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Motor circuits in the spinal cord integrate information from various sensory and descending
pathways to control appropriate motor behavior. Recent work has revealed that target-derived
retrograde signaling mechanisms act to influence sequential assembly of motor circuits through
combinatorial action of genetic and experience-driven programs. These parallel activities imprint
somatotopic information at the level of the spinal cord in precisely interconnected circuits and equip
animals with motor circuits capable of reacting to changing demands throughout life.
Introduction
Motor behavior can be considered as the ultimate output

of the nervous system. In the pathway to initiate or alter

movement, motor neurons (MNs) in the ventral horn of

the spinal cord represent the last leg of command and

control contraction of skeletal muscles. Their assignment

is to drive movement in alignment with the intentions of the

nervous system at every given time and place. This de-

manding task is controlled by neuronal circuits upstream

of MNs and by the specificity of interactions between

MNs and muscles.

The computational output of local spinal circuits is con-

veyed to MNs and results in the appropriate sequence of

muscle contractions. In addition to locally restricted inter-

neuron networks, two different types of inputs are essen-

tial for appropriate motor behavior. One major source is

sensory feedback from the body, which is channeled

into the spinal cord by dorsal root ganglion (DRG) sensory

neurons of different sensory modalities. Sensory input is

transformed in the spinal cord and updates spinal circuits

with the ongoing sensory perception of the body. A sec-

ond source of inputs is generated centrally, either de-

scending from the brain (supraspinal; e.g., voluntary

movement control) or through long intraspinal projections.

As a consequence, the precision of connectivity both in

local spinal circuits and intersecting circuits determines

functionality of motor circuits and behavior.

The coordinated developmental assembly of local spi-

nal circuits and neuronal pathways feeding into the spinal

cord provides the foundation for the control of motor be-

havior in the adult. This review will highlight advances in

our understanding of developmental control mechanisms

governing the precision with which motor circuits in the

spinal cord assemble. We will discuss recent findings

demonstrating the existence of dedicated genetic pro-

grams driving diversification, specification, and connec-
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tivity of neuronal subpopulations and how these geneti-

cally predetermined neuronal characteristics interact

with activity-driven processes shaping circuit assembly

and function. Particular emphasis will be given to circuits

processing somatotopic information, as well as to discus-

sion of physiological specificities in motor circuits and

control mechanisms involved in shaping these circuits.

Implicit in these questions is the issue of how local spinal

motor circuits can be influenced by external signals feed-

ing into the spinal network, both through molecular signals

as well as through experience-driven feedback loops. A

detailed account on recent advances on spinal interneu-

ron networks involved in rhythm and pattern generation,

commonly referred to as central pattern generator

(CPG), will not be part of this review but has been covered

extensively in recent reviews (Goulding and Pfaff, 2005;

Grillner, 2006; Kiehn, 2006). Our review will mostly focus

on information derived from work on mammalian spinal

cord with an emphasis on mouse.

Sequential Assembly of Local Motor Circuits
in the Spinal Cord
An important aspect to understand when considering

mechanisms controlling emergence of circuit function is

the role of sequential generation of defined neuronal sub-

populations and their integration into neuronal circuits.

The assembly of motor circuits in the mouse spans over

an extended time period, from E9.5 when the first MNs

are born reaching into the postnatal period when inputs

descending from the brain shape spinal circuits. How

does this temporally staggered sequence in the assembly

of distinct neuronal elements contribute to the establish-

ment and functionality of motor circuits?

A Sonic hedgehog (Shh)-driven signaling pathway pat-

terns the spinal cord along the ventrodorsal axis through

the generation of discrete progenitor domains marked
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Figure 1. Sequential Assembly of Local Spinal Circuits
Time course observed for the assembly of MN, interneuron (IN), and Ia proprioceptive sensory neuron connectivity in the mouse lumbar spinal cord.
(A) Approximate time line of events observed (E: embryonic day).
(B and C) Schematic illustration of two distinct phases (ventral horn shown). Dominant excitatory connections during phase I (B) are derived from MNs
(neurotransmitter ACh) and GABA/Glycinergic (GA/Gly) interneurons. At these stages, the role for glutamatergic (Glu) interneuron input for circuit
function and connectivity is unclear (dashed line, question mark). Phase II (C) is characterized by a gradual switch of GABA/Glycinergic inputs
from excitation to inhibition and activation of glutamatergic inputs. Moreover, excitatory (Glu) Ia proprioceptive afferent connections to MNs are
formed at late embryonic stages (red; see also Figure 2).
by the expression of repressive homeodomain transcrip-

tion factors (Jessell, 2000). These progenitor domains in

turn give rise to defined neuronal subpopulations (Jessell,

2000). Within the ventral spinal cord, MNs are among the

earliest born neurons (Hollyday and Hamburger, 1977;

Nornes and Carry, 1978) and are followed in short succes-

sion by four broad classes of ventral interneurons (V0, V1,

V2, V3) that can be defined on the basis of transcription

factor codes (Figures 1A and 2; Goulding and Pfaff,

2005; Jessell, 2000). As has been reviewed extensively

elsewhere, these progenitor and early postmitotic tran-

scriptional codes are instructive for the generation and

differentiation of many key aspects of these neurons

(Goulding and Pfaff, 2005; Jessell, 2000; Kiehn, 2006).

For example, Dbx1 homeobox gene mutation in the

mouse eliminates V0 interneurons (Pierani et al., 2001),

leading to decreased coordination in left-right alternation

of rhythmic motor activity because of the absence of

many contralaterally projecting inhibitory interneurons

(Lanuza et al., 2004).

MNs and local spinal interneurons begin to interact

functionally long before DRG sensory axons or descend-

ing inputs reach the spinal cord (Figure 1B). As early as

E11.5 in the mouse, when motor axons are still on their
way to muscle targets, patterned spontaneous activity

can readily be observed when recording from outgrowing

peripheral nerves (Hanson and Landmesser, 2003). These

observations raise the question of the mechanisms and

circuitry responsible for generation of these early MN

bursting patterns. Throughout embryonic development,

MNs grouped within pools projecting to individual mus-

cles are coupled electrically by gap junctions important

for burst generation (Chang et al., 1999; Hanson and

Landmesser, 2003; Kiehn and Tresch, 2002; Milner and

Landmesser, 1999).

In addition, focusing on chemical transmission, work in

several species (chick, rat, and mouse) on embryonic spi-

nal circuit formation and function provides support for

a model in which motor circuit activation can be largely

subdivided into two distinct phases (Kudo and Nishimaru,

1998; Milner and Landmesser, 1999; Myers et al., 2005).

The first phase (E12.5–E14.5 in the mouse) begins shortly

after MN generation (Figure 1A). Acetylcholine (ACh) is the

major MN neurotransmitter and provides important excit-

atory drive for MN activation through connections to other

MNs and interneurons (Figure 1B). Moreover, glycine

and/or GABA provided by interneurons act as excitatory

neurotransmitters during this early phase and contribute
Neuron 56, October 25, 2007 ª2007 Elsevier Inc. 271
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Figure 2. Time Course of MN and DRG Sensory Neuron Differentiation in the Mouse
Time course illustrating major developmental events and genes involved in differentiation of nociceptive DRG sensory neurons (blue), proprioceptive
DRG sensory neurons (orange), and MNs (green). Neuronal birth, target ingrowth, and synaptogenesis are depicted by graded boxes in correspond-
ing colors. Time line shows approximate embryonic days (E) for mouse lumbar spinal cord. Direct sensory-motor connections form between E16 and
E18 (indicated by orange-green gradient below time line). Transcription factors involved in differentiation of these neuronal populations are indicated
in the boxes, and regulation of neurotrophic factor receptor expression (TrkB, TrkC, Ret) through Runx transcription factors is also indicated.
to patterned activity (Figures 1A and 1B; Kudo and Nishi-

maru, 1998; Milner and Landmesser, 1999; Myers et al.,

2005). The second phase (E15.5–E18.5 in the mouse) is

dominated by upregulation of glutamatergic excitatory

neurotransmission and paralleled by a gradual shift of

glycinergic/GABAergic neurotransmission from excitation

to inhibition (Figures 1A and 1C; Kudo and Nishimaru,

1998; Milner and Landmesser, 1999; Myers et al., 2005).

This switch from excitation to inhibition can be explained

by a general decrease in intracellular chloride concentra-

tion [Cl�]i induced by upregulation of the K+ Cl� cotrans-

porter KCC2 in ventral spinal neurons around these stages

(Fiumelli and Woodin, 2007; Hubner et al., 2001).

From these functional observations, what can we learn

about the sequence with which spinal motor circuits

assemble? During the early phase, despite the fact that

glutamatergic interneurons have already been generated,

excitatory neurotransmission through glutamate (Glu)

does not appear to be of major functional importance

(Goulding and Pfaff, 2005; Jessell, 2000; Kiehn, 2006;

Kudo and Nishimaru, 1998; Milner and Landmesser,

1999; Myers et al., 2005). Whether glutamatergic interneu-

rons are already integrated in circuits but are silent be-

cause of pre- or postsynaptic mechanisms, or whether

they exhibit more subtle functions not detected by the cur-

rently available assays, remains to be determined. It is

clear that MNs and at least some glycinergic/GABAergic

interneurons are functionally interconnected at early

developmental stages. However, because glycinergic/

GABAergic neurotransmission is excitatory at these

stages, it is difficult to judge functionally which types of in-

terneurons are already in place in the appropriate mature

configuration. For example, spontaneous bursting activity

is synchronized on both sides of the spinal cord during the
272 Neuron 56, October 25, 2007 ª2007 Elsevier Inc.
early phase (Figure 1A; Branchereau et al., 2000; Hanson

and Landmesser, 2003; Kudo and Nishimaru, 1998; Milner

and Landmesser, 1999; Myers et al., 2005), suggesting

that the feature of burst alternation may not be in place

yet. However, this observation may be explained by the

fact that generation of alternating activity requires inhibi-

tory neurotransmission. Indeed in neonatal mouse spinal

cord, a time point when glycine/GABA signaling is inhibi-

tory, alternation of spontaneous activity is present, but

blocking inhibition abolishes alternation (Branchereau

et al., 2000; Kiehn, 2006). Glutamatergic neurotransmis-

sion during the second phase is important for rhythmic ac-

tivity (Kiehn, 2006; Kudo and Nishimaru, 1998; Milner and

Landmesser, 1999; Myers et al., 2005; Whelan et al.,

2000). Moreover, recent work suggests that central motor

axon collaterals use Glu as a neurotransmitter in addition

to the well-known neurotransmitter ACh (Mentis et al.,

2005; Nishimaru et al., 2005).

Is there any evidence that early neurotransmission influ-

ences later aspects of circuit assembly? A study on mice

mutant in the rate-limiting ACh synthesis enzyme choline

acetyltransferase (ChAT) indeed suggests that cholinergic

neurotransmission plays a role during the early phase of

motor circuit assembly (Myers et al., 2005). ChAT mutant

mice exhibit premature upregulation of both glutamatergic

excitatory and glycinergic/GABAergic inhibitory neuro-

transmission. These mice display defects in left-right

and flexor-extensor alternation, which cannot be mim-

icked by acute blockade of ACh signaling at late embry-

onic stages in wild-type mice. These findings suggest

that some aspects of the circuitry required for this activity

are permanently changed by the absence of ChAT during

the early embryonic phase. Whether and how absence of

ChAT affects integration of defined interneurons into



Neuron

Review
circuits or alters the weight of existing connections is cur-

rently not known, and also, molecular correlates of this

physiological phenotype have not become apparent

(Myers et al., 2005). Furthermore, pharmacological reduc-

tion of overall spontaneous network activity in developing

chick embryos in ovo between E8 and E10, a time point at

the transition stage between the described two phases,

leads to compensatory adjustments in synaptic strength

of both GABAergic and glutamatergic synaptic connec-

tions (Gonzalez-Islas and Wenner, 2006). These findings

suggest that altered activity patterns can scale synaptic

connections through a mechanism of homeostasis within

spinal circuits (Gonzalez-Islas and Wenner, 2006).

Another aspect to consider is that the occurrence of spon-

taneous bursting episodes has been shown to transiently

depress excitability of spinal networks, suggesting that

the state and past history of a network has to be taken

into account and can play important roles in whether

and how activation can be achieved (O’Donovan, 1999).

What could be the factor(s) driving the switch from the

early to late embryonic phase of spinal neurotransmis-

sion? It is intriguing to note that in all species studied,

this switch occurs around the time when MN axons reach

their muscle targets (Figure 1A), suggesting that perhaps

target-derived signals play a role in initiating the switch

(Hanson and Landmesser, 2003; Milner and Landmesser,

1999). Although direct evidence for this hypothesis is cur-

rently lacking, studies in other systems have shown that

brain-derived neurotrophic factor (BDNF) can influence

the expression of KCC2 (Fiumelli and Woodin, 2007).

This regulation could indirectly influence the Cl� equilib-

rium potential and thereby determine whether glyciner-

gic/GABAergic neurotransmission is excitatory or inhibi-

tory. For the motor system, an interesting model could

be that target-derived signals may be at least partially re-

sponsible for the initiation of the switch to a more mature

circuit configuration in a retrograde manner. Upregulation

of KCC2 occurs throughout the nervous system, but

distinct neuronal subpopulations undergo this switch at

different developmental stages (Fiumelli and Woodin,

2007). Whether in some neurons (other than MNs) KCC2

upregulation correlates with the time when axons reach

their target cells has not been investigated.

Target-Derived Signals Influencing Motor Circuit
Development and Function
Local spinal circuits encompass circuit-autonomous fea-

tures recapitulating many aspects of locomotor activity

(Grillner, 2006; Kiehn, 2006). Nevertheless, spinal circuits

in vivo rely heavily on continuous sensory feedback re-

layed to the spinal cord through dedicated sensory path-

ways intersecting with spinal circuits at distinct dorsoven-

tral positions in the spinal cord (Brown, 1982; Brown and

Fyffe, 1978; Pearson, 2004; Rossignol et al., 2006; Wind-

horst, 2007). In the developmental sequence of spinal cir-

cuit assembly, DRG sensory afferents enter the spinal

cord after motor axons and DRG sensory axons reach

their peripheral target areas (Figure 2; Davis et al., 1989;
Hollyday, 1980; Landmesser, 1978a; Ozaki and Snider,

1997). Furthermore, ventrally projecting proprioceptive af-

ferents invade the spinal cord before cutaneous afferents

terminate in the dorsal horn (Figure 2; Davis et al., 1989;

Ozaki and Snider, 1997). This developmental sequence

of events suggests that target-derived cues in principle

can influence the formation of sensory connections in

the spinal cord and thus the specificity of circuit assembly

in a retrograde fashion. We will now review recent work

providing molecular evidence for retrograde target-

derived signals exhibiting key roles in specification of

spinal circuits.

The onset in the expression of several ETS transcription

factors in defined MN pools and subpopulations of DRG

sensory neurons correlates well with the stage when

axons invade their peripheral targets (Figure 2; Arber

et al., 2000; Lin et al., 1998; Livet et al., 2002). This obser-

vation raised the possibility that their expression may be

initiated by peripheral signals. Indeed, early limb ablation

in developing chick embryos prevents expression of

Pea3 and Er81, two members of the ETS transcription fac-

tor family, in MNs and DRG sensory neurons (Lin et al.,

1998). This observation triggered a number of studies

defining the molecular identity of the peripheral factors

inducing Pea3 and Er81 and elucidating the role of these

target-induced transcriptional programs in sensory-motor

circuit assembly and function.

Intriguingly, neurotrophic factors control both the ex-

pression of Pea3 in MNs as well as of Er81 in propriocep-

tive afferents (Figures 3A and 3B). Glial cell line-derived

neurotrophic factor (GDNF) is required for Pea3 expres-

sion in cutaneous maximus (CM) and latissimus dorsi

(LD) MNs (Figure 3A; Haase et al., 2002), and Neurotrophin

3 (NT3) induces the expression of Er81 in proprioceptive

afferents (Figure 3B; Patel et al., 2003). These findings

support the notion that apart from their role in neuronal

survival, neurotrophic factors also act as retrograde per-

missive switches to initiate transcriptional programs in

defined neuronal subpopulations.

Once induced, what biological activities do Pea3 and

Er81 control in MNs and DRG sensory neurons, respec-

tively? In agreement with the regulation of Pea3 and

Er81 by target-derived mechanisms, mice mutant for

these genes do not exhibit defects in early neuronal spec-

ification or initiation of peripheral projections but display

specific defects in late circuit assembly (Arber et al.,

2000; Livet et al., 2002; Vrieseling and Arber, 2006).

Pea3 mutant MNs in the cervical spinal cord show dramat-

ically altered elaboration of dendritic trees and a transfor-

mation in the type of sensory inputs they receive

(Figure 3A; Vrieseling and Arber, 2006). Whereas wild-

type CM MNs display dendrites avoiding the central gray

matter almost entirely and do not receive monosynaptic

sensory input, Pea3 mutant CM MNs exhibit radial den-

drites and receive direct functionally inappropriate sen-

sory input. Furthermore, CM MN cell bodies show altered

spinal cell-body positioning, and motor axons also exhibit

defects in target invasion (Livet et al., 2002). In Er81
Neuron 56, October 25, 2007 ª2007 Elsevier Inc. 273
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Figure 3. Assembly and Function of Sensory-Motor Connectivity by Retrograde Signals
(A) Regulation of sensory-motor connectivity by ETS transcription factor Pea3 in CM and LD MN pools. Peripheral GDNF induces the expression of
Pea3 in CM and LD MNs, which in turn is required for activation of downstream genes (Cad8, Sema3E, X) (left). Pea3 mutant mice exhibit defects in CM
MN cell-body positioning, MN dendrite elaboration, and sensory-motor connectivity (right) when compared to wild-type (middle). Note that CM MNs
in wild-type receive sensory input only at di-/polysynaptic latency (open line), and triceps (Tri) afferents in Pea3 mutants make monosynaptic connec-
tions to Tri and CM MNs.
(B) The role of peripheral NT3 in the establishment of sensory-motor connectivity. Peripheral NT3 induces the expression of Er81 in proprioceptive
afferents, which in turn regulates establishment of central projections of group Ia proprioceptive afferents through currently unknown target genes (X)
(left). Peripheral NT3 regulates the precision of connections between group Ia proprioceptive afferents and MN pools. Representative examples of
antagonistic flexor (F) and extensor (E) circuits are depicted. In wild-type, extensor and flexor group Ia afferents contact homonymous but not antag-
onistic MNs. In the absence of peripheral NT3 or Er81, group Ia afferents fail to invade the ventral horn of the spinal cord. Excess muscular NT3 during
development leads to impaired specificity in sensory-motor connections.
(C) Loss of Egr3, a transcription factor expressed by intrafusal muscle fibers, leads to loss of muscle-spindle-derived NT3 at postnatal stages and as
a consequence to severe weakening of monosynaptic sensory-motor connections. Diagram below depicts level of peripheral NT3 in wild-type and
Egr3 mutant mice.
(D) Maintenance of Runx1 expression in subset of nociceptive DRG sensory neurons (IB4) requires the presence of peripheral NGF. Absence of Runx1
alters maturation of IB4+ DRG sensory neurons and central projections in the dorsal spinal cord (laminae I and II). Diagram below depicts Runx1
expression in DRG sensory neurons of wild-type and in the absence of peripheral NGF.
mutant mice, group Ia proprioceptive afferents terminate

prematurely in the intermediate spinal cord (Figure 3B;

Arber et al., 2000). As a consequence, these mutant

mice lack direct group Ia proprioceptive afferent input to

MNs almost entirely and display severely uncoordinated
274 Neuron 56, October 25, 2007 ª2007 Elsevier Inc.
limb movements, underscoring the important role of pro-

prioceptive input for motor control. Together, these stud-

ies demonstrate that the expression of neuronal subpop-

ulation-specific ETS transcription factors exert a potent

influence on integration of neurons into spinal circuits
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controlling motor behavior, both by influencing neuronal

morphology as well as selectivity of synapse formation be-

tween DRG sensory neurons and MNs.

Is there evidence that target-derived signals regulate

transcriptional programs other than ETS transcription

factors during the assembly of sensory-motor circuits?

Runx transcription factors play important roles in specifi-

cation and differentiation of proprioceptive afferents

(Runx3) (Chen et al., 2006b; Inoue et al., 2002; Kramer

et al., 2006; Levanon et al., 2002) and Ret+ nociceptive

neurons (Runx1) (Figure 2; Chen et al., 2006a). Nerve

growth factor (NGF) has recently been shown to be re-

quired for maintenance of Runx1 (Luo et al., 2007), but

not for initial induction (Figure 3D; Kramer et al., 2006).

Runx1 activity is essential in DRG sensory neuron differ-

entiation over an extended time period. An intriguing

possibility is that retrograde neurotrophic factor signaling

is not only involved in initial induction of transcriptional

programs but also acts to diversify and mature proper-

ties of distinct classes of sensory neurons over time.

Similarly, although the initial induction of Runx3 does

not depend on NT3 (Kramer et al., 2006), it remains

possible that the same or other target-derived factors

act at a later stage to shape diversification of propriocep-

tor fates, including their connectivity. Indeed, surgical

experiments in the chick suggest that specificity of

sensory-motor connections is controlled by peripheral

signals (Frank and Wenner, 1993; Hippenmeyer et al.,

2004). The generality of this principle is underscored by

the recent observation that target-derived BMP4 signal-

ing acts through the transcription factor Onecut2 to de-

termine trigeminal sensory neuron specification and the

formation of a somatosensory map (Hodge et al., 2007).

The role of target-derived NT3 reaches beyond the reg-

ulation of Er81 expression in proprioceptive afferents.

Mice expressing excess NT3 from a muscle-specific pro-

moter at late embryonic stages when sensory-motor con-

nections form show alterations in the specificity of mono-

synaptic connections between group Ia proprioceptive

afferents and MNs (Figure 3B; Wang et al., 2007). Whereas

in wild-type, MNs projecting to a defined muscle receive

strong input from their own afferents (homonymous),

they are not innervated by afferents projecting to antago-

nistic muscle groups (Eccles et al., 1957; Mears and

Frank, 1997). Surprisingly, specificity of connections is im-

paired upon excess developmental muscular NT3 expres-

sion, and group Ia afferents no longer distinguish between

homonymous and antagonistic MNs (Wang et al., 2007).

The molecular downstream pathways through which this

loss of specificity arises are currently unknown. NT3 also

exerts postnatal functions in sensory-motor connectivity.

Mice mutant in the transcription factor Egr3, in which mus-

cle spindles appear to degenerate at an early postnatal

stage, and which therefore lose a major peripheral source

of NT3, show a dramatic decrease in the amplitude of

monosynaptic sensory responses in MNs, despite the an-

atomical presence of central group Ia afferent projections

(Figure 3C; Chen et al., 2002; Tourtellotte and Milbrandt,
1998). However, muscular injections of NT3 at early post-

natal stages prevent this decay in monosynaptic ampli-

tude (Chen et al., 2002).

Taken together, these observations suggest that differ-

entiation, integration, and function of DRG sensory neu-

rons and MNs in spinal circuits are influenced by target-

derived molecular signals. These retrograde signals not

only regulate adjustments in traits such as the choice of

a particular neurotransmitter (e.g., CGRP) (Hippenmeyer

et al., 2004), but can also control transcriptional programs

in defined neuronal subpopulations. It is interesting to note

that different signals are responsible for regulating tran-

scriptional programs in MNs and DRG sensory neurons

(Figure 3; Haase et al., 2002; Lin et al., 1998; Patel et al.,

2003). Nevertheless, retrograde programs of connectivity

can act both on MNs and DRG sensory neurons, introduc-

ing flexibility in the features regulated by distinct path-

ways. Emerging from the findings on retrograde molecular

control of circuit assembly and function is the view that

these programs not only are at work during early develop-

mental stages, but also continue to shape and adapt

motor circuits throughout life. Moreover, it is currently un-

known whether retrograde signals act only on MNs and

DRG sensory neurons or can also influence either directly

or indirectly the specificity of connections formed be-

tween defined populations of spinal interneurons and the

assembly of supraspinal inputs.

Spinal motor circuits still show considerable potential

for adjustment to accommodate changes in motor behav-

ior in the adult, and many of these adjustments occur at

the level of the spinal cord. For example, actions of NT3

on group Ia afferents indirectly influence strength of sen-

sory-motor connectivity (Mendell et al., 2001), and other

yet unidentified peripheral signals can also modulate

these connections by directly acting on MNs (Mendell

and Munson, 1999). An additional well-described example

with measurable consequences at the level of motor out-

put in the adult is the alteration of H-reflex amplitudes in

the spinal monosynaptic reflex circuit (Wolpaw and Ten-

nissen, 2001). In operant conditioning experiments of the

H-reflex in several species including humans, electrical

stimulation of defined muscle nerves in the periphery is

coupled to a reward if the amplitude of the measured re-

flex is scaled in a defined direction. This conditioning pro-

tocol can lead to up- or downregulation in the amplitude of

monosynaptic responses of up to 100% (Wolpaw and

Tennissen, 2001). The generation of up or down states re-

quires the presence of cortico-spinal connections, but the

presence of several other tracts (rubrospinal, vestibulospi-

nal, reticulospinal, and dorsal column ascending tract) is

dispensible (Chen and Wolpaw, 1997; Wolpaw and Ten-

nissen, 2001). Specific feedback from the brain may

thus update local spinal circuits with new information to

adapt output accordingly. H-reflex training persists upon

removal of descending input, suggesting that the memory

of the scaled H-reflex amplitude is stored in the spinal

cord (Wolpaw and Tennissen, 2001). Exactly where these

changes occur at the level of neuronal circuits or
Neuron 56, October 25, 2007 ª2007 Elsevier Inc. 275
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molecular adjustments is currently not known. Neverthe-

less, these findings show that the adult spinal cord main-

tains considerable potential for plasticity by integrating in-

formation transferred to spinal circuits, an important

consideration when thinking about strategies for regaining

motor capacity upon injury.

Specificity of Connections beyond Motor Neuron
Pool Topography
When reviewing the neuronal basis underlying the organi-

zation of spatial maps representing body perception and

control of appropriate locomotor sequences, MNs in the

ventral horn stand out as an example with an exquisite de-

gree of organization and specificity. MN cell bodies are

clustered into MN pools innervating individual muscles.

These MN pools are found in highly stereotypic positions

in the spinal cord (Landmesser, 1978b; Romanes, 1951),

receive selective sets of group Ia proprioceptive afferent

inputs (Eccles et al., 1957; Frank and Wenner, 1993;

Mears and Frank, 1997), and display dendritic trees cover-

ing distinct territories in the spinal cord (Okado et al., 1990;

Vrieseling and Arber, 2006). MNs can be divided into pro-

gressively smaller functionally identified subpopulations

on the basis of their peripheral connectivity. Recent

work on Hox transcription factor networks acting at early

developmental stages has begun to offer molecular expla-

nations for how MN pool identities are defined (Figure 2;

Dasen et al., 2003, 2005). Is a similar degree of organiza-

tion detected in spinal circuits feeding toward MNs or are

MNs unique in their molecular, morphological, and physi-

ological organization? And what are the mechanisms set-

ting up specificity of spinal connections during develop-

ment?

We will now turn to review specificity of connections

and topographic maps in the spinal cord beyond MNs. Be-

cause neuronal subpopulations connecting within the spi-

nal cord are more difficult to define than MNs, however,

mechanisms shaping specificities of these connections

are only just beginning to be uncovered. We will focus

on two examples to illustrate this point: the nociceptive

withdrawal reflex (NWR) and V1-derived spinal interneu-

rons.

Topography in the Nociceptive Withdrawal Reflex

The nociceptive withdrawal reflex (NWR) is a spinal-

dependent movement intended to remove an area of

skin from a noxious stimulus (Schouenborg, 2002). This

reaction often requires coordination of several muscle

groups, because many muscles act synergistically at par-

ticular joints. Careful analysis of NWR responses in rats af-

ter application of localized noxious stimuli has revealed

a modular system of WR units acting at the level of individ-

ual muscles (Figures 4A and 4B; Levinsson et al., 1999;

Schouenborg et al., 1992; Schouenborg and Kalliomaki,

1990). As a consequence, the resulting WR to a given

stimulus is the composite of several reflex modules acting

in concert, activating the muscles required to remove the

skin from the applied noxious stimulus. The underlying

modular setup in somatotopic spinal columns required
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for accurate motor output in response to noxious

stimuli exhibits similarities to the organization of cortical

columns.

How is this accurate modular organization represented

at the level of neuronal circuits, which process noxious in-

formation and transform it to initiate motor responses?

Key neurons in the transformation of nociceptive informa-

tion to motor responses are interneurons located in lamina

IV and V of the spinal cord. These ‘‘reflex encoder’’ (RE)

neurons show convergence of nociceptive (C fibers) and

tactile (Ab fibers) input matching the receptive fields of

a defined NWR module (Figures 4A and 4B; Schouenborg,

2004; Schouenborg et al., 1995). Nociceptive C fiber affer-

ents make connections to substantia gelatinosa inter-

neurons in the superficial dorsal horn (Brown, 1982) and

connect to RE neurons presumably through at least one

ventrally projecting interneuron (Figure 4B; Schouenborg,

2002). Anatomical studies suggest that tactile inputs

connect to neurons in lamina III-V (Brown, 1982). Direct

connections to RE neurons are therefore possible, and

observed synaptic latencies are consistent with this, but

direct evidence is currently lacking (Figure 4B; Schouen-

borg, 2002). Tactile-responsive interneurons in lamina III

and IV are often aligned with RE neurons with similar re-

ceptive fields located in lamina V (Levinsson et al.,

2002), and receptive fields of lamina II interneurons in re-

sponse to thermal noxious stimuli are spatially aligned

with receptive fields evoked by mechanical stimulation in

deeper dorsal horn laminae (Figure 4A; Levinsson et al.,

2002). These observations suggest a general alignment

of dorsal horn neurons participating in the same task. Al-

though it remains to be determined whether RE neurons

make monosynaptic connections with MNs, the appropri-

ately weighted convergence of tactile and nociceptive in-

puts to RE neurons suggests that these neurons sit in

a prime position to integrate all the necessary information

to produce an appropriate response initiating motor out-

put (Schouenborg, 2002, 2004). Moreover, the position

of RE neurons in lamina V of the rat lumbar spinal cord

follows roughly the spatial arrangement of MN pools pro-

jecting to the muscle linked through this module

(Schouenborg et al., 1995), suggesting that NWR modules

may even be topographically aligned between RE neurons

and MNs (Figure 4A).

The observed specificity in the NWR raises the question

of whether NWR modules form immediately in a mature

configuration or become modified by experience-depen-

dent mechanisms. In rats, movements generated through

the WR are steadily refined during the first three postnatal

weeks (Figure 4C; Holmberg and Schouenborg, 1996).

From P1 to P7, noxious thermal stimulations often pro-

duce inappropriate responses including movements

toward the stimulus. By P20–P25, however, the same

stimulus reliably evokes an appropriate adult-like WR

behavior. Whereas exposure to noxious stimuli is not re-

quired for the reflex to develop, tactile input is essential

(Waldenstrom et al., 2003). The absence of innocuous

tactile stimulation during the first three postnatal weeks
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Figure 4. Modular Organization of
Nociceptive Withdrawal Reflex
(A) Two NWR modules correlating with distinct
peripheral stimulation sites are depicted ac-
cording to observed specificities in mature
connections of the NWR. Individual module is
surrounded by green or red box. False color
gradients indicate relative amplitude of field
potentials recorded in dorsal horn laminae in
response to nociceptive (blue) and tactile
(orange) stimulation. Responsive areas are
aligned with interneurons (black) in lamina V
that have the same receptive fields. MNs
activated through corresponding module are
shown in lamina IX in colors corresponding to
the active module. Panel adapted from Levins-
son et al. (2002).
(B) Proposed neuronal circuit within one mod-
ule of the NWR. Tactile and nociceptive
sensory afferents contact distinct subsets of
dorsal horn interneurons (SG, Substantia gelat-
inosa; Tc, tactile). Signals from these two mo-
dalities and most likely other input (question
mark) converge on putative last-order reflex
encoder (RE) interneurons to activate MNs.
Direct tactile inputs to RE interneurons are
also possible (dashed connection).
(C) Time line of dorsal horn neuron birth, migra-
tion, and sensory afferent ingrowth to dorsal
horn in the lumbar spinal cord of mice. Time
line shows embryonic (E) and postnatal (P)
days. NWR module refinement occurs during
a critical period between P1 and P21.
results in inappropriate WR responses, similar to the ones

observed in very young animals (Waldenstrom et al.,

2003). How does tactile input train the WR? Evidence sug-

gests that spontaneous muscle twitches evoked during

sleep in neonatal rats provide sufficient tactile stimulation

to correctly train the tail WR (Petersson et al., 2003). To-

gether, these findings show the existence of a critical pe-

riod (P1–P20), during which tactile sensory feedback acts

to organize spinal circuits and to prime them to elicit ap-

propriate motor output in response to noxious stimuli in

the adult.

It is currently unknown at which levels of circuitry devel-

opmental adjustments occur in the NWR. Changes could

occur at the level of sensory inputs to spinal circuits but

also within spinal circuits themselves. Modules with syner-

gistic actions are located in close proximity to each other

throughout the circuit, and the relative weight of tactile in-

puts to different synergist modules could be adjusted by

postnatal experience (Schouenborg et al., 1995). Detailed

answers to these questions await identification of individ-

ual components of interconnected NWR modules. Given
the key role of RE neurons in the NWR, future anatomical

and molecular identification of RE neurons will certainly be

instructive.

Early postmitotic neurons generated in the dorsal spinal

cord can be divided into six classes (dl1–dl6) (Figure 4C)

on the basis of combinatorial expression of several tran-

scription factors (Gross et al., 2002; Helms and Johnson,

2003; Muller et al., 2002). Many early-born dorsal neurons

(E10.5–E11.5) migrate to occupy deep dorsal horn regions

in the mature spinal cord, whereas later born (E11.5–

E14.5) Lbx1+ dl4/5 neurons migrate superficially to gener-

ate the substantia gelatinosa (Figure 4C; Gross et al.,

2002; Helms and Johnson, 2003; Muller et al., 2002).

These studies suggest that RE interneurons are generated

early, and neurons processing nociceptive information

belong to the Lbx1+ dl4/5 class of late-born neurons and

migrate through the early-born neuron class. In principle,

this migration strategy could provide a rough context for

topographical alignment of superficial and deep dorsal

horn neurons by a mechanism of cell-cell interactions

during migration.
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Figure 5. Specificity in Interneuron Connectivity
Genetic determination and connectivity of Renshaw cells (RC) and Ia inhibitory interneurons (IaIN) in the ventral spinal cord.
(A) These and many unassigned (big arrow) interneurons are derived from the ventral progenitor domain p1 and are included in the En1+ V1 interneu-
ron population.
(B) MNs can be distinguished molecularly at the level of individual MN pools (two of many are shown) on the basis of transcription factor expression
(Hox, ETS, Pou), but no molecular distinctions are currently known for subtypes of IaINs and RCs, with the exception of Calbindin expressed by all
RCs.
(C) Mature connectivity for one example of antagonistic MN pools and associated IaINs and RCs to illustrate specificity of observed connections.
Transient neonatal group Ia afferent sensory neuron input to RCs is shown by dotted lines.
Specificity of Renshaw Cell and Ia Inhibitory

Interneuron Connectivity

Whether interneurons in the ventral spinal cord exhibit

specificity of interconnected neuronal circuits correlating

with the high degree of organization observed at the level

of MNs is more difficult to approach. From studies on the

function of local interneuron circuits involved in locomotor

activity, it is known that rhythmic and alternating activity

can be more easily induced at rostral than caudal lumbar

spinal levels in neonatal spinal cord preparations (Kiehn,

2006). However, the cellular basis explaining these differ-

ences is unknown. Analysis of differences in connectivity

of interneurons directly contacting MNs has been more

fruitful and we will therefore focus on these connections.

In particular, Renshaw cells and Ia inhibitory interneurons

provide an entry point to study selective connectivity for

which molecular pathways involved in generation and dif-

ferentiation are beginning to be discovered.

Renshaw cells and Ia inhibitory interneurons are devel-

opmentally derived from En1+ V1 interneurons, and both

are ipsilaterally projecting spinal interneurons (Figures

5A and 5B; Alvarez et al., 2005; Goulding and Pfaff,

2005; Kiehn, 2006; Wenner et al., 2000). Their common

developmental origin may also be reflected in the recent

observation that both Renshaw cells and Ia inhibitory in-

terneurons in mice receive direct group Ia proprioceptive

afferent input during development (Mentis et al., 2006).

However, whereas direct sensory inputs to Ia inhibitory in-

terneurons remain strong in the adult (Jankowska, 1992;

Windhorst, 2007), inputs to Renshaw cells weaken signif-

icantly after P15 (Figure 5C; Mentis et al., 2006). The sig-

nificance of these transient sensory inputs to Renshaw

cells, however, remains unclear.

Both Ia inhibitory interneurons and Renshaw cells show

a high degree of selectivity in their connections to MNs in

adult animals (Figure 5C). The most striking feature ob-
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served for the connectivity pattern of Ia inhibitory inter-

neurons is that they get direct group Ia afferent input

and connect in turn directly to antagonist MN pools (Jan-

kowska, 1992; Windhorst, 2007). Moreover, in addition to

receiving direct sensory input, they serve to integrate pre-

and postmotor signals such as direct corticospinal inputs

and Renshaw cell inputs indirectly derived from MNs re-

ceiving the same sensory input (Hultborn, 2006; Rossignol

et al., 2006; Windhorst, 2007). Ia inhibitory interneurons

therefore serve as a convergent integrator of specific

sets of inputs and forward this information directly to

MNs (Hultborn, 2006; Windhorst, 2007).

In the adult, Renshaw cells receive direct cholinergic in-

put from MNs and form recurrent inhibitory synapses with

homonymous and synergistic, but not with antagonistic,

MNs (Figure 5C; Alvarez and Fyffe, 2007; Windhorst,

1990). This specificity pattern in connections seems to

generally match the pattern observed for connectivity be-

tween group Ia afferents and MNs (Figures 3B and 5C;

Eccles et al., 1957; Mears and Frank, 1997). Moreover,

convergence of Renshaw cell and group Ia afferent syn-

apse positioning along MN dendrites has been described.

Both inputs are found mostly on dendrites with only a small

fraction observed on MN somata (Fyffe, 1991, 2001).

Whether specificity and positioning of Renshaw cell and

group Ia afferent input to MNs are regulated by common

mechanisms is currently unknown.

The observations on the specificity of connections to

and from Renshaw cells and Ia inhibitory interneurons in

the mature spinal cord raise the question of how specific-

ity arises during development. Preliminary evidence sug-

gests that at least for one pair of antagonistic MN pools

in the lumbar spinal cord of mice, reciprocal Ia inhibitory

input is established correctly from the outset, indicating

that the establishment of these connections might be reg-

ulated through molecular cues (Z. Wang and E. Frank,
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2006, Soc. Neurosci., abstract). Nevertheless, these find-

ings do not exclude the possibility that spinal interneuron

connectivity is shaped by activity-dependent mecha-

nisms driven by intrinsic spinal cord activity even before

the arrival of group Ia sensory neuron input to the ventral

spinal cord. Physiological analysis of spinal interneurons

recurrently connected to MNs (R-interneurons) at different

developmental stages in the chick embryo indeed

suggests that GABAergic interneuron connectivity may

be adjusted during development (Xu et al., 2007). More-

over, anatomical observations derived from cat triceps

surae MNs over early postnatal stages provide evidence

for a substantial reduction in the number of MN axon

collateral swellings within the projection field, suggesting

that also recurrent inhibition from MNs may be subject

to developmental adjustments (Cullheim and Ulfhak,

1985).

Is there evidence that genetic programs act to specify

functionally distinct interneuron populations? Ia inhibitory

interneurons and Renshaw cells are included within the

En1+ V1 interneuron population (Figure 5A; Alvarez and

Fyffe, 2007; Alvarez et al., 2005), and Renshaw cells can

be identified by the expression of the calcium-binding pro-

tein Calbindin (Figure 5B; Carr et al., 1998), but no further

distinction at the level of molecular markers is currently

known that would explain the observed specificity of con-

nections. Nevertheless, several recent studies suggest

that the four cardinal ventral interneuron classes can

give rise to distinct neuronal populations also at the mo-

lecular level. For example, p2 interneuron progenitors

generate two distinct neuronal classes (excitatory V2a

and inhibitory V2b) through a Notch receptor-mediated

signaling mechanism at early postmitotic stages (Peng

et al., 2007). In addition, a small population of segmentally

restricted interneurons with defined physiological proper-

ties and located in medial lamina VIII has recently been

linked to the expression of the homeodomain protein

Hb9 (Hinckley et al., 2005; Wilson et al., 2005). It is also in-

triguing to note that Hox genes, which are instrumental in

determination of MN pool properties, are expressed in dis-

tinct patterns in spinal interneurons (Dasen et al., 2003,

2005) and could therefore contribute to specification of

defined interneuron subpopulations as well.

From these studies, it seems likely that these molecular

observations provide just the tip of the iceberg in the iden-

tification of genetic programs controlling interneuron sub-

type diversification and connectivity in the spinal cord. Re-

cently developed approaches with trans-synaptic viral

tracing technology (Boldogkoi et al., 2004; Wickersham

et al., 2007) should prove to be very helpful in the morpho-

logical identification of defined sets of premotor interneu-

rons after viral injections into defined muscles and can

also assist the identification of further molecular markers.

Hopefully, in analogy to MN pools, more will soon be

known about whether ‘‘Renshaw cell pools’’ and ‘‘Ia inhib-

itory interneuron pools’’ exist at a molecular level (Figure 5B)

and how their connectivity patterns are determined during

development.
Dendritic Aspects of Selectivity for MN Function
Irrespective of the pathways acting to integrate informa-

tion upstream of MNs, this information is ultimately read

and interpreted by MNs. Therefore, an important aspect

when considering the control of MN activation is the ques-

tion of whether and how differential dendrite patterning

and compartmentalization of inputs on soma and den-

drites contribute to shape MN responses. There is indeed

evidence for both possibilities: MN subpopulations exhib-

iting distinct dendrite patterns and selective locations of

inputs on MNs.

MN dendrites exhibit a high degree of heterogeneity in

projection patterns. Although many studies have focused

on MNs with radially projecting dendrites, recent evidence

underscores the fact that MN pools exhibit distinct mor-

phologies in their dendritic trees and cover different areas

of gray and white matter (Vrieseling and Arber, 2006). As

a consequence of the observed diversity in MN morphol-

ogies, it is plausible to assume that correlating with the

covered territories, different potential inputs are accessi-

ble to MN pools. This possibility is particularly appealing

because defined interneuron populations as well as de-

scending tracts show highly stereotypic positions in the

spinal cord (Brown, 1981). MNs innervating dorsal neck

muscles provide one example in which such preferential

inputs have been observed (Grande et al., 2005; Rose

et al., 1995). Vestibulospinal inputs to MNs innervating

the splenius neck muscle show highly preferential inputs

to medial MN dendrites (Grande et al., 2005). This cluster-

ing of inputs can increase the local density of synapses

that are synchronously activated, which could help to op-

timize the sensitivity to particular inputs channeled exclu-

sively through distinct dendritic branches.

What is known about differential location of inputs to

MN compartments? Whereas group Ia sensory afferent in-

puts and Renshaw cell inputs are primarily located on den-

drites (Burke and Glenn, 1996; Fyffe, 1991), inputs from Ia

inhibitory interneurons are found in significant numbers

connecting to both dendritic and somatic MN compart-

ments (Fyffe, 2001). Despite the fairly widespread overall

placement of group Ia afferent synapses, detailed ana-

tomical analysis of connectivity between individual group

Ia sensory neurons and MNs in the cat showed that con-

tacts to a particular MN form exclusively through one of

the group Ia afferent collaterals and are clustered at the

same distance from the cell body (Brown and Fyffe,

1981). A particularly striking example of compartmental-

ized inputs to MN somata is derived from spinal choliner-

gic neurons whose cell bodies are located in lamina X and

medial part of lamina VII (Conradi et al., 1979; Hellstrom

et al., 2003; Miles et al., 2007). These cholinergic inputs

(C boutons) are located on the soma and very proximal

dendrites of MNs (Conradi et al., 1979; Hellstrom et al.,

2003), activate muscarinic ACh receptors (Hellstrom

et al., 2003; Miles et al., 2007), and increase MN firing

rate by decreasing the afterhyperpolarization that follows

an action potential (Miles et al., 2007). C boutons on

MNs are restricted to similar locations already at early
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postnatal stages in mice but mature considerably over the

first two postnatal weeks (Wilson et al., 2004). These find-

ings suggest that at least some MN inputs are highly

compartmentalized at early stages, but mechanisms con-

trolling this selectivity are currently unknown. In the cere-

bellum, recruitment of basket cell interneuron synapses

to the axon initial segment of Purkinje cells is controlled

by selective recruitment of immunoglobulin L1 proteins

through Ankyrin G (Huang, 2006). It is feasible to speculate

that specification of subcellular synapse location can also

be determined by genetic mechanisms in the spinal cord.

Evolution of Motor Circuits and Implications
for Changing Functions
Motor circuits adjust throughout evolution to accommo-

date to the need for different motor behaviors. Despite

the differing repertoires of motor behaviors such as swim-

ming, flying, and walking on two or four legs, there is sur-

prising conservation at the level of MN pools and basic lo-

cal spinal circuit organization. Homologous MN pools can

be assigned across species even between MNs innervat-

ing chick wing muscles and cat forelimb muscles (Ryan

et al., 1998; Straznicky and Tay, 1983). Moreover, rhyth-

mic behavior leading to flexor-extensor and left-right

alternation is also a conserved feature among different

vertebrate species’ locomotor behaviors (Grillner, 2006;

Kiehn, 2006). These findings suggest that a robust central

spinal system, onto which modules of input converge and

integrate, may be flexible enough to cope with changes re-

quired in motor behavior throughout evolution. For exam-

ple, during evolution of the WR, somatosensory transfor-

mations within the spinal cord can adjust to different

peripheral inputs. Whereas cats touch ground with their

digits, rats do so with their entire plantar surface. These

peripheral differences lead to somatosensory transfor-

mations with similar receptive fields but different weights

represented in the spinal cord when comparing the two

species (Schouenborg, 2002). Similarly, behavioral differ-

ences between species can also be attributed to altered

patterns in descending connectivity. In particular, it is

thought that direct connections between layer V motor

cortex neurons and MNs in the spinal cord occur preferen-

tially to MNs controlling fine movement of fingers in hu-

mans and certain species of monkey (Katz and Harris-

Warrick, 1999; Lemon and Griffiths, 2005). In contrast,

mostly indirect connections to MNs exist in other species

(Yang and Lemon, 2003), suggesting that adjustments of

circuitry at the level of descending projections can influ-

ence motor behavior in a pronounced way. In summary,

local spinal circuits allow dedicated modules to plug into

a basic spinal circuit setup and thereby permit adjustment

of motor responses not only throughout life within one an-

imal but also across evolution in different species.

Concluding Remarks
This review set out to explore developmental control

mechanisms acting to specify the assembly of motor cir-

cuits in the spinal cord, classically considered as a major
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output system with little flexibility. In this review, we dis-

cuss the high degree of specificity that can be observed

in the connections of spinal neuronal circuits. These ded-

icated circuit modules are generated during development

by a tight interaction between programs of genetic prede-

termination and experience-driven processes, equipping

motor circuits for function. Sequential temporal assembly

of circuit elements in the spinal cord and different phases

of excitability throughout this process provide an impor-

tant backbone for the control of motor behavior in the

adult. In addition to mechanisms acting within the spinal

cord, information from outside the spinal cord also plays

an important role in motor circuit assembly and function.

A series of peripheral pathways, acting both through the

induction of transcriptional programs as well as experi-

ence shape circuits in a retrograde manner. The combina-

tion of these strategies allows the establishment of func-

tional motor circuits capable of reading, modifying, and

activating motor output in accordance with the ongoing

activities impinging on an animal throughout life, making

the motor system highly flexible. The unique property of

motor circuits of providing a direct link between fine de-

tails of dedicated circuits and an immediate behavioral

output promises exceptional opportunities for future re-

search to understand how dedicated neuronal circuits

control defined function in the nervous system.
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