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Summary

The construction of spinal sensory-motor circuits involves the selection of appropriate synaptic
partners and the allocation of precise synaptic input densities. Many aspects of spinal sensory-
motor selectivity appear to be preserved when peripheral sensory activation is blocked, which has
led to a view that sensory-motor circuits are assembled in an activity-independent manner. Yet it
remains unclear whether activity-dependent refinement has a role in the establishment of
connections between sensory afferents and those motor pools that have synergistic biomechanical
functions. We show here that genetically abolishing central sensory-motor neurotransmission
leads to a selective enhancement in the number and density of such “heteronymous” connections,
whereas other aspects of sensory-motor connectivity are preserved. Spike-timing dependent
synaptic refinement represents one possible mechanism for the changes in connectivity observed
after activity blockade. Our findings therefore reveal that sensory activity does have a limited and
selective role in the establishment of patterned monosynaptic sensory-motor connections.

Introduction

The precision of limb movements depends on spinal sensory-motor circuits that impose
coordinated patterns of muscle activation. The monosynaptic sensory-motor reflex arc
represents the most intensely studied of these circuits, and its assembly adheres to a core
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organizing principle in which individual limb muscles are innervated by a single pool of
motor neurons. But the proprioceptive sensory afferents that relay feedback from an
individual muscle connect with several motor pools, primarily those that innervate muscles
with synergistic biomechanical functions (Eccles et al., 1957; Frank and Westerfield, 1983;
Hongo et al., 1984). Functionally related muscles operating at individual joints exert distinct
torques, implying that the coordinate sensory activation of synergistic motor pools and their
recipient muscles has a role in stabilizing joint trajectories (Burkholder and Nichols, 2000).
The precision and evolutionary fidelity evident in this weighted sensory-motor connectivity
matrix implies selectivity in synapse formation, yet the cellular principles that confer
synergist specificity remain sketchy at best.

Most studies that have explored the developmental basis of sensory-motor specificity have
focused on the issue of how sensory afferents establish strong “homonymous” connections
with motor neuron pools innervating the same muscle, and are able to avoid motor neurons
that innervate antagonist muscles. The construction of certain of these sensory-motor
connections has been shown to depend on surface recognition features, as well as the
position at which motor neurons settle in the ventral spinal cord (Fukuhara et al., 2013;
Pecho-Vrieseling et al., 2009; Stirmeli et al., 2011). Indeed, many aspects of the selectivity
and shaping of spinal sensory-motor connections have been argued to occur without any
influence of patterned sensory activity (Mears and Frank, 1997). This prevailing ‘activity-
independence’ view, however, is based primarily on studies showing that sensory afferents
continue to avoid antagonist motor pools when their activation is blocked through muscle
paralysis or loss of muscle spindle function (Mendelson and Frank, 1991; Shneider et al.,
2009; Wang et al., 2012).

The issue of how sensory afferents form “heteronymous” synaptic connections withmotor
neuron pools that supply the synergist muscles involved in joint stabilization has yet to be
resolved. Individual sensory afferent fibers contact both homonymous and heteronymous
motor neurons (Scott and Mendell, 1976). However, the strength of heteronymous sensory-
motor synaptic connections is typically weaker than that of homonymous connections, a
reflection of the lower fraction of motor neurons contacted, as well as the lower density of
synaptic boutons present on each motor neuron (Brown and Fyffe, 1981; Burke and Glenn,
1996; Mendell and Henneman, 1968; Nelson and Mendell, 1978; Scott and Mendell, 1976).
Consequently, the formation of appropriately weighted heteronymous connections is likely
to involve both the selection of appropriate synaptic partner, as well as the scaling of
synaptic input strength. Intriguingly, reports of the preservation of antagonist selectivity
following sensory afferent silencing by muscle paralysis also suggest the formation of novel
heteronymous connections that were not observed in control animals (Mendelson and Frank,
1991). It remains possible, therefore, that sensory activity has an as yet unappreciated role in
shaping heteronymous sensory-motor connections.

We set out to re-examine the issue of whether neural activity influences the specificity of
sensory-motor connections, through a focus on proprioceptor connectivity with
heteronymous motor neurons. To avoid uncertainties about the persistence of central
transmitter release under conditions of peripheral sensory inactivity, we blocked the
spontaneous and evoked release of excitatory transmitter from the central terminals of
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developing proprioceptive sensory afferents through parvalbumin gene locus (Pv)- mediated
expression of tetanus toxin light chain subunit (TeNT). Under conditions in which central
sensory-motor transmission was virtually absent, we detected a selective increase in the
number of heteronymous sensory connections with synergistic motor pools. Sensory
afferents contacted a larger fraction of heteronymous motor neurons, and the density of
sensory bouton contacts on each motor neuron was increased. In contrast, there was no
change in the density of synaptic connections with homonymous or antagonistic motor
pools. The anatomical asymmetry inherent in the monosynaptic reflex arc, together with
known differences in the temporal burst patterns of synergist motor pools, led to the
construction of a spike-timing dependent model of synaptic refinement that reproduces our
experimental findings. We conclude that sensory afferent activity does play a role in
defining one selective aspect of the fine pattern of monosynaptic sensory-motor
connectivity.

Defining Patterns of Heteronymous Sensory-Motor Connectivity

To examine the sensory innervation of synergist motor neurons, we focused on motor pools
within the anterolateral crural (AC) synergy group that innervate muscles with defined
biomechanical functions (Nichols, 1994). The tibialis anterior (TA), extensor digitorum
longus (EDL), and peroneus longus (PL) muscles act synergistically to dorsiflex the ankle,
but have distinct secondary biomechanical functions, with the TA adducting and the PL
abducting the ankle, and the EDL extending the toes (Figures 1A and 1B; Nichols, 1994).

We explored the pattern of connectivity between these three motor pools using an activity-
independent assay that exploits the transganglionic transport of cholera toxin B subunit
(CTB), but not rhodamine dextran (Rh-Dex), within sensory neurons, such that after muscle
injection, CTB alone accumulates in proprioceptive sensory terminals on motor neurons,
which can be marked in an independent and selective manner by the presynaptic expression
of vGIuT1 (Betley et al., 2009; Strmeli et al., 2011). This distinction permits a binary
comparison of the density of CTB-labeled sensory terminals in contact with homonymous
CTB-labeled or heteronymous Rh-Dex-labeled motor neurons (Figures SIA-S1C). We used
this assay to assess the specificity of homonymous and heteronymous sensory-motor
connections within the AC synergy group at postnatal days 7 and 21, monitoring both the
fraction of motor neurons receiving input from sensory neurons conveying feedback from a
defined muscle, as well as the density of synaptic contacts on each motor neuron.

After CTB injection into TA, EDL or PL muscles in p21 wild-type mice, we found that all
CTB-labeled motor neurons received vGluT1* CTB-labeled sensory contacts (Figure 1C).
This finding is consistent with physiological reports that nearly all motor neurons within a
pool receive homonymous sensory input (Mendell and Henneman, 1968). For each of these
three motor pools, CTB was detected in ~30% of all vGIuT1* sensory boutons (Figure 1D).
By normalizing for the efficiency of CTB labeling across motor pools, we estimate that
~70% of monosynaptic sensory inputs to motor neurons derive from homonymous sensory
afferents (see Supplemental Experimental Procedures), a value consistent with connectivity
in adult cat (Brown, 1981). Based on these values, we calculate that transganglionic tracing
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labels ~40-50% of all homonymous contacts on any given motor neuron. The incomplete
efficiency of synaptic terminal labeling likely has its basis in the limited access of tracer to
all muscle spindles under conditions that restrict the spread of tracer to a single muscle.
Despite the lack of complete coverage, these findings suggest that transganglionic tracing
labels a representative fraction of homonymous sensory-motor contacts.

We examined the percentage of motor neurons receiving heteronymous sensory input for
each of the six possible sensory-motor pairs within the AC synergy group. We found that
42% of TA motor neurons received sensory input from EDL afferents, and that 52% of EDL
motor neurons received input from TA afferents (Figure 1C). These values are consistent
with physiological reports that ~40-70% of motor neurons within a pool receive
heteronymous sensory input from a given muscle (Nelson and Mendell, 1978; Scott and
Mendell, 1976). In contrast, only 4% of TA motor neurons and 12% of EDL motor neurons,
respectively, received input from PL afferents. Moreover, only 3% and 7% of PL motor
neurons, respectively, received sensory input from TA and EDL afferents. Thus, the TA and
EDL motor pools, but not the PL pool, are linked by prominent heteronymous feedback in
their sensory-motor reflex arcs (Figure 1G). Finally, we determined that gastrocnemius (GS)
motor neurons, which serve an antagonist ankle extensor function, did not receive TA
sensory feedback (Figure 6A).

We next assessed the density and distribution of heteronymous synaptic contacts on each
motor neuron. Input from EDL sensory afferents represented 9% of all vGIuT1* boutons on
TA motor neurons and similarly, 10% of all vGIuT1* boutons on EDL motor neurons were
labeled by TA sensory afferents (Figure 1D). Moreover, the somatic and dendritic
distribution of these heteronymous boutons exhibited a proximal bias, a distribution similar
to that of their homonymous counterparts (Figures S1D and S1F). We determined that the
ratio of heteronymous to homonymous input was 0.29 for EDL motor neurons receiving TA
sensory afferent input, and 0.38 for TA motor neurons receiving EDL sensory input (see
Supplemental Experimental Procedures). Only rare PL motor neurons received sensory input
from TA or EDL afferents, and these typically received only a single synaptic contact, an
indication that PL lacks functional sensory feedback from TA or EDL afferents.

We next examined whether the pattern of heteronymous connections apparent at p21 is
evident at earlier postnatal stages, closer to the late embryonic stages during which sensory-
motor synapses first form. To address this issue, we assayed representative heteronymous
connections formed by TA sensory afferents at p7. We were not able to perform these
experiments at earlier stages due to the inefficiency of neonatal CTB labeling, a likely
consequence of lower levels of expression of the surface ganglioside GM1, the CTB
receptor (Yu, 1994). We found that the percentage of motor neurons receiving TA input at
p7 was similar to that at p21: TA sensory afferents contacted all TA motor neurons, as well
as 32% of EDL motor neurons, and no PL motor neurons (Figure 1E). Moreover, when we
examined the density of contacts formed by TA sensory afferents, we found that CTB
accumulated in 7% of vGIuT1* TA sensory boutons in contact with EDL motor neurons, a
bouton density comparable, if slightly lower, to that observed at p21 (Figure 1F). The lower
density of synaptic labeling at p7 is most likely attributable to the decreased efficiency of
CTB transport at early postnatal ages. Our findings indicate that both the target specificity
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and the relative density of heteronymous sensory-motor connections are established by the
first postnatal week.

Functional Validation of Heteronymous Connection Specificity and Density

We next asked whether the anatomically defined pattern of heteronymous connectivity
provides an accurate reflection of the functional density of proprioceptive sensory input. To
evaluate this issue, the physiological strength of proprioceptive sensory input was assessed
in wild-type mice in vitro at p2-p6, by intracellular recording from retrogradely-labeled TA
or PL motor neurons in combination with selective stimulation of individual muscles (Figure
2A). We used early postnatal preparations because at this stage, CTB-488-labled motor
neurons are more easily visualized for targeted physiology (Figure 2B). In these studies,
unlabeled EDL motor neurons were identified by the absence of CTB-488 accumulation
following TA or PL retrograde labeling, and by the presence of large amplitude EPSPs upon
EDL sensory nerve stimulation. Sensory-motor EPSPs were identified as monosynaptic on
the basis of their low (<0.02) coefficient of variation in time of EPSP onset at 1 Hz
stimulation frequency (Doyle and Andersen, 2001; Shneider et al, 2009). The amplitude of
the monosynaptic EPSP was measured 3 ms from the onset of the response (Mears and
Frank, 1997; Shneider et al., 2009). The latency of the monosynaptic EPSP following
stimulation of the muscle was measured from the onset of the stimulus artifact to the onset
of the response.

We found that TA motor neurons exhibited mean EPSP amplitudes of 5.5 mV after TA
muscle stimulation, of 2.1 mV after EDL muscle stimulation, and negligible activation (<0.1
mV) after PL muscle stimulation (Figures 2C-2E and S2A). Similarly, EDL motor neurons
generated EPSPs with mean amplitudes of 8.2 mV upon EDL sensory stimulation, of 3.5
mV upon TA stimulation and of <0.1 mV upon PL stimulation (Figures S2F-S2H). The
average heteronymous to homonymous input ratio for TA motor neurons receiving EDL
input was 0.43 (Figure 2F), and for EDL motor neurons receiving TA input was 0.39 (Figure
S2I). PL motor neurons exhibited EPSPs of 14.8 mV upon PL stimulation, of 3.3 mV upon
EDL stimulation, and of <0.1 mV for TA stimulation (Figures 2G-21 and S2B-S2D). The
average ratio of heteronymous to homonymous input for PL motor neurons receiving EDL
input was 0.20 (Figure S2E).

Thus, the only discrepancy between anatomical and physiological assay methods is the
presence of a minor EDL sensory input to PL motor neurons, detected physiologically but
not anatomically. This may reflect the underrepresentation of EDL sensory bouton labeling
density, a consequence of the difficulty of achieving focal tracer injections into the small,
thin EDL muscle. Overall, these physiological studies indicate that anatomical tracing of
synaptic bouton density is a reliable measure of both the specificity and relative density of
heteronymous sensory inputs across different motor pools.

Motor Pool Position is Unlikely to Determine Patterns of Heteronymous Connectivity

We considered whether the settling position of motor neurons might contribute to the pattern
of heteronymous connectivity. This possibility was raised by studies on the formation of
homonymous sensory-motor connections, where motor neuron positional order has a role in
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shaping homonymous connectivity — a reflection of the fact that motor pools are clustered
together within the ventral spinal cord at dorsoventral positions that match the independently
assigned termination zones of their homonymous sensory afferents (Stirmeli et al., 2011).
These findings prompted us to examine whether the specificity of heteronymous connections
could simply be a function of a finer-grained positional segregation of motor pools, within
micro-domains that represent local target zones for different sets of sensory afferents.

To resolve this issue, we mapped the settling positions of the TA, EDL and PL motor pools
at rostrocaudal levels L3-L4 at p7 and p21, assigning positional coordinates to individual
motor neurons within each pool with respect to the position of the central canal (Figure 3A).
We observed considerable overlap in individual motor neuron cell body positions at p21,
with ~90% of motor neurons in each pool located within 150 um of the centroid of
neighboring synergist pools (Figure S3A). Moreover, the dendrites of neurons within each
pool overlapped with the dendrites of motor neurons from neighboring pools (Figure 3A).
Nevertheless, we found that the three pool centroids were distinct, and most tellingly, were
roughly equidistant from one another (Figure 3B). The same positional relationships were
detected in p7 mice (Figures 3C, 3D and S3B), an expected finding since motor pool settling
is apparent by embryonic day 14 (Demireva et al., 2011; De Marco Garcia and Jessell,
2008). The anatomical equidistance of these three motor pools contrasts with the marked
asymmetry in heteronymous sensory synaptic density. Taken together with the degree of
proximity and dendritic overlap between the three pools, we conclude that the settling of
motor neurons within smaller micro-domains is an unlikely determinant of observed sensory
patterns of heteronymous connectivity.

Tetanus Toxin Expression in Proprioceptors Blocks Sensory-Motor Transmission

We next turned to the potential contribution of sensory transmitter release and consequent
activity in the establishment of heteronymous connections. To address this issue we set out
to block central sensory-motor neurotransmission through expression of tetanus toxin light
chain subunit (TeNT), a toxin that blocks neurotransmitter release through cleavage of the
synaptic vesicle fusion proteins VAMP 1 and VAMP 2 (Humeau et al., 2000). A Pv::cre
driver line, which directs transgene expression in embryonic proprioceptive sensory neurons
at the time during which sensory-motor connections first form (Hippenmeyer et al., 2005),
was crossed to a ROSA26/10%10p-TeNT moyse strain (Zhang et al., 2008) to generate PyTeNT
mice. These transgenic mice exhibited severe defects in motor coordination, yet survived
until p18, permitting us to assess the general impact of tetanus toxin expression in sensory
afferents through examination of the number and morphology of sensory-motor synapses.

Proprioceptor afferent trajectory, muscle spindle morphology and the number of Pv* sensory
neurons were unaltered by sensory expression of tetanus toxin (Figures 4A, S4A and S4B).
Moreover, cytochemically-defined sensory-motor synapses form in PvTeNT mice and were
detected in numbers similar to that in wild-type (Pv::cre*/™) littermates (Figures 4B-4D). A
small fraction (~15%) of vGIuT1* sensory bouton contacts with motor neurons exhibited a
larger cross-sectional area in PvTeNT mice, in some cases up to 2.5-fold greater than the
mean value in wild-type mice, implying an activity-dependent constraint on synaptic volume
(Figures SAC and S4D). Nevertheless, these findings indicate that expression of tetanus
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toxin does not alter the density or morphology of most proprioceptive sensory terminals that
contact motor neurons.

We next assessed the impact of proprioceptor tetanus toxin expression on presynaptic
vesicle release proteins in proprioceptor terminals. In control studies, we found that 84% of
vGIuT1* bouton contacts with motor neurons expressed VAMP 1, and of these, 44% co-
expressed VAMP 2 (Figure S4G). The remaining vGIuT1* boutons may express lower
levels of VAMP 1 or VAMP 2, or conceivably one of the other VAMP-related proteins
(Hong, 2005). Nevertheless, PvTeNT mice exhibited a 96% loss of VAMP 1 and VAMP 2
colocalization with vGluT1* boutons in contact with motor neurons (Figures 4E and S4H).
Thus, expression of TeNT in proprioceptive sensory neurons effectively eliminates the two
VAMP proteins most closely associated with presynaptic vesicle fusion and release.

Most crucially, we determined the extent to which sensory transmission is impaired by
TeNT expression, performing both extracellular ventral root recordings and intracellular
recordings from individual motor neurons. In p8 wild-type mice, dorsal root stimulation
evoked large (2.5 mV) ventral root potentials, with the monosynaptic component defined as
the potential recorded within 3 ms of response onset. Ventral root recordings from littermate
PvTeNT mice revealed a 92% reduction in the amplitude of the monosynaptic component of
the sensory-motor reflex in response to dorsal root stimulation (Figures 5A-5C).
Furthermore, intracellular recordings from L4 motor neurons in p4 PvTeNT mice revealed a
96% reduction in the amplitude of monosynaptic EPSPs evoked by dorsal root stimulation,
when compared to wild-type littermates (Figures 5D-5F). During intracellular recording, we
noted that a small fraction of motor neurons in the PvT®NT mice were activated
monosynaptically to subthreshold levels, potentially accounting for the residual amplitude
observed upon extracellular recording (Figure S5). The long-latency components observed
in both extracellular and intracellular motor neuron recordings are mediated by NMDA
receptor activation (Mentis et al., 2005; Pinco and Lev-Tov, 1993; Ziskind-Conhaim, 1990).
Thus, sensory-motor communication in PvTeNT mice is no longer functional.

Increased Incidence of Heteronymous Sensory-Motor Connections in PvTeNT Mice

The detection of sensory-motor contacts in the absence of sensory transmitter release next
permitted us to examine the role of sensory-driven activity in the targeting of sensory
neurons to different motor pools.

We used transganglionic CTB transport to monitor whether the loss of sensory transmitter
release changes the incidence of homonymous sensory-motor connections on TA and EDL
motor neurons. In PvT®NT mice, we determined that all CTB-labeled TA motor neurons
received CTB-labeled vGIuT1* sensory inputs, both at p7 and p18 (Figures 6A and 6B).
Moreover, CTB accumulation in PvTeNT mice was detected in ~30% of vGluT1* sensory
boutons on TA motor neurons, a density similar to that found in wild-type mice (Figures 6C
and S6A). The incidence of EDL sensory contacts with homonymous EDL motor neurons
was also unchanged in Pv'eNT mutants (Figures S6D and S6E).

Previous studies have suggested that glutamatergic inputs to motor neurons may contribute
to the establishment of mature dendritic architecture (Kalb, 1994). We therefore evaluated
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the subcellular distribution of homonymous sensory bouton contacts on the cell bodies and
proximal dendrites of EDL motor neurons. We found no change from the wild-type profile
(Figures S6G and S6H). As in wild-type mice, TA sensory afferents in PvTeNT mice avoided
forming contacts with antagonist GS or with synergist group PL motor neurons, both at p7
and p18 (Figures 6A, 6B and S6C). Taken together, these findings show that the absence of
sensory-driven activity does not erode the ability of proprioceptive afferents to form
homonymous synaptic connections in a selective manner, nor to avoid antagonist motor
pools.

We next turned to the issue of whether sensory transmission is required for establishing the
specificity or incidence of heteronymous sensory connections with synergist motor neurons.
As in wild-type mice, we found in PvTeNT mutants that TA sensory afferents contacted EDL
motor neurons, and conversely that EDL sensory afferents contacted TA motor neurons
(Figures 6A, 6B and S6D). But at both p7 and p21, the incidence of heteronymous
connections in PvTeNT mutants differed from wild-type. At both ages, the proportion of EDL
motor neurons receiving TA sensory input was ~2-fold greater than in wild-type (Figures 6A
and 6B). In addition, the fraction of TA motor neurons receiving EDL sensory input was
~1.6-fold greater at p18 (Figure S6D). Thus, silenced sensory afferents contact the
appropriate synergist motor pools, but connect with a greater proportion of motor neurons
within each pool.

We next assessed the density and distribution of heteronymous contacts on individual motor
neurons in the absence of sensory-motor transmission, focusing on the density of TA-
derived vGIuT1* sensory bouton contacts with EDL motor neurons. At p7, individual EDL
motor neurons in PvTeNT mice exhibited a ~2-fold increase in TA sensory input, compared
to wild-type values (Figure 6D). By p18 this increase had partly diminished, such that EDL
neurons now received a ~1.4-fold increase in TA sensory input compared to wild-type
values (Figure S6B). Heteronymous sensory boutons had similar cross-sectional areas to
homonymous boutons in PvTeNT mice, as in wild-type mice (Figures S11 and S4F).
Moreover, there was no detectable change in the subcellular distribution of heteronymous
sensory boutons in PvTeNT mice, when compared with wild-type controls (Figures S61 and
S6J). Thus in the absence of sensory transmission, motor neurons receive supernumerary
heteronymous sensory inputs. The relative density of synaptic inputs decays gradually,
however, over the first three postnatal weeks.

Discussion

The coordinate activation of motor synergy groups by proprioceptive sensory afferents is
thought to promote the stabilization of limb trajectories, yet the strategies involved in
establishing heteronymous sensory connections with synergist motor pools have not been
resolved. Our genetic studies in mice show that proprioceptive afferents form incorrectly
tuned heteronymous sensory-maotor connections in the absence of central sensory
transmission, whereas the specificity and incidence of homonymous and antagonist
connectivity is unchanged. Taken together, our observations establish that activity-
dependent mechanisms do have a role in determining appropriate patterns of sensory-motor
connectivity.
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Sensory Afferent Activity and the Refinement of Synaptic Density

Studies to define the origins of sensory-motor connectivity patterns have emphasized the
activity-independence of this developmental process (Mears and Frank, 1997; Mendelson
and Frank, 1991). Our findings show that the state of central sensory transmission regulates
one select feature of sensory-motor connectivity - the density of heteronymous connections
between sensory afferents and synergist motor neurons.

The most likely reason for these divergent conclusions is that prior studies focused on the
sensory avoidance of antagonist motor pools, a finding which our data corroborate (Mears
and Frank, 1997; Mendelson and Frank, 1991; Shneider et al., 2009; Wang et al., 2012). An
additional difference between our findings and prior physiological studies in chick is that the
chick studies demonstrated a general ~2-fold increase in the amplitude of sensory-motor
EPSPs under conditions of muscle paralysis (Mendelson and Frank, 1991), whereas we
observe no change in the numerical incidence, and thus the implied strength, of
homonymous connections. This discrepancy could reflect differences in the strategy for
sensory inactivation, since peripheral muscle paralysis reduces the programmed death of
motor neurons, and potentially of proprioceptive sensory neurons (Oppenheim, 1989).

The finding that the state of sensory transmitter release sets the synaptic density of a defined
class of sensory-motor connections brings proprioceptive sensory neurons into the general
fold of activity-dependent circuit refinement that operates elsewhere in the central nervous
system (CNS) (Okawa et al., 2014). In other circuits for instance, presynaptic activity drives
the competitive elimination of motor synapses from multiply innervated muscle fibers and
the elimination of supernumerary climbing fibers from cerebellar Purkinje neurons (Buffelli
et al., 2003; Lorenzetto et al., 2009). Yet one aspect of the logic of synaptic pruning in the
sensory-motor system differs from that of most other regions of the CNS. The set of
potential postsynaptic motor neuron partners that serve as substrates for pruning can be
independently identified by their molecular identity and connectivity. In nearly all other
regions of the CNS, target neurons are perceived as molecularly and functionally equivalent
at the time of activity-driven pruning (Okawa et al., 2014). As a consequence, analysis of the
sensory-motor system permits a separation of the contribution of sensory activity to the
formation of selective sensory connections with distinct motor targets and the subsequent
refinement of connection densities.

One of the few other neural systems in which the refinement of connections to distinct
neuronal subtypes has been explored is the mammalian retina. In the retina, dark rearing
reduces sensory input activity, which impairs the maturation of connections between cone
cells and particular cone-selective bipolar cell subtypes (Dunn et al., 2013). The selective
consequences of this perturbation may reflect the timing of synapse formation, since
connections with type 6 bipolar cells, which are established prior to eye opening, are
unaffected by the loss of presynaptic activity, whereas connections with type 7 and type 8
bipolar cells, which form after activity impairment, are disrupted. One distinction between
spinal cord and retina is that the loss of sensory input in the retina perturbs the formation of
connections as well their subsequent elimination.
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The increase in heteronymous connections observed under activity blockade could result
either from synaptic sprouting or from a loss of synaptic refinement. However, the
establishment of spinal sensory-motor connections does not appear to be affected by the loss
of sensory transmitter release. Even though heteronymous connections double in frequency
under conditions of activity-blockade, they represent only a minority of sensory inputs to
motor neurons, and the overall number of sensory-motor connections remains relatively
constant. Consequently, if the enrichment in heteronyomous sensory-motor connections
upon sensory transmission blockade was the result of synaptic sprouting, this sprouting
would have to exhibit absolute selectivity for synergist pools. Although we can not rule out
the possibility that more heteronymous connections form upon sensory transmission
blockade, a likelier explanation for the observed increase in heteronymous connections is a
failure in the pruning of connections.

The enhanced density of heteronymous sensory-motor connections observed in these studies
was achieved through central blockade of transmitter release from all proprioceptive sensory
afferents. In other neural systems, synaptic remodeling typically occurs under conditions of
selective input blockade, such that active synapses effectively outcompete their less active
neighbors (Buffelli et al., 2002; Stellwagen and Shatz, 2002; Yu et al., 2004). It has not yet
been possible to silence a single muscle-defined set of sensory afferents, but precedent in
other circuits might argue that such an imbalance promotes synaptic competition and leads
to the elimination of inactive synapses.

Sensory-Motor Spike Timing May Explain Synaptic Refinement

It remains unclear how heteronymous connectivity is enhanced in a selective manner. Spike-
timing modes of synapse refinement offer a quantitative explanation of the way in which
connections can be eliminated under conditions in which all sensory afferents exhibit
equivalent levels of activity. Spike-timing rules have been invoked in developmental
refinement in a few cases only, typically in cortical circuits that feature fast temporal spike
correlations (<20 ms) (Butts and Kanold, 2010).

Nevertheless, spike-timing may be relevant to the spinal sensory-motor system, where motor
neurons belonging to different synergist pools exhibit distinctions in their peak firing phase
(Bekoff et al., 1975; Krouchev et al., 2006; Yakovenko et al., 2002). As a consequence, the
relative timing of sensory input to homonymous and heteronymous motor pool targets
would be expected to differ with respect to the timing of motor neuron burst activity. We
therefore considered whether these experimental observations can be accounted for by a
differential spike-timing model that captures the distinct temporal features of convergent
homonymous and heteronymous sensory inputs onto an individual postsynaptic motor
neuron (Figure 7A; Abbott and Nelson, 2000; Feldman, 2012). In the adult, extrafusal (a)
motor neuron spike trains are known to be accompanied by a co-activation of the fusiform
(y) motor system, which innervates intrafusal muscle fibers and serves to sensitize sensory
responses to the contraction of muscle (Hulliger et al., 1989; Hunt, 1951). During a-y co-
activation, a-motor neuron spiking drives muscle activity, and in turn, sensory firing rate
(Prochazka and Gorassini, 1998). a-y coactivation also appears to occur at early postnatal
stages through the activity of beta motor axons, which innervate both extra- and intrafusal
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muscle fibers (Banks, 1994). Thus for a given muscle, sensory firing rate is informed by that
of the motor neuron.

We constructed a model motor neuron driven by a 2 Hz oscillating sinusoidal current
designed to simulate the impact of non-sensory excitatory synaptic inputs. In this model, the
motor neuron fires a burst of ~6 action potentials every 500 ms (Figure 7C), a similar pattern
to that observed in vivo (Hoffer et al., 1987; Rossignol, 1996). We modeled two sensory
populations, one homonymous and the other heteronymous. Since sensory afferents
innervate distinct muscle fibers, spikes for each homonymous sensory afferent were
generated by a Poisson process with a rate oscillating at the motor oscillation frequency but
phase shifted relative to the motor oscillation by an amount chosen on each cycle from a
zero-mean Gaussian distribution with a standard deviation of 10 degrees (Figure 7D).
Because synergist muscles have distinct temporal activity patterns (Krouchev et al., 2006),
heteronymous sensory afferent spikes were generated in a similar manner, except that their
phase shifts were drawn from a Gaussian distribution with a larger standard deviation, of 15
degrees (Figure 7D).

The strengths of these sensory-motor synapses were modified by a standard spike-timing
dependent plasticity (STDP) model in which each pair of pre- and postsynaptic action
potentials changed the synaptic strength by an amount determined by their time difference
(Figure 7B; Feldman, 2000; Song et al., 2000). We imposed the condition that sensory-
motor synapses are subject to pruning when presynaptic sensory spikes exhibit poor
temporal correlation with the motor neuron postsynaptic spike, such that any synapse with a
strength <1% of the maximal synaptic conductance was eliminated. The application of this
spike-timing model for a prolonged period of time would lead to the eventual elimination of
an excessive number of contacts. We therefore presumed that refinement occurs only during
a critical period of synaptic plasticity.

With an equal number of initial inputs of each sensory type, application of the spike-timing
model for ~200-300 minutes of simulated muscle contraction led to the elimination of ~4
times as many heteronymous as homonymous synapses, resulting in a 3-to-1 final ratio of
homonymous to heteronymous sensory inputs (Figures 7E and 7F). Broadening the sensory
phase distribution of the heteronymous population generated a similar degree of
heteronymous elimination, but with a reduced amount of homonymous refinement and over
a shorter simulation period. Thus, regardless of the precise parameters used, this model
supports the view that differences in the relative timing of sensory and motor activity are
sufficient to drive selective refinement of heteronymous sensory-motor connections.
Blockade of sensory transmission would then be expected to prevent this refinement process
by precluding STDP, providing a plausible explanation for the selective increase in
heteronymous connection density.

Limitations of Sensory Blockade in Shaping Patterns of Sensory-Motor Connectivity

Even under conditions in which sensory transmission is blocked, our findings show that the
density of heteronymous connections to a motor pool remains lower than that from its
homonymous inputs. If the state of sensory transmitter release was the sole determinant of
heteronymous synaptic density, then blockade of sensory transmission might have been
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predicted to equalize homonymous and heteronymous input strengths. There are several
potential reasons for the persistence of distinctions in homonymous and heteronymous
sensory input strength under conditions of sensory input blockade.

First, the effectiveness of our sensory inactivation strategy depends on the onset of
parvalbumin-mediated TeNT expression. Parvalbumin expression by proprioceptors begins
at ~e14.5, just prior to the formation of sensory-motor synapses, but may take several days
to spread to all proprioceptors (Arber et al., 2000; Hippenmeyer et al., 2005; J. de Nooij,
personal communication). Consequently, synaptic refinement may have proceeded during
the early stages of sensory-motor synapse formation. Second, our sensory inactivation
strategy preserves inputs from the many descending pathways and local interneuron circuits
that do not express parvalbumin, and these could have an accessory role in defining sensory
input strengths. Furthermore, the cortical and spinal inhibitory interneurons that do express
parvalbumin only commence expression after the first postnatal week, and would thus be
inactivated after the initial pattern of sensory-motor connections is established (Benito-
Gonzalez and Alvarez, 2012; Del Rio et al., 1994).

Activity-independent mechanisms may also contribute to the initial discrimination of
sensory inputs to synergist motor neurons. Motor neuron positional cues have previously
been shown to constrain the motor targeting of proprioceptive sensory afferents, and
consequently they could perhaps help sensory afferents discriminate between neighboring
synergist motor pools (Surmeli et al., 2011). Nevertheless, for the AC synergy group we find
that synergist pools lie equidistant from each other, making it hard in this case to implicate
positional cues as the basis of the markedly divergent degrees of heteronymous input.

An alternative activity-independent mechanism involves sensory recognition of motor pool
surface markers. Surface recognition has been implicated in sensory discrimination between
certain motor pools. One mechanism underlying sensory-motor connection specificity
involves a motor neuron repellent ligand, sema3E, and its cognate sensory receptor,
PlexinD1. Genetic studies in mice have shown that the engagement of this recognition
system precludes synaptic connectivity between surface-matched sensory and motor neurons
(Fukuhara et al., 2013; Pecho-Vrieseling et al., 2009). But regardless of molecular strategy,
our findings reveal that sensory afferent activity serves as one determinant of finely tuned
sensory-motor connections.

Experimental Procedures

Mouse Strains

Pv::cre (Hippenmeyer et al., 2005) and R26110xstop-TeNT (7hang et al., 2008) have been
described. All experiments were performed in accordance with the National Institutes of
Health Guidelines on the Care and Use of Animals and approved by the Columbia
University animal care and use committee.

Immunohistochemistry

Immunohistochemical labeling was performed on cryostat (12 um) or vibratome (70 pm)
sections as described (Surmeli et al., 2011). Images were acquired on Zeiss LSM-510 Meta
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confocal microscopes. Antibodies used in this study were as follows: goat anti-CTB (List
Biological Laboratories), rabbit anti-tetramethylrhodamine (Invitrogen), goat anti-ChAT
(Chemicon), rabbit anti-ChAT (Demireva et al., 2011), rabbit anti-VAMP 1 (Synaptic
Systems), mouse anti-VAMP 2 (Synaptic Systems), Rabbit anti-VAMP 3 (Synaptic
Systems), guinea pig anti-vGIuT1 (Betley et al., 2009), and chicken anti-Pv (de Nooij et al.,
2013).

Motor and Sensory Neuron Labeling

Motor neurons were retrogradely labeled in vivo as described (Strmeli et al., 2011). Motor
pool coordinates were assigned using IMARIS with respect to the central canal and
normalized to standard spinal cord dimensions (See Supplemental Experimental
Procedures). Contour distributions were calculated and plotted in MATLAB.

Quantification of Sensory Synaptic Contacts with Motor Neurons

Quantification of vGIuT1* sensory bouton contacts with motor neuron somata and ~100 um
dendritic arbor was performed using 0.6 pm confocal z scans of 70 um thick sections. v-
motor neurons were excluded from analysis based on their small size and bipolar
morphology (Friese et al., 2009). Motor neuron surface area was calculated using IMARIS
surface function. Bouton distance from motor neuron soma was calculated using IMARIS.
Bouton cross section area was calculated using ImageJ. Average fluorescence intensity was
calculated using histogram function of Adobe Photoshop.

In vitro Electrophysiology

Methods for recording from isolated spinal cord preparations have been described (Mentis et
al., 2005; Shneider et al., 2009). Further details provided in Supplemental Experimental
Procedures.

Spike-Timing Dependent Refinement Model

The motor neuron was modeled as an integrate-and-fire neuron with a membrane time
constant of 20 ms, resting and reset potentials of —60 mV, and a threshold of =54 mV. The
neuron had a membrane resistance of 10 M, although this number only serves to normalize
the currents and conductances of the model. The model neuron received an input current
B[cos(2nt/T)]+, with B=0.8 nA, T =500 ms and the bracket indicating rectification. Each
sensory action potential caused the synaptic conductance to increase instantaneously by an
amount g, and then to decay exponentially with a time constant of 5 ms. The synaptic
conductance g is constrained to lie between zero and a maximum value gmax = 1 nS. It is
initialized at its maximum value. The synaptic conductance g is subject to STDP through the
following procedure. Every pre-post spike pair at a synapse changes g by an amount that
depends on the time difference between them. When a presynaptic spike precedes a
postsynaptic spike by a time At, g is increased by an amount A.exp(=At/t4)gmax With Ay =
0.01 and T+ = 10 ms. When a presynaptic spike follows a postsynaptic spike by a time At, g
is decreased by an amount A exp(—=Att-)gmax With A~ =0.00175 and t- = 100 ms. All spike
pairs contribute in this way and their total impact is computed by summing the contributions
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from each pair. If the conductance of any synapses falls below g = 0.01gmax the synapse is
permanently eliminated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Patterns of Heteronymous Sensory-Motor Connections in the Anterolateral Crural
Synergy Group

(A) Schematic of anterolateral crural muscle anatomy. TA = tibialis anterior. EDL =
extensor digitorum longus. PL = peroneus longus. Image generated using The Mouse Limb
Anatomy Atlas (Delaurier et al., 2008).

(B) Lines of action of muscles in cat. Axes represent torques (in newton-meters) evoked by
individual muscle nerve stimulation. Posterior crural muscles shown in grey. MG = medial
gastrocnemius. LG = lateral gastrocnemius. Adapted from (Nichols, 1994).

(C) Number of self and synergist motor neurons innervated by sensory afferents from a
given muscle in p21 wild-type mice (n = 14-30 MNs; 3-7 mice per pair).

(D) Density of sensory synaptic connections with self and synergist motor neurons in p21
wild-type mice. Each point represents one motor neuron (n as in (C)). Red lines indicate
mean £ SEM for motor neurons receiving input.

(E) Number of self and synergist motor neurons innervated by TA sensory afferents in p7
wild-type mice (n = 11-20 MNSs; 2-3 mice per pair).

(F) Density of TA sensory synaptic connections with self and synergist motor neurons in p7
wild-type mice (n as in (E)).

(G) Schematic depicting organization of sensory-motor connectivity within the anterolateral
crural synergy group.

All data reported as mean + SEM. For related data, see also Figure S1.
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Figure 2. Functional Validation of Heteronymous Connections
(A) Schematic of lumbar spinal-hindlimb preparation. Stimulating electrodes were placed in

TA, EDL, and PL muscles to activate proprioceptive fibers. Ventral roots were cut and
placed into suction electrodes for either stimulation or recording. Motor neurons (green)
were visually identified following muscle-specific labeling by CTB-488 and recorded
intracellularly using whole-cell patch clamp.

(B) Image of PL motor neurons retrogradely labeled at pO with CTB-488 and showing three
cells filled with intracellular dye after whole-cell recording.

(C) Intracellularly recorded EPSPs in a single retrogradely labeled TA motor neuron upon
stimulation of TA or EDL muscle. Traces averaged across 5 trials at 0.1 Hz. Black arrow
indicates stimulus artifact. First dashed line indicates onset of EPSP response. Second
dashed line indicates the maximum amplitude of the monosynaptic response, as determined
at 3 ms after EPSP onset (Mears and Frank, 1997; Shneider et al., 2009).

(D) Average EPSP amplitudes induced in TA motor neurons upon TA or EDL muscle
stimulation (n = 4 MNS). Inset represents corresponding relationship within each recorded
motor neuron.

(E) Average latency of EPSP onset upon TA or EDL stimulation, as defined in relation to
stimulus artifact.

(F) Average ratio of the EPSP amplitude induced in each TA motor neuron by EDL
stimulation to the EPSP amplitude induced by TA stimulation.

(G) Intracellularly recorded EPSPs in a single retrogradely labeled PL motor neuron upon
stimulation of PL or TA muscle. Single trials shown. The longer latency of response is due
to the younger age at the time of recording. Conduction velocity increases with age due to a
developmental increase in myelination (Li and Burke, 2002).
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(H) Average EPSP amplitudes induced in PL motor neurons upon PL or TA muscle
stimulation (n = 3 MNSs).

(I) Average latency of EPSP onset upon PL or TA stimulation. Differences are significant at
p = 0.02, indicating the lack of monosynaptic response from TA stimulation (Paired t-test).
(J) Average ratio of the EPSP amplitude induced in each PL motor neuron by TA
stimulation to the EPSP amplitude induced by PL stimulation.

Scale bar represents 50 um in (B). All data reported as mean + SEM. For related data, see
also Figure S2. For detailed methodology, see Supplemental Experimental Procedures.
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Figure 3. Spatial Organization within the Anterolateral Crural Synergy Group

(A and C) Organization of motor pool positions from L3-L4 in p21 (A) and p1-p7 (C) wild-
type mice after CTB and Rh-Dex injection into specific muscles. Standard spinal cord
dimensions shown in pm.

(B and D) Contour density plots showing the distribution of individual cell body positions at
p21 (B) and p1-p7 (D). Position coordinates were determined as distance in micrometers
with respect to the central canal and normalized to standard spinal cord dimensions. At both
ages, X coordinates are significant between TA and PL, and EDL and PL at p < 0.001
(Student’s t-test). At both ages, Y coordinates are significant between TA and EDL, and TA
and PL at p < 0.001 (Student’s t-test) (p21: TA: n =99 MNs; 5 mice. EDL: n = 33 MNs; 4
mice. PL: n = 65 MNs; 4 mice. p1-p7: TA: n =78 MNs; 5 mice. EDL: n = 32 MNSs; 3 mice.
PL: n = 30 MNs; 2 mice). Scale bars represent 30 um in (A) and (C). For related data, see
also Figure S3.
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Figure 4. Sensory-Motor Synapses Maintained Following Tetanus Toxin Expression in
Proprioceptors
(A) Axon trajectories of proprioceptor afferents in p8 wild-type and PvTeNT mice.

(B) Pv*/VGIuT1* boutons in contact with ChAT* motor neurons in p18 PvTeNT mice.

(C) Number of vGIuT1* boutons on the soma and proximal ~100 um dendrites in p21 wild-
type and p18 PvTeNT mice (TA: WT n = 48 MNs, Pv'eNT n = 40, EDL: WT n = 43, PvTeNT
=25. PL: WT n =52, PvTeNT n = 24),

(D) Density of vGIuT1* boutons on motor neuron surface in p18 wild-type and PvTeNT mice
(both WT and PvTeNT: n = 9 MNs; 3 mice).

(E) vGIuT1* boutons in contact with ChAT* motor neurons no longer express VAMP 1 and
VAMP 2 in p18 PvTeNT mice.

Scale bars represent 100 pm in (A), 5 um in (B) and 2 um in (E). All data reported as mean +
SEM. For related data, see also Figure S4.
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Figure 5. Tetanus Toxin Expression in Proprioceptors Blocks Sensory-Motor Transmission
(A and B) Extracellular recordings from ventral root L5 following dorsal root L5 stimulation

in p8 wild-type and PvTeNT mice. Trace averaged across 5 trials at 0.1 Hz. Black arrow
indicates stimulus artifact. Traces are shown in a time expanded scale in (B).

(C) Reflex amplitude is reduced by 92% in p8 Pv'eNT mice. Differences are significant at p
< 0.001 (Student’s t-test, n = 3 mice).

(D and E) Intracellular recordings from L4 motor neurons following dorsal root L4
stimulation in p4 wild-type and PvTeNT mice. Single trials shown. Traces are shown in a
time expanded scale in (E). First dashed line indicates onset of EPSP response. Second
dashed line indicates the maximum amplitude of the monosynaptic response, as determined
at 3 ms after EPSP onset.

(F) Monosynaptic EPSP amplitude is reduced by 96% in p4 PvTeNT mice. Differences are
significant at p < 0.001 (Student’s t-test; n = 4 MNSs).

All data reported as mean + SEM. For related data, see also Figure S5.
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Figure 6. Increased Incidence of Heteronymous Connections Following Transmission Blockade
(A) Percentage of motor neurons contacted by TA sensory afferents in p21 WT and p18

PvTeNT mice (WT: data as in Figure 1C. Pv'eNT: n = 3-5 mice). Difference in percentage of
EDL motor neurons receiving TA input is significant at p = 0.003 (Student’s t-test).

(B) Percentage of motor neurons contacted by TA sensory afferents in p7 WT and
Pv'eNTmice (WT: data as in Figure 1E. Pv'eNT: 3-4 mice). Difference in EDL motor
neurons receiving TA input is significant at p = 0.008 (Student’s t-test).

(C) Density of TA sensory input to TA motor neurons in p7 wild-type and PvT®NTmice.
Each point represents one motor neuron (WT: n = 11 MNSs, as in Figure 1F. PvTeNT: n = 14
MNSs). Red lines indicate mean + SEM for motor neurons receiving TA input.

(D) Density of TA sensory input to EDL motor neurons in p7 wild-type and PvTeNT mice
(WT: n =19 MNs, as in Figure 1F. Pv"NT: n = 20 MNs). For EDL motor neurons contacted
by TA sensory afferents, the density of contacts increases ~2-fold (p = 0.05; Student’s t-
test).

(E) In the absence of neurotransmission, sensory afferents contact a greater proportion of
heteronymous motor neurons and initially contact each heteronymous neuron with increased
density.

All data reported as mean = SEM. For related data, see also Figure S6.
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Figure 7. A Spike-Timing Model of Sensory-Motor Refinement
(A) Schematic of the spike-timing dependent plasticity model. A motor neuron (grey)

receives sensory input from homonymous (blue) and heteronymous (red) sensory afferent
populations. The strength of the sensory-motor synapses is subject to STDP, resulting in a
dependence on the phase relationship between the firing patterns of the sensory afferent and
the motor neuron.

(B) Long-tailed STDP model. The horizontal axis is the difference tpre-tpost in ms between
the pre- and postsynaptic spike times. The vertical axis is the change in synaptic strength
relative to the maximal strength produced by a single spike pair.

(C) Simulated motor neuron spike train. The neuron fires a burst of ~6 spikes twice per
second.

(D) Distribution of sensory afferent firing phases relative to the phase of the simulated
motor neuron activity. On each cycle, homonymous and heteronymous afferent activity was
phase shifted relative to the motor oscillation by a random amount chosen from a zero-mean
Gaussian distribution with a standard deviation of 10 or 15 degrees, respectively (n = 100
each). The distributions shown have been normalized to a peak value of 1.

(E) Sensory-motor synapse strengths shortly after application of STDP model (left), and
following application of model over 200 minutes of simulated muscle contraction (right).
Synaptic strengths are reported in units of the maximum allowed synaptic strength (1 nS),
and all synapses were set to a relative strength of 1.0 at the beginning of the simulation.

(F) Percentage of sensory-motor synapses refined during a representative application of the
STDP model.
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