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Abstract

Recent studies of the spinal motor system of zebrafish, along with work in other species, are
leading to some principles that appear to underlie the organization and recruitment of motor
networks in cord: (1) broad neuronal classes defined by a set of transcription factors, key
morphological features, and transmitter phenotypes arise in an orderly way from different dorso-
ventral zones in spinal cord; (2) motor behaviors and both motoneurons and interneurons
differentiate in order from gross, often faster, movements and the neurons driving them to
progressively slower movements and their underlying neurons; (3) recruitment order of
motoneurons and interneurons is based upon time of differentiation; (4) different locomotor
speeds involve some shifts in the set of active interneurons. Here we review these principles and
some of their implications for other parts of the brain, other vertebrates, and limbed locomotion.
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Introduction

Studies of spinal motor networks have focused in a concerted way on identifying neurons
involved in rhythmic motor behaviors with an aim toward unraveling the network
responsible for generating the rhythmic movements that underlie much of locomotion.1-
This admirable, though sometimes elusive, goal has left other, no less important, avenues of
study less well populated. Our recent work has been focused on one of these: the patterns of
recruitment of motoneurons and interneurons in the spinal cord.5-14 While there is a long-
standing body of important studies of how motoneurons are recruited, 1° with a few
exceptions, the interneurons have been much less studied, probably because of the
difficulties of studying identified populations active in rhythmic locomotion. The zebrafish
model has allowed us to attack questions of the functional organization of interneurons (and
motoneurons) in ways that are not feasible in other species.

Our results have revealed some simple underlying patterns to the organization of the spinal
neurons that link their development and structural organization to their functional roles. This
has allowed us to formulate some initial principles of the organization of spinal networks
that might extend to networks in the brain. The patterns also allow for predictions about
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possible features of organization of the mammalian locomotor central pattern generator.
Here we articulate the principles and review evidence supporting them from zebrafish, along
with other evidence suggesting that they may apply broadly in vertebrate nervous systems.
Finally, we also consider their implications for the construction of mammalian central
pattern generators.

The generation of cell types

The already classic studies of the transcription factor code in chick and mouse spinal cord
have revealed the way in which broad classes/categories of spinal neurons are
generated.>16.17 Different categories of neurons arise from different dorso-ventral zones in
spinal cord that express unique combinations of transcription factors. This patterning has
been extensively reviewed by others.?> What is important here is that the patterning
represents a fundamental underlying organization that, based upon studies of zebrafish, frog
tadpoles, chicks, and mice, is shared by all vertebrates. The underlying set of core cell types
is therefore much the same in all vertebrates.

This key assertion leads to important broader implications, so a brief account of some of the
evidence for it is warranted. The transcription factor expression pattern in tetrapods is one in
which the factors are expressed during development in bands across spinal cord at different
dorso-ventral locations. These are arranged in a particular order from ventral to dorsal in
mice and chicks. While not all of the tetrapod transcription factors have been examined in
zebrafish, those that have been studied occupy the same relative positions along the dorso-
ventral axis of spinal cord.18-21 The similarity in the order of the bands in the distantly
related zebrafish and mice (and some corroborating work in frogs22), suggests a very
primitive origin of the patterning.

The parallels among chicks, mice, zebrafish, and frogs extend beyond the expression
domains to the morphology, connectivity, and even some aspects of the functional roles of
the cells arising from particular domains in these divergent species. The two best
documented examples of this are the neurons marked by the transcription factors Engrailed
and Chx10 (called Alx in zebrafish). These mark similar neurons in zebrafish and mice.
Engrailed neurons are inhibitory neurons (Glycine/GABA) with ipsilateral ascending axons
in both species.12:23.24 This is also the case in frog tadpoles and chicks.222° In all of these,
the neurons not only share the primary axonal trajectory, but also share at least one synaptic
output, as they all directly connect to motoneurons. The Chx10 (Alx) neurons, in contrast,
are glutamatergic excitatory interneurons with a primary ipsilateral, descending axon in
mice and zebrafish.19:26 These neurons directly connect to motoneurons and probably other
cell types as well. These are the best examples of the parallels between the different species
because they have been examined in some detail, but there is preliminary evidence for a
similar overall patterning of other neuronal types as well.

One interesting feature of the code is that neurons arising from particular regions share some
phenotypic features, but differ in others. For example, cells with ipsilateral descending
axons arising from a domain called V2 diverge into excitatory and inhibitory types, each
marked by a different transcription factor.18:26 Recent work shows that these arise via a
terminal cell division that produces one excitatory and one inhibitory cell.18 This
developmental pattern could provide a mechanism for establishing a rough excitatory and
inhibitory balance in spinal cord that might be important for circuit function based upon
systems biology work that indicates such a balance enhances control. In addition, a fine
tuning of the balance might also occur via switches in transmitter phenotype between the
two types, given other evidence that switches can occur after alterations in the level of
activity in spinal cord.2” Such switches might allow a fine tuning of the balance of excitation
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and inhibition without gross morphological changes in the neurons because they represent
switches in transmitter phenotype of otherwise morphologically similar cell types.

The implications of the shared transcription factor code are substantial. Until the code was
revealed, there was no clear link between cell types in the spinal cord of aquatic animals and
those in tetrapods. The code bridges that gap and has immediately allowed for predictions
about the likely functional roles of neuronal types in mice based upon their functional role of
cells in fish and frogs, where the connectivity and behavioral contributions have historically
been easier to study. The engrailed neurons in frogs and fish were implicated in burst
termination that might be important for high-speed swimming.12:22 Subsequent studies in
mice showed that genetic inactivation of the neurons led to a slowing of locomotor rhythms,
at least consistent with what one might expect based upon swimming vertebrates.28 Since
not only the spinal cord, but much of the brain as well, is built using some of the same code,
explorations of the classes of neuronal types arising from transcription factor domains and
their functional organization has implications for structural and functional patterning
throughout the nervous system that will be reviewed later in this article.

While the parallels in the code are striking across vertebrates, this does not mean that the
cell types and networks in different species are identical. There is good evidence that
specialization of neurons arising from within particular transcription factor domains gives
rise to different neuronal types with somewhat divergent functions.23 This specialization
may not take the same form in different species, just as it might take different forms along
the neuraxis in individual animals. Nonetheless, the transcription factor code represents a
major unifying principle of organization across vertebrates, which suggests that specialized
networks in different species arise by divergence from a common shared neuronal ground
plan. Understanding that ground plan and the core wiring and activity patterns at its
foundation is therefore an important goal.

Functional order within and across transcription factor domains

While the transcription factor code and its link to major classes of neurons was first defined
in studies in mammals and chicks, the functional organization within the classes is more
difficult to reveal in those animals because their spinal cords are more complex than in
fishes. Evidence that there is clear functional order within and between the transcription
factor domains comes from studies of larval zebrafish, where obtaining data about the
patterns of activity during behavior is easier because of the ability to image activity with
calcium indicators /n vivo and to more easily target patch recordings from neurons because
of the transparency of the fish. These data have revealed a remarkable order to the
recruitment of neurons within and between transcription factor zones that ties together their
development, location, and functional properties.

The evidence for a functional organization came not from a directed attack on the question
of functional order within neurons sharing transcription factor expression, but rather from
studies of the pattern of recruitment of neurons during behaviors of different speeds. While
much was known about neurons that contributed to motor behaviors in both swimming and
walking vertebrates, questions of how the neurons were recruited during different speeds or
strengths of movement were mostly confined to recruitment of motoneurons. We set out to
explore how both motoneurons and interneurons of known classes were recruited during
changes in the frequency of bending of swimming zebrafish, which is correlated with how
fast they move.

Both electrophysiological recordings and calcium imaging of motoneurons in paralyzed fish
in which the “fictive” swimming frequency was monitored by recordings from spinal nerves
revealed a striking relationship between where a motoneuron was located and the frequency
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of swimming at which it was recruited.1® Motoneurons were recruited from the bottom of
the motor column to its top as the frequency of swimming increased. Measures of input
resistance and size showed that, like the recruitment frequency, both were also correlated
with position, with the high resistance smaller motoneurons located ventrally and
progressively lower resistance and larger motoneurons stacked above them. Earlier work
had shown that some of the fastest motoneurons were in the dorsal part of the motor column,
with slower ones below them,2%-31 but the more recent work showed that there is an overall
orderly relationship between location, cellular properties, size, and recruitment.

Remarkably, electrophysiological and optical studies of spinal interneuron recruitment
patterns showed that excitatory interneurons followed the same order of recruitment based
on location and cellular properties.10:11:32 The most ventral excitatory interneurons were
recruited at the lowest swimming frequencies and progressively more dorsal ones were
engaged as the frequency increased, just like the motoneurons. This pattern was not related
to interneuron size, but rather to location and, to some extent, to properties such as input
resistance. The order was evident both within a transcription factor class (the ipsilateral
descending excitatory CiD interneurons marked by Alx—the zebrafish version of Chx10 in
mammals), and across transcription factor classes, with both ventral Alx neurons and the
ventral MCoD interneurons (a commissural excitatory class arising from an Evx domain)
recruited at lower swimming frequencies than the more dorsal neurons. Inhibitory
interneurons in contrast were recruited in the opposite direction, from dorsal down with
increasing swimming frequency.

Importantly, there was no overall relationship between recruitment and soma size for either
inhibitory and excitatory neurons, as there was in motoneurons. This may have important
implications for principles of organization that extend across neuronal types in spinal cord.
The well-known size principle of recruitment of motoneurons applies broadly across all
species,1%:33:34 including the motoneurons in zebrafish. The evidence based upon soma size,
however, indicates that it does not apply to interneurons. Interestingly, there are better
predictors of recruitment that do apply to both motoneurons and interneurons.33:34 These
include both location and input resistance (which is not always well correlated with soma
size among interneurons), and, even more importantly, time of differentiation, which is
explored below. Thus, the size principle may be a subset of a broader pattern of organization
that links time of differentiation, connectivity, and cellular properties to recruitment.

The best predictor of recruitment patterns is the time of differentiation of the neuron in
spinal cord, whether the cell is a motoneuron, or excitatory or inhibitory interneuron. Studies
using color change proteins to time stamp neurons that have differentiated at particular times
indicate that the neurons differentiating first drive the higher frequency, larger and faster
movements in older animals, with neurons driving progressively lower frequency and slower
movements added later.8 This age-related order underlies the orderly recruitment of all the
neurons based upon location because the neurons are lined up dorsoventrally in cord roughly
by when they differentiated. Indeed the pattern of age-related stacking can account for the
opposite directions of recruitment of excitatory and inhibitory interneurons because they are
stacked in opposite directions based upon age. Thus, there appears to be a very systematic
organization that links the time of differentiation of a neuron to its location, cellular
properties, and, importantly, the frequency of swimming at which it is recruited. The
recruitment based upon age parallels the pattern of development of the animal because the
first embryonic movements are large amplitude and fast movements and progressively
weaker, and slower movements appear during development as neurons involved in
progressively slower movements later in life are added to the differentiating population.’ We
know for the motoneurons and some of the interneurons that the link between recruitment
and time of differentiation is retained even into adulthood, suggesting that it is not simply an
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early pattern that is linked to the gradual addition of ion channels as the neurons
differentiate.29.35.36

Shifts in interneurons with locomotor speed

Principle 1

Principle 2

There is one major difference in how motoneurons are recruited as compared to excitatory
interneurons. As frequency rises, more and more motoneurons are added to the active pool,
with those active at low frequencies remaining active at higher ones. Among excitatory
interneurons, those active at low frequency are removed from the active pool by inhibition
as those involved in higher frequencies of movements are recruited.’ This pattern occurs
both within a cell type because ventral CiD interneurons involved in slow swimming are
shut off as more dorsal CiD interneurons are recruited, and between cell types because the
commissural, excitatory premotor MCoDs, which are active in slow swimming, are turned
off as the CiD neurons active in faster swimming are recruited. The implications of this for
motor control are significant as they indicate that the populations of neurons driving
different speeds of movement change with speed, suggesting possible changes in the
networks (maybe even the central pattern generating networks) with speed of locomotion. In
the zebrafish, this switch also involves a change in premotor cell type from a commissural
excitatory cell type to an ipsilateral descending one. This observation leads to some
important potential implications, outlined in a later section, that could shed light on some
puzzles in studies of mammalian limb control networks.

Summary of principles of the zebrafish organization, also presented in Figure 1:

Broad neuronal classes defined by a set of transcription factors, key morphological
features, and transmitter phenotypes arise in an orderly way from different dorso-ventral
zonesin spinal cord. This core pattern appears to lie at the developmental and phylogenetic
base of the construction of spinal networks in all vertebrates. Neurons arising from the zones
that define the basic ground plan diversify further in their morphological and functional
details to give rise to specialized cell types during development and evolution. For example,
neurons arising from the engrailed domain in mammals share a common inhibitory
phenotype and ipsilateral axonal projection, but give rise to several cell types including
Renshaw cells and la inhibitory neurons.?® Distinctions within the engrailed class are less
obvious in larval zebrafish (which are free swimming and therefore functional from a motor
control perspective), suggesting that they may have diversified during evolution to give rise
to several types in mammals. They may, however, even diversify later in the development of
zebrafish when the circuits have been more difficult to study (but see Ref. 37).

Motor behaviors and both motoneurons and interneurons differentiate in order from
gross, often faster, movements and the neurons driving them to progressively slower
movements and their underlying neurons. Gross movements such as escape-like bends and
whole body swimming movements and the neurons producing them develop first, with
slower movements and the neurons underlying them differentiating later. In zebrafish, much
of this differentiation occurs in the egg, or just after hatching, but before the animal is free
swimming. Once free swimming, as the speed of swimming gets faster and faster, both
motoneurons and interneurons are activated in order from those differentiating last to those
that differentiated first. Thus, the fast networks differentiate first, and the slow ones last.
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Recruitment order of motoneurons and interneuronsis based upon time of differentiation.
In zebrafish, one consequence of principle 2 is a topographic map of neuronal recruitment in
cord that arises because the neurons remain arranged in the spinal cord largely by the time at
which they differentiated. In addition to position, other neuronal features such as input
resistance are also correlated with time of differentiation, but are not as good a predictor of
recruitment as when the neurons differentiated. Notably, the size principle of motoneurons
does not apply in its simplest form to interneurons, as there is no simple relationship
between at least soma size and recruitment. The best indicator of when a neuron is recruited
as speed increases is when it differentiated, with neurons recruited from youngest to oldest
as speed rises.

Different locomotor speeds involve some shiftsin the set of active interneurons. Some
interneurons active at slow speeds are silenced at faster ones and this pattern occurs both
within and between excitatory classes. Thus, the interneurons behave differently from the
motoneurons with respect to recruitment because the motoneurons only add neurons to the
active pool as speed increases, while the interneurons add new ones while removing others
that were active at slower speeds. The networks for slow and fast swimming are not the
same and appear to constantly shift as speed increases.

How broad are these principles across species and in the nervous system?

The patterns observed in zebrafish are not unique to this species. As described earlier in this
paper, the transcription factor code of cell types in principle 1 was first worked out in other
species, but seems present among vertebrates generally. The broad classes of neurons appear
to be generated via a similar developmental pattern in every vertebrate studied so far
including fish, frogs, chicks, and mice. Other work indicates that development via a
transcription factor code like that in spinal cord extends to hindbrain networks in zebrafish
(unpublished work) and other species.38:39

The observation in principle 2 that motor behaviors develop from gross and fast to refined
and slow is supported by behavioral observations from several species.1:6:40-46 Even data
from studies of human movements /n utero show that fast, whole body movements such as
the startle response are present early and more refined movements of, for example, the limbs
come later.*! The behavioral order implies that circuits for gross movements arise before
those for refined movements, but there is less information matching cell types to time of
differentiation in spinal systems of other species. Old data indicate that hindbrain neurons
that drive the fastest movements in zebrafish, such as the Mauthner cell, develop very early,
and our more recent studies provide evidence that neurons differentiate from fast to slow in
hindbrain as in spinal cord.#” While there is less neuronal-level evidence from mammals,
coarse coding neurons with broad effects develop before finer resolution cells in parts of the
mammalian nervous system, with, for example, the magnocellular parts of the visual
pathways differentiating before the parvocellular ones*8-59 and the reticulospinal neurons in
the startle response developing early.51:52

Less is known about how age-related order of recruitment of the spinal neurons in zebrafish
(Principle 3) applies to other species, but there is increasing evidence that there is
considerable age-related functional order in nervous systems. Neurons arising at different
times in mammals have different properties, and it may well be that neuronal sub-
populations arise at different times during development from individual transcription factor
zones in spinal cord.23:53 More direct studies of recruitment and its links to age in mammals
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and other species will help to resolve the generality of the pattern observed in fish. We do
have evidence that there is an orderly recruitment by age in the hindbrain networks,
suggesting that such patterns extend beyond spinal cord.>

The details of recruitment within classes of interneurons, and particularly assessment of
switches in cell types, as articulated in principle 4, are more difficult to study in other
species. Earlier studies of interneuron recruitment in dogfish spinal cord and in Xenopus
tadpoles did not find such switches, but they were not done in a way that would be likely to
reveal such switches either.55%6 In both cases, the recorded neurons were not identified, so
their transmitter phenotype and premotor status is unknown. The relevant premotor neurons
might simply have not been studied due to sampling problems. In addition, the Xenopus
work was early in the animal's development, at a stage corresponding to one in zebrafish
before the slowest networks have even developed, so one would not expect to find such a
pattern at that stage. We predict that studies of premotor excitatory interneurons in Xenopus
after the slower tail driven swimming movements have developed will show the same
pattern as we found in zebrafish.

Mammals are even harder to study than fishes and amphibians. Nonetheless there are hints
that may point to speed-related changes in the involvement of neuronal types even in
mammals. Genetic destruction of ipsilateral excitatory neurons in the Alx domain leads to
mice that move with a normal gait at slow speeds, but that switch at higher speeds to a
galloping type gait that they never use normally.®” This speed-related disruption, which also
occurs in spinal preparations, is consistent with the possibility of at least partially different
networks being engaged at different speed in mammalian spinal cord. Very recent
observations from human walking are also consistent with the possibility of speed-related
network switches,8 suggesting that it might be a very broad feature of organization.

Total speculation arising from the patterns in fish, but with some
predictions

While the breath of the relevance of some features of the simple axial motor patterns in fish
remains to be revealed, they nonetheless prompt some more speculative considerations
about other aspects of motor organization as well as possible arrangements of networks for
limbed locomotion, which are derivatives of primitive axial networks. Of course, limbed
locomotion is not identical to axial locomotion, so we cannot expect that everything will be
the same.>? Nonetheless, the two are related by evolution and it can be instructive to
consider the possible implications of the organization of axial networks for the construction
of limb circuits.60.61

Neuromodulation

One striking feature of motor systems is the ability to shape their output by
neuromodulation.82-64 The effects of neuromodulators are complex, without an obvious
overall pattern in the neuromodulatory changes in features like synaptic strength and
excitability.54.65 Perhaps this complexity is in part a consequence of the fact that studies of
the neurons are typically done after development is complete, and even after neurons arising
from different transcription factor zones and of different ages have migrated to intermingle
in the spinal cord or brain. One testable hypothesis is that there will be orderly effects of
neuromodulators on neurons and synapses based upon the time of differentiation of the cells.
Such an orderly pattern could be obscured later in life as neurons move around. This simple,
although untested, idea has some appeal because we know that recruitment patterns are
ordered by age. One could imagine that a change in the slope of recruitment (e.g., a more
rapid recruitment of more potent interneurons and motoneurons that might be important for
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a fish in a cold environment) could be achieved by a systematic alteration of the properties
of neurons in the population by a neuromodulator. This change could accomplish a more
rapid recruitment, while maintaining a smooth recruitment order to allow for a graded
movement. If so, we might predict that neuromodulatory effects might be comparable on
neurons that differentiated around the same time and change systematically with the time of
differentiation of the neuron. It remains to be seen whether there are such age-related
patterns in neuromodulatory effects, but they can be explored with relative ease in the
zebrafish model.

Limbed locomotion

Fin and limb muscles are derived from somites that primitively gave rise to axial muscles, so
we might expect that axial motor organization could inform us about at least some aspects of
limb control.56 While there are some likely candidates for neurons in the central pattern
generators for axial motor circuits based upon work in lampreys and frog embryos (still not
well tested by cell specific perturbations because of their difficulty in these non-genetic
models),®7:68 the mammalian central pattern generating networks have proved more
elusive.1’ Surprisingly, genetic perturbations of a variety of known neuronal classes—even
large groups of neurons—nhave failed to disrupt the ability of the networks to produce a
rhythm. This has led to speculation that there are other critical neurons that have been
missed and, along with observations of motor pattern deletions, to the development of ideas
about multilevel CPGs.% A consideration of evidence from axial networks may shed some
light on some of these more mysterious results concerning mammalian central pattern
generators.

The interpretation of mammalian perturbation experiments depends heavily on an
assumption that there is a network that contains a discrete set of neurons that forms the
central pattern generator and that the same neuronal classes (while maybe not the exact same
population of neurons) contribute to that CPG over the range of possible locomotor speeds.
Our studies of axial motor circuits in zebrafish, however, indicate that there can be switches
in cell types at different speeds, raising the possibility that the contributors to the rhythm
might change with speed. In particular, there are premotor commissural excitatory
interneurons active at slow speeds that are silenced at higher speeds. Most of the mammalian
work (and even axial work), while acknowledging the presence of commissural excitatory
interneurons, has focused on a conceptual organization in which coordination between the
two sides is accomplished largely by crossed inhibitory interneurons (but see Ref. 17). The
data from mouse perturbation experiments are typically interpreted in light of assumptions
that (1) there are not cell type changes in the CPG with speed and (2) crossed inhibitory
neurons are always critical for side to side coordination. Both assumptions may be wrong,
and if they are, so might be the interpretations of the genetic perturbation experiments and
ideas about the role of cell types in generating the motor output.

For example, work by the Goulding lab concluded that commissural inhibitory neurons are
essential for coordination between the two sides of the body.”? This was based upon modern
experimental genetic manipulations. In the first, perturbations of Dbx positive neurons,
which included all commissural cells, both excitatory and inhibitory, led to disruptions of
coordination between the two sides of the body, pointing to an important role for
commissural neurons. In the second experiment, only the excitatory commissural neurons
were perturbed, and they did not eliminate coordination between the two sides. This led to
the inference that commissural inhibitory neurons are critical for normal bilateral
coordination. These experiments could be interpreted differently if there are switches in the
commissural interneurons used at different speeds. Suppose, for example, that commissural
excitatory interactions (between extensor interneurons on one side and flexor interneurons
on the other) are more important than commissural inhibitory neurons for coordinating the
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two sides of the body at low speeds. These could phase flexor and extensors properly on the
two sides, with ipsilateral inhibitory neurons being critical for proper phasing between
extensors and flexors on the same side at the slow speeds. Suppose further that as speed
rises, commissural inhibitory neurons replace the commissural excitatory cells as the
primary commissural coordination system, with the interaction changing to one between
flexor and flexor pairs (or extensor/extensor) on opposite sides, rather than flexor/extensor
pairs (this idea has parallels with that of Crone et a/. 2008, but is somewhat different from
the change in commissural inhibitory neurons with normal changes in speed that they
suggest).>’

If this happened, the earlier Dbx perturbations might be interpreted differently. We would
expect that the disruption of all commissural neurons would indeed affect bilateral
coordination. The switch model would suggest that disrupting excitatory commissural
neurons would affect coordination at slow speeds of locomotion. There were no disruptions
in the DBx experiments, which on the face of it would seem to refute the switch idea. The
absence of effects could, however, be a consequence of the approach used to elicit
locomotion. In the Dbx experiments, bath application of drugs was used to activate spinal
cord. This massive excitation would not necessarily allow for the normal speed-related
changes in the networks and could easily mask the contribution of the excitatory cells by
disrupting proper speed-related network shifts.

This is all very speculative, but there is one clear prediction that would at least be consistent
with the idea of such speed-related switches. If the commissural inhibitory interneurons
were selectively perturbed and the locomotion was assessed in the intact animal, the idea of
a switch would predict that bilateral coordination would be normal at slower speeds and
disrupted at higher ones. This is akin to the pattern observed for descending excitatory
Chx10 neurons, which are involved in higher speeds in fish and whose disruption in mice
results in changes in bilateral coordination at higher speeds of locomotion. We are not at all
wedded to this hypothesis, but rather want to emphasize that even the interpretation of
existing experiments depends on assumptions about the network construction. While the
previous discussion focused on side to side coordination rather than rhythm generation itself,
it could be that the actual rhythm-generating network changes with speed, which might
underlie conclusions that neurons so far identified are not part of the rhythm generator.

In thinking about limb control it is important to keep in mind that in the primitive axial
system that gave rise to limbs, the coordination of ipsilateral body segments was no more
important than the coordination between the two sides. Without both, swimming is
problematic. A focus on single limbs and flexor and extensor coordination between them
can to lead to a de-emphasis on the possibility that neurons from one side of the body might,
as they were primitively, be critical to normal rhythm generation and patterning of output on
the opposite side and that their roles might change with changes in speed. The derivation of
limbs from axial muscles increases the possibility that some of rules that underlie axial
locomotor circuits in zebrafish presented here may also appear in limb motor networks. This
is not to say that there will not be differences (there must be!), but rather that the
evolutionary history makes it likely that there may be core similarities as well.
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Summary of principles of organization of spinal neurons. (A) Spinal neurons of particular
transmitter phenotypes and morphologies are specified in a dorso-ventral fashion by the
combination of transcription factors activated by gradients of diffusible morphogens. VO
interneurons are a mixture of excitatory and inhibitory cells, all with commissural axons; V1
cells are inhibitory with a primary ascending ipsilateral axon; V2 interneurons are a mixture
of excitatory and inhibitory cells with a primary descending axon; V3 cells are excitatory
and have either a commissural or ipsilateral descending axon. (B) A summary schematic of
the developmental order of spinal circuitry and the associated movement in larval zebrafish.
Neurons responsible for progressively slower movements in larvae are added as zebrafish

Ann N'Y Acad Sci. Author manuscript; available in PMC 2013 February 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fetcho and McLean

Page 14

develop. (C) Schematic summarizing the recruitment order of interneurons and
motoneurons, which occurs from the bottom of spinal cord up. (D) Schematic summarizing
the switch in premotor interneuron activity responsible for driving the progressive dorso-
ventral activation of motoneurons as larvae swim faster and faster.
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