtered (30–3,000 Hz), rectified, inte-
grated, and acquired at 1 kHz by using a Digidata 1322A A/D
board and AxoScope software. Offline analysis was performed
using Clampfit software (Molecular Devices, Union City, CA).
Spinal cord slice preparation. Experiments were performed on spinal
cord slices obtained from P9–P15 Swiss–Webster or C57BL/6
mice. One to 3 days before experimentation animals received i.p.
injections of Fluoro-Gold (0.04 mg/g; Fluorochrome Inc., Den-
ver, CO) to retrogradely label MNs (39). Spinal cord slices were
prepared as described in ref. 23. Fluoro-Gold-positive MNs were
visualized with epif luorescence and infrared differential inter-
ference contrast microscopy by using a Leica DMLFSA upright
microscope. Signals recorded by using whole-cell patch-clamp
techniques were amplified and filtered (4 kHz low-pass Bessel
filter) with a MultiClamp 700B amplifier and acquired at �10
kHz by using a Digidata 1322A A/D board and pClamp software
(Molecular Devices). Series resistance compensation (�60%)
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was used during all voltage-clamp recordings. All data are
reported as mean � SE. Differences in means were compared by
using Student’s t test. Values of P � 0.05 were considered
significant.
Solutions and drugs. The recording solution contained 127 mM
NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgSO4, 26 mM NaHCO3,
1.25 mM NaH2PO4, and 10 mM D-glucose (equilibrated with
95% O2/5% CO2). The standard pipette solution for whole-cell
patch-clamp recordings contained 140 mM potassium methane
sulfonate, 10 mM NaCl, 1 mM CaCl2, 10 mM Hepes, 1 mM
EGTA, 3 mM ATP-Mg, and 0.4 mM GTP (pH 7.2–7.3 adjusted
with KOH, osmolarity adjusted to �300 mosM with sucrose).

For experiments investigating Ca2� currents, external and
pipette solutions were designed to eliminate Na� and K�

currents (40, 41). The external solution contained 115 mM NaCl,
3 mM KCl, 30 mM tetraethyl ammonium chloride (TEA-Cl), 10
mM Hepes, 1 mM MgCl2, 2 mM CaCl2, 10 mM D-glucose, 4 mM
4-aminopyridine (4-AP), and 0.5 �M tetrodotoxin (TTX)
(gassed with 100% O2, pH 7.35 adjusted with NaOH, osmolarity
�305 mosM). The pipette solution contained 100 mM Cs
methane sulfonate, 30 mM TEA-Cl, 10 mM NaCl, 1 mM CaCl2,
10 mM Hepes, 1 mM EGTA, 3 mM ATP-Mg, and 0.4 mM GTP
(pH 7.2–7.3 adjusted with KOH, osmolarity adjusted to �295
mosM with sucrose).

Drug application was by means of either addition to the
perfusate or local pressure injection (PMI-100 Pressure Micro
Injector; Dagan Corporation, Minneapolis, MN) via a pipette
visually inserted into the motor pool. As previously demon-
strated, local applications required much higher drug concen-
trations (10–100�) than bath applications because of the very
small volume being injected into a large bath volume and because
of the requirement for sufficient diffusion of drugs into the tissue
(42, 43).

Anatomy. The double-transgenic offspring of Dbx1-cre recom-
binase mice (26) crossed with a ROSA26-stop-YFP reporter line
(27) were anesthetized and perfused with 4% formaldehyde.
Transverse 60-�m spinal cord sections were cut with a Vi-
bratome, incubated for 72 h in rabbit anti-GFP (which recog-
nizes YFP; 1:4,000; Abcam, Cambridge, U.K.) and goat anti-
ChAT (1:2,000; Chemicon, Billerica, MA), and then incubated
for 24 h in Alexa 488 donkey anti-rabbit IgG (1:500; Invitrogen,
Carlsbad, CA) and biotinylated donkey anti-goat IgG (1:500;
Jackson Immunoresearch, West Grove, PA). ChAT was revealed
with tyramide signal amplification (Perkin-Elmer Life Sciences,
Boston, MA). Sections were incubated for 48 h in sheep anti-
neuronal NOS (1:2,000; provided by P. C. Emson) and 24 h in
Cy5-donkey anti-goat IgG (1:100; Jackson Immunoresearch).

Confocal images were acquired with a Bio-Rad (Hercules,
CA) Radiance 2100 confocal microscope. Ten sections from
each of two Dbx1-YFP mice were scanned through their full
thickness. Locations of all ChAT-positive neurons outside motor
nuclei were plotted with Neurolucida (MicroBrightField, Will-
iston, VT), and the presence or absence of immunostaining for
YFP and NOS was noted.
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