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The basic neuronal networks generating coordinated rhythmic
motor activity, such as left–right alternate limb movement during
locomotion in mammals, are located in the spinal cord. In rat
fetuses, the spatial pattern of the rhythmic activity between the left
and right sides is synchronous at and shortly after rhythmogenesis
before the pattern becomes alternate by birth. The neuronal
mechanisms underlying these developmental changes in the left–
right coordination were examined in isolated spinal cord prepara-
tions. Calcium imaging of commissural neurons at the early fetal
stages revealed that the intracellular Ca2� concentration of the
commissural neurons was elevated by bath-application of
5-hydroxytryptamine (5-HT) in synchrony with the simultaneously
recorded rhythmic activity of the ventral root, suggesting that the
commissural neurons mediate the left–right coordination of the
rhythmic activity from onset of the rhythmogenesis. Using a lon-

gitudinal split-bath setup, we show that the synchronicity in pat-
tern of the rhythmic activity is the result of excitatory connections
being formed via commissural neurons between the rhythm-
generating networks located in the left and right spinal cord.
During this period, such connections were found to be mediated
by excitatory synaptic transmission via GABAA receptors. When
the pattern of rhythmic activity became left–right alternate at later
fetal stages, these connections, still via GABAA receptors, were
mediating reciprocal inhibition between the two sides. Nearer
birth, glycine receptors took over this role. Our results reveal the
nature of the neuronal mechanisms forming the basis of the
left–right coordination of rhythmic motor activity during prenatal
development.

Key words: GABAA receptor; commissural neuron; locomo-
tion; development; spinal cord; rat fetus; imaging

Glycine and GABA have been known to be major inhibitory
neurotransmitters in the mammalian spinal cord (Davidoff and
Hackman, 1983; Young and MacDonald, 1983). In the neuronal
networks generating motor activity, these amino acids provide
the fast synaptic inhibition that is essential for coordination
between antagonistic muscles and between left and right limbs
(Cowley and Schmidt, 1995; for review, see Kiehn et al., 1997).
However, because GABA and glycine may transiently have a
depolarizing or excitatory action both in the immature spinal cord
(Wu et al., 1992; Nishimaru et al., 1996) and in other parts of the
CNS (Ben-Ari et al., 1989; Ehrlich et al., 1999), their functional
roles in developing spinal networks are not yet fully understood.

Coordinated movements of the left and right limbs are one of the
main features of locomotor activity in quadrupeds and bipeds. The
basic motor patterns underlying rhythmic limb movements during
locomotion in these animals are generated by neuronal networks
located within the spinal cord (for review, see Grillner, 1975, 1985).
One experimental model used extensively to study this network is
the isolated spinal cord preparation taken from neonatal rats
(Kudo and Yamada, 1987; Smith and Feldman, 1987; Cazalets et
al., 1992; Kiehn and Kjaerulff, 1996). Bath application of various
neuroactive substances, including 5-hydroxytryptamine (5-HT), to

this preparation can induce reciprocal rhythmic activity in the left
and right hindlimb muscles, or in the lumbar ventral roots, that
resembles the natural locomotor activity seen in these animals.
Studies using such preparations have revealed that the principal
elements of the network generating these highly coordinated pat-
terns are formed during the fetal period (for review, see Nishimaru
and Kudo, 2000). However, at the time of onset of coordinated
rhythmic activity (a week before birth in rats), a synchronized
pattern can be observed between the left and right sides that is
distinct from the pattern seen in the neonatal spinal cord (Ozaki et
al., 1996; Iizuka et al., 1998). The nature of the neuronal mecha-
nisms underlying this synchronized pattern remains unclear, as
does the way it develops.

Here we demonstrate that from the time of onset of the
rhythmic activity, commissural neurons sending their axons
through the ventral commissure connect the rhythm-generating
networks located in the left and right sides of the spinal cord. Our
results indicate that during this period, the synchronized rhyth-
mic activity between the two sides is generated by excitatory
transmission mediated by GABAA receptors. However, the func-
tional role of GABAergic synaptic transmission changes from
excitatory to inhibitory in parallel with the change in pattern from
left–right synchronous to left–right alternate. Finally, after the
pattern has become alternate, glycinergic synaptic transmission
becomes the major inhibitory component in this commissural
pathway.

Parts of this study have been published previously in abstract
form (Nakayama et al., 2001a).

MATERIALS AND METHODS
Isolated spinal cord preparation. All experiments were performed with the
approval of the Animal Research Committee of the University of
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Tsukuba, which operates in accordance with Japanese Governmental
Law (No. 105). Experiments were performed on fetal Wistar rats aged
between embryonic day (E) 15.5 and 20.5 and newborn rats aged post-
natal day 0. The day on which spermatozoa were found in the female rat’s
vaginal smear was taken as E0.5. The gestation period was usually 22.5 d.
The spinal cord was obtained as described previously (Nishimaru et al.,
1996). In brief, pregnant rats were deeply anesthetized with ether and
then decapitated. Fetuses were removed by Cesarean section and decap-
itated. They were then eviscerated in a dissection chamber filled with
ice-cold oxygenated (95% O2 � 5% CO2) Krebs’ solution of the follow-
ing composition (in mM): NaCl 118.4, KCl 4.69, CaCl2 2.52, MgSO4 1.25,
NaHCO3 25.0, KH2PO4 1.18, D-glucose, 11.1. The spinal cord was
isolated from the lower thoracic or upper lumbar to the sacral level.

Ventral root recording. The spinal cord was obtained together with the
left and right ventral roots of the lumbar segments. The isolated spinal
cord was placed in a recording chamber and pinned down to the silicone-
rubber floor with the ventral side upward. All experiments were per-
formed under a constant flow (3–5 ml/min) of Krebs’ solution at room
temperature (24–26°C). The lumbar ventral roots on the left and right
sides were incorporated into glass suction electrodes. The motor activity
in the ventral roots was amplified using AC-coupled amplifiers (gain: 10
k; bandpass filter: 15 Hz-3 kHz; Nihon Kohden, Tokyo, Japan). All
recordings were stored on a magnetic tape using a PCM data recorder
(Sony, Tokyo, Japan) for off-line analysis. Raw records and integrated
records (0.5 sec time constant) were monitored using a thermal array
printer (Nihon Kohden).

Retrograde labeling of commissural neurons. The dorsal commissure of
the dissected lumbar spinal cord was split, and the cord was immersion
fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 1–2
d. Small crystals of the lipophilic tracer 1,1�-dioctadecyl-3,3,3�,3�-
tetramethylindocarbocyanine perchlorate (DiI; Molecular Probes, Eu-
gene, OR) were placed on the ventral horn on one side of L1 segment for
labeling of commissural neurons with ascending axons (see Fig. 3E). The
preparations were then returned to the fixative and incubated at 37°C for
35–80 d. After this incubation, the preparations were washed with
phosphate buffer and then sectioned on a Vibratome (Series 1000;
Technical Products International, St. Louis, MO) at 100 �m for inspec-
tion of serial sections. The number of 100-�m-thick sections was four to
five per spinal segment. Photomicrographs were taken of selected sec-
tions using Fujichrome 400 ASA film (Fuji Film, Tokyo, Japan). Selected
transparencies were scanned into Adobe Photoshop (version 5.0; Adobe
Systems, Mountain View, CA) in a Power Macintosh computer (Apple
Computers, Cupertino, CA) by way of a Polaroid SprintScan 35 (Po-
laroid, Cambridge, MA). Images were taken of all sections using a CCD
camera (Olympus, Tokyo, Japan) and a Power Macintosh computer. The
number of cells was counted using these images.

Calcium imaging of commissural neurons. To label the commissural
neurons with calcium-sensitive dye, Calcium Green-1 AM (Molecular
Probes; 50 �g) was dissolved in dimethyl sulfoxide (5 �l) containing
Pluronic F-127 (30 �g) and then dispersed in Krebs’ solution (10 �l)
(Koshiya and Smith, 1999). The isolated lumbar spinal cord was
transected at the mid-lumbar level using a rotating-blade slicer (Ro-
torslicer; Dosaka, Kyoto, Japan). The Calcium Green-1 AM solution was
microinjected by way of a glass pipette (10 �m tip diameter) inserted via
the transected surface into the motor nucleus contralateral to the side to
be imaged (see Fig. 4 A). Calcium Green-1 AM will diffuse along axons
and retrogradely label the cell bodies of contralateral commissural neu-
rons (see Fig. 4 A). After incubation for 7–15 hr, the spinal cord was
placed in the recording chamber. We visualized Calcium Green-labeled
neurons using an inverted microscope (IX70; Olympus) fitted with a 75
W xenon lamp, optical filters (excitation filter, 475–495 nm; emission
filter, 515–550 nm), and either a dry objective [20�, 0.75 numerical
aperture (NA); Olympus] or a water-immersion objective (40�, 1.15 NA;
Olympus). Fluorescence images were captured into an intensified CCD
camera (Photonic Science, Robertsbridge, UK). The fluorescence inten-
sity of labeled commissural neurons was recorded simultaneously with
ventral root recordings (see Fig. 4C); the fluorescence intensity was
imaged using Quanti Cell 700 (Applied Imaging, Newcastle, UK). Im-
ages were acquired at a frequency of 1 Hz.

Longitudinal split-bath preparation. The isolated lumbar spinal cord,
with the dorsal commissure cut, was set into a split-bath recording
chamber (see Fig. 5A). In the split-bath chamber, a latex membrane
served as a way of separating the left and right sides. The spinal cord was
fixed, with the ventral surface upward, through a narrow slit made in this
latex wall (see Fig. 5A). Motor activity was recorded from the left and

right ventral roots in each case. At the end of the experiment, the
effective separation of the two half-chambers was confirmed by adding
Fast Green FCF (Merck KGaA, Darmstadt, Germany) to the solution
that perfused one side and looking for leakage to the contralateral
half-chamber.

Data analysis. The coupling strength between the left and right side
after lesions and pharmacological treatment was analyzed using circular
statistics (Batschelet, 1981; Kjaerulff and Kiehn, 1996). The phase values
of 10 left-side burst onsets from each preparation were calculated with
regard to right-side onsets, and the values were plotted on a circle
representing the interval of possible phases from 0 to 1. The phase values
0 and 1 are equivalent and reflect synchrony, whereas 0.5 is equivalent to
alternation. The mean phase and the measure r, which describes the
concentration of phase values around the mean, were shown by the vector
originating from the center of the circle. Using the Rayleigh test
(Batschelet, 1981), we determined whether the concentration r of phases
around the mean was sufficiently high to state that coupling was present.
The coupling was considered significant when the Rayleigh test resulted
in p � 0.001. Multisample testing of the angles was performed using the
Watson-Williams test (Batschelet, 1981) to compare between the result-
ant mean phase values; p � 0.001 was taken to indicate significance.

Data in calcium imaging and bath separation are given as mean � SE.
The significance of differences was determined using a Student’s t test;
p � 0.01 was taken to indicate significance.

RESULTS
Bath application of 5-HT induced rhythmic activity in the lumbar
ventral roots at and after E14.5. As shown in integrated records,
the pattern of 5-HT-induced rhythmic activity between the left
and right lumbar ventral roots was synchronous at E14.5–16.5
(Fig. 1A, E16.5) before becoming alternate by E18.5–20.5 (Fig.
1B, E20.5).

Pathways coordinating left–right motor activity at the
early fetal stages
To examine the pathways responsible for synchronizing rhythmic
activity between left and right during the early fetal period, the
effects of lesions of the dorsal and ventral commissure were
examined at E15.5. After mid-sagittal lesion of the dorsal spinal
cord (Fig. 2A) along the whole rostrocaudal extent of the isolated
spinal cord, rhythmic activity could still be induced in both left
and right ventral roots. Moreover, the synchronicity between the
two sides was not changed by the lesion (n � 5) (Fig. 2B). On the
other hand, after mid-sagittal lesion of the ventral spinal cord
(Fig. 2A) along the whole rostrocaudal extent of the isolated
spinal cord, rhythmic activity could still be observed, but the two
sides were uncoupled (n � 5) (Fig. 2C), suggesting that there are
independent neuronal networks generating rhythmic activity, one
on each side of the spinal cord.

Activity of commissural neurons during
rhythmic activity
The above results also suggest that spinal neurons that send their
axons to the contralateral side through the ventral commissure
(i.e., commissural neurons) are crucial for the coordination of
rhythmic activity between left and right sides of the spinal cord
during the early fetal period. We labeled such commissural neu-
rons by placing crystals of DiI unilaterally on the ventral horn of
the isolated spinal cord at E15.5–16.5. DiI-labeled commissural
neurons were observed up to the L6 segment (21–24 sections, 100
�m thickness). Figure 3A shows a transverse section of a spinal
cord labeled in this way. The cell bodies of commissural neurons
were located in the medial (Fig. 3B) and lateral (Fig. 3C) parts of
the intermediate zone and in the medial part of the ventral horn
(Fig. 3D). The cell bodies of all the labeled commissural neurons
in one preparation were plotted in the transverse plane (Fig. 3F).
Approximately 90% of these cell bodies were located in the
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medial part of the intermediate zone and the medial part of the
ventral horn. Similar results were obtained in all six preparations
examined.

To examine whether these commissural neurons are involved in
coordinating rhythmic activity between the left and right sides of
the spinal cord, we used a calcium-imaging technique to visualize
the activity of commissural neurons at E16.5. Calcium Green-1
AM, a membrane-permeant calcium-sensitive dye, was injected
unilaterally into the ventral horn, from where it was taken up by
axons and transported retrogradely to cell bodies of commissural

neurons on the opposite side (Fig. 4A). These cell bodies were
localized mainly in the medial part of the intermediate zone and
in the medial part of the ventral horn (Fig. 4B), a location similar
to that of the DiI-labeled commissural neurons (Fig. 3F), indi-

Figure 1. Pattern of rhythmic activity induced by 5-HT in left and right
lumbar ventral roots of fetal rat spinal cord. Nerve discharges recorded
simultaneously from the left and right lumbar ventral roots (top traces)
and their integrals (bottom traces) at E16.5 (A) and E20.5 (B) are shown.
The rhythmic activity was induced by 1 �M 5-HT at E16.5 and by 20 �M
5-HT at E20.5. The pattern of the 5-HT-induced rhythmic activity was the
same at all concentrations (1–30 �M) examined.

Figure 2. Effects of lesions of dorsal and ventral commissures on 5-HT-
induced rhythmic activity at E15.5. A, Schematic drawing of the lesion of
the dorsal commissure (top arrow) and ventral commissure (bottom ar-
row). B, Ventral root discharges induced by 1 �M 5-HT before (top traces)
and after (bottom traces) lesion of the dorsal commissure in a single
preparation. C, Ventral root discharges induced by 1 �M 5-HT before (top
traces) and after (bottom traces) lesion of the ventral commissure in a
single preparation. B, C, Right panels show phase lags between the left and
right sides. The circular plot is based on 10 phase values from each
preparation. Data from five tested preparations were pooled and dis-
played as the left–right circular phase diagram. There were no significant
differences among the five preparations.
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cating that the neurons labeled by Calcium Green-1 AM and
those labeled using DiI form part of the same population of cells.
Figure 4, D and E, shows representative Calcium Green-labeled
commissural neurons observed on the side opposite the dye-
injected side. Fluorescence intensity, which indicates intracellular
free Ca2� concentration ([Ca2�]i), in labeled neurons was mea-
sured simultaneously with recordings of ventral root activity.
Bath application of 5-HT (1 �M) induced a rhythmic [Ca2�]i

elevation in �80% of labeled neurons (mean 80.4 � 1.7%; 214
cells, 7 preparations). This rhythmic [Ca2�]i elevation was syn-
chronous with the motoneuronal activity (Fig. 4F). These results
suggest that these commissural neurons are candidates for the
neurons sending signals from the rhythm-generating network on
one side to the other side of the spinal cord, and thus they are

likely to mediate the left–right coordination of the 5-HT-induced
synchronous rhythmic activity seen in the spinal cord at the early
fetal stages.

Commissural inputs from one side of the spinal cord
to the contralateral motoneurons
We hypothesized from the above result that the commissural
neurons in question activate the rhythm-generating network on
the contralateral side. To examine this hypothesis, the rhythm-
generating network on one side of the E15.5 spinal cord was
excited selectively using a longitudinal split-bath setup (Fig. 5A),
which was developed by Kjaerulff and Kiehn (1997), and the
effects evoked on the opposite side were observed by means of
ventral root recording. In this setup, the only connection between

Figure 3. Commissural neurons retrogradely
labeled with DiI. A–D, Fluorescent light-
microscope photographs taken from transverse
sections of the lumbar spinal cord at E15.5. A,
Cell bodies of commissural neurons were la-
beled on the side (lef t) contralateral to the
DiI-injected side (right). B–D, Commissural
neurons located in the medial (B) and lateral
(C) parts of the intermediate zone and in the
medial part of the ventral horn ( D) are shown.
Arrowheads and arrows show, respectively, cell
bodies of commissural neurons and axons
crossing to the contralateral side. E, The dye-
injection site is shown in the horizontal plane
(top) and in the transverse plane (bottom). To
label only the commissural neurons crossing
the ventral commissure, the dorsal commissure
was cut. To prevent nonspecific diffusion of DiI,
one segment was cut away on the contralateral
side before placement of DiI. Crystals of DiI
were placed in the hatched area. F, Location of
all the labeled commissural neurons in a prep-
aration at E16.5. Cell bodies are shown by open
circles in the transverse plane. Scale bars: A–D,
F, 100 �m.
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the two half-chambers is via the ventral commissure. When 5-HT
(1 �M) was applied to one side of the spinal cord, synchronous
rhythmic activity was induced in the ventral roots of both sides
(n � 10) (Fig. 5B). The rhythmic activity induced on the 5-HT-
free side was blocked by perfusion of Ca2�-free Krebs’ solution
to that side (n � 5) (Fig. 5C), indicating that the activity was
evoked by synaptic inputs from the 5HT-applied side. Moreover,
removing Ca2� from the 5HT-applied side abolished the syn-
chronous activity on both sides (n � 3) (Fig. 5C). These obser-
vations indicate that commissural neurons receive synaptic inputs
from the rhythm-generating network on the ipsilateral side and
mediate them via synaptic transmission to the other side, which
should play an important role in synchronizing the rhythmic
activity between the left and right side. These results also suggest
that inputs from the commissural neurons are capable of gener-
ating rhythmic activity on the contralateral side. To examine the
effect of direct stimulation of the commissural neurons on the

contralateral rhythm-generating network, we used muscimol, a
GABAA receptor agonist that can strongly depolarize and excite
spinal neurons during this period (Reichling et al., 1994; Li et al.,
1998; Kulik et al., 2000). It has been shown that in the presence of
tetrodotoxin (TTX), activation of GABAA receptors induces
[Ca 2�]i elevation via the voltage-dependent calcium channel in
neurons in the slices of immature rat CNS, including neonatal
Purkinje cells (Eilers et al., 2001), neonatal hippocampal neurons
(Leinekugel et al., 1995), and fetal lumbar motoneurons (Kulik et
al., 2000). In the isolated spinal cord preparation (Fig. 4A–C),
brief application (duration 30 sec) of muscimol (100 �M) with
TTX (1 �M) induced a [Ca2�]i elevation that lasted for �3 min
in commissural neurons (Fig. 5D). Such [Ca2�]i elevation was
blocked by perfusion of Ca2�-free Krebs’ solution (n � 6; data
not shown). Therefore, we applied this method to stimulate
commissural neurons in the longitudinal split-bath setup. Brief
application (duration 30 sec) of muscimol (100 �M) with Ca 2�-

Figure 4. Calcium imaging of commissural neu-
rons. A, Schematic drawing of injection site for
Calcium Green-1 AM. The arrow indicates retro-
grade labeling of contralateral commissural neu-
rons. B, Location of commissural neurons labeled
by Calcium Green-1 AM at E16.5. The locations
of cell bodies were plotted from transverse sections
of a preparation after a 10 hr incubation (n � 3).
C, Scheme of the experimental setup for calcium
imaging and simultaneous ventral root recording.
The spinal cord was put in a chamber with the
rostral cut surface down. D, Low-power image of
Calcium Green-labeled commissural neurons in
transected surface after a 10 hr incubation after
dye injection at E16.5. The neurons within the box
are shown at higher magnification (40� objective)
in E. F, Fluorescence change (	F/F ) in the three
neurons indicated by circles in E. Rhythmic eleva-
tions in fluorescence intensity were induced by
application of 1 �M 5-HT (as shown by the bar).
The bottommost trace shows integrated ventral
root discharges (recorded simultaneously). During
such rhythmic elevations in fluorescence intensity,
the peak amplitude rose by 24.8 � 0.9% compared
with the baseline fluorescence intensity (174 cells,
7 preparations), and the mean duration of a
single elevation was 11.2 � 0.2 sec (174 cells, 7
preparations).
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free Krebs’ solution on one side evoked rhythmic activity in the
ventral root on the opposite side (which was being perfused by
normal Krebs’ solution) (Fig. 5E). The latent period between
muscimol application and the onset of the rhythmic activity
(33.6 � 1.8 sec; n � 6) was similar to the time it took to tonically
activate the commissural neurons in calcium imaging experiments
(30.7 � 0.6 sec; n � 27) (Fig. 5D). The frequency (0.060 � 0.009
Hz; n � 6) and the burst duration (4.8 � 1.3 sec; n � 6) of the
rhythmic activity evoked on the opposite side were within the
range associated with 5-HT-induced rhythmic activity (Na-
kayama et al., 2001b). No rhythmic activity was evoked in the
ventral root on the muscimol-applied side, although a single burst
was observed, which is likely to be caused by direct excitation of
motoneurons (Fig. 5E). These results indicate that sustained
excitation of the commissural neurons is capable of activating the
rhythm-generating network on the opposite side.

It has been shown that synaptic transmission via glutamate,
glycine, and GABAA receptors is involved in the neuronal net-
works that generate spinal reflexes (Wu et al., 1992) and rhythmic
motor activity (Nishimaru et al., 1996; Nakayama et al., 2001b)
during the fetal period. However, it is unclear whether these
neurotransmitters mediate the left–right coordination of the
rhythm as well. We examined the effects of antagonists of these
receptors on the rhythmic activity induced on one side by appli-
cation of 5-HT to the opposite side of the E15.5 spinal cord in a
longitudinal split-bath setup (Fig. 6A–E). In all preparations
examined, the amplitude of the bursts of rhythmic activity on the
5-HT-free side was unaffected by application of kynurenate (4
mM), an ionotrophic glutamate receptor antagonist (n � 5) (Fig.
6B,F). Blockade of glycine receptors by bath-application of
strychnine (5 �M) to the 5-HT-free side partially blocked the
rhythmic activity on that side (Fig. 6C). The area under the curve

Figure 5. Rhythmic activity induced in con-
tralateral ventral root by excitation of the
rhythm-generating network or commissural
neurons on one side of E15.5 spinal cord. A,
Scheme of the longitudinal split-bath setup.
The chamber was separated into left and right
parts, with the only connection via the ventral
commissure of the spinal cord. B, Integrated
recording of the rhythmic activity induced by
perfusion with 1 �M 5-HT on both sides (top)
or on one side (the left) (bottom) in the longi-
tudinal split-bath setup. C, Effects of perfusion
of Ca 2�-free Krebs’ solution on the 5-HT-free
side (top) and on the 5-HT-applied side (bot-
tom). D, Effect of application of muscimol to
the commissural neurons examined using cal-
cium imaging. The commissural neurons were
labeled with Calcium Green-1 AM as shown in
Figure 4. The fluorescence intensity was ele-
vated by application of 100 �M muscimol in the
presence of 1 �M TTX. E, Activity in the left
and right ventral roots during application of
100 �M muscimol to the side also exposed to
Ca 2�-free Krebs’ solution (as shown in the
schematic drawing in the inset).
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for a single burst was reduced to 65.1 � 9.8% of control (n � 5)
(Fig. 6F) by application of strychnine, indicating that glycine
mediates part of the left–right coordination of the rhythmic
activity. On the other hand, bicuculline (10 �M), a GABAA

receptor antagonist, when applied to the 5-HT-free side blocked
the rhythmic activity on that side (Fig. 6D), the area of the burst
being reduced to 7.0 � 2.3% of control (n � 5) (Fig. 6F). Similar
results were obtained on application of another GABAA receptor
antagonist, picrotoxin (20 �M) (burst area, 6.5 � 2.7% of control;
n � 4) (Fig. 7B,E). To examine whether the effects of GABAA

receptor antagonists on the rhythmic activity induced on the
5-HT-free side are caused by the blockade of the rhythm-
generating network itself, GABAA receptor antagonists were
applied to the spinal cord preparation that was split into a hemi-
cord (Fig. 7C). The area of the burst of 5-HT-induced rhythmic
activity is little affected by application of picrotoxin (97.5 � 2.8%
of the control; n � 6) (Fig. 7D,E) or bicuculline (96.9 � 2.6% of
the control; n � 3). These results indicate that the decrease of the
rhythmic activity induced on the 5-HT-free side in the split-bath
setup by GABAA receptor antagonists is attributable mainly to
blockade of the commissural inputs rather than to the effect of the
rhythm-generating network itself on the 5-HT-free side. These
results suggest that synaptic transmission from the rhythm-
generating network on one side of the spinal cord to the con-
tralateral side is mediated mainly by GABAA receptors at early
fetal stages.

Neuronal mechanisms generating left–right alternation
at the late fetal stages
The pattern of the 5-HT-induced rhythmic activity becomes
alternate between the left and right ventral roots at and after
E18.5, as shown in Figure 1B. This alternate pattern was not
changed by a lesion of the dorsal commissure at E20.5 (n � 5)

(Fig. 8B). On the other hand, after a lesion of the ventral
commissure, although rhythmic activity could still be observed,
the two sides were dissociated (n � 5) (Fig. 8C). These results
suggest that neuronal connections through the ventral commis-
sure mediate left–right alternation as well as left–right synchro-
nization observed at earlier fetal stages. This is also in agreement
with the results in neonatal rat (Kjaerulff and Kiehn, 1996). In the
longitudinal split-bath setup, perfusion of both sides with 5-HT
induced alternate rhythmic activity between the left and right
ventral roots (Fig. 8D), indicating that the left–right connection is
maintained in this setup. However, in contrast to the situation at
E15.5, bath application of 5-HT to one side did not induce any
rhythmic activity in the ventral roots on the 5-HT-free side in any
of the preparations examined (n � 5) (Fig. 8E), suggesting that
the nature of the commissural inputs from the rhythm-generating
network has changed by this stage.

To identify the neurotransmitter mediating the left–right alter-
nation, we studied 5-HT-induced rhythmic activity in the isolated
spinal cord preparation at E18.5 and E20.5 in a non-split-bath
setup (Fig. 9A,D). The rhythmic activity was left–right synchro-
nized after application of bicuculline (10 �M) (n � 6) (Fig. 9B) or
picrotoxin (20 �M) (n � 6; data not shown) in all preparations
examined at E18.5. These results indicate that synaptic transmis-
sion via GABAA receptors plays an important role in the gener-
ation of the alternate left–right pattern in the ventral roots at this
age. However, at E20.5, bicuculline (10 �M) had no such effect in
five of seven preparations (Fig. 9E), although it did change the
pattern from alternate to synchronous in the other two prepara-
tions. On the other hand, strychnine (1–5 �M) changed the pat-
tern from alternate to synchronous both at E18.5 (n � 8) (Fig. 9C)
and at E20.5 (n � 11) (Fig. 9F). Finally, we tested the effects of
bicuculline and strychnine on the alternate rhythm on postnatal

Figure 6. Neurotransmitters mediating in-
puts from the rhythm-generating network
on one side to the opposite side of the
spinal cord during the early fetal period. A,
Left and right ventral root discharges in-
duced by application of 1 �M 5-HT to left
side of the spinal cord at E15.5. Synchro-
nous rhythmic activity is observed on the
two sides [5-HT-free side (bottom trace);
5-HT-applied side (top trace)]. Inset shows a
schematic drawing indicating the 5-HT-
applied side and the side treated either with
normal Krebs’ (A, E) or with antagonists
(B–D). B–D, Effects of application of an-
tagonists, 4 mM kynurenate (B), 5 �M
strychnine (C), and 10 �M bicuculline (D),
to the 5-HT-free side (bottom trace) in the
same preparation as in A. E, The discharges
recorded after washout of antagonists. F,
Changes in area of integrated ventral root
discharges on the 5-HT-free side induced
by application of antagonists to that side at
E15.5. For the purposes of F, the responses
on the 5-HT-free side of the cord recorded
before any application of antagonists (A)
were taken as the “control” responses
(100%).
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day 0. Bicuculline (10 �M) did not change the alternate pattern in
any of the preparations examined, but strychnine (1 �M) changed
it from alternate to synchronous in all preparations (n � 6; data
not shown). These results suggest that glycinergic synaptic trans-
mission becomes the dominant force in the generation of the
alternate left–right pattern in the ventral roots in the course of
development.

In summary, synaptic transmission via GABAA receptors,
which coordinates rhythmic activity between the left and right
sides of the spinal cord, seems to change from excitatory to
inhibitory as development progresses. This change parallels the
developmental change in the locomotive pattern from synchro-
nous to alternate. Moreover, an inhibitory component involving
glycinergic transmission is added to the one exerted via GABAA

receptors, and glycinergic inhibition becomes dominant toward
birth.

DISCUSSION
In this study, we made recordings of rhythmic activity from
commissural neurons coordinating rhythmic activity between the
left and right side of the developing mammalian spinal cord.
Furthermore, we provided evidence that changes in the function
of GABAergic synaptic transmission from excitatory to inhibitory
during fetal development may be responsible for the change in the
spatial pattern of the rhythmic locomotor activity from left–right
synchronous to alternate.

Figure 7. Effect of picrotoxin on rhythm-generating networks. A, B,
Effects of application of 20 �M picrotoxin on the 5-HT-free side (B) in the
longitudinal split-bath setup and the control (A) at E15.5. C, D, Effects of
application of 20 �M picrotoxin on 5-HT-induced rhythmic activity in the
hemicord at E15.5. E, Change in area of integrated ventral root discharges
on the 5-HT-free side induced by application of picrotoxin to that side
(Contra) and change in that on the 5-HT-induced rhythmic activity in the
hemicord. The responses recorded before application of picrotoxin were
taken as “control” responses (100%).

Figure 8. Connection mediating alternating rhythmic activity between
left and right spinal cord during the late fetal period. A–C, Effects of
lesion of the dorsal commissure (B) or ventral commissure (C) on the
5-HT-induced rhythmic activity (A) at E20.5. The rhythmic activity was
induced by 20 �M 5-HT. A–C, Bottom panels show phase lags between the
left and right sides. The circular plot is based on 10 phase values from each
preparation. Data from five tested preparations were pooled and dis-
played as the left–right circular phase diagram. There were no significant
differences among the five preparations. D, E, 5-HT-induced discharges in
the longitudinal split-bath setup at E20.5. Shown are the effects of appli-
cation of 20 �M 5-HT on both sides (D) or on one side (the right) (top
trace) ( E) in the same preparation.
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Results of calcium imaging of the commissural neurons sug-
gested that �80% of these neurons are rhythmically active during
5-HT-induced rhythmic motor activity at the early fetal stage. We
found that cell bodies of these commissural neurons were located
mainly in the medial part of the intermediate zone and the medial
part of the ventral horn in the lumbar spinal cord at E15.5–16.5.
Interestingly, the commissural neurons seem to have already
settled into regions similar to the ones they occupy in the neonatal
spinal cord (Eide et al., 1999), although some of the spinal
neurons are still undergoing migration and have not reached their
final destination (Nornes and Das, 1974). It has also been shown
in the thoracic cord that the commissural neurons are close to
their final locations by E15 (Silos-Santiago and Snider, 1992). In
neonatal rats, neuronal populations located in the ventromedial
part of the lumbar cord seem to contain essential elements that
generate coordinated left–right rhythmic activity (Kjaerulff and
Kiehn, 1996), raising the possibility that the commissural neurons
located in this region are part of the rhythm-generating network
(Eide et al., 1999). In other vertebrates, commissural neurons that
are phasically active during rhythmic motor activity have been
found in lamprey spinal cord (Buchanan and Cohen, 1982) and in
Xenopus embryo spinal cord (Soffe et al., 1984). These commis-
sural neurons project to the contralateral side of the spinal cord
and connect to various types of neurons that together make up

the rhythm-generating network (Buchanan, 1982). In the fetal rat
spinal cord at E15.5, activation of the rhythm-generating network
on one side induced rhythmic activity in contralateral motoneu-
rons, indicating that the rhythmically active commissural neurons
are mediating the activity to the opposite side. In the neonatal rat,
it has been shown that motoneurons receive rhythmic synaptic
inputs from the contralateral rhythm-generating network, and
some of these inputs are directly from contralateral interneurons
(Kjaerulff and Kiehn, 1997), which might be the case in the fetal
rat spinal cord. In the present study, rhythmic activity could also
be evoked by direct excitation of commissural neurons on the
contralateral side. It is likely that the commissural neurons are
activated tonically rather than rhythmically in this case, because
application of muscimol with TTX induced a long-lasting tonic
[Ca2�]i elevation in the commissural neurons. Interestingly, an
increase of extracellular K� concentration up to 8–20 mM could
evoke the rhythmic activity in a hemicord of fetal rats (K. Na-
kayama, unpublished observation), suggesting that tonic excita-
tory inputs can induce the rhythmic activity as a result of network
depolarization.

In the experiments that used a longitudinal split-bath setup, we
cannot completely exclude the possibility that the agonists dif-
fused across the preparation to the other side. However, we
consider this possibility unlikely on the basis of the following

Figure 9. Neurotransmitters mediating reciprocal in-
hibition during left and right alternation at late fetal
stages. A–C, Effects of application of 10 �M bicuculline
(B) or 5 �M strychnine (C) on the ventral root dis-
charges (A) induced by 20 �M 5-HT at E18.5. D–F,
Effects of application of 10 �M bicuculline (E) or 5 �M
strychnine (F) on the ventral root discharges (D) in-
duced by 20 �M 5-HT at E20.5. Bottom panels show
phase lags between the left and right sides. The circular
plot is based on 10 phase values from each preparation.
Data from five tested preparations were pooled and
displayed as the left–right circular phase diagram. For
the circular plot expressing effects of bicuculline at
E20.5, results of five preparations in which the pattern
was not changed by bicuculline were used. There were
no significant differences among the five preparations.
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observations. (1) Application of 5-HT with Ca2�-free Krebs’
solution on one side did not induce rhythmic activity on the
opposite side, which was perfused with normal Krebs’ solution.
(2) No rhythmic activity was recorded on the 5-HT-free side when
we used a preparation during which the left and right sides were
connected via the dorsal commissure instead of the ventral com-
missure (K. Nakayama, unpublished observation). Therefore, we
suggest that the rhythmic activity on the 5-HT-free side was
induced primarily by synaptic inputs via commissural neurons
from the rhythm-generating networks on the 5-HT-applied side.

Our results suggest that the neuronal pathways from the
rhythm-generating network on one side to the motoneurons on
the opposite side of the spinal cord rely mainly on mediation by
GABAA receptors at early fetal stages. Interestingly, it has been
found that a substantial number of commissural neurons located
in the ventral region transiently show immunoreactivity for glu-
tamic acid decarboxylase (GAD) at early fetal stages (Phelps et
al., 1999). These GAD-positive commissural neurons may be one
candidate for the neurons connecting the rhythm-generating net-
works across the cord. In the present study, GABAA receptor
antagonists failed to block completely the contralateral rhythm at
early fetal stage. Another neurotransmitter, glycine, could be
involved in the left–right coordination as well, because bath
application of strychnine attenuated the contralateral rhythmic
activity. In the Xenopus embryo spinal cord, glycinergic commis-
sural interneurons form direct connections between the left and
right rhythm-generating networks (Soffe and Roberts, 1982).

The excitatory effect of GABAergic and glycinergic synaptic
transmission in the spinal cord during the early fetal period is
likely to be caused by the high intracellular concentration of Cl


ions (Wu et al., 1992; Kulik et al., 2000). Such excitation causes a
rise in [Ca2�]i in fetal spinal neurons (Reichling et al., 1994;
Kulik et al., 2000) that could induce a clustering of receptors at
postsynaptic sites in cultured spinal neurons (Kirsch and Betz,
1998). Moreover, elevations in the [Ca2�]i of the developing
neuron are known to be involved in controlling the outgrowth of
its dendrites and axons (Kater et al., 1988; Metzger et al., 1998),
and this could be essential for the formation of the inhibitory
pathway between the rhythm-generating networks.

The spatial pattern of the 5-HT-induced rhythmic activity
changes from left–right synchronous to alternate by E18.5. The
alternate pattern was changed to synchronous by bath application
of bicuculline at E18.5, indicating that, at this stage, GABAA

receptors are mediating reciprocal inhibition between the two
sides. Interestingly, similar developmental changes in the function
of GABA from excitatory to inhibitory can be seen in other
neuronal networks in the rat lumbar spinal cord during this period.
For instance, Wu et al. (1992) showed that although both strych-
nine and bicuculline block dorsal root-evoked responses at E16–17,
the responses evoked at E18–19 are enhanced. They also showed
that the amplitude of the depolarizations induced by GABA and
glycine decreases toward birth. It is probable that this developmen-
tal decrease in the magnitude of the GABA-induced depolariza-
tions correlates with an increase in the expression of an outwardly
directed Cl
 pump [Cl
-extruding K�/Cl
 cotransporter
(KCC2)], as it does in the developing rat hippocampus (Rivera et
al., 1999). In a recent study, it was shown that in cultured hip-
pocampal neurons, the GABA-induced increase in [Ca2�]i in-
duces KCC2 expression, which switches the neuronal response to
GABA from excitatory to inhibitory (Ganguly et al., 2001). This
might also be the case in the developing rat spinal cord.

5-HT induces synchronous activity in the presence of strych-

nine or bicuculline after E18.5, indicating that the rhythm-
generating networks on both sides are connected by neuronal
mechanisms other than the GABAergic or glycinergic synaptic
transmission during this period. A likely candidate mediating this
connection is glutamatergic excitatory synaptic transmission,
which is involved in rhythmic synaptic inputs to the motoneurons
from the contralateral side in neonatal rats (Kjaerulff and Kiehn,
1997). In neonatal rats, it has been shown that some of the
dendrites of lumbar motoneurons cross the midline (Lindsay et
al., 1991), which could be an alternative pathway connecting the
left–right motor activity. However, the functional significance of
these dendrites remains unclear, and our present results indicate
that rhythmic activity on one side is transmitted to contralateral
motoneurons via synaptic connections within the same side of the
fetal spinal cord.

At E20.5, bicuculline failed to change the alternate pattern in
�70% of the preparations examined. In neonatal rats, bicuculline
(up to 10 �M) does not change the phase relationship in NMA
(N-methyl-D,L-aspartate)-induced left–right alternate rhythmic
activity (Cazalets et al., 1998). Bath application of strychnine, in
contrast, changed the alternate pattern to a synchronous one in all
preparations examined at and after E18.5. This is in agreement
with results in the neonatal rat showing that rhythmic IPSPs
evoked in the motoneurons by activation of the contralateral
rhythm-generating network are more sensitive to strychnine than
to bicuculline (Kjaerulff and Kiehn, 1997). However, recent stud-
ies suggest that synapses releasing both GABA and glycine are on
the motoneurons in fetal (Gao et al., 2001) and neonatal rats
(Jonas et al., 1998), and because it has been shown that strychnine
could partially block GABAergic synapses (Jonas et al., 1998), it
is possible that GABAA receptors are involved in the commis-
sural inputs at this stage as well. However, the number of com-
missural neurons showing GAD immunoreactivity decreases
from early fetal stages toward birth (Phelps et al., 1999), and an
increase in the number of functional glycinergic synapses and a
relative decrease in GABAergic synaptic inputs to lumbar mo-
toneurons have been shown to occur in the late fetal stage (Gao
et al., 2001). These results indicate that glycinergic rather than
GABAergic synaptic transmission becomes the dominant force in
the left–right alternation shortly before birth. Such a developmen-
tal shift from GABAA receptor-mediated to glycine receptor-
mediated synaptic transmission has also been documented in the
developing central auditory system of gerbils (Kotak et al., 1998).
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