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Cellular/Molecular

Identified Motoneurons Involved in Sexual and Eliminative
Functions in the Rat Are Powerfully Excited by Vasopressin
and Tachykinins

Roch Ogier, Eliane Tribollet, Philippe Suarez, and Mario Raggenbass

Department of Basic Neurosciences, University Medical Center, CH-1211 Geneva 4, Switzerland

The pudendal motor system is constituted by striated muscles of the pelvic floor and the spinal motoneurons that innervate them. It plays
arole in eliminative functions of the bladder and intestine and in sexual function. Pudendal motoneurons are located in the ventral horn
of the caudal lumbar spinal cord and send their axon into the pudendal nerve. In the rat, binding sites for vasopressin and tachykinin are
present in the dorsomedial and dorsolateral pudendal nuclei, suggesting that these neuropeptides may affect pudendal motoneurons.
The aim of the present study was to investigate possible effects of vasopressin and tachykinins on these motoneurons. Recordings were
performed in spinal cord slices of young male rats using the whole-cell patch-clamp technique. Before recording, motoneurons were
identified by 1,1'-dilinoleyl-3,3,3",3'-tetramethylindocarbocyanine, 4-chlorobenzenesulfonate retrograde labeling. The identification
was confirmed, a posteriori, by choline acetyltransferase immunocytochemistry. Vasopressin and tachykinins caused a powerful exci-
tation of pudendal motoneurons. The peptide-evoked depolarization, or the peptide-evoked inward current, persisted in the presence of
tetrodotoxin, indicating that these effects were mainly postsynaptic. By using selective receptor agonists and antagonist, we determined
that vasopressin acted via vasopressin la (V1a), but not V1b, V2, or oxytocin receptors, whereas tachykinins acted via neurokinin 1
(NK1), but not NK2 or NK3, receptors. Vasopressin acted by enhancing a nonselective cationic conductance; in some motoneurons, it also
probably suppressed a resting K * conductance. Our data show that vasopressin and tachykinins can excite pudendal motoneurons and

thus influence the force of striated perineal muscles involved in eliminative and sexual functions.
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Introduction

Pudendal motoneurons are located in the ventral horn of the
caudal lumbar spinal cord and project into the pudendal nerve.
They innervate striated pelvic muscles involved in penile erection
and ejaculation as well as the external urethral and anal sphinc-
ters. In most mammals, pudendal motoneurons are found within
asingle cell group, the Onuf’s nucleus (Ueyama et al., 1984; Rop-
polo et al., 1985; Pullen et al., 1997). In the rat, they are distrib-
uted in two separate nuclei: the dorsomedial nucleus (DM) and
the dorsolateral nucleus (DL), located in spinal segments L5 and
L6 (Schroder, 1980; Sachs, 1982; McKenna and Nadelhaft, 1986).
In the male, the DM innervates the bulbocavernosus and the
levator ani and the external anal sphincter. In the female, the DM
is much smaller and contains only motoneurons innervating the
external anal sphincter. The DL innervates the ischiocavernosus
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muscle and the external urethral sphincter in the male but only
the latter muscle in the female.

The properties of pudendal motoneurons suggest that they
constitute a neuronal population distinct from other motoneu-
rons. (1) They are sexually dimorphic, a property shared by their
target muscles (Breedlove and Arnold, 1980; Jordan et al., 1982).
(2) Their postnatal survival is dependent on androgens (Breed-
love and Arnold, 1983; Nordeen et al., 1985). (3) They retain
developmental characteristics in adulthood (Jordan et al., 1989;
Nacimiento et al., 1993; Koliatsos et al., 1994; Tribollet et al.,
1997). (4) They display unusual survival capacity or vulnerability
in neurodegenerative diseases (Kihira et al., 1997; Mannen,
2000).

Pudendal motoneurons play a critical role in sexual and elim-
inative functions, and lesions in pathways controlling their activ-
ity can be devastating. Knowledge of their sensitivity to neuro-
transmitters/neuromodulators may be important for rescuing at
least part of these functions in case of spinal cord injury or dis-
ease. Although some information on the basic electrophysiolog-
ical properties of cat and rat pudendal motoneurons is available
(Manabe etal., 1991; Sasaki, 1991; Fedirchuk and Shefchyk, 1993;
Fedirchuk et al., 1994), virtually nothing is known about their
sensitivity to neurotransmitters/neuromodulators. In male rats,
pudendal nuclei express a high amount of vasopressin binding
sites (Tribollet et al., 1997; Liu et al., 2003) and substance P bind-
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ing sites (Charlton and Helke, 1985). In addition, substance
P-immunoreactive axons converge on single, identified pudendal
motoneurons of the cat (Tashiro et al., 1989a,b). The main ob-
jective of the present work was to investigate whether vasopressin
and tachykinins can affect pudendal motoneurons and, if it is the
case, to determine the pharmacological profile of the receptors
involved. Whole-cell recordings were performed in spinal cord
slices of young male rats. Motoneurons were identified by 1,1’-
dilinoleyl-3,3,3’,3' -tetramethylindocarbocyanine,
4-chlorobenzenesulfonate (Fast Dil) retrograde labeling. The
identification was confirmed, a posteriori, by choline acetyltrans-
ferase (ChAT) immunocytochemistry. The sensitivity of puden-
dal motoneurons to neuropeptides was investigated by using se-
lective vasopressin and tachykinin receptor agonists and
antagonist. We show that pudendal motoneurons are powerfully
excited by vasopressin and tachykinins, a property shared by mo-
toneurons innervating the hindleg, and that these effects are me-
diated by vasopressin la (V1a) and neurokinin 1 (NK1) recep-
tors, respectively.

Materials and Methods

Spinal cord slices. Rats used were of the Sprague Dawley strain (Charles
River Laboratories, Iffa Credo, L’Arbresle, France). Neonate male ani-
mals, 6-10 d old, were anesthetized (pentobarbital, 50 mg/kg, i.p.) and
killed by decapitation in accordance with the rules of the Swiss Federal
Veterinary Office. The spinal cord was rapidly removed, and the lumbo-
sacral region was isolated, embedded in 5% agar, and submerged in
ice-cold perfusion solution (see below), saturated with 95% O,/5% CO,
and from which Ca?" was omitted. Transverse slices, 300 wm thick, were
cut using a vibrating microtome (Campden Instruments, Loughbor-
ough, UK). A slice containing pudendal motor nuclei was transferred to
a recording chamber mounted on a Nikon (Tokyo, Japan) Eclipse
E600FN, equipped with 40X, 0.8 numerical aperture water-immersion
objective, differential interference contrast optics, and an infrared-
sensitive video camera (C 25400-07; Hamamatsu, Schiipfen, Switzer-
land). Slices were continuously perfused with a solution containing the
following (in mm): 135 NaCl, 15 NaHCO;, 5 KCI, 1 MgCl,, 2 CaCl,, and
10 glucose (saturated with 95% O,/5% CO,, pH 7.3-7.4, and thermo-
regulated at 32-33°C). Before whole-cell recordings, pudendal motoneu-
rons labeled retrogradely with Fast Dil were visualized under fluores-
cence with the help of appropriate filters. All of the compounds tested
were added to the perfusion solution at the concentration indicated.

Whole-cell recordings. Whole-cell current-clamp and voltage-clamp
recordings were performed using patch pipettes pulled from borosilicate
glass capillaries (1.5 mm outer diameter and 0.86 mm internal diameter;
Harvard Apparatus, Les Ulis, France). In most recordings, pipettes were
filled with the following solution (in mm): 140 K-gluconate, 10 KCl, 10
HEPES, 4 MgCl,, 0.1 BAPTA, 2 Na,-ATP, 0.4 Na,-GTP, pH 7.2-7.3
adjusted with NaOH. Some recordings were done with a pipette solution
in which K-gluconate and KCl were replaced by an equimolar amount of
CsCl. For these pipette solutions, the calculated liquid junction poten-
tials were 14.9 and 7.3 mV, respectively (Clampex Junction Potential
Calculator; pClamp software). In view of histological identification of the
recorded motoneuron, the pipette solution was sometimes supple-
mented with 5 mM biocytin. Current and voltage signals were recorded,
amplified, and digitized using an Axopatch 200A amplifier, a Digidata
1320A interface, and pClamp software (Molecular Devices, Sunnyvale,
CA). Current signals were low-pass filtered at 2 kHz and digitized at 5-10
kHz. Series resistance was compensated by 60—80%. Uncompensated
series resistance >30 M() resulted in rejection of the recording. Average
data are expressed as mean = SEM.

Labeling of motoneurons. Intraperitoneal injection of fluorescent dyes,
such as fast blue, true blue, or fluorogold, labels efficiently spinal cord
motoneurons and autonomic neurons (Leong and Ling, 1990). We ob-
tained similar results by using the lipophilic neuronal tracer Fast Dil. In
particular, pudendal motoneurons were intensely labeled (see Fig. 1B).
Fast Dil was dissolved at a final concentration of 2% (w/v) in DMSO.
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Rats at postnatal day 2—8 were anesthetized as described above and in-
jected with Fast Dil (20 ul) into the peritoneal space. Animals were killed
1-5 d after Fast Dil injection, and spinal cord slices were prepared (see
above). Labeled pudendal motoneurons were visualized with the help of
appropriate filters.

Immunocytochemistry. To assess the anatomical organization of pu-
dendal motor nuclei in neonate rats, male animals aged of 10-13 d were
anesthetized as described above and perfused through the left ventricle by
gravity feed with physiological saline for 2 min, followed by 50 ml of
fixative solution, i.e., 4% paraformaldehyde in 0.1 M PBS, pH 7.4. The
lumbosacral portion of the spinal cord was dissected out, postfixed over-
night in the same fixative solution, immersed for 2 d in a 30% sucrose
solution in PBS, and cut in 40-um-thick coronal sections in a cryostat.
Sections were collected in PBS and bathed 30 min in PBS containing
0.3% hydrogen peroxide, to suppress endogenous peroxidase activity, 30
min in PBS containing 0.5% caseine, and 30 min (three times for 10 min)
in PBS containing 0.3% Triton X-100, 0.1 M L-lysine, and 0.1% sodium
azide. Sections were then incubated overnight at room temperature un-
der constant agitation with a goat polyclonal antibody to ChAT at 1:250
(AB144P; Chemicon, Temecula, CA). Immunostaining was performed
using a biotinylated horse anti-goat antibody at 1:200 (BA-9500; Vector
Laboratories, Burlingame, CA) and an avidin—biotin detection system
(Vectastain Elite, ABC kit; Vector Laboratories) according to the proto-
col of the manufacturer. Both the primary and the secondary antibodies
were diluted in PBS containing 0.3% Triton X-100, 0.1 M L-lysine, and
0.1% sodium azide. The sections were then rinsed twice (two times for 10
min) in PBS, rinsed once in distilled water, mounted onto gelatin—
chrome alum-coated slides, dried, dehydrated with ethanol, and embed-
ded in Eukitt. Sections were examined with bright-field illumination.

To confirm that the recorded neurons were motoneurons, spinal cord
slices containing biocytin-filled cells were processed for ChAT immuno-
cytochemistry. Slices were first immersed for 2 h in 4% paraformalde-
hyde dissolved in 0.1 M PBS, pH 7.4, and then overnight in 30% sucrose
dissolved in the same buffer. They were frozen flat between two glass
coverslips and cut into 40-wm-thick sections in a cryostat. Sections were
mounted onto gelatin—chrome alum-coated slides, washed with Tris—
saline buffer (0.5 m Tris and 0.25 m NaCl, pH 7.4) for 20 min, and
incubated for 4 h at room temperature in the presence of fluorescein
isothiocyanate (FITC)-conjugated streptavidin (016-090-084; Jackson
ImmunoResearch, West Grove, PA) at 1:150. The sections containing
biocytin-labeled cells were then incubated overnight in the presence of
the goat polyclonal antibody to ChAT (AB144P; Chemicon) at 1:100.
Sections were further incubated for 4 h in the cyanine 3 (Cy3)-
conjugated donkey anti-goat antibody (705-165-147; Jackson Immu-
noResearch) at 1:50. All antibodies were diluted in Tris—saline buffer,
with two washes for 10 min in Tris—saline buffer being performed be-
tween two successive steps. Labeled neurons were visualized with appro-
priate filters. Sections were photographed with the Olympus Optical
(Tokyo, Japan) DP10 digital camera. Images were slightly adjusted for
brightness and contrast using Adobe Photoshop software and were as-
sembled using Adobe Illustrator software (Adobe Systems, San Jose, CA).

Chemical compounds. [Arg®]-vasopressin, [Thr* Gly’]-oxytocin
(TGOT), a selective oxytocin receptor agonist (Lowbridge et al., 1977;
Grzonka et al., 1983), and [deamino-Cys 1,Va14,D-Arg8]-Vasopressin
(dVDAVP), a selective V2 receptor agonist (Sawyer et al., 1981), were
purchased from Bachem (Bubendorf, Switzerland). [1-Deamino-4-
cyclohexylalanine] arginine vasopressin (d[Cha*]AVP) (Derick et al.,
2002) is a recently synthesized selective V1b receptor agonist and HO-
Phaa-D-Tyr(Me)-Phe-Gln-Asn-Arg-Pro-Arg-NH, (VPA) is a selective
Vla receptor antagonist (Manning et al., 1992). Both were kindly do-
nated by Dr. M. Manning (Department of Biochemistry and Molecular
Biology, Medical College of Ohio, Toledo, OH). Substance P,
(sar®,met(0,) ')-substance P (sar’-SP), an NK1-selective agonist, (-
ala®)-neurokinin A(4-10) (B-ala-NKA), an NK2-selective agonist, and
succinyl-(asp b,N-me-phes)-substance P(6-11) (senktide), an NK3-
selective agonist, were purchased from Bachem. For reviews on agonists
of tachykinin receptors, see Regoli et al. (1988, 1994).
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Figure 1. Identification of pudendal motoneurons in neonate rats. A, Coronal section of the
spinal cord from a 10-d-old rat showing the immunostaining of ChAT at segmental level L6.
Pudendal motoneurons are grouped in DM and DL nuclei. The RDL, which projects to the hind-
leg, and the ventral nucleus (V), which projects to the pelvic diaphragm, are also detectable, as
are isolated immunoreactive cells scattered in the medial and dorsal central gray. B, Photomi-
crograph illustrating the Fast Dil retrograde labeling of DM motoneurons. The spinal cord sec-
tion is from a 10-d-old rat that had received an intraperitoneal injection of Fast Dil 24 h before.
The animal was fixed by intracardiac perfusion of a solution containing 4% paraformaldehyde in
0.1mPBS. Note, by comparing A and B, that Fast Dil-labeled DM nuclei are easily recognizable by
their shape and position along the midline. C, D, Identification of a recorded biocytin-loaded DM
motoneuron. (, Biocytin was visualized by treatment of the section with FITC-conjugated
streptavidin. D, The biocytin-labeled motoneuron was immunoreactive for ChAT, detected with
a (y3-conjugated secondary antibody. Scale bars: 4, 200 wm; B, D (for B-D), 100 um.

Results

Identification of motoneurons

The distribution of ChAT immunoreactivity in spinal segment L6
of a 10-d-old male rat is illustrated in Figure 1 A. Motoneurons
are strongly immunoreactive, and their location is similar to that
described at the same segmental level in the adult male rat
(McKenna and Nadelhaft, 1986). The pudendal motor nuclei
DM and DL are clearly recognizable, as are the retrodorsolateral
nucleus (RDL), which projects to hindleg muscles (Schroder,
1980), and ventral nucleus, which innervates the pelvic dia-
phragm (Schroder, 1980). Interestingly, dense bundles of immu-
noreactive processes are also evidenced between all motor nuclei,
possibly representing the anatomical substrate of functional con-
nections, as previously suggested for the adult rat (McKenna and
Nadelhaft, 1986; Peshori et al., 1995). Figure 1A also highlights
the small size of pudendal motor nuclei. As a consequence, these
nuclei cannot be easily localized in acute spinal cord slices under
infrared video microscopy. To identify motoneurons with cer-
tainty before recording, they were retrogradely labeled with a
fluorescent dye, Fast Dil, injected into the peritoneal space 1-5 d
before the experiment. This procedure resulted in a strong and
selective labeling of spinal motoneurons and preganglionic sym-
pathetic and parasympathetic neurons. Figure 1 B shows that the
labeled DM nucleus can be easily identified, with Fast Dil con-
centrated in the cytoplasm of motoneuron cell bodies.

In total, recordings were obtained from 43 DM and 21 DL
motoneurons identified by Fast Dil labeling. To further confirm
that they were motoneurons, 12 DM motoneurons were injected
with biocytin during the recording session and processed for
ChAT immunoreactivity (Fig. 1C,D). All twelve were positive for
ChAT and located within a medial ChAT-positive cell pool, iden-
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tified as the DM nucleus. For comparison, recordings were also
obtained from 21 identified nonpudendal motoneurons located
in either the RDL nucleus or lumbar motor nuclei positioned
rostrally to pudendal motor nuclei.

Effect of vasopressin on identified DM and DL

pudendal motoneurons

When recorded with K-gluconate-containing patch pipettes, DM
pudendal motoneurons had an average cell input resistance of
91 = 19 MQ) (range, 33—482 MQ); n = 23). In current clamp, they
had resting membrane potentials ranging from —70 to —50 mV
and were usually silent. Their minimal frequency of discharge,
tested by injecting depolarizing current pulses of appropriate am-
plitude (Pierson et al., 2001), ranged from 7 to 12 Hz.

The effect of vasopressin on DM motoneurons was tested on a
sample of 19 cells. In current clamp, the neuropeptide (0.1-0.5
M) caused a reversible excitation in all motoneurons tested. In
some motoneurons, which were silent in control conditions, the
depolarization generated by vasopressin was sufficient to elicit
action potential firing, the peak firing frequency being 8 = 1 Hz
(range, 5-12 Hz; n = 7) (Figs. 2, 3). The vasopressin-evoked
depolarization ranged from 7 to 15 mV and was on average 11
1 mV (n = 5). The peptide-induced depolarization persisted in
the presence of tetrodotoxin (TTX) (0.5 um) and was, on average,
11 = 3 mV (range, 4-17 mV; n = 5) (Fig. 3). This suggests that
the vasopressin effect was mainly, if not completely, postsynaptic.
In motoneurons recorded in the voltage-clamp mode (holding
potential, —55 to —75 mV), vasopressin evoked a sustained in-
ward current that ranged from 45 to 200 pA and had an average
value of 124 * 22 pA (n = 7) (Fig. 3).

The pharmacological profile of the receptors mediating the
direct effect of vasopressin on pudendal motoneurons was deter-
mined by making use of selective agonists of vasopressin and
oxytocin receptors. In DM pudendal motoneurons, the selective
V2 receptor agonist dVDAVP (1 um; n = 4) and the selective V1b
receptor agonist d[Cha*]AVP (1 uM; n = 4) were without effect
(Fig. 2). The oxytocin receptor agonist TGOT (0.1-0.5 M) was
tested on five motoneurons (three recorded in the normal perfu-
sion solution, the remaining two in the presence of TTX at 0.5
uM). TGOT did not induce any depolarization in any of these
motoneurons but slightly increased the membrane noise in some
of them (Fig. 3, second trace). In contrast, in all of these cells,
vasopressin (0.1-0.5 uMm) evoked a depolarization or action po-
tential firing.

DL pudendal motoneurons had a cell input resistance of 76 +
20 M) (range, 14-364 MQ); n = 18). The effect of vasopressin on
DL motoneurons was tested on a sample of nine cells. The neu-
ropeptide (0.2—0.5 um) caused excitation in all of them. In cur-
rent clamp, the vasopressin-induced depolarization in two mo-
toneurons was 7 and 8 mV, and the induced peak firing frequency
in three motoneurons was 8 = 2 Hz (range, 6—11 Hz). In voltage
clamp, the vasopressin-evoked inward current was 74 = 13 pA
(range, 40—120 pA; n = 5). The selective V2 receptor agonist
dVDAVP (0.5-1 um; n = 3) and the selective V1b receptor ago-
nist d[Cha*]AVP (0.5-1 um; n = 3) were without effect. In ad-
dition, the selective V1a antagonist VPA (50—100 nm) suppressed
the vasopressin response in three of three motoneurons (Fig.
4A,B).

Together, our data show that pudendal motoneurons, located
in either the DM or the DL nucleus, are directly excited by vaso-
pressin acting on Vla receptors.
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DM motoneuron
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d[Cha*]AVP
_ . —
dVDAVP
30 mV
60 s
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Figure 2.  Effect of vasopressin and of selective agonists of V1b and V2 receptors on an
identified DM pudendal motoneuron. Current-clamp records obtained in the presence of 0.1
LM vasopressin (AVP; top and bottom traces), 1 um d[Cha “JAVP (second trace), and 1 pum
dVDAVP (third trace). In this figure and in Figures 3, 4, and 638, the horizontal bar above a
voltage or current trace indicates the time during which an agonist was present in the perfusion
solution. Note that vasopressin depolarized the motoneuron and induced action potential fir-
ing, whereas neither d[Cha *JAVP, a V/1b receptor agonist, nor dVDAVP, a V2 receptor agonist,
had any effect.

Mechanism of action of vasopressin

To gain some information on the membrane mechanism respon-
sible for the excitatory effect of vasopressin in pudendal mo-
toneurons, we tested the effect of Cs *, a broad-spectrum blocker
of K™ channels. Seven DM pudendal motoneurons were re-
corded using patch pipettes filled with a Cs-methanesulfonate-
containing solution. In these motoneurons, vasopressin either
elicited a depolarization of 7 = 2 mV (range, 6—10 mV; n = 3) or
generated an inward current of 98 * 32 pA (range, 50—190 pA;
n = 4). These results indicate that Cs-sensitive K* channels
probably do not play an exclusive role in the mechanism of action
of vasopressin.

In a second set of experiments, we tested the effect of vaso-
pressin on the motoneuron current-voltage (I-V) relationship.
[-V relationships were established in the absence (control I-V)
and in the presence (test I-V) of vasopressin, added to the per-
fusion solution at 0.2—1 uMm. The following protocol was used: the
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DM motoneuron
AVP

50 mV
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TGOT

AVP

40 mV

60s

AVP
o TTX
AVP
TTX

100 pA

60 s

Figure 3.  Effect of vasopressin and of a selective oxytocin receptor agonist on an identified
DM pudendal motoneuron. Current-clamp records obtained in the presence of 0.5 and 0.1 pum
vasopressin (AVP; top and third traces, respectively), in the presence of 0.5 m vasopressin and
0.5 um TTX (fourth trace), and in the presence of 0.5 wm TGOT (second trace). The inset in the
top trace shows a detail of the membrane potential at the beginning of the vasopressin-evoked
firing. Bottom trace, Voltage-clamp recording showing the inward current elicited by vasopres-
sinat 0.5 wm, in the presence of TTX, in this same motoneuron. Note that, contrary to vasopres-
sin, TGOT, an oxytocin receptor agonist, did not induce any depolarization, although in this
motoneuron it caused a slight increase in membrane noise. Note also that the vasopressin-
induced depolarization and inward current persisted in the presence of TTX, i.e., in conditions of
synaptic uncoupling.

motoneuron was held at a depolarized potential for 0.75 s, a
hyperpolarizing voltage ramp command was then delivered (rate
230 mV/s), and the current response was recorded. The net
vasopressin-induced current was computed by subtracting the
control I-V relationship from the test I-V relationship. In two
motoneurons, recorded with K-gluconate-containing patch pi-
pettes, the net vasopressin-evoked current showed slight outward
rectification and reversed in polarity at —49 and —26 mV (Fig.
5A). In two other motoneurons, the vasopressin current was
also slightly outward rectifying but failed to reverse at any poten-
tial. In three additional motoneurons, the vasopressin current
varied linearly with the membrane potential and approached
zero at hyperpolarized potentials, i.e., at —134, —120, and —114
mV (Fig. 5B). In one motoneuron, recorded with Cs-
methanesulfonate-containing patch pipettes, the net vasopressin
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A DL motoneuron
AVP

20 mV

60 s

AVP

VPA

B DL motoneuron
AVP
100 pA

AVP 60 s

VPA

Figure 4. Effect of vasopressin and of a V1a receptor antagonist on identified DL pudendal
motoneurons. A, Current-clamp records obtained in the presence of 0.5 m vasopressin (AVP;
top trace) and in the presence of both vasopressin and 0.1 u of the V1a selective antagonist
VPA (bottom trace). B, Voltage-clamp records obtained in a second DL pudendal motoneuron.
They show the inward current evoked by vasopressin at 0.5 wum (AVP; top trace) and by vaso-
pressin coapplied with 50 nu of the V1a receptor antagonist VPA (bottom trace). Note that the
V1a receptor antagonist suppressed the vasopressin response.

current reversed in polarity at —28 mV. These data suggest that,
in some motoneurons, vasopressin acted by increasing a nonse-
lective cationic conductance, whereas in other motoneurons, it
acted via a dual mechanism, i.e., by increasing a cationic conduc-
tance and by concomitantly decreasing a resting K+ conductance.

Effect of tachykinins on identified DM and DL
pudendal motoneurons
The effect of tachykinins was tested on a sample of seven DM
pudendal motoneurons in the current-clamp mode. All of the
motoneurons responded to tachykinins. Substance P (0.1-1 um)
caused a depolarization in one motoneuron (5 mV) and elicited
action potential firing in four motoneurons (peak firing fre-
quency, 9 = 1 Hz; range, 5-10 Hz) (Fig. 6 A). In three motoneu-
rons, recorded in the presence of TTX (0.5 uM), the substance
P-evoked depolarization was 11 = 1 mV (range, 10-12 mV),
indicating that this compound acted postsynaptically.

The pharmacological profile of the receptor mediating the
effect of tachykinins in DM motoneurons was determined by
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Figure 5.  Current-voltage relationship of the vasopressin-activated current in identified
DM pudendal motoneurons. 4, B, Voltage-clamp commands were delivered as described in
Results, in both the absence (control) and presence of 0.5 pm vasopressin (AVP). The net
vasopressin-evoked current was obtained by subtraction. The motoneurons were recorded us-
ing K-gluconate-containing patch pipettes. The perfusion solution was supplemented with 0.5
M TTX. Note that, in the motoneuron in 4, the vasopressin-evoked current reversed in polarity
at approximately —49 mV, whereas in the motoneuron in B, it approached zero at approxi-
mately —120 mV.

making use of selective agonists of tachykinin receptors. The se-
lective NK1 receptor agonist sar°-SP (0.1—-0.2 M) mimicked the
effect of substance P (n = 10). In four motoneurons, it induced a
depolarization of 9 = 1 mV (range, 7-10 mV), and, in two mo-
toneurons, it elicited action potential firing (peak firing fre-
quency, 7 and 11 Hz) (Fig. 6 B). In four motoneurons recorded in
the presence of TTX (0.5 um), sar *-SP evoked a depolarization of
14 £ 3 mV (range, 5-19 mV) (Fig. 6C). The selective NK2 agonist
B-ala-NKA (0.5-1 um; n = 3) and the selective NK3 receptor
agonist senktide (0.1-0.2 uM; n = 5) were without direct effect
(Fig. 6A,B).

In the DL nucleus, substance P or sar°-SP excited all 10 tested
motoneurons. Substance P (0.2—0.5 uM) caused a depolarization
in two motoneurons (10 mV in both cases) and induced action
potential firing in three motoneurons (peak firing frequency, 1, 3,
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A DM motoneuron
SP
40 mV
60 s
B-ala-NKA
B DM motoneuron
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C DM motoneuron
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20 mV
60 s
Figure6. Effect of tachykinin receptor agonists on identified DM pudendal motoneurons. 4,

Current-clamp records obtained in the presence of 1 m substance P (SP; top trace) and in the
presence of 1 um B-ala-NKA (bottom trace). B, Current-clamp records obtained in a second
motoneuron, in the presence of 0.1 m sar°-SP (top trace), and in the presence of 0.1 pm
senktide (bottom trace). C, Current-clamp recording obtained in a third motoneuron in the
presence of 0.2 um sar *-SP. The perfusion solution was supplemented with 0.5 wm TTX. Note
that the effect of substance P was mimicked by sar°-SP, a selective NK1 receptor agonist,
whereas B-ala-NKA and senktide, selective agonists of NK2 and NK3 receptors, respectively,
were without effect. Note also that the effect of the NK1 receptor agonist persisted in the
presence of TTX, i.e., in conditions of synaptic uncoupling.

and 4 Hz). sar®-SP (0.2—-0.5 um) elicited action potential firing
(10 = 2 Hz; range, 3-16 Hz; n = 5) (Fig. 7) or evoked, in the
presence of TTX (0.25 um), a depolarization of 17 = 2 mV
(range, 10-20 mV; n = 5) (Fig. 7). B-ala-NKA (0.5 um; n = 8)
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DL motoneuron

20 mV

100 s

sar®-SP

B-ala-NKA

senktide
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Figure7.  Effect of tachykinin receptor agonists on an identified DL pudendal motoneuron.
Current-clamp records obtained in the presence of 0.5 uum sar*-SP (top trace), 0.5 um B-ala-
NKA (second trace), 0.5 wumsenktide (third trace), and sar °-SP again, but now with 0.25 um TTX
added to the perfusion solution (bottom trace). Note that only sar °-SP, an NK1 receptor agonist,
was effective in exciting the motoneuron and that its effect persisted in the presence of TTX.

and senktide (0.5 uM; n = 7) were without direct effect (Fig. 7). In
some pudendal motoneurons (located in either the DM or DL
nucleus), senktide caused an increase in membrane noise. This
effect was indirect, because it was never observed in the presence
of TTX.

Together, our data indicate that pudendal motoneurons, lo-
cated in either the DM or the DL nucleus, were directly excited by
tachykinins acting on NKI1 receptors.

Effect of tachykinins on identified

nonpudendal motoneurons

Recordings were performed in motoneurons innervating the
hindleg, i.e., in six RDL motoneurons and in 15 lumbar mo-
toneurons located rostrally to pudendal motoneurons. The data
obtained in these two sets of motoneurons were similar and were
pooled. They had a cell input resistance of 42 * 15 M{) (range,
9-226 M{); n = 15). Substance P (0.1-0.5 uMm) caused a depo-
larization in four motoneurons (11 * 2 mV; range, 6-16 mV)
and elicited action potential firing in six motoneurons (peak fir-
ing frequency, 10 * 2 Hz; range, 3—15 Hz). The selective NK1
receptor agonist sar’-SP (0.1-0.5 um) mimicked the effect of
substance P. In three motoneurons, it induced a depolarization of
16 = 6 mV (range, 10—25 mV), and, in 10 motoneurons, it elic-
ited action potential firing with a peak frequency of 19 = 2 Hz
(range, 6-21 Hz) (Fig. 8A,B). In five additional motoneurons,
recorded in the presence of TTX (0.25 um), sar’-SP evoked a
depolarization of 14 = 3 mV (range, 6-20 mV) (Fig. 8 B). The
selective NK2 receptor agonist 3-ala-NKA (0.2-0.5 um; n = 10)
and the selective NK3 receptor agonist senktide (0.2—0.5 uM; n =
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30s
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Figure8. Effect of tachykinin receptor agonists on identified RDL and lumbar motoneurons.
A, Current-clamp records obtained in an RDL motoneuron in the presence of0.5 wumsar *-SP (top
trace), 0.5 um B-ala-NKA (second trace), 0.5 um senktide (third trace), and sar®-SP again
(bottom trace). B, Current-clamp records obtained in a lumbar motoneuron in the presence of
0.5 jam sar°-SP in control conditions (top trace) and after adjunction of 0.25 um TTX to the
perfusion solution (bottom trace). Note that sar °-SP, an NK1 receptor agonist, caused excitation
of the motoneuron, whereas 3-ala-NKA and senktide, NK2 and NK3 receptor agonists, respec-
tively, did not. Note also that the effect of the NK1 receptor agonist persisted in the presence of
TTX and that senktide caused a slight increase in membrane noise.

10) were without direct effect (Fig. 8 A). In some motoneurons,
the NK3 receptor agonist senktide caused an increase in mem-
brane noise (Fig. 8 A, third trace). This effect was indirect, be-
cause it was never observed in the presence of TTX.
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In conclusion, nonpudendal motoneurons located in either
the RDL nucleus or lumbar motor nuclei are directly excited by
tachykinins acting on NK1 receptors.

Discussion

Pharmacology of vasopressin and tachykinin effects on
pudendal motoneurons

The present data show that spinal motoneurons located in the
DM and DL nuclei can be powerfully excited by vasopressin and
tachykinins. Despite their anatomical segregation and functional
specialization, DM and DL pudendal motoneurons appear to
possess a similar sensitivity to these compounds.

The action of vasopressin was attributable to activation of Vla
but not V1b, V2, or oxytocin receptors. Our electrophysiological
data are in good agreement with autoradiographic data showing
the presence, in pudendal nuclei of male rats, of high-affinity
vasopressin binding sites of the V1a type (Tribollet et al., 1997;
Liu et al., 2003). The fact that vasopressin exerts a direct excita-
tory action on pudendal motoneurons indicates that the binding
sites detected by autoradiography are at least in part localized on
pudendal motoneurons and represent functional receptors.

We could not evidence any direct effect of TGOT, a selective
oxytocin receptor agonist, on pudendal motoneurons. However,
in some of them, TGOT caused an increase in membrane noise,
probably attributable to enhanced synaptic input. A synaptically
mediated inhibitory effect of vasopressin or oxytocin in lumbar
motoneurons and in hypoglossal motoneurons has been charac-
terized previously (Palouzier-Paulignan et al., 1994; Liu et al,,
2003; Reymond-Marron et al., 2005).

The excitatory action of tachykinins on pudendal motoneu-
rons was mediated exclusively by NK1 receptors. Although the
pharmacological profile of substance P binding sites present in
rat pudendal nuclei has not been characterized (Charlton and
Helke, 1985), several morphological studies indicate that spinal
nonpudendal as well as brainstem motoneurons express pre-
dominantly NK1, rather than NK2 or NK3, receptors (for review,
see Rekling et al., 2000). However, the expression of tachykinin
receptors in motoneurons varies during development. Thus, up
to 10 d of age, a majority of tachykinin binding sites present in the
ventral horn of the lumbar spinal cord are of the NK3 type (Be-
resford et al., 1992). The apparent discrepancy between these
morphological data and our electrophysiological findings could
be explained by postulating that NK3 receptors are absent from
or weakly expressed in motoneurons but may be present on pre-
motor cells. Accordingly, we found that, in some motoneurons,
an NK3-selective agonist could elicit an increase in membrane
noise. This effect was indirect, because it was undetectable in the
presence of TTX and was probably attributable to an agonist-
induced increase in synaptic activity.

Comparison with nonpudendal motoneurons
Recently, we characterized the action of vasopressin on lumbar
motoneurons, which innervate the hindleg and are located at
spinal segments rostral to those containing pudendal motoneu-
rons (Liu et al., 2003). We found that, in young rats, vasopressin
directly excited lumbar motoneurons. This effect was mediated
by V1a but not V1b or V2 receptors. Vasopressin also enhanced
the GABAergic and glycinergic input to motoneurons by exciting
inhibitory premotor neurons.

In the present study, we investigated the responsiveness to
tachykinins of motoneurons innervating the hindleg and located
in either the RDL nucleus or lumbar motor nuclei. These mo-



10724 - J. Neurosci., October 18, 2006 - 26(42):10717-10726

toneurons were excited by either substance P or an NK1 receptor
agonist. This effect was postsynaptic, because it persisted in the
presence of TTX, i.e., in conditions of synaptic uncoupling. In
contrast, NK2 and NK3 receptor agonists were ineffective in elic-
iting any direct response. It has been reported by others that
tachykinins can induce depolarization or generate an inward cur-
rent in nonpudendal spinal motoneurons or in brainstem mo-
toneurons (Konishi and Otsuka, 1974; Otsuka and Yanagisawa,
1980; Fisher and Nistri, 1993; Fisher et al., 1994; Ptak et al., 2000;
Yasuda et al., 2001).

Together, our data indicate that pudendal motoneurons and
motoneurons innervating the hindleg share a common sensitiv-
ity to vasopressin and tachykinins. Our study was performed in
developing motoneurons, at a stage at which pudendal motoneu-
rons do not yet express androgen receptors (Jordan et al., 1997).
Are pudendal motoneurons from adults also responsive to vaso-
pressin and tachykinins? In adult male rats, pudendal motor nu-
clei contain vasopressin and tachykinin binding sites (Charlton
and Helke, 1985; Tribollet et al., 1997), a fact that contrasts with
what is found in other spinal motor nuclei and brainstem motor
nuclei, in which these binding sites are detectable in neonate but
not in adults (Quirion and Dam, 1986; Tribollet et al., 1991,
1994). This suggests that pudendal motoneurons of adults can be
excited by vasopressin and tachykinins. A direct demonstration
would require recording from adult motoneurons. Unfortu-
nately, this is a very difficult task. For reasons that are not yet
clear, adult mammalian motoneurons survive poorly in vitro.
Despite various attempts to overcome this difficulty, such as dis-
section in Na " -free medium (Aghajanian and Rasmussen, 1989),
coculture with muscle cells (Gueritaud and Seyfritz, 1992), or
adjunction of neurotrophic factors to culture media (Hanson et
al., 1998), no efficient technology allowing the systematic survival
of adult motoneurons in vitro is presently available.

Mechanism of action of vasopressin

[-V relationships suggest that, in some pudendal motoneurons,
vasopressin acted by enhancing a nonselective cationic conduc-
tance. In some other motoneurons, it probably exerted a dual
effect: it enhanced a cationic conductance and, concomitantly, it
suppressed a resting K™ conductance. We could not find any
evidence that vasopressin could act solely by suppressing a K™
conductance. Indeed, (1) the vasopressin response persisted in
motoneurons loaded with Cs, a nonspecific blocker of K™ chan-
nels; (2) in motoneurons in which the peptide-induced current
was a linear function of membrane potential, zero current level
was attained at potentials much more negative than the K * equi-
librium potential, Ey, which, in our conditions, was —85 mV.

A mechanism involving both a cationic conductance and K™
conductance has been proposed for the excitatory action of vaso-
pressin in spinal lateral horn neurons and lumbar motoneurons
of neonate rats (Kolaj and Renaud, 1998; Oz et al., 2001). In facial
and hypoglossal motoneurons of young rats, vasopressin was
found to exert its excitatory action mainly, if not exclusively, by
increasing a persistent, voltage-dependent cationic conductance
(Raggenbass et al., 1991; Alberi et al., 1993; Palouzier-Paulignan
et al.,, 1994).

In the present study, we did not address the membrane mech-
anism by which tachykinins excited pudendal motoneurons. Pre-
vious studies suggest that blockade of a K * conductance may be
involved. In neonatal lumbar motoneurons, the substance
P-evoked depolarization was attributable to the suppression of a
Ba *-sensitive K* conductance (Fisher and Nistri, 1993). In
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phrenic motoneurons and in hypoglossal motoneurons, NK1 re-
ceptor activation induced membrane depolarization, or evoked
an inward current, by inhibiting a resting K™ current (Ptak et al.,
2000; Yasuda et al., 2001). In hypoglossal motoneurons, this ex-
citatory effect was at least in part mediated by the two-pore do-
main K channel TASK-1 (TWIK-related acid-sensitive K™
channels) (Talley et al., 2000). Additional studies are needed to
determine whether similar tachykinin-induced changes in mem-
brane permeability take place in pudendal motoneurons.

Possible origin of peptidergic innervation of

pudendal motoneurons

Electrolytic lesion studies and retrograde tracing studies indicate
that, in the rat and the cat, specific projections to pudendal motor
nuclei originate from various brain areas, including the paraven-
tricular hypothalamic nucleus (Holstege and Tan, 1987; Wagner
and Clemens, 1991; Monaghan et al., 1993). At least part of the
spinal projection arising from the paraventricular nucleus is va-
sopressinergic (Wagner and Clemens, 1993; Hallbeck and
Blomgqyvist, 1999), suggesting that vasopressin-containing axons
originating from the hypothalamus contact pudendal motoneu-
rons. In the cat, pudendal motoneurons are also contacted by
substance P-containing axons (Tashiro et al., 1989a). The major-
ity of them are of intraspinal origin and originate probably from
neurons located around the central canal, at the level of Onuf’s
nucleus (Tashiro et al., 1989b). Thus, pudendal motoneurons
appear to be the target of a dual peptidergic control. One is of
central origin and is mediated by vasopressin, and one is of local
origin and is mediated by tachykinins.

Functional considerations

In contrast to spinal motoneurons innervating the trunk and
limb muscles and to brainstem motoneurons, virtually nothing is
known about the pharmacological properties of pudendal mo-
toneurons, and the present study is to our knowledge the first to
address this issue. Our data indicate that vasopressin and tachy-
kinins can regulate the activity of pudendal motoneurons. By
modifying the intrinsic bioelectrical properties of motoneurons,
vasopressin and tachykinins can modulate their input—output
relationship (Hultborn and Kiehn, 1992; Pierson et al., 2001) and
act as regulators of muscular force. These compounds can thus
influence eliminative functions of the bladder and intestine as
well as sexual function by facilitating the activity of striated per-
ineal muscles. In humans, lesion of structures controlling the
activity of pudendal motoneurons can have devastating conse-
quences. Knowing how neurotransmitters/neuromodulators in-
fluence pudendal motoneuron activity may be relevant in view of
shaping strategies for the pharmacological control of alterations
of eliminative and sexual functions observed in case of spinal
cord injury or neurological diseases.
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