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Motor Activity in the Isolated Spinal Cord of the Chick Embryo: 
Synaptic Drive and Firing Pattern of Single Motoneurons 

Michael J. O’Donovan 

Department of Physiology and Biophysics, University of Iowa, Iowa City, Iowa 52242 

The cellular mechanisms underlying embryonic motility were 
investigated using intracellular recording from motoneurons 
and electrotonic recording from muscle nerves during motor 
activity generated by an isolated spinal cord preparation of 
12- to 1 B-d-old chick embryos. DC-coupled recordings from 
sartorius (a flexor) and femorotibialis (an extensor) muscle 
nerves revealed that both sets of motoneurons were de- 
polarized at the same time in each cycle even when the 
motoneurons fired out of phase. Sartorius motoneurons fired 
briefly on the rising phase of the depolarization and then 
stopped firing before discharging a second burst of spikes 
as the depolarization decayed. By contrast, femorotibialis 
motoneurons fired at the peak of their depolarization, which 
was coincident with the interruption in sartorius activity. 

Intracellular recordings from antidromically identified mo- 
toneurons confirmed that flexor and extensor motoneurons 
were depolarized at the same time during each cycle of 
activity. The discharge of femorotibialis motoneurons, and 
others presumed to be extensors, followed changes in mem- 
brane potential so that maximal firing occurred during peak 
depolarization. The relationship between discharge and 
membrane potential was different in sartorius motoneurons 
(and in others presumed to be flexors) because they fired 
briefly on the rising phase of the depolarization and then 
stopped firing during peak depolarization. In some of these 
cells firing resumed as the membrane potential decayed 
back to rest. 

Intracellular injection of depolarizing current into sartorius 
motoneurons during motor activity reversed the direction of 
the membrane potential change from depolarizing to hyper- 
polarizing during the pause in sartorius discharge. In addi- 
tion, the discharge evoked by the depolarizing current was 
blocked during the reversed part of the synaptic potential 
revealing its inhibitory nature. The occurrence of the IPSP 
was accompanied by a large reduction in motoneuronal input 
impedance. Injection of depolarizing current steps into mo- 
toneurons produced steady firing with no evidence of a pause 
in discharge, indicating that the depolarization accompa- 
nying synaptic activity was not responsible for the pause in 
firing of flexor motoneurons. 
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These results suggest that flexor and extensor motoneu- 
rons receive a similar depolarizing drive from a common set 
of excitatory premotor interneurons. The alternating pattern 
of flexor and extensor discharge is produced, in part, by the 
timing of a depolarizing IPSP coincident with extensor ac- 
tivity that silences flexor discharge. The inhibition of moto- 
neuron discharge that accompanies the IPSP appears to be 
mediated by a shunt conductance that prevents action po- 
tential generation. 

Motor activity is believed to play an important role in the de- 
velopment of motoneurons and muscle (Renaud et al., 1978; 
Pittman and Oppenheim, 1979; Toutant et al., 1979; Mc- 
Lennan, 1983). In the chick, developmental changes in embry- 
onic motility have been characterized in considerable detail 
(Provine, 1972, 1973; Ripley and Provine, 1972; Bekoff et al., 
1975; Bekoff, 1976; Jacobson and Hollyday, 1982a, b), but much 
less is known about the cellular and synaptic mechanisms re- 
sponsible for the generation of motor activity. This situation 
has arisen because of the obvious experimental difficulties as- 
sociated with recording the firing pattern and synaptic drive of 
active motoneurons in ovo. Recently, an isolated preparation of 
the chick spinal cord has been developed that generates spon- 
taneous episodes of motor activity in vitro (Velumian, 198 1; 
Landmesser and O’Donovan, 1984; O’Donovan, 1987a). The 
pattern of hindlimb motoneuron activity produced by this prep- 
aration has been characterized previously using nerve and mus- 
cle recordings (Landmesser and O’Donovan, 1984; Barry and 
O’Donovan, 1987; O’Donovan and Landmesser, 1987). These 
studies have shown that each cycle of activity is initiated by a 
synchronous burst of spikes in most hindlimb muscles, similar 
to that recorded by Provine and his colleagues in ovo using 
microelectrode recordings from the spinal cord (Provine, 1972, 
1973). Immediately after this initial burst, motoneurons stop 
firing and then fire a second burst of spikes later in the cycle. 
The duration of the pause in motoneuron firing is correlated 
with the function of the motoneurons during walking in the 
hatched chick (see Jacobson and Hollyday, 1982a, b). Moto- 
neurons that are active in the swing phase of locomotion exhibit 
a long pause in each cycle. By contrast, extensor motoneurons 
that fire during the stance phase have a short or absent pause 
and stop firing earlier in the cycle than flexor motoneurons (see 
Landmesser and O’Donovan, 1984; Barry and O’Donovan, 1987; 
O’Donovan and Landmesser, 1987). These factors result in the 
coincidence of extensor discharge with the flexor pause leading 
to an alternating pattern of activity. The goal of the present work 
was to elucidate the cellular basis for this pattern of firing by 
recording the synaptic potentials in motoneurons during epi- 
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sodes of motor activity. Preliminary accounts of some of this 
work have appeared in abstract form (O’Donovan, 1986) or 
have been discussed in reviews (O’Donovan, 1987a, b). 

Materials and Methods 
The excitatory drive responsible for motoneuron firing was analyzed 
using intracellular recording from individual lumbosacral motoneurons 
and DC-coupled recordings from ventral roots and muscle nerves. In- 
tracellular recordings were obtained from 45 neurons located in the 
lateral motor column (LMC) of the anterior lumbar cord. Recordings 
were made between day 12 and 15 of embryonic development. 

Isolated spinal cord preparation. All experiments were performed us- 
ing an isolated preparation of the chick spinal cord (Landmesser and 
O’Donovan, 1984; O’Donovan, 1987a). The embryos were removed 
from the egg, rapidly decapitated, and pinned out in a Sylgard-lined 
dish that was continuously superfused with oxygenated (95% O,, 5% 
COJ Tyrode solution at room temperature. The muscle nerves or ven- 
tral roots were dissected and the hemisected spinal cord removed from 
the vertebral column. Following this, all lumbosacral dorsal roots were 
cut. At the completion of the dissection the bath temperature was raised 
to 28-30°C. After 3-5 hr at the elevated temperature, spontaneous ep- 
isodes of motor activity began that recurred every 5-10 min. Episodes 
of motor activity were also evoked by a single stimulus to the thoracic 
spinal cord (Landmesser and O’Donovan, 1984). 

Spontaneous motor activity could be recorded from older embryos 
than previously reported in earlier work (Landmesser and O’Donovan, 
1984). This was probably because the cord was completely isolated (see 
Barry and O’Donovan, 1987), which presumably resulted in better ox- 
ygenation of the neural tissue. 

Intracellular recordingfrom motoneurons. Intracellular recordings were 
obtained from motoneurons using glass microelectrodes filled with 2 M 

potassium citrate or acetate and having impedances of 50-100 Ma 
(O’Donovan, 1987a). The microelectrode was mounted on a motorized 
micromanipulator (Newport Corporation) and advanced into the spinal 
cord in small (5 pm) steps. The bath and micromanipulators were mount- 
ed on a vibration-free table (Micro-G-Corporation) to maximize the 
stability of the preparation. The electrode was guided into the lateral 
part of the ventral cord until motoneurons were penetrated (see below). 
Recordings were made using conventional intracellular amplifiers (Get- 
ting or Axoclamp-2A) and stored on magnetic tape (Vetter model D) 
for subsequent analysis. Immediately after penetration it was usually 
necessary to stabilize the membrane potential by injecting hyperpolar- 
izing current, which was eliminated as the membrane potential im- 
proved. The average membrane potential measured in 14 neurons was 
-48 mV. 

Motoneurons were identified by antidromic stimulation ofthe ventral 
roots or muscle nerves. In most experiments, anodal stimulation was 
used because this results in the largest extracellular antidromic field 
potentials when using metal microelectrodes @‘Donovan, 1987a). High- 
intensity cathodal stimulation reduced the amplitude of the extracellular 
field, probably due to anodal conduction block just outside the electrode 
tip (for further details, see Fig. 4 in O’Donovan, 1987a). Thresholds for 
antidromic activation were generally less than 50 PA (50-l 50 ysec du- 
ration). 

Forty-two of the 45 neurons that were recorded intracellularly were 
identified as motoneurons (see below). The 3 neurons that were not 
identified intracellularly were presumed to be motoneurons because of 
their location in the lateral motor column and their behavior during 
motor activity. Twenty of the motoneurons projected to muscle nerves 
(14 to the sartorius muscle nerve, 5 to the branch supplying one of the 
lateral heads of the femorotibialis muscle, and 1 to the obturator nerve), 
while the remainder were identified by ventral root stimulation. 

Figure 1 illustrates the methods used for motoneuron identification. 
The illustration shows the all-or-none recruitment of an intracellular 
action potential during antidromic stimulation of the sartorius muscle 
nerve (Fig. 1A). In this cell, the spontaneous occurrences of the action 
potential were followed one-for-one by a spike in the sartorius muscle 
nerve (Fig. lB), confirming the antidromic identification. Of the 42 
identified motoneurons, 35 were identified antidromically and the re- 
maining 7 by the occurrence of a one-for-one spike in the muscle nerve. 

In most motoneurons antidromic stimulation resulted in an all-or- 
none spike without any subthreshold potential changes. Occasionally, 
however, antidromic stimulation recruited a small potential at stimulus 
currents lower than the threshold for the antidromic spike (see Fig. 1 c). 

These potentials were unlikely to be synaptic because the dorsal roots 
were cut. Although the properties of the potentials were not thoroughly 
investigated, they resembled small action potentials and consisted of a 
small spike and a prolonged afterhyperpolarization (see Fig. 1, C, D). 
The potentials were insensitive to membrane polarization (n = l), could 
occur spontaneously, and were sometimes followed, one-for-one, by a 
spike in the muscle nerve. They were most commonly seen immediately 
after penetration and may have been associated with cell damage, al- 
though they could sometimes persist in what appeared to be a satisfac- 
tory penetration. One interpretation of these data is that the small spikes 
arose from a depolarized or damaged initial segment, although it is 
difficult to explain why their stimulus threshold should be different from 
the antidromic spike. An alternative possibility is that the small spikes 
arise as a result of electrical coupling between adjacent motoneurons. 

Current spread during muscle nerve and ventral root stimulation. Sev- 
eral precautions were taken to minimize current spread during anti- 
dromic stimulation of muscle nerves. In some experiments, only the 
sartorius nerve was used and all other nerves were cut. In experiments 
where the lateral branch of the femorotibialis muscle was also dissected, 
the other nerve branches were stripped back proximally and then cut. 
With either arrangement, stimulus spread rarely occurred. When it did, 
it was manifest by short-latency compound action potentials in the 
nonstimulated nerve and could be eliminated by repositioning the stim- 
ulating electrode more distally along the nerve. 

Stimulus spread was also a concern with ventral root stimulation 
because of the possibility that motoneurons (or intemeurons) might be 
directly activated by current spread to the lateral motor column rather 
than antidromically. However, direct activation of spinal neurons by 
ventral root stimulation is unlikely for 2 reasons. First, direct stimu- 
lation of the spinal cord elicited burst activity in motoneurons, which 
was very rare following ventral root stimulation. Second, in most mo- 
toneurons (14/22), the antidromic spike occurred after a significant delay 
(> 1 msec) following the ventral root stimulus, and in only one neuron 
was the latency short enough (co.5 msec) to be compatible with direct 
activation. 

Ventral root and muscle nerve recordings. Recordings of neural activ- 
ity were made from muscle nerves or the ventral roots using a tightly 
fitting suction electrode connected to a high-gain DC amplifier (Grass 
P 16; x 1000 gain) via a chlorided pellet. The recordings were made with 
a wide bandwidth (DC-5 kHz), which allowed slow potentials and prop- 
agated spike activity to be resolved (O’Donovan, 1987a). Recordings 
were stored on magnetic tape for subsequent analysis. Slow positive 
potentials recorded in this manner appear to be similar to the electro- 
tonically decremented population synaptic potentials that can be re- 
corded from the cut ventral roots of adult animals (Luscher et al., 1979; 
Brink et al., 1983). Success in achieving these recordings presumably 
results from the short length (2-3 mm) of the cut muscle nerves in the 
embryo. Despite the short nerves, the attenuation of the intracellularly 
recorded potentials was significant and can be approximated by com- 
paring the aggregate synaptic potential generated in a population of 
motoneurons with the amplitude of the slow potentials recorded from 
the muscle nerve. In the present work, the average intracellularly re- 
corded motoneuron depolarization was 15 mV (see text), which would 
correspond to an aggregate depolarization of 6 V (15 mV x 400) for the 
400 motoneurons supplying the sartorius muscle (Landmesser, 1978). 
Since the slow potentials recorded from the sartorius nerve were typi- 
cally between 100 and 200 pV, this would result in an attenuation 
ranging from 30,000 to 60,000. The actual electrotonic decay will prob- 
ably be less than this because the extracellularly recorded slow potentials 
are necessarily smaller than the intra-axonal potential at the end of the 
muscle nerve. Nonetheless, these attenuation factors are compatible 
with what is probably a short space constant in the small unmyelinated 
motor axons in the muscle nerve. 

This type of recording complements the intracellular records by pro- 
viding an independent monitor of the membrane events in a defined 
population of motoneurons. Moreover, the recordings are easy to obtain 
and are without the complications resulting from the intracellular pen- 
etration of small motoneurons (see below and Velumian, 1984). Al- 
though population potentials average the activity of a large number of 
motoneurons, intracellular recording has revealed that they provide a 
reasonable monitor of the transmembrane potential trajectory in indi- 
vidual motoneurons (O’Donovan, 1987a; see also data in this paper). 

Data analysis. The time course of intracellular membrane potential 
changes and muscle nerve potentials was summarized by combining the 
results of many cycles of activity from several different experiments. 
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For this purpose the intracellular records from 9 sartorius and 4 fem- 
orotibialis motoneurons and their accompanying wideband nerve rec- 
ords were used. A similar analysis was used to summarize the results 
of depolarizing current injection in 3 sartorius motoneurons. The wide- 
band nerve records were first processed to separate the spike activity 
and the slow potentials. The spike activity was filtered at a bandwidth 
of 100 Hz-5 kHz and then rectified and integrated (time constant, 20 
msec), whereas the slow potentials were filtered at DC-20 Hz. Slow 
potentials filtered in this way were very similar in time course to the 
original unfiltered slow potential, although some distortion was inev- 
itably introduced due to integration of the spike activity (see also Fig. 
1, O’Donovan and Iandmesser, 1987). This procedure resulted in either 
3 or 5 simultaneously recorded channels of data for further processing 
depending on whether both the sartorius and the femorotibialis neu- 
rograms were recorded initially. These were (1) intracellular membrane 
potential from a sartorius or a femorotibialis motoneuron; (2) integrated 
sartorius nerve discharge; (3) integrated femorotibialis nerve discharge; 
(4) slow sartorius nerve potentials; and (5) slow femorotibialis nerve 
potentials. The intracellularly recorded membrane potential and the 
integrated nerve activity were also filtered between DC and 20 Hz so 
that all available data channels were subjected to the same filtering 
conditions. Intracellular records were selected in which spike activity 
was rare or had been suppressed by injection of hyperpolarizing current, 
although some of the records did contain spikes. All channels of data 
were then digitized at 50 Hz for computer analysis. Some of the intra- 
cellular records (particularly during current injection) and occasionally 
the DC nerve records were subject to drift, which was corrected by 
computing the slope of the drift and subtracting it from the record. All 
records were then normalized by amplitude. 

The subsequent processing consisted of 2 stages. First, the intracellular 
activity and nerve records were averaged over several episodes for in- 
dividual motoneurons. Second, these averages were combined for all 
the motoneurons in each group (9 sartorius, 4 femorotibialis, 3 depo- 
larized sartorius). 

Averages could not be generated from complete episodes because of 
variability in the duration and structure of successive episodes. For this 
reason, each episode was first separated into its constituent cycles, which 
were then averaged as described in Figure 2. Cycle lengths were not 
normalized because cycle parameters (e.g., pause duration) tend to be 
constant and independent of cycle length (see Landmesser and O’Don- 
ovan, 1984; O’Donovan and Landmesser, 1987). This procedure was 
implemented for all available data channels and resulted in the compres- 
sion of a complex episode (Fig. 2A) into a much simpler single cycle 
average (Fig. 2c). Single cycle averages were generated from several 
episodes and then averaged together. 

I I 

100 msec 

Figure 1. Identification of sartorius 
motoneurons recorded intracellularly. 
A, All-or-none recruitment of a short- 
latency action potential following an- 
tidromic stimulation of the sartorius 
muscle nerve. In this motoneuron, the 
intracellular spike was correlated one- 
for-one with a spike in the sartorius 
muscle nerve (shown in B). B, Super- 
imposition of several sweeps of the 
spontaneous spike (K’) together with 
the sartorius (SART) and femorotibi- 
alis (FEM) neurograms. C, Antidromic 
stimulation of another sartorius mo- 
toneuron revealed a small potential 
evoked at a lower stimulus intensity 
than the larger antidromic spike. D, The 
small potential could be antidromically 
activated alone (starred) and was also 
spontaneously active (arrowed). Re- 
cordings were made from a 14-d-old 
embryo in which all the lumbosacral 
dorsal roots had been cut. 

Finally, the single cycle averages for all the motoneurons in each group 
(9 sartorius, 4 femorotibialis, 3 depolarized sartorius) were normalized 
and averaged together. 

Results 
Slow potentials and spike activity recorded from flexor and 
extensor muscle nerves 
Figure 3 illustrates recordings from the flexor sartorius and the 
extensor femorotibialis muscle nerves during an episode of mo- 
tor activity in a 13-d-old embryo. In both muscle nerves spike 
activity was superimposed on a slow positive potential. The 
pattern of discharge exhibited by these motoneurons was most 
evident when individual cycles could be seen in isolation to- 
wards the end of an episode. As reported previously (Land- 
messer and O’Donovan, 1984; Barry and O’Donovan, 1987) 
and confirmed in the present report, both sets of motoneurons 
discharge at the beginning of the cycle during the synchronous 
discharge (labeled in Fig. 3B). Sartorius motoneurons stop firing 
after the synchronous discharge and then resume again later in 
the cycle. The firing of femorotibialis, and other extensor mo- 
toneurons, persists during the pause in sartorius discharge which 
produces an alternating pattern of activity (Figs. 3B, 4, upper 
traces). 

Remarkably, however, the slow population potentials were 
similar, and coincident, in both muscle nerves. Femorotibialis 
motoneurons fired during the peak of the slow population po- 
tential, whereas sartorius motoneurons stopped firing at this 
time and resumed their discharge as the population potential 
decayed (see Figs. 3 and 4). Similar findings were obtained in 
7 experiments and with other flexor and extensor nerves (e.g., 
medial femorotibialis and posterior iliotibialis). 

In embryos 13 d and older, the pause in each cycle of sartorius 
activity was briefer and femorotibialis activity was more pro- 
longed than at younger stages. In addition, the timing of suc- 
cessive cycles was irregular with double or even triple bursts 
occurring rapidly in succession. This resulted in coactivation of 
sartorius and femorotibialis discharge in some cycles. Such coac- 
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Figure 2. 

the cycle only a single cycle (7) is used. 

Method used to average all 
the cycles in a single episode of motor 
activity. A, Simultaneous recordings of 
intracellular membrane potential from 
a sartorius motoneuron (SARTMn) and 
rectified, integrated neural activity from 
the sartorius muscle nerve (INT. SART 
NERVE). The time of occurrence of 
the peak in the sartorius synchronous 
discharge or the onset of the pause (if 
the synchronous discharge was not dis- 
cernible) was identified in each cycle. 
These trigger points are indicated by 
arrows on the nerve trace. The episode 
was then divided into cycles, each of 
which extended from 200 msec prior 
to a trigger point to 200 msec prior to 
the next trigger. The cycles are num- 
bered and delineated by fine lines in 
the intracellular and nerve traces. B, 
Superimposition of individual cycles 
from the intracellular record shown in 
A. Each trace is aligned at the trigger 
point. Note that the length of each seg- 
ment varies. C, Average of the super- 
imposed traces shown in B. Note that 
the number of cycles contributing to 
each section of the average varies- At 
the trigger point, all 7 cycles contribute 
to the averaae. whereas at the end of 
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tivation was rare before 13 d except at the beginning of an 
episode, when cycles recurred rapidly (see Landmesser and 
O’Donovan, 1984). At all ages, however, the slow population 
potentials were in phase. Figure 4 illustrates these observations 
by comparing an episode of motor activity in a 12- and a 13-d- 
old embryo. 

The reasons for this change in the precision of alternation in 
the embryos 13 d and older is unclear. However, a similar 
change in the phasing of flexor and extensor hindlimb muscle 
activity has been observed in ovo at about the same stage of 
development. Bekoff (1976) found that hindlimb EMG activity 
became disorganized at day 13 with complex burst patterns and 
frequent periods of coactivation between the antagonists gas- 

trocnemius and tibialis anterior-muscles that exhibit altemat- 
ing activity at earlier stages of development. 

The similarity of the population potentials in the 2 nerves 
raised the possibility that the excitatory synaptic drive to the 2 
sets of motoneurons was also similar and in phase. This hy- 
pothesis was tested by intracellular recording from identified 
motoneurons during motor activity as described below. 

Intracellular recordings from motoneurons during motor 
activity 

Intracellular recordings were obtained from 42 motoneurons 
(and 3 additional lateral motor column neurons presumed to 
be motoneurons) during episodes of motor activity. Immedi- 
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Figure 3. A, Wideband recordings 
from the sartorius and femorotibialis 
muscle nerves (traces marked LX’) dur- 
ing an episode of motor activity reveal 
slow population potentials on which 
propagated spike activity is superim- 
posed. The pattern of discharge can be 
seen more clearly after high-pass filter- 
ing, rectifying and integrating the wid- 
eband record as shown in the upper 
traces (labeled I. FEM and I. SART). 
The extensor spike activity in the DC 
record was reduced by filtering (DC- 
200 Hz) to show the profile of the un- 
derlying slow potential more clearly. B, 
Expanded portion of the integrated 
nerve discharge (identified by the line 
in the upper trace of A) to show the 
phasing of activity between the 2 an- 
tagonist muscle nerves, and identifying 
the components of each cycle of activ- 
ity. SYNC, synchronous discharge; 
PAUSE, interruption in sartorius dis- 
charge. 

ately following penetration, motoneurons fired irregularly or at each cycle and decayed near the end of the cycle, although in 
a low rate. As the penetration was maintained, the membrane some neurons temporal summation of successive cycles resulted 
potential improved, and most cells began to fire reproducibly in a sustained depolarization. 
during each cycle of activity. Satisfactory penetrations of a few Figure 5 illustrates an intracellular recording from a femo- 
motoneurons could be maintained for l-2 hr, during which time rotibialis motoneuron together with a recording from the fem- 
the stabilized firing pattern of the cell changed little. Several orotibialis muscle nerve, revealing that the slow population po- 
motoneurons did not discharge at all during motor activity, even tentials coincide with the depolarization in individual 
though they received depolarizing synaptic drive and may have femorotibialis motoneurons. The intracellularly recorded po- 
been damaged by the penetration. tential is generated exclusively by transmembrane potential 

For 14 sartorius motoneurons the latency of the antidromic changes because virtually no extracellular field potential was 
spike (or the time from the intracellular spike to the orthodromic recorded when the electrode was withdrawn from the cell (EC 
spike in the muscle nerve) averaged 3.9 + 1.6 msec (mean + control in Fig. W). Indeed, in no cell tested (15/l 5) was a 
SD), which corresponds to a conduction velocity of -0.5 significant extracellular field potential recorded on withdrawing 
m&c, assuming a conduction distance of about 2 mm. The the microelectrode from the cell. Similar transmembrane po- 
latency of antidromic spikes was much shorter following ventral tential changes were recorded in 3 of the remaining femorotib- 
root stimulation (1.2 f 0.6 msec; n = 22). The conduction ialis motoneurons and several additional ventral root identified 
velocity of individual motoneurons was not calculated because motoneurons presumed to be extensors on the basis of their 
of uncertainties in its estimation. The mean amplitude of the firing pattern. In these cells the membrane potential depolarized 
action potential for motoneurons included in the study was 45.5 at cycle onset, reaching a plateau for a portion of the cycle before 
* 18.3 mV (n = 41). decaying at the end of the cycle. Motoneuron discharge occurred 

The intracellular recordings confirmed the nerve recordings at the peak of the depolarization and stopped as the depolariza- 
and revealed that motoneurons were depolarized during each tion decayed back to rest. This pattern of discharge was also 
cycle of activity, on average by 14.9 2 9.8 mV [range, 1.1-34.9 reflected in the population recordings from the femorotibialis 
mV (n = 39)]. The depolarization rose rapidly at the onset of nerve because the propagated spike activity occurred during the 
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Figure 4. Comparison of burst activ- 
ity in 12- and 13-d-old embryos. The 
lower records in each set (labeled DC) 
are wideband recordings comparing ac- 
tivity in the sartorius (SART (DC)) and 
femorotibialis (FEM (DC)) muscle 
nerves. The pattern of discharge be- 
tween the antagonist nerves can be seen 
after high-pass-filtering the wideband 
data (100 Hz-l.5 or 5 kHz), as shown 
in the upper set of records in each set 
(labeled AC). Note the more precise 
pattern of alternating discharge in the 
12 d embryo, although the slow poten- 
tials occur at the same time in each 
muscle nerve at both ages. At day 13 
the slow potentials occur simulta- 
neously in both muscle nerves whether 
the discharge alternates (starred cycle) 
or is coincident (arrowed cycle). The 
femorotibialis spike activity in the DC 
record from the 12 d embryo was re- 
duced by filtering (DC-100 Hz) to re- 
veal the-profile of the underlying slow 
potential. 

DAY 12 
FEM 1 500 

IJV 
SART 1 100 IJV 
FEM 
(DC) 1 500 

WV 

J 200 
IJV 

I I 
5 sac 

DAY 13 [AECM) * 4 1 50 
LJV 

lr’ ’ I I I” .* 

SART 
(AC) 1 100 iJV 

SART 1 200 

(DC) 
UV 

2 

peak and plateau phase of the slow potential (Fig. 5). In 2 fem- 
orotibialis motoneurons the intracellular potential decayed to 
rest significantly faster than the nerve potential (reflected in the 
averages of Fig. 7). One of the antidromically identified femo- 
rotibialis was held only briefly and was sufficiently depolarized 
to fire continuously. During burst activity, the depolarization 
was not marked in this cell and a brief hyperpolarization oc- 
curred at cycle onset (see further discussion below). 

Intracellular recordings from sartorius motoneurons revealed 
a similar correspondence between transmembrane potential 
changes in individual cells and population recordings from the 
muscle nerves (illustrated in Fig. 6 and summarized in Fig. 7) 
and confirmed that sartorius motoneurons were depolarized 
during each cycle of motor activity and remain depolarized 
during the pause in nerve discharge (Fig. 64. In several sartorius 
motoneurons a prominent depolarizing bump occurred in the 
intracellular record (starred in Fig. 64 at the time of the pause 
in the sartorius nerve discharge, although in other sartorius cells 
(e.g., neuron illustrated in Fig. 84, the membrane potential 
remained flat during the pause in discharge. In sartorius mo- 
toneurons, as in other motoneurons, no extracellular fields could 

be recorded on withdrawing the electrode to just outside the cell 
(Fig. 6B). 

The above results show that the intracellular membrane po- 
tential changes in both sartorius and femorotibialis motoneu- 
rons coincide with the slow potentials in their muscle nerves. 
Since the slow potentials in the flexor and extensor muscle nerves 
are also coincident, this implies that the intracellular membrane 
potential changes in flexor and extensor motoneurons occur at 
the same time also. Although it was not possible to obtain 
simultaneous intracellular recordings from sartorius and fem- 
orotibialis motoneurons, the relative timing of their intracellular 
activity could be compared by using the simultaneously re- 
corded nerve potentials as a reference. 

This has been done in Figure 7, which documents the rela- 
tionships between intracellularly recorded membrane potential 
in sartorius and femorotibialis motoneurons and the corre- 
sponding recordings from the muscle nerves during a single cycle 
of activity (see Materials and Methods and legends to Figs. 2 
and 7 for further details). Figure 7 consists of 2 sets of single 
cycle data: averages from 9 sartorius motoneurons and the ac- 
companying nerve records (indicated by the thick traces) and a 
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Figure 5. A, Intracellular recording 
from a femorotibialis motoneuron dur- 
ing a spontaneous episode of motor ac- 
tivity in a 13 d embryo. The upper trace 
(FEMORO Mn. ZC) is the intracellular 
record and the lower trace the DC re- 
cord from the muscle nerve (FEMORO 
NERVE). The membrane potential just 
before the onset of the burst is shown. 
B, Recording of the extracellular field 
potential just outside the motoneuron 
(EC CONTROL) during an episode of 
motor activity reveals that the intra- 
cellularly recorded potential changes are 
transmembrane. 

second set of data averaged from 4 femorotibialis motoneurons same point in the cycle. The average cycle length is the same 
and their accompanying nerve records (thin traces). The 2 sets for each set of records because the duration of nerve activity is 
of traces have been synchronized at the peak of the synchronous the same for both data sets (compare duration of thick and thin 
discharge in the sartorius nerve so that they are aligned at the lines for each nerve record in Fig. 7). For this reason the intra- 

1 20 
mV 

, 1 

5 seconds 

I 8 

5 seconds 

Figure 6. A, Intracellular recording 
from a sartorius motoneuron during an 
episode of motor activity. The intra- 
cellular record (SARTMn. Zc) is shown 
together with a DC recording of pop- 
ulation activity in the sartorius muscle 

1 20 nerve (SART NERVE DC), and the 
mV propagated spike activity in the sarto- 

rius nerve (SART NERVE) obtained 
by high-pass-filtering the DC record 
(100 Hz-5 kHz). Note the prominent 
depolarizing bumps (starred) that co- 
incide with the pause in firing in the 
sartorius muscle nerve. B, Extracellular 
recording of the potential just outside 
the motoneuron during another epi- 
sode of motor activity (EC CON- 
TROL). 
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Figure 7. Averaged responses of nor- 
malized muscle nerve and motoneuron 
behavior during a single cycle of motor 
activity (see Materials and Methods for 
details). The figure consists of 2 sets of 
single cycle data: intracellular averages 
compiled from 9 sartorius motoneu- 
rons together with simultaneous sar- 
torius and femorotibialis nerve records 
(indicated by the thick truces) and a 
second set from 4 femorotibialis mo- 
toneurons and their associated nerve 
records (thin truces). The 2 sets of traces 
are aligned at the peak of the synchro- 
nous discharge in the sartorius nerve. 
The intracellular records are shown as 
the mean membrane potential + 1 in- 
tercell SD (shaded region). The muscle 
nerve recordings show the slow popu- 
lation potentials (labeled DC; filtered 
at DC-20 Hz) together with the recti- 
fied integrated neural activity (Znt.). 

Figure 8. A, Intracellular recording 
from a sartorius motoneuron that fired 
during several cycles of an episode 
(SART Mn IC). Also displayed is the 
instantaneous frequency of firing of the 
cell (ZNST FREQ). Notice that the 
membrane potential plateaus through- 
out the episode and that firing occurs 
as the membrane potential decays at 
the end of each cycle. B, Intracellular 
recording from another motoneuron 
that exhibited similar behavior to the 
cell illustrated in A. In this case, the 
motoneuron, which was identified by 
ventral root (LSI) stimulation, also 
displayed a long pause in each cycle, 
during which the membrane potential 
remained flat. Moreover, the intracel- 
lular membrane potential recorded 
during motor activity was very similar 
to the simultaneously recorded ventral 
root potential, suggesting that the 
membrane potential changes were not 
significantly altered by the presence of 
the intracellular electrode. 
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cellular averages from the sartorius and femorotibialis moto- 
neurons can be compared on the same time scale. Figure 7 
clearly reveals that the averaged intracellular activity in sartorius 
and femorotibialis motoneurons is both coincident and similar, 
although the membrane potential in femorotibialis motoneu- 
rons decays somewhat faster than that in the sartorius neurons. 
The low intercell SD in the sartorius record reflects the fact that 
the intracellular potentials in most of the individual sartorius 
motoneurons were similar. 

These data also allow a comparison of the time course of the 
averaged nerve activity and the intracellular records during a 
single cycle. The slow potentials from the sartorius and femo- 
rotibialis muscle nerves were similar, as discussed earlier. Com- 
parison with the averaged intracellular records showed that the 
basic form of the slow potentials was similar to the correspond- 
ing intracellular records, which was expected since the slow 
nerve potentials reflect synaptic activity in a population of mo- 
toneurons. Despite the fundamental similarity between the DC 
nerve and intracellular records, some differences were apparent. 
For instance, the DC nerve records decayed more slowly than 
the intracellular records, presumably because of electrotonic 
slowing along the muscle nerve, and probably also due to the 
presence of integrated spike activity introduced by the low-pass 
filtering (DC-20 Hz). Integration of spike activity is probably 
also responsible for the small peak in the DC sartorius record 

Figure 9. A, An example of a ventral 
root identified motoneuron (ZNTM- 
CELLULAR) that exhibited hyperpo- 
Iarizing potentials (avowed) superim- 
posed on a depolarization. The record 
was obtained shortly after penetration 
while the membrane potential was 
drifting. B, The last cycle shown on an 
expanded time scale to show the dis- 
tinct depolarizing peak in the ventral 
root record (VENTRAL ROOT (DC)) 
that coincides with the hyperpolarizing 
potential in the motoneuron. The de- 
polarizing ventral root response, al- 
though from a population of motoneu- 
rons, suggests that the IPSP is actually 
depolarizing in unpenetrated motoneu- 
rons (see text for further discussion). 
Spikes in A are not displayed at full 
amplitude. 

at the time of the synchronous discharge that has no counterpart 
in the intracellular records. 

Burst activity was recorded from an additional 22 motoneu- 
rons that were identified from the ventral roots. The great ma- 
jority of these motoneurons were depolarized during each cycle 
of activity in a manner similar to that described for sartorius 
and femorotibialis motoneurons. In many cells, the time course 
of the depolarization was similar to that recorded simultaneous- 
ly from the ventral roots (see Fig. 8B), although in some the 
intracellularly recorded potential was briefer than the ventral 
root potential. At face value, the similarity of the ventral root 
potential and membrane potential changes in individual mo- 
toneurons was surprising because ventral root potentials are 
generated from synaptic activity in an heterogeneous population 
of flexor and extensor motoneurons. However, in the preceding 
section it has been shown that the flexor sartorius and the ex- 
tensor femorotibialis receive coincident and similar synaptic 
drive during motor activity. Similar observations were made in 
other flexors and extensors using muscle nerve recordings, sug- 
gesting that all the hindlimb motoneurons experience a fun- 
damentally similar depolarization during motor activity. If the 
major synaptic drive to different motoneurons is fundamentally 
similar, then the ventral root potential will be a useful monitor 
of the membrane potential trajeotory in motoneurons unpene- 
trated by microelectrodes, although caution must be exercised 
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Figure 10. A, Effects of intracellular 
current injection on the motor depo- 
larization generated in a sartorius mo- 
toneuron. The 4 traces are intracellular 
recordings of the first cycle of activity 
in a burst episode recorded at different 
levels of injected current (shown to the 
left of the traces). B, The 4 traces are 
the sartorius neurograms associated 
with each of the 4 intracellular records 
shown in A. All traces have been aligned 
at the start of the pause recorded in the 
sartorius neurogram (indicated by the 
dotted line). Each enisode was initiated 
by a singlestimulusto the thoracic cord 
(stimulus artifact marked by s). Spikes 
in A are not displayed at full amplitude. 
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when inferring single-cell behavior from population recordings. 
One advantage of ventral root recording over muscle nerve 
recording is that ventral root potentials are less distorted elec- 
trotonically than muscle nerve recordings and spike activity 
tends to be less pronounced (see also Fig. 1 in O’Donovan and 
Landmesser, 1987). 

Firing pattern of individual jlexor motoneurons 
About half of the sartorius motoneurons that were recorded 
from discharged infrequently or primarily on the rising phase 
of the depolarization, coincident with the synchronous discharge 
in the muscle nerve. Other sartorius motoneurons (and ventral 
root identified motoneurons that behaved like flexors), fired 2 
bursts of spikes in each cycle resembling the discharge pattern 
recorded in the muscle nerve. Two such motoneurons are il- 
lustrated in Figure 8. One of these motoneurons projected to 
the sartorius muscle nerve, while the other was identified as 
originating from the LS 1 segment, where sartorius motoneurons 
are located. In both cells the membrane potential depolarized 
to a plateau of 25-30 mV during each cycle. Firing occurred on 

1 10 
mV 

I I 

0.5 set 

the rising phase of the depolarization and then ceased as the 
membrane potential plateaued, resuming as the membrane po- 
tential decayed from its peak level. These observations indicate 
that firing in sartorius motoneurons could be silenced even though 
the membrane potential was above threshold for spiking. 

Several possible mechanisms could contribute to the silencing 
of discharge in sartorius motoneurons, including synaptic in- 
hibition and voltage-sensitive membrane properties. A role for 
synaptic inhibition was suggested by the observation that a few 
motoneurons (7/45), including one femorotibialis motoneuron, 
exhibited small negative deflections of membrane potential (su- 
perimposed on the depolarization) that occurred just after the 
onset of each cycle coincident with the pause in flexor firing (see 
Fig. 9). The negative deflections were most common when the 
membrane was somewhat depolarized immediately after pen- 
etration and attenuated or reversed as the penetration persisted. 
These findings raised the possibility that the pause in flexor 
firing might be mediated by an inhibitory postsynaptic potential. 
This was investigated by injecting current into several sartorius 
motoneurons in an attempt to reverse the hypothesized IPSP. 
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Egects of current injection on the membrane potential in 
motoneurons 

Current was injected intracellularly into 8 motoneurons during 
episodes of motor activity to explore the voltage dependence of 
their depolarization. Unfortunately, difficulties in maintaining 
satisfactory electrode balance precluded measurement of rever- 
sal potentials. Nonetheless, in 5/7 flexorlike motoneurons (in- 
cluding 45 identified sartorius motoneurons) depolarizing cur- 
rent injection reduced the amplitude of the depolarization and, 
if large enough, could reverse the direction of the membrane 
potential excursion during the pause in sartorius nerve dis- 
charge. The inhibitory nature of the reversed component was 

Figure II. Single cycle intracellular 
averages (mean ? SD) from 3 sartorius 
motoneurons (ZC Sart Depol.) during 
injection of depolarizing current (0.5- 
2.0 nA) sufficient to reverse the mem- 
brane potential during the pause in the 
sartorius nerve discharge. Also dis- 
played are the control intracellular av- 
erages for sartorius motoneurons (same 
data as in Fig. 7), and the averaged in- 
tegrated neurograms (labeled Int. Fern 
and Znt. Sart). The neurograms dis- 
played with the thick line were acquired 
with the control recordings, while those 
shown with the thinner line were ob- 
tained with the depolarized cells. 

indicated by its ability to block the firing evoked by the depo- 
larizing current. These findings are illustrated in Figure 10, which 
shows the effects of current injection on the first cycle of activity 
in a sartorius motoneuron. In this cell the reversed component 
of the synaptic potential coincided with the prominent depo- 
larizing bump in the control recording and increased in ampli- 
tude with more negative current. Similar findings were obtained 
in 45 sartorius motoneurons (and in one motoneuron that pro- 
jected to the obturator nerve) and are summarized in the single 
cycle averages of Figure 11. This illustration combines the re- 
sults from 3 different sartorius motoneurons in which depolar- 
izing current (0.5-2.0 nA) reversed the synaptic potential during 
the pause in sartorius discharge. 
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Figure 12. Measurement of input re- 
sistance in a sartorius motoneuron dur- 
ing a single cycle ofmotor activity. Top 
trace shows a wideband recording from 
the sartorius nerve (SART NERVE). 
Below this is a plot of the average re- 
sistance of the cell calculated from the 
voltage response to intracellular cur- 
rent pulses. Data from 5 cycles have 
been averaged together and are ex- 
pressed as means 2 SD. The capaci- 
tative transients on the intracellular re- 
cord (SARTMn) have been deleted for 
clarity. Same motoneuron as illustrated 
in Figure 10. Spikes are not displayed 
at full amplitude. 
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Figure 13. Effects of intracellular cur- 
rent steps on the firing of motoneurons. ..--*.*-.. . . . . . . . . . . **. . . . . . . . 

A, Intracellular injection of depolariz- 
ing current into a sartorius motoneuron 0 1 2 5 6 

(same cell as illustrated in Figs. 10 and 
time3 (~ec)~ 

12) produces steady firing with no evi- 
dence of a pause. Top trace in each set 
of records is a plot of the instantaneous 
firing frequency of the cell. B, Intra- 
cellular recording from a lateral motor 
column cell (presumed to be a moto- 
neuron) that exhibited a pause in firing 
during motor activity. C, The cell shown 
in B was depolarized by intracellular 
current to approximately the same 
membrane potential as during the burst 
but exhibited no pause in firing. Note 
also that the firing frequency of the cell 
was substantially higher during current 
injection than during synaptic activa- 
tion. 
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Taken together, these observations suggest that the depolar- 
ization in sartorius motoneurons is composed of both excitatory 
and inhibitory synaptic potentials and that the inhibitory po- 
tential is responsible for the pause in motoneuron firing. Ap- 
parently, the equilibrium potential for the IPSP is above rest, 
causing the potential to be depolarizing. 

can exhibit a brief pause in discharge. Thus, the finding of a 
brief hyperpolarization in one of the femorotibialis motoneu- 
rons suggests that this pause may also be mediated by synaptic 
inhibition as in flexor motoneurons. 

Mechanism of inhibition of motoneuron discharge 

Current injection was also performed in another motoneuron During the depolarizing IPSP, the membrane potential was fre- 
identified from the ventral roots rather than the muscle nerve. quently above threshold for discharge, so that the inhibition of 
The discharge behavior of this cell was characteristic of an ex- firing must be due to some other process associated with the 
tensor motoneuron because it exhibited no pause in firing. The IPSP. One possibility is that the membrane conductance in- 
amplitude of the depolarization was increased by injection of creases significantly during the IPSP shunting action potential 
hyperpolarizing current and decreased by injection of depolar- generation. This was suggested by the reduction in the amplitude 
izing current. Moreover, peak depolarization exhibited an ap- and afterhyperpolarization of action potentials that occurred 
proximately linear relation with injected current, and there was near the end of the pause (see Fig. 8). This hypothesis was 
no evidence of a reversal of part of the waveform (as in sartorius investigated directly by making impedance measurements in 3 
motoneurons) up to the maximum injected current of 0.2 nA. motoneurons (including 1 sartorius motoneuron) that exhibited 
The maximum current injected into this cell was less than in a pause in firing. In these motoneurons the membrane imped- 
other motoneurons and may have been insufficient to reverse ance fell significantly from an average value of 61.7 MR in the 
an IPSP, although at this level of depolarization the motoneuron resting membrane to minimum of 9 MQ during the pause. This 
was firing repetitively at a similar rate to that in -depolarized is illustrated for a sartorius motoneuron in Figure 12, which 
sartorius motoneurons that did exhibit reversal. It is important shows the results of injecting hyperpolarizing current pulses 
to note that extensor motoneurons, including the femorotibialis, throughout the trajectory of the membrane potential during a 
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single cycle of activity. The input impedance of this cell fell 
from a resting value of 57 MQ to a minimum of 9 MB during 
the IPSP coincident with the pause in firing in the sartorius 
muscle nerve. 

From these experiments it cannot be concluded that the large 
change in conductance is due solely to the IPSP. The concurrent 
EPSP and voltage-dependent membrane properties could also 
contribute to the total conductance change. Moreover, it is not 
clear whether the increased membrane conductance is both nec- 
essary and sufficient to account for the pause in firing. To test 
this idea it will be necessary to manipulate the conductance 
change in motoneurons and establish if this alters the duration 
or efficacy of inhibition. It is also possible that the pause in firing 
could be influenced by other factors in addition to the change 
in membrane conductance. For example, depolarization-in- 
duced inactivation of the spike-generating mechanism might 
produce a transient pause in firing. This possibility was tested 
by injecting depolarizing current steps into 9 motoneurons and 
recording the pattern of their evoked discharge. In none of the 
cells tested was a pause in firing induced once sufficient current 
was injected to produce steady firing. In general, depolarizing 
current steps produced steady firing (see Fig. 13), and several 
cells that did not fire during synaptic depolarization did so dur- 
ing injected current. These findings suggest that the synaptic 
depolarization alone cannot account for the firing behavior of 
the neurons. 

Another voltage-sensitive membrane property that might ac- 
count for the pause in firing is a transient outward potassium 
current, commonly called A current. In many neuronal types, 
an A current activated by membrane depolarization can delay 
neuronal firing (Connor and Stevens, 197 1; Getting, 1983; De- 

Figure 14. Hypothetical model of 
neural connections that could explain 
the firing behavior of motoneurons 
in this study. The intemeurons com- 
prising the cycle generator are pre- 
sumed to project monosynaptically to 
both flexor and extensor motoneurons. 
The inhibition of flexor motoneurons 
arises from a set of inhibitory intemeu- 
rons that project monosynaptically to 
flexor motoneurons. The inhibitory in- 
temeuron could be driven either from 
the cycle generator (path A) or be part 
of the recurrent pathway to motoneu- 
rons (path B). The occurrence of a brief 
pause in some extensor motoneurons 
implies the existence of a weak extensor 
inhibitory system that is not illustrated. 
In the right column the firing pattern of 
the various cell classes during a single 
cycle of activity is illustrated, including 
those of the proposed flexor intemeu- 
rons and the neurons of the CPG. 

kin and Getting, 1984, 1987). Although the existence of this 
current has not been thoroughly investigated in the present ex- 
periments, in 3 cells a depolarizing step was preceded by a 
hyperpolarizing pulse to activate A current. None of these cells 
exhibited a significant pause compatible with the presence of A 
current. While we cannot eliminate the possibility that A current 
is present in developing motoneurons, its participation in the 
genesis of the flexor firing pause is rendered unlikely anyway 
because the pause persists during depolarizing current injection 
(see Fig. 9A), which would inactivate A current. 

Discussion 
The excitatory drive responsible for motoneuron activity 
Perhaps the most striking result to emerge from this study is 
that the alternating discharge of flexor and extensor motoneu- 
rons is not produced by a corresponding alternation in their 
depolarizing synaptic drive. Rather, the depolarization under- 
lying motoneuron activity occurs at the same time in both sets 
of motoneurons. This surprising conclusion is supported by in- 
tracellular recording from individual flexor and extensor mo- 
toneurons and by recordings of population potentials in the 
corresponding muscle nerves. Although the depolarizing drive 
was similar in both categories of motoneuron in sartorius mo- 
toneurons, it appeared to be the sum of both a depolarizing 
excitatory and a depolarizing inhibitory potential. 

The congruence of excitatory locomotor drive in antagonist 
motoneurons has not been described previously for adult mo- 
toneurons. Intracellular recording from motoneurons in adult 
vertebrates during fictive locomotion (Jordan, 1983; Perret, 1983; 
Russell and Wallen, 1983) or scratching (Berkinblit et al., 1980; 
Stein et al., 1982) has revealed that motoneuron discharge co- 
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incides with phases of membrane depolarization that alternate 
with periods of hyperpolarization. Current and chloride injec- 
tion into motoneurons has revealed the existence of postsynaptic 
inhibition during the hyperpolarization (Soffe and Roberts, 
1982b; Perret, 1983; Russell and Wallen, 1983) although it is 
less clear if synaptic excitation also occurs during this phase. 

Intracellular recordings from myotomal motoneurons in Xen- 
opus embryos (Roberts and Kahn, 1982; Soffe and Roberts, 
1982a) or DC-coupled ventral root recordings in bullfrog larvae 
(Stehouwer and Farel, 1985) have shown that contralateral (an- 
tagonist) motoneurons from the same segment are tonically de- 
polarized at the same time during swimming episodes, although 
they fire out of phase. In both preparations, however, rhythmic 
oscillations of membrane potential are superimposed on the 
tonic depolarization that can account for the alternating dis- 
charge. 

The similarity in the time course of the depolarization in 
flexor and extensor motoneurons raises the possibility that the 
antagonist motoneurons receive excitatory synaptic inputs from 
a common set of premotor interneurons. Although such con- 
nections are believed to be infrequent or weak in the adult spinal 
cord, they may be more common during development. Recent 
studies of the muscle afferent projection to motoneurons in 
embryonic chick (Koebbe and O’Donovan, 1985; Lee and 
O’Donovan, 1988) have shown that antagonist motoneurons 
are reciprocally excited by muscle afferent stimulation, although 
it is not yet clear whether such excitation is mediated mono- 
synaptically. Similarly, Myklebust et al. (1986) have found evi- 
dence of reciprocal excitation of antagonist motoneurons by 
muscle spindle afferents in human neonates. These observations 
raise the possibility that common excitation of flexor and ex- 
tensor motoneurons may be a general feature of embryonic de- 
velopment in higher vertebrates. Further studies will be nec- 
essary to reveal whether the common excitation of flexor and 
extensor motoneurons that characterizes in vitro motor activity 
is maintained after hatching. 

Role of synaptic inhibition in the phasing ofjlexor and 
extensor motor activity 
In most vertebrates studied to date, synaptic inhibition has been 
implicated in the phasing of flexor and extensor discharge during 
motor activity (for review, see Grillner and Wallen, 1985). The 
results of the present work suggest that synaptic inhibition also 
influences the phasing of activity in chick motoneurons, con- 
firming pharmacological experiments implicating inhibition in 
the regulation of embryonic chick motility (Oppenheim and 
Reitzel, 1975; Sedlacek, 1976, 1982; Maderdrut et al., 1986). 

One .surprising aspect of synaptic inhibition in embryonic 
chick motoneurons is that it appears to be depolarizing. Al- 
though depolarizing IPSPs have been described previously in 
both embryonic chick (Velumian, 1984; see also Obata et al., 
1978) and in neonatal rat motoneurons (Fulton et al., 1980; 
Takahashi, 1984; Jahr and Yoshioka, 1986) it was not clear 
from these studies whether the depolarizing IPSP was an artifact 
caused by chloride entry following cell penetration. In the chick 
cord this explanation can probably be excluded because the 
ventral root and muscle nerve recordings reveal entirely de- 
polarizing potentials during motor activity. Moreover, picro- 
toxin- and strychnine-sensitive depolarizing potentials can be 
recorded intracellularly from motoneurons or extracellularly from 
the ventral roots following either muscle nerve (Lee et al., 1988) 

or ventral root stimulation (M. T. Lee and M. J. O’Donovan, 
unpublished observations). 

Taken together these observations support the hypothesis that 
the reversal potential for IPSPs is above rest potential in these 
motoneurons. Thus, the very large conductance increase coin- 
cident with the IPSP may result in the membrane potential 
approaching the IPSP equilibrium potential during the pause in 
motoneuron discharge. Under these conditions, the ionic cur- 
rent underlying the IPSP may serve to clamp the membrane 
near the IPSP equilibrium potential and thereby prevent action 
potential generation. 

It seems reasonable to postulate that the inhibitory synapses 
are electrotonically close to the soma. Such an idea is consistent 
with the ability to reverse the potential with somatic current 
injection and with the large decrease in membrane resistance 
measured at the soma. Recent studies of fictive locomotion in 
the adult cat have revealed that motoneuronal membrane re- 
sistance decreases during the hyperpolarizing phase of the lo- 
comotor drive potential, leading these authors to propose that 
the relevant inhibitory synapses are also electrotonically close 
to the soma (Schmidt et al., 1988). 

A dendritically located inhibitory conductance might be com- 
plicated by large depolarizations propagating electrotonically 
into the soma, where they could excite impulse activity during 
the pause. Although it is worth noting that the large somatic 
depolarization, which is electrotonically propagated into the axon 
(where it can be recorded), does not apparently cause axonal 
firing during the pause. 

The evidence presented in this paper supports the idea that 
the pause in firing of sartorius motoneurons is mediated by 
synaptic inhibition. Since the majority of hindlimb flexor and 
extensor motoneurons also exhibit a pause in firing-it can be 
very short in extensors (Landmesser and O’Donovan, 1984)- 
it seems reasonable to suppose that synaptic inhibition also 
mediates this pause, a suggestion supported by the finding of a 
brief hyperpolarization in 1 of the 5 extensor motoneurons that 
were recorded from. These observations suggest that the inhib- 
itory intemeurons responsible for the pause may also project 
weakly to extensor motoneurons. Such intemeurons could be 
synaptically activated either by the central pattern generator or 
alternatively by motoneurons (see Fig. 14). The latter alternative 
raises the possibility that the inhibitory intemeurons responsible 
for the pause might be similar to Renshaw cells in mammalian 
spinal cord. It is known that recurrent inhibition of motoneurons 
is functional in the chick cord by day 10 (Velumian, 1982) 
several days before the recordings in the present study were 
made. Moreover, depolarizing potentials can be recorded from 
ventral roots in the 13- to 15-d-old chicks in response to stim- 
ulation of an adjacent ventral root that is blocked by cholinergic 
and inhibitory antagonists (M. T. Lee and M. J. O’Donovan, 
unpublished observations), suggesting that the recurrent path- 
way may have the same pharmacology in the chick as it does 
in mammals (Curtis and Ryall, 1966; Curtis et al., 1976). The 
large synchronous discharge that initiates each cycle of motor 
activity occurs in most hindlimb motoneurons (Landmesser and 
O’Donovan, 1984) and is therefore likely to be a potent activator 
of the recurrent pathway. In adult animals, recurrent inhibitory 
connections are generally not found between antagonist motor 
pools (for review, see Baldissera et al., 1981) although the dis- 
tribution of recurrent inhibition between embryonic motor pools 
is unknown. Even if antagonist recurrent connections do not 
exist, recurrent inhibition could still influence the firing of a 
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particular set of motoneurons and its close synergists, although 
this proposition would require that recurrent inhibition would 
be more effective in flexor than in extensor motoneurons. It is 
also possible more than one inhibitory pathway is responsible 
for the pause and the recurrent pathway simply augments other 
systems. Nevertheless, the recurrent system is promising for 
further studies because it can be selectively activated by anti- 
dromic stimulation of motoneurons and can be manipulated by 
the use of cholinergic and inhibitory antagonists. 

One issue we have not addressed in this paper is whether the 
early termination of extensor activity is mediated by synaptic 
inhibition. Although no evidence was found for inhibition at 
the end of the extensor burst the issue was not pursued in depth, 
and it will require pharmacological and intracellular current 
injection experiments to resolve. Moreover, the question is com- 
plicated by the fact that in older embryos used for the intra- 
cellular studies the duration of femorotibialis activity tended to 
be more prolonged than at younger stages. Why this should be 
is not clear, but it was associated with a decrease in the duration 
of the pause in sartorius activity, raising the possibility that 
inhibitory pathways responsible for alternating discharge might 
become less effective in older embryos. 

It is quite possible, however, that the early termination of 
extensor activity is mediated by other factors. For instance, one 
simple explanation is that the membrane potential in extensors 
falls below threshold earlier than that in flexors. This could occur 
if the extensor depolarization was systematically smaller than 
that in flexors, if spike threshold was higher than in flexor mo- 
toneurons or if the extensor depolarization decayed more rap- 
idly than the flexor depolarization. In addition, voltage-sensitive 
membrane properties such as spike-frequency adaptation could 
also terminate extensor discharge early. 

Organization of excitatory and inhibitory projections to 
motoneurons 

In summary, the present results suggest that there are at least 2 
sets of inter-neurons that participate in the generation of alter- 
nating motor activity in the chick cord. The first is the popu- 
lation of neurons responsible for the depolarizing excitatory 
drive to flexor and extensor motoneurons, and the second is a 
set of inhibitory interneurons producing the interruption of fir- 
ing. The simplest hypothesis is that the excitatory interneurons 
project monosynaptically to both flexor and extensor motoneu- 
rons, whereas the inhibitory interneurons project predominantly 
to flexor motoneurons. Because some extensor motoneurons can 
also exhibit a brief pause in firing, it is necessary to propose 
that the postulated inhibitory interneurons also project weakly 
to extensor motoneurons. An obvious direction for further study 
is to search for these interneurons that may be identifiable on 
the basis of their firing patterns and synaptic projections to 
motoneurons (see Fig. 14). 
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