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Abstract
Metamorphosis in the anuran frog, Xenopus laevis, involves profound structural and
functional transformations in most of the organism's physiological systems as it
encounters a complete alteration in body plan, habitat, mode of respiration and diet. The
metamorphic process also involves a transition in locomotory strategy from axial-based
undulatory swimming using alternating contractions of left and right trunk muscles, to
bilaterally-synchronous kicking of the newly developed hindlimbs in the young adult. At
critical stages during this behavioural switch, functional larval and adult locomotor
systems co-exist in the same animal, implying a progressive and dynamic

reconfiguration of underlying spinal circuitry and neuronal properties as limbs are added

and the tail regresses. To elucidate the neurobiological basis of this developmental



process, we use electrophysiological, pharmacological and neuroanatomical
approaches to study isolated in vitro brain stem/spinal cord preparations at different
metamorphic stages. Our data show that the emergence of secondary limb motor
circuitry, as it supersedes the primary larval network, spans a developmental period
when limb circuitry is present but not functional, functional but co-opted into the axial
network, functionally separable from the axial network, and ultimately alone after axial
circuitry disappears with tail resorption. Furthermore, recent experiments on
spontaneously active in vitro preparations from intermediate metamorphic stage animals
have revealed that the biogenic amines serotonin (5-HT) and noradrenaline (NA) exert
short-term adaptive control on circuit activity and inter-network coordination: whereas
bath-applied 5-HT couples axial and appendicular rhythms into a single unified pattern,
NA has an opposite decoupling effect. Moreover, the progressive and region-specific
appearance of spinal cord neurons that contain another neuromodulator, nitric oxide
(NO), suggests it plays a role in the maturation of limb locomotor circuitry. In summary,
during Xenopus metamorphosis the network responsible for limb movements is
progressively segregated from an axial precursor, and supra- and intra-spinal
modulatory inputs are likely to play crucial roles in both its functional flexibility and

maturation.
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Introduction

To survive development and reach maturity, an animal's nervous system must be
capable of adapting to continually changing biomechanical and environmental
circumstances. Such plasticity in nervous system operation not only requires the
assembly of new neuronal circuitry to accommodate additional behavioural demands,
but also a dynamic reconfiguration of pre-existing connectivity within maturing networks
as well as changes in the integrative electrical properties of constituent neurons.
Neuronal networks that generate programmed behaviours such as respiration,
locomotion and feeding are useful models for studying developmental correlates of
nervous system plasticity since such behaviours can be clearly defined at the
neuroethological level, and thus the functional consequences of any developmental
alteration in the underlying motor network can be charted with relative accuracy.

The metamorphosis of tadpole to frog in anuran amphibians constitutes one of
the most dramatic developmental transformations in biology, involving massive
alterations in body structure, a transfer from aquatic to aerial respiration, a switch from
herbivorous to carnivorous diet, and biochemical, physiological and morphological
changes in virtually all of the animal's organs (Shi, 2000). With respect to locomotion,
the alteration in body plan from tadpole to adult is accompanied by the growth of limbs
and the regression of the tail as the organism switches its locomotory strategy from the
employment of undulatory, tail-based swimming in larvae to limb-based kick propulsion
in the young adult. These biomechanical modifications to the locomotory system during
metamorphosis require a dynamic anatomical and functional restructuring of underlying
neural circuitry within the central nervous system (CNS). Such a remodelling must
include the appearance of new sensory and motor pathways to service the emerging

limbs, in direct contrast to the concurrent loss of larval spinal circuitry that accompanies



the regression and eventual elimination of the tail. Therefore the gradual replacement of
the tail-based swim network by adult limb-kick circuitry during the metamorphic process
implies that addition, deletion and functional reassignment of spinal neuronal elements
are occurring simultaneously. However, although Xenopus metamorphosis has been
widely studied from endocrinological and molecular biological perspectives (Shi, 2000),
the associated developmental changes that occur in actual central neural network
function remain largely unknown (but see, e.g. Hoskins, 1990).

Here we review recent evidence from our exploration of in vitro CNS preparations
of the clawed toad Xenopus laevis, which continue to produce motor rhythms that share
basic features with the patterns that drive real locomotion in vivo. Comparisons of the
"fictive" locomotor patterns generated by in vitro preparations at different metamorphic
stages have begun to unravel how the developmental remodelling of spinal locomotor
circuitry is achieved (Combes et al., 2004), with the eventual aim of determining the
neurobiological substrates of such plasticity at the cellular and systems levels. We have
also reported that during metamorphosis, neurons that produce the gaseous
neuromodulator, nitric oxide (NO), are distributed in a spatial and temporal pattern
appropriate for a developmental role in the assembly of the limb motor circuitry
(Ramanathan et al., 2006). Preliminary results have also suggested that NO exerts
modulatory actions on the expression of spinal locomotor output throughout this period.
More recent evidence has shown that the monoamines serotonin and noradrenaline
also exert powerful, but opposing, modulatory actions on the expression of spinal
locomotor output during metamorphosis, indicating that these signalling molecules may
dynamically regulate the short-term operation of spinal locomotor circuitry, in parallel

with long-term network development. Finally, comparison is drawn between the



metamorphic changes in Xenopus and the different strategies utilized by other animals

in the ontogeny of their locomotory systems.

1. Frog metamorphosis
Anuran metamorphosis involves three major types of developmental process: firstly, a
resorption of larval-specific organs such as the gills and tail; second, a de novo
formation of adult-specific organs such as the lungs and limbs; and third, a remodelling
of pre-existing structures ,such as the liver and intestine, into their adult formats (Dodd
and Dodd, 1976; also see Shi, 2000). The entire metamorphic process is orchestrated
by thyroid hormones (TH), comprising tetraiodothyronine (thyroxine or T4) which is
converted to a more active form, triilodothyronine (T3), by monodeiodinases in target
tissues where it regulates gene expression (Denver et al., 1997). Evidence for the
causal effects of TH on metamorphosis originally derived from the finding that
exogenous T3 and T4 induce precocious metamorphosis (Gudernatsch, 1912), that the
inhibition of endogenous T3 synthesis blocks metamorphosis (Dodd and Dodd, 1976),
and the close correlation of the normal metamorphic process with elevated plasma
concentrations of T3 and T4 (Fig. 1). During pro-metamorphosis (stages 54-58;
Nieuwkoop and Faber, 1956), the hindlimbs develop as TH levels rise until a peak is
reached some two weeks later at metamorphic climax (stage 59-64). Circulating TH
subsequently returns to premetamorphic levels at stage 66 when the tail has completely
regressed and the animal employs solely a limb-based mode of locomotion.

A diverse range of changes in nervous system organization and function during
metamorphosis has been documented. For example, the bilaterally-paired, giant
Mauthner neurons of the medulla involved in larval escape responses undergo

degeneration (Kollross, 1981), as do larval-specific mechanoreceptor Rohon-Beard



neurons (Hughes, 1957). In contrast, postembryonic neurogenesis and proliferation of
secondary motoneurons and sensory systems (dorsal root ganglion cells) is required to
service the newly developing limbs (Van Mier, 1986). Other types of neuron already
present at larval stages, such as cerebellar Purkinje cells, continue to mature and
acquire dendritic complexity in accordance with their more complex adult integrative
functions (Hauser and Gona, 1984), while still other neuron types, such as trigeminal
motoneurons, are reassigned to different jaw muscle targets in the adult frog (Omerza

and Alley, 1992).

2. Developmental segregation of spinal locomotor circuitry

What general developmental rules allow the metamorphosing frog to first construct and
then disengage an adult locomotor network from a functionally distinct and pre-existing
tadpole precursor? To address the neural basis of this developmental plasticity, we
have established in vitro preparations of the spinal cord and brain stem at different
metamorphic stages. Such isolated preparations continue to generate fictive locomotor
rhythms spontaneously throughout 2-3 days in vitro (Combes et al., 2004). In intact
premetamorphic larvae, as in the earlier postembryonic stages (Roberts et al., 1998),
locomotion consists of alternating left-right myotomal contractions that propagate along
the body in a rostro-caudal sequence. Although the limb buds appear at stage 49,
undulatory propulsion remains the only mode of locomotion during this developmental
period. Consistent with this axial-based swimming behaviour, in vitro recordings from
ventral motor roots of the isolated CNS (Fig. 2A1, left) during episodes of fictive
locomotion show bilateral alternation of bursts within a given segment, with a brief

rostro-caudal delay between segments (Fig. 2A2).



From the beginning of prometamorphosis at stage 53 until stage 58, the
emerging hindlimbs gradually acquire motility, although this consists of alternate
abductions/adductions that are often unilateral, apparently to compensate for rolling
body movements of the animal. Otherwise, normal locomotion is still exclusively axial,
with the hindlimbs that are still insufficiently developed to participate in active propulsion
normally being held extended against the body (Fig. 2B1). However, in vitro recordings
have revealed that these apparent limb adductions during axial swimming are more
complex than a simple tonic activation of the motoneurons innervating hindlimb
extensor muscles. Rather, recordings from motor nerve branches to the left and right
anterior tibialis (ankle flexor: Flex) and gastrocnemius (ankle extensor: Ext) muscles
(see Fig. 2B1 lower) showed that both flexor and extensor motoneurons to a given limb
displayed strong rhythmic bursting during fictive axial swimming. It is important to note,
however, that this early appendicular rhythmicity, which occurs in strict 1:1 coordination
with the axial motor pattern (see boxed cycle in Fig. 2B2), consists of a co-activation of
flexor and extensor motoneurons to the same limb, and an alternation between motor
bursts in opposite limbs.

From stage 59, at the onset of the metamorphic climax, the limbs are fully
functional and they now participate actively in body propulsion (Fig 3A1). Until the tail is
resorbed, the animal is still able to employ axial swimming, either alone or in
combination with limb-based swimming. In the latter condition, moreover, the two
patterns may be expressed independently and with completely different cycle
frequencies (Fig. 3A2; see dispersed phase values in circular plot at right) or limb
activity may remain co-ordinated 1:1 with the axial rhythm (Fig. 3A3; see tightly
concentrated phase values at right). In both cases, and in contrast to the earlier

combined pattern during pro-metamorphosis (see Fig. 2B2), the appendicular pattern is



now coordinated appropriately for generating independent hindlimb kick cycles, with
homolateral flexor and extensor motoneurons bursting in alternation, and homologous
bilateral motoneurons bursting synchronously. These in vitro results therefore indicate
that by metamorphic climax, the hindlimb network is fully functional and generates adult-
specific patterns of locomotor output. However, during this critical transitional period, the
temporal relationship between the primary axial and secondary limb networks can
change spontaneously from decoupled (Fig. 3A2) to coupled (Fig. 3A3) modes of co-
ordination, and vice versa, presumably in response to changing behavioural demands.

Finally, from stage 62, resorption of the tail begins and locomotion becomes
exclusively appendicular. As seen in the in vitro recordings of Fig. 3B2 obtained from a
now tail-less stage 64 froglet (Fig. 3B1), bouts of rhythmicity expressed in limb motor
nerves corresponded to bilaterally-synchronous hindlimb extensions (power-stroke
phase of each cycle) that alternate with bipedal flexions (return-stroke phase).

The progressive changes in locomotor strategy that accompany the emergence
of the hindlimbs during Xenopus metamorphosis are schematised in Fig. 4. Within a
single limb (Fig. 4A), the most striking developmental change in the underlying motor
command is the switch from precocious synchronous bursting in homolateral flexor and
extensor motoneurons during pro-metamorphosis (Fig. 4A1, see ellipses) to the typical
adult pattern at metamorphic climax when these same motoneurons to antagonistic
muscles now burst in strict alternation (Fig. 4A2). In terms of the coordination between
functionally homologous motoneurons in opposing hindlimbs (Fig. 4B), the opposite
transition occurs in keeping with a switch in bilateral limb movement from left-right
alternation (Fig. 4B1) to synchronous hindlimb thrusting (Fig. 4B2).

These developmental changes in limb motor activity occur in parallel with a

progressive functional separation of limb circuitry from the primary axial network (Fig.



4C1) until a point (around the metamorphic climax) when the two co-existing circuits can
be conjointly active but in rhythms with two completely different frequencies (Fig. 4C2).
However, occasionally at this mixed developmental stage, a return to co-ordinated axial-
and limb-based activity can occur (Fig. 4C3; see experimental recordings in Fig. 3A2,
A3), and our recent data suggest that this switch between coupled and decoupled axial
and limb motor rhythms may be subject to neuromodulatory control (see below).

Thus at early pro-metamorphic stages, an appendicular motor command appears
to exist already, but in an immature form that remains subordinate to the axial network
in terms of cycle frequency, homolateral burst synergies, and left/right alternation. This
suggests that initially during metamorphosis, the newly-differentiated limb motoneurons
and pre-existing axial motoneurons share common synaptic inputs from tail-swimming
circuitry. As metamorphosis proceeds, however, the de novo limb-kick circuitry
progressively disengages from the faster tail network, becoming increasingly free to
operate at its own slower cycle frequency and with a different pattern of burst timing that
is appropriate for adult hindlimb control. Thus at later metamorphic stages, the ability of
axial- and limb-based motor patterns to be expressed conjointly at very different
frequencies (and occasionally independently) is clearly indicative of two co-existing

spinal rhythmogenic networks that are approaching a complete functional segregation.

3. Comparison with rodent locomotor network development

Striking parallels and differences exist between the developmental changes in
limb motor coordination in metamorphosing Xenopus and alterations in appendicular
output that occur during the maturation of other vertebrate locomotor systems. In the
rat, for example, the acquisition of the adult pattern of locomotion relies on a

progressive maturation of spinal circuitry that extends through the pre- and peri-natal



period. Five days prior to birth (embryonic day 16, E16), the lumbar region of the in vitro
rat spinal cord generates a motor pattern that consists of synchronized activity in
flexor/extensor motoneurons and on both sides of the cord (Nishimaru and Kudo, 2000;
for a review see Vinay et al., 2002). Two days later (at E18.5), however, the hindlimb
motor command now displays bilateral alternation, although synchronous bursting still
occurs in homolateral flexor and extensor motoneurons. This intermediate
developmental coordination therefore strongly resembles the transitional phase in pro-
metamorphic Xenopus (Stage 57-58), where limb motor output during fictive axial
swimming also consists of left-right alternation, with flexor and extensor motoneurons
on the same side bursting in synchrony (see Fig. 2B2; Fig. 4A1,B1). As the rat
approaches birth (at E22), however, the adult-like pattern of motor coordination
becomes established in which, unlike in late pro-metamorphic Xenopus where a shift to
bilateral synchrony occurs, the newborn rat now expresses both left-right and
homolateral flexor-extensor alternation.

Although the mechanisms underlying the developmental changes in Xenopus
locomotory network coordination remain to be elucidated, some testable hypotheses
can also be formulated from comparison with the early maturation of the rodent
locomotory system. In the latter, for example, the transition from in-phase bursting on
the two sides of the cord at E16 to left-right alternation in lumbar root bursts at birth
(Nishimaru and Kudo, 2000) is thought to derive from a combination of maturational
changes, including a decline in widespread electrical coupling and a maturational shift in
the equilibrium potential for chloride ions toward more hyperpolarized values. This in
turn accounts for a switch in GABA- and glycine-evoked potentials from functional

excitation to inhibition (Ben-Ari, 2001) with a resultant transformation of the discharge of

10



cross-cord coupled neurons from synchrony to alternation (Nishimaru and Kudo, 2000;
Clarac et al., 2003; Kudo et al., 2004).

The left-right alternation of locomotor circuitry in the spinal cord of pre-
metamorphic Xenopus larvae is mediated by inhibitory glycinergic cross-cord
connections (Soffe, 1987), as it is in the rat (Cowley and Schmidt, 1995; Kjaerulff and
Kiehn, 1997). A reasonable hypothesis therefore is that a weakening (rather than a
strengthening, as is likely the case in rodents) of cross-cord glycinergic inhibition occurs
in the developing limb circuitry of Xenopus, and in conjunction with an increase (and/or
an emergence) of cross-cord excitation, enables network activity to switch from left-right
alternation appropriate for axial swimming, to bilateral co-activation necessary for
synchronous limb-kicking. This situation is in direct contrast to the requirement for a
switch from synchrony to alternation in the activity of homolateral limb flexor and
extensor motoneurons. Here the most likely developmental solution is that any electrical
coupling between adjacent ipsilateral motoneuron pools becomes weakened in parallel
with the de novo formation of intersegmental inhibitory connections to ensure alternating
flexor and extensor bursting (see also Kudo et al., 2004).

Finally it has to be remembered that in contrast to the foetal rodent, the limb-
based locomotory circuitry of metamorphosing Xenopus is assembled under the
dominance of a pre-existing functional system (for tail-based swimming) which initially
appropriates the still immature limb network to its own pattern of activity. Thus whereas
locomotion in adult mammals derives from the progressive acquisition of functional
spinal circuitry from an embryonic (and therefore non-functional) precursor, the
emergence of limb-based locomotion in Xenopus is fundamentally different. Here, an

already functional locomotor system (for axial swimming) is replaced by a second
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completely different one (for limb-based swimming), with the two systems having to co-

exist and operate within the same organism while the transition is taking place.

4. Neuromodulation and locomotor network development
As for higher vertebrates, descending projections from the brainstem play important
roles in both the modulation and maturation of amphibian spinal locomotor networks (for
review, see McLean et al., 2000). To date, the best studied supraspinal control
pathways in Xenopus are the serotonergic and noradrenergic systems which are
present at the time of hatching and originate in two brainstem cell populations, the
raphe nucleus (Sillar et al., 1995) and the isthmic region (the amphibian equivalent of
the locus coeruleus (Marin et al., 1996)), respectively. The biogenic amines serotonin
(5HT) and noradrenaline (NA) have very different short-term modulatory actions on the
spinal locomotory circuitry of the hatchling tadpole. Whereas exogenously-applied SHT
increases the duration and intensity of axial motoneuron bursts with little effect on
swimming frequency (Sillar and Roberts, 1992), NA slows fictive swimming and reduces
burst durations relative to cycle periods (McDearmid et al., 1997). An important common
target of this aminergic modulation is the strength of inhibitory synaptic connections
within locomotory spinal circuitry, and in particular, the glycinergic inhibition of
motoneurons by cross-cord commissural interneurons responsible for reciprocal mid-
cycle inhibition and the left-right alternation necessary for undulatory swimming. Again
5HT and NA exert opposing modulatory effects, with SHT decreasing the amplitude of
mid-cycle glycernergic IPSPs during fictive swimming, whereas NA enhances them
(McDearmid et al., 1997).

5HT has also been implicated in the maturation of the larval locomotory system,

and in particular, the developmental acquisition of more efficient and flexible axial
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swimming behaviour. This conclusion derived from previous findings that the early
maturation of postembryonic swimming rhythmicity between late embryonic and early
larval stages (Sillar and Roberts, 1991) is strikingly similar to the effects of exogenous
5HT described above (Sillar et al., 1992), and that these effects occurred in an age-
dependent, rostro-caudal fashion in temporal correlation with the progressive ingrowth
of serotonergic axons to the spinal cord (Sillar et al., 1993; Sillar et al., 1995; Van Mier,
1986).

Our most recent findings also indicate that monoamines continue to exert
important and different regulatory influences on spinal locomotor circuitry during the
later metamorphic development of Xenopus. A particularly interesting example is the
ability of 5-HT and NA to modulate, again in an opposing manner, the functional
coupling between axial- and limb-based locomotor rhythms in animals at metamorphic
climax (see Fig. 4C2, 3; Rauscent et al., unpublished observations). In stage 61 in vitro
preparations that are spontaneously expressing independent axial and limb rhythms
(Fig. 4C2), bath-applied 5-HT (5-10uM) causes an acceleration of appendicular
rhythmicity, a slowing down of axial activity, and a 1:1 coupling of the two otherwise
separate patterns into a single, combined rhythm (Fig. 4C3). In contrast, the presence
of NA (10uM) has the opposite effect, in that during already spontaneously-coupled
locomotor rhythmicity (as in Fig. 4C3), this amine's action is to dissociate the two
rhythms by causing a differential increase and decrease, respectively, in the frequency
of axial and limb activity. It seems likely that these opposing network-specific effects on
cycle rate are accompanied by an amine-dependent increase (for 5-HT) and decrease
(for NA) in the strength of synaptic interactions between the two circuits. Presumably
such short-term plasticity in the functional relationship between co-existing locomotor

networks is designed to satisfy the immediate propulsive requirements of the animal,
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and it now remains to be seen whether 5-HT and/or NA are additionally engaged in the
longer-term developmental changes in Xenopus locomotor circuitry during
metamorphosis.

Another source of supraspinal influence on Xenopus tadpole locomotor circuitry is
the gaseous signalling molecule nitric oxide (NO) which has been implicated in
numerous developmental and physiological processes throughout the animal kingdom.
NO has also been found to be involved in developmental mechanisms as diverse as
neurogenesis, cell proliferation (Kuzin et al., 1996), differentiation (Contestabile and
Ciani, 2004) and apoptosis (Pinsky et al., 1999; Zhang et al., 2004). Our recent findings
are consistent with an equally multi-faceted role of NO in the metamorphic development
of Xenopus locomotory spinal circuitry (Ramanathan et al., 2006). This has been
suggested by the progressive pattern of appearance of NO-synthase (NOS) containing
neurons within the spinal cord during metamorphosis. Whereas in pre-metamorphic
tadpoles, NOS expression is restricted to the brainstem (McLean and Sillar, 2000,
2002), at early stages of pro-metamorphosis (coincident with the emergence of the fore-
and hindlimb buds), two distinct clusters of spinal NOS-positive neurons interspersed
with areas devoid of stained somata are observed. Interestingly, motoneurons
innervating the fore- and hindlimb buds (revealed after retrograde labelling with
horseradish peroxidase (HRP)) are located exclusively in areas where NOS staining is
absent, indicating that during early stages of metamorphosis, nitrergic neurons are
excluded from the very cord regions where the new limb circuits are forming. Therefore
it is possible that, as reported elsewhere in the Xenopus CNS (Peunova et al., 2001),
the rat brain (Moreno-Lopez et al., 2004) and Drosophila (Kuzin et al., 1996), NO may

have an early negative influence on network development, so that its absence from the
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cervical and lumbar spinal regions in early pro-metamorphic stages could allow the
neuronal proliferation necessary for the initial assembly of limb locomotor circuitry.

However, as Xenopus reaches late pro-metamorphosis, NOS expression is found
to be evenly distributed along the entire length of the spinal cord (Ramanathan et al.,
2006). Thus NO could now have a completely different regulatory role such as occurs in
the developing brains of the chick and rodent, where NO is positively engaged in the
late-phase refinement of dendritic topographies (Inglis et al., 1998) and the final adult
tuning of synaptic connectivity (Wu et al., 2001).

In addition to a likely developmental role, NO has been found to act as a potent
modulator of locomotory rhythmicity in post-embryonic Xenopus tadpoles where it has
been shown to decrease the duration and frequency of swimming episodes through both
direct and indirect influences at spinal and brainstem levels, respectively (McLean and
Sillar, 2000, 2002). Our preliminary data suggest that NO continues to modulate
locomotor activity through metamorphosis, albeit in a strikingly different fashion to the
hatchling embryo. In contrast to the pre-metamorphic animal where NO has a net
inhibitory effect on swimming, exogenously-applied NO to pro-metamorphic spinal
cord/brainstem preparations activates both axial and limb motor rhythms, while removal
of endogenous NO has the opposite effect (Combes et al., unpublished observations).
Presumably this switch in NO's modulatory action reflects developmental alterations in
brainstem nitrergic systems and/or in the responsiveness to NO of the downstream

spinal networks themselves.

5. Comparison with other metamorphosing locomotor systems

It is also instructive to compare the metamorphic changes in locomotory behaviour in

anuran amphibians like Xenopus with the developmental transformations that occur in

15



other amphibian species as well as in certain insects (Figure 5). It is important to
remember that the transition from the anuran tadpole to froglet involves a switch
between two completely different locomotor strategies (primary axial-based swimming
and secondary limb-based propulsion) while the organism continues to behave in its
normal environment (Fig. 5A). Thus at critical stages of metamorphosis, the two
propulsive mechanisms together with their underlying neural machinery must operate
within the same animal, prior to the adult system progressively superseding the larval
system as the latter disappears. This replacement of one already functional system by
another in Xenopus contrasts with metamorphosis in urodele amphibians, such as the
salamander Pleurodeles waltlii, which also experiences the emergence of limbs in
primary axial-swimming larvae and gains the capacity for secondary quadrupedal
locomotion. However Pleurodeles and Xenopus differ in two major ways: firstly, the
salamander does not lose its tail during metamorphosis and thereby conserves the
ability for both axial- and limb-based locomotion in adulthood. Moreover, while the
neural machinery for both locomotor strategies co-exist within the adult salamander's
spinal cord, in contrast to the metamorphosing Xenopus, the two behavioural modes are
rarely co-expressed, with undulatory swimming being used solely in an aquatic
environment while quadrupedal walking is employed during terrestrial locomotion
(Delvolve et al., 1997; see Figure 5B). Furthermore, computer simulations have
suggested that both behaviours may actually derive from different functional
configurations of the same basic spinal circuitry (Bem et al., 2003), a likelihood that is
supported by a second fundamental difference between Xenopus and Pleurodeles:
during walking in the latter, the flexion/extension movements of limbs at the same

(scapular or pelvic) girdle operate in left/right alternation (rather than in synchrony as in
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Xenopus adults), in a same manner as the axial musculature during undulatory
swimming.

Fundamental differences also exist between the developmental transformations
of Xenopus and insect metamorphosis. For example, holometabolous insects such as
the moth Manduca sexta, and the fruitfly Drosophila melanogaster, undergo a complete
transformation from a crawling larva to a walking/ flying adult (Figure 5C). In contrast to
amphibians, this metamorphic transition is mediated by a resting pupal stage in which
all locomotory activity ceases. A further important difference is that in Manduca and
Drosophila, although the assembly of adult-specific neural circuitry relies to a certain
extent on neurogenesis during larval or pupal stages, most adult motoneurons and
remaining interneurons derive from a functional and anatomical re-specification of pre-
existing larval circuitry (Consoulas et al., 2000). This again contrasts with anuran
metamorphosis during which primary axial motoneurons and associated spinal circuitry
disappear with tail resorption, while entirely new populations of secondary motoneurons
and sensory neurons are born to service the emerging limbs (Van Mier, 1986).

Finally, in hemimetabolous insects, such as the locust and cricket (Figure 5D) in
which metamorphosis is incomplete and there is no resting pupal phase, most adult-
specific motor networks are assembled during embryogenesis, but await appropriate
levels of maturation before becoming functional. In the flightless nymphal locust, for
example, the central flight motor circuitry is already present and potentially operational,
but it is either actively inhibited until the wings become fully developed or awaits
permissive modulatory signals that appear in adulthood (Stevenson and Kutsch, 1988).
Although evidently different from the metamorphic assembly of limb motor circuitry in
Xenopus, an equivalent precocious development has been reported in the bullfrog Rana

catesbeiana where functional neural networks responsible for adult aerial respiration are
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already present at gill-breathing premetamorphic stages, but only become active after
metamorphosis when a developmental removal of GABAergic inhibition occurs (Straus

et al., 2000).

Conclusion

The establishment of new in vitro preparations of the Xenopus CNS which are capable
of generating motor rhythms in the limb and/or tail ventral roots appropriate to drive
locomotor movements of the host organism's developmental stage (Combes et al.,
2004), has thus permitted initial insights into how the complex metamorphic transition in
locomotor strategy is accomplished. In addition, these preparations offer numerous
avenues for further studies to address key facets of the neural plasticity accompanying
metamorphosis that hitherto have not been experimentally tractable. Since the rise in
plasma levels of thyroid hormones is necessary and sufficient to orchestrate the entire
metamorphic process, THs are well positioned at the pinnacle of a signalling cascade
which, in the spinal cord, triggers neuronal differentiation, synaptogenesis, apoptosis
and many other events that allow the new limb circuitry to develop within the framework
of an existing axial system. Whilst the signals in this hierarchy are not yet known, one
possibility is that THs trigger the expression of NOS in the spinal cord in a regionally-
and temporally-specific pattern and that NO then engages an ensemble of subordinate
developmental and modulatory pathways that in turn regulate the emergence of the limb
circuit and the disappearance of the axial system (Ramanathan et al, 2006). At earlier
embryonic stages of tadpole development, around the time of hatching, NO functions as
a metamodulator to shift the balance of influence of two aminergic systems with
opposing actions on swimming (serotonin and noradrenaline) towards the noradrenergic

form of output (McLean and Sillar, 2004). It is therefore of considerable interest that the
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two amines also exert opposing modulatory actions on the expression of tail and limb
rhythms during metamorphosis, albeit different influences to those occurring earlier in
pre-metamorphic development. Might NO also differentially regulate the interactions
between these two spinal locomotory systems via the metamodulation of descending
aminergic (and other) pathways?

Another avenue for exploration resides at the molecular developmental level. Much
is now known about gene expression and the transcription factors that regulate the
differentiation of spinal circuitry and the ontogeny of limb movements in mammals.
Similar molecular mechanisms also appear to be engaged during the development of
the zebrafish swimming system, suggesting a common embryonic template for spinal
motor system assembly. However, the construction of the limb circuitry in Xenopus
takes place at comparatively much later stages in development and, rather than the limb
and axial spinal networks emerging in parallel, the limb network forms once the axial
system is already mature. Is the same palette of molecular signals expressed at these
later stages, and how does this secondary developmental programme for the
construction of new neuronal types and connections coordinate and interact with the
molecular substrate of already existing tail circuitry? Resolving such issues should help
provide insights into the developmental assembly and operation of related neural

networks for behaviour in general.
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Figure Legends

Figure 1. Timetable of development in Xenopus laevis and the correlation of changes in
thyroid hormone (T4 and T3) concentration with metamorphosis. Plasma TH is
undetectable throughout premetamorphosis, from embryo hatching at stage 35/36
(Nieuwkoop and Faber, 1956) until the onset of metamorphosis at stage 54. TH levels
increase during prometamorphosis (stages 54-58) to peak at the climax (stages 59-64)
when the major changes in body format occur. THs then decline until the completion of
metamorphosis at stage 66. The entire metamorphic process lasts ~4 weeks. AU:

arbitrary units. (Adapted from Leloup and Buscaglia, 1977).

Figure 2. Fictive swimming in isolated spinal cord/brain stem preparations from pre-
(A1) and pro-metamorphic (B1) Xenopus tadpoles. A2. Ventral root (VR) recordings
from a stage 50 preparation (as in A1) showing typical larval left-right alternating bursts
of motor activity (see L- and R-VR6) which occur along the cord with a brief rostro-
caudal delay (compare R-VR2, 6 and 17 with dotted line). B2. Ventral root recordings
from a stage 58 preparation (as in B1). Motor output to the developing hindlimbs was
recorded from left and right flexor (tibialis) and extensor (gastrocnemius) muscle nerve
branches, along with an axial (R-VR15) motor root. Axial and limb motor bursts are
coordinated in a single rhythm, with homolateral flexor and extensor motoneurons
bursting in synchrony, but in alternation with bursts in homologous motoneurons on the

opposite side of the cord.

Figure 3. Fictive swimming in isolated spinal cord/brain stem preparations from a

tadpole at metamorphic climax (A1) and a young adult (B1). A2, A3. Appendicular

23



network activity in a stage 61 animal (as in Al) showing typical bilateral co-activation of
flexor motor bursts in alternation with bilaterally co-active extensor bursts. Such fictive
rhythmic limb-kicks occur either independently of axial burst timing at lower frequency
(A2, see randomly distributed phase values of axial VR12 versus limb L-Ext bursts in
polar plot at right), or in a single co-ordinated pattern (A3; see close phase correlation
between bursts of the same ventral roots as in A2 plotted at right. In the two polar plots,
the concentration of phase values around the mean is denoted by the length of vector r
which can vary from 0 to 1). Note that even during the simultaneous expression of
separate axial and limb rhythms (as in A2), bursts in one rhythm may be weakly
modulated in time with the other, indicating a persistent functional overlap of the
underlying neural circuitry. B1. At stage 64, the tail has completely regressed and
locomotion is purely limb-based. B2. In correspondence, the isolated brainstem/spinal
cord (see lower B1) spontaneously produces fictive limb kicks with synchronous bursts

in left and right extensor motoneurons alternating with left and right flexor bursts.

Figure 4. Summary of changes in co-ordination within and between limb and tail motor
patterns during Xenopus metamorphosis. A. Intra-limb co-ordination of extensor and
flexor muscles switches from synchrony during pro-metamorphosis (Al) to alternation at
metamorphic climax (A2). B. In contrast, inter-limb co-ordination (here represented by
left and right extensor activity) switches from alternation (B1) to synchrony (B2). C. Axial
and limb motor bursts, which show a strict 1:1 co-ordination (and homolateral
synchrony) during pro-metamorphosis (C1), become progressively dissociated into two
distinct rhythms at metamorphic climax (C2). At this critical developmental stage,
however, the two spontaneous rhythms can also be associated in a single co-ordinated

pattern (C3). The neuroamines 5-HT and NA are able to modulate the coupling between
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the two locomotor networks (see arrows); bath-applied 5HT produces rhythm coupling,

while NA dissociates network activity into two independent rhythms.

Figure 5.

Comparison of locomotory transformations in different metamorphosing animals. A. In
the anuran amphibian Xenopus laevis, larval axial-based swimming is replaced by limb-
based swimming in the adult. The metamorphic transition is progressive with the animal
remaining active throughout. B. In the urodele amphibian, Pleurodeles Waltlii, the limbs
are also progressively added during metamorphosis, but the tail is conserved in
adulthood and the animal has the capacity for either undulatory tail-based swimming or
guadrupedal walking. C. In contrast, the holometabolous hawkmoth, Manduca,
undergoes a complete change in body format via an immobile pupal stage involving a
transformation from crawling larva to walking/flying adult. D. In the hemimetabolous
locust, wings are added during the progressive metamorphic transition from the

flightless nymph to the bi-modal walking/flying adult.
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