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We describe here the robust synchronization of motor neurons
at a millisecond time scale during locomotor activity in the
neonatal rat. Action potential activity of motor neuron pairs was
recorded extracellularly using tetrodes during locomotor activ-
ity in the in vitro neonatal rat spinal cord. Approximately 40% of
motor neuron pairs recorded in the same spinal segment
showed significant synchronization, with the duration of the
central peak in cross-correlograms between motor neurons
typically ranging between �30 and 100 msec. The percentage
of synchronized motor neuron pairs was considerably higher for
pairs with similar locomotor-related activity and strong rhythmic
modulation. We also found synchronization between the activ-
ities of different motor pools, even if located several segments
apart. Such distant synchronization was abolished in the ab-
sence of chemical synapses, although local coupling between

motor neurons persisted. On the other hand, both local and
distant coupling between motor neurons were preserved after
antagonism of gap junction coupling between motor neurons.
These results demonstrate that motor neuron activity is strongly
synchronized at a millisecond time scale during the production
of locomotor activity in the neonatal rat. These results also
demonstrate that chemical synaptic inputs, in addition to elec-
trical synapses, contribute to this synchronization, suggesting
the existence of multiple mechanisms underlying motor neuron
synchronization in the neonatal rat. The fast synchronization
described here might be involved in activity-dependent pro-
cesses during development or in the coordination of individual
motor neurons into a functional population underlying behavior.
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Action potential synchronization has been described between
neurons in many systems. This prevalence has led several inves-
tigators to assign to synchronization an important role in basic
neural function. At a network level, synchronization has been
suggested to link the activity of disparate neurons into a coordi-
nated, functional population, binding together the features rep-
resented by individual neurons into a unified whole (Engel et al.,
1992; Welsh and Llinas, 1997; Farmer, 1998; Baker et al., 1999).
At a synaptic level, synchronization has been suggested to amplify
the effects of single spikes on a postsynaptic neuron, with the
close temporal association of presynaptic spikes allowing for
complex synaptic integration (Softky and Koch, 1993; Stevens and
Zador, 1998) or efficient synaptic plasticity during learning and
development (Katz and Shatz, 1996; Markram et al., 1997;
O’Donovan et al., 1998; Feller, 1999; Bi and Poo, 2001).

In the developing mammalian spinal cord, electrical gap junc-
tion coupling (GJC) between motor neurons (MNs) (Fulton et
al., 1980; Walton and Navarrete, 1991; Chang et al., 1999; Tresch
and Kiehn, 2000a) has been commonly suggested to mediate
synchronization of MN firing during the production of move-
ment. Moreover, because the electrical GJC between MNs seems
to disappear over the course of development (Walton and Na-
varrete, 1991; Chang et al., 1999), the synchronization between

MNs is expected to also disappear, and a recent set of experi-
ments has provided evidence in support of this hypothesis (Per-
sonius and Balice-Gordon, 2001). Such synchronization has been
suggested to be involved in the activity-dependent process of
synapse elimination at the developing neuromuscular junction
(Busetto et al., 2000; Chang and Balice-Gordon, 2000).

The potential contribution of other mechanisms, however, both
synaptic and extrasynaptic, to any synchronization between MNs
in this preparation has often not been considered. Many experi-
ments have shown synchronization between MNs in normal
adults (Nordstrom et al., 1992; Farmer, 1998; Baker et al., 1999;
Hansen et al., 2001), at ages well beyond the time when electrical
GJC between MNs is demonstrable in the mammalian spinal
cord. This synchronization is generally considered to reflect the
presence of a common presynaptic input to each neuron, medi-
ated by classic chemical synapses. The relative contributions of
gap junctional coupling and of presynaptic chemical synaptic
inputs to the synchronization of MNs in the neonatal rat, in which
both mechanisms may shape the activity patterns of MNs, is
therefore not obvious.

The experiments described here demonstrate that MNs are
robustly synchronized at a millisecond time scale during the
production of locomotor activity, as had been predicted. These
experiments also show that although gap junction coupling be-
tween MNs can make a substantial contribution to the local
synchronization of motor pools, it is not the only mechanism
mediating such synchronization. In particular, synaptic drive to
MNs from spinal interneurons clearly plays a large role in the
synchronization of motor pools during the production of locomo-
tor activity in the neonatal rat.

These results have been presented previously in abstract form
(Tresch and Kiehn, 2000b).
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MATERIALS AND METHODS
Preparation. The dissection procedures and experimental preparation
were as described elsewhere (Kiehn and Kjaerulff, 1996; Tresch and
Kiehn, 1999; Raastad and Kiehn, 2000). Briefly, rats (postnatal day 0–2;
n � 29) were anesthetized under ether and decapitated. The spinal cord
was exposed by ventral laminectomy and then removed and placed
ventral side up in a chamber with continuously circulating oxygenated
Ringer’s solution containing (in mM): 128 NaCl, 4.7 KCl, 1.2 KH2PO2,
1.25 MgSO4, 2.5 CaCl2, and 20 glucose, pH 7.4, at room temperature. In
experiments in which calcium was removed from the Ringer’s, CaCl2 was
replaced with equal molarity MgSO4. Motor activity was monitored by
suction electrodes placed on ventral roots (L5, usually with L2 or L3,
sampled at 1000 Hz). In some rats we dissected the peripheral nerves
innervating iliopsoas (IP) and quadriceps (Q) muscles intact with L2 and
L3 ventral roots. Locomotor activity was induced by bath application of
a combination of serotonin (5-HT; 2–8 �M) and NMDA (2–7 �M), by
application of 5-HT alone (6–30 �M), or by application of dopamine
(DA; 1–3 mM). These agents evoke motor patterns that are similar to the
rhythmic, alternating muscle activations observed during normal loco-
motion in intact animals (Kiehn and Kjaerulff, 1996). For simplicity of
presentation, we refer to these motor patterns throughout the present
study as “locomotor activity,” although no actual behavior was produced.
The quality of such locomotor activity was assessed using the modulation
depth measure described previously (Kjaerulff and Kiehn, 1996), and
locomotor frequency, period, and period variability were calculated.

MN recordings. Along with ventral root activity, the extracellular
activity of neurons was recorded using tetrodes (sampled at 20 kHz), as
described previously (Tresch and Kiehn, 1999). Tetrodes were inserted
through a small slit made in the ventral surface of the cord overlying
motor pools. For recordings made within a single spinal segment, mul-
tiple tetrodes were placed in the same slit, generally within �500 �m of
one another. Most of the recordings were made in L5, occasionally with
simultaneous recordings in L2 or L3. The action potentials of multiple
neurons were recorded during locomotor activity and saved for off-line
analysis. The action potentials of different neurons were separated by
clustering analyses performed on features of the recorded waveforms,
usually the peak voltages on each channel of the tetrode (Tresch and
Kiehn, 1999, their Fig. 1). Once separated, the arrival times of each
recorded neuron in 1 msec bins were used for spike-triggered averaging
with the raw recorded ventral root activity to determine whether the
recorded neuron was an MN. Only those neurons for which the spike-
triggered averaging showed an orthodromic action potential in the ven-
tral root were included in subsequent analyses. On average, 297 � 207
(mean � SD) action potentials were recorded for each neuron.

The locomotor-related activity of each MN was quantified in terms of
its mean phase and mean resultant length, or R value (Mardia, 1972;
Tresch and Kiehn, 1999). The mean phase characterizes the portion of
the locomotor cycle in which a neuron is active, whereas the R value of
a neuron characterizes the modulation strength of the neuron by the
locomotor cycle. The significance of the R value was assessed using the
Rayleigh test (Mardia, 1972).

In a small number of recordings to examine the effects of carbenox-
olone on MN properties, whole-cell tight-seal intracellular recordings of
MNs were made in current clamp (5000 Hz; Axopatch-1D, Axon Instru-
ments, Foster City, CA) with glass pipettes [3–6 M�, filling solution (in
mM): 138 K-gluconate, 10 HEPES, 0.0001 CaCl2, 5 ATP-Mg, 0.3 GTP-
Li) (Kiehn et al., 1996; Raastad et al., 1996; Tresch and Kiehn, 2000a).
Electrical coupling between MNs was monitored using a collision pro-
tocol described previously (Walton and Navarrete, 1991; Chang et al.,
1999).

Evaluation of MN synchronization. To quantify the synchronization of
MN action potential activity, we performed a cross-correlation analysis.
This analysis was complicated by the fact that we were recording the
activity of MNs during locomotor activity. The activity of MNs is clearly
expected to be modulated during locomotion, and this nonstationarity of
neuronal activity makes it difficult to assess the significance of cross-
correlations. We therefore used a randomization procedure, similar to a
shuffle predictor (Perkel et al., 1967), to determine whether two MNs
were correlated with one another more than would be expected simply
because of their slow modulation during locomotor activity.

We first described the modulation of each neuron with respect to the
ventral root activity. The rectified and filtered ventral root recording was
used to define a locomotor phase, expressed in angular coordinates from
0 to 360° (Tresch and Kiehn, 1999). This range was divided into 50 bins
of equal phase, and the number of action potentials produced by the

neuron in each bin was counted. We then used this observed modulation
of spike count to generate a random spike train. For each spike from the
original spike train we randomly chose a new time of arrival, with the
condition that the locomotor phase in which the new spike occurred was
the same as that of the original spike. We further ensured that for each
locomotor cycle, the random spike train contained the same number of
spikes in that cycle as the original spike train. This latter condition
ensured that any cycle-to-cycle variation or slow drift in neuronal excit-
ability through the locomotor run was reproduced in the random spike
train, thereby taking into account any features of cross-correlations that
might be caused by such changes in excitation (Brody, 1998, 1999). We
did not directly attempt to account for latency covariations, which in the
present case would be reflected in a covariation between the onsets of a
pair of neurons from cycle to cycle (Brody, 1998, 1999). This random-
ization produced a spike train that preserved the slow modulation of
neuronal activity related to the locomotor cycle but abolished the precise
temporal details of the original spike train. The same procedure was
performed for the other neuron in the pair, and a cross-correlogram was
performed between the two random spike trains. We generated 100 such
random cross-correlograms for each pair of neurons using a bin size of 10
msec. The mean cross-correlogram between these random spike trains
represents the null hypothesis that the cross-correlogram observed be-
tween two neurons resulted only from their common slow modulation
during locomotor activity. This null hypothesis was rejected, and the pair
of neurons was considered significantly synchronized at a short time scale
if the actual observed cross-correlation had a peak that was �3 SDs,
calculated from the distribution of random cross-correlations, from the
mean of the random cross-correlograms within the central � 100 msec.
This procedure generally agreed with a qualitative examination of the
activity in the pairs but provided an objective means of assessing this
issue.

Synchronization between groups of MNs, if present, should also be
evident in the relationship between the activity in an MN and the gross
ventral root recording. Such a synchronization should be seen as a
correlation between a spike in a recorded MN and a cluster of action
potentials recorded in the ventral root, corresponding to the action
potential of the MN along with action potentials of synchronized MNs
firing in close temporal proximity (usually approximately � 100 msec;
see Results and Figs. 2 A, 3, and 7). We therefore also performed a
cross-correlation analysis between the action potentials in each MN and
the rectified activity of each ventral root. We performed an analysis
analogous to that described above to determine the significance of the
cross-correlation. We generated random spike trains that preserved the
activity relationship of the MN to the locomotor-related modulation of
the ventral root and the cycle-to-cycle variations in spike count but that
abolished the fine temporal aspects of this relationship. The rectified
ventral root recordings were smoothed by convolution with a Gaussian
kernel (10 msec SD). Cross-correlations �3 SDs greater than the mean of
the random cross-correlation were considered to be significant. Although
the action potential of the recorded MN was also present in the recorded
ventral root, this orthodromic spike only contributed a narrow correla-
tion near zero lag. Any cross-correlations with such a narrow peak were
not considered to be significant. All cross-correlations between a neuron
and a ventral root are shown as correlation coefficients.

We also performed cross-correlations between ventral root recordings
to examine coupling between the motor outputs of different spinal
segments. The randomization procedures described above for neuronal
spike trains are not applicable to such cross-correlations, and we were
therefore unable to develop a clear statistical evaluation of these ventral
root cross-correlations. The presence of coupling between ventral roots
was therefore assessed by qualitative inspection of the cross-correlations.

Evaluation of synchronization strength. We estimated synchronization
strength using several previously described measures: k’-1, the index S,
the synchronization index (SI), the common input strength (CIS) (Nord-
strom et al., 1992), and the correlation coefficient (CC) (Eggermont,
1992). The beginning and end of the central peak in the cross-
correlograms with significant synchronization were identified visually.
For cross-correlograms that were not significant, the correlation strength
measures were calculated over the mean period of the significantly
correlated correlograms. Table 1 shows the relationships between these
measures of correlation strength calculated from the MN cross-
correlograms. As can be seen in Table 1, there is a range of relationships
between these measures [see also Molotchnikoff et al. (2001)], suggesting
that they are not interchangeable. A lack of dependence on overall levels
of neuronal activity, as indicated by interspike interval or firing rate, has
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been taken as a criterion of a good measure of correlation strength
(Nordstrom et al., 1992). Table 2 shows the relationship between these
measures and the activity level of the neuron pairs, as reflected in the
geometric mean of the interspike interval and the firing rate of each
neuron (Nordstrom et al., 1992). As can be seen in Table 2, only the index
S and the CC were unrelated to the mean firing rate. All measures were
significantly related to the mean interspike interval, although the rela-
tionship for the index S and CC was weak (r 2 � 0.05 for both). These two
measures were also highly correlated to one another as shown in Table 1,
resulting from the strong correlation in the present data set between their
normalization terms (r � 0.96). Because the CC is a standard measure of
correlation strength and because of its relative lack of dependence on
activity levels for this data set, we use this measure to characterize the
strength of interactions between neurons in the present study. Note,
however, that our assessment of the significance of the cross-correlations
using the randomization procedures described above was not directly
dependent on any measure of correlation strength.

To examine whether correlation strength depended on the difference
between mean phases of each neuron in the pair, we performed a
linear–circular correlation analysis using a rank correlation test (Mardia,
1976). The test statistic, Dn, ranges between 0 and 1, with a value of 1
indicating a strong relationship, and its significance was determined as
described in Mardia (1976). Note that because the ordering of neurons
within a pair is arbitrary, the sign of the difference in mean phases
(positive or negative) is also arbitrary. However, for the data sets exam-
ined here, Dn did not vary considerably when the sign of the difference
was randomized, and none of the significance values changed.

All values in the text are reported as mean � SD unless noted
otherwise.

RESULTS
MN action potentials are synchronized during
locomotor activity in the neonatal rat
We recorded the activity of 142 MNs during locomotor activity.
In these recordings, the activity of 176 MN pairs within the same
segment was recorded simultaneously. An example of the spike
trains of two L5 MNs after application of 5-HT/NMDA (6/6 �M)

is illustrated in Figure 1A. As can be seen in the two illustrated
cycles, action potentials in the two MNs were often temporally
very close to one another. Figure 1B shows the cross-correlogram
between the two spike trains illustrated in Figure 1A. The two
neurons show a common slow modulation in their firing rate,
related to the locomotor activity in the ventral root. In addition to
this slow modulation, however, there is a sharp peak in the
cross-correlation centered near zero lag. This peak was �3 SDs
from the correlation level expected from a simple slow comodu-
lation of the neurons by the locomotor cycle. The correlation
attributable to slow, locomotor-related modulation was estimated
from the mean of the randomized cross-correlograms (see Mate-
rials and Methods), indicated in Figure 1 by the middle superim-
posed line, shown along with lines indicating 3 SDs above and

Table 1. Correlations between synchronization strength measures

k�-1 S SI CIS CC

k�-1 1 0.57 0.69 0.15 0.58
S 1 0.84 0.63 0.996
SI 1 0.18 0.85
CIS 1 0.62
CC 1

The correlation between the measures of synchronization strength calculated for
each motor neuron pair. See Materials and Methods, Evaluation of synchronization
strength, for description of the different measures.

Table 2. Dependence of synchronization strength measures on activity
level

Geometric mean of firing rate
for MN pair

Geometric mean of inter-
spike interval for MN pair

r2 p b r2 p b

k�-1 0.09 0.0002 �0.37 k�-1 0.25 0.0000 1.16
S 0.004 0.3971 �0.003 S 0.05 0.0035 0.01
SI 0.11 0.0000 �0.4 SI 0.28 0.0000 1.14
CIS 0.22 0.0000 0.07 CIS 0.10 0.0000 �0.09
CC 0.007 0.2661 �0.01 CC 0.05 0.0019 0.04

The results obtained from the linear regression of synchronization strength mea-
sures to either the geometric mean of interspike interval or of firing rate for each
pair of motor neurons. r2 is the amount of variance explained by the regression, p is
the significance level of the regression, and b is the slope of the regression. See
Materials and Methods, Evaluation of synchronization strength, for description of
the different measures.

Figure 1. Action potential synchronization in MNs during locomotor
activity. A, Spike trains of two L5 MNs (bottom and middle traces) and
simultaneous activity in the L5 ventral root (top trace) during the produc-
tion of locomotor activity evoked by NMDA and 5-HT. Both neurons
were activated in phase with the burst in the L5 ventral root (VR). Within
each burst, the arrival times of individual action potentials from each
neuron were often close to one another. B, The cross-correlogram be-
tween the spike trains of the MNs shown in A. The middle thin line shows
the mean of the random cross-correlograms representing the null hypoth-
esis of comodulation of the neurons attributable to the locomotor cycle.
The other two thin lines show �3 SDs from this expected level of comodu-
lation. C, The covariogram of the two neurons shown in A, obtained by
subtracting the expected level of correlation from the observed cross-
correlogram. The thin lines show �3 SDs of the distribution of expected
cross-correlograms.
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below this mean level. Figure 1C shows the cross-covariogram of
these two cells, which was obtained from subtracting the mean
of the randomized cross-correlograms from the observed cross-
correlogram; the temporal coupling between these neurons is
shown clearly. Of the 176 MN pairs recorded within the same
segment, 75 (43%) showed a significant cross-correlation peak
(L2, 1 of 3; L3, 4 of 9; L5, 70 of 164). For the population of
correlated pairs, the correlation lag ranged from 0.2 to 54.4 msec
(mean 10.1 � 11.3 msec). The mean duration of the central peak
of the cross-correlation was 59.2 � 32.7 msec.

Synchronization of MNs could also be observed by cross-
correlating MN action potentials with rectified ventral root re-
cordings, as illustrated in Figure 2. Figure 2A shows an example
of a locomotor burst in the L2 ventral root in which clusters
of MN activity were especially clear (Cazalets et al., 1990; West-
erga and Gramsbergen, 1993, 1994; Cowley and Schmidt, 1995;
MacLean et al., 1997; Hochman and Schmidt, 1998). A simulta-
neously recorded L2 MN fired action potentials associated with
each of the clusters. Figure 2B shows the cross-correlation be-
tween the MN and the rectified ventral root, along with the
mean � 3 SDs of the distribution of randomized cross-
correlations. These plots show the clear tendency of this MN to
be associated with a cluster of ventral root activity. Such cross-
correlations regularly revealed a significant peak: of 142 MNs
recorded, 116 (82%) showed a significant cross-correlation with
the ventral root in which it projected its axon. This correlation
further demonstrates the prevalent synchronization of MNs dur-
ing the production of locomotor activity in this preparation.

The clusters of MN activity in the ventral root indicative of
MN synchronization were not unique to the locomotor activity
evoked by combination of NMDA and 5-HT. Ventral root clus-
ters were observed during the locomotor activity evoked by 5-HT
alone (eight of eight runs in four animals) (Fig. 3A) or by dopa-

mine (10 of 10 runs in six animals) (Fig. 3B). We also observed
ventral root clusters in the rhythmic but non-locomotor-like ac-
tivity (with ipsilateral L2–L5 synchrony and alternating segmental
motor discharge) (Cowley and Schmidt, 1994b) evoked by mus-
carine (one of one run in one animal). These results suggest that
MN synchronization is found during many rhythmic motor acts
in the neonatal rat spinal cord.

Examination of the cross-correlations in Figures 1–3 also sug-
gests that there was a substantial oscillatory component to the
cross-correlations between MNs, as illustrated in the peaks to the
right and left of the central peak. Such oscillatory behavior was
commonly observed in these experiments and will be discussed in
more detail in a later section (see Oscillatory features of MN
synchronization). In the subsequent analyses, however, we exam-
ine the characteristics of MN synchronization as reflected in the
central peak of the cross-correlograms centered near zero lag.

Predictors of MN synchronization
We next considered whether the synchronization described above
could be predicted by the component of motor neuronal activity
that was modulated in relation to the ongoing locomotor pattern.
A relationship between features of such locomotor-related activ-
ity of MNs and MN synchronization would suggest that the
synchronization observed here is not distributed randomly be-
tween neurons but is functionally related to the motor production
in this preparation.

Similarity between the locomotor-related activity of neurons
predicts synchronization
We first examined the relationship between the synchronization
of a MN pair and the similarity between the locomotor-related
activity of each neuron in the pair. We found that the percentage
of synchronized MN pairs was considerably higher between neu-
rons with similar locomotor-related activity. Figure 4A shows the
percentage of synchronized MN pairs as a function of the differ-
ence between the mean phases of each cell in the pair: a small
difference of mean phases indicates that the two neurons were
activated in a similar portion of the locomotor cycle. Because the
mean phase is only well defined when the locomotor-related
activity of a neuron has a significant unimodal component, only
neuron pairs in which both neurons had a significant R value
(Rayleigh test; p � 0.05) were included in this analysis. The large
majority of pairs met this condition (155 of 176, 88%). MN pairs
that were activated in different portions of the locomotor cycle
were rarely synchronized (Fig. 4A), whereas MN pairs with
similar locomotor-related activations were correlated very often,
with nearly 70% of such pairs having a significant correlation.
This percentage of synchronized MN pairs with similar
locomotor-related activity was close to the percentage found by
correlation of MN spikes with rectified ventral root recordings.
The lower figure of �40% for MN synchronization reported in
the previous section therefore likely reflected the difficulty in
randomly sampling two MNs with similar locomotor-related
activity.

Similarly, the strength of synchronization also depended on the
similarity between the locomotor-related activity of the neurons.
Figure 4B shows the scatter plot of the correlation strength,
measured as the correlation coefficient between the two spike
trains (see Materials and Methods), as a function of the difference
between mean phases of the neurons. Neuron pairs with a small
difference in mean locomotor phase tended to have high corre-
lation strengths, whereas pairs with larger differences tended to

Figure 2. Synchronization of MNs to ventral root clusters. A, Ventral
root activity in L2 (top trace) showing the presence of clusters of motor
output. The spike train in a simultaneously recorded L2 MN (bottom
trace) was closely related to these clusters. B, The cross-correlation be-
tween the spike activity in the neuron illustrated in A and the rectified
ventral root is shown in the thick line. The thin lines represent the mean
�3 SDs of the distribution of random cross-correlations expected if the
relationship of the neuron to the ventral root activity were caused only by
modulation of its activity by the locomotor cycle.
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have low correlation strengths (linear–circular correlation; see
Materials and Methods; Dn � 0.33; p � 0.001).

Part of this weaker synchronization between out-of-phase neu-
rons might simply reflect the fact that the neurons did not produce
any action potentials close to one another, making it impossible to
observe any synchronization even if it were present between the
neurons. We therefore performed the same analyses but limited
the set of neurons to only those pairs for which at least 100
individual action potentials in one neuron were accompanied
within 100 msec by an action potential in the other neuron. As
would be expected, this condition excluded a large number of
those MN pairs that were activated in different portions of the
cycle. However, even in the remaining pairs that produced a
number of action potentials close to one another, only a small
fraction of the pairs with different locomotor-related activity was

synchronized (Fig. 4C). Similarly, strong correlations were still
observed primarily between MN pairs with a similar locomotor-
related activity (Fig. 4D). This relationship between correlation
strength and difference in mean phase was again significant (Dn �
0.43; p � 0.001).

Neurons recorded on different tetrodes are synchronized
less frequently
Synchronization between MNs within the same segment was
observed for pairs recorded on the same tetrode as well as for
pairs recorded on different tetrodes. However, synchronization
between MN pairs on different electrodes was less common than
that between pairs recorded on the same tetrode. Of MN pairs
recorded on the same tetrode, 35 of 65 (54%) were synchronized,
whereas 40 of 111 (36%) of pairs recorded on different tetrodes

Figure 3. Synchronization of MNs during 5-HT- and DA-
evoked locomotor activity. A, The activity of a L5 ventral root
in one burst of locomotor activity evoked by serotonin (5-HT ),
showing clusters of MN output. The autocorrelation to the right
shows the robustness of these clusters, with clear off-center
peaks as well. B, The activity of a L5 ventral root during one
burst of locomotor activity evoked by dopamine (DA) and its
autocorrelation to the right, similarly showing clusters in the
motor output.

Figure 4. Synchronization is more common between
MNs with similar locomotor-related activity. A, The per-
centage of synchronized pairs is illustrated as a function
of the difference between the mean phases of the neurons
in the pair (bin size, 8°). A small difference indicates that
the neurons were activated similarly during locomotor
activity. The ratio on top of each bar indicates the fraction
of MN pairs that was synchronized in a particular bin.
More MN pairs were synchronized when the neurons had
similar mean phases. B, The correlation strength, mea-
sured as the correlation coefficient, between neurons as a
function of difference in their mean phases. C, D, The
same analyses as A and B but with only those MN pairs
that produced at least 100 action potentials within 100
msec of one another.
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were synchronized (�2
(1, n � 176) � 5.3; p � 0.05). However, this

decrease was not observed for correlation strength: the correla-
tion strength between neurons recorded on the same electrode
was 0.09 � 0.09, and it was 0.08 � 0.10 for neurons recorded on
different electrodes, an insignificant difference ( p � 0.05). We
also found that MNs recorded on the same tetrode tended to have
more similar mean phases than pairs recorded on different te-
trodes. The mean absolute phase difference between MN pairs
recorded on the same tetrode was 21.4 � 37.2° (mean � angular
dispersion) (Mardia 1972), whereas the mean phase difference
between pairs recorded on different tetrodes was 35.4 � 18.1°, a
significant difference ( p � 0.05; bootstrap test).

Relationships of synchronization to mean phase difference and
to same/different tetrode are independent
This last observation, that neurons recorded on the same tetrode
have similar locomotor-related activity, has potential implications
for the results described previously. On the one hand, it might
imply that the lower percentage of synchronization between
neurons recorded on different tetrodes reflected the weaker cor-
relation between neurons with larger differences in mean phase.
Conversely, it might imply that the decrease in correlation
strength with increasing difference in mean phase reflected the
fact that neuron pairs with large differences in mean phase tended
to be recorded on different tetrodes. The results shown in Figure
5, however, suggest that neither of these potential implications
applied to the present data. First, it can be seen in Figure 5 that
for pairs recorded either on the same or on different tetrodes,
there was decreasing synchronization with increasing difference
in mean phase, as assessed in the percentage of synchronized
pairs (Fig. 5A,C) and in correlation strength (Fig. 5B,D) (Dn �
0.48 and 0.26 for same and different tetrodes; p � 0.001 for each).
Second, comparison of Figure 5, A and C, shows that the per-
centage of synchronized pairs was generally larger for pairs
recorded on the same tetrode across the range of differences in
mean phase (Fig. 5A, percentages in each bin on the same
tetrode: 78, 54, 40, 40, 25; Fig. 5C, percentages on different

tetrodes: 60, 42, 57, 29, 16), although there was no clear difference
in the relationship between correlation strength and mean phase
for pairs recorded on the same or different tetrodes (Figs. 5B,D).
Thus, it appears that synchronization strength between neurons is
related to the similarity of their locomotor-related activity, inde-
pendent of whether the neurons are recorded on the same te-
trode, and that neurons recorded on different tetrodes are syn-
chronized less commonly than neurons on the same tetrode,
independent of the similarity of their locomotor-related activity.

Strong modulation predicts synchronization
In addition to the mean phase of a neuron, another parameter
characterizing the locomotor-related activity of a neuron is its
modulation strength, reflecting how well a given neuron is related
to the ongoing rhythm. The modulation strength of a neuron is
commonly characterized by its R value (see Materials and Meth-
ods) (Mardia, 1972). We found that MN synchronization was
more common and stronger for neurons that were strongly mod-
ulated by the locomotor cycle. Figure 6A shows that increasing
percentages of MN pairs were significantly correlated with in-
creasing mean R values of the pairs. Similarly, Figure 6B shows
that correlation strength increased with the mean R value of the
pair (r2 � 0.13; p � 0.001). This relationship between synchro-
nization strength and mean R value also held when only neuron
pairs for which at least 100 individual action potentials in one
neuron were accompanied within 100 msec by an action potential
in the other neuron were included in the analysis (r2 � 0.11; p �
0.01; data not shown).

Synchronization is not related to characteristics of the ongoing
locomotor activity
Finally, we examined the relationship between MN synchroniza-
tion and various features of the locomotor pattern itself. We
found no relationship between MN correlation strength and
locomotor frequency (r2 � 0.0001; p � 0.05), locomotor period
(r 2 � 0.0004; p � 0.05), the variability in the locomotor period
(r2 � 0.002; p � 0.05), or the ventral root depth of modulation

Figure 5. Synchronization is more common with more
similar locomotor-related activity for MNs recorded on
the same or on different tetrodes. A, B, Conventions
same as Figure 4, A and B, except that only neuron pairs
recorded on the same tetrode are included. C, D, Con-
ventions same as Figure 4, A and B, except that only
neuron pairs recorded on different tetrodes are included.
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(r2 � 0.01; p � 0.05). Similarly, there was no clear relationship of
any these quantities to the percentages of synchronized MN pairs
observed.

Consideration of possible artifacts in
cross-correlational analyses
One possible source of artifacts in the cross-correlograms could
result from covariation in the excitability of neuron pairs (Brody,
1998, 1999). We addressed this concern by guaranteeing in the
randomized spike trains that the number of spikes in each loco-
motor cycle was the same as in the original spike train. We also
observed that synchronization peaks were faster than the
locomotor-related modulation of neurons, that synchronization
peaks in cross-correlations between neurons were dissimilar to
the autocorrelations of neurons, and that integrals of cross-
covariograms were generally small, conditions all arguing against
effects from either covariation of excitation or of latency (Brody,
1998, 1999). Another source of artifact might result from the
“shadowing” of the spike of one neuron by the spike of a second
neuron, which can introduce features of the firing statistics of the
second neuron to the firing statistics of the first neuron, thereby
obscuring correlational analyses (Bar-Gad et al., 2001). However,
we believe that this effect is minimal here because (1) synchro-
nization was robustly observed between neurons on different
tetrodes, (2) in cases not included here in which the overlapping
effect was pronounced, no significant correlation peaks were
observed outside of the central region, and (3) this effect is
expected to be minimal for neurons with low firing rates such as

those examined here. Another possible contaminant to the cross-
correlations could result from a misattribution of low-amplitude
action potentials, which tend to occur at the end of a burst, from
one neuron to another neuron. This effect can introduce temporal
correlations between neurons when none exist in reality (Quirk et
al., 2001). Although we cannot entirely exclude such an effect
here, we do not believe that it contributed substantially. For
instance, the effect would be expected to be equally influential
when tetrodes were placed in different segments as when different
tetrodes were placed in the same segment. However, we observed
that neuron pairs recorded in different segments were synchro-
nized much less commonly than pairs recorded in the same
segment (see below). More generally, and this applies to all
concerns about artifactual contributions to cross-correlograms,
the synchronization described here could be observed in individ-
ual spike trains and also could be observed directly in the clusters
of activity in the raw ventral root recordings.

Synchronization between distant motor pools
Although many different mechanisms might be responsible for
MN synchronization, one obvious mechanism for the local syn-
chronization of MNs is the GJC between MNs (Kiehn and
Tresch, 2002), which is anatomically restricted (Chang et al.,
1999; Tresch and Kiehn, 2000a) and mainly between homony-
mous MNs (Walton and Navarrete, 1991). Synchronization me-
diated by gap junctions in the neonatal rat therefore would be
expected to be restricted to MNs within the same motor pool.
Contrary to this expectation, however, in the present experiments
we also observed clear synchronization between the activity of
distinct motor pools.

First, we found that the activity of motor pools innervating
different muscles was synchronized. Recordings from peripheral
nerves innervating the anatomical hip flexor IP and the anatom-
ical knee extensor Q were synchronized regularly. During
transmitter-induced locomotor activity, these muscles can fire in
phase (Kiehn and Kjaerulff, 1996; Iizuka et al., 1997). Synchro-
nization was observed in 7 of 12 locomotor runs in four animals
in which these two muscles were activated in phase with one
another. These results show that synchronization was not re-
stricted to MNs innervating the same muscle.

Although these motor pools are not homonymous, the exis-
tence of GJC between these motor pools cannot be excluded
entirely because the two MN pools are localized closely anatom-
ically (both innervated by the intact L2 and L3 ventral roots)
(Nicolopoulos-Stournaras and Iles, 1983). However, we also ob-
served synchronization between these motor pools and the activ-
ity of motor pools located in distant segments. Synchronization
between activity in the quadriceps muscle and the in-phase,
extensor-related activity in the ipsilateral L5 ventral root was
observed in 21 of 23 locomotor runs in five animals. Synchroni-
zation between activity in iliopsoas and in-phase, flexor-related
activity in the ipsilateral L5 root was observed in 11 of 23 runs in
five animals. Note that the activity of the L5 ventral root is
predominantly extensor related, often making evaluation of the
coupling between IP and L5 difficult. This long distance (2–3 mm
or several segments) synchronization could be observed whether
the locomotor activity was evoked by 5-HT and NMDA (Q-L5, 10
of 12; IP-L5, 5 of 12), by 5-HT alone (Q-L5, 3 of 3; IP-L5, 0 of 3),
or by dopamine (Q-L5, 8 of 8; IP-L5, 6 of 8). An example of
strong synchronization between Q and ipsilateral L5 is illustrated
in Figure 7, A and B. Figure 7C shows that the in-phase activity
recorded during locomotor activity (Kiehn et al., 1999, their Fig.

Figure 6. Synchronization is increased between neuron pairs with strong
locomotor modulation. A, The percentage of MN pairs with significant
correlation as a function of the mean R value, measuring neuronal
modulation strength, of neurons in the pair. B, The correlation strength
between MNs as a function of the mean R value. Only neuron pairs for
which both neurons had a significant R value were included.
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1) in L3 and contralateral L5 ventral roots could also be synchro-
nized (see also Fig. 9B). Such distant contralateral synchroniza-
tion (between L2 or L3 and contralateral L5) was observed in 27
of 40 locomotor runs in nine animals. On the basis of existing
knowledge of the anatomical and physiological extent of gap
junctional coupling in the spinal cord, it seems unlikely that such
coupling could be responsible for this distant synchronization of
motor output.

Although prevalent during locomotor activity, the distant syn-
chronization described above did not appear to be as robust as the
synchronization within the same spinal segment. First, of the 79
MNs recorded at the same time as a distant contralateral ventral
root, only 5 showed a significant cross-correlation with the distant
ventral root discharge, and of 62 MN pairs recorded between
neurons in different spinal segments (L5 and either contralateral
L2 or L3), only 2 showed a significant cross-correlation. The
tendency for synchronization between MNs to be more readily
observable for nearby MNs is also consistent with the finding
described previously that neuron pairs recorded on the same
tetrode were more likely to be synchronized than pairs recorded
on different tetrodes. The ability to observe synchronization in
correlations between ventral roots likely results from the fact that
such root recordings sample the activity of hundreds of neurons,
allowing weak correlations across the population to be observed.

Mechanisms of MN synchronization
In a previous study, we showed that in the absence of chemical
synapses, GJC between MNs is capable of coordinating the
activity of local MN populations (Tresch and Kiehn, 2000a). The
distant synchronization described in the previous section, how-
ever, suggests that mechanisms other than GJC contribute to the
synchronization of MNs. One obvious mechanism is MN coor-
dination by presynaptic spinal pattern-generating interneurons,
mediated by chemical synapses. We therefore examined the dif-
ferential roles of chemical and electrical synapses in the MN
synchronization described above.

Distant MN coupling requires chemical synaptic transmission
We blocked chemical synaptic transmission by removing calcium
from the perfusing bath (Johnson et al., 1994; Tresch and Kiehn,
2000a). As demonstrated previously, after such chemical synaptic
transmission blockade, the local coupling between action poten-

tial activity in MNs within the same segment can persist after
application of 5-HT/NMDA (Tresch and Kiehn, 2000a). How-
ever, after removal of calcium the fast rhythmic activity evoked
on distant ventral roots was uncoupled (26 of 26 runs in eight
animals). Figure 8 shows an example of distant coupling between
L2 and contralateral L5 (Fig. 8A) that was abolished after re-
moval of calcium (Fig. 8B). On occasion (3 of 26 runs in eight
animals) we observed very slow modulations (period �10 sec) in
ventral root activity that appeared to be coupled on different
ventral roots, but correlations on the shorter time scales typical of
the locomotor activity and synchronization described here were
never observed. Thus, these observations suggest that, although
not critical for the local synchronization of MNs, chemical syn-

Figure 7. Distant MN pools are synchronized during locomotor activity. A, Recordings of activity in quadriceps peripheral nerve and the ipsilateral
L5 ventral root (L5 VR) during one burst of locomotor activity. In this experiment, the L2 and L3 ventral roots were kept intact with their peripheral
nerves to allow muscle nerve recordings. The clusters of discharge in the quadriceps nerve are aligned with clusters in the L5 ventral root. B,
Cross-correlation between quadriceps (Q) and L5 ventral roots (L5 VR) shows clearly the coupling illustrated in A. C, The cross-correlation between L3
and contralateral L5 during locomotion, similarly showing a synchronization above that caused by common locomotor modulation (also see Figs. 8A, 9B).

Figure 8. Distant synchronization between motor outputs requires
chemical synaptic transmission. A, The cross-correlation between the L2
and contralateral L5 ventral roots during intact locomotor activity, show-
ing a clear synchronization. B, The same cross-correlation after removal
of calcium from the Ringer’s solution for 45 min, blocking chemical
synaptic transmission and also the synchronization in A.
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aptic transmission made a strong contribution to the distant
coupling between motor outputs observed during locomotor
activity.

MN synchronization persists af ter antagonism of GJC
We next examined whether chemical synapses were sufficient to
mediate the synchronization between MNs after application of
the gap junction antagonist carbenoxolone. Carbenoxelone is one
among several gap-junction antagonists that in other experiments
we have shown can uncouple NMDA-induced MN population
oscillations observed after blocking action potentials by TTX
(Tresch and Kiehn, 2000a). After application of carbenoxolone
(100 �M) for at least 45 min and up to 2 hr, the quality of
locomotor activity was consistently worse than that in baseline
conditions (modulation depth 0.40 � 0.13 baseline vs 0.25 � 0.07
carbenoxolone; p � 0.05) [see also Tresch and Kiehn (2000a)].
This reduction in quality often made it difficult to obtain the
long-lasting, stable activity required for the cross-correlation
analyses performed here. In 8 of the 14 MN pairs in the same
segment that we recorded after carbenoxolone application, sig-
nificant synchronization was still observed. An example of a
cross-correlation between MNs after application of carbenox-
olone is shown in Figure 9A. The strength of the cross-
correlations between MNs after carbenoxolone application was
not significantly different from that without carbenoxolone
(0.10 � 0.07 with vs 0.09 � 0.10 without carbenoxolone; p � 0.05).
Figure 9B shows the cross-correlation between the L3 and con-

tralateral L5 ventral root shown in Figure 7C after 1 hr of
carbenoxolone application, demonstrating that distant coupling
between ventral roots was also preserved in the presence of
carbenoxlone (four of nine runs in eight rats). Thus, it appeared
that after antagonism of GJC by carbenoxolone, both local and
distant synchronization of MNs could still be observed.

Although many studies have reported no side effects of car-
benoxelone on cellular properties (Kamermans et al., 2001;
Kohling et al., 2001; Hughes et al., 2002), there have been reports
of substantial effects (Rekling et al., 2000). In three motor neu-
rons recorded for 2 hr in carbenoxolone (100 �M), we did not
observe such substantial side effects on basic neuronal function.
In particular, all neurons were capable of producing action po-
tential responses to intracellular current injection. Recordings
from commissural interneurons in the in vitro neonatal rat spinal
cord have similarly not shown significant side effects from car-
benoxolone (S. Butt and O. Kiehn, unpublished observations).
Although we cannot exclude the possibility that carbenoxolone
had other effects that would have been revealed with a larger
sample of MNs, these data, along with the persistent MN syn-
chronization described above and intrinsic MN oscillations de-
scribed previously (Tresch and Kiehn, 2000a), suggest that car-
benoxolone did not disrupt basic neuronal function in the
neonatal rat spinal cord (see also Discussion). Because gap junc-
tion antagonists such as carbenoxelone might cause an incomplete
block of GJC (Brivanlou et al., 1998), we monitored GJC after
carbenoxolone application, using a collision protocol described
elsewhere (Walton and Navarrete, 1991; Chang et al., 1999;
Kiehn and Tresch, 2002). In all cases, carbenoxolone strongly
antagonized the short-latency potential evoked by antidromic
ventral root stimulation when it was observed, beginning at laten-
cies of �10–15 min (n � 5) and being maximal (reducing the
potential by 50 and 80%) by 1 hr (n � 2; a third MN showed no
clear coupling potential from ventral root stimulation). After
application of carbenoxolone for 2 hr, in one neuron additional
application of halothane (10 mM for 20 min), which has been
shown to block gap junctional coupling in this preparation
(Chang et al., 1999), did not further reduce any residual potential.
Corresponding observations were obtained from experiments in
commissural interneurons (Butt and Kiehn, unpublished obser-
vations). Together these results show that carbenoxolone strongly
reduced the gap junctional coupling between MNs without af-
fecting basic properties of individual MNs (see Discussion).

Oscillatory features of MN synchronization
As mentioned previously, the synchronization between MNs was
often oscillatory. For instance, in Figure 2A, the clusters of MN
action potentials were regularly spaced at �100 msec intervals.
Also, the smaller peaks to the left and right of the central
correlation peak in Figure 1C indicate an �100 msec interval
oscillation in the synchronization between MNs. Such off-center
peaks in cross-correlations were observed qualitatively in 32 of 75
(43%) of the synchronized MN pairs. The frequency of this
oscillation was typically faster for rostral segments than for caudal
segments, as observed in cross-correlations between MNs (L3,
11.51 � 2.38 Hz; L5, 8.01 � 1.91 Hz; p � 0.001) and in ventral
root autocorrelations (L2, 10.22 � 2.03 Hz; L3, 9.01 � 0.60; L5,
7.65 � 1.19 Hz; p � 0.05). A difference in the frequency of
oscillations on different ventral roots has been described previ-
ously after blockade of action potential activity by TTX (Tresch
and Kiehn, 2000a). Oscillations were also observed after carben-
oxolone application, as can be seen from examination of Figure 9.

Figure 9. MN synchronization can be maintained after antagonism of
gap junctions by carbenoxolone. A, An example of a covariogram between
MNs during locomotor activity after 60 min of carbenoxolone showing
significant synchronization. Conventions are the same as Figure 1. B,
Cross-correlation between L3 and contralateral L5 ventral roots after 60
min of carbenoxolone, showing the persistent synchronization between
these ventral roots. The data in B were taken from the same experiment
as that shown in Figure 7C.
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The higher frequency of rostral spinal segments was also pre-
served after carbenoxolone application (L2, 6.80 � 1.74 Hz; L3,
6.88 � 0.89 Hz; L5, 5.33 � 0.92 Hz; p � 0.05). Thus, similar to the
short-term synchronization described in previous sections, the
presence and features of oscillatory activity in MNs appear not to
be uniquely dependent on the coupling of MNs by gap junctions.

DISCUSSION
The results presented here demonstrate the robust synchroniza-
tion of spinal MNs during locomotor activity in the neonatal rat.
This synchronization was stronger and more common between
neurons with similar locomotor-related activity and between
MNs with strong rhythmic modulation. Synchronization was ob-
served between distinct motor pools, located either in the same
segment or in distant spinal segments. This distant coupling was
abolished after chemical synaptic blockade, whereas both distant
and local MN coupling were maintained after application of the
GJC antagonist carbenoxolone. These results suggest that chem-
ical synaptic transmission, in addition to GJC, plays an important
role in MN synchronization in the neonatal rat.

Short time-scale synchronization of MNs during
locomotor activity
Synchronization of MNs at a millisecond temporal resolution
during locomotor activity was observed in fewer than half the
MN pairs. This figure, however, approached 80% for pairs with
strong locomotor modulation and similar locomotor-related ac-
tivity. The robustness of this MN synchronization was also evi-
dent because it was observed during rhythmic motor outputs
evoked by many neuroactive substances and could often be ob-
served in raw MN spike trains (Fig. 1A).

There have been several indirect observations suggesting MN
synchronization in the neonatal rat, mainly on the basis of obser-
vations of clusters of root activity (see Results). We confirmed
that such clusters correspond to synchronization of individual
MNs. A recent study in neonatal mice also demonstrated MN
synchronization (Personius and Balice-Gordon, 2001), although
that synchronization was much slower than that described here:
the duration of central correlation peaks in mice was 1–3 sec,
more similar to slow locomotor comodulation than to the faster
�30–100 msec peaks described here (Fig. 1). Although reasons
for these differences are unclear, the results of both studies
demonstrate the robust synchronization of MNs in the develop-
ing spinal cord.

Predictors of MN synchronization
We found that MN synchronization was not randomly distributed
but could be predicted by features of locomotor-related neuronal
activity. First, synchronization was likelier and stronger between
neurons with similar locomotor-related activity. This observation
suggests that synchronization was related to behavioral roles of
MNs in locomotion. This result is also consistent with proposals
that synchronization plays a role in coordinating functionally
related motor pools during behavior or in the developmental
specification of motor systems (see below).

Synchronization was stronger between neurons strongly mod-
ulated during locomotor activity. One interpretation of this find-
ing is that synchronization is a signature of neurons closely tied to
locomotor networks, with reduced synchronization between
weakly recruited or modulated MNs. Alternatively, this reduced
modulation might reflect a general insensitivity of a neuron to
external synaptic inputs, whether they be inputs responsible for
locomotor-related slow modulation or for faster synchronization.

For instance, a general insensitivity could result from a sustained
depolarization, causing the action potential activity of a neuron
to be dominated by intrinsic membrane potential dynamics rather
than extrinsic synaptic inputs (Mainen and Sejnowski, 1995;
Beierholm et al., 2001).

Neurons recorded on the same tetrode and presumably located
nearby were more likely to be synchronized than neurons re-
corded on different tetrodes and therefore presumably anatomi-
cally distant. This result is consistent with other findings reported
here of weaker synchronization between distant motor pools. The
preferential synchronization of nearby MNs could reflect prop-
erties of either chemical or electrical synapses to MNs, both of
which are focused predominantly on nearby MNs (Puskar and
Antal, 1997; Chang et al., 1999). Coupling between MNs,
whether mediated by chemical or electrical synapses, would there-
fore be expected to be weaker for distant MNs.

Finally, we found no relationship between synchronization and
characteristics of the locomotor pattern. Although a lack of
correlation to locomotor frequency has been reported (Hansen et
al., 2001), one might have expected neuronal synchronization to
be related to locomotor quality, as measured by modulation depth
or period variability, if synchronization contributed to locomotor
production. This lack of correlation might suggest that MN syn-
chronization is not uniquely coupled to locomotor networks but is
a more basic feature of spinal motor systems. However, our
characterization of locomotor quality using ventral root record-
ings has drawbacks because such recordings combine activity
across several motor pools (Cowley and Schmidt, 1994a). Also,
variations in these locomotor parameters resulted from uncon-
trolled differences between locomotor runs or between different
animals. Experiments monitoring individual motor pools or sys-
tematically inducing variations in locomotor parameters might
reveal relationships missed here.

Mechanisms of MN synchronization
An important finding of this study is the existence of multiple
mechanisms underlying MN synchronization, with both GJC and
chemical synapses contributing. In particular, distant synchroni-
zation between motor pools was abolished after chemical synaptic
antagonism, whereas local MN coupling persisted. On the other
hand, both local and distant MN coupling persisted after GJC
antagonism. In previous work we demonstrated that local MN
coupling is abolished after antagonism of both chemical and
electrical synapses (Tresch and Kiehn, 2000a). These results
suggest that chemical synapses are necessary for distant coupling
of motor pools, whereas both chemical and GJC contribute to
local coupling. The relative contribution of chemical and electri-
cal synapses to local synchronization is unclear. For instance, we
observed no change in MN correlation strength after gap junction
antagonism, suggesting minimal contributions from GJC. How-
ever, after chemical synapse blockade, rhythmic motor activity
could still be evoked (Tresch and Kiehn, 2000a), clearly indicat-
ing that electrical synapses contribute to local MN synchroniza-
tion. Determination of the quantitative contributions of chemical
and electrical synapses to MN synchronization during normal
locomotion will require further research.

The chemical synapses contributing to MN synchronization
might come from synchronized activity in presynaptic interneu-
rons that provide a common input to multiple MNs via branching
axons (Kirkwood 1995; Matsumura et al., 1996). Such common
input need not be especially strong because postsynaptic proper-
ties of MNs, such as intrinsic oscillatory properties (MacLean et
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al., 1997; Tresch and Kiehn, 2000a), will also help to regularize
and synchronize MN spike activity (Mann-Metzer and Yarom,
1999). All of these mechanisms, chemical and electrical synapses
along with intrinsic MN properties, might act complementarily to
produce the synchronization described here.

This result, of multiple mechanisms underlying MN synchro-
nization in neonatal rats, differs from results in neonatal mice
(Personius and Balice-Gordon, 2001), in which systemic carben-
oxolone abolished MN synchronization. As mentioned above,
however, the characteristics of synchronization described in that
study differed substantially from the synchronization observed
here, possibly suggesting that the types of synchronization exam-
ined were distinct, with distinct mechanisms. Methodological
differences or differences between behaviors examined might also
have contributed. Although explanations for the differences be-
tween these studies are unclear, previous observations also sug-
gest that MN synchronization during locomotion is not exclu-
sively dependent on GJC. In particular, coupling between clusters
of activity on distant roots has been described briefly (Cowley and
Schmidt, 1995). Furthermore, such clusters are observed during
locomotion in 2-week-old animals (Westerga and Gramsbergen,
1993, 1994), when electrical GJC between MNs is undetectable.
These results, combined with those described here, strongly sug-
gest a role for chemical synaptic transmission in fast MN
synchronization.

Some of the evidence for a role of chemical synapses in MN
synchronization relied on carbenoxolone antagonism of GJC.
Although carbenoxolone has been reported to affect basic neuro-
nal function (Rekling et al., 2000), we did not observe such
substantial effects, in contrast to other gap junction blockers such
as heptanol and octanol (Tresch and Kiehn, 2000a). Also, al-
though carbenoxolone has been shown to strongly antagonize
GJC (Davidson and Baumgarten, 1988; Rekling et al., 2000), this
block appeared to be only partial. However, in previous work such
a block was strong enough to abolish MN coupling after TTX
application (Tresch and Kiehn, 2000a). The maintenance of MN
synchronization after such reduction, even if incomplete, strongly
suggests that fast synchronization was not uniquely dependent on
GJC. Finally, we emphasize that a role for chemical synapses in
MN synchronization is not supported solely by experiments with
carbenoxolone but is also supported by observations of distant
coupling between motor pools and its abolition after chemical
synaptic blockade.

Potential roles of MN synchronization
MN synchronization has been proposed to mediate synapse elim-
ination during neuromuscular junction development (Busetto et
al., 2000; Chang and Balice-Gordon, 2000). The fast synchroni-
zation described here is clearly amenable to this role, because the
mechanisms of synaptic plasticity often proposed to mediate
elimination occur between action potentials separated by tens of
milliseconds (Markram et al., 1997; Bi and Poo, 2001). MN
synchronization has also been proposed to contribute to devel-
opmental refinement of central synapses (O’Donovan et al., 1998;
Chang and Balice-Gordon, 2000). The present finding of coupling
between distant motor pools, although difficult to interpret in the
context of neuromuscular junction development, is consistent
with this latter role in the development of spinal networks, as is
the finding that synchronization was most often observed be-
tween MNs with common locomotor-related activity.

This preferential coupling of similarly activated neurons could
also reflect a role for synchronization in the production of behav-

ior. Synchronization might mediate the coordination, or “bind-
ing,” of individual MNs into the global motor patterns underlying
behavior (Welsh and Llinas, 1997; Farmer, 1998; Baker et al.,
1999). Evaluating such a contribution of MN synchronization will
require examination of synchronization patterns between differ-
ent muscles in this preparation. The present results further sug-
gest that MN synchronization described in adults and normally
ascribed to descending systems might have strong contributions
from intrinsic spinal mechanisms.
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