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The development of motor networks in the spinal cord is partly activity-dependent. We have observed receptor-mediated excitatory
effects of two peptides, arginine vasopressin (AVP) and oxytocin (OXT), on motor network activity in the neonate. With the use of an en
bloc in vitro preparation of mouse spinal cord (2–3 d old), which either was isolated completely or had muscles of the hindlimb left intact,
we show that the bath application of AVP or OXT can evoke an increase in population bursting of motoneurons recorded from the lumbar
ventral roots. By using antagonists for AVP and OXT, we found that these peptides were binding primarily to V1a and OXT receptors,
respectively. Western blot analysis revealed a 48 kDa V1a and a 55 kDa OXT receptor immunoreactive band that was expressed in tissue
obtained from L1–L6 sections of spinal cord. AVP, but not OXT, could, on occasion, evoke sustained periods of locomotor-like activity. In
addition, when we applied AVP or OXT in combination with a 5-HT2 agonist, bouts of locomotor-like activity could be observed in a
majority of preparations. Collectively, these data point to a novel role for AVP and OXT in the activation of spinal motor networks.
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Introduction
During the first 3 postnatal weeks rodents show a gradual expres-
sion of motor behaviors such as weight-bearing locomotion and
postural reflexes (Clarac et al., 1998). These developmental
changes in motor performance are accompanied by the expres-
sion of transient inappropriate synapses (Seebach and Ziskind-
Conhaim, 1994), the maturation of descending pathways that
control posture and locomotion (Clarac et al., 1998), and the
transient upregulation of multiple receptor types for fast classical
(GluR1, NMDA, AMPA, GABA) (Kalb et al., 1992; Ma et al.,
1994; Jakowec et al., 1995; Stegenga and Kalb, 2001; Inglis et al.,
2002) and peptidergic (V1a and oxytocin) neurotransmitters
(Tribollet et al., 1989, 1991; Reiter et al., 1994).

A general consensus is emerging that in diverse systems of the
brain, including the hippocampus (Ben Ari, 2001), spinal cord
(O’Donovan et al., 1998) and retina (Feller, 1999), activity plays
an important role in the normal development of networks. A
novel way in which spinal networks could be activated perinatally
is by the neurohypophysial peptides arginine vasopressin (AVP)
and oxytocin (OXT). In the adult rat most oxytocinergic and
vasopressinergic fibers in the spinal cord originate in the para-
ventricular hypothalamic nucleus (PVN) (Swanson and McKel-
lar, 1979; Hawthorn et al., 1980; Sawchenko and Swanson, 1982;

Hallbeck and Blomqvist, 1999; Motawei et al., 1999; Hallbeck et
al., 2001). Fibers from the PVN arrive in the thoracic spinal cord
before birth and in the lumbar spinal cord of the neonatal rat at
postnatal day 2 (P2) (Leong et al., 1984; Kudo et al., 1993; Lakke,
1997). In principle, these peptides are ideally placed to influence
spinal network activity. In the neonatal rat spinal cord both AVP
and OXT binding sites are expressed densely, declining in num-
ber at approximately the time of weaning at P21 (Tribollet et al.,
1989, 1991; Liu et al., 2003). These receptors appear to be func-
tional, because both of these peptides have a variety of electro-
physiological actions in the neonatal spinal cord (Suzue et al.,
1981; Kolaj and Renaud, 1998; Oz et al., 2001; Liu et al., 2003).
OXT depolarizes sympathetic preganglionic neurons (Sermasi
and Coote, 1994; Desaulles et al., 1995) and modulates glutama-
tergic transmission between cultured dorsal horn neurons (Jo et
al., 1998). AVP depolarizes nearly all lateral and ventral horn
neurons tested in neonatal rat spinal cord slices (Kolaj and
Renaud, 1998; Oz et al., 2001), consistent with the widespread
expression of receptors reported to exist at this time (Tribollet et
al., 1991; Reiter et al., 1994; Liu et al., 2003).

The proliferation of receptors within the spinal cord through-
out the neonatal period suggests that OXT and AVP may activate
or modulate network activity. In this study we make use of an
isolated mouse spinal cord preparation (Whelan et al., 2000) to
examine the functional effects of AVP and OXT on spinal net-
works. We demonstrate that AVP or OXT, alone or in concert
with other neuromodulators, can activate networks of neurons to
generate locomotor-like activity in the neonatal spinal cord. This
suggests a possible new role for AVP and OXT in the developing
motor network of the neonatal spinal cord.

Part of this work has been presented in abstract form (Pearson
et al., 2002).
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Materials and Methods
Procedures were approved by the University of Calgary Animal Care
Committee. Experiments were performed on Swiss Webster mice
(Charles River Laboratories, Wilmington, MA) 2–3 d old (P2–P3;
weight, 1.80 –3.60 gm; n � 81). The animals were anesthetized by hypo-
thermia. Animals were decapitated rapidly and eviscerated; the remain-
ing tissue was placed in a dissection chamber filled with oxygenated (95%
O2/5% CO2) low-calcium, high-magnesium, artificial CSF [ACSF; con-
centration (in mM):128 NaCl, 4 KCl, 0.1 CaCl2, 2 MgSO4, 0.5 NaH2PO4,

21 NaHCO3, 30 D-glucose] kept at 4°C throughout the dissection. A
ventral laminectomy exposed the cord, and the ventral and dorsal roots
were cut. The spinal cord was transected at T1–T3 and S2–S3 and gently
removed from the vertebral column. The ACSF containing the isolated
spinal cord was allowed to warm up to room temperature; the prepara-
tion was transferred to the recording chamber and superfused with oxy-
genated ACSF [concentration (in mM): 128 NaCl, 4 KCl, 1.5 CaCl2, 1
MgSO4, 0.5 NaH2PO4, 21 NaHCO3, 30 D-glucose]. Then the bath solu-
tion was heated gradually from room temperature (�20 –22°C) to 27°C.

In some experiments we recorded from the common peroneal (CP)
nerve or hindlimb muscles [tibialis anterior (TA) and/or quadriceps
and/or triceps surae (TS)]. In these preparations a ventral laminectomy
was performed to the level of S3. The spinal cord was transected at the
level of T5–T7, and the dorsal and ventral roots were cut up to T12. The
cord was removed from the vertebral column to T13, and nonspinal cord
tissue rostral to T12 was discarded. We then performed a dorsal laminec-
tomy from T13 to S1–S3. Then the sciatic nerve along with the CP nerve
was freed for nerve recordings, or the hindlimb muscles were exposed for
electromyogram (EMG) recordings.

Electrophysiological recordings. Population motoneuron bursting ac-
tivity was recorded with plastic suction electrodes into which segmental
L2 and L5 ventral roots were drawn. Generally, recordings were made
from two roots from each spinal cord preparation. For locomotor stud-
ies, neurogram recordings also were obtained from L2 and L5 segmental
ventral roots. In selected experiments electroneurogram (ENG) record-
ings from the CP nerve were obtained by using suction electrodes
(Whelan et al., 2000). EMG recordings were obtained from the hindlimb
muscles by inserting bipolar platinum–iridium fine wires (50 �m diam-
eter) into the muscle belly or by using suction electrodes attached to the
muscle. Electrophysiological recordings were amplified (1000 –20,000
times for ENG; 500 –5000 times for EMG), bandpass-filtered (100 Hz–1
kHz), and digitized at 2 kHz (Axon Instruments Digidata 1320, Union
City, CA) for future analysis.

General protocol. The preparations were allowed to equilibrate in the
recording chamber for �1 hr. Then 10 min of control baseline activity
was recorded in the presence of oxygenated ACSF; either OXT or AVP
(Bachem, Torrance, CA) was added (bath concentration, 0.3–300 nM), to
determine dose–response relationships. The selective nonpeptide V1a re-
ceptor antagonist SR 49059 (300 nM; Sanofi-Synthelabo, Toulouse,
France) and the selective peptide OXT receptor antagonist [d(CH2)5

1,
Tyr (Me) 2, Thr 4, Orn 8, des-Gly-NH2

9]-vasotocin (300 nM; Bachem)
were used. The antagonists were used at 10 times the concentration of the
agonist.

Where the antagonists were used, first a response to 30 nM of the
peptide agonist was recorded. Then 50 min later the antagonist was ap-
plied at a concentration of 300 nM, 5 min before the agonist was reap-
plied. The agonist was applied for 5 min and finally washed out with
ACSF.

In experiments in which the 5-HT2 receptor agonist �-methyl-5-
hydroxytriptamine (�-m-5-HT; Sigma, St. Louis, MO) was used with
AVP or OXT, 0.5–1.0 �M �-m-5-HT was added to the bath first and left
for 30 min for the effects to stabilize. These concentration ranges did not
evoke locomotor-like activity alone. Then 50 nM AVP or 100 nM OXT was
added to the bath, and the responses were recorded. In control experi-
ments the preparation was left in the presence of 0.5 �M �-m-5-HT for 1
hr, and no AVP or OXT was added.

Data analysis. Data were rectified digitally, integrated, and then ana-
lyzed by using custom written programs (MatLab, MathWorks, Natick,
MA). A ratio method was used to compare the responses obtained after

drug addition with control conditions 5 min before drug addition. The
effects of AVP or OXT on locomotor-like activity were quantified via
time series analysis. Time series analysis was performed by taking inter-
vals of 60 sec of raw data, rectifying the data, applying a low-pass filter,
and resampling at 100 Hz. Means were subtracted from the processed
data and smoothed further with a digital filter (Savitzky-Golay, third-
order polynomial operating over 13 points). Cross- and autocorrelo-
grams then were calculated, and the quality of the rhythm was assessed by
measuring the correlation coefficients for L2 right (L2 R) and L2 left (L2
L) ventral root bursts and the L2 L and L5 L ventral root bursts. The cycle
periods for the resultant rhythm were calculated by measuring the num-
ber of lags (each lag � 50 msec) from one peak to the next from the
autocorrelogram (see Fig. 6). The phase delay between ventral root bursts
was obtained from the cross-correlogram and was defined as the number
of lags from lag 0 to the next positive peak, converted to seconds, and
divided by the cycle period (obtained from the autocorrelograms; see Fig.
6). Data were expressed as the mean � SEM and analyzed by paired and
unpaired Student’s t tests if the data were distributed normally. If data
were not distributed normally, the data were analyzed with a Wilcoxon
Signed Rank test. Multiple data points were analyzed with a one-way
ANOVA, followed by a Tukey post hoc test to detect significant
differences.

Protein extraction. Animals at P3 (n � 3) were anesthetized as previ-
ously described, decapitated, and eviscerated to expose the descending
aorta. Animals were perfused through the descending aorta with low-
calcium, high-magnesium ACSF cooled to 4°C. The lumbar spinal cord
was exposed by ventral laminectomy from L1 to L6, snap-frozen in liquid
nitrogen, and stored at �80°C until use. The spinal cord fragment was
put in lysis buffer [containing (in mM): 20 MOPS, 4.5 Mg (C2H3O2)2, 150
KCl plus 1% Triton X-100] supplemented with protease inhibitor tablets
(Roche Diagnostics GmbH, Mannheim, Germany) plus 1 mM sodium
vanadate (Sigma) and 500 �M phenyl-methyl-sulfonyl-fluoride (Boehr-
inger Mannheim, Indianapolis, IN). After mechanical dissociation of the
tissue, the protein levels were assayed by using a bicinchoninic acid pro-
tein assay (Pierce Rockford, IL). The proteins then were put in a sample
buffer composed of 125 mM Tris-HCl (Sigma), 3% SDS (Bio-Rad Labo-
ratories, Richmond, CA), 20% glycerol (Sigma), bromophenol blue (Sig-
ma), 20% �-mercaptoethanol (BDH Chemicals, Poole, UK), boiled for 5
min, and stored at �20°C until Western blot analysis.

Western blot analysis. Proteins (15 �g/well) were separated on 10%
SDS-PAGE with constant current of 30 mA/gel, using gels that were 1.2
mm thick. Molecular weight markers (Bio-Rad) were used in each indi-
vidual gel. At the end of separation, the proteins were transferred onto
nitrocellulose membrane for 2 hr under a constant current (1.2 mA/cm 2

of gel surface), using a transfer buffer containing 20% methanol, 50 mM

Trizma base (Sigma), 40 mM glycine (Sigma), 0.04% SDS (Bio-Rad).
Membranes then were incubated for 2 hr at room temperature with 10%
fat-free milk in Tris-buffered saline containing Tween-20 (TBS-T) com-
posed of 20 mM Trizma-base (Sigma), 0.15 M sodium chloride, 0.1%
polyoxyethylene-sorbitan monolaurate (Sigma). A well characterized
rabbit V1a receptor antibody (1 �g/ml; Chemicon, Temecula, CA)
(Hurbin et al., 2002; Clerget-Froidevaux and Pittman, 2003) or OXT
receptor antibody (5 �g/ml; RDI, Flanders, NJ) (Mukaddam-Daher et
al., 2002) were used. After 2 hr of incubation with the primary antibody
the membrane was washed with TBS-T and incubated with goat anti-
rabbit IgG conjugated with horseradish peroxidase (1:4000) (Santa Cruz
Biotechnology, Santa Cruz, CA) for 1 hr at room temperature. A chemi-
luminescence substrate was applied to the membrane (ECL Kit, Amer-
sham Biosciences, Buckinghamshire, UK), and protein bands were visu-
alized with Kodak X-OMAT film (Eastman Kodak, Rochester, NY).

Results
General remarks
Bath application of either OXT or AVP caused an increase in the
bursting discharge recorded from lumbar ventral roots (L2–L5)
in all of the spinal cords that were tested [n � 33 (AVP), 24
(OXT)]. The amplitude of the rectified discharge reached a peak
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between 1 and 6 min after drug application and declined in am-
plitude before washout.

EMG responses
To establish that somatic motoneurons were being activated,
EMGs were recorded from the TA (n � 8), quadriceps (n � 5), or
TS muscles (n � 2), or in preliminary experiments ENG dis-
charge was recorded from the CP nerve (n � 3; data not shown).
These experiments used an in vitro spinal cord preparation in
which a single hindlimb was left attached. In the majority of cases
the bath application of 300 nM–1 �M AVP (8 of 9) or OXT (5 of 7)
caused an increase in the burst discharge recorded from both the
L4/L5 ventral roots and the hindlimb EMGs (quadriceps, TA, and
TS). An example is shown in Figure 1 in which EMG responses
were recorded from the TS (ankle extensor) and TA (ankle flexor)
muscles by using implanted fine-wire electrodes. The onsets of
the hindlimb EMG responses after the application of AVP (Fig.
1A) or OXT (Fig. 1B) were at times delayed respective to the
onset of the ventral root response. Although differences in the
bursting behavior of individual muscles could be detected (Fig.
1Aii,Bii), generally, the bath application of either peptide caused
tonic bursting similar to activity from ventral roots. As can be
appreciated from Figure 1, A and B, the overall onset and dura-
tion of the EMG responses closely matched the ventral root re-
sponses. Preliminary experiments (n � 3) in which neurogram
responses from the CP nerve were recorded after the bath appli-
cation of either OXT or AVP showed increases in discharge sim-
ilar to the EMG recordings. For the remainder of the experiments
we used an isolated spinal cord preparation in which neurogram
recordings were obtained from the ventral roots. The viability of
these isolated preparations is greater than the leg-attached prep-
aration; thus they were better suited for experiments in which
more complicated protocols were called for.

Dose–response
Bath-applied AVP or OXT produced a dose-dependent increase
in population bursting activity recorded from ventral roots (Fig.
2). Response latency varied from 30 sec to 3 min, depending on
the preparation and the concentration of bath-applied peptide.

Responses were quantified by calculating the integrated re-
sponse for 5 min before (baseline) and after application of the
peptide (response) and taking a ratio of these two values. We first
determined whether sequential doses of the peptides could be
applied to the cord without desensitization. Preliminary experi-
ments (n � 5 AVP; n � 3 OXT) revealed that successive applica-
tions of peptide, if separated by a washout time of 50 min, re-
sulted in identical responses. All experiments thus were
performed with a minimum of 50 min latency between any suc-
cessive peptide or drug application. Figure 3 illustrates the mean
increase in response ratios for both AVP and OXT calculated
from L2 ventral root data. A significant increase in response ratios
was obtained when concentrations of 30 nM AVP or greater were
applied to the bath (ANOVA, p � 0.001; n � 5–7 preparations
per concentration; Fig. 3A). Responses recorded from the L5 ven-
tral root were qualitatively similar (data not shown), except that
greater concentrations of drug (� 100 nM) were required to pro-
duce a significant increase in ventral root discharge (ANOVA,
p � 0.001; n � 5–7).

Increasing the bath concentration of OXT produced a signif-

Figure 1. Recordings from ventral roots and muscle show that the bath application of AVP
and OXT can lead to increases in burst discharge. Raw EMG recordings obtained from the triceps
surae (TS) and tibialis anterior (TA) and neurogram recordings from contralateral L5 after bath
application of 1 �M AVP (Ai) or OXT (Bi) correspond to the increase in discharge recorded from
the contralateral ventral root. Aii, Bii, Expanded view of the data in Ai and Bi showing a tonic
discharge pattern that was generally recorded. Aiii, Biii, Rectified and low-pass-filtered (5 Hz
Gaussian) traces of Aii and Bii. Data in A and B are from separate preparations. EMG data were
obtained from an in vitro spinal cord preparation with a single hindlimb attached.

Figure 2. A 5 min bath application of AVP and OXT increases neuronal activity in a dose-
dependent manner. Ai–Biii, Raw neurogram data showing bursting discharge from the L2
ventral root (top traces) and rectified and low-pass-filtered (5 Hz Gaussian) data (bottom trac-
es). Ai–Aiii, Traces show the increase in bursting activity after the bath application of 3 nM (Ai),
30 nM (Aii), and 300 nM (Aiii) AVP. Bi–Biii, Traces show the increase in bursting activity after the
bath application of 3 nM (Bi), 30 nM (Bii), or 300 nM (Biii) OXT.
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icant increase in the L2 ventral root bursting across concentra-
tions (ANOVA, p � 0.05; n � 5–7) although the post hoc differ-
ences between individual groups were not significant; however, a
significant post hoc increase was observed in the L5 ventral root
response ratios (� 100 nM; ANOVA, p � 0.001; n � 6 – 8). EC50

values for AVP and OXT were similar for the L2 and L5 ventral
roots (AVP, 13 and 79 nM from L2 and L5, respectively; OXT, 50
and 35 nM from L2 and L5, respectively).

Antagonist experiments
In the next series of experiments we tested whether the AVP and
OXT were binding to V1a and OXT receptors, respectively, by
testing their specific antagonists SR 49059 and [d(CH2)5

1, Tyr
(Me) 2, Thr 4, Orn 8, des-Gly-NH2

9]-vasotocin. The antagonists
had no effect on baseline activity for AVP (V1a receptor antago-
nist: L2, p � 0.2, paired t test; L5, p � 0.7, paired t test; n � 25)
and OXT (OXT receptor antagonist: L2, p � 0.3, Wilcoxon
Signed Rank test; L5, p � 0.07, paired t test; n � 10), suggesting
that the receptors have no intrinsic effect on bursting and that
endogenous ligands were not affecting baseline spontaneous ac-

tivity. Figure 4Ai shows that the ventral root bursting responses
evoked after the bath application of AVP were decreased signifi-
cantly in the presence of the V1a receptor antagonist (L2, p � 0.05;
L5, p � 0.005; n � 12). Although these data suggest that most of
the response is being generated by AVP binding to the V1a recep-
tor, it does not rule out the possibility that AVP also binds to OXT
receptors, because the two peptides are relatively similar in struc-
ture. Blockade of OXT receptors did not reduce the response
elicited with AVP (L2, p � 0.1; L5, p � 0.07; n � 4) significantly,
suggesting a lack of cross-reactivity with OXT receptors (Fig.
4Aii). However, because the L5 data are slightly above signifi-

Figure 3. Dose–response curves for bath-applied AVP and OXT. A, Dose–response curve for
AVP recorded from the L2 ventral root (concentration range, 0.3–300 nM). B, Dose–response
curve for OXT recorded from the L2 ventral root (concentration range, 1–300 nM). Response
ratios for A and B were calculated as a ratio of integrated response activity to integrated baseline
activity, each integrated over 5 min. The number of preparations used to calculate the mean is
shown in parentheses; the error bars indicate SE. Fifth-order polynomial curves were fit to
the data.

Figure 4. AVP and OXT bind to the V1a and OXT receptors, respectively. Ai, Effects of the bath
application of 30 nM AVP (black bar; top trace) alone on the L2 ventral root neurogram and in the
presence of 300 nM V1a receptor antagonist (SR 49059; bottom trace). Bar graph shows that the
response ratio amplitude is reduced significantly in the presence of V1a antagonist (n �12; p �
0.05). Aii, Effect of the bath application of 30 nM AVP alone (top trace) on the bursting activity
and in the presence of 300 nM OXT receptor antagonist [d(CH2 )5

1, Tyr (Me)2, Thr 4, Orn 8, des-
Gly-NH2

9]-vasotocin (bottom trace); bar graph illustrates the mean response ratio data (n � 4;
p � 0.4). Bi, Top trace shows the effect of the addition of 30 nM OXT alone and in the presence
of 300 nM of the OXT receptor antagonist (bottom trace); bar graph illustrates the mean re-
sponse ratio data (n � 6; p � 0.05). Bii, Top trace shows the bursting activity after the bath
application of 30 nM OXT alone and in the presence of 300 nM of the V1a antagonist (bottom
trace); bar graph illustrates the mean response ratio data (n � 10; p � 0.115). Error bars
indicate SE. All neurogram data are recorded from the L2 ventral root. Asterisks indicate statis-
tical significance.
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cance ( p � 0.07), we are restricting these conclusions to the L2
data.

The response ratios after the bath application of OXT were
decreased significantly in the presence of the OXT receptor an-
tagonist (Fig. 4Bi; L2, p � 0.01; L5, p � 0.01; n � 6). We found no
significant decreases in the OXT-generated response after the
administration of a V1a receptor antagonist, suggesting that at
these doses there was no appreciable cross-reactivity of OXT with
V1a receptors (Fig. 4Bii; L2, p � 0.1; L5, p � 0.1; n � 10). Collec-
tively, these data argue that both AVP and OXT are producing
their effects by binding predominantly to V1a and OXT receptors,
respectively.

Expression of V1a and OXT receptors
As shown in Figure 5, specific immunoreactive bands for both
V1a and OXT receptors are present in protein extracts of the
lumbar spinal cord of the P3 mouse. Two V1a bands were ob-
served, one of �48 kDa and a fainter band of �96 kDa. The
additional band at 96 kDa may be attributable to dimerization of
the receptor. An OXT receptor-specific band (OXT-R) was ob-
served with a molecular weight of �55 kDa (Fig. 5). Collectively,
these data demonstrate that V1a and OXT receptors are expressed
in the neonatal mouse lumbar spinal cord.

Effects of AVP and OXT on motor rhythms
One of the goals of this study was to examine whether AVP or
OXT could activate spinal cord networks that generate rhythmic
activity. In seven of 33 preparations a transient rhythmic bursting
pattern was evoked after the bath application of AVP (10 –30 nM).
In these seven preparations rhythmic bursting was present in L2
ventral root neurograms (mean cycle period, 1.44 � 0.12 sec). In
two of these seven cases AVP application led to the appearance of
alternating bursting patterns in the L2 and L5 ventral root neu-
rograms (Fig. 6; cycle periods for L2 and L5 were 1.34 � 0.23 and
1.35 � 0.19 sec). The minimum cross-correlation coefficient was
�0.25 � 0.06, which occurred at 1 lag (0.05 sec) past the zero lag
point. The L5 burst was phase-delayed by 0.47 � 0.05 with re-

Figure 5. Western blot analysis of lumbar spinal cord tissue from P3 mice results in two
bands immunoreactive to V1a receptor antibody (V1a-R) with apparent molecular weights of
�48 and �96 kDa (left arrowheads). Immunoblotting with OXT receptor antibody (OXT-R)
produced a band with an apparent molecular weight of �55 kDa (right arrowhead).

Figure 6. The bath application of AVP can elicit bouts of rhythmic bursting. A, Alternating
pattern of rhythmic bursting recorded from the ipsilateral L2 and L5 ventral roots after the bath
application of 30 nM AVP. B, Rectified and smoothed data from A. Bottom traces show expanded
portion of the trace indicated by the box. Ci, Autocorrelogram (AC) from the data in A. The cycle
period (CP) was calculated as illustrated; AC max provides a measure of the stability of the
rhythm indicated by the correlation coefficients (corr coef). Cii, Ciii, Cross-correlograms of data
in A. Cii, PL is the phase lag in bursting between the two roots. Ciii, Taking the maximum point,
cross-correlation maximum (CC max), across 50 lags and subtracting it from the minimum
point, cross-correlation minimum (CC min), produces the cross-correlation difference (CC diff)
that is a measure of the stability of the alternating rhythm. See Results for details.
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spect to the L2 ventral root burst, indicative of locomotor-like
activity (Whelan et al., 2000). In the remaining five preparations
no rhythmic bursting pattern was apparent in L5 ventral root
neurograms. We never recorded long bouts of rhythmic dis-
charge from either L2 or L5 ventral roots after the bath applica-
tion of OXT.

Rhythmogenic compounds are often more effective when
used in combination with each other (Bracci et al., 1998; Jiang et
al., 1999). In light of this we tested the hypothesis that AVP can
elicit bouts of alternating activity if combined with concentra-
tions of a serotonergic agonist that are subthreshold for activating
network rhythmicity. �-m-5-HT, a 5-HT2 receptor agonist, was
bath-applied for 30 min before the application of AVP. �-m-
5-HT was unable to elicit sustained bouts of rhythmic activity
from the segmental L2 or L5 ventral roots (Fig. 7B) at the con-
centration (0.5 �M) used in this study. Concurrent bath applica-
tion of AVP (50 nM) resulted in the development of transient
alternating bursting discharge between the segmental L2 roots
and the ipsilateral L2 and L5 ventral roots (Fig. 7C) in four of six
preparations. The rhythm decayed within 10 min after the bath
application of AVP (Fig. 7D). Time series analyses techniques
were used to quantify the appearance of stable alternating
rhythms. Auto- and cross-correlograms were calculated for every
minute of data, starting 5 min before the addition of AVP and 10
min after, for a total of 15 min. To quantify the appearance of a
coupled alternating rhythm, we took the cross-correlation coef-
ficient difference (CC diff) over 50 lags, starting from lag 0 (Fig.
6Ciii). The CC diff was calculated by subtracting the maximum
from the minimum correlation coefficient for each of the 15
cross-correlograms (Fig. 6). Mean values for each of the 15 values
then were calculated (Fig. 8; n � 4 preparations). This analysis
shows that at 2 min after the administration of AVP the rhythms
expressed the greatest degree of alternation (Fig. 8Ai,Bi).

We examined the properties of the rhythm for each prepara-
tion at the times in which the value of CC diff reached a minimum
(Fig. 8Aii,Bii). The CC min value, the minimum correlation co-
efficient, was �0.66 � 0.06, occurring 1.75 lags (0.09 sec) past the

0 lag point (Fig. 8Aiii). The L2 L and R bursts were phase-delayed
by 0.52 � 0.01. The CC min value between the L2 L and the L5 L
was �0.69 � 0.05, occurring 1 lag (0.05 sec) past the 0 lag point
(Fig. 8Biii). The L5 L and L2 L bursts were phase-delayed by
0.50 � 0.01. Phase values close to 0.5 between bursts from ipsi-
lateral L2 and L5 and segmental L2 ventral roots are a signature of
locomotor-like activity (Whelan et al., 2000). The autocorrela-
tion values that reflect the stability of the rhythm were 0.51 � 0.1,
0.45 � 0.13, and 0.54 � 0.06 for the L2 R, L2 L, and L5 L neuro-
grams, respectively. The cycle periods for the L2 L, L2 R, and L5 L
bursts were 1.5 � 0.2, 1.6 � 0.2, and 1.6 � 0.2 sec, respectively
(Fig. 8Aiii,Biii; n � 4).

OXT also was tested in combination with subthreshold con-
centrations of �-m-5-HT (1 �M) that did not generate a stable
locomotor-like rhythm (Fig. 9B). Application of 100 nM OXT
elicited episodic bouts of locomotor-like rhythmicity, which
peaked 2 min after application of OXT, in three of five prepara-
tions (Fig. 9C) and degraded rapidly over the course of 10 min
(Fig. 9D). The response differs from that seen in experiments
with AVP and �-m-5-HT, because episodic bouts of rhythmicity
were produced, and the coupling between the segmental and ip-
silateral rhythms was not as strong. The stability of rhythms was
quantified in the same way as the AVP and �-m-5-HT data, using
time series analysis for the 5 min before and 10 min after OXT
application. The stability of the coupled alternating rhythm plot-
ted as CC diff (see above) was greatest 2 min after applying OXT
(Fig. 10Ai,Bi). Again the properties of the rhythm were examined
at this point for each preparation (Fig. 10Aii,Bii). The CC min
value for L2 R and L2 L was �0.38 � 0.07, which occurred 2.3 lags
(0.12 sec) past the 0 lag point (Fig. 10Aiii), and the bursts were
phase-delayed by 0.56 � 0.02. The CC min value between L2 L
and L5 L was 0.06 � 0.10, occurring 1.3 lags (0.07 sec) after the 0
lag point, and the bursts were phase-delayed by 0.44 � 0.03. The
autocorrelation values were 0.54 � 0.05, 0.55 � 0.08 and 0.73 �
0.02 for the L2 R, L2 L, and L5 L, respectively. The cycle periods
for the L2 L, L2 R, and L5L bursts were 1.7 � 0.3, 1.7 � 0.3, and
1.5 � 0.2 sec, respectively (Fig. 10Aiii,Biii).

Discussion
In the neonatal rat it has been reported that AVP and OXT can
depolarize motoneurons, interneurons, and preganglionic neu-
rons in the spinal cord, leading to increased spike activity (Suzue
et al., 1981; Kolaj and Renaud, 1998; Oz et al., 2001; Liu et al.,
2003). A key question is whether widespread activation of these
spinal neurons can produce functional motor effects. Using an en
bloc preparation of the isolated mouse spinal cord, we show that
the bath application of AVP produces widespread multi-
segmental activation of spinal neurons that can activate networks
capable of producing rhythmic activity. Furthermore, when AVP
or OXT and �-m-5-HT are bath-applied, a combinatorial in-
crease in the expression of rhythmic behavior occurs. Our results
demonstrate that AVP and OXT can facilitate patterned motor
behavior either independently or in cooperation with other
neuromodulators.

OXT and AVP can activate somatic motoneurons
Several lines of evidence suggest that the majority of the peptide-
induced bursting behavior recorded from the lumbar ventral
roots is a product of somatic motoneuronal spike activity. First,
the bath application of OXT and especially AVP led to an increase
in EMG discharge from the TA, TS, and quadriceps. Similarly,
increases in the bursting discharge recorded from the common
peroneal nerve (a motor nerve) occurred after the administration

Figure 7. AVP can interact with a 5-HT2 agonist to produce bouts of locomotor-like rhyth-
micity. A, Spontaneous patterns of bursting recorded from the segmental L2 and L5 ventral
roots (raw neurogram data). B, Bath application of 5-HT2 receptor agonist to the bath (0.5 �M

�-m-5-HT) for a period of 30 min produced an increase in discharge but did not evoke bouts of
rhythmic activity. C, Concurrent application of AVP (50 nM) to the bath produced a locomotor-
like rhythmic pattern. D, Deterioration of the rhythmic pattern 10 min after the bath application
of AVP. All data were obtained from the same preparation.
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of both peptides. Second, rhythmic alternating bursts of dis-
charge were observed after the administration of AVP, a phe-
nomenon associated with activation of muscles (Whelan et al.,
2000). Finally, in neonatal rat slices the bath application of AVP
increased the frequency of spikes recorded from identified mo-
toneurons in the ventral horn (Oz et al., 2001; Liu et al., 2003).
Collectively, these data suggest that �-motoneurons are being
activated by OXT and AVP acting on OXT and V1a receptors,
respectively.

Our data do not exclude the possibility that preganglionic
neurons, which also project to the ventral root, contribute to the
population bursting activity. Indeed, on the basis of data from
neonatal rat slice preparations, we consider this a likely possibility
(Ma and Dun, 1985; Kolaj and Renaud, 1998). Nevertheless, al-
though the data on neonatal mice are limited, retrograde labeling
of L2 ventral roots suggests that the majority of projections is
from somatic motoneurons (Bonnot et al., 2002). This also is
reflected by the widespread activation of muscles with different
functions [quadriceps (knee extensor), TA (ankle flexor), TS (an-
kle extensor)] by bath application of either OXT or AVP.

Activation of motor networks
Several neuromodulators and/or neurotransmitter agonists in-
duce or modulate rhythmic activity in the isolated spinal cord
preparation of the neonatal rodent. These include 5-HT, dopa-

Figure 8. Summary data quantifying the transient rhythmogenic effect of bath-applied AVP
with �-m-5-HT (n � 4 for each). A, Data from segmental L2 ventral roots. Ai, Plot of the CC diff
(see Fig. 6 and Results) calculated in serial 60 sec intervals from the segmental L2 ventral root
data. Note the decrease in the correlation coefficient after the addition of AVP to the bath,
followed by an increase. This reflects the establishment of an alternating segmental pattern of
bursting, followed by its decay. Aii, Bar graph quantifies the stability of the alternation and

Figure 9. OXT can interact with a 5-HT2 receptor agonist to evoke bouts of alternating
activity. A, Spontaneous activity recorded from right and left L2 and L5 ventral roots. B, Bath
application of 5-HT2 agonist to the bath (1 �M �-m-5-HT) for a period of 30 min produced some
increase in discharge, but no bouts of rhythmic activity. C, Serial application of OXT (100 nM) to
the bath resulted in frequent periods of rhythmic activity. D, The periods of rhythmic activity
decreased in regularity and length over time, there being no coordinated rhythmic pattern 10
min after OXT application. All data were obtained from the same preparation.

4

rhythmicity between segmental L2 roots at the minimum values of CC diff for each preparation
(i.e., peak rhythmicity). CC min is the mean correlation coefficient at the first trough of the
cross-correlogram. AC refers to the autocorrelation coefficients recorded at the first peak after
the zero lag point for both roots. Aiii, Bar graph; CP L2 R and CP L2 L refer to the mean cycle
period time of the right and left ventral roots, respectively. PL is the mean phase lag (expressed
in sec) between the left and right L2 bursting patterns. B, Data recorded from the left L2 and L5
ventral roots. Bi, The stability of the alternating L2 and L5 rhythm peaks at the same time as the
segmental L2 data. Bii, Bar graph summarizes the stability of the alternation and rhythmicity.
Biii, Bar graph displays mean cycle period and phase delay data for the L2 and L5 ventral roots.
Error bars indicate SE.

10160 • J. Neurosci., November 5, 2003 • 23(31):10154 –10163 Pearson et al. • Control of Motor Networks by Neurohypophysial Peptides



mine, NMDA, tachykinins, acetylcholine, and noradrenaline
(Cazalets et al., 1992; Barthe and Clarac, 1997; Cowley and
Schmidt, 1997; Bracci et al., 1998; Kiehn et al., 1999). Although
bath-applied AVP could, on occasion, evoke bouts of locomotor-
like rhythmicity, it more often resulted in tonic activity. Con-
versely, when AVP was bath-applied in combination with a
5-HT2 agonist, coordinated locomotor-like bursts were recorded
in a majority of preparations. One explanation for the combined
effectiveness of the AVP/�-m-5-HT mixture may be attributable
to the putative location for the central pattern generator (CPG)
within the ventral portion of the spinal cord (Kjaerulff and Kiehn,
1996; Wilson et al., 2003). Because 5-HT2a receptors appear to be
localized within the ventral horn (Pompeiano et al., 1994), 5-HT2

receptor agonists would be expected to activate preferentially the
neurons comprising the CPG. In contrast, V1a receptors are ex-
pressed ubiquitously throughout the spinal cord (Tribollet et al.,
1991), and bath-applied AVP likely depolarizes a majority of neu-
rons in the spinal cord (Oz et al., 2001). The activity of neurons
lying outside the CPG could destabilize the network and may
account for the relatively low number of preparations in which
the bath application of AVP led to the production of rhythmic
activity. On the other hand, neurons within the CPG may be
“primed” by the application of subthreshold amounts of 5-HT2

receptor agonists. Serial application of AVP may depolarize a
significant population of neurons within the CPG and allow
emergent network properties to be expressed. Further experi-
ments that use intracellular recording techniques will be neces-
sary to test these ideas.

In contrast with AVP, the bath application of OXT did not
evoke bouts of coordinated activity. However, OXT could inter-
act with 5-HT2 receptor agonists to produce locomotor patterns,
suggesting that it can cause depolarization of sufficient interneu-
rons comprising the CPG. However, the periods of locomotor
activity were episodic and not sustained as with AVP. One possi-
bility is that OXT less effectively depolarizes neuronal elements of
the CPG as compared with AVP. Differential effectiveness of the
two peptides has been observed in lateral horn cells in which the
bath application of OXT produced significantly smaller mem-
brane depolarizations as compared with AVP (Kolaj and Renaud,
1998). Oz et al. (2001) found that, of the motoneurons they
tested, few responded to OXT receptor agonist, and Suzue et al.
(1981) found that the depolarization elicited by OXT was far
more sensitive to TTX than that produced by AVP, suggesting
lower expression of OXT receptors on motoneurons. In agree-
ment with Renaud and colleagues (Kolaj and Renaud, 1998; Oz et
al., 2001), the bath application of OXT produced smaller in-
creases in burst discharge.

Endogenous source of peptides
Although our study has provided functional evidence for AVP
and OXT receptors in the neonatal mouse spinal cord, we have no
knowledge as of yet whether they are activated normally in vivo.
Potential sources of endogenous AVP and OXT in the developing
mouse spinal cord have yet to be explored, but in the neonatal rat
there is evidence of fibers from the PVN reaching the thoracic

Figure 10. Summary data quantifying the transient rhythms generated in the presence of
�-m-5-HT and OXT (n � 3). A, Data from segmental L2 ventral roots. Ai, Plot of the CC diff,
calculated in serial 60 sec intervals (as in Fig. 8). Note the decrease in the correlation coefficient
after the addition of OXT, reflecting the establishment of a rhythmic pattern. Aii, Bar graph
quantifies the stability of the alternation and rhythmicity at the minimum values of CC diff (i.e.,
peak rhythmicity; see Fig. 8 for details). Aiii, Bar graph; CP L2 R and L2 L refers to the mean cycle
period (in sec) of the right and left ventral roots, respectively. PL is the mean phase lag (in sec)

4

between the L2 R and L2 L bursting patterns. B, Data recorded from the L2 L and L5 L ventral
roots. Bi, The stability of the alternating rhythm peaks at the same time as the segmental L2
data. Bii, Bar graph quantifies the stability of the alternation and rhythmicity at the minimum
values of CC diff. Biii, Bar graph displays mean cycle period and phase lag data for the L2 and L5
ventral roots. Error bars indicate SE.
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cord before birth and the lumbar cord by P2 (Leong et al., 1984;
Kudo et al., 1993; Lakke, 1997), although it is not known whether
these contain AVP or OXT. In the adult there are known AVP and
OXT projections to autonomic regions within the spinal cord
from the PVN and suprachiasmatic nucleus (AVP only) (Buijs,
1978; Nilaver et al., 1980; Sawchenko and Swanson, 1982; Hall-
beck and Blomqvist, 1999; Motawei et al., 1999; Puder and Papka,
2001). On the other hand, there are alternative ways in which
AVP or OXT may enter the extracellular space of the spinal cord
and activate neurons. In neonatal mice the blood– brain barrier is
not formed fully, and AVP or OXT in the blood could cross a
leaky blood– brain barrier (Vorbrodt et al., 1986) and depolarize
neurons. However, it is unclear whether hormonal blood con-
centrations would be high enough to produce functional effects.
Another possibility is that AVP/OXT could be secreted into the
neonatal CSF, as has been observed in adult rats (Dogterom et al.,
1977).

Overexpression of receptors in the spinal cord:
functional role?
An overexpression of receptors combined with the relatively
high-input resistance of developing motoneurons (Vinay et al.,
2000) may be partly responsible for the production of spontane-
ous network activity (see Introduction), thought to play a role in
fine-tuning circuits (Katz and Shatz, 1996). Although we have
concentrated on the discussion of locomotor-like activity evoked
by AVP and OXT, these peptides could participate equally in the
generation of spontaneous activity in the neonatal mouse spinal
cord (Whelan et al., 2000). Given the widespread effects of AVP
and OXT on motor output in the en bloc preparation, it will be
important to test whether chronic blockade of V1a and OXT re-
ceptors impairs motor development.

It is worth noting that some neurotransmitters and peptides
act as trophic agents during development (Behar et al., 1994). For
example, AVP and/or OXT have/has been shown to promote
neurite outgrowth from cultured neurons obtained from the ven-
tral spinal cord (Ikeda et al., 1989; Iwasaki et al., 1991) and from
cultured neurons obtained from supraoptic nucleus (Chevaleyre
et al., 2002). Furthermore, overexpressed receptors can interact
with traditional neurotrophic factors to increase the plasticity of
spinal circuits. For instance, neurotrophin-3 (NT-3) interacts
with AMPA/kainate receptors on motoneurons to increase syn-
aptic strength in neonatal rats but loses the capability to do this
when AMPA and NMDA receptor levels decrease (Arvanov et al.,
2000). One possibility for this interaction involves NT-3, causing
an increased activation of NMDA receptors leading to down-
stream phosphorylation of AMPA receptors.

Conclusions
This study illustrates for the first time the dramatic effects of
neurohypophysial peptides on motor behavior in en bloc neona-
tal mouse preparations. AVP can trigger bouts of locomotor-like
activity, suggesting that it can directly activate the neurons that
are members of spinal motor networks. This is in contrast to the
mainly autonomic roles these peptides play in adult animals
(Pittman et al., 1982; Riphagen and Pittman, 1985, 1989; Malpas
and Coote, 1994; Pandita et al., 1998; Giuliano and Rampin,
2000). Clearly, we need to perform experiments that examine the
developmental function of these receptors by using in vivo neo-
natal animals. Equally important is discovering the endogenous
source of these peptides in the neonatal spinal cord.
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