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An in vitro preparation of newborn rat isolated brainsteml 
spinal cord was used in order to locate the spinal network 
responsible in mammals for producing patterned locomo- 
tor activity. The spinal cord was partitioned by building 
Vaseline walls at various lumbar levels. When a mixture of 
serotonin and Nmethyl-D,L-aspartate was bath applied to 
the upper lumbar cord (Ll/L2 segments), rhythmic loco- 
motor-like activity was induced and recorded in all the lum- 
bar segments (from Ll to L5). Conversely, when the mix- 
ture of transmitters was bath applied to the lower lumbar 
cord, only tonic activity was induced in the lower lumbar 
segments. Intracellular recordings performed on motoneu- 
rons revealed that during elicited Ll/L2 locomotor-like ac- 
tivity, they received a rhythmic synaptic drive that was of- 
ten below the threshold for spiking, because the excitabil- 
ity of the neurons was too low. When the Ll/L2 segments 
were isolated, their burst production capacities remained. 
The network located at the Ll/L2 level was found to be re- 
sponsible not only for generating the rhythm but also for 
organizing its alternating pattern. We demonstrated that 
the rhythmic synaptic drive that the motoneurons receive 
during locomotor-like activity comes directly from the Ll/ 
L2 network and that there is no relay at the segmental level. 
We conclude from our study that the network that organ- 
izes locomotion in the newborn rat is not segmentally dis- 
tributed but is restricted to a specific part of the cord. This 
finding has important consequences, since it means that it 
is now feasible to study the activity of the rhythmic spinal 
network independently from that of the motoneurons. 

[Key words: electrophysiology, spinal cord, locomotion, 
central pattern generator, motoneuron drive, intersegmen- 
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Like other rhythmic behaviors (for review, see Delcomyn, 1980; 
Grillner, 1985; Cohen et al., 19Xx), locomotor activity is cen- 
trally generated by neuronal networks called central pattern gen- 
erators (CPGs). The best way of demonstrating the existence of 
such networks is to directly remove the nervous system from 
the animal and record the activity in these isolated conditions. 
Although this has been achieved in many preparations from in- 
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vertebrates (Kristan and Calabrese, 1976; Sillar and Skorupski, 
1986; Chrachri and Clarac, 1990) and lower vertebrates (Cohen 
and Wall&, 1978; Grillner et al., 1981; Roberts et al., 1983), 
locomotor-like activity was only quite recently recorded in mam- 
mals in an in vitro isolated spinal cord preparation (Kudo and 
Yamada, 1987 ; Smith et al., 1987; Cazalets et al., 1990, 1992). 
The exact location of the CPG itself is still unknown in mam- 
mals, and to date it has not been possible to tell whether the 
basic oscillator occupies a specific location in the spinal cord or 
whether it presents a multisegmental distribution in the lower 
spinal cord. The data collected on lower vertebrates (Xenopus, 
lamprey) might not be suitable for answering this question, since 
the locomotor behavior studied is swimming activity resulting 
from the longitudinal transmission of a metachronal wave, which 
is transmitted through a multisegmented system (Kahn and Rob- 
erts, 19X2; Cohen, 1987; Grillner and Matsushima, 1991; Tun- 
stall and Sillar, 1993). Most of the experiments performed on 
mammals in order to locate the rhythmic network have involved 
the use of markers of neuronal activity such as deoxyglucose 
(Vtala et al., 19X8), the C-Fos labeling of neurons (Barajon et 
al., 1992) or the fluorescent probe sulforhodamine (Kjaerulff et 
al., 1994). Although these methods have provided some general 
information about the pattern of activity in the spinal cord, there 
exists no means of preventing many cells, including cells that 
are not directly participating in the rhythm generation, from be- 
ing labeled. On the other hand, on the basis of experiments using 
transection or cooling techniques, it has been concluded that, in 
the cat, the bursting capacity is distributed along the spinal cord 
(Deliagina et al., 1983). Here, we approached this problem using 
an isolated newborn rat spinal cord preparation to which various 
techniques were applied. In the first step, we built Vaseline walls 
at various levels along the lumbar cord in order to determine the 
minimal portion of spinal cord that was required for burst gen- 
eration. The advantage of this method is that there is no damage 
to the spinal cord and that one can separately control the extra- 
cellular medium of the various compartments. We conclude that, 
in the rat, the spinal network producing rhythmic activity is 10~ 
cated between segments T13 and L2, while the lower lumbar 
segments, which contain most of Ihe motoneurons innervating 
the hindlimbs, do not participate at all in the rhythm genesis. 

Materials and Methods 
Experiments (n = 29) were performed on Wistar rats aged 1-I d raised 
at our laboratory. The pups were deeply anesthetized with ether, prior 
to decapitation. The skin was then removed and the vetiebrae were cut 
dorsally, The spinal cord was removed and placed in the recording 
chamber (Fig. 1A). The isolated brainstemispinal cord was continuously 
superfused with an oxygenated (95% C&/5% CO,) physiological saline 
(composition in mM: NaCI, 129; KCI, 4; CaCI,, 2.5; MgCl,, 1.14; 
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Figure 1. Recording of locomotor-like activity in the isolated brainsternispinal cord preparation. A, Diagram of the isolated spinal cord. B, 
Simultaneous extracellular recordings of four pairs of lumbar ventral roots. Locomotor-like activity was induced by bath applicarion of 5-HT/NMA. 
C, intracellular recording of a motoneuron. Electrical stimulation of left ventral root 5 evoked an antidromic action potential (Cl). Current-voltage 
relationship of a motoneuron (C2). The threshold for spiking was between 0.5 and 1.5 nA. rL and IL, right and left lumbar ventral roots 2-5. 

NaH,PO,, 0.5; NaHCO,, 25; glucose, IO), adjusted to pH = 7.4 with 
HCI. The bath temperature was kept constant at 25°C. For details of the 
dissection procedure, stage,- and thermoregulation system, see Sqalli- 
Houssaini et at. (t99 1) as well as Cazalets et al. (1992, 1994). 

&~-~cellulur recordings. The motor output from the ventral roots 
was recorded using extracellular platinum pin electrodes insulated with 
Vaseline. The signals were amplified, displayed, and stored using clas- 
sical electrophysiological devices. Locomotor-like activity was induced 
by bath applying a mixture of serotonin (5-HT, IO-’ M) and N-methyl- 
D,L-aspartate (NMA, 2 X IO 5 M: Fig. 1B: Sqalli-Houssaini et al., 1991, 
1993). Figure 1B shows the motor pattern elicited when the neuroactive 
compounds were bath applied to the whole spinal cord. It consists of 
right and left alternating bursts of action potentials, which were record- 
ed in lumbar ventral roots 1-5 (Ll to L5). The identification of the 
lumbar segments was performed in several ways, They could be iden- 
tified by counting them from cervical 1. This was not systematically 
done, however, since we found that the ventral root L5 could be clearly 
identified as the most caudal larger root at the lumbar level. This ana- 
tomical criterion was correlated with a functional one, since the activity 
recorded in this root was always in antiphase with that recorded in the 
ipsilateral ventral root L2, as determined in more than 40 experiments 
in which each pair of ventral root L2, L3, and L5 were simultaneously 
recorded during sequences of stable locomotor-like activity. 

The pia was removed to perform intracellular recordings. Glass mi- 
croelectrodes were pulled using a Sutter PC-80 micropipette puller and 
filled with K acetate 2 M (40-60 Ma). KC1 3 M filled electrodes (30- 
40 MI1) were also occasionally used in order to detect more clearly the 
synaptic drive to the motoneurons (this will be specified in the text). 
Intracellular potentials were amplified through an Axoclamp 2B ampli- 
tier (Axon Instruments, Fosier City, CA). Stable intracellular recordings 
(for up to 6 hr) could be thus obtained. Only the neurons with at least 
a -60 mV resting membrane potential and an antidromic potential of 
at least 70 mV were considered for analysis. Data were collected using 

an Instrutech ITC-16 interface connected to Macintosh Quadra 650. The 
software programs for data acquisition and analysis were from Axon 
Instrument. The motoneurons were identified by recording their anti- 
dromic potential in response to ventral root stimulation (Fig. 1C). The 
mono- and polysynaptic EPSPs evoked in the motoneuron in response 
to dorsal root stimulation were used to test the efficiency of the various 
blockers that we used (see text for details). 

Partitioning offhe hnrbnr @ml core/. In order to determine which 
segment of the lumbar spinal cord was capable of generating rhythmic 
activity, we built Vaseline walls at various levels. Vaseline was con- 
tained in a glass syringe and ejected through a thin needle (0.5 mm). 
The wall thickness was around two-thirds of a segment. The water 
tightness of the wall was checked by filling the pool until a meniscus 
was created. If  no changes in the saline level occurred after several 
minutes, the wall was taken to be watertight. The location of the barriers 
will be specified in each case in the Results section. We performed 
experiments to evaluate the extent of diffusion throughout the tissue. A 
barrier was made at the level of a root. Methylene blue (lOml M) dis- 
solved in saline was perfused on one side. The dye was applied under 
the same conditions as a saline containing drug before fixing the cord 
in paraformaldehyde (4% in phosphate buffer 0.1 M). This procedure 
showed that no visually detectable diffusion of the dye occurred beyond 
the inner side of the wall that was in contact with the methylene blue 
containing saline. The inner side of the wall was therefore taken as the 
location reference when establishing the limits of the various Darts of 
the spinal cord. 

Modified snlines. The drugs were prepared at lo-’ M in saline, frozen, 
and stored at ~20°C. Thev were generally dissolved in the saline at the 
appropriate concentration” prior t’, use. tinder our superfusing condi- 
tions, the effects of the drugs began to take place 5 min after the drug 
reached the Petri dish (the time required for total replacement of the 
normal saline and diffusion through the tissue). The drug was bath 
applied until a steady state was reached and measurements could be 
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Figure 2. Rhythmic activity arising in spinal segments. A/ and BI, Diagrams of experimental preparation. A, When a mixture of 5-HT and NMA 
was bath applied to upper lumbar segments (AI), locomotor-like activity was initiated and recorded either in the first lumbar roots (Ll to L3, A,?) 
or in the all the lumbar roots (Ll to L5, A3). B, When 5.HTNMA were bath applied to the lower lumbar segments (BI, L3 to L5), only tonic 
activity was elicited in LA and L5 (B2). The recordings in AZ and B2 are from the same experiments. Abbreviations; & right lumbar; IL, left 
lumbar; T, thoracic. 

performed (Cazalets et al., 1992). We selectively perturbed the neuronal 
activity by superfusing salines with various ionic compositions, To sup- 
press the polysynaptic pathways, we used a saline enriched with Ca2+ 
(7.5 In@ and Mg” (8 tnM) (Berry and Pentreath, 1976; Jahr and Yosh- 
ioka, 1986) or containing 1 mM mephenesin (Lev-Tov and Pinto, 1992). 
The efficiency of these modified salines was tested in each experiment 
on the postsynaptic potentials evoked in motoneurons by dorsal root 
stimulation. All the drugs were purchased from Sigma (St. Louis, MO). 

A4easurements. The period was defined as the time between the onset 
of two bursts of activity. The phase relationship between two ventral 
roots was defined as the latency at which the onset of a burst occurred 
during the cycle of the other root, divided by the cycle period (see 
Cazalets et al., 19YOb). The statistical values are given as the mean ? 
SD; n refers either to the number of cycles or to the number of exper- 
iments. 

Results 
Location of the network 
In order to explore the bursting capabilities of the various parts 
of the lumbar spinal cord and to assess their contributions to 
rhythm generation, we built Vaseline walls at various levels to 
allow exogenous pharmacological treatment to restricted areas 
of the spinal cord. First, we will consider the bursting capabil- 
ities of the midlumbar segments. The first Vaseline wall was 
built at the T13 level (gray bar Fig. ZAI,BI) in order to separate 
off the upper part of the cord. From one experiment to another, 
a second wall was placed at various points along the lumbar 
cord. When it was placed below segment L2 (gray line, Fig. 2; 
n = 23 experiments), the bath application of NM/J5HT in- 
duced locomotor-like activity only when superfused into the up- 
per lumbar compartment. Under these conditions, rhythmic dis- 
charge was observed either in the upper ventral roots only (Ll/ 
L2; Fig. 2A2) or in all lumbar ventral root (Fig. 2A3). On the 
other hand, when transmitters were bath applied to the caudal 

part, in all cases they only induced tonic activity in ventral roots 
L3 to L5 (Fig. 2B2). In two experiments in which the Vaseline 
wall was built between Ll and L2, a weak, irregular activity 
was generated when 5-HT/‘NMA was bath applied in both the 

rostra1 and the caudal lumbar pool. 
Even when no activity was recorded in the lower lumbar ven- 

tral roots (as, e.g., in the case of Fig. 2A2), intracellular record- 
ings showed that the motoneurons consistently received a rhyth- 
mic synaptic drive when the 5-HT/NMA was bath applied to 
segments Ll/LZ. In the experiment shown in Figure 3, a moto- 
neuron from the left lumbar root number 5 (MN 1L5) was tested. 
Bath application of .5-HT/NMA to the rostra1 pool (Fig. 3AAl) 
elicited a rhythmic alternating pattern and the motoneuron rhyth- 
mically fired bursts of action potentials (Fig. 3A2); whereas 

when 5-HT/NMA was bath applied to the caudal part (Fig. 3BI) 
of the spinal cord the neuron only fired tonically (Fig. 3B2). 

In many cases, no activity was detected in the caudal ventral 
roots (L3 to LS) when the transmitters were bath applied to the 
rostra1 pool (see Fig. 2 legend). As shown in Figure 4, this was 
due to the fact that the excitability of the neurons was too low 
so that they were below the threshold for spiking. In this ex- 
periment, the coxygeal part of the spinal cord was stimulated. 
Under the control conditions (Fig. 4A), this stimulation (which 
gives rise to massive sensory inputs) triggered only one burst of 
activity. In the same experiment, locomotor-like activity was 
then induced by perfusing the rostral segments with 5-HT/NMA, 
and this triggered rhythmic alternating bursts of action potentials 
only in the L2 ventral roots (Fig. 4t3, left). At the same time, 
the neuron was rhythmically depolarized in relation with the left 
L2. The same stimulation as under the control conditions then 
elicited rhythmic locomotor bursting in all the ventral roots, and 
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Figure 3. During LliLZ induced locomotion, the motoneurons located in the lower lumbar segments receive a locomotor drive. AI and Bl, 
Diagrams of the experimental preparation. 5-HTINMA were bath applied to upper (AI) or lower (BI) lumbar cord. Intracellular recordings of a 
motoneuron was performed in L5 while simultaneously recording the ventral root L2. A2, During locomotor-like activity induced in LllL2 the 
motoneuron recorded in the left lumbar segment L5 (MNKJ) was rhythmically depolarized and spontaneously fired bursts of action potentials in 
relation with the burst recorded in IL2. B2, When 5-HT/NMA was bath applied to the lower lumbar cord, the motoneuron only discharged tonically 
and no activity was recorded in the ventral roots. 

the neuron fired action potentials (Fig. 4B, right). The depolar- 
ization induced by the stimulation thus brought the motoneurons 
above their firing threshold. 

Although the caudal segments (L3 to L6) do not exhibit os- 
cillatory properties under our experimental conditions, it might 
be argued that they may directly influence the oscillatory activity 
in T13-L2 via internal loops, and that their presence is necessary 
for rhythmic activity to be produced in rostra1 segments. To test 
this hypothesis, we isolated the Ll/L2 segments by suppressing 
the spiking activity with the fast Na+ channel blocker tetrodo- 
toxin (TTX; Fig. 5AI). In Figure 5A, rhythmic activity was ex- 
tracellularly recorded in L2 and intraceltularly at the L5 level. 
The bath application of SHT/NMA to Ll/L2 under control con- 
ditions (Fig. 5A2) induced alternating activity and the motoneu- 
ron in L5 was rhythmically depolarized. The bath application of 
TTX to the whole brainstem and spinal cord except the LllL2 
segments (Fig. 5A3) abolished the synaptic drive in the L.5 mo- 
toneuron, while the activity in L2 persisted. In Figure 5, B and 
C show that there were no changes either in the motor period 

during TTX bath application (Fig. 5B) or in the phase relation- 
ships (Fig. 5C). 

Organization of the network 

One question that arises is whether, in addition to this rhythmic 
compartment, there may also exist other elements responsible at 
the segmental level for organizing the alternating right and left 
and the flexor/extensor pattern. Is the control of the alternation 
distributed along the spinal cord, or is it organized by a discrete 
set of neurons that then drives the follower motoneurons? 

We first tested that the right and left alternation was not seg- 
mentally organized by using preparations in which the spinal 
cord was hemisected along the midline from the caudal end to 
the second lumbar segment (Fig. 6A). Under these conditions, 
the bath application of 5-HT and NMA still induced alternating 
activity not only in segments Ll and L2 but also in segments 
L3 to L5 (Fig. 6B). Further evidence was provided by the results 
obtained using strychnine. This compound, acting on the gly- 
cinergic receptors, is known to block the inhibitory connections 
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F&UW 4. Subthreshold synaptic drive onto motoneurons. A, Under 
control conditions, electrical stimulation (50 Hz. 1 set) of the coxygeal 
spinal cord elicited only tonic activity, which outlasted the stimulation. 
B, In the prescncc of 5-HT/NMA, a rhythmic alternating pattern was 
initiated in the ventral root L2. No activity was recorded in the lower 
lumbar roots (L4/L.S), although the intracellularly recorded motoneuron 
was rhythmically depolarized. The same stimulation as under control 
conditions brought the neurons above their firing threshold and elicited 
rhythmic bursts of action potentials in all the ventral roots and in the 
intraccllularly recorded motoneuron. 

between the right and left sides (Grillner and Wall&, 1980; Co- 
hen and Harris-Warrick, 1984; Soffe, 1987; Kudo et al., 1991). 
Under our experimental conditions, the bath application of 
strychnine disrupted the locomotor-like rhythm only when ap- 
plied to LI/L2, while it had no effect on the rhythm when ap- 
plied to the cord between L3/L5 (data not shown). 

Lastly, we suppressed the polysynaptic pathways in the caudal 
part by perfusing either a saline enriched with Ca?’ and Mg?- 
or one containing mephenesin (see Materials and Methods). Fig- 
ure 7 shows the action of these modified salines on the EPSPs 
evoked in a motoneuron by dorsal root stimulation. The long- 
latency EPSPs were completely abolished while the fast rising 
response was maintained. The same results were obtained with 
the two salines, although the high Ca”+/high Mg?+ containing 
saline was slightly more efficient than the mephenesin contain- 
ing saline. Figure 8 shows that although polysynaptic pathways 
were suppressed by the saline containing mephenesin, the syn- 
aptic drive onto the motoneurons persisted (Fig. 881). In addi- 
tion, it shows that mephenesin (as well as the high Call/High 
Mg” containing saline) probably acted by decreasing the neu- 
ronal excitability, since the motoneuron that fired bursts of ac- 
tion potentials in response to positive current injection under the 

control condition (Fig. 7A2) no longer discharged in the pres- 
ence of mephenesin (Fig. 7B2). In order to obtain a maximal 
blockade, we also bath applied a saline enriched with Ca’-‘/Mg”+ 
containing mephenesin. Even in this case the drive persisted 
(data not shown). These data therefore demonstrate that the con- 
nections between the network in Ll/L2 and the motoneurons are 
monosynaptic. 

Discussion 

We conclude that the network that generates locomotor-like ac- 
tivity in a mammai is restricted to a specific part of the spinal 
cord, Our experiments also show that the relationships between 
this network and its target motoneurons in other segments are 
direct and do not require a polysynaptic pathway. 

Two methodological points were critical in this study. The 
first concerned the extent of diffusion of the neuroactive com- 
pounds used to activate the CPG through the Vaseline wall. As 
already mentioned in the Materials and Methods section, the 
water tightness was tested at the beginning of the experiment. 
Although it could be easily established that there were no leak- 
age, it was more difficult to test the degree of diffusion through 
the tissue. As described above (see Materials and Methods), it 
was possible to quantify this diffusion using a dye. The results 
of experiments performed with TTX (Fig. 5) also strongly sug- 
gested that any diffusion that occurred was minimal, since in 
these experiments the activity was maintained in the Ll and L2 
ventral roots. As these were immediately contiguous to the TTX 
pool, if any diffusion had occurred it would have been detected 
due to the irreversible action of TTX. As no significant change 
was observed in the pattern of activity recorded in these roots, 
it can be concluded that the diffusion was negligible. The second 
point is the accuracy with which the position of the CPG was 
determined. Here again, the experiments performed with meth- 
ylene blue showed that the inner side of the wall could be taken 
as a reference, since no detectable diffusion of the dye occurred 
beyond this point. 

Figure 9 summarizes our interpretation on the organization of 
the spinal locomotor network. The CPG is located in the first 
two segments and sends its messages to groups of neurons dis- 
tributed along the cord. From the experiments in which TTX 
was used, we conclude that the Ll/L2 segments (Fig. 5) contain 
the key elements for producing a rhythmic alternating activity, 
since they kept their full ability to generate locomotor-like pat- 
terns when isolated. Moreover, we conclude that the lower spinal 
cord does not contain elements modulating the activity in Ll/ 
L2. The important point here is that these two segments not only 
sustain the rhythm generating capabilities of the system but also 
contain all the elements that are needed to organize the overall 
locomotor pattern. Figure 8 shows that the connections between 
the CPG and the motoneurons are direct. The possibility cannot 
be ruled out, however, that part of the motoneuronal drive may 
be segmentally relayed, although this would involve only a mi- 
nor proportion, at least in neonates in vitro. The finding that the 
CPG is located at the LULZ level is somewhat surprising, since 
the segments that contain the most important pools of motoneu- 
rons are segments L3 to L5. They may therefore be only follow- 
er segments. This location would also explain why, in many 
experiments, the highest level of activity recorded extracellularly 
in the ventral roots was always in L2. 

The model that we propose in Figure 9 is clearly not com- 
patible with previous models like the one proposed by Miller 
and Scott (1977). In these models, the Ia interneurons and Ren- 
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Figure 5. Persistence of bursting capabilities in TTX-isolated Ll/L2 segments. A/, Diagrams of the experimental preparation. A2. Locomotor-like 
activity recorded in the presence of .5-HT and NMA bath applied to the Ll/L2 segments. The motoneuron recorded in the left lumbar segment 5 
(MIV EW) was rhythmically depolarized. A3, In the presence of ‘ITX bath applied over the whole spinal cord except the Ll/L2 segments, 5-HT/ 
NMA bath application still elicited locomotor-like activity. However, the synaptic drive to the IL5 motoneuron was then blocked. B, Plot of the 
cycle period of locomotor-like activity as a function of time under control conditions (o~pen squrrre) and after TTX isolation of the Ll/L2 segments 
The mean period value when the plateau was reached was 2.8 f  0.2 set under control conditions and 2.7 ? 0.2 set in the presence of TTX; mean 
+ SD. As previously reported (Sqalli-Houssaini et al., 1993), the decrease in the period value corresponded to the progressive replacement of the 
normal saline by the drug-containing saline until a plateau was reached. The control %HT/NMA bath application was followed by a wash. ITX 
was then bath applied for 20 min before a new S-HT/NMA application. C, Distribution of phase relationships of right L2 bursts in the left L2 
cycle. The mean values were 0.5 + 0.07 under control conditions, and 0.52 + 0.05 SD, n = 30, with TTX. A-C are from three different 
experiments. 

shaw ceils play an important role in the generation of oscillatory 
behavior (for detailed review of these models, see Jordan, 1983). 
From our experiments in the newborn rat, it appears that these 
cells are not an essential element for rhythm generation since 
rhythm generation does not involve process at the segmental 
level (at which both Ia interneuron and Renshaw cells are lo- 
cated). In another model, it has been suggested that, in the cat, 
the CPG consists of a chain of paired oscillators (flexor and 

Figure 6. The right and left alternation was generated by segments 
LllL2. A, Diagrams of the experimental preparation. The spinal cord 
was hernisected along the midline from the caudal end to L2. The ac- 
tivity was extracellularly recorded in L2, L3, and L5. B, When 5-HT 
and NMA were bath applied to the spinal cord, a right and left alter- 
nating pattern was recorded in L2 as well as in hemisected lumbar 
segments L3/L5. 

extensor), one per joint, which are coupled together (Grillner, 
1985). This model is clearly compatible with the notion of lo- 
calized generators, but in the present case, these joint oscillators 
would appear to be located at the Ll/L2 level rather than being 
distributed within the same segments as the corresponding mo- 
toneurons. 

It is difficult to compare our data with results obtained in other 
studies using cellular labeling of the CPG, since the latter were 
performed on different species, that is, the rabbit (Viala et al., 
1988) and the cat (Barajon et al., 1992). More recently, Kjaerulff 
et al. ~(1994), using sulforhodamine labeling of cells in the iso- 

lated neonatal rat spinal cord, have found results comparable to 
those previously obtained in the cat and the rabbit. In all these 
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Figure 7, Block of the polysynaptic EPSPs. A, Comparison between 
the responses evoked by stimulation of the dorsal root in a motoneucon 
under control conditions, with high Ca*‘/M& saline and with saline 
containing mephenesin. B, The same stimulation as in A but at a higher 
speed. Each trace is the average of IO sweeps under each condition. 
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Figure 8. Monosynaptic relationships between the network located in Ll/L2 and the motoneurons. A, Control locomotor-like activity evoked by 
bath applying SHT/NMA to the LUL2 segment. The motoneuron receives a rhythmic subthreshold synaptic drive (AI). In response to positive 
current injection (A2) the intracellularly tested motoneuron produced bursts of action potentials. B, In the presence of mephenesin the synaptic drive 
showed no change (BI), but due to a decrease in its excitability, the neuron no longer discharged in response to positive current (B2). C, Plot of 
synaptic drive amplitude under control conditions (empty dots) and in saline containing mephenesin @filled squares) during membrane depolarization 
or hyperpolarization with injected current. The neuron was recorded using KCI-filled electrodes. 

species, labeled (and thus active) cells were found in the inter- 
mediate gray matter and around the central canal. These methods 
are complementary to ours, since they make it possible to lo- 
calize the relevant cells in the transverse plane. One drawback 
of these methods is, however, that they do not provide any in- 
formation about the functional role of the labeled cells. 

Several studies were previously performed in the cat with a 
view to physiologically locating the CPG. Grillner and Zangger 
(1979) established from transection experiments that the mini- 
mal spinal portion required for generating alternation in the cat 
was three segments (L6/L7/S l), although these authors were not 
able to conclude whether the generator was distributed through- 
out the spinal cord or whether it was entirely located caudally 
to L5. Based on experiments in which fictive scratching was 
analyzed when “switching-off” various parts of the spinal cord 
(by means of cooling) or by destroying gray matter, it was con- 

cluded that the bursting capacity is distributed along the spinal 
cord in the cat (Deliagina et al., 1983; Gelfand et al., 1988), 
although rostra1 segments had a greater capacity for generating 
rhythmic activity. This discrepancy with our results may, per- 
haps, be due to the fact that the latter authors were studying 
scratching activity, which is a quite different behavior from lo- 
comotor activity, as well as to differences between the species 
studied. Another alternative explanation is the immaturity of the 
system and the fact that during the postnatal period migration 
and changes in the location of the various elements may occur. 
These gross maturational processes are, however, completed at 
birth, as revealed by the fact that no change is observed in the 
location of the motoneurons from this stage to adulthood (Ben- 
nett et al., 1983). In other vertebrate species, it has also been 
observed that rhythm-generating network are distributed in the 
spinal cord (Mortin and Stein, 1989; Ho and O’Donovan, 1993). 
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Thoracic spinal cord 

Figure 9. Diagram summarizing the spinal organization of the CPG 
for walking and its relationships with motoneurons. The spinal CPG is 
located at the LUL2 segments. It produces a rhythmic alternating right 
and left pattern. The synaptic drive is distributed monosynaptically from 
this level to each of the groups of motoneurons distributed along the 
lumbar spinal cord. 

In a detailed study on the isolated spinal cord of chick embryo, 
Ho and O’Donovan reported, in contrast to what we found, that 
the rhythmogenic capacity was distributed throughout the spinal 
cord, and could even be expressed in a single segment. They 
also found, as in the cat, that the rostra1 part of the lumbosacral 
cord expressed a greater rhythmogenic capacity. In addition, 
they provide evidence that separate mechanisms for rhythm and 
pattern generation are involved, which, for the moment, we have 
not been able to investigate. In contrast, arguments in favor of 
a localized spinal network for locomotion have been recently 
provided in an adult quadruped, Necturus. Wheatley et al. (1994) 
found that the pattern for forelimb locomotion was generated in 
less than two segments of the cervical spinal cord. This would 
confirm that our results in the newborn rat are not only a feature 
of an immature system. 

Most of our knowledge to date about the structure of the lo- 
comotor CPG comes from studies on lower vertebrates in which 
it has been shown that the pattern is organized by chains of 
coupled oscillators. The results presented here slightly modify, 
however, our picture of locomotor generation. Although the out- 
put system in mammals consists of pools of motoneurons that 
are segmentally distributed (e.g., in the rat from Ll to L6; Ni- 
colopoulos-Stournaras and Iles, 1983), we demonstrate here that 
the organization at the premotoneuronal level is radically dif- 
ferent in that the network that drives the motoneurons during 
locomotion lies only in the upper lumbar cord. In this context, 
the general organization of the locomotor CPG would be rather 
comparable to what has been found for mastication (Nozaki et 
al., 1986; see, also, review by Lund and Enomoto, 1988) or 
respiration (Smith et al., 1991) in which neurons generating 
rhythmic pattern have been found in restricted areas of the brain- 
stem. From the practical point of view, since it is now possible 
to separate the rhythmic compartment from the output motoneu- 
ronal target, it becomes feasible to study the cellular properties 
of spinal motoneurons by modifying all the parameters in the 
lower segments without affecting in any way the rhythmic ac- 

tivity in Ll/L2. In addition, since the CPG network appears to 
be a defined entity rather than a diffusely distributed chain of 
coupled elements from which the rhythmic pattern arises, the 
possibility of a complete description at the cellular level be- 
comes feasibie. 
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