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Neurobiologists have long sought to understand how circuits

in the nervous system are organized to generate the precise

neural outputs that underlie particular behaviors. Given the

complexity of the nervous system in higher vertebrates this

is a daunting task. Nevertheless, recent advances in

developmental genetics hold out hope that studies of

locomotor and respiratory circuits will provide general

insight for understanding how ensembles of neurons are

wired to control specific behaviors.
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Introduction
Recent studies have begun to identify some of the key

regulatory pathways that control the specification, orga-

nization and functional properties of neurons that con-

tribute to locomotor and respiratory motor networks in the

hindbrain and spinal cord. The neural networks that are

capable of generating repetitive patterns of motor activity

are known as central pattern generators (CPGs). The

hope is that these networks will provide a ‘Rosetta stone’

for understanding how more complex neural networks

function. Here, we focus on recent studies that are

pertinent for the simple CPGs in the vertebrate hindbrain

and spinal cord that control respiration and locomotion,

respectively. Aside from the lamprey swimming CPG [1],

little is known about the organization of these CPG

networks and how they derive their functional outputs.

Developmental studies in the embryonic spinal cord [2,3]

have provided a genetic framework for analyzing how the

individual components of these circuits are configured

into a network for controlling the outputs that underlie

simple rhythmic locomotor behaviors.
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Spinal interneuron development
Past studies in the embryonic spinal cord have identified

11 classes of neurons that emerge early in development

[3,4]. Determining how these genetically defined cell

types in the developing spinal cord relate to physiologi-

cally defined cell types and to the component neurons of

the CPG is the key to deciphering this ‘Rosetta stone’.

With respect to the five early classes of neurons that

develop in the ventral neural tube (V0–V3 interneurons

and motor neurons), there is growing evidence that the

neuronal cell types in each of these classes share common

features, including their cell body settling pattern and the

pathways of their axonal projections (Figure 1a; [5]). V0

interneurons (INs) express the Evx1 transcription factor

and emerge from Dbx1+ progenitor cells in the ventricular

zone. V0 INs show a high degree of commonality, in that

they are exclusively commissural neurons and initially

extend their primary axon rostrally on the contralateral

side of the spinal cord [6,7,8��]. By contrast, V1 INs

project axons locally within the ipsilateral spinal cord,

V2 INs project intersegmentally in the ipsilateral

spinal cord and V3 INs project axons contralaterally,

whereas motor neurons (MNs) extend axons peripherally

(Figure 1a).

Several recent lines of evidence suggest that the early

classes of INs defined in developmental studies represent

separate functional groups of cells with conserved roles in

spinal cord and hindbrain motor circuits. For example, the

engrailed 1 (En1) transcription factor marks an early

population of evolutionarily conserved V1 spinal inter-

neurons. The morphology and neurotransmitter pheno-

type of En1+ V1 INs, which was first described in the

mouse spinal cord [9], initially suggested that the embryo-

nic V1 INs were a homogeneous population of local-

projecting glycinergic inhibitory interneurons. Despite

sharing these physiological properties with one another,

however, Wenner et al. [10] concluded that the En1

neurons are functionally heterogeneous in higher verte-

brates. Interestingly, in ‘simpler’ vertebrates the En1+ V1

IN cell group appears to represent a more homogenous

cell collection that defines the main population of ipsi-

lateral glycinergic inhibitory INs in both the embryonic

fish [11�] and the frog spinal cord [12��], and they perform

roles in motor control and sensory gating during swim-

ming.

Although the En1 INs appear to represent a single func-

tional cell type in the larval spinal cord, in higher verte-

brates the neurons within each of these classes have

diverged to give rise to specialized cells with more
www.sciencedirect.com
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Figure 1

Schematic of spinal cord development, cellular organization and CPG coordination. (a) The right half of the spinal cord depicts the origin of the

interneuron (IN) and motor neuron (MN) populations defined in developmental studies using molecular markers for cell identification (reviewed in

[3–5]). V0 INs are marked by Evx1, V1 INs by En1, V2 INs by Chx10, V3 INs by Sim1 and MNs by Hb9. The left half of the spinal cord gives a

summary of neuronal labeling studies defining the general location of commissural INs (CINs) (reviewed in Kiehn and Butt [33]). Ascending (a),

descending (d), ascending–descending (ad) and segmental (s) projection patterns are indicated for each group of CINs. (b) A neuronal network

located within each half of the ventral spinal cord controls rhythmic locomotor activity and is defined as a central pattern generator (CPG).

The left and right CPGs are linked by cross-inhibitory connections that coordinate alternation. Likewise, intersegmental connections coordinate

the activity of flexor–extensor motor control at different rostral–caudal levels of the spinal cord. The cellular basis for extensor–flexor

coordination is less well understood but appears to be mediated by a variety of IN types [19�] that are more complex than depicted in this

simplified schematic.
restricted functions. This functional diversification might

be important for the more complex muscle movements

necessary for terrestrial locomotion. Such a conclusion

would be consistent with the idea that the early V0–V3

subdivisions of neurons in the embryonic spinal cord

(Figure 1a) represent a primitive developmental ground
www.sciencedirect.com
state that undergoes further diversification during devel-

opment. In the mouse, it appears that a subset of the V1

INs generate many of the local circuit inhibitory INs that

are present in the mammalian spinal cord. For instance,

inhibitory INs that mediate recurrent inhibition are

derived in their entirety from the En1+ V1 IN population
Current Opinion in Neurobiology 2005, 15:14–20
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[13�]. Although the developmental mechanisms that lead

to the further subspecialization of the generic V0–V3

founding IN cell populations have not been defined, it

is possible that some of the same extrinsic signals used for

motor neuron subtype diversification [14–16] will also

apply to IN development.

Functional characterization of the spinal
neurons that control locomotion
Despite numerous studies spanning many years to char-

acterize the physiological properties of spinal neurons

that are interposed in locomotor reflex pathways, the full

repertoire of INs that make up the mammalian locomotor

CPG and the mechanisms involved in establishing their

proper patterns of connectivity have not yet been identi-

fied. The failure to identify these cells not only reflects

difficulties in grouping neurons with related physiological

properties but also in determining how groups of related

neurons contribute to particular aspects of locomotor

CPG activity (Figure 1b). The role of commissural con-

nections in regulating left–right alternation in walking

mammals has recently come under intense scrutiny. This

was prompted in part by studies showing that EphA4

signaling is necessary during development for mice to

walk with a normal alternating gait (Figure 2; [17]).

Commissural neurons located in the ventral half of the

spinal cord are thought to control left–right alternation,

and many commissural neurons have synaptic specializa-

tions on or near to motor neuron dendrites (Figure 1b;

[18]). Butt et al. [19�] used an elegant approach to identify

rhythmically active commissural neurons in the ventral

cord that have downstream synaptic inputs onto lumbar

motor neurons. By recording from these cells during

‘fictive’ locomotion in vitro, and then stimulating these

cells and recording their synaptic effects on motor neu-

rons, they identified four classes of commissural INs that

probably contribute to the lumbar locomotor CPG. A long

standing problem, however, has been how to identify

functionally defined INs reliably. To address this issue,

Lanuza et al. [8��] used a combination of genetics and

physiology to test whether or not V0 INs are important for

locomotor behavior. These cells are predominantly inhi-

bitory neurons, some of which synapse directly onto

motor neurons. They demonstrated that mice lacking

the V0 IN progenitor gene Dbx1 no longer generated

V0 INs. The loss of these cells is associated with a defect

in left–right CPG activity (Figure 2), providing strong

evidence that VO INs coordinate alternation of hind limb

movements.

Although developmental genetic approaches have begun

to unmask molecular pathways involved in establishing

neuronal identity and connectivity for left–right coordi-

nation [8��,17], less is known about the neurons that

coordinate extensor–flexor regulation (Figure 1b).

Remarkably, left–right and extensor–flexor patterned

activity can be dissociated from one another using phar-
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macological treatments, split cord preparations and

genetic mutants (Figure 2). Thus, it seems likely that

separate populations of spinal neurons contribute to the

regulation of these two aspects of motor output.

Respiratory central pattern generators
Similar to spinal locomotor circuits, neurons within the

hindbrain generate rhythmic patterns of activity for

respiration. However, only a few studies have addressed

the identity of neurons that contribute to the respiratory

CPG. Nonetheless, many of the neuronal classes identi-

fied in the embryonic spinal cord are also present at

hindbrain levels [20]. Thus, the respiratory CPG and

locomotor CPGs might be related in their development

and cellular architecture. Indeed, the respecification of

dorsal excitatory neurons in the hindbrain of Tlx3 mutant

mice results in a respiratory defect that appears to be

caused by an excess of GABAergic drive into the respira-

tory CPG [21��]. Addition of bicuculline and picrotoxin,

blockers of GABAergic transmission, rescued the respira-

tory defect, presumably by lowering the overall level of

inhibitory modulation of pre-inspiratory and inspiratory

neurons. A second transcription factor has also been

implicated in the formation of respiratory circuits. MafB,

a member of the basic leucine zipper (bZIP) transcription

factor family, is expressed in neurons that are adjacent to

the pre-Bötzinger complex, the region that contains the

rhythm generating cells for the respiratory CPG [1]. In

MafB�/� mice there are major cellular changes in the pre-

Bötzinger complex, although the neurokinin-1 receptor

(NK1) cell population [22��] is unaffected. Unlike the

situation in wild type mice, lesions of the pre-Bötzinger

region do not disrupt rhythmic respiratory output in MafB
mutants, supporting the idea that plasticity leads to the

activation of a compensatory rhythm generator for respira-

tion in these animals.

The initial indication that dual oscillatory networks could

control respiration came from the demonstration that

opioids have differential effects on inspiratory and pre-

inspiratory neurons [23]. This was further confirmed by

the identification of two types of pacemaker neurons in

the rat hindbrain. Pena et al. [24�] showed that selectively

blocking neurons that fire in a sodium-dependent manner

only abolished rhythmic respiratory function under

hypoxic, but not normal oxygen concentration (nor-

moxic), conditions. Under normoxic conditions an addi-

tional population of pacemaker cells were active, the

majority of which are sensitive to agents that block

calcium activated non-specific cation (CAN) currents that

are present in many bursting pacemaker neurons.

Although a great deal of work remains before we will

understand how hindbrain respiratory and spinal locomo-

tor networks are assembled, many of the developmental

pathways and neuronal populations appear to be shared,

leading to the possibility that studies of both systems will

provide complementary information.
www.sciencedirect.com
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A summary of evoked locomotor activity from perinatal mouse embryos. N-methyl-D-aspartate (NMDA), serotonin and dopamine are typically used

to evoke locomotor-like activity leading to rhythmic bursts of alternating discharge on the right and left halves of the lumbar spinal cord. Typically,

the phase relationship is defined using polar plots in which 1.0 is synchronicity and 0.5 corresponds to alternation. Lumbar segment 2 (L2) is largely

comprised of flexor motor neurons, whereas motor neurons projecting from lumbar segment 5 (L5) are mostly extensor subtypes. Recordings from

ipsilateral L2 and L5 spinal nerves in wild type mice exhibit alternating patterns of activity. The pattern of left–right and extensor–flexor evoked activity

is shown schematically for a series of pharmacological, genetic and lesion experiments described in the text. Abbreviations: nd, not determined.
Neurotransmitter phenotype: genetics
versus activity
A defining feature of the identity of a neuron is its

neurotransmitter phenotype. In the spinal cord, many
www.sciencedirect.com
of the classes of neurons that develop early express a

limited repertoire of either excitatory or inhibitory neu-

rotransmitters, as would be expected if these classes of

cells were related to functional cell types found in the
Current Opinion in Neurobiology 2005, 15:14–20
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adult. The V1 IN population is exclusively inhibitory,

whereas V3 INs that arise adjacent to the floor plate

(Figure 1a) appear to be excitatory (Goulding M, unpub-

lished data). These and other observations suggest the

neurotransmitter phenotype of a neuron is inextricably

linked to the identity of the neuron, and is determined by

genetic mechanisms rather than activity-dependent

events. For example, the development of serotonergic

neurons is dependent on the activity of the Pet1 and

Lmx1b transcription factors [25,26]. As previously men-

tioned, a binary transcriptional switch controlled by Tlx

factors also determines the inhibitory versus excitatory

neurotransmitter phenotype of neurons that arise later in

development that populate the dorsal horn [21��].

An important, yet unresolved, issue is the relative con-

tribution that genetically hardwired processes versus

activity-dependent mechanisms make to the develop-

ment of these circuits. Genetic studies during the past

10 years have identified some of the molecular mechan-

isms that control the differentiation of neuronal cell types

during embryogenesis. Recent studies, however, suggest

that activity might also have an important role in config-

uring neural circuits in the embryonic spinal cord. A

recent study in Xenopus tadpoles indicates that activity-

dependent mechanisms operate during development to

regulate the neurotransmitter phenotype of neurons

‘homeostatically’ and independently from the control

of cell identity markers. These neurons comprise the

rudimentary spinal circuit generating swimming move-

ments in Xenopus larvae that is made up of four classes of

primary neurons: glutamatergic Rohon-Beard cells, gly-

cinergic dorsolateral interneurons, g-aminobutyric acid

(GABA)ergic ventral interneurons, and cholinergic motor

neurons. Intriguingly, during development each of these

cell types exhibits a characteristic pattern of spontaneous

activity. By overexpressing either voltage gated Na+

channels to enhance activity or inwardly rectifying K+

channels to suppress activity in the neural tube, Boro-

dinsky et al. [27��] artificially increased or decreased the

frequency of spontaneous Ca2+ spikes. Increased sponta-

neous activity led to a decrease in the excitatory neuro-

transmitters glutamate and acetylcholine, with a

compensatory increase in the inhibitory neurotransmit-

ters glycine and GABA. Likewise, decreased activity

resulted in the opposite pattern of neurotransmitter phe-

notypes. Notably, cell type specific markers were unaf-

fected by these alterations in activity. This suggests that

the activity-dependent regulation of neurotransmitter

biosynthesis is somehow directly coupled to the level

of neuronal firing and is not the result of a wholesale cell-

fate change.

Clearly, activity can modulate, and in some instances

even over-ride, the normal developmental program of

neurons. Why would such a mechanism operate in the

tadpole spinal cord? One possibility is that because this
Current Opinion in Neurobiology 2005, 15:14–20
circuit is important for escape reflexes it provides a way to

ensure appropriate motor outputs are quickly established

using a homeostatic sensing mechanism that calibrates

neuronal activity in the circuit. In the future it will be

interesting to examine how neurotransmitter gene reg-

ulation is controlled by activity, to determine whether or

not the effect of activity on neurotransmitter phenotype is

limited to a specific developmental period and to deter-

mine whether or not postsynaptic modifications also occur

in response to presynaptic neurotransmitter selection.

Does activity play a part in the CPG circuits of other

vertebrates and in other developmental events that are

important for configuring spinal circuits? Experiments

from Hanson and Landmesser [28�] suggest so, in that

altering spontaneous activity in the chick spinal cord

during an early phase of development results in motor

axon guidance defects. When spontaneous activity in the

spinal cord was slowed down by the addition of the GABA

receptor antagonist picrotoxin, motor neurons entering

the limb failed to segregate appropriately into dorsally

versus ventrally projecting populations. In the case of the

chick, these early episodes of spontaneous activity appear

to depend on GABAergic and cholinergic transmission

[29]. For this reason, it will be interesting to ascertain

whether blocking either of these neurotransmitter path-

ways leads to changes not only in axon guidance but also

in locomotor circuit connectivity, as this might tell us the

extent to which activity is important for locomotor circuit

assembly. Interestingly, spontaneous bursting elevates

intracellular Ca2+ levels. Yet other studies have shown

that transient increases in Ca2+ in axons and filopodia

accompany axon extension and might contribute to

growth cone turning [30,31]. Whether the somatic

changes in Ca2+ that accompany burst activity involve

the axonal compartment and thus directly regulate axon

guidance or are confined to nuclear gene control remains

to be determined.

Conclusions and future perspectives
The studies described herein highlight some of the

fundamental issues that need to be addressed to under-

stand how rhythmically coordinated neuronal circuits are

formed during development, and recent findings describ-

ing the architecture of these networks and firing proper-

ties of their constituent neurons. Without a doubt the way

in which these circuits are organized and function is a

reflection of the developmental and evolutionary sub-

strates from which they were formed. It will be important

not only to determine the workings of each of these CPGs

but also to understand how the walking CPGs in terres-

trial vertebrates differ from those present in swimming

vertebrates. In this respect, the frog nervous system can

provide important insights into how the control of quad-

ripedal movements on land relates to the control of

swimming motor behaviors. During amphibian metamor-

phosis the spinal circuitry that regulates locomotion is
www.sciencedirect.com
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reconfigured and new neurons are generated [32�]. Iden-

tifying the new neuronal cell types that are formed at this

time and defining how they intercalate into existing

locomotor networks is probably key to understanding

more complex locomotor networks. Similarly, the net-

works that control respiration in vertebrates probably

share many of the same neural substrates with those that

control locomotion. Thus, understanding how related

neuronal cell populations develop and function in these

differing contexts will probably provide important

insights into how different CPG outputs generate and

regulate their unique motor outputs.
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