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‘………and a tone arises from its measured motion’

P.B. Shelley: Stanzas Written in Dejection near Naples

Introduction
Because movement sets the tone for animal behavior, nervous systems need to devote a
considerable fraction of their computational power to the task of activating muscles in precise
temporal and spatial patterns that drive coordinated motor activity. Even the simplest of motor
tasks, in the most primitive of animals, demands the integrated activity of a diverse set of neural
circuits. In vertebrates, the planning of movement prior to overt muscle activity involves the
recruitment of many supraspinal networks. But the executive element of motor control – the
task of determining which muscles are to be activated, how intensely, and for how long – has
been assigned to neural circuits located within the spinal cord.

At the core of the spinal motor system are sets of local interneurons which assemble themselves
into ordered networks capable of controlling the activity and output of spinal motor neurons.
These networks are usually referred to as central pattern generators (CPGs). While CPGs
possess a high degree of autonomy in output, their activation depends on input from supraspinal
command centers, notably those in the mesencephalon and caudal diencephalon. Sensory
feedback pathways that report on the state of muscle activity also have critical roles in refining
the pattern of locomotor output in each movement cycle, permitting the core CPG network to
adapt itself to the many obstacles and uncertainties that confront animals during their
ambulatory excursions (1). Defining the intrinsic logic of spinal CPG networks, and the way
in which they integrate descending commands and sensory feedback information, remains one
of the fundamental challenge in the broader field of motor systems neuroscience.

Over the past few decades, progress in clarifying principles of spinal motor control has
benefitted from a wide range of ideas and approaches -- cellular neurophysiology and anatomy,
consideration of the biomechanics of limb movement, as well as computational descriptions
of simulated motor behavior (see 2,3,4). Building on this foundation, there has been a gradual
broadening of interest in the organization and function of spinal motor systems, driven in part
by advances in three additional areas. Biophysical studies have provided an increasingly
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quantitative account of the membrane, synaptic and integrative features of identified neurons
within spinal motor networks, especially so in aquatic vertebrates (5,6). Molecular genetic
strategies have progressed to the point that it is now feasible to manipulate identified spinal
neurons with unprecedented specificity and to test the impact of such perturbations on circuit
function and motor behavior (7,3,8). There has also been an increasing interest in comparative
aspects of spinal motor control – probing key differences in the organization of locomotor
networks that permit animals to execute motor programs that are fitted to the specialized needs
of their physical environment (9).

In this brief review, we set out to highlight some of the recent advances in these research areas,
while pointing out the many puzzles and uncertainties that still confound the goal of arriving
at a ‘simple’ set of rules that govern the organization and function of spinal motor networks.

From lamprey to mammals: evolving patterns of vertebrate motor
coordination

The first vertebrates to emerge, some 500 millions year ago, are today represented by lampreys
and hagfish, two phylogenetically distinct and conserved agnathan (jawless) groups that lack
paired appendages. The lamprey locomotor network, arguably the ancestral doyen of vertebrate
locomotor systems, generates a pronounced left-right alternation of motor output in each
segment, while imposing a segmental phase lag that results in the propagation of an undulatory
wave of motor activity along the body axis, from head to tail (5). This basic motor strategy is
evident in most fish, in the larval stages of amphibia, and in a more limited form, in some
mammals (8,10,6,11). Some 100 million years after the emergence of agnathans, the
acquisition of pectoral fins – paired appendages that represent the precursors of the tetrapod
limb – permitted aquatic vertebrates to use them for steering and move them in either alternating
or synchronous modes during locomotion. Mammals, comparative newcomers that appeared
on the scene only ∼130 million years ago, have retained and embellished this versatile
appendicular addition to the motor repertoire. In mammals, each of the four limbs is controlled
by a separate network which, when needed, can generate limb-specific motor patterns.
Individual limb patterns can also be combined to produce higher order mammalian gait patterns
that underlie the transition from walk, to trot, to gallop. The limbs of course need to remain
coordinated with the trunk, although distinctly different patterns of coordination can be used,
such as in a walk as compared to a gallop. In the salamander the trunk movements in the
transition from swimming to walking have been reported. Interestingly it swims with a
lamprey-like undulatory wave with the limbs held to the body, but when switching to walking
instead a standing wave appears, coordinated with the four limbs (12). The neural origin of
this switch has been approached through modeling (13,14)

This evolutionary perspective raises the question of whether and how spinal pattern generator
circuits equipped to coordinate muscle activity in limbs and other paired appendages emerged
from a presumed ancestral network devoted to the generation of segmentally phased trunk
movements. The analysis of neuromuscular activity patterns in frog embryos before, during,
and after metamorphosis represents a particularly promising approach to this issue since, here,
motor output can be followed longitudinally in a single animal over the period that motor
behavior switches from a segmental to a limb-based strategy (Fig 1). Recordings from motor
nerves at prospective limb levels of Xenopus tadpoles have provided evidence that prior to
metamorphosis the spinal pattern generator network is initially active in phase with the trunk
CPG, but that with the formation of the limb bud, motor output gradually gains independence
from the trunk CPG and begins to exhibit primitive limb motor neuron bursting patterns (15,
16). These observations suggest that during the early peri-metamorphic phase the interneurons
that control the developing limb are still tightly linked to the activity of the trunk CPG, and
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only later gain independence from their segmental shackles and begin to devote themselves to
the job of activating specific limb muscles.

How this fundamental switch in the pattern of locomotor output is achieved remains unclear.
One possibility is that this trick is performed by a common and invariant group of spinal
interneurons that manage to rewire themselves during metamorphosis, so as to accommodate
the appearance of the limbs and their diversified musculature. But we know that the set of
motor neurons destined to innervate newly-generated limb muscle targets is actually born
during the metamorphic period (17). This finding raises the possibility that a corresponding
set of interneurons is generated over this transitional period. In this scenario, the switch in
spinal network pattern could be directed by the superimposition of a new set of interneurons
to a cohort of pre-metamorphic CPG interneurons, so embellishing the network and
reconfiguring its output.

The developmental assembly of the mammalian spinal pattern network for limb movement
also proceeds in progressive phases. Initially, all hind-limb muscle groups burst in synchrony,
followed by a phase in which left-right alternation of the two limbs becomes evident,
proceeding finally to a more mature pattern of flexor-extensor alternation within individual
limbs (18). In part, this phasic progression appears to reflect a switch in signaling sign of the
GABAergic and glycinergic interneurons responsible for patterning the interneuronal and
motor output that directs left-right and flexor-extensor alternation. Early in development, the
profile of expression of chloride co-transporters favors steady-state chloride influx, and thus
ionotropic GABAergic and glycinergic signalling drives chloride efflux and depolarization of
post-synaptic neurons. But later, after the onset of K+/Cl- co-transporter (KCC2) expression,
the switch in chloride equilibrium potential favors steady-state chloride efflux such that
GABAergic and glycinergic signalling now produces chloride influx and hyperpolarizing
responses in target neurons (19). Intriguingly, in rodents certain phases in the timing of the
switch in the co-transporter expression, and thus target neuron response, are reported to be
hormone-regulated (10), raising the possibility that the change in locomotor pattern and
strategy during amphibian metamorphosis reflects, in part, a thyroxine-induced switch in
neuronal chloride equilibrium potential in newly-generated neurons.

Insight into the steps that directed the assembly of spinal pattern generator networks during
vertebrate evolution has also come from comparative anatomical and molecular studies of
motor neuron diversification. The spinal motor repertoire of ancestral aquatic vertebrates such
as the lamprey appears to be dominated by a segmentally-iterated set of motor neurons that are
destined to innervate distinct axial muscle domains (20). These motor neurons share
organizational and molecular features with the set of median motor column (MMC) neurons
present in birds and mammals (8;21). By inference, the elaboration of a more complex set of
peripheral target muscles in the limb and body wall presumably demanded a corresponding
program of motor neuron diversification. In birds and mice, the specification of spinal motor
neuron columnar and pool subtype identities has been shown to depend on extrinsic patterning
signals supplied by members of the Wnt, FGF and retinoid families (22,23,24). These graded
signalling factors exert their actions by inducing and imposing spatial and temporal patterns
of expression of transcription factors, notably the Hox homeodomain proteins (23,25). These
findings form the basis of a model (Figure 2) which suggest that the initiating evolutionary
step in spinal motor neuron subtype diversification was the attenuation of an MMC inductive
program of non-canonical Wnt signaling, so diverting neurons from an MMC fate and
permitting the emergence of a parallel set of ‘primed’ hypaxial motor column (HMC) neurons
(26). Subsequently, the idea goes, graded FGF and retinoid signals acted on this ‘primed’ set
of competent HMC motor neurons, imposing an intricate rostrocaudal profile of Hox protein
expression which directs the generation of lateral motor column (LMC) neurons, and their
resident motor pools.
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Designing a direct test of this, or indeed any alternative, evolutionary model is clearly
problematic. Nevertheless, a potential way forward has been suggested by the finding that the
activity and output of the entire spinal motor neuron Hox repertoire depends on a single Hox
transcriptional co-factor, FoxP1 (26). In mice lacking FoxP1 activity, motor neurons fail to
acquire LMC columnar and pool identities, and instead acquire an HMC-like identity, in
essence reverting the mammalian spinal motor system to an ancestral state that more closely
resembles that evident in primitive aquatic vertebrates (26,27) During vertebrate evolution, the
diversification of the spinal motor system may therefore have involved the regulated expression
and activity of Hox proteins and their key FoxP co-factors. When extended to amphibia, this
model suggests that the activation of the Hox/FoxP transcriptional program underlies the
addition of LMC neurons to pre-existing MMC- and HMC-like motor neurons. And since many
spinal interneurons express Hox and FoxP proteins (28,29), it is conceivable that the
diversification of interneuron patterning networks in vertebrates is guided by parallel Hox/
FoxP programs.

It is striking that aspects of the molecular program of vertebrate motor neuron specification
are also evident in arthropods and annelids. Embryonic motor neurons in Drosophila express
close counterparts of many of the transcription factors that specify the generic identity of
vertebrate motor neurons (30,31), suggesting that phasic undulatory movements in radically
different animals might be governed by a conserved program of motor neuron specification.
Even more remarkably, the dorso-ventral patterning program that characterizes motor neuron
and interneuron generation in the spinal cord of vertebrates is largely preserved in the
bristleworm Playtnereis dumerlii, a creature argued to represent the closest living relative of
a now extinct common ancestor to animals with bilateral symmetry (32). Given this
unanticipated molecular conservation, it is not unreasonable to consider whether superficial
parallels in the neural strategies for walking in insects and terrestrial vertebrates (33), both of
which rely on networks of sensory neurons, interneurons and motor neurons assembled into
circuits with common design features (34), actually reflect a conserved genetic wiring program
– despite the striking difference in anatomical organization and neuronal design.

A physiological framework for spinal motor control networks
Evolutionary considerations aside, just how near are we to defining a canonical spinal circuit
for vertebrate locomotion? And what has the advent of molecular genetic methods for spinal
network analysis added to facts and principles gleaned from tried and true physiological
approaches? We first discuss the physiological canon that provides the underpinnings of current
views of the spinal locomotor network, and then assess the impact of molecular genetic
approaches.

Like all circuits, spinal locomotor networks are constructed from core sets of excitatory
glutamatergic, and inhibitory glycinergic and/or GABAergic, interneurons (Figure 3).
Considerable effort has been devoted to defining the respective contributions of these two
fundamental neuronal sets to the establishment of motor pattern. Studies in aquatic and
terrestrial vertebrates have shown that pharmacological blockade of glycinergic and
GABAergic inhibitory transmission fails to abolish rhythmic burst activity (35,36,37,38,39),
a finding that also applies to other networks like the respiratory CPG (40,11). These and other
observations have provided strong evidence that a core network of excitatory glutamatergic
interneurons, acting via AMPA and NMDA receptors, is sufficient to establish rhythmic motor
burst activity in groups of synergistic motor neurons. In lamprey and tadpole, intrinsic synaptic
excitation within pools of excitatory premotor interneurons at the segmental level (Figure 3)
can account for the burst generation in combination with their membrane properties (41,5,6).
Gap junctional communication has recently also been reported within this pool of excitatory
interneurons, providing the potential for further amplification of network activity (42). The
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termination of motor bursts results primarily from an activity-induced increase of intracellular
Ca2+ and Na+ that in turn, activates KCa and KNa channels that will drive the membrane
potential towards the equilibrium potential for K+ (43,5), and also enhance the post-spike after-
hyperpolarisation that contributes to the spike frequency adaptation (Figure 3B).

By extension, spinal inhibitory interneurons have been argued to have a role in coordinating
the activity of different sets of “excitatory core burst generators” dedicated to coordination of
flexor and extensor motor output and to flexor output from different joint systems – hip and
knee flexors for example (1). Thus, motoneurons from lamprey and zebrafish, to amphibians
and mammals have been shown to receive phasic excitatory input during the depolarizing phase
of the movement cycle, followed by phasic postsynaptic inhibition in the next phase (44,36,
45,46,1). This core excitatory push -inhibitory pull arrangement has long been considered to
operate through each motor cycle. It is with reference to this established view that three recent
sets of findings merit discussion.

The drive for motoneuron firing – law and order or anarchy?
One recent set of observations (47) appears starkly at odds with consensus views. Analysis of
motor neuron activity in turtle spinal cord during induction of the scratch reflex reported that
hip motor neurons received a continuous, and mixed, barrage of excitation and inhibition.
Moreover, these inhibitory and excitatory phases were observed to peak in register with overall
neuronal conductance phase, during the depolarizing waves of scratch episodes. Finally, spike
activity was reported to be driven by depolarizing synaptic transients. Based on these
observations, Berg and colleagues argued that coincident, rather than sequential, phases of
excitation and inhibition underlie locomotor rhythm and pattern.

Do these findings call for a fundamental reassessment of the origins of locomotor pattern?
Studies in mammalian spinal cord using identical methodology have not found evidence for
coincidence of excitatory and inhibitory synaptic input, and instead have corroborated earlier
reports of alternating excitatory and inhibitory drive to most motoneurons (48). The results of
Berg et al. (47) could have their basis in the specifics of experimental design, since in their
studies recordings were obtained from motoneurons close to the cut surface of the spinal cord
which are likely to lack many of their normal synaptic inputs. Whatever the reason, the
heterodox view suggested by Berg and colleagues for the turtle scratch is not generalizable to
other well-characterized locomotor networks.

Paradoxical persistence of rhythmic locomotor pattern after vGluT2 inactivation
A key tenet of the ‘core excitatory kernel’ view of motor burst initiation is that glutamatergic
signaling between excitatory interneurons is needed for the establishment of motor pattern. It
is puzzling therefore that attenuation of glutamatergic transmission in mouse spinal
interneurons, through inactivation of the gene that encodes the synaptic vesicular glutamate
transporter (vGluT2) fails to perturb spinal locomotor pattern when assessed in vitro during
fictive locomotion (49). Nevertheless, respiratory pattern is severely disrupted, implying that
the preservation of spinal motor pattern does not have its basis in a general failure of vGluT2
elimination to impact glutamatergic transmission in motor circuits.

What could underlie this unanticipated finding? One possibility is that there is deregulation or
redundancy in the actions of the vGluT transporter family, a situation that has been considered
in other regions of the CNS (50). It is also conceivable that neurons deprived of the opportunity
for glutamatergic transmission rely on parallel cholinergic transmitter signalling. There are
indeed now reports in mammals of dual expression of cholinergic and glutamatergic characters
by some spinal neurons (51,52,53,54). Co-release of glutamate and acetylcholine can also occur
in the developing tadpole, and fast nicotinic receptors can be activated in concert with the

Grillner and Jessell Page 5

Curr Opin Neurobiol. Author manuscript; available in PMC 2010 October 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



glutamate receptors (52,55). Moreover, developing motoneurons stripped of their capacity for
acetylcholine synthesis by inactivation of the gene encoding choline acetyl transferase switch
to the use of glutamate as excitatory transmitter (56).

Another plausible class of explanation emerges from consideration of the fact that synaptic
interactions among inhibitory interneurons, and with motoneurons, remain intact in vGluT2
mutant animals. Thus, despite the elimination of endogenous excitatory drive, exogenous
application of glutamate agonists in isolated spinal cord preparations will still trigger motor
neuron firing that terminates under the influence of intrinsic ion conductances, resulting in
burst-like activity. These drug-induced bursts could then be co-ordinated by inhibitory
interneurons, to generate a quasi-normal pattern of motor activity. This scenario implies the
existence of mechanisms able to synchronize groups of inhibitory interneurons with synergistic
functions. Gap junctions represent one of several possible mechanisms that could contribute
to such an effect, like in other regions of the CNS (57). Known instances of gap junctional
communication in spinal cord (58,59,42,60) could therefore contribute to the coordination of
inhibitory network function and motor bursting in the absence of glutamatergic signaling.

An excitatory influence of GABAergic cells lining the central canal
A recent elegant study in larval zebrafish has shown, unexpectedly, that activation of a set of
GABAergic ‘Kolmer-Agduhr’ cells in the larval zebrafish elicits a prominent facilitatory
influence on locomotor network activity (61). These unusual GABAergic cells extend cilia
into the central canal of the spinal cord yet also project into the spinal neuropil, and in most
species reach the lateral margin of the spinal cord. In genetically modified zebrafish, photo-
activation of these cells results in enhanced locomotor activity. In other vertebrate species
including the lamprey, the corresponding ciliated neurons project to the lateral margin of the
spinal cord, where they inhibit stretch-receptor neurons that provide movement-related
feedback to the locomotor network (62). Defining the precise function of these cells, which
appear conserved throughout much of vertebrate evolution, may add an important component
to the logic of spinal locomotor network organization and function.

Spinal interneuron subtypes: molecular diversity in search of functional
correlates

Physiological and anatomical data that document the functional diversity of interneurons
involved in regulating motor output have been augmented more recently by molecular
descriptions of interneuron subtype, revealed most clearly by profiles of transcription factor
expression (63,7). Interneurons that settle in the ventral spinal cord with presumed roles in the
control of motor pattern derive from four progenitor populations, which give rise at cell cycle
exit to four cardinal interneuron classes, termed V0, V1, V2 and V3 neurons (Figure 4), with
each progenitor and post-mitotic set marked by its own distinctive set of progenitor and post-
mitotic transcription factors (63). This interneuron transcriptional code is conserved across
vertebrate species – the same four basic neuronal sets can be delineated in rodents, chicks,
frogs and fish (64).

Within the framework of this molecular classification scheme, the task has been to determine
the relationship of defined neuronal subtypes to the organizational logic of interneuron
circuitry, and to ask whether molecular interventions that target individual neuronal subsets
can reveal new aspects of the logic of interneuron networks in spinal motor control. Studies
over the past few years have begun to link basic interneuron subtypes to network organization
and function, yet suggest the existence of a far greater degree of molecular complexity and
functional diversity.
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The elusive transcriptional signature of rhythmogenic interneurons
Although there is now persuasive evidence that core elements of spinal locomotor rhythm are
directed by a network of excitatory, glutamatergic, interneurons, the molecular identity of these
interneurons has remained elusive. Several recent studies have attempted to identify core
rhythmogenic interneurons by monitoring and manipulating the activity of transcriptionally
defined sets of glutamatergic interneurons (Figure 4). Two major classes of glutamatergic
interneurons are generated in the ventral spinal cord, from the p2 and p3 progenitor domains
(65). V2a interneurons, defined by Chx10 expression, represent a class of ipsilaterally
projecting neurons (66,67), whereas most V3 neurons have contralateral projections (68).
Inactivation of each set individually, by complete elimination of the neurons, or by tetanus
toxin mediated blockade of neurotransmitter release, has little impact on the core locomotor
rhythm revealed in isolated spinal cord preparations (68,69). Thus each interneuron class,
alone, is dispensable for rhythm generation, emphasizing the presence of overlapping neuronal
mechanisms that ascertain motor pattern generation. In the absence of one neuronal set, spinal
networks could undergo homeostatic compensation to scale the remaining connections, re-
establishing aspects of loconmotor output.

Attention has also focused on a third, minor, set of glutamatergic interneurons of unknown
progenitor provenance, marked by the transcription factor Hb9 (70,71). In the mouse, these
interneurons exhibit pronounced membrane potential oscillations during locomotor activity.
Moreover, the rhythmic membrane depolarization of Hb9 interneurons occurs in register with
ventral root motor burst pattern, raising the possibility that they constitute an integral
component of the rhythm-generating networks (72). More recent two-photon calcium imaging
studies in isolated mouse spinal cord preparations, however, reveal only sparse activity of Hb9
interneurons during locomotor episodes, and show that the onset of neuronal activity lags
behind ventral root bursting (73). These findings question the idea that Hb9 interneurons are
the sole intrasegmental rhythm-generating elements in the mammalian CPG. Since selective
inactivation of Hb9 interneurons has not yet been achieved, their contribution to the
establishment of locomotor rhythm in vivo remains uncertain. Thus, transcriptionally-based
identification strategies have not succeeded, so far, in pinpointing the specific excitatory
interneuronal populations that lie at the core of rhythmogenicity.

Interneuronal substrates of left-right motor alternation
More progress has been made in defining elemental circuits that underlie the alternating phasic
relationship of motor output on the left and right sides of the spinal cord. In rodents,
physiological and anatomical studies have implicated sets of commissural interneurons that,
once activated by ipsilateral motor burst activity, project to and inhibit contralateral motor
neurons (11,74,75). Many of these commissural interneurons (Figure 4) correspond to V0
interneurons that can be marked by expression of the transcription factor Dbx1 (76). Moreover,
in Dbx1 mutant mice which lack V0 interneurons, there is a marked increase in incidence of
co-bursting of left and right flexor/extensor motor neurons during drug-induced locomotion in
vitro (77). Thus, V0 commissural inhibitory and excitatory interneurons appear to be a core
component of spinal locomotor circuits that control stepping movements in mammals.

These findings posed the question of the organization of the excitatory neural inputs to V0
commissural interneurons involved in activating commissural pathways. A set of V2a neurons
appear to serve this role. V2a interneurons, defined by Chx10 and Sox14 expression, are
glutamatergic neurons with ipsilateral projections towards V0 commissural interneurons (66,
69). Genetic elimination of these neurons, through Chx10-directed diphtheria toxin expression,
results in a marked erosion of the fidelity of left-right alternation of motor bursts in isolated
spinal cord preparations (69). Thus one neural substrate for left-right coordination involves V0
commissural neurons and their excitatory glutamatergic input from ipsilateral V2a
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interneurons. Recent studies have indicated considerable diversity in the identity and
connectivity of commissural interneurons (78) supporting the existence of V0-independent
populations of commissural interneurons, and posing the question of whether V2a neurons
provide input to all classes of commissural inhibitory interneurons.

Analysis of the role of V2a interneurons in spinal motor behavior in vivo (79) has raised the
possibility that this set of neurons contributes to the fidelity of gait pattern at different speeds
– an intriguing, but poorly resolved aspect of locomotor control. When challenged with
locomotor tasks that require different speeds of movement, wild type mice typically employ a
single trot-like gait pattern. In contrast, mice lacking V2a interneurons often switch from a
trotting to galloping gait as the required speed increases. Moreover, a speed-dependent loss of
left-right alternation can also be revealed during drug-induced fictive locomotion in spinal
cords isolated from neonatal V2a interneuron-deficient mice. These findings suggest that V2a
interneurons help to maintain left-right alternation at high speeds of locomotion, and by
inference that a distinct circuit operates at lower speeds. In many ways, the left-right alternation
defects observed in V2a interneuron-deficient mice are reminiscent of those observed in mice
lacking the function of the EphA4 signaling system, in which a set of excitatory ipsilateral
interneurons are thought to project aberrantly across the midline, to innervate contralateral
neuronal targets (80). Nevertheless, despite their evident EphA4 expression, V2a interneurons,
appear not to represent the population that switches from an ipsilateral to contralateral
trajectory in EphA4 mutants (66), implicating another, as yet unidentified excitatory
interneuron class, perhaps contained within the V3 interneuron group.

Studies on speed-dependent circuits for locomotor control in mice have an intriguing parallel
in the zebrafish spinal cord (81,82,83,121). At low swimming frequencies, ventrally positioned
commissural excitatory interneurons are rhythmically active, whereas at higher swimming
frequencies, more dorsal excitatory neurons are recruited (81). Laser ablations of ventral
excitatory interneurons perturb slow movements, supporting a behavioral role for position-
dependent recruitment of interneurons. The excitatory ipsilateral interneurons that are recruited
during somewhat faster swimming appear to represent the counterparts to mammalian V2a
neurons, in that they express the zebrafish Chx10 homolog, Alx (80,122). Alx interneurons are
glutamatergic, are activated during rapid swimming, and make frequent monosynaptic
excitatory connections onto motoneurons (85). Within the Alx neuronal population, early-born
neurons are active during fast swimming at frequencies normally seen in the embryo, whereas
later-born neurons are preferentially recruited during the slower, sustained, swimming episodes
typical of larger animals (81). At these slow speeds, manoevering usually involves the pectoral
fins as well as slow body undulations, raising the issue of whether or not the activity of these
ventral interneurons is also linked to pectoral fin motor programs (86). The pectoral fin CPG
has received only modest attention, and further studies are clearly warranted, given that it is
represents a precursor of the tetrapod limb CPG.

Taken together, these studies suggest an evolutionary conservation in the transcriptional and
functional identity of glutamatergic interneurons that participate in circuits involved in the
control of control of locomotor speed. In mice, current emphasis on V2a neurons has focused
on their connections with commissural interneurons, whereas in zebrafish the connectivity of
Alx neurons with motor neurons has been stressed. It seems plausible that Chx10/Alx neurons
coordinately regulate ipsilateral motor output through direct connections with motor neurons,
and contralateral motor output via commissural inhibitory pathways. More generally, these
studies have placed the V2a interneuronal system at a key position in the excitatory control of
locomotor pattern. They have also raised the issue of whether the variant connectivity of V2a
neurons normally contributes to the selection of locomotor gait in different vertebrates (80).
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Ipsilateral inhibitory interneurons and flexor-extensor coordination
Inhibitory interneurons have diverse roles in shaping locomotor pattern. Viewed from the
perspective of CPG networks, they have been implicated in providing the coordination of flexor
and extensor output across the same or different joints in a limb. Yet in a parallel world of
sensory-motor transformation (87), inhibitory interneurons have been implicated in reciprocal
(Ia inhibitory neurons), feedback (Renshaw cells) and feed-forward (pre-synaptic sensory)
inhibition (88). The transition from stance to swing of the CPG is subject to a clear-cut
modulation by sensory afferents signalling the end of stance (1,89), and thus it seems likely
that many classes of spinal inhibitory interneurons contribute to both intrinsic CPG and
sensory-evoked motor output. Integrated and crucial information about the overall position of
the limb in relation to the body, as well as the length of the limb is available at the spinal level
at different parts of the step cycle. Such information can only be obtained by convergent input
from many types of sensory afferents (90). Attempts to define spinal interneuron subtypes
through profiles of transcription factor expression may therefore have broader relevance to the
understanding of regulatory constraints on spinal motor output

In the ventral spinal cord, most GABAergic and glycinergic inhibitory interneurons with
ipsilateral projections derive from the p1 or p2 progenitor domains. The cardinal V1
interneuron class, marked by expression of the transcription factor En1, innervates motor
neurons and probably other ventral interneurons (91). V2b interneurons represent the inhibitory
subset of p2 progenitor derived interneurons, are marked by GATA2/3 expression (66,92), and
appear to send local projections to spinal motor neurons. Anatomical and molecular studies
indicate that the cardinal V1 set comprises several distinct subsets of inhibitory interneurons,
including Renshaw cells and possibly Ia inhibitory interneurons (7). Complete elimination of
V1 interneurons, achieved through En1-dependent toxin targeting or inactivation of the Pax6
gene, abolishes Renshaw cell-mediated recurrent inhibition (93,94). Moreover, glycinergic
En1 neurons in zebrafish and tadpole contribute to both sensory gating and motor pattern
generation (95,96) But in both mutant conditions the phasing of flexor and extensor output, as
well as more direct measurement of reciprocal inhibitory connections, is preserved (97). Thus
V1 interneurons are either not involved, or function redundantly with a distinct population of
inhibitory interneurons. V2b neurons seem the most likely candidates for this parallel
population. The inactivation of V1 output does, nevertheless, markedly reduce the speed of the
locomotor step cycle (94). The precise subclass of V1 neurons involved in speed control, and
how they relate to the V2a excitatory interneuronal system discussed above remains unclear.

Specialized interneurons for presynaptic inhibition of sensory-motor transmission
The transfer of sensory signals to motor neurons and interneurons is also filtered by subgroups
of GABAergic interneurons that act pre-synaptically to inhibit sensory transmitter release
(98). In all vertebrates examined, from lamprey to carnivores (99,100), pre-synaptic inhibition
is phase-dependent, with the consequence that the influence of sensory afferent input on
locomotor programs varies according to the phase of the locomotor cycle (86). These
presynaptic GABAergic terminals have been established ultrastructurally (101,102). Recent
studies have provided molecular insight into the origin and development of this set of inhibitory
interneurons.

In contrast to the ventral origin of most inhibitory interneurons with motor and ventral
interneuron targets, the GABAergic interneurons that mediate pre-synaptic inhibition of
proprioceptive sensory input derive from a distinct dorsal (dI4) progenitor domain, and can be
defined by expression of the transcription factor Ptf1a (103,104). Moreover, the connectivity
and synaptic differentiation of GABAergic interneurons that mediate pre-synaptic inhibition
is directed by their sensory targets. In the absence of sensory terminals these GABAergic
neurons shun other available targets, fail to undergo presynaptic differentiation, and withdraw
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their axons from the ventral spinal cord. Thus, the connectivity and synaptic organization of
this transcriptionally defined set of GABAergic interneurons are controlled by a stringent
program of sensory terminal recognition and retrograde inductive signaling. The molecular
identification of a distinct set of pre-synaptic inhibitory interneurons should make it possible
to eliminate the output of these neurons and assess the consequences for motor programming.

Locomotor network properties tuned by slow synaptic actions
Although the core features of locomotor network organization reflect the circuitry and actions
of interneurons that mediate fast synaptic responses, more refined aspects of circuit function
and motor output are controlled by the influence of neuromodulators released during activation
of the core locomotor network. These modulatory signaling systems elicit slower synaptic
actions, usually through activation of G-protein coupled receptors (GPCRs; Figure 5).
Typically, GPCR activation regulates ion channels in the somatodendritic membrane that
modify cellular properties (e.g. frequency adaptation) or modify synaptic efficacy at a pre- or
postsynaptic level. Together, these modulatory systems help to sculpt the fine details of CPG
output, permitting versatility in network function without the requirement for structural
changes in circuit organization.

Recent studies in lamprey, tadpole, and to some degree in rodents have provided an early
glimpse of the logic of action and interaction of different spinal modulatory systems (105,16,
40,51,106) (Figure 5). Overall locomotor frequency is enhanced by engagement of
metabotropic glutamate and tachykinin receptors, and reduced by activation of serotonergic
and GABAergic receptors. In addition to its fast synaptic action, glutamate activates a diverse
array of metabotropic glutamate receptors (mGluRs). In conjunction with ionotropic excitatory
network drive, activation of mGluR1 receptors enhances motor bursting by modulating leak
currents and enhancing NMDA receptor elicited depolarisation (107,108). In addition, mGluR
activation triggers retrograde endocannabinoid signalling which exerts a pre-synaptic
depression at inhibitory synapses. In parallel, mGluR activation evokes the release of nitric
oxide (NO) which facilitates glutamatergic synaptic transmission (109,110) and enhances
overall network activity (111). The release of tachykinins elicits a similar range of synaptic
effects, in part again through retrograde endocannabinoid signaling (112,113).

Serotonin and acetylcholine also have pronounced modulatory effects on spinal motor
networks. Serotonin (5-HT) serves as pivotal modulator of spinal motor networks, stabilizing
locomotor rhythm and promoting a decrease in burst frequency. These serotonergic actions
reflect the influence of descending brain stem pathways, and in some species, of intraspinal
serotonergic neurons. Serotonin mediates these actions by engaging diverse 5-HT receptor
subtypes expressed both pre- and post-synaptically, and through distinct ionic mechanisms
(114,115,116,51). Activation of muscarinic receptors also exerts a profound influence on motor
output. Most notably, in rodents the activation of m2 muscarinic receptors, which are
prominently expressed on the somata and proximal dendrites of motor neurons, elicits a marked
facilitation of motor neuron firing frequency, mediated by blockade of spike after-
hyperpolarization (117).

What next in the measurement of motion?
The logic of neuronal networks and their link to physiological function, whether in the context
of movement itself or other behaviors, is likely to emerge only when sufficiently detailed
information is available on the identity and membrane properties of individual neuronal
components of the network, the synaptic interactions that connect and coordinate these neurons,
and the adaptive properties of these networks under different behavioral constraints. In the case
of the spinal networks that direct locomotor behavior, we are approaching this level of
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understanding only for aquatic vertebrates that rely to a large extent on undulatory locomotor
strategies.

But even in these relatively well-studied systems we still have only a limited insight into the
way in which specific locomotor tasks recruit distinct modulatory systems, to fine-tune the
motor program in order to achieve a particular type of adaptation. In the lamprey and other
aquatic animals, attention is beginning to turn to the problem of how visual and motor systems
are integrated in the cause of goal-directed movements and the role of forebrain structures like
the basal ganglia in the dynamic selection of motor programs.

In fish with paired appendages, the circuitry that controls and coordinates the motility of
pectoral and pelvic fins is still largely uncharted territory, despite the evident relevance of this
issue to the control of tetrapod limbs. In mammals, limb CPGs control diverse muscle groups
with complex activation patterns that demand considerably greater flexibility than simple
flexor-extensor coordination. By virtue of classical studies in the cat, we now have highly
detailed physiological and anatomical accounts of the repertoire of identified interneuron
subtypes that contribute to motor output, and quantitative models of network function (87),
but still insufficient experimental control to bind these interneuronal components into testable
schemes of spinal motor control.

Studies of spinal motor control in rodents, and especially in mice, offer the possibility of linking
the traditions and insights of cat physiology with the emerging potential for precise genetic
manipulation of spinal interneuron network function. Many recent studies, some discussed
here, have provided initial accounts of changes in local circuitry and locomotor pattern after
genetically programmed manipulation of molecularly defined interneuron sets. Although rapid
progress has been made, the grain of current molecular insight remains coarse. It is likely that
each cardinal ventral progenitor domain gives rise to multiple distinct interneuron subtypes,
in much the same way that close to a dozen different motor neuron columnar and pool subtypes
can differentiate from a single motor neuron progenitor domain. By analogy, each interneuron
domain might generate half a dozen distinct interneuron subtypes, implying the existence of
two dozen or more molecularly defined ventral interneuron classes. Matching this expanded
molecular diversity to physiologically-defined neuronal subtypes and their connections will
be a major task, but could help to reveal new principles of spinal network organization. And
given the extensive evidence for dynamic, state-dependent, interactions between the neurons
of spinal networks, the outcome of molecular interventions will need to be tied closely to, and
eventually used to refine, predictive models of spinal network function.

Ultimately, studies on spinal locomotor networks will have to inform us about the logic of
specific motor behaviors in an animals' normal environment. Towards this goal, the analysis
of diverse motor behaviors needs to be combined with physiological studies on reduced in vitro
preparations and biophysical descriptions of neuronal excitability and output. In mouse and
zebrafish, there are the beginnings of a combined genetic, cellular and in vivo behavioral assault
on the problem of spinal motor control (7,10,118,119,120). Along the way, it may be worth
ensuring that the acceleration of technologies in genetic manipulation of defined neuronal
subtypes is accompanied by the design and implementation of more refined and informative
assays of motor behavior.
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Figure 1. Amphibian metamorphosis is accompanied by a change in spinal locomotor pattern
(A) Tail-based swimming in pre-metamorphic (<stage 53) Xenopus larvae. Undulatory
propulsive movements are generated by alternate bilateral contraction of axial myotomes, and
are associated with a rostro-caudal phase delay (upper panel). Schematic representation of
extracellular ventral root (VR) recordings from the isolated brain stem/spinal cord (lower)
showing spinal network motor output. This pattern is characterised by left-right alternating
bursts of motor activity (see left and right VR1) that propagate rostro-caudally (see dotted line).
(B) Limb-based swimming in post-metamorphic (>stage 64) froglets. By this time, the tail has
been resorbed and swimming is now produced by slower, bilaterally-synchronous cycles of
hindlimb extension and flexion (upper panel). The isolated spinal cord/brain stem generates a
fictive locomotor pattern in which left and right limb extensor motoneurons produce coincident
bursts that alternate with bursts in left and right hindlimb flexor motoneurons.
Adapted from ref. 16.
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Figure 2. A model for the diversification of spinal motor neuron subtypes during vertebrate
evolution
Lower branch. Inductive signaling along the dorsoventral axis of the neural tube involves the
graded actions of sonic hedgehog (Shh) and Wnt proteins (not shown) secreted by the floor
plate and adjacent ventral cells, and the patterned expression of homeodomain (HD) proteins
by ventral progenitor cells and post-mitotic neurons. This dorso-ventral patterning pathway
recruits expression of the LIM homeodomain proteins Lhx3 and Lhx4 by newly generated
motor neurons, assigning a median motor column (MMC) – like identity. In primitive ancestral
vertebrates such as the lamprey and hagfish the dominance of this inductive pathway confers
all motor neurons with a MMC fate, providing the neural substrate for undulatory locomotor
behaviors.
Upper branch. Over the course of ∼500 million years of evolution, rostro-caudal inductive
signals mediated by retinoids (RA) and fibroblast growth factors (FGF) establish the patterned
expression of Hox homeodomain proteins in motor neuron progenitors and post-mitotic motor
neurons. The engagement of Hox transcription factors, and an essential Hox accessory factor,
FoxP1, drives motor neuron columnar and pool diversification, resulting in the formation of
lateral motor column (LMC) neurons and their resident motor pools. This diversification
process permits the spinal motor system to innervate the more complex set of peripheral motor
targets that characterizes higher vertebrates and underlies intricate tetrapod gait patterns.
The key intermediate step in this diversification process is presumed to involve the attenuation
of non-canonical Wnt signaling, permitting the generation of motor neurons that lack Lhx3
and Lhx4 expression and progress to a hypaxial motor columnar (HMC) fate (not shown). This
ground-state HMC-like column provides the neuronal substrate for the actions of the Hox/
FoxP1 transcriptional program. For details, see text and ref 26.
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Fig. 3. Locomotor network of the lamprey
Diagrams show schematic representation of the brainstem and spinal components of the neural
circuitry that generates rhythmic locomotor activity.
A. All neuron symbols denote populations rather than single cells. Descending commands
exerted through glutamatergic neurons excite all classes of spinal interneurons and
motoneurons. The excitatory interneurons (E) excite all types of spinal neurons, i.e. the
inhibitory glycinergic interneurons (I) that cross the midline to inhibit all neuron types on the
contralateral side and motoneurons (M). Stretch receptor neurons are of two types; one
excitatory (SR-E), which excites ipsilateral neurons and one inhibitory (SR-I), which crosses
the midline to inhibit contralateral neurons and provide sensory feedback during actual
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swimming. In addition, metabotropic receptors are activated during locomotion and are an
integral part of the network as indicated in the box below the network (5-HT, dopamine (DA),
GABA, tachykinins (TK) and mGluRs).
B. Cellular mechanisms contributing to burst termination. During a burst, Ca2+ ions entering
via NMDA and voltage-dependent channels activate Ca-activated K+ channels (KCa) that will
have a hyperpolarising effect with different time courses (fast (f) and slow (s)). Similarly the
entry of Na+ ions (Na) during the burst will activate sodium-dependent K+ channels (KNa).
Voltage-dependent K+ channels activated during the action potential are grouped and indicated
as (KD).
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Figure 4. Molecular programs of interneuron diversity in the ventral spinal cord
A. The position of origin of motor neurons (MN) and the four cardinal interneuron populations
V0-V3) in the ventral spinal cord.
B. Representative examples of interneuron classes derived from distinct ventral progenitor
domains. Many of these interneuron subtypes can be distinguished by post-mitotic transcription
factor expression, axonal trajectories and transmitter phenotype.
C. Schematic diagram depicting proposed circuitry of distinct ventral interneuron classes,
defined by transcriptional identity and physiological properties. Although many details of the
link between molecular identity, network organization and physiological properties remain
unclear, emerging evidence supports the view that molecular determinants of neuronal identity
contribute to the assembly of spinal interneuron networks.
For details, and references, see text.
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Figure 5. Regulation of cellular and locomotor network properties by endogenous neuromodulators
In this schematic diagram, upward red arrow indicates enhanced activity, and downward blue
arrow a reduction or depression in activity. Diverse modulatory effects include regulation of
burst frequency, NMDA receptor dependent synaptic transmission, spike frequency adaptation,
post-inhibitory rebound and phase-dependent presynaptic inhibition.
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