


















tainty about the completeness of the hemisection; some axons
appeared to be spared immediately adjacent to the midline.
However, since the results from these preparations did not
differ from the rest, they have been included here.

Comparing response magnitudes (4-Hz recordings, graph in
Fig. 6A and cumulative plots in Fig. 6, B and C), PRF-evoked
responses in hemisected preparations (n � 9) had smaller
magnitudes than PRF-evoked responses in nonhemisected
preparations (n � 7) irrespective of whether the hemisection
was on the same (Fig. 6B) or opposite (Fig. 6C) side of the PRF
stimulation. With hemisection on the same side as the PRF
stimulation, the magnitudes of the PRF-evoked responses in
the iLMC, iMMC, cMMC, and cLMC were at only 6, 8, 33,
and 38% (Fig. 6A) of those evoked in nonhemisected, control
preparations (P � 0.02, U � 9 for iLMC; P � 0.02, U � 10
for iMMC; P � 0.09, U � 15 for cMMC; and P � 0.04, U �
12 for cLMC; Mann-Whitney U test; n � 16). This suggests a
strong contribution from the uncrossed projection to the re-
sponses in iMMC and iLMC and a smaller but still substantial
contribution to the responses in cMMC and cLMC. The re-
sponses in the contralateral motor columns must be mediated
either by commissural pRS axon collaterals or commissural
spinal interneurons.

The fact that there were still remaining responses after
same-side hemisection also suggests a contribution from the
spared crossed projection. Compatible with this suggestion, we
found that after opposite-side hemisection the magnitudes of
the PRF-evoked responses in the iLMC, iMMC, cMMC, and
cLMC were at 25, 22, 20, and 18% (Fig. 6A) of those evoked
in nonhemisected, control preparations (P � 0.1, U � 16 for
iLMC; P � 0.02, U � 10 for iMMC; P � 0.07, U � 14 for
cMMC; and P � 0.01, U � 6 for cLMC; Mann-Whitney U
test; n � 16). These findings are consistent with the conclusion
that in all four motor columns the responses arise from a
combination of uncrossed and crossed pRS inputs. However,
the similarly large decrements in responses after removal of
either input indicate that these inputs do not summate linearly.
Rather, as argued previously for the medullary reticulospinal
projections (Szokol et al. 2008), it is likely that the various
inputs to any given motor column interact, resulting in nonlin-
ear summation. Attempting a strict additive analysis is there-
fore of limited value. It is noteworthy that the current thresh-
olds in the hemisected preparations were noticeably higher
than in nonhemisected preparations (56 � 3 vs. 40 � 5 �A,
respectively; P � 0.003, U � 16, Mann-Whitney U test; n �
16), suggesting the possibility of additional, mutual influences
between the pRS neurons and the spinal cord. The implication
is that the response magnitudes in the hemisected preparations
may actually have been smaller (since we had to stimulate
more strongly to evoke the responses).

The uncrossed and crossed pRS projections differed with
regard to the waveforms of the responses they evoked in MNs.
In preparations with same-side hemisection (spared crossed
projection), we never observed sawtooth waveforms (Fig. 7A,
top row). In contrast, in all preparations with opposite-side
hemisection (spared uncrossed projection), responses had saw-
tooth waveforms as in nonhemisected preparations (Fig. 7A,
bottom row). Sawtooth waveforms were observed in all L2
motor columns examined (iLMC 4/4, iMMC 3/3, cMMC 2/2,
and cLMC 2/2). This is compatible with a more direct un-
crossed pRS projection and a less direct crossed pRS projection
(as shown schematically in Fig. 6A).

The onset latencies of the responses in the preparations with
only the crossed pRS projection intact ranged from 66 to 414
ms (median of 320 ms), whereas the onset latencies in the
preparations with only the uncrossed pRS projection intact
ranged from 53 to 181 ms (median of 76 ms; Fig. 7B).
Response latencies in preparations with only the crossed pRS
projection intact were significantly longer than those in non-
hemisected preparations (P � 0.01, U � 6.5, Mann-Whitney U
test), which was not the case for preparations with only the
uncrossed pRS projection intact (P � 0.4, U � 30, Mann-
Whitney U test). This provides additional support to the sug-
gestion that the uncrossed pRS projection is more direct than
the crossed pRS projection.

DISCUSSION

General overview of salient results. In this study, we have
begun a physiological characterization of the pRS projection in
the newborn mouse using high-throughput optical recording of
synaptically evoked calcium transients to obtain a broad pic-
ture of the organization of inputs to MNs at different segmental
levels. We find that 1) focal electrical stimulation of the PRF
where the pRS neurons reside leads to consistent activation of
MNs at cervical, thoracic, and lumbar levels, 2) the pRS
projection includes ipsilaterally descending (uncrossed) and
contralaterally descending (crossed) axons, 3) similar activa-
tion occurs in MMC and LMC both ipsilateral and contralateral
to the side of stimulation, 4) calcium transients in all recorded
MNs typically exhibit a sawtooth pattern in which individual
components relate one-to-one to individual stimuli in a stimu-
lus train, and 5) the sawtooth pattern is lost, and response
latencies become longer, if uncrossed pRS axons are cut,
leaving only the crossed axons. Our interpretation of these
results is that the pRS system in newborn mice has already
established excitatory synaptic connections with spinal neurons
at multiple levels through parallel uncrossed and crossed pro-
jections and that transmission along the uncrossed pathway is
more direct than along the crossed pathway.

Fig. 5. Diversity of responses elicited by different stimulation sites and similarity of responses within and between motor columns. A: example of an experiment
in which responses evoked in 6 different iLMC MNs (ROI 1–6) from 2 stimulation sites are compared. Left: the location of the 2 stimulation sites is shown on
a parasagittal reference section (top) and the location of the recorded L2 MNs on a background-subtracted, z-stacked image (bottom). Right: for each stimulation
site, 5 recordings are shown (Rec. 7–11 and 25–29). Within each recording, the responses in the different MNs are very similar. Occasionally, the response pattern
varied from 1 recording to another (for example, from Rec. 26 to 28). Even in these instances, however, the responses in the different MNs remain similar. The
2 separate sets of average responses shown at the bottom [Average (ROI)] and on the right-hand side [Average (Rec.)] show the variability across recordings
for each MN and across MNs within each recording session, respectively. Average responses are shown as black waveforms, and the gray waveforms represent
1 SD above and 1 SD below these average responses. Responses across MNs within a given recording session tended to show less variability (smaller SDs). For
comparison, the population response (large ROI) during each recording and the average across all recordings are also shown. B: averaged population responses
(large ROIs) from a single stimulation site showing similarity of responses in iLMC, iMMC, cMMC, and cLMC in 3 different preparations. Each average was
obtained from 4 to 10 individual recordings. See legend for Fig. 4A for other details.
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Fig. 6. PRF-evoked responses are reduced after unilateral transverse hemisection. A: cartoons depicting the 2 pathways deemed necessary to explain our results in
nonhemisected (leftmost) and hemisected (2 rightmost) preparations. The 2 pathways consist of an uncrossed pathway (thick line) and a crossed pathway (thin line)
through which pRS axons contact MNs either directly or via spinal interneurons (not illustrated for the sake of simplicity). In preparations where pRF stimulation was
on the same side as the hemisection, the uncrossed pathway is interrupted. In preparations where pRF stimulation was on the opposite side of the hemisection, the crossed
pathway is interrupted. A horizontal section from the upper cervical cord is shown on the right-hand side of the rightmost cartoon to illustrate how the completeness
of hemisections was confirmed histologically. Right: graph displaying response magnitude after same-side hemisection (closed circles) or opposite-side hemisection
(solid squares) as a percentage of control responses in nonhemisected preparations for each of the 4 motor columns in L2. Each point represents the mean response in
a single preparation and each thick horizontal line the median across all preparations. All individual values have been normalized to the median value from the
nonhemisected preparations. The large degree of variation is partly due to variation among preparations but also to a few very eccentric outliers. B and C: graphs
comparing the cumulative distributions of the magnitudes of the responses evoked in iLMC, iMMC, cMMC, and cLMC in hemisected (solid symbols) vs. nonhemisected
(open circles) preparations. Again, each point represents the mean response in a single preparation. A logarithmic scale was used for the x-axis.
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Technical considerations. Our results have been obtained in
an ex vivo preparation of the isolated brain stem and spinal
cord. Although such preparations are widely used, they do
present challenges when attempting to extrapolate to normal
physiology in an intact organism. For example, the prepara-
tions are decerebrated, and the recordings are obtained at
subphysiological temperatures and in a physiological saline
that almost certainly does not perfectly replicate CSF. More-
over, sensory feedback is eliminated. Whether the pRS projec-
tions actually function in the intact mouse according to the
connectivity patterns we report in the isolated brain stem-spinal
cord preparation remains to be determined.

Our approach utilizes high-throughput optical recording of
synaptically mediated calcium transients. This has the advan-
tage of providing information about inputs to many MNs
simultaneously at single-neuron resolution and the ability to
record from several different spinal segmental levels while
stimulating the same site in the brain stem. However, the
method also involves certain technical limitations. Calcium
transients depend on the influx of extracellular calcium or the
release of calcium from intracellular stores. These two alter-
native sources cannot be discriminated without pharmacolog-
ical intervention, which we have not performed. Calcium
signals involving influx of extracellular calcium are dependent
on depolarization, meaning that inhibitory inputs are not visi-
ble. Thus our records are most likely dominated by depolariz-
ing synaptic events. Moreover, irrespective of the source, the
time courses of all calcium signals are dependent on multiple
intracellular and transmembrane processes with slow kinetics
relative to electrical signals. Thus temporal resolution is intrin-
sically limited. On the other hand, as we have noted in earlier
studies, due to the fact that many descending axons in the
neonatal mouse are unmyelinated and therefore slowly con-
ducting, response latencies are long enough that resolution of
monosynaptic connections is not unlikely (Szokol et al. 2011).

A related issue is that optical recording is easily performed
at neonatal stages but much less so at adult stages due to the
intrinsically favorable optical properties at neonatal stages.
Optical recording of descending evoked responses in spinal
neurons in the intact spinal cord of adult mammals has yet to
be attained. Thus we can only compare our results obtained
using optical recording with those obtained in adult mammals
using electrophysiological recording (see Functional consider-
ations). An important issue here is that synaptic connectivity in
the neonate may not be the same as in the adult. However, it is
likely that the broad strokes of connectivity in descending
systems, including the pathways and regional termination areas
of specific categories of descending axons, are established
during development through stereotyped genetic mechanisms
of neuron specification and target recognition. Thus there is
strong reason to believe that certain principal features of
connectivity are the same in neonates and adults (Di Bonito et
al. 2013a,b; Kasumacic et al. 2012; Narita and Rijli 2009;
Philippidou and Dasen 2013; Szokol et al. 2011).

We also used optical recording to investigate the pattern of
direct activation of pRS neurons by electrical stimulation (Fig.
2), an application for which the approach is especially well-
suited. Retrograde labeling with CGDA ensures a definitive
identification of reticulospinal and other spinally projecting
neurons, and many can be selectively recorded from within a
single field of view, providing a rapid assessment of the spread
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Fig. 7. Sawtooth responses may be the result of more faithful and direct
transmission in the uncrossed pRS pathway. A: high-temporal-resolution re-
cordings of population responses (large ROIs) evoked in iLMC and cLMC by
stimulating the PRF on the same side (top row) or the opposite side (bottom
row) of a cervical hemisection. Recordings for the 2 conditions were obtained
from the same preparation after moving the electrode from 1 side of the brain
stem to the other. Activation of the uncrossed pathway, but not the crossed
pathway, produced sawtooth responses. For other details, see the legend for
Fig. 4A. B: cumulative distributions of response latencies in iLMC (points
unlabeled or marked with light gray label 1), iMMC (points marked with gray
label 2), cMMC (points marked with light gray label 3), or cLMC (points
marked with light gray label 4) on the same side of hemisection (solid black
circles) and opposite side of hemisection (solid black squares) recording
configurations. In 3 experiments, response latencies were measured in �1
motor column (indicated by light gray symbols). In all cases, the response
latencies were included in the same cumulative distribution with the shortest 1
displayed with a solid black symbol. In the 1 experiment where the latency
values in different motor columns were identical (due to finite temporal
resolution of the recordings), the overlapping points were identified with light
gray labels separated by a comma. The data clearly show that activation of the
uncrossed pRS pathway produced shorter response latencies than activation of
the crossed pRS pathway.
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of effective stimulating current. Moreover, the fact that this is
an optical method avoids the problem of electrical stimulation
artifacts, which is a major obstacle to short-range activation
experiments using electrical recording (Histed et al. 2009). It is
challenging, however, to interpret the relationship between
calcium transients and electrical events (see below).

Origin and internal organization of the functional pRS
projection. The area of the PRF from which MN responses
could be elicited was well-delineated and corresponded to the
area occupied by the pRS neurons as revealed by retrograde
tracing. Moreover, our local activation experiments indicate a
limited volume of effective current density beyond which
activation of pRS neurons falls to low levels or failures along
a typical electrode track. Plotting the response magnitudes of
individual pRS neurons against the distance from the stimulat-
ing electrode resulted in curves that conformed roughly to the
inverse of the squared distance (1/x2), which would be ex-
pected in a homogeneous conducting medium. An inverse
quadratic relationship vs. distance has also been shown for
current thresholds in various mammalian species and brain
regions (Tehovnik et al. 2006), although at least one study
suggests that the relationship may be linear at distances below
50 �m (Rattay and Wenger 2010). An inverse quadratic
relationship implies that even though pRS neurons within a
relatively large radius from the electrode tip will be depolar-
ized to some extent, pRS neurons close to the electrode will be
activated much more strongly than more distant pRS neurons.
It is important to realize that we cannot translate this pattern of
local activation of pRS neurons seen with focal stimulation to
a pattern of impulse initiation effective in activating spinal
MNs. The calcium transients may not arise from suprathresh-
old depolarizations (spiking) in all activated pRS neurons, or,
if they do, they may not represent the minimum firing rate or
the minimum number of firing pRS neurons necessary to
activate spinal MNs. An indication of this is that the effective
stimulation radius for eliciting calcium responses in the pRS
neurons (mean 486 �m, range 245–726 �m; Fig. 2) is larger
than the effective stimulation radius within the pRS population
for activating lumbar MNs (100–200 �m judging from Fig. 3).

Thus our findings suggest that activation of pRS neurons
within a limited volume surrounding the electrode tip is suffi-
cient for eliciting MN responses. However, activation of axons
of passage cannot be discounted, as illustrated by the fact that
stimulation points outside of the pRS neuron population but
close to the MLF [which at these neonatal ages contain inter-
stitiospinal, reticulospinal, and medial vestibulospinal tract
axons (Kudo et al. 1993)] could elicit responses as strong as
those elicited by stimulation points within the pRS neuron
population. Nevertheless, stimulation of axons in the MLF or
the rubrospinal tract (ventrolateral to the pRS neurons; Fig. 3C)
seems highly unlikely to explain more than a few of the
effective stimulation sites we found since stimulation needed to
be quite close to such tracts to be effective (points �200 �m
away were noneffective or barely effective).

On the other hand, activation of pRS axons is likely to be a
contributing factor. These run caudally within most of the
mediolateral extent of the pRS neuron population. Stimulation
at any point within the pRS neuron population could therefore
also affect large numbers of pRS axons originating from pRS
neurons at more rostral levels. This has implications for how
our results can be interpreted with respect to the internal

organization of the pRS neuron population. We first emphasize
that effective stimulation sites were located primarily in the
caudal 2/3 of the PRF in the region corresponding roughly to
the PnC. In contrast to what we have reported for the MRF
(Szokol et al. 2008; Szokol and Perreault 2009), we found no
sign of a mediolateral regionalization within this region of the
PRF related to the motor column location of target MNs.
Stimulation at diverse sites within the PRF in different prepa-
rations elicited responses of similar magnitude in MMC and
LMC on both sides of the spinal cord. However, we hesitate to
conclude from these results that there is no internal organiza-
tion in the PRF with respect to motor column targeting in the
neonatal mouse because it is possible that the electrical stim-
ulation used here is simply not sufficiently precise to reveal
one.

Parallel uncrossed and crossed projections. pRS neurons
projecting to a given side of the spinal cord are found on both
sides of the PRF, albeit with ipsilateral predominance. Ipsilat-
eral hemisection at C1, interrupting all uncrossed axons, and
contralateral hemisection at C1, interrupting all crossed axons,
both reduced individual MN response magnitudes considerably
and to about the same extent. In both cases, reduction was seen
in MNs on both sides of the spinal cord. MN responses in the
nonhemisected preparation thus reflect inputs mediated by both
pathways, each to both sides of the spinal cord (Fig. 6A). We
have noted that the reductions do not add linearly and suggest
that this reflects functional interactions between converging
inputs from the two pathways. For example, the activation of
either pathway could exert a permissive effect (through gating
of intercalated interneurons) or a facilitatory effect (through
heterosynaptic interactions on the same target interneurons) on
the synaptic transmission in the other pathway.

Although the two pathways each produced similar response
magnitudes in isolation, high-temporal-resolution recordings
revealed important differences. The responses elicited solely
by the uncrossed pathway had latencies within the range
observed in nonhemisected preparations, whereas responses
elicited solely by the crossed pathway had significantly longer
latencies. More strikingly, the responses elicited solely by the
uncrossed pathway exhibited the sawtooth pattern, seen in the
nonhemisected preparation, in which individual response com-
ponents faithfully follow individual stimuli one-to-one. This
suggests a relatively direct response that rarely fails in the face
of repetitive stimulation. By contrast, responses elicited solely
by the crossed pathway displayed no sawtooth pattern. This,
combined with the longer latency, suggests a lower safety
factor for transmission with more intercalated synapses in the
crossed pathway. However, the differences in latency and
response pattern seen between responses elicited by the two
pathways could be due to any combination of differences in
numbers of projecting neurons, numbers of intercalated syn-
apses, and the conduction velocity of each axon involved.

Although contralaterally projecting pRS neurons are the
most likely source of the contralateral responses elicited in
preparations with a same-side hemisection, two other possibil-
ities should be considered. The stimulated pRS neurons could
have supraspinal connections to 1) ipsilaterally projecting pRS
or medullary reticulospinal neurons located on the opposite
side of the brain stem, or 2) medullary reticulospinal neurons
on the same side that project contralaterally into the spinal
cord. A reticulo-reticular component would introduce at least
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one more synapse in the contralateral pathway. Although
anatomic studies have demonstrated reticulo-reticular connec-
tions at many levels of the brain stem (Jones and Yang 1985;
Walberg 1974), evidence of such connections onto reticular
neurons identified as reticulospinal neurons is still lacking.

It is also important to emphasize that we have labeled both
pRS neuron populations retrogradely from C1-C2, and this
does not tell us how far either population actually projects
down the spinal cord. Another retrograde labeling study in the
neonatal rat (Leong et al. 1984) suggests that at least some pRS
axons project to lumbar levels, but no information on this point
is available for the neonatal mouse. Accordingly, we cannot
exclude a contribution to either pathway from propriospinal
interneurons. Nonetheless, the fidelity of the responses evoked
by the ipsilateral pathway (sawtooth pattern) is suggestive of a
monosynaptic component.

Another aspect concerning the laterality of connectivity is
the similarity of the responses in MNs on either side of the
midline. Comparing nonhemisected preparations to those with
only the uncrossed pathway intact, we found that response
latencies were indistinguishable and that the sawtooth pattern
was present in all four motor columns at lumbar levels. The
similarity on ipsilateral and contralateral sides seems to be at
odds with the termination patterns of most uncrossed pRS
axons in the adult cat, which target only the ipsilateral side,
whereas a minority targets both sides (Matsuyama et al. 1999).
Two alternative explanations are: 1) in the neonatal mouse, a
greater proportion of uncrossed axons extend collaterals to
target both sides of the cord; and 2) inputs to ipsilateral MNs
and to contralateral MNs both involve intercalated lumbar
interneurons. The latter alternative would fit with the observa-
tion that uncrossed pRS axons in the adult cat terminate
predominantly in the ipsilateral laminae VII and VIII (Mitani et
al. 1988; Nyberg-Hansen 1965), which contain ipsilaterally
projecting and commissural interneurons, respectively. In the
adult cat, a pRS input to contralateral MNs mediated by
commissural interneurons in lamina VIII has been demon-
strated electrophysiologically (Jankowska et al. 2003), and
there is general agreement that although the reticulospinal
neurons do have monosynaptic connections to MNs, they exert
their major effect polysynaptically (Alstermark and Ogawa
2004; Floeter and Lev-Tov 1993).

Functional considerations. The pRS projection to spinal
MNs has been implicated in many motor behaviors in mam-
mals, including the stereotyped movement pattern of the startle
reflex (Yeomans and Frankland 1995), locomotion (Prentice
and Drew 2001), and reaching (Schepens and Drew 2004). A
common denominator of many of these behaviors is that they
require postural adjustments through coordinated actions of
limb and trunk muscles. In this paper, we demonstrate in
newborn mice that focal stimulation of a limited number of
pRS neurons anywhere within the PRF, and particularly within
the caudal 2/3, can reliably activate MNs at cervical, thoracic,
and lumbar levels on each side of the spinal cord. Such
widespread connectivity from a limited number of projecting
neurons seems well-suited to produce the concerted postural
adjustments involved in the behaviors listed above. Of partic-
ular interest in this regard is our demonstration that both MMC
and LMC are activated similarly, consistent with a coordina-
tion of limb and trunk musculature.

Most electrophysiological studies of reticulospinal pathways
in the cat and monkey have focused on the MRF and the
caudalmost parts of the PRF without much distinction within
this large region (Davidson and Buford 2006; Drew and Ros-
signol 1990a,b; Peterson et al. 1975; Soteropoulos et al. 2012).
Moreover, the practice of stimulating the MLF as a means of
activating the reticulospinal pathway (Alstermark and Ogawa
2004; Edgley et al. 2004; Floeter et al. 1993; Grillner et al.
1968; Jankowska et al. 2003; Riddle et al. 2009) contributes
little information about regional differences within the RF.
Thus our results provide insight into the topography and types
of responses elicited specifically by the pRS projection. It will
be important in future studies to extend the scope and precision
of the analysis to obtain a more detailed picture of how the
mammalian pRS projection targets spinal circuitry and inter-
acts with the medullary reticulospinal projection.

We have shown that at birth the mouse pRS projection,
potentially at the level of individual pRS neurons, has a
topography that involves substantial divergence both across
segments and across motor columns. Widespread segmental
effects of pRS stimulation have been demonstrated also in the
adult cat (Drew and Rossignol 1984) and are consistent with
the extensive collateralization made by individual pRS axons
(Matsuyama et al. 1997, 1999). The similar divergence in
neonatal mouse and adult cat suggests a conserved projection
pattern that is likely to mediate a crucial function in mamma-
lian motor control. Although the divergence is indicative of a
rather generalized pattern of MN activation, our results also
highlight heterogeneity in response amplitude and waveform
elicited by different PRF stimulation sites that could contribute
to a more finely tuned activation pattern. Being such a large
neuron population, it seems unlikely that pRS neurons are
functionally uniform. In the adult cat, individual neurons
within the medullary RS and pRS populations have been
shown to differ in MN connectivity (Drew and Rossignol
1990a,b; Peterson et al. 1979) and activity patterns during
movement (Schepens and Drew 2006). These studies have,
however, only showed minor differences in terms of topo-
graphical position, noting that overlap of regions containing
neurons with different functionality is more prominent than
segregation. It is therefore unclear to what extent projection or
function is topographically organized in the pRS neuron
population.

Reticulospinal neurons in lower vertebrates are also in-
volved in regulating behaviors such as startle responses and
locomotion, and functional homologies between pRS subpopu-
lations in mammals and nonmammalian species are likely to
exist. For example, reticular neurons in rhombomeres (r) 1–4
in larval zebrafish, including large, ipsilaterally projecting
reticulospinal neurons in r4 that are likely to be homologous to
pRS neurons in the most caudal portion of the mammalian
PRF, have been shown to be involved in regulating the spinal
locomotor network (Kimura et al. 2013). Startle responses in
the zebrafish, however, are abolished by eliminating collec-
tively the contralaterally projecting Mauthner neuron in r4 and
its contralaterally projecting medullary segmental homologs,
the MiD2cm and MiD3cm neurons in r5 and r6 (Liu and
Fetcho 1999). This suggests that startle behavior in fish is
primarily a medullary reticulospinal function. A deeper anal-
ysis of the evolutionary relationships of mammalian and non-
mammalian reticulospinal neurons should shed light on the
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degree of functional conservation that prevailed in these de-
scending systems as the more extensive behavioral repertoire
of mammals developed.

Developmental considerations. Rodents have limited motor
abilities at birth, and substantial behavioral development oc-
curs postnatally. Weight-bearing locomotion, for instance, ma-
tures significantly between the 1st and 2nd postnatal week
(Geisler et al. 1993; Gramsbergen 1998; see, however, Jamon
and Clarac 1998). Despite the protracted development of the
behavior, neural networks can already at birth produce left-
right and flexor-extensor alternation and interlimb coordina-
tion, all of which can be manifested under nonweight-bearing
conditions such as air-stepping and swimming (Clarac et al.
2004; Gramsbergen 1998; Jamon 2006). That the pRS projec-
tion already by birth has established functional connections
with MNs innervating trunk and limb muscles from cervical to
lumbar levels indicates that this potential substrate for initiat-
ing movement is in place very early. To address the early
functionality of the pRS projection, it will be important in
future studies to investigate the degree of coordination (in-
tersegmental, flexor vs. extensor) in pRS-elicited motor activ-
ity and the extent to which the pRS projection can be activated
by cortical and sensory inputs during the 1st postnatal week.

Summary. We have shown that electrical stimulation of pRS
neurons in the newborn mouse elicits responses in cervical,
thoracic, and lumbar MNs through a relatively direct ipsilateral
pathway and a less direct contralateral pathway. The ipsilateral
pathway distributes inputs to the MMC and LMC on each side
of the cord, probably through a combination of monosynaptic
and polysynaptic inputs. The contralateral pathway also dis-
tributes inputs to all four motor columns at lumbar levels
through a pathway that likely involves at least one additional
synapse. Further studies using these and complementary tech-
niques should shed light on the precise synaptic connectivity
involved in the pRS projection.
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