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Abstract
The neuronal basis for some locomotor responses is starting to be understood.
However, relatively little attention has been addressed to their initiation. Here,
initiation of motor responses is studied in hatchling Xenopus laevis mainly by
electrophysiology in tadpoles immobilised with a neuromuscular blocker, but
also by behavioural observations including high-speed video analysis.
Responses to touching the trunk skin typically start with a rapid (~10 ms) reflex
bend to the opposite side followed later (~44 ms), and with a variable delay, by
swimming whose first bend is on the stimulated side. This pattern is established
by the time coordinated swimming has developed 53 hrs post fertilisation at 20 24°C. Absence of an initial reflex is associated with a loss of sidedness of
subsequent swimming. Some neurons in segments (rhombomeres) throughout
the length of both sides of the hindbrain fire impulses very soon (~10 ms) after a
trunk skin stimulus. This is followed by sustained firing in hindbrain neurons that
precedes and overlaps the start of swimming, consistent with playing a role in
the initiation of swimming. This sustained firing occurs even at stimuli too weak
to evoke swimming.
Skin cells in the tadpole are electrically excitable. Skin impulses evoked by
poking the skin can directly excite neurons in the spinal cord to evoke a motor
response. This direct access of skin impulse signals to the spinal cord is lost
over the short period of development during which the skin is becoming fully
innervated by the free nerve endings of mechanosensory Rohon-Beard neurons.
Evidence suggests that access of skin impulse signals to the spinal cord in
young tadpoles is through these Rohon-Beard neurons, probably while they are
immature and before they respond to touch stimuli.
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Chapter 1 General introduction
1.1 How are locomotor movements initiated?
All vertebrates depend on locomotion (Grillner et al., 1998); it is crucial to the
survival of an animal for locating food, mates, and evading predators. Vertebrate
locomotion occurs in many forms, both limbed and limbless, including:
swimming in fish (Muller and van Leeuwen, 2004) and tadpoles (Roberts et al.,
1998); flying in birds and walking in cats (Buschges, 2005; Kiehn, 2006) or
bipedal walking in humans (Nielsen, 2003).
Locomotion is a complex behaviour, dependent on several control systems
(Grillner and Wallen, 1985; Mori et al., 1996) and is organised broadly
hierarchically. The basic rhythmic pattern is laid out at the spinal level by
neuronal circuits within the spinal cord known as Central Pattern Generators
(CPGs), whose basic operation does not require the presence of sensory
feedback (Brown, 1911; Brown, 1914; Grillner, 1975; Grillner, 1996; Hultborn et
al., 1998; Milan R. Dimitrijevic, 1998; Marder, 2001; MacKay-Lyons, 2002; Zehr,
2005). Higher centres in the brain send general commands rather than
controlling detailed actions (Arshavsky et al., 1997).
Although very few CPGs are understood in detail, it appears that the general
neural organization of producing locomotion is quite similar in different
vertebrate species studied (Pearson, 1993). This is the case in the lamprey
(Grillner et al., 1995; Grillner et al., 1998); the frog tadpole (Arshavsky et al.,
1993; Roberts et al., 1997); and mammals (Hultborn et al., 1998), including
humans (Milan R. Dimitrijevic, 1998; MacKay-Lyons, 2002; Zehr, 2005).
CPGs are responsible for coordinating the general stereotyped movements
underlying locomotion but they are usually activated and controlled by higher
motor centres. For example, the mesencephalic locomotor region (MLR) is an
area in the brainstem which, when directly stimulated, can activate locomotion
(Grillner et al., 1997; Sirota et al., 2000; Noga et al., 2003; Kagan and Shik,
2004). The MLR projects to reticulospinal (RS) neurons in the lower brainstem
(Berezovskii, 1991; Noga et al., 1991; Brocard and Dubuc, 2003; Kagan and
Shik, 2004) and receives information from higher centres in the brain such as
the motor cortex (Jordan, 1998; Isa and Sasaki, 2002; Paggett et al., 2004).
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Spinal circuits can drive locomotory movements even in the absence of sensory
input (Roberts et al., 1981; Marsden et al., 1984) or supraspinal inputs (Miller et
al., 1975; Kahn and Roberts, 1982b; Roberts and Alford, 1986; Kiehn et al.,
1997). CPGs are also subject to modification by sensory input. Movementrelated sensory feedback (Arshavsky et al., 1983) can adapt the movements to
unexpected perturbations (Grillner, 1975; Grillner et al., 2008). The concept of
CPGs originated near the start of the 20th century, when Graham Brown (1911;
1914) proposed his “half-centre” model based on his work on decerebrate cats.
This

model

was

designed

to

explain

the

alternating

contraction

of

antagonistically organised pairs of flexor and extensor muscles like those found
in limbs. His work had shown that this basic pattern could occur in the absence
of sensory inflow, and therefore, was not based on reflexes. In this model, each
muscle is controlled by a separate half centre; one half-centre controls the
activity of flexor motorneurons and the other controls extensor motorneurons.
When movement starts, activity in both half centres is turned on and maintained
by “tonic drive”: excitation from descending locomotor commands originating
from neurons in the brainstem. There are mutual (reciprocal) inhibitory
connections between the half-centres, which ensure that, when excited by tonic
drive, only one half-centre can be active at a time. This inhibition fatigues and so
releases the opposing centre from inhibition allowing it to become active and
preventing a single half-centre from dominating. As long as the tonic drive
continued, activity would continue to alternate between the two half-centres and
the muscles they control. The features highlighted in this model; tonic drive,
reciprocal inhibition and fatigue, have since played a central role in ideas about
the operation of locomotor circuits, which typically involve the rhythmic activity of
antagonistically arranged muscle groups (Orlovsky et al., 1999; Marder and
Bucher, 2001; Roberts et al., 2008a; Roberts et al., 2008b).
A feature not specifically addressed in Brown’s model is the initiation of activity,
beyond a requirement for tonic drive. Since Brown’s time, the focus of research
has been the generation and patterning of the locomotor rhythms themselves.
The initiation of these rhythmic activities has not been so extensively studied
even though proper initiation is crucial for a motor pattern to continue correctly.
The dearth of information on activity initiation may be because, in many
experimental preparations for locomotion, normal initiation cannot be studied
since the locomotor activity is induced artificially by pharmacological or electrical
stimulation (Grillner, 1975; Berezovskii, 1991; Noga et al., 2003). Locomotion
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can be the result of a decision to take action (goal-oriented behaviour) or can
simply be the reaction to a specific external stimulus. Stimulus-evoked
locomotion is more amenable to study because the activity can be generated on
demand, in the laboratory, and the neuronal events following the stimulus can
be investigated. Locomotion is an ideal behaviour for study because it is obvious
and measurable, and because it is rhythmic, repeatable and predictable from
cycle to cycle.

3

Chapter 1 General introduction

1.2 Advantages of using ‘simpler’, lower vertebrate systems
One major goal of neuroscience is to understand the neural basis of behaviour
in cellular terms (Grillner et al., 1998). Mammals have large and complex
nervous systems as well as complicated behaviours so it is difficult to define the
intrinsic organisation of neuronal networks (Orlovsky et al., 1999). Knowledge of
the overall structure of the spinal locomotor networks as well as the identification
of CPG neurons has been very much hampered in mammals because of the
large number of cells present in the mammalian spinal cord.
Simpler, more experimentally tractable model systems allow the study of
behaviour at the cellular and network level, exposing consistent features that
throw light on the more complex systems. Ideal model organisms display an
observable behaviour, which can be triggered externally, and have a nervous
system at a relatively low level of complexity.. Locomotion, in the form of
swimming, flying or various types of terrestrial locomotion, is a measurable
output that enables network activity to be directly correlated with actual
behaviour. The generation of locomotion by the nervous system has been
studied in many different species (Arshavsky et al., 1993; Mori et al., 1996;
Grillner et al., 1998; Jordan, 1998; Roberts et al., 1998; Orlovsky et al., 1999).
Consistent features emerge from work on simpler models in invertebrates and
lower vertebrates which illuminate basic principles of organisation in these
circuits and their control in more complex systems (Roberts et al., 1998; Marder
and Bucher, 2001). For example, the examination of invertebrate (squid and
lobster) nerve cells provided the first important clues to how nerve impulses are
generated and how networks of nerve cells function (Grillner, 1996). The
concept of CPGs was formulated following work on simpler animals and is now
known to apply to locomotion right across the vertebrates, including humans
(Arshavsky et al., 1993; Kiehn et al., 1997; Buschges, 2005; Zehr, 2005).
General principles that have emerged from work on animal models confirm that
the elementary features of rhythm and pattern generation have been conserved
during vertebrate evolution.
1.2.1 Example of the Mauthner response
The value of using lower vertebrate systems to explore the initiation of motor
responses is illustrated clearly by work on the startle responses of fish (Kimmel
et al., 1974; Eaton et al., 2001; Hale et al., 2002). Escape responses are
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attractive systems to study because the neuronal circuitry that enables escape
behaviours can involve elements of circuitry that are also used for locomotor
behaviours (Fetcho, 2007). Escape behaviours can be initiated by a specific
stimulus and produce clearly defined responses, easily observed in the lab
(Ritzmann and Eaton, 1997; Koch, 1999; Schaefer and Ritzmann, 2001). This
means that determining the neuronal circuitry that connects the two should be
approachable.
1.2.1.1 Startle response
The startle response of fish is characterized by a vigorous flexion of the tail (C
bend, stage 1) followed by forward propulsion (stage 2) which initiates predator
avoidance. Subsequent flexions follow the first one, alternating side to side, and
diminishing in size (Korn and Faber, 1996; Ritzmann and Eaton, 1997; SaintAmant and Drapeau, 2000; Muller and van Leeuwen, 2004). The contraction of
trunk muscles during this startle response is much more pronounced than in
normal swimming. In the startle response, the first full flexion of the body is
achieved just 10 - 15 ms after the stimulus is presented and results in a rapid
movement of about 1 body length, followed by slow gliding (Kimmel et al., 1974;
Faber et al., 1989; Korn and Faber, 2005).
1.2.1.2 Mauthner neurons
The startle response is mediated by RS neurons, in particular, a pair of
specialised Mauthner neurons, that can be activated by tactile, auditory and
possibly visual or lateral line stimuli at very short latencies (Eaton et al., 1991;
Lee et al., 1993; Fetcho and o Malley, 1995; Hale, 2000; Eaton et al., 2001;
Gahtan et al., 2002). The axon of each of the pair of Mauthner cells crosses the
midline and descends the spinal cord on the side opposite to the soma and has
a higher conduction velocity than other RS neurons resulting from its large
diameter and myelination (Eaton et al., 1995b). Only one cell of the Mauthner
pair fires at a time (Eaton et al., 1995a) and it activates cranial relay neurons
(CRNs) which lead to both feedback and reciprocal inhibition of both Mauthner
cells to prevent multiple firing (Korn and Faber, 2005).
When one of the Mauthner cells fires, its axon causes a forceful contraction of
the musculature on the ipsilateral side of the body. It does this by monosynaptic
excitation of the large primary motorneurons, and by additional polysynaptic
excitation of motorneurons via descending interneurons. While motorneurons on
5
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the side of the C bend are excited, excitation of those on the opposite side is
blocked. Commissural interneurons, that are electrotonically coupled to the
Mauthner axon, cross the spinal cord to inhibit primary motorneurons
monosynaptically,

descending

interneurons,

and

commissural

inhibitory

interneurons on the opposite side. This prevents motor activity on the side
opposite the C bend from opposing that bend, and prevents inhibitory
commissural interneurons from affecting motorneurons on the side of the bend
(Faber et al., 1989; Fetcho, 1991). This reciprocal arrangement with excitation
on one side and inhibition on the other is an important part of Brown’s model
and is seen in locomotor systems like the lamprey.
1.2.1.3 Escape vs. locomotion
The Mauthner system controlling the fast start in fish, although very simple in
outline, has a number of more complicated features which refine the way it
operates. The mechanism producing the fast start response is specialised for
this particular function rather than the more general task of initiating locomotion.
It is important in showing the value of simpler vertebrate experimental systems,
and in the way that it highlights the relationship between the hindbrain and
spinal cord in terms of motor control.
1.2.2 Lamprey swimming and reticulospinal control
Many basic features of locomotion are preserved and present already in
primitive vertebrate species such as the lamprey (Grillner and Wallen, 1984;
Grillner et al., 1998) which have changed very little since the first vertebrates
appeared. The lamprey originates from a group of animals that diverged from
the main vertebrate evolutionary line 450 million years ago and has changed
very little (Grillner, 1975). Although a very primitive animal, it has a central
nervous system (CNS) clearly homologous to that of higher vertebrates; it has a
brainstem and spinal cord and all basic vertebrate features, but with orders of
magnitude fewer nerve cells of each type than higher vertebrates (Grillner et al.,
1995). The swimming behaviour of lampreys is comparable to swimming in
tadpoles and fish and the nervous control has been well studied because the
nervous system is relatively simple and can be recorded in intact and semi-intact
preparations. A basic story is emerging in which initiation of locomotion depends
on brief stimuli being transformed into sustained activity in RS neurons with
particular cellular properties. The activity in these neurons provides descending
signals that excite and drive locomotor circuits within the spinal cord.
6
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1.2.2.1 Lamprey swimming patterns
The lamprey has a flexible body and swims by lateral undulations. During
swimming, myotomal muscle contractions occur periodically, alternate between
the two sides of the body, and propagate from the rostral to the caudal end of
the animal (cf. tadpole swimming, see later). The basic mechanisms of
swimming reside in the lamprey spinal cord and are activated by supraspinal
commands (Grillner et al., 1998; Zelenin, 2005).
1.2.2.2 Stimulation
Locomotion in lampreys is initiated following mechanical stimulation of the skin
(Dubuc and Grillner, 1987; Deliagina et al., 1992). Skin stimulation excites the
primary afferent fibres of dorsal cells that have their cell bodies located within
the spinal cord (Christenson et al., 1988; Dubuc et al., 1993b; Dubuc et al.,
1993a). Information from the head skin is conveyed by trigeminal primary
afferents with cell bodies located in the trigeminal ganglion (Viana Di Prisco et
al., 1995; Dubuc et al., 2008). The dorsal column nuclei, in turn, send direct
projections to RS cells which are found in a series of groups in the brainstem
(Viana Di Prisco et al., 1997; Orlovsky et al., 1999; Viana Di Prisco et al., 2000).
Stimulation of RS neurons in the brainstem elicits 'fictive' locomotion1 by
activating the spinal cord network (McClellan, 1988; Guertin and Dubuc, 1997;
Sirota et al., 2000).
1.2.2.3 RS pathway
RS neurons receive inputs from several modalities including cutaneous
(Christenson et al., 1988); vestibular (Deliagina et al., 1992; Deliagina and
Pavlova, 2002), somatosensory (Dubuc and Grillner, 1987; Kasicki et al., 1989);
lateral line (Currie, 1991; Deliagina et al., 1995; Vinay et al., 1998); and visual
(Viana Di Prisco et al., 1997) modalities. Intrinsic membrane properties play a
crucial role in the activation of brainstem reticulospinal (RS) neurons in response
to sensory inputs (Viana Di Prisco et al., 1997; Viana Di Prisco et al., 2000; Antri
et al., 2009).
RS neurons are responsible for the descending excitation that drives the spinal
networks for sustained swimming (Grillner et al., 1998; Zelenin et al., 2000;
1

The term fictive locomotion describes a pattern of neuronal activity suitable to drive
locomotion but recorded in the absence of actual movement, either following the use of
neuromuscular blocking agents or, as frequently in lamprey experiments, after isolation
of the nervous system, to allow electrophysiological recording.
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Paggett et al., 2004). The RS neurons show sustained bilateral activity in
response to brief, one-sided stimulation (Deliagina et al., 2000; Pavlova et al.,
2004). The sustained activity in these neurons is due to two main factors:
intrinsic properties of RS cells (Viana Di Prisco et al., 1997; Viana Di Prisco et
al., 2000); and excitatory glutamatergic inputs, including ascending spinal
feedback, which maintain the cells depolarized for prolonged periods (Antri et
al., 2009). The neurons exhibit long lasting NMDA-mediated depolarising
plateau potentials which are associated with locomotion onset (Grillner and
Matsushima, 1991; Viana Di Prisco et al., 1997; Viana Di Prisco et al., 2000).
After initial activation, most RS neurons become modulated in phase with
ipsilateral locomotor activity via efference copy ascending from spinal circuits
(Grillner et al., 1991). It has very recently been shown that these ascending
signals play an important role in the ability of RS neurons to produce sustained
activity (Antri et al., 2009).
1.2.2.4 Excitation of spinal neurons
Brainstem RS neurons excite all neurons of the swimming CPG that coordinates
the alternating swimming pattern (Rovainen, 1974; Buchanan and Cohen, 1982;
Grillner and Wallen, 1984; Buchanan et al., 1987; Ohta and Grillner, 1989;
Grillner et al., 1995). In turn, the RS neurons receive inputs from the spinal cord
locomotor networks (Dubuc and Grillner, 1989; Vinay and Grillner, 1993; Einum
and Buchanan, 2004).
RS neuron axons descend into the spinal cord mainly ipsilaterally. Most RS
neurons produce monosynaptic EPSPs in spinal cells via dual chemical and
electrical transmission (Grillner et al., 1991; Ohta et al., 1991). Individual RS
neurons can affect several classes of spinal neuron at different rostrocaudal
levels (divergence) and make direct synapses with motorneurons and
interneurons in locomotor circuits (Viana Di Prisco et al., 1997; Viana Di Prisco
et al., 2000). Several RS neurons can converge on an individual spinal neuron
(convergence). In the spinal cord, synaptic inputs were shown to be essential to
generate the basic locomotor pattern (Buchanan, 2001), and yet, post-inhibitory
rebound and bi-stable membrane properties contribute significantly (Antri et al.,
2009)
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1.3 The hatchling Xenopus tadpole
Most research on the fish startle response and lamprey swimming has been
carried out on adults. Although the animals are lower vertebrates, they still have
very complex nervous systems, and this continues to hamper research. For
example, the spinal cord consists of around 100 segments and each segment
contains around 1,000 neurons. An additional approach in looking for simple
nervous systems for study is to go to an earlier stage of development. From the
first appearance of locomotor activity in development, a mechanism for proper
initiation must be in place. While the recapitulation theory proposed by Haeckel
“ontogeny recapitulates phylogeny” (Gould, 1992; Gilbert, 2000) is not
acceptable literally, there are similarities between increasing developmental
complexity and increasing evolutionary complexity, particularly in the embryonic
stages (von Baer (1828) in Richardson and Keuck, 2002). Organisms early in
development or early in evolution have simpler nervous systems and behaviours
than more advanced animals including such as humans yet they are closely
related so information from the simpler models is often transferable to ‘higher’
species.
A model system that has been investigated extensively over many years is the
young tadpole of the South African clawed toad Xenopus laevis at around the
time of hatching: the so-called hatchling Xenopus tadpole. The development of
this animal has been documented in a “Normal Table”, which divides the period
up to metamorphosis into a series of stages (Nieuwkoop and Faber, 1956). The
normal table describes the physical attributes of the tadpole at each stage and
allows visual staging without the need for timed fertilisation. Particular features
are used to differentiate between the stages, including length and shape of the
tail, the dorsal fin, presence of the gills and pigmentation of the eye. The
hatchling tadpole is at stage 37/38, around 53 hours post-fertilisation).
The combination of easily controllable stimuli, a set of behavioural responses
that are obvious and relatively stereotyped and a comparatively simple nervous
system makes it realistic to trace the connections and functions of spinal and
brainstem neurons involved in the initiation, coordination and termination of a
behavioural locomotor response. The main locomotor rhythm, swimming, can
occur without movement-related sensory feedback, and its fictive correlate can
be recorded electrophysiologically in tadpoles immobilised with a neuromuscular
9
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blocker (Kahn and Roberts, 1982a). Tadpole swimming, like that in the lamprey,
is therefore driven by a CPG. This is not surprising as this is a common feature
of vertebrate locomotor rhythms (Marder and Bucher, 2001; Grillner et al.,
2005). What is unusual is that the swimming pattern is not obviously influenced
by movement-related sensory feedback, making it probably controlled
exclusively by its CPG (Kahn and Roberts, 1982a). This greatly simplifies the
analysis required. Also, the swimming rhythm is similar even after removal of
much of the brain, further simplifying analysis (Kahn and Roberts, 1982b;
Roberts and Alford, 1986). Much of the basic circuitry for swimming is located in
the spinal cord (Roberts, 2000), though it is now known that at least the caudal
part of the hindbrain is critical for maintenance of sustained swimming (Li et al.,
2006). Much progress has already been made in studying this simple locomotor
system, as reviewed below.
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Figure 1-1. Development of responsiveness. A: Phases of behaviour according to
Muntz (1964). Phase I (no movement) is not illustrated, phase II is a slow
ipsilateral neck contraction following direct stimulation which is presumably due
to direct muscle stimulation. Phase III is when contralateral responses and the
sensory system appear. Phase IV is early swimming that consists of slow bends,
sometimes alternating and is short duration. Phase V is well coordinated
swimming. B: The age in hours of animals kept at room temperature that are
equivalent to the stages in C, both from Nieuwkoop and Faber 1967 normal table.
D: Results for reference from Chapter 5. The proportion of animals that respond to
skin impulse generating stimuli even after removal of the head. This prevents the
skin impulse from accessing the nervous system by the trigeminal ganglion. E:
Areas of the skin that are sensitive to strokes which excite RB neurites from
Roberts and Smyth 1974. F: The location and number of growth cones on RB
neuritis according to Taylor and Roberts 1982. G: Activity in the myotomes. Grey
bar indicates the number of myotomes formed by that stage and black bar
indicates the number of those that have active ventral roots, from the most rostral
myotomes.

1.3.1

Behavioural responses in the hatchling Xenopus tadpole

At hatching, a Xenopus tadpole is still relatively early in development and does
not need to feed as the cells all contain yolk and the animals have a yolk filled
belly region, the yolk sac. They do not have functional eyes or a circulatory
system (Nieuwkoop and Faber, 1956). However, they already have a small
repertoire of behavioural responses. They can move spontaneously or in
response to a stimulus. The stimuli they are capable of detecting at this stage
are touch (Roberts and Smyth, 1974; Boothby and Roberts, 1995) and changes
in ambient light intensity (Jamieson and Roberts, 1999; Jamieson and Roberts,
2000). The ability to move so early in development confers an increased chance
of surviving to maturity in the form of predator evasion. As well as a very
occasional, simple flexion response, the tadpole shows two main rhythmic motor
responses at the hatchling stage: swimming and struggling (Kahn and Roberts,
1982c; Kahn and Roberts, 1982a; Roberts et al., 1983; Soffe, 1993).
Swimming is a rhythmic alternating contraction in muscles along each side of
the tadpole. The waves of bending pass caudally down the body to propel the
tadpole through the water (Kahn et al., 1982). The period of the swimming cycle
is 40-100 ms (from filming, Roberts et al., 1981). Fictive swimming can be
recorded by electrodes in the motor nerves of immobilised embryos (Figure 1-2)
and showed a cycle period of 40-125 ms (in these experiments, curare was
used to block the movements)(Kahn and Roberts, 1978; Kahn and Roberts,
1982a). Touching the flank skin will initiate a prolonged episode of swimming
11
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(Roberts et al., 1983). Proprioceptive input is not necessary for the generation of
a normal swimming pattern at normal frequencies (Kahn and Roberts, 1982a;
Roberts et al., 1983). An example of fictive swimming recorded from ventral
roots is illustrated (Figure 1-2)

Figure 1-2. Fictive swimming in a stage 37/38 Xenopus tadpole. A: Experimental
preparation displaying two ventral root recording electrodes positioned on either
side of the tadpole over myotomal clefts and a stimulating electrode on the skin.
B: Example of traces from preparation in A. Top trace is the recording from a
ventral root electrode positioned over myotome cleft 6 on the same side as the
stimulus. Bottom trace is from an electrode at cleft 7 on the side opposite to the
stimulus. Spikes are visible alternating between the two sides. This is fictive
swimming. A single spike on both traces at the start is an artefact of the electrical
stimulus.

Xenopus embryos struggle when restrained. Struggling involves rhythmic
movements of large amplitude, in which waves of bending propagate from the
tail to the head and help to free the animal from restraint. Alternating struggling
movements occur rhythmically with cycle periods of around 100 to 500 ms
(Kahn and Roberts, 1982c; Soffe, 1991).
1.3.2

Rhythm generation in the hatchling Xenopus tadpole

The spinal cord contains sufficient neurons and connections (Roberts and
Clarke, 1982) to generate a basic motor output for swimming (Roberts et al.,
1981; Kahn et al., 1982) and to sustain this output without movement-related
sensory information, meaning that, as in other vertebrates, it is driven by a CPG
(Kahn and Roberts, 1982a). Although the basic swimming pattern can be
12
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produced by the spinal cord alone (Kahn and Roberts, 1982b; Roberts and
Alford, 1986), it is now clear that some hindbrain is also required for sustained
swimming (Li et al., 2006).
As in the lamprey, the muscular antagonists for swimming are the trunk muscles
(myotomes) on the two sides, and so the CPG neurons on the two sides of the
spinal cord are the equivalent of the half centres of Brown’s model
(1914){Brown, 1911 #2147}. The spinal CPG for swimming consists of four
neuron types which occur in populations distributed along each side of the spinal
cord and extending up into the hindbrain (Roberts, 2000). There are three types
of premotor interneurons: excitatory descending interneurons (dINs) which
excite more caudal neurons on the same side (Roberts and Alford, 1986);
inhibitory commissural interneurons (cINs) which supply reciprocal inhibition
between the two sides (Soffe et al., 1984); and ascending interneurons (aINs)
which inhibit other neurons on the same side (Li et al., 2002; Li et al., 2004c).
The fourth type is the motorneurons, which control the muscles through their
peripheral axons, but are included as CPG neurons because they also provide
feedback excitation to other neighbouring motorneurons and possibly (though
this is now in some doubt) premotor interneurons (Roberts and Perrins, 1995;
Roberts and Walford, 1996). All these neuron types show essentially the same
pattern of activity during swimming. They usually fire a single spike on each
cycle, they are tonically excited during swimming and they receive mid-cycle,
reciprocal inhibition (Kahn and Roberts, 1982b; Soffe and Roberts, 1982a; Soffe
and Roberts, 1982b).
It is a longstanding proposal that the two sides of the spinal cord operate as
reciprocally inhibitory half centres where firing occurs on each cycle through
post-inhibitory rebound superimposed on a background of descending tonic
excitation (Tunstall and Roberts, 1991). More recent evidence has confirmed the
main feature of this proposal but has highlighted the role of excitatory dINs and
particularly those in the caudal hindbrain (hdINs, Li et al., 2006). These excite
each other as a population to provide the tonic drive and are part of the
reticulospinal system. The dINs release the transmitter glutamate, which acts in
part at NMDA type receptors, whose long duration post-synaptic action allows
the excitation to summate from cycle to cycle during swimming. This summated
excitation provides the tonic drive. The membrane potentials of dINs return
quickly to near rest at the end of current pulses, this was also true when
13
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repeated firing was induced by repeated current pulses. The strongly adapting
firing properties of hdINs make it difficult for them to fire more than once if simply
depolarized by excitation. This means that

dINs do not normally fire

continuously when excited (Soffe, 1991; Tunstall and Roberts, 1991; Li et al.,
2006) but will fire on rebound from the mid-cycle reciprocal inhibition they
receive from cINs during swimming (Dale, 1985; Roberts et al., 2008a). The
combination of sustained (tonic) excitation from dINs and reciprocal inhibition
from cINs provides the main mechanism for sustained swimming. This has been
supported by the results of computer modelling (Sautois et al., 2007). The
resulting rhythmic activity of dINs then provides a descending excitatory drive to
spinal neurons, including the reciprocal inhibitory cINs. There is now good
evidence

that

this

mechanism

underlies

maintained

swimming

and

understanding successful initiation of swimming must therefore involve
understanding how sensory signals produce its activation.
1.3.3

Trunk skin sensory pathways in the Xenopus tadpole

For the proper initiation of locomotor behaviour in Xenopus tadpoles, a secure
method of sensory activation must be in place. The trunk and tail skin is
innervated by sensory Rohon-Beard (RB) neurons in the spinal cord which form
two dorsal columns along the spinal cord (Nieuwkoop and Faber, 1956; Hughes,
1957; Muntz, 1964; Roberts and Hayes, 1977; Roberts and Clarke, 1982; Clarke
et al., 1984). The unmyelinated peripheral neurites of RB neurons leave the
cord, at variable dorsal positions (Taylor and Roberts, 1983), and grow between
the somites to innervate the skin with free nerve endings; those of neighbouring
neurons forming overlapping receptive fields (Hughes, 1957; Muntz, 1964;
Roberts and Hayes, 1977). Each RB neuron has a pair of longitudinal central
axons which ascend and descend in the dorsal sensory tracts on the same side
of the cord (Hughes, 1957; Muntz, 1964; Clarke et al., 1984; Nordlander, 1984).
The ascending axons project into the hindbrain (Roberts and Clarke, 1982).
These central axons release glutamate to excite longitudinal columns of
dorsolateral sensory interneurons via predominantly AMPA type receptors
(AMPAR) (Li et al., 2004a). There are two types of sensory interneurons: the
dorsolateral commissural interneurons

(dlc) and

dorsolateral ascending

interneurons (dla) {Roberts, 1982 #307}. The dlcs have axons which cross to the
opposite side of the cord where they excite swimming CPG neurons
(motorneurons and interneurons) by releasing glutamate at synapses with both
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AMPAR and NMDA type receptors (NMDAR) (Clarke and Roberts, 1984;
Roberts and Sillar, 1990; Li et al., 2003b). The dlas have un-crossed axons and
excite equivalent swimming CPG neurons on the same side of the cord (Sillar
and Roberts, 1988b; Li et al., 2003b).
RB sensory neurons are excited by gentle mechanical stimuli such as light touch
or stroking with a fine hair which evokes impulses (Roberts, 1975; Roberts and
Hayes,

1977).

RB

neurons

can

also

be

stimulated

via

intracellular

microelectrodes or patch electrodes and adapt rapidly to repeated stimulation
(Clarke et al., 1984). A single impulse in one RB can trigger fictive swimming
(Clarke et al., 1984; Soffe, 1997). In contrast, repetitive stimulation of a small
number of RB neurons is required to evoke struggling (Soffe, 1991; Soffe,
1997). This stronger, slower struggling pattern involves some of the same
neurons that contribute to swimming, but also some additional types (Soffe,
1993; Li et al., 2002){Li, 2007 #2268}. Struggling is not considered further in this
study.
The simplest pathway from the sensory RB neurons to a motor response is the
crossed flexion reflex in which a stimulus to one side produces a bend to the
other side. The pathway involved is now known in detail (Clarke and Roberts,
1984; Roberts and Sillar, 1990; Li et al., 2003b). Firing in one or a few RB
neurons strongly excites dlc sensory interneurons to fire. These then excite
motorneurons on the opposite side through their crossing axons. The synapses
from RB neurons to dlcs are strong; those from dlcs to motorneurons are weaker
and rely on the convergence of excitation from many dlcs to produce a
response. Once swimming has been initiated, the dlc sensory interneurons are
rhythmically inhibited by aINs, in phase with the swimming rhythm (Li et al.,
2004c). The result is that the flexion reflex is gated out in a phase-dependent
manner during swimming; a reflex response is only possible when it would reenforce an existing bend (Sillar, 1987; Sillar and Roberts, 1988a; Sillar and
Roberts, 1992a).
An equivalent pathway from RB neurons through dlas to motorneurons on the
same side also exists (Li et al., 2004a). As well as exciting motorneurons, dlcs
and dlas also excite the various premotor interneurons. Pathways from
cutaneous stimulation to the excitation of those neurons responsible for
coordinating swimming (Roberts, 2000) on both sides of the spinal cord have
15
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therefore been described. However, the mechanism for activity initiation is still
unknown. Excitation is spread to both sides of the spinal cord and the hindbrain
since RB axons and those of the two types of sensory interneuron ascend well
into the

hindbrain (Roberts and Clarke, 1982; Clarke et al., 1984; Li et al.,

2001). The role of the RB neurons and the dlcs in mediating a reflex bend on the
opposite side following touch to one side (contralateral flexion reflex) has been
described in detail, based on the synaptic connections outlined above. However,
the role of these sensory pathways in the initiation of sustained swimming
following a touch to one side, involving sustained activity on both sides of the
CNS, is still not known.
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1.3.4

Development of behavioural responses

Stage 37/38, as described above, is when hatching often occurs in Xenopus
tadpoles. However, animals as early as stage 28 can make movements
resembling swimming. Animals as early as stage 22 have minimal movements
available to them. There are several possible reasons for this. The ability to
move may simply be a consequence of the gradual set up of connections in the
nervous system, the ability serving no behavioural function. The movements
may aid the tadpole if it needs to hatch early due to conditions such as a
bacterial infection. Many studies have shown that amphibian tadpoles are eavily
predated by aquatic larvae of, for example, water beetles and Odonata {Skelly,
1990 #2269}{Roberts, 2000 #312}. Tadpoles that reman stationary are less
likely to attract the attention of predators. Until the swimming movements are
coordinated enough that the tadpoles can move a significant distance, the ability
to move may be disadvantageous. However, an alternative theory is that the first
movements enable the tadpole to escape once captured but not yet eaten. If the
animal is grasped, the delicate structure of the body tissue, particularly the
dorsal fin and tail, means that any movement of the animal to one side or either
side may be enough to dislodge the grip of the predator, freeing the tadpoles
with minimal damage.
As the early embryo ages, sensory-motor pathways develop and motor activity
becomes possible. In the time from fertilisation to hatching at stage 37/38, the
Xenopus embryo will develop muscles along the length of the body, and a
nervous system able to detect stimuli and coordinate muscular activity. Neurons
differentiate and develop and synaptic connections are formed within the CNS. It
is likely that this development of the embryo occurs in such a way to provide
successful escape behaviours at as early an age as possible as to improve the
chances of survival. Development proceeds in a rostrocaudal direction. How is
the functional arrangement of sensory pathway (RB neurons, dlc, and dla),
“integrative” CPG neurons (dIN, cIN, and aIN), and output components
(motorneurons and muscle cells) formed during embryonic development? In
addition, how does this physiology relate to the observed behaviours as the
embryo ages? This section outlines the development of the behaviours in
tadpoles and some of the features that contribute to these behaviours. The five
developmental phases of Muntz (1964) provide a useful framework for this. As
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an embryo passes through these phases, the motor behaviour becomes more
complex (Figure 1-1).
1.3.4.1 Phase I (stages 20-22)
During the non-motile phase I, no form of stimulation produces any visible
response and myotome cells appear incapable of contraction. No motor nerves
leave the cord at this stage (Muntz, 1975). Myotome formation from the
presumptive mesoderm begins at stage 17, before the neural tube closes and
continues in a rostro-caudal direction (Cohen, 1980), preceding their innervation
by motorneurons, to late swimming stages (Nieuwkoop and Faber, 1956;
Blackshaw and Warner, 1976a).
1.3.4.2 Phase II (stages 22-24)
During the pre-motile phase II (stages 22-24), sensory stimulation of the skin still
produces no response. The earliest behaviour in a Xenopus tadpole is a neck
flexion which can occur from around stage 22, approximately 1 day postfertilisation (Muntz, 1975). The 9-15 myotomes present are able to contract but
are not yet innervated by motor nerves. Contraction must be caused by direct
stimulation of the muscle cell by deformation. At these early stages, the
developing muscle cells are electrically coupled to each other, both within the
same myotome and between adjacent myotomes (Blackshaw and Warner,
1976b). Contractions are slow and ipsilateral to the stimulus and involve only the
most anterior myotomes, giving rise to a neck flexion (Muntz, 1964).
1.3.4.3 Phase III (stages 24-27)
In the early flexure phase III, the most rostral of 15-19 consecutive myotomes
present on both sides of the cord become innervated by motor nerves (van Mier
et al., 1989) and embryos first respond to sensory stimulation. Therefore, there
must be functional connections between the skin, sensory and motor systems
(Muntz, 1975). Embryos first respond to stronger tactile stimuli (pokes) at stages
24 or 25 and from then on, the whole body surface is sensitive.At stage 26, a
stroke to the skin over the most rostral regions of the myotomes evokes simple
bending (Roberts and Smyth, 1974).
1.3.4.3.1.1 Motorneuron development
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A critical feature in the development of responses is the outgrowth of
motorneuron axons and the formation of synaptic contacts with developing
muscle cells. Neurons of the ventral column such as motorneurons differentiate
slightly later than sensory RB neurons and project their axons caudally to form a
primitive ventral fascicle (Hughes, 1959). Most motorneurons have a single axon
that emerges from the ventral part of the soma and if next to a ventral root, can
exit the cord at once but more often descends with other motorneuron axons to
form a tract near the ventral edge of the marginal zone (Roberts et al., 1999).
On entering the intermyotome cleft, the motorneuron axons often bifurcate and
innervate both the rostral and caudal aspect of the cleft to form two plexiform
layers of terminals (van Mier et al., 1989) innervating muscle fibres at their
myoseptal ends. The distance between the cell body of a motorneuron and
where its peripheral axon leaves the CNS is variable, however there is a steady
trend towards motorneurons with axons growing out at some distance caudal of
the cell body (Hughes, 1959; Roberts and Clarke, 1982; Hartenstein, 1993).
Motorneurons initially innervate muscles of the nearest myotome and their long
central projections appear during subsequent development (Hughes, 1959). An
explanation for the relative displacement between cell bodies and axon
terminals is that the central pathway of the motor axons develops by a process
of differential growth. The muscles elongate more than the spinal cord which
moves the location of axon terminals caudally relative to their cell bodies
(Westerfield and Eisen, 1985). At least 6-10 functional spinal segments are
required for early swimming at stage 27 when a state of ‘critical mass’ is
reached in the early swimming pattern generating network (van Mier et al.,
1989).
During normal development, presumptive synaptic sites in the myotomes begin
to acquire a high density of acetylcholine (ACh) receptors within as little as 2 h
after the arrival of nerve fibres. Synaptic function also begins very shortly after
the arrival of the nerve fibres. Localisation of ACh receptors at nerve-muscle
contacts is nerve induced and involves a redistribution of surface receptors
(Cohen, 1980).
Extracellular ventral root recordings in immobilised embryos show when
innervation of the myotomes becomes functional. van Mier (1986; 1989) used
curarised embryos to show the spread of functionality from head to tail. The first
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ventral root activity was recorded at stage 25 from the rostral 2 to 3
intermyotomal clefts. Recordings could be made as far down as the 13th cleft in
stage 32 to 33/34 embryos and the 20th cleft in stage 35, increasing by stage
37/38 to the 25th cleft at least.
1.3.4.4 Phase IV (stages 28-33)
By the early swimming phase IV, the number of myotomes increases, spinal
innervation extends caudally and ventral roots have become fully formed (van
Mier et al., 1989). Between stages 27 and 30 (during early swimming), a
considerable increase in the rate of innervation occurs, averaging an overall rate
of 0.7 clefts per hour. The first rhythmic motor activity appears although it is
‘uncontrolled’. Early swimming is produced in short ‘uncoordinated bursts’.
Spontaneous myotome contraction occurs more frequently at this stage (Muntz,
1975).
Behaviourally, the start of this phase is characterised by slow undulating
movements (stage 28; (Muntz, 1964). These lead to more coordinated
swimming and between stage 28 and 33/34 the initial swimming frequency
increases from around 4 - 5 Hz to around 10 - 15 Hz (van Mier et al., 1989); the
amplitude and regularity of the body movements which is initially rather variable
becomes more regular until swimming occurs very rhythmically with little
variation by phase V.
1.3.4.5 Phase V (stages 32-46)
In the free swimming phase V, rhythmic swimming occurs as undulating
alternating movements of the musculature on both sides of the body (Muntz,
1975; Kahn et al., 1982). The trend through development is that the rate of new
myotome formation decreases while the functional innervation of the myotomes
increases considerably.
By stage 37/38 (Roberts et al., 1999) motorneuron somata lie at the inner edge
of the marginal zone of longitudinal axons. The dorsoventral position in variable.
Dendrites emerge mainly from the lateral surface of the soma and extend
radially in the ventral 70% of the marginal zone. Most motorneurons have
ventral dendrites that extend far enough to contact the longitudinal central axons
of other motorneurons. Some rostral motorneurons have dorsal dendrites that
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are long enough to contact the RB axons directly. Most motorneurons have a
single axon that emerges from the ventral part of the soma and if next to a
ventral root, can exit the cord at once, but more often descends with other
motorneuron axons to form a tract near the ventral edge of the marginal zone.
These usually turn to leave the cord in rather loosely organised ventral roots, but
they can also branch to form two peripheral axons. In general, rostral myotomes
have short central axons and the axons get longer in regions that are more
caudal. The total motorneuron density is around 270 per side between the otic
capsule and the 20th post-otic segment (Muntz, 1975; van Mier et al., 1989).
Motorneurons make two types of functional connection within the spinal cord:
chemical cholinergic synapses activating postsynaptic nicotinic receptors on
other motorneurons and electrotonic synapses with other motorneurons (Perrins
and Roberts, 1995; Roberts et al., 1999). Both connections appear to be made
from the longitudinal central axons of the motorneuron (Roberts and Walford,
1996).
Beyond stage 37/38, the nervous system and the behaviour it produces
continues to increase in complexity. Development of the swimming pattern from
stage 37/38 has been described in detail (Sillar et al., 1991; Sillar et al., 1992;
Sillar and Wedderburn, 1993; Sillar et al., 1993), but is beyond the scope of this
project.
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1.3.5

The skin impulse.

As outlined above, there is an increasing extent of sensitivity of the trunk and tail
skin to light touch during development, associated with the development of RB
neurons (Roberts and Smyth, 1974). There is an equivalent innervation of the
head skin by the neurites of trigeminal sensory neurons (Davies et al., 1982).
However, in addition to this nervous sensitivity, the developing tadpoles show an
additional form of non-nervous sensitivity to skin stimuli: the skin impulse
(Roberts, 1971). It is important to include the skin impulse (Figure 1.1) in
considering the initiation of behavioural responses in the developing tadpole.
1.3.5.1 Neuroid conduction
In 1969, the first description of impulses from non-nervous and non-muscular
tissue (termed neuroid conduction) in a vertebrate was published following work
on the skin of Xenopus laevis tadpoles (Roberts, 1969). Transient depolarising
potentials following a sharp prod with a blunt pin could be recorded by
microelectrodes pressed into the skin (Roberts, 1971). These impulses were
able to evoke behavioural responses (Roberts and Stirling, 1971).
The existence of non-neural skin sensitivity in amphibian embryos was first
reported by Wintrebert in the 1900s (Wintrebert, 1904; Wintrebert, 1920). He
introduced the idea of a primitive sensitivity following experiments on the axolotl
Siredon pisciformis and the frog tadpole Rana esculenta in which a reliable short
latency rostral response could be evoked by a prick to the tail following a lesion
midway through the embryo, which would disrupt any nervous pathways. The
excitation spread depended on intact skin and Wintrebert proposed that it
moved through the ectoderm (Wintrebert, 1905).
Roberts observed that ‘the presence of propagated impulses in the skin of larval
Xenopus offers a modus operandi for conduction of excitation in the skin of
larval amphibians which was first proposed by Wintrebert to explain behavioural
observations’ (Roberts, 1969).
1.3.5.2 Skin sensitivity in developing Xenopus
There are two types of sensitivity in Xenopus tadpoles (Roberts and Smyth,
1974). The skin impulse is responsible for the sensitivity that exists over the
entire body surface to stronger stimuli such as pokes, pinches, and pinpricks.
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Sensitivity to light touch depends on innervation of the skin by sensory RB
neurons (see above).
For a limited period in development (stage 24 to 40), the skin impulse is part of
the normal response to stimulation (Roberts, 1971). Skin impulse sensitivity is
first evident behaviourally at stage 24 once muscular responses have matured
(Roberts and Smyth, 1974) although action potentials are generated in
epidermal cells from stage 19 (Spencer, 1974). The majority of epidermal skin
cells, regardless of type, may generate a skin impulse transiently (Sato et al.,
1981) from stage 22 to 41, after which, it was reported that recording becomes
difficult and the presence of an impulse is uncertain (Roberts and Stirling, 1971).
The RB neuron sensitivity appears later, at stage 26 (Roberts and Smyth, 1974).
1.3.5.3 Epidermal potentials
Roberts and Stirling (Roberts and Stirling, 1971) found that all the cell types of
the skin are invaded by impulses though they may not all actively generate
impulses and that the impulse propagates by inducing current flow between skin
cells. The conduction system in Xenopus relies on the ectoderm and not the
underlying muscles and endoderm and that it is diffuse (Roberts, 1971).
Experiments by Sato also confirm that an action potential produced in the
epidermis can be propagated to other epidermal cells in the absence of a
nervous system, indicating direct cell to cell conduction (Wintrebert, 1905; Sato
et al., 1981). Gap junctions provide low-resistance pathways for electrical
coupling and passages for the transport of small molecules and were observed
from stage 22 to 38 in Xenopus laevis (Chuang-Tseng et al., 1982). The overall
size and fine structure of gap junctions varied consistently with the presence or
absence of impulse conductivity (Chuang et al., 1985 (in Cynops orientalis)).
1.3.5.4 Skin impulses and behaviour
If the skin impulse is to evoke a behavioural response, there must be an afferent
pathway from the electrical signal in the skin into the CNS before an efferent
mechanism is activated. Roberts hypothesised that the behavioural response
resulting from transmission of the skin impulse to other cells is ultimately
controlled by the CNS (Roberts, 1969; Roberts, 1971).
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Experiments on the excitation of skin sensory RB neurons ruled out the direct
excitation of skin sensory neurons by the skin impulse as a mechanism of
action. It was shown that it was very unlikely that the sensory nerve endings are
in electrical continuity with the skin cells (Roberts, 1975) and that although skin
impulses evoke swimming, they do not excite RB cells (Roberts and Hayes,
1977; Clarke et al., 1984). Skin impulses do not affect the excitatory potentials
evoked in dorsolateral cells by RB stimulation either (Clarke and Roberts, 1984).
Also, when the overshooting skin impulse invades the cement gland, the
trigeminal sensory neurons that innervate it are not excited, (Roberts and Blight,
1975).
High spinalisation in Xenopus laevis prevents the skin impulse from initiating
swimming, which is still evoked by stimulation of an innervated region of skin.
This suggests cranial access pathways for skin impulse signals. Preliminary
tests involving delicate lesions of individual cranial nerves implicated the Ist and
Vth nerves. One trigeminal nerve provides a sufficient access pathway to allow
the short latency initiation of swimming and the olfactory tract provides another
pathway (Roberts, 1996). For this reason, transecting between the midbrain and
hindbrain and severing the trigeminal nerves can be used to prevent access of
the skin impulse during experiments. However, these experiments were carried
out stage 37/38. Earlier lesion work suggested that skin impulse access is not
entirely cranial earlier in development

(Roberts and Stirling, 1971). This is

considered further in Chapter 4.
1.3.5.5 Skin impulses in other animals
Propagated electrical events in epithelial tissues are not unique to Xenopus
tadpoles but have been recorded from a number of invertebrates and from other
vertebrate embryos. Skin conduction with these properties has been observed in
amphibians such as Rana esculenta, Rana temporana, Amblystoma tigrirum,
and Triturus alpestris (Spencer, 1974). The Australian lungfish Neoceratodus
forsteri possesses a skin conduction system (Bone et al., 1989) though some
other species of amphibian do not (Wintrebert, 1920). Although Roberts (1971;
1983) was unable to demonstrate such a system in Triturus, Blight (in Roberts
and Clarke, 1983) observed the system in Ambystoma, confirming Wintrebert's
(Wintrebert, 1904) experiments. In several cases, these non-nervous action
potentials mediate escape or protective responses. In the ascidian tadpole
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Dendrodoa, the skin impulse mediates an inhibitory response to stop swimming
(Mackie and Bone, 1976) while in the frog tadpole, the skin impulse mediates an
excitatory response and swimming is initiated (Roberts, 1971).
Excitable epithelia collaborate with nerves in producing behaviour in other
animals (Mackie, 2004). The epithelial influences on nerves can be inhibitory, for
example, epithelial impulses, which mediate crumpling in hydrozoan hydroida
Polyorchis penicillatus, cause large inhibitory post-synaptic potentials (ipsps) in
the motor network that can inhibit swimming for several seconds (Spencer,
1981). Excitatory effects are also possible: in another species of hydrozoan
hydroida, Sarsia tubulosa, where neurally evoked tentacular contractions
accompany crumpling, epithelial impulses must somehow get into nerves
associated with the crumpling muscles before the latter can show contractions
(King and Spencer, 1981). It is not known how epithelial impulses transmit to
neurons in hydrozoans (Mackie, 2004). This is analogous to the system in
Xenopus in that the epithelial impulse must enter the nervous system in order to
produce a coordinated response but it is not known how the signal transfers
from the skin to a neuron.
Epithelial impulse excitation radiates from a single stimulation point apparently
invading all the cells of that particular tissue layer. In this way, the motor site is
eventually reached where an escape or protective response is triggered. The
advantages of this system are that the shortest route is automatically used and
the conducting system can be damaged considerably without preventing
conduction (Spencer, 1974). It is possible that the temporal appearance of
electrical activity in epidermal cells is a general characteristic of epidermal
differentiation (Sato et al., 1981; Takamune and Ito, 1984). Xenopus tadpoles
are free living early in their life and this neuroid conduction endows a precocious
capacity for response to external factors in the period before the skin is
innervated (Mackie, 1970; Chuang-Tseng et al., 1982).
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1.4 Hindbrain involvement in locomotion
Although the spinal cord can generate rhythmic activity, brain structures are
important in ensuring true locomotion, particularly in higher vertebrates
(Berezovskii, 1991; Jordan et al., 2008; McCrea and Rybak, 2008). Even in the
primitive lamprey, the brain is involved in generating swimming: reticulospinal
neurons excite the CPG and are themselves influenced by the MLR and basal
ganglia (McClellan, 1988; Grillner et al., 1998). The tadpole is considerably
simpler than the lamprey and does not apparently produce goal-directed
locomotion; swimming in the tadpole is the result of an external stimulus (though
apparently spontaneous episodes of swimming do occur). A brief stimulus is
sufficient to evoke long-lasting activity in the Xenopus tadpole. The signal from
the skin activates CPG, which pattern the rhythmic movements. In the tadpole,
short duration swimming can be turned on without the brain (Kahn and Roberts,
1982b; Roberts and Alford, 1986) and prolonged swimming can be generated
when only a small region of caudal hindbrain is present (Li et al., 2006).
Reticulospinal neurons in the brain (Kimmel et al., 1982; Nordlander et al., 1985;
van Mier and ten Donkelaar, 1989) provide descending excitation to the CPGs
which drives sustained swimming (Roberts and Alford, 1986; Li et al., 2006;
Roberts et al., 2008b) as is the case for other vertebrates (Garcia-Rill and
Skinner, 1987; Noga et al., 2003; Matsuyama et al., 2004). These neurons are
descending interneurons (dINs) that are resident in the hindbrain (hdINs). HdINs
provide feed-forward (descending) excitation to spinal neurons including
motorneurons during swimming (Roberts and Alford, 1986; Li et al., 2006) via
glutamate and acetylcholine (Li et al., 2004b). And some of them also provide
feedback (ascending) excitation (Li et al., 2006). Feedback synaptic excitation
between hdINs provides positive feedback. The excitation that the hdINs send to
CPG neurons is rhythmic and follows the same firing pattern as motorneurons
(Roberts et al., 2008b). In the lamprey, reticulospinal neurons with prolonged
action potentials provide the basis for long-lasting descending excitation (Viana
Di Prisco et al., 2000; Dubuc et al., 2008). In the tadpole, mutual excitatory
interconnections (network interaction) between hdIN reticulospinal neurons (Li et
al., 2006) underlie network reverberations responsible for long-lasting activity
(Roberts et al., 2008b). The tonic descending excitation provided by
reticulospinal neurons is a key feature of Brown’s half-centre hypothesis (1911;
1914) although the hdINs in tadpoles provide cycle-by-cycle excitation to the
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CPG neurons as well as a sustained background depolarisation. This moves the
focus of questions about the initiation of swimming to how the hindbrain neurons
that drive the CPG neurons are activated when a sensory stimulus is detected.
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1.5 Aims of this study
The overall aim of this work was to examine the initiation of behaviour in
response to skin stimulation in developing Xenopus laevis tadpoles. To study
the development of responsiveness, the approach was to document what occurs
normally in terms of the properties and capabilities of the system at an
established stage (37/38) against which equivalent information from younger
animals could be compared. In the long term, this will allow proposals to be
made as to how the neuronal interactions involved in eliciting these behaviours
are formed as the animal develops and how these strategies benefit the animal
in its first stage of life.
The specific aims were:
1) To describe the initial stages of responses to skin stimulation in hatchling
tadpoles behaviourally and electrophysiologically (Chapter 2)
2) To explore the development of the initial responses to skin stimuli
(Chapter 3)
3) To describe initiation of responses by the skin impulse and determine
how this changes during development. (Chapter 4)
4) To map out segmentation in the hindbrain (Chapter 5)
5) To describe responses of hindbrain neurons following skin stimuli to
reveal the distribution of sensory signals in the hindbrain and seek
regions involved in initiation of motor responses (Chapter 6).
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Chapter 2 Initiation of motor responses
2.1 Summary
Hatchling Xenopus tadpoles show simple locomotor responses when touched.
They flex to one side and swim away following skin stimulation. The first bend of
the response is usually on the side opposite to the stimulus and is followed by
swimming. Fictive activity recorded electrophysiologically from the ventral roots
of immobilised tadpoles shows that there is an initial flexion (reflex), which has
short, constant latencies (~ 10 ms), and swimming, which begins later (~ 44 ms)
and is more variable in timing. The reflex is a separate response to swimming
that is spinal in origin and does not require the hindbrain. Most stimuli result in a
contralateral flexion followed by swimming, the first burst of which is ipsilateral.
The presence of a reflex may influence the first burst of swimming to start
ipsilaterally but does not influence the delay to the start of swimming. The
process of swimming initiation following sensory stimulationleads to the start of
the first motorneuron activity producing the first ventral root burst and can last
many tens of milliseconds.

2.2 Introduction
This investigation into the initiation of motor responses in young Xenopus
tadpoles begins with an exploration of the first responses to brief stimuli that
lead to swimming. What motor events occur when the skin is briefly stimulated?
This question defines what must be explained, in terms of initiation, and may
give a clue to the underlying neuronal mechanisms.
The Xenopus tadpole survives between hatching and free swimming (stage
44/45) by spending most of its time hanging from the surface meniscus by its
cement strand (Roberts and Blight, 1975; Jamieson and Roberts, 2000). One
likely consequence of this is that it attracts little attention from predators by
staying stationary (Lambert et al., 2004a). The tadpole can detect stimuli that
might represent potential threats by skin touch (Nieuwkoop and Faber, 1956;
Roberts and Smyth, 1974; Roberts and Hayes, 1977), or by the pineal eye,
which detects a sudden change in light level such as might occur if the shadow
of a predator covers the tadpole (Roberts, 1978; Foster and Roberts, 1982). If
such a stimulus is detected, the tadpole responds by swimming away, usually to
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end up attached to the surface again, often under shade which could afford
some protection (Jamieson and Roberts, 2000).
Three distinct mechanosensory pathways from the skin which can evoke
swimming have been identified: a RB-mediated pathway (Roberts and Hayes,
1977; Clarke et al., 1984); a pathway involving trigeminal sensory neurons
innervating the head skin (Roberts, 1980; Hayes and Roberts, 1983); and the
skin impulse pathway (Roberts, 1969; Roberts and Stirling, 1971). This chapter
focuses on the first of these. RB neurons provide the innervation of the trunk
and tail skin that allows responses to cutaneous stimulation. The neurons and
connections of this sensory pathway are known in some detail. When the skin is
stimulated, a few RB cells will fire (Clarke et al., 1984). The central axons of RBs
release glutamate to strongly excite dlc and dla neurons (Sillar and Roberts,
1988b; Roberts and Sillar, 1990; Li et al., 2003b; Li et al., 2004a). Dlcs have
axons that project to the other side of the cord (Sillar and Roberts, 1988a;
Roberts, 2000) and excite rhythmically active neurons, including motorneurons
(Clarke and Roberts, 1984; Roberts and Sillar, 1990; Li et al., 2003b). Dlas
perform the same role on the ipsilateral side of the cord (Clarke and Roberts,
1984; Li et al., 2001; Li et al., 2004a). Both receive strong, mainly AMPARmediated glutamatergic excitation from RB neurons and also receive glycinergic
inhibition early on in each swimming cycle from cINs and do not fire during
swimming (Sillar and Roberts, 1988a; Li et al., 2004a). The role of dorsolateral
interneurons is to amplify and spread the signal from the skin, exciting CPG
neurons on both side of the tadpole.
In response to a brief stimulus to the trunk or tail skin on one side, a tadpole
typically swims away from the direction of the stimulus (Boothby and Roberts,
1995). The first bend (flexion) of the body appears to turn the body away from
the stimulus and it has been assumed that this initial bend represents the start of
the first cycle of swimming. Touching the head skin also evokes swimming, but
here the initial bend is stronger and turns the animal to face away from the
stimulus before it swims off (Boothby and Roberts, 1995). This study now aims
to use a combination of video recording and electrical recording to look more
closely at the motor events that occur at the very start of a response, during the
initiation of that response. Because of the much greater knowledge of the
neurons involved in responding to trunk and tail skin stimuli, the study focuses
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on initiation of activity through this pathway (rather than by pineal or head skin
pathways).

2.3 Methods
Xenopus laevis embryos were reared from eggs obtained from a captive
breeding colony of adults. Animals were staged according to the criteria of
Nieuwkoop and Faber (1956). Most experiments were carried out on embryos at
developmental stage 37/38 (Figure 2-1A), with some additionally at stage 35/36,
at room temperature (20 - 24°C).
2.3.1

Video analysis of behaviour

The movements of the tadpoles were filmed using a 1.3 megapixel high-speed
digital CCD camera (resolution 1280x1024 pixels) with a 55 mm, f/1:2.8 lens
with a 25 mm lens extension tube to provide high resolution close-up video
images. Data were collected at 1000 frames per second with a shutter speed of
1/1000s using HiDCam (Pixoft Diagnostic Imaging Limited, Birmingham, UK)
and played back using Vicasso software (Pixoft Diagnostic Imaging Limited,
Birmingham, UK). Each animal was propped, dorsal-side uppermost, in a groove
cut from a layer of sylgard silicone elastomer (Dow Corning GmbH, Weisbaden,
Germany) in a small petri dish containing dechlorinated tap water. Care was
taken to leave the cement gland unattached, since attachment reduces their
responsiveness (Lambert et al., 2004a; Lambert et al., 2004b). The field of view
was illuminated from below using a standard light source with a simple filter
made of tracing paper to diffuse the beam. A dissection microscope was
positioned to the front of the apparatus to facilitate accurate stimulus application.
Responses were evoked by a stroke from a gerbil hair mounted with wax on a
glass pipette and delivered by hand to a location on the trunk. The animals were
stimulated on either side of the trunk.
2.3.2

Fictive Activity

To make recordings of electrical activity, tadpoles were immobilised in αbungarotoxin (Sigma-Aldrich, Dorset, UK). Animals were first anesthetized
briefly with 0.1 % MS-222 (3-amino benzoic acid ester; Sigma, Poole, UK), and
the dorsal fin was slit to aid penetration. This was done by positioning the
tadpole into a groove carved into a layer of sylgard in a petri dish and placing
pins into the sylgard either side of the tadpole caudal to the head. This held the
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tadpole steady without damaging it. Two mounted pins were used in a scissorlike motion over the dorsal fin that was uppermost so that the fin was opened
from the level of the pins by the head to half way along the body. The tadpoles
were then transferred for ~ 30 minutes to 10 µM α-bungarotoxin in saline (115
mM NaCl, 3 mM KCl, 2 mM CaCl2, 2.4 mM NaHCO3, 1 mM MgCl2, and 10 mM
HEPES, adjusted with 5 M NaOH to pH 7.4) followed by a wash in saline for at
least 5 minutes. Immobilised animals were pinned through the notochord to a
rotatable sylgard platform in an experimental dish. Saline was perfused through
the experimental dish at approx. 2 ml/min.
Recordings from the motorneuron axons (ventral root recordings) were made
using suction electrodes (60 µm diameter) applied to intermyotomal clefts after
first removing the overlying skin with fine, etched tungsten needles. Up to four
ventral root electrodes were employed at one time (Figure 2-1B). The animals
were transected at the midbrain-hindbrain boundary and the attachments of the
trigeminal (Vth nerve) ganglia were cut to prevent sensory signals from the
cement gland, pineal eye or skin impulse, see Chapter 4) from influencing the
recordings (Roberts, 1980; Davies et al., 1982; Foster and Roberts, 1982;
Hayes and Roberts, 1983; Roberts, 1996; Jamieson and Roberts, 1999). The
experimental preparation is illustrated in Figure 2-1.
Threshold intensity stimuli were used in the fictive experiments. This means that
the tadpoles were stimulated at very low intensities and the intensity was
increased incrementally until fictive activity was initiated and recorded with
ventral root electrodes. The lowest intensity that produced a fictive response
was termed the “threshold” stimulus and five repeat stimuli in one block of
repeats were selected for analysis. Stimuli were applied after intervals of 2 to 3
minutes to allow the animals to rest.
Data were collected using Signal version 2.16 software (Cambridge Electronics
Design, Ltd, Cambridge, UK) through a CED 1401 Plus interface (Cambridge
Electronics Design, Ltd, Cambridge, UK), at a sampling rate of 5 KHz. This rate
takes 5 samples per ms which is enough to discern clearly the ventral root
spikes that are approximately 5 ms in duration. It is the standard used in the lab
for ventral root recordings where the shape of the spikes is not critical because
the size of the resulting files are moderate. Electrical stimuli (0.5 ms current
pulse, 0 – 20 µA) were applied through a suction electrode on the skin. As for
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behavioural experiments, mechanical stimuli (strokes) were delivered to the skin
using fine mounted hairs. An audio amplifier was used to help identify activity.
Data were analysed using Minitab (versions 13 - 15). The outcome of statistical
tests was regarded as significant where P < 0.05. Data was not normally
distributed so non-parametric tests are used; these include Wilcoxon signed
rank, Mann-Whitney U and Chi-squared tests.

Figure 2-1 Electrophysiological preparation. A: Photograph of a stage 37/38
tadpole. B:Schamatic of the electrophysiological preparation in lateral view (i) and
dorsal view (ii). The animal is pinned to the Sylgard platform so that the dorsal
half of the myotomes is exposed above the Sylgard on both sides, enabling
placement of electrodes both contralateral and ipsilateral to the stimulus. Hair
stimuli were delivered in the same approximate position as the stimulating
electrode (illustrated). C: Arrows indicate cuts where a pin was drawn along the
outside of the hindbrain to sever the cranial nerves. Midbrain - hindbrain border
(MHB) and cleft 2 transection are indicated (see Methods).
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2.4 Results
To define the initial responses of tadpoles at stage 37/38 to brief skin stimuli,
video recordings were made at high frame rates to capture the behaviour of the
tadpoles while they were mobile and unrestrained. Electrophysiological
recordings were then used to look in detail at motorneuron responses to skin
stimuli applied mechanically or electrically.
2.4.1

Stroke stimulation in high speed videos

At stages 35/36 and 37/38, tadpoles respond to a hair stroke stimulus on the tail
by flexing the body. A gentle stroke to the trunk skin provides a specific stimulus
for RB neurites and mimics natural stimuli that the tadpole might encounter
whilst free-living. Movements of tadpoles at stages 37/38 and 35/36 looked
sufficiently similar that they were combined for this analysis. In total, 44
responses were examined in eight tadpoles (25 stimuli at stage 35/36; N = 5
tadpoles; 19 stimuli at stage 37/38; N = 3 tadpoles). The videos were 0.5 s long
in most cases. The aim was to examine the basic pattern of movements rather
than attempt a full kinematic analysis which would involve charting the angles
and position of body bends and looking at the direction in which the tadpole
moved.
In all cases, a gentle stroke applied to the trunk skin on one side of the body
produced a behavioural response. High-speed videos showed that the first stage
of the response to a stroke stimulus was a bend involving a contraction of trunk
myotomes on the side opposite (contralateral) to that stimulated. This occurred
every time (44/44 stimuli). This initial bend was, in all cases, followed by a
pattern of alternating bending (swimming) which propelled the tadpole away
from the stimulus (Figure 2-2).
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Figure 2-2. Video stills showing a response to hair stroke on the left caudal trunk
by a tadpole at stage 37/38. Each frame is 2 ms after the previous. Arrowhead
indicates the position of the stimulating hair though the exact time and position at
which the hair touches the animal cannot be discerned clearly. Bend 1 takes 18
ms from its start to its strongest bend (26 º) and bend 2 takes 20 ms to its
strongest bend (137 º). Bending is measured as the angle of deviation of the front
of the head from a straight line connecting the midpoint of the tadpole and the tail
tip (inset diagrams).

Responses could be categorised into three types: In the largest group of
responses (21/44), the response appeared to consist simply of swimming: an
initial contralateral bend was followed by an equivalent ipsilateral bend,
continuing over the first few cycles with further alternating bends each of the
same duration and amplitude (Figure 2-3A). However, in the next largest group
(17/44), the initial contralateral bend was rather weak, the body bent to ~ 26 ° at
its most extreme compared to ~ 137 ° for swimming bends (Figure 2-2) and
could take longer to relax. In addition, the delay between this first bend and the
next was longer than the delay between subsequent (swimming) bends. This
suggested that the initial response in these cases was not actually the start of
swimming, but that swimming was preceded by an initial weaker flex. This
suggestion of a distinction between the initial movement and the start of
swimming was supported by some further cases (4/44) in which the initial
contralateral bend was followed by a further contralateral bend, where the
second bend was the start of the normal alternating swimming movement
(Figure 2-3B). In these cases, therefore, an initial flex preceded swimming, the
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first bend of which, was also to the contralateral side. In the remaining two
cases, normal alternating swimming appeared to be preceded by two flexes.
Brief flexes were never seen on their own, though they have been reported as
occurring occasionally (Boothby and Roberts, 1995).
The form of the swimming movements was not examined further as they have
been documented elsewhere (Roberts et al., 1981; Kahn and Roberts, 1982b;
Kahn et al., 1982). The presence of weak initial bends preceding swimming
therefore raised some question as to whether this first movement of the
response to a mechanical stimulus was actually the start of the first cycle of
swimming. This is considered further in the next section, which describes
electrophysiological recordings from immobilised tadpoles.
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Figure 2-3. Responses to hair stimuli. Frames are 2 ms apart. A: Swimming
without a reflex flexion. B: Double flexion followed by swimming.
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2.4.2

Stroke stimulation in a fictive preparation

Having established the basic pattern of movement in response to trunk skin
stimuli, motor responses were next investigated electrophysiologically using the
same stimuli, but monitoring ventral root responses in tadpoles immobilised with
α-bungarotoxin (= fictive responses (Kahn and Roberts, 1982c)). To ensure that
responses were due to the trunk skin stimuli, tadpoles were transected between
the midbrain and hindbrain, and connections from the trigeminal ganglia were
severed (see Methods and Figure 2.1B).
What does the activity look like? Tadpoles at stage 37/38 (N = 20) were
stimulated 5 times and the fictive responses to strokes were analysed (= 100
responses). Stimuli evoked responses in which brief, rhythmic bursts of ventral
root discharge alternated between the two sides (Figure 2.4). This activity, which
in the free-swimming animal would produce alternating contractions of trunk
muscles on the two sides, was fictive swimming. This fictive swimming pattern
has been described in detail elsewhere (Kahn and Roberts, 1978; Soffe, 1985),
and its neural basis is very well understood (Roberts, 1990; Roberts et al.,
1997). However, the start of clear swimming was frequently preceded by weaker
bursts of activity that did not appear to be part of the organised swimming
pattern (upward arrowheads: Figure 2-4A, C and D). Swimming was evoked by
most stimuli but 3/100 evoked only these brief weak bursts without swimming
(not illustrated for stroke stimulation; see section 2.4.3).
The simplest interpretation is that the weak bursts of ventral root activity that
preceded swimming, or were occasionally seen on their own, were the fictive
version of the initial weak bends that often preceded behavioural swimming.
They are referred to here as fictive flexions.
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Figure 2-4 Fictive activity following hair stroke stimulation in a stage 37/38
tadpole. Recordings from two ventral root electrodes positioned on each side of
the animal. The top trace of each pair is rostral to the bottom trace. Arrowhead
indicates the start of activity. RI = rostral ipsilateral; CI = caudal ipsilateral; RC =
rostral contralateral; CC = caudal contralateral. A: Explanation of the traces.
Activity begins contralaterally. The first burst of activity looks different (smaller,
with fewer component spikes) to subsequent bursts. The rostrocaudal delay
between activity in each pair is slight because the electrodes were close together.
A contralateral flex then swimming is depicted. B: Activity begins ipsilaterally.

For approximately half of the fictive responses to stroke stimuli, the very first
response was on the side contralateral to the stimulus (56) and for the
remainder, the response was ipsilateral (44). A more detailed analysis is given
later, in comparison with responses to electrical stimuli.
2.4.3

Electrical stimulation in the fictive preparation reveals two types of
response

Fictive responses to brief mechanical stimuli (strokes) supported the data from
video analysis that the first response frequently does not appear to be the start
of swimming, but a separate, relatively weak response, that precedes the start of
39

Chapter 2 Initiation of motor responses
swimming. Although hand-delivered stroke stimuli may be behaviourally realistic,
they are not easily repeatable experimentally and their onset is not accurately
defined. It is therefore not possible to quantify the timing of responses.
Experiments were therefore performed using single, brief (0.5 ms) electrical
stimuli to mimic mechanical touch. This is also the form of stimulus that has
been used in the past to define the properties and connections within the trunk
skin sensory RB pathway (Li et al., 2003b; Li et al., 2004a).
To look in detail at the timing and pattern of initial responses to stimuli,
recordings were made from 31 tadpoles. In each animal, responses to five
separate stimuli were examined. Stimulus intensity was adjusted to be just
above threshold for evoking a response. As before, tadpoles were transected
between the midbrain and hindbrain and the trigeminal ganglia were severed to
prevent stimulation by other sensory pathways (Figure 2-1).
The fictive responses to stimuli (Figure 2-5) looked much like those following
mechanical stimulation (for comparison, see later). A stimulus artefact was
visible on these traces. This indicated the time at which the electrical stimulus
was delivered and enabled the time from stimulus to response (latency) to be
accurately measured.

Figure 2-5 Fictive activity following an electrical stimulus. The time of stimulation
is obvious from the stimulus artefact that appears on the traces (grey bar,
compare to Figure 2-4). Arrowhead indicates the latency and side of the first
response.

A histogram of the latencies to the first response in each stimulation suggested
two groups: a high frequency, short latency group with low variation in latency,
and a lower frequency, longer latency group with a higher latency variation
(Figure 2-6A). This led to the distinction of two groups, one with activity that
began before 15 ms and one with activity that began after 15 ms. Once the
latency measures were separated by being below or above 15 ms, they were
compared statistically. The two groups of latencies were not from the same
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population (Chi-squared test: χ2 = 98.0; P < 0.001) and were significantly
different from each other (Mann Whitney test: W = 4656; P < 0.001).

Figure 2-6 Time to the first response following electrical stimulation. Histogram of
the latencies to the first response following stimulation. Every response (5 per
animal; 155 total) is plotted. Bin size (13) was selected as √n, n being the number
of observations (155). This shows a large number of responses beginning before
20 ms and a second group with the majority at 40 ms.

The two groups of response latencies corresponded to different types of
response. The shorter latency group started with a brief ventral root burst,
occasionally alone (Figure 2-7C) but more typically followed by swimming
(Figure 2-7D). The longer latency group was swimming responses that lacked
an initial, short latency burst (Figure 2-7A and B).
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Figure 2-7. Fictive activity following electrical stimulation, variable responses.
Stimuli were delivered on the left of the tadpole. Top trace in each pair is from VR
electrode on the left and bottom trace is from the right. The latencies to the first
response are shown. A: Swimming starts after a delay of 37 ms following the
stimulus (note stimulus artefact) on the same side as the stimulus. B: Swimming
starts after 39 ms on the side contralateral to the stimulus. C: Swimming is not
evoked following the stimulus but a single spike flexion appears at short latency
(6 ms). D: Both a reflex flexion and swimming are evoked by the stimulus. E:
Histogram of the latency of the first response following stimulation is scaled to
the traces (see Figure 2-6).

The results, from the video analysis and from the analysis of responses to trunkskin stroke-stimuli, supported the idea that swimming is often not the first
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response, and it can be preceded by a short latency flexion response. It also
showed an additional feature: while the short latency flexion response has a
rather constant latency, the delay to the start of swimming is variable and can be
many tens of milliseconds. This difference is illustrated in Figure 2-8.
In the analysis that follows, the initial flexion is treated as a separate response
and will be referred to as a ‘reflex’ (see Discussion). Swimming had a regular
cycle period, could begin on either side, with or without a preceding reflex.

Figure 2-8 Traces from repeat stimulations at 3 minute intervals of a stage 37/38
tadpole. The initial flexion is reliable and constant in latency and shape. The first
burst of swimming is variable between stimulations and variable in shape of
burst. There is a long delay between the flexion and swimming.

Having distinguished a flexion (reflex) component as separate from the
swimming component of the response, the latencies could then be examined in
more detail. A single mean latency for each component was first calculated for
each tadpole (to ensure independent data); these values were then used for
further analysis. As expected, the mean reflex latency (10.2 ± 1.5 ms) was
significantly shorter than the mean swimming latency (43.6 ± 11.5 ms; Mann
Whitney: W = 4656.0; P < 0.0005).
As outlined above, not all responses started with a reflex. Overall, 63 % of
individual responses to stimulation began with a reflex (97/155). To compare
best the most common responses in individual tadpoles, the proportion of
responses that started with a reflex (of five repeat stimuli) was calculated for
each tadpole. The first response was a reflex more often than swimming. This
was significantly more than would be expected by chance (Χ2 = 246.8; P <
0.001). 48 % of animals responded with a reflex as the first response every time
(5/5). 61 % of the animals began their responses with a reflex more often than
with swimming (>3/5).
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Overall, there were 142 (92 %) instances of swimming in 155 responses with or
without preceding reflexes. The great majority (87 %) of reflexes were followed
by a swim (84/97 reflex responses, 31 animals, 5 repeats). For most animals (84
%, 26/31) the response was a reflex followed by swimming for all five stimuli.
The standard response to cutaneous stimulation was therefore a flexion
reflex followed by swimming.
The sidedness of the response was then examined. For all responses that
started with a reflex, the reflex was contralateral to the stimulated side. In the
cases where a reflex was present, 87 % of subsequent swims began ipsilateral
to the stimulus (and therefore contralateral to the reflex). In contrast, when a
reflex was not present (swim only), swims began contralaterally only half of the
time (50 %; 29/58). This difference in sidedness of swimming according to
whether a reflex was present or absent, was significant (X2 = 26.2; P < 0.001).
There was no significant difference between the latency to the start of swimming
when a reflex was present and when a reflex was not present (reflex present:
38.53 ± 5.76 ms; reflex not present: 43.6 ± 11.5 ms; Mann-Whitney test: W =
5295.5; P = 0.0401). There may therefore be a causal link between the
presence of a reflex and the side on which swimming subsequently starts, but
the presence of a reflex does not affect the delay to swimming (see Discussion).
The latency to the start of swimming was relevant because the time taken for the
signal to travel from the skin rostrally to the brain and caudally to the muscles
provides insight into the possible pathways employed. Is there a difference in
latency to the start of swimming when a reflex is present to when swimming
starts without a reflex? Latency measurements for swimming (on either side)
following a reflex (mean: 37.6 ± 9.22 ms) and as the first response (mean: 43.1
± 15.74 ms) were not normally distributed. Figure 2-9 displays the distribution of
latencies as a box plot. A Mann-Whitney test shows a slightly significant
difference between the two populations (W = 5462.5; P = 0.0242). This might
imply that the swimming initiation pathway is different in each case or that the
presence of a reflex makes swimming occur slightly earlier.
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Figure 2-9. Boxplot displaying the distributions of swimming latency when a reflex
occurs before swimming starts and when swimming starts without a reflex and is
therefore the first response to stimulation.

2.4.4

Comparing mechanical (stroke) and electrical stimuli

Although the use of single, accurately timed electrical stimuli is helpful for
analysis of response latencies and allowed the separation of an initial reflex from
subsequent swimming, this type of stimulus is probably not very natural. The
more natural stroke stimuli were compared to responses to single electrical
stimuli. Individual animals were stimulated electrically after mechanical
stimulation (data above) so that responses could be directly compared.
The reflex could be identified in spite of the lack of a stimulus artefact to provide
a reference as the time of stimulation. The reflex is usually a small amplitude,
single component spike, that is separated from the next burst of activity by a
longer delay than the cycle period of the consequent swimming (Figure 2-4).
Only sidedness and type of first response are compared because there is no
timing information for stroke stimuli. Each electrical stimulus was at the lowest
intensity that could evoke a response for that trial and the location was the same
in every trial (Figure 2-1). It was not possible to make the stroke stimuli perfectly
uniform, they may be harder or softer, shorter or longer, and in slightly different
locations. Another important difference between the two methods of delivery
was that the electrical stimulus was a point stimulus, which was very short in
duration and very specific in location. The stroke stimulus was gradual and
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relatively long, and involved a larger area of skin. This will be addressed in more
detail in the Discussion.
The presence or absence of a reflex and the side of the first response was
compared in a set of 20 animals. These animals were stimulated by hair stroke
five times and then stimulated electrically five times. The proportions of different
combinations of responses are shown in Figure 2-10.
Following stroke stimuli, half of the initial responses were contralateral (56/100)
and half were ipsilateral (44/100). Most of the stimuli evoked swimming (97).
Responses that began contralaterally often began with a reflex (35/56; 63 %).
The reflex was usually followed by swimming (32/35; 91 %). The first burst of
this swimming was usually on the opposite side to the reflex (23/32; 72 %).
Three stimuli evoked a reflex without swimming Figure 2-7C (a response not
seen following the same kind of stimulus in the high-speed video recordings of
stage 37/38 animals).
Following electrical stimulation, 78/100 responses began contralaterally which is
significantly more than following stroke stimuli (56/100 contralateral; X2 = 13.8;
d.f. = 1; P < 0.001). Of the total number of responses (100), 91 swims plus 9
reflexes without swims were recorded following electrical stimulation and 97
swims plus 3 flexes without swims following hair stimulation. There is no
significant difference in swimming occurrence between electrical and hair
stimulation (Χ2 = 2.589; P = 0.108). The most common response to both
mechanical (stroke) and electrical stimulation was a contralateral reflex followed
by swimming with its first burst on the ipsilateral side (Figure 2-10).
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Figure 2-10 Stacked bar chart of behavioural and fictive responses following
strokes and fictive responses to electrical stimuli. This shows the proportion of
responses that were a swim without a reflex (pink), those that were swimming
following a reflex (grey) and a flex without swimming (blue). Only in the video data
were there any failures to respond. The video data did not show any reflexes
either. This may mean that the small amplitude fictive responses may be too small
to produce a physical contraction, or that the stimuli were either too soft to evoke
a response at all or too strong to evoke a reflex without swimming.
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2.4.5 Summary
The most common response to electrical skin stimulation is a contralateral
flexion that is followed a swimming episode, which starts ipsilateral to the
stimulus (Figure 2-11). This is the case following both the more natural stroke
stimuli and the artificial electrical stimuli. The initial flexion reflex is implicated in
directing the sidedness of the first burst of swimming (see Discussion). The
initial flexion was always contralateral to the stimulus and could occasionally
occur without subsequent swimming. Swimming could also occur in the absence
of a reflex. The reflex is a single rostral bend/burst. It is possible that it only
involves a subset of motorneurons whose activity might be detected only at one
or a few ventral root locations.

Figure 2-11 Flow diagram demonstrating the most common response to electrical
stimulation is a contralateral flexion followed by swimming that begins on
ipsilateral to the stimulus. Percentage values are quoted.

2.4.6

Effects of caudal hindbrain transection on initial responses

In vertebrates, the hindbrain is involved in the initiation and maintenance of
persistent locomotor activity (see Chapter 1). When the tadpole hindbrain is
removed, the duration of swimming episodes decreases (Kahn and Roberts,
1982a; Roberts and Alford, 1986). Tadpoles can produce some swimming when
spinalised but they do require some of the caudal hindbrain for sustained
swimming responses (Li et al., 2006). The spinal cord must contain sufficient
neuronal machinery to initiate the brief locomotor responses seen in spinalised
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tadpoles. Does the removal of the brain make a significant difference to the
initiation of responses?
The previous section demonstrated that following a brief electrical stimulus to
the trunk skin, an initial reflex appears on the side opposite to the stimulus in
about 10 ms, and the first burst of coordinated swimming occurs much later at
approximately 40 ms, but with variable latency. The stimulus itself is short-lived.
RB sensory neurons excite many sensory interneurons, amplifying the signal
(Clarke et al., 1984; Li et al., 2004a). Dla and dlc interneurons together can
strongly excite central pattern generating neurons including motorneurons so
that a behavioural response is elicited (Roberts and Sillar, 1990; Sillar and
Roberts, 1992b; Li et al., 2003b). The sensory pathway neurons (RB, dlc) are
responsible for the reflex response (Li et al., 2003b). The longer delay to
swimming is more than enough time to carry the sensory signal to the brain and
back to the spinal cord pattern generator. The following calculation was used to
estimate the approximate delay. RB neurite to soma is 0.2 mm x 5 ms/mm = 1
ms {Clarke, 1984 #79}, RB axon to nearby dlc neuron is 2.5 ms/mm x 0.1 mm =
0.25 ms {Clarke, 1984 #79}, synaptic delay is 1 ms {Li, 2003 #2113}, rise to
spike is 1.25 ms {Li, 2003 #2113}, crossing dlc axon is 2.5 ms/mm x 0.2 mm =
0.5 ms (estimated). So the delay to carry the signal to the other side of the
tadpole is 4 ms. If the dlc axon contacts a motorneuron at this point, an
additional synaptic delay of 1 ms and an estimated delay of 0.5 ms for the
motorneuron axon (estimated from the dlc value) provides a total delay to a
reflex on the contralateral side of 5.5 ms which is consistent with the mean reflex
latency of 10.2 ± 1.5 ms (see earlier). If the dlc axon carries the signal up to the
brain and back down, an additional 2.5 ms/mm x 1.8 mm = 4.5 ms x 2 = 9 ms
can be added to the estimated reflex delay which gives a total delay of 14.5 ms
which is much shorter than the mean swimming latency of 43.6 ± 11.5 ms (see
earlier). Does the delay to the start of swimming (the period of swimming
initiation) change in spinalised tadpoles?
Recordings were made from 18 tadpoles with nervous systems transected at the
level of the second intermyotomal cleft to remove all but a very small caudal
portion of the hindbrain (Figure 2-1; see Discussion). Once again, five individual
responses to stimuli just above threshold were analysed for each animal. Data
from these animals were compared with data from a randomly selected sample
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of 18 of the 31 animals with intact hindbrains, the responses of which were
described above.
There was no significant difference in overall responsiveness between the
transected and intact animals. 88 stimuli of 90 (98 %) produced a response in
transected animals whereas all stimuli produced a response in the intact animals
(X2 = 2.02; P = 0.155). The combinations of different responses are shown in
Figure 2-12.
The proportion of reflex responses was not altered by transection (intact 49/90;
transected 48/88 (54 %)). However, there were significantly fewer instances of
swimming in transected animals (65/90; 72 %) than in intact animals (79/90; 88
%) (X2 = 7.98; d.f. = 1; P = 0.005) with correspondingly more of the reflexes
occurring alone. This may suggest that the machinery for swimming initiation
was disrupted by the transection. The proportion of reflex responses remained
the same, which supports the idea that the reflex is a spinal response while the
hindbrain has a role in controlling swimming.
The first response occurred more often on the side contralateral to the stimulus
in both intact (66/90; 73 %) and transected (64/ 88; 75 %) animals; there was no
significant difference between them (X2 = 2.68; P = 0.262).
When a reflex was present and swimming followed, the number of swims was
the same in intact (40) and transected (40) tadpoles. Swimming that followed a
reflex began contralateral more often than ipsilateral to the stimulus in intact
(23/40) and transected (21/40) tadpoles.
The pattern of response that declined in transected tadpoles was swimming that
occurred after a reflex, and in particular, those that began ipsilateral to the
stimulus (contralateral to the reflex) (Figure 2-12). Intact tadpoles responded
with a reflex followed by swimming 39 times while transected tadpoles showed
this response only 25 times. The swims began ipsilateral to the stimulus
(contralateral to the reflex) 35/39 (90 %) in intact and 19/25 (76 %) in transected
tadpoles. This meant that there were fewer instances of the "standard" response
(contralateral reflex, ipsilateral swim) when the hindbrain was removed by
transection (see Discussion). The overall responsiveness was the same, the
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contralateral reflex was still present but the ipsilateral swimming that followed in
intact tadpoles was absent in transected tadpoles.

Figure 2-12 Stacked bar chart of responses to electrical stimulation in intact and
transected tadpoles. This shows the proportion of responses that were a swim
without a reflex (pink), those that were swimming following a reflex (grey) and a
flex without swimming (blue). The transected data showed some failures to
respond.

The first burst of swimming occurred at 37.8 ± 12.5 ms in transected tadpoles
and 40.9 ± 7.28 ms in intact tadpoles. There was no significant difference
between the two (Mann-Whitney test: W 4628.5; P = 0.0602; Figure 2-13).
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Figure 2-13 Histogram of the start of swimming (regardless of reflex presence) in
intact and transected (cleft 2) tadpoles. There is more swimming at short latency
in transected tadpoles than at midrange and long latencies. Most of the swims
showed midrange latency in intact tadpoles.

In summary, removal of the hindbrain did not appear to reduce tadpole
responsiveness to skin stimulation and did not affect the number of reflexes, or
the reflex latency. The flexion reflex is a spinal response and would be expected
to not require the hindbrain. Swimming could also be initiated without the
hindbrain; however, transected tadpoles responded by swimming less often than
intact tadpoles. The pattern of responses to skin stimulation seen in intact
animals was also disrupted in various ways: there were fewer instances of
reflexes followed by ipsilateral swims and more instances of reflexes only. This
shows that the hindbrain, while not needed for initiation of a basic swimming
response, plays a role in the normal, intact, pattern of response initiation.
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2.4.7

Lateralisation

The majority of experiments were carried out in one orientation with stimulation
on the left of the animal, pinned on its right side (because that was the usual
orientation of the apparatus). A better experiment would include data from
animals where the side of stimulation had been selected at random and there
would be a similar number of animals stimulated on the right and on the left.
However, the possibility of "handedness" was examined in a small sample of
tadpoles.
A comparison of the sidedness of responses following stimulation on the left (10
animals selected at random from the pool of animals stimulated on the left) and
stimulated on the right (10 animals) showed that stimulation on the two sides
produced equivalent responses. The side of first response was more often
contralateral to the stimulated side in both groups. 78 % (39/50) in left stimulated
group and 72 % (36/50) in right stimulated group and there was no significant
difference between the two (X2 = 0.48; P = 0.488). The first response was most
often a reflex in both groups. 58 % in left stimulated group and 70 % in the right
stimulated group. There is no significant difference (X2 = 1.56, P = 0.211). This
reflex was on the side contralateral to the stimulated side 100 % of the time in
both groups.
These responses supported observations from video recording in which stimuli
were applied to both sides and which showed that patterns of responses
appeared to be symmetrical between the two sides.
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2.5 Discussion
This chapter investigated the first responses to skin stimulation in tadpoles at
developmental stage 37/38. The aim was to define the first motor events and in
this way begin to explore what happens during the initiation of movement. First,
high-speed videos were used to record the fast movements of the freely
behaving tadpoles when mechanically stimulated with a brief stroke to the skin.
These stroke stimuli evoked a quick response that usually resulted in sustained
swimming. Next, electrophysiological preparations of immobilised tadpoles were
used to record the fictive correlate of the behaviour seen in the videos. This
allowed repeated stimuli and a high volume of data to be recorded. Stroke
stimuli usually evoked swimming that began contralateral to the side stimulated.
An electrical stimulus was then employed to stimulate the same sensory
receptors so that timing information could be extracted. This resulted in a
definition of separate “reflex” and swimming responses to stimuli. The results
show that, typically, the first movement of a tadpole when stimulated is not
simply the start of the first cycle of rhythmic swimming but a short latency flexion
reflex. This is only subsequently followed by the start of swimming itself, at a
longer and variable latency. The presence or absence of an initial reflex
response does not apparently alter the time at which swimming starts, but may
influence the side on which swimming starts.
Patterns of responses to skin stimuli have previously been explored in stage
37/38 tadpoles (Boothby and Roberts, 1995). What comparisons can be drawn
with this earlier study? In terms of the basic observations, there is broad
agreement between the two studies; however, there are some differences. In
terms of general responsiveness of tadpoles, Boothby and Roberts reported low
(48 %) rates of responsiveness (Boothby and Roberts, 1995). This is probably
because Boothby and Roberts stimulated frequently while here the animals were
left to rest between stimuli for 2 to 5 minutes. Boothby and Roberts do state ‘if
an embryo was left for 2 - 4 min prior to stimulation, it invariably responded
[every] time’ which corroborates the present findings. Boothby and Roberts also
found that tadpoles would respond to skin touch by either flexing to one side (10
% of trunk stimuli) or swimming (28 % of trunk stimuli). In the present study, all
the videos showed swimming following the stimulus; isolated flexes to one side
without swimming were not seen, though they were occasionally seen
electrophysiologically.
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The main difference between the present study and that of Boothby and Roberts
(Boothby and Roberts, 1995) is in the interpretation of the initial flexion. As in the
present study, Boothby and Roberts reported that the typical response was a
contralateral flexion followed by swimming. The flexion reflex pathway (RB to dlc
to motorneurons) had been proposed (Clarke and Roberts, 1984; Roberts and
Sillar, 1990), though not yet confirmed. Until recently, it was assumed that the
flexion resulting from this pathway was the start of the first cycle of swimming
{Boothby, 1995 #2221}. It now appears that this assumption was not correct.
Two lines of evidence lead to the conclusion that the initial flexion and swimming
are essentially separate responses. The first is that flexion and swimming
responses can occur separately. This was clear in all electrophysiological
preparations used, though it was most obvious in the tadpoles transected at the
caudal end of the hindbrain. Given its localised nature, restricted to some rostral
segments, flexion responses might have been missed simply because the
recording electrode was not on the correct myotomal cleft. The ventral root
electrodes were placed in rostral positions, as suggested by the positions of
bends revealed by video recordings, to account for this. In addition, the fourelectrode preparation allowed two rostrocaudal positions to be monitored at
once. A flexion reflex was rarely observed on only one ventral root of the two on
that side. It therefore seems very unlikely that flexion responses were missed for
this reason.
The second line of evidence is based on latency. The flexion responses had a
short and relatively fixed latency. In contrast, swimming started at a longer and
more variable latency. In addition, the delay to the start of swimming was not
influenced by whether or not there was a preceding flexion response. The delay
between flexion response and the start of swimming was typically longer than
the subsequent swimming cycle period, again making it unlikely that the initial
flexion response was simply the start of the first cycle of swimming.
The flexion response recorded electrophysiologically tended to be relatively
weak compared to the first ventral root burst of swimming. This paralleled the
evidence from video recording, which suggested that the first (presumed flexion
reflex) response involved a much less pronounced bending of the body than was
typical during swimming.
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The pathway for the flexion reflex response is disynaptic. Small numbers of RB
neurons detect the skin stimulus (Clarke et al., 1984) and strongly excite many
dlcs (Clarke and Roberts, 1984; Sillar and Roberts, 1988b; Sillar and Roberts,
1988a; Roberts and Sillar, 1990) via primarily AMPAR (Li et al., 2003b). The
dlcs project axons across the spinal cord to weakly excite contralateral neurons
(including motorneurons), also via NMDAR (Clarke and Roberts, 1984; Roberts
and Sillar, 1990; Li et al., 2003b). The amplification of the sensory signal means
that motorneurons will fire and produce the ventral root response that was
recorded. Although RB neurons and dlc sensory interneurons have extensive
longitudinal axons, the motor response seems to be rather localised. The video
recordings suggest that the initial reflex bend only occurs at the level of the
rostral trunk. This presumably means that only motorneurons in this region fire
because of the stimulus. This in turn suggests that the amplification of the
sensory signal is not uniform along the length of the spinal cord.
Does the reflex have a role in the initiation of swimming? As discussed above,
the reflex is not the first bend of a swimming response. The time at which a
reflex occurs is not variable whereas the start of swimming is very variable. The
time between the reflex and the start of swimming is longer than the swimming
cycle period and is variable. In addition, this delay does not depend on whether
or not there is a reflex. However, the side on which swimming starts is related to
the presence or absence of a reflex. When a reflex is present before the start of
swimming, the first bend of swimming occurs contralateral to the reflex
(ipsilateral to the stimulus). When there is no reflex, the first bend of swimming
can occur on either side with equal probability. Is this a causal relationship? Too
little is yet known to give a definitive answer here, but some suggestions can be
made. The difference is not due to mechanical constraints because it was
observed in fictive preparations where the tadpole does not move. After a reflex,
perhaps neurons on the contralateral side, having fired, are less able to fire
again straight away so swimming starts on the opposite, stimulated side. The
behavioural significance of this may be that any response begins with only one
bend on one side which would be better to direct the tadpole away from the
(potentially harmful) stimulus.
It is important to note that for swimming to be initiated, the nervous system on
both sides must be excited because swimming consists of alternation and both
sides of the animal are involved, even by a sensory stimulus detected on one
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side. It is possible that the relationship between the initial reflex and subsequent
swimming depends on the exact strength of the stimulus. Swimming responses
with no preceding reflex may result from slightly weaker sensory stimuli. Since
both sides of the nervous system are involved in coordinating swimming, both
sides must be excited for swimming to start, the side of the first response may
then be essentially random. An initial reflex may indicate a slightly stronger
stimulus and a stronger stimulus might increase the likelihood of swimming
starting on the ipsilateral (stimulated side), perhaps because of a slightly shorter
sensory pathway. If so, the relationship between the presence of a reflex and
the sidedness of subsequent swimming might not be causal but just two
separate consequences of subtle differences in stimulus strength. Although the
aim was to use experimental stimuli just above threshold, it remains quite
possible that small differences in, for example, the responsiveness of the
individual sensory neurons could have introduced some variability to the
effective stimulus strength.
Swimming can be recorded from any myotomal cleft (with rostrocaudal lag)
because the whole tadpole trunk and tail is involved in swimming generation.
The reflex can be recorded from only the most rostral clefts. Future experiments
should confirm the precise rostrocaudal location of the reflex, and whether there
is a difference when swimming is present or not.
The reflex was no different in tadpoles transected at the very caudal end of the
hindbrain to intact tadpoles. This confirms that the reflex is a predominantly
spinal mechanism. There was, however, a difference in swimming occurrence;
fewer responses included swims overall. This is to be expected since the
machinery for normal swimming, which includes the caudal hindbrain (Li et al.,
2006), has been disrupted. The swimming responses that were no longer
present after transection were the swims that began contralateral to the reflex,
the typical pattern in the intact animal. The reason for this is unknown, however
a pathway that ascends to the hindbrain, crosses and then descends to the
spinal CPG to initiate swimming contralateral to the stimulus would be severed
by the hindbrain transection. Any contralateral swims that remained after the
hindbrain transection must be due to excitation crossing caudal to the level of
the cut.
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The mean latency was not different in transected tadpoles. The cleft 2
transection does not of course remove the whole of the brain. Doing so would
make swims very brief (Li et al., 2006) and responses harder to analyse. It is
important to note that a significant result of this study was the delay to the start
of swimming. If the initial reflex response is discounted as the first activity of
swimming, then the process of initiation of swimming, which leads to the start of
the first motorneuron activity producing the first ventral root burst, can be many
tens of milliseconds. The role of the hindbrain in the initiation of swimming
including this long delay is explored in Chapter 5.
These conclusions are mostly based on artificial stimulation. The main
difference between more natural hair stroke and electrical stimuli is the duration
of the stimulus. Stroke stimuli are relatively long and may stimulate neurites of
several different RB cells; as the hair drags along the skin it will cross the
receptive fields of different RB neurons (Roberts and Smyth, 1974; Roberts and
Hayes, 1977). Electrical stimuli are brief but may radiate a little way from the
electrode tip, probably stimulating a few RB cells practically instantaneously. A
brief comparison showed little difference between responses evoked by hair
stroke and electrical stimulation. More responses to strokes were ipsilaterally
starting swims with no reflex. This may be due to the data set or because the
hair stimulus may be weaker. The hair stimulus was much less replicable
because it was delivered by hand.
This investigation focussed on defining the first responses to stimulation at a
point of developmental time; the stage 37/38 tadpole. At this stage, the tadpole
is still developing. How do the responses develop as the tadpole developed to
stage 37/38? This is addressed in the next chapter.
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Chapter 3 Development of responses
3.1 Summary
The development of an escape manouevre requires that both the sensory
system and the motor system coordinate a response as early as possible for
survival; refinement comes later. The phases of behavioural development
devised by Muntz (Muntz, 1964) are borne out by behavioural responses
monitored by high speed video and fictive activity recorded electrically. A
pathway that enables a contralateral response to one-sided skin stimulation is
present as early as the ability to respond to sensory stimulation. The form of
fictive activity changes dramatically at stage 32 (Nieuwkoop and Faber, 1956);
tadpoles responding with either patterned fictive swimming activity (as seen in
stages 33/34 to 37/38) or “unpatterned” fictive activity (as seen in stages 26 to
30). Unpatterned activity can occur on either side, rarely shows a reflex
response, and does not properly alternate as it does in swimming.

3.2 Introduction
A major proportion of the work on the neural basis for behaviour in Xenopus
tadpoles has focussed on the hatchling at developmental stage 37/38
(Nieuwkoop and Faber, 1956). At this stage, fully rhythmic swimming behaviour
can be elicited by sensory stimulation, yet the nervous system is still relatively
simple (Roberts and Hayes, 1977; Kahn et al., 1982; Roberts and Clarke, 1982;
Roberts, 2000). As outlined in Chapter 2, following skin stimulation, hatchling
Xenopus tadpoles usually respond with a flexion reflex on the side opposite to
the stimulus, followed by swimming that begins on the stimulated side. This
allows the tadpoles to move rapidly away from potential threats.
During development, the complexity of the nervous system increases in a rostrocaudal direction (van Mier et al., 1989). The Xenopus tadpole is able to move as
early as 1-day post-fertilisation (stage 22). From this time onwards, the
behaviour

becomes

progressively

more

coordinated.

Well-coordinated

swimming can be observed just 12 hours later. This indicates that a
considerable degree of structural and physiological development has taken
place (Nieuwkoop and Faber, 1956; Muntz, 1975). A number of components
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have to be in place to enable properly coordinated swimming responses to
occur:
1) the muscles must be mature (able to contract in response to nervous
signals);
2) central pattern generating neurons must be sufficiently mature and
connected together appropriately;
3) The sensory system must be set up so that the skin of the tadpole is
innervated by mature RB neurites.
The ability to detect stimuli and to move develops side by side with the formation
of neuronal circuitry for coordinating the response.
Muscle maturation and innervation and skin sensitivity begin rostrally in the
tadpole and spread caudally as they develop (Taylor and Roberts, 1983; van
Mier et al., 1989). By stage 37/38, the myotomes all along the trunk are fully
formed (Roberts et al., 1981) and innervated (Kahn et al., 1982) and the skin
over the entire body surface is innervated by RB neurites (Roberts and Smyth,
1974) (see Chapter 1).
The behaviour of developing tadpoles has been observed previously by Muntz
(1964), who proposed a series of developmental phases of behaviour (Figure
3-1). The earliest behaviour is a slow bend (at stage 22) which can occur
spontaneously or by directly stimulating the muscles because skin sensitivity
has not begun to develop at this stage. From stage 24, tadpoles bend
contralaterally to sensory stimulation. Only the four most rostral ventral roots are
electrically active (van Mier et al., 1989) which is reflected by the bend being in
the neck region. The skin is not yet sensitive to light touch so these responses
must be due to the skin impulse (see Chapter 1 and Chapter 4). Skin sensitivity
due to RB innervation appears at stage 26 in a small patch of skin over the most
rostral myotomes (Roberts and Smyth, 1974) and the tadpole bends in response
to touch (Muntz, 1964). Early swimming, consisting of “short, uncoordinated
bursts” begins at stage 28 and skin sensitivity has extended half way down the
trunk (see Figure 3-1). At around stage 32, swimming becomes fairly
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coordinated and most of the body surface is sensitive to light touch (Muntz,
1964; Roberts and Smyth, 1974).

Figure 3-1 Developmental stages examined in this study are from Muntz phases
III, IV and V (Muntz, 1964). Tadpoles at these stages (26 to 37/38) are able to
respond to sensory stimulation (Roberts and Smyth, 1974), see shading on body
surface for areas responsive to light touch, and hatching can occur at these
stages (Nieuwkoop and Faber, 1956).

This chapter sets out to extend the study in Chapter 2 by characterising the
responses to skin stimulation as development proceeds. The aim was to see
how the rather consistent pattern of initial response to skin stimuli described in
the hatchling (stage 37/38) tadpole becomes established during early
development. The previous chapter highlighted in particular: a distinction
between an initial flexion reflex and the subsequent start of swimming, the
mainly contralateral nature of the first responses, and an often long and variable
delay before the start of swimming suggesting a relatively slow process of
initiation. Tadpoles were examined from stage 26, soon after responses to
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stimulation appear (Muntz, 1964), up to stage 37/38. Tadpoles were studied
using high speed video and electrical recording; both approaches have been
used rather rarely on these younger animals (van Mier, 1986; van Mier et al.,
1989). Although the aims were partially achieved, this study highlighted some
important difficulties. One was a problem making and interpreting electrical
recordings from the youngest animals. The second was a complication raised by
the electrical excitability of the skin and the ability of the skin impulse to evoke
motor responses, in addition to 'conventional' mechanosensory innervation. The
developmental significance of the skin impulse as a sensory pathway is explored
in Chapter 4.

3.3 Methods
The main methods used to obtain tadpoles, make high-speed video recordings,
and record electrical activity from the ventral roots of tadpoles immobilised in αbungarotoxin are described in Chapter 2. Additional methods are given below.
Some younger tadpoles had to be released from their egg membranes using
fine forceps prior to use. For high-speed video recording, frame rates of 250 fps
were used for the slower moving young tadpoles and 1000 fps for the faster
moving hatchlings. In some cases, the younger tadpoles would turn onto their
sides (see Figure 3-3C) which made it difficult to distinguish bending from the
silhouette. In these cases, the data about sustained responses were not
included in the analysis (noted in text). Because the length of video files was
limited to 0.5 seconds, some sequences did not continue long enough to capture
the character of the sustained responses.

62

Chapter 3 Development of responses

3.4 Results
The data described in the previous chapter were from tadpoles at a single point
in developmental time. Stage 37/38 tadpoles have been used in the past
because they are developmentally early enough to have a simple nervous
system (with few neuron types and few neurons of each type, see Chapter 1
(Roberts, 2000)) and their behavioural repertoire is relatively simple (swim in
response to touch or light dimming) (Kahn and Roberts, 1982c; Soffe, 1993;
Jamieson and Roberts, 2000). Yet their behavioural responses are ‘organised’
and reliable. How do the responses identified in stage 37/38 (see Chapter 2)
develop? This chapter set out to chart the responses of tadpoles at earlier
stages. To explore differences between stages, high-speed videos were
examined from behaving animals earlier in development. Recording of the fictive
behaviour was also attempted.
3.4.1

High speed video analysis of development

High-speed video recordings were made from tadpoles at stages 26 to 37/38 to
look at the behaviour of tadpoles during development, Between these stages,
the tadpoles develop from minimal responsiveness to fully coordinated
swimming (Muntz, 1964). Stroke stimuli applied to one side of the body were
able to produce responses, seen as bends of the body, at all stages examined.
3.4.2

Sidedness

One of the consistent characteristics of responses to skin stimuli in stage 37/38
tadpoles was that bends (or the underlying electrical activity) typically started on
the contralateral side (the side opposite to the stimulus, see Chapter 2). Highspeed video analysis revealed that the first response to mechanical (stroke)
stimulation of the skin occurred most often contralaterally through all stages of
development. At the earliest stages, stages 26 and 27, the earliest bends were
contralateral 70 % (5/7; N = 2) and 80 % (18/22; N = 5) of the time. From stage
28 onwards, more than 90 % of responses began contralateral to the stimulus
(see summary bar chart: Figure 3-4C). Stimuli were delivered separately on the
left and right sides so that response sidedness was independent of side
stimulated. Figure 3-2 illustrates this with a stage 29/30 tadpole that responds in
a similar way to both stimulation on the left (top) and right (bottom). The
response was contralateral to the stimulus in both cases.
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Figure 3-2 Responses are contralateral when stimulated on either side. Stage
29/30 tadpole responds in a similar way to stimulation on either side. Sustained
bending occurs on one side only, the contralateral side. Each frame is 40 ms after
the previous frame so the bending illustrated is slow compared to stage 37/38
tadpole swimming.

3.4.3

Sustained responses through development

The proportion of responses that were sustained also changed through
development. The simplest responses were only a single bend of the body. Any
response consisting of two or more consecutive bends, regardless of side, was
counted as sustained. At the earliest stages (stages 26 and 27), only 29 %, and
45 % of responses were sustained. These two stages correspond to stage III of
Muntz (Muntz, 1964) which was typified by just a flexure following skin
stimulation (Figure 3-1). At these early stages, the tadpoles appear unable to
perform complex responses. From stage 28 onwards, at least 68 % of
responses were sustained, rising to 100 % by stages 35/36 and 37/38 (see
summary bar chart: Figure 3-4). Stages 28 to 37/38 correspond to behavioural
stages IV and V of Muntz (Muntz, 1964), where responses are typified by short
uncoordinated swimming bursts and coordinated swimming respectively (Figure
3-1). All of the responses observed in stage 37/38 were sustained swimming. A
single bend (reflex) can occur following stroke stimuli at stage 37/38 (Chapter 2)
but single reflex responses were not observed in the videos at this stage.
Individual tadpoles at most stages can show more than one type of response.
For example, each of the early stages tested could bend once or bend
repeatedly showing both short term and sustained responses to the same kind
of stimulus.
At stage 37/38, sustained responses always consist of multiple bends that
alternate between sides. At earlier stages up to stage 32, however, multiple
bends could occur on a single side. From stage 32 onwards, all of the sustained
responses alternated on either side, like at stage 37/38 (see summary bar chart:
64

Chapter 3 Development of responses
Figure 3-4). cINs are responsible for the alternation during swimming and are
present in the nervous system from stage 22 and subsequently increase in
number in a rostrocaudal direction (Roberts et al., 1988).The connections
between the cINs and other GPG neurons probably develop to functionality by
stage 32. Stage 32 corresponds to the start of Muntz's phase V (coordinated
swimming; (Muntz, 1964)). Earlier stages demonstrate a more variable pattern
of responses. Some individuals bent on alternating sides while others bent
repeatedly on one side only (Figure 3-3). A tadpole could show a variety of
different responses to repeated stimulations. Tadpoles could show sustained
bending to one side only; sustained bending to the other side only (see Figure
3-2), or the same tadpole could respond with alternating bends.

Figure 3-3. Videos of responses in young tadpoles. A: Response in stage 29/30
tadpole shows very strong bending which equilibrates into swimming. The
reference point is the same in each frame so the distance travelled can be seen.
20 ms intervals between frames. B: Response in stage 28 tadpole shows bending
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alternating on either side. This may not be the same as swimming. 80 ms intervals
between frames. C: Response in a stage 27 tadpole consists of repeated bends on
the contralateral side only. 40 ms intervals between frames. D: Response in a
stage 26 tadpole showing alternations that begin ipsilaterally. 40 ms intervals
between frames.

An important observation of the movements of stage 37/38 (and indeed stage
35/36) tadpoles in the previous chapter (Chapter 2) was that the first bend of a
response was very often different from (weaker than) the typical bends during
swimming. Subsequent electrophysiological recording showed that this initial
response is a flexion reflex that is distinct from the subsequent swimming
response. Could this distinction be made at earlier stages? Proper coordinated
swimming was seen from stage 32 onwards. Weak initial bends typical of the
flexion reflex preceding swimming, were seen at both stage 32 and stage 33/34,
like those already described for stages 35/36 and 37/38. Weak bends were also
seen at all earlier stages, but their relationship to the responses in later stages is
difficult to judge.
3.4.4

Summary

From the time that skin sensitivity develops (stage 26), responses to skin
stimulation are more often contralateral to the stimulated side. Early stages (26
and 27) showed more ipsilateral responses than later stages. All stages were
able to bend on either side and to bend more than once. Stages 26 and 27
produced a sustained response infrequently, responding with a single bend (like
in Muntz Phase II (Muntz, 1964)). From stage 32 onwards, there seems to be a
clear distinction between early, weak reflex bends and stronger, subsequent
swimming.
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Figure 3-4 Responses in high-speed videos. A: Numbers of animals tested. B:
Numbers of stimulations. C: Summary of response sidedness by stage. The
majority of responses begin on the side contralateral (grey) to the stimulus. D:
Summary of response type by stage. At earlier stages, there are more responses
consisting of single bends (pink) and at older stages there are more responses
that are sustained and alternating (blue).

3.4.5

Fictive responses to skin stimuli

Following the previous study on stage 37/38 tadpoles (Chapter 2), recordings of
fictive responses were made from immobilised tadpoles to provide more detailed
information about the responses to sensory stimulation. Recording from animals
early in development is much more difficult because the tadpoles are more
delicate and fewer myotomes are innervated, so the choice of recording sites is
more limited. Furthermore, the areas of sensitive skin innervated by RB sensory
neurites are over these myotomes, which means the stimulating and recording
electrodes must be positioned close together. In addition, successful recordings
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could be difficult to analyse because the responses were very variable, signal to
noise ratios were often low and the activity was not as clearly defined as it was
in stage 37/38 tadpoles (see Discussion). However, it was still possible to
compare broad features like sidedness and sustained responses between the
video data and the fictive data. In particular, the fictive data made it possible to
look for the two types of response identified in the previous chapter (Chapter 2):
reflexes and swimming.
Successful recordings were made from stages 32, 33/34, 35/36, and 37/38.
Recordings were made from stages earlier in development but were more
difficult to obtain and to analyse (see later). The following analysis is based on
fictive activity in tadpoles at stages 32 to 37/38. For each tadpole, responses to
five stimuli were examined. General observations on the activity in younger
tadpoles are included without quantitative analysis. Overall responsiveness
increased from 68 % at stage 32 (27/40 stimuli; N = 8 tadpoles); to 74 % at
stage 33/34 (37/50 stimuli; N = 10 tadpoles); to 89 % at stage 35/36 (49/55; N =
11); to 100 % at 37/38 (155/155; N = 31; Figure 3-10).
The recordings of fictive activity at stages 33/34 and 35/36 looked very similar
(not illustrated) to the records at stage 37/38 described previously (Chapter 2).
Activity at stage 32 was rather different. Records from tadpoles at this stage
could be separated into two broad groups. One set showed fictive activity that
was very much like activity recorded in older tadpoles with activity alternating
across the body (Figure 3-5). The other set showed much less clearly patterned
activity, particularly at the start of the response (which was of particular interest
here). Data analysis in this section includes only the more patterned activity from
stage 32. The “unpatterned” activity (Figure 3-7) is described later, with
responses from tadpoles at earlier stages (Figure 3-8 and Figure 3-9).
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Figure 3-5 Patterned sustained activity following electrical stimulation from a
stage 32 tadpole. The response looks like a reflex followed by swimming.
Stimulus artefact is indicated. Stimulus delivered on the left.

Initial responses in older tadpoles are mainly contralateral (Chapter 2). In
younger tadpoles, at stage 32, initial responses were also more often
contralateral (78 % of patterned responses, 21/27). However, this increased to
greater than 80 % at subsequent stages (stage 33/34: 89 % (44/50); stage
35/36: 84 % (46/55); and stage 37/38: 81 % (126/155), see Chapter 2). A mainly
contralateral initial response is therefore established by the stage at which
properly coordinated swimming has developed (Figure 3-10).
The proportion of responses that were sustained also increased during this
period of development. Between stages 32 to 37/38, all sustained activity
consisted of alternating bursts on either side, i.e. typical swimming. At stage 32,
67 % of patterned responses were swims (18/27 patterned; 50 % (18/36) of
overall responses). Surprisingly, in this sample at stage 33/34 only 38 % (14/37)
of responses were swims. By stages 35/36 and 37/38, almost all responses (96
%; 47/49 and 92 %; 142/155) were swims (Figure 3-10).
Tadpoles that did not swim in response to a particular stimulus showed just a
reflex response; a brief ventral root burst recorded at short latency following the
stimulus. All reflexes were contralateral to the stimulus. As well as occurring
alone, contralateral reflex responses also preceded most swimming responses,
as already described at stage 37/38 (Chapter 2). At all stages, the reflex
occurred following the majority of skin stimulations. At stage 37/38, 63 %
(98/155) of responses started with a reflex, at stage 35/36, 69 % (34/49) of
responses were reflexes, at stage 33/34, 84 % (31/37) were reflexes, and at
stage 32, 70 % (19/27) of patterned responses were reflexes (Figure 3-10). The
reflex latency was short at all stages: 10.5 ± 1.5 ms at stage 35/36, 9.5 ± 1.4 ms
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at stage 33/34 and 10.4 ± 1.1 ms at stage 32 (mean ± SD). This means that the
conduction velocity of sensory RB and interneurons is very fast.
The reflex could occur alone, or swimming could follow it. Swimming could occur
alone or after a reflex. 60 % (84/142) of swims at stage 37/38 follow a reflex. 68
% (32/47) swims occur after an earlier reflex at stage 35/36, 57 % (8/14) at
stage 33/34 and 56 % (10/18) swims followed a reflex at stage 32.

Figure 3-6 Traces from a stage 32 tadpole showing “patterned” activity. Reflexes
are visible on the contralateral (RVR) traces and a skin impulse artefact is visible
on the top and bottom examples. Swimming is shown on the top two examples.

3.4.5.1 Stages 28 to 32 ‘unpatterned’ activity
In tadpoles at developmental stages below stage 32, and including some
tadpoles at stage 32, a qualitative change in the responses to stimulation was
observed. Some responses continued to be relatively sustained, but some were
not and it was harder to discern a clear repeatable pattern (Figure 3-7 and
Figure 3-8). This made it unrealistic to try to distinguish between short latency
reflexes and later responses. The initial response was still generally at short
latency, but was not clearly defined. The video analysis would suggest that
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these responses were typically slower flexions of some kind, perhaps alternating
between the two sides.
An additional problem in interpreting responses at younger stages was the
presence of skin impulse artefacts that obscured the early part of responses in
many recordings (Figures 3-6, 3-7, and 3-9). A skin stimulus of sufficient
strength will evoke a skin impulse, a cardiac-like action potential that propagates
between skin cells, can somehow access the CNS and can evoke a motor
response (Roberts, 1969; Roberts, 1971; Roberts and Stirling, 1971). When a
skin impulse is generated, an artefact of it is usually observed on ventral root
recordings (it is not known exactly how this happens). At older stages, the
threshold stimulus intensity for the skin impulse is above that for stimulating
responses via RB peripheral neurites. Skin impulse artefacts were not therefore
a problem for most recordings. However, at younger stages, the threshold
intensities appear to be equivalent and stimuli above threshold for evoking a
response typically evoked a skin impulse as well, and therefore an artefact that
obscures the first part of a recorded response. However, the skin impulse is
significant for a more important reason. At stage 37/38, the skin impulse
accesses the CNS to cause a motor response via the Vth (trigeminal) cranial
nerves (Roberts, 1996). These were therefore routinely severed to prevent any
confounding influence of the skin impulse on recorded responses (see Methods
(Roberts, 1996)). However, it emerged during the course of recording from
younger tadpoles, that the skin impulse could also evoke a motor response even
after the trigeminal nerves had been severed in these animals. The skin impulse
was appearing as an artefact on the ventral root records in experiments on
young (Stage 28 to 33/34) animals. This finding (the subject of Chapter 4),
combined with the inability to discriminate between RB and skin impulse stimuli
on the basis of threshold meant that it was not possible to specifically study
responses to RB stimulation in the younger tadpoles. No further analysis was
therefore performed with tadpoles younger than stage 32.
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Figure 3-7 A random selection of responses from different stage 32 tadpoles.
These responses are deemed “unpatterned”. Activity is not equal on both sides
and the activity is “bursty”. The start of activity is particularly difficult to identify
and the presence of a skin impulse artefact on some of the records cannot be
determined. It does appear that the fictive response begins very soon after the
stimulus. No reflex is apparent. Activity is less often sustained.
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Figure 3-8 A random selection of records from a tadpole at stage 30. Activity is
variable. Alternation can be seen but firing lasts longer on each side compared to
swimming in stage 37/38 tadpoles..
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Figure 3-9 A random selection of records from a tadpole at stage 28. Activity is
variable. Alternation can be seen but firing lasts longer on each side compared to
swimming in stage 37/38 tadpoles.Skin impulse is present.

3.4.6

Summary

Tadpoles become more responsive to skin stimulation through development.
Activity began contralateral to the stimulated side most of the time and activity
could be sustained at all stages tested. The reflex response was present in
stages 32 onwards, the latency of which did not markedly change through these
stages. Some tadpoles at stage 32 did not show coordinated responses, activity
was unpatterned, like at stages 28, 29 and 30.
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Figure 3-10. Summary bar charts of fictive activity. A: Numbers of animals tested.
B: Numbers of stimulations. C: Summary of response sidedness by stage.
Responses were more often contralatera at all stages tested. There were more
ipsilateral responses in the stage 32 and 33/34 tadpoles than the stage 35/36 and
37/38 tadpoles. D: Summary of response type by stage. The standard response at
stage 37/38, reflex followed by swimming, does occur at all stages tested but less
often in stahes 32 and 33/34. All stimuli produced a response in stage 37/38 but
this was not the case in the younger stages. Responsiveness is the main
difference between stage 35/36 and 37/38. A larger difference occurs at stage
33/34 where there is a large increase in the number of responses that were a reflex
without swimming.
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3.5 Discussion
This chapter describes an attempt to define the responses of young tadpoles to
gentle mechanical stimuli delivered to the trunk skin from soon after the time that
they will first respond to such stimuli. Overall, the results suggest that the pattern
of initial response shown by tadpoles at stage 37/38, typically a contralateral
reflex followed by swimming, is actually established several stages (13 hours)
earlier and is presumably a rather fundamental property of the underlying
neuronal circuitry. It proved difficult to follow this pattern in detail to earlier
stages of development.
Behaviour in tadpoles at the developmental stages studied here fits well with the
phases outlined by Muntz (Muntz, 1975). According to Muntz, behaviour
matures in the following way (illustrated in Figure 3-1):
1) Phase II: a flex via muscle contraction
2) Phase III: uncoordinated non-rhythmic activity in response to sensory
stimulation (up to around stage 27)
3) Phase IV: early swimming in short uncoordinated bursts (from stage
28 to around stage 32)
4) Phase V: rhythmic swimming (from stage 32)
It was the last of these phases that was most successfully examined here; clear
rhythmic swimming was shown by some stage 32 and all older tadpoles.
3.5.1

Sidedness in development

The video data showed that the side of first response (bend) was usually
contralateral from stages 32 to 37/38. The fictive data also showed the majority
of first responses (ventral root bursts) to be contralateral (above 89 % at stages
33/34 to 37/38 and above 67 % at stage 32). One might predict that this
sidedness might be less clear earlier in development. Indeed, the video data
showed more first responses occurring on the side stimulated at stages 26 and
27. The high proportion of responses beginning contralaterally from stage 26
onwards suggests that the neuronal pathways that enable contralateral initiation
following skin stimulation are present early in development, as early as
ipsilateral pathways. In stages earlier than this (stage 25 and lower), the
tadpoles cannot respond to sensory stimulation at all; only by direct muscle
stimulation (Muntz phase II (1964)).
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Early swimming is not yet a possibility in these very young embryos. It appears
that it is only in these very young animals, soon after they have developed the
ability to respond to sensory stimuli at all, that the relatively immature circuitry
does not ensure a contralateral response. It could be that this is a weakness of
the early developing nervous system. Of course, it could also be appropriate that
the responses in these very young, and presumably even more vulnerable,
tadpoles are less predictable since they cannot swim away from a possible
threat (Humphrie and Driver, 1967; Boothby and Roberts, 1995).
3.5.2

Responsiveness in development

The fictive data showed lower responsiveness in the earlier stages compared to
stage 37/38. This was not apparent in the video data because only stimuli that
evoked responses were recorded. It could be that electrical stimuli were less
effective in the younger tadpoles because a smaller area of the skin is
innervated by RB neurites and so there is more chance that stimulating
electrodes were placed on skin that was not well innervated. However,
electrodes were positioned at the level of the anus around the dorsoventral
border between the caudal myotomes and belly in stages 32 to 37/38 (as in
Chapter 2). In this position, according to Roberts and Smyth (1974), RB neurites
should be innervating the skin and the tadpole should be able to respond (Figure
3-1).
At stage 27 and lower, the tadpoles are immature and have fewer than 8 active
ventral roots (van Mier, 1986; van Mier et al., 1989; Boothby and Roberts,
1995). The area of skin that is innervated by RB neurites, and is responsive to
strokes, is less than 25 % of the skin surface area and is limited to the area over
the rostral myotomes (Roberts and Smyth, 1974). Although no analysis of
responsiveness was performed for tadpoles at stage 29/30 and earlier, the
stimulating electrode in electrophysiological recordings was positioned as rostral
as possible on the skin over the myotomes, limited only by the need to remove a
small amount of rostral skin to allow the ventral root electrodes to be placed over
rostral myotome clefts. Again, this should have ensured that the stimulating
electrode was in a region of skin sensitivity (Roberts and Smyth, 1974). It is also
possible that some responses in these young animals were not due to direct RB
neurite stimulation but to the involvement of the skin impulse (see Chapter 4).
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3.5.3

Sustained responses

Overall, the proportion of sustained responses increases from earlier to later
developmental stages. In stages 32 to 37/38, all sustained responses alternate
in the videos and the alternation has the characteristics of swimming in the
fictive records. Stages 26 to 31 show sustained responses but they do not
always alternate in the videos (fictive activity not analysed). Single sided
repetitive bending is also a feature seen in tadpoles earlier than stage 32. This
activity corresponds to Muntz phases III (contralateral flex) and IV (early
swimming) (Muntz, 1964). The neurons that are responsible for the reciprocal
inhibition that makes alternation between the two sides possible (see Chapter 1)
are cINs. These are present in the nervous system from stage 22 and
subsequently increase in number in a rostrocaudal direction (Roberts et al.,
1988).
The less repeatable and coordinated patterns of response seen in the youngest
animals raise some interesting questions about their relationship to other
movements. In older tadpoles, the movements in response to mechanical stimuli
can largely be grouped as (flexion) reflexes or swimming. The single,
contralateral bend responses in the youngest animals would seem to be more
related to the later flexion reflexes, though they are relatively slow (this is not
analysed quantitatively, but can be seen in the high speed video, e.g. Figure
3-3). However, the repetitive bends appear to require additional coordination
and are clearly sustained, particularly those that alternate between sides. This
makes them more like an early stage of swimming. If so, then mechanisms for
initiation and maintenance of a sustained response must be in place, to some
extent. This would need a more complex level of developmental organisation
than for a simple reflex response. An alternative explanation is that the early
movements themselves trigger later bends by reflex or perhaps by directly
stretching the muscle fibres themselves. In this second case, the movements
would be partly a continuation of the early myogenic responses described by
Muntz (phase II; (1964)). Both possibilities, further reflexes and myogenic
activity are unlikely though, because the electrical recordings from immobilised
tadpoles, at least by stage 28, show some sustained activity even in the
absence of movement. The nervous system therefore appears capable of
sustained responses from a very early stage. It would be interesting to know
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whether this capability is spinal or requires the hindbrain. The animals are very
delicate and suitable lesions were not attempted in this study.
3.5.4

Single bend responses

At stages 32 to 37/38, responses that are not sustained consist simply of a
reflex bend. Reflexes also precede a lot of swimming responses at all of these
stages. Younger tadpoles show responses that are a single bend but these are
not necessarily the same as the later reflex. One characteristic they share with
the later reflexes is that they are typically contralateral to the stimulus (though
not exclusively, see Figure 3-3). As mentioned above, this shows that pathways
for contralateral signalling are established very early in development of the
spinal sensorimotor system. These contralateral signals are carried by dlc
sensory interneurons at stage 37/38 (Sillar and Roberts, 1988a; Roberts and
Sillar, 1990; Li et al., 2003b); presumably the earliest members of this neuron
population are functional from the time that responsiveness begins. A second
characteristic of the reflex of older tadpoles is its short latency following a
stimulus. Because accurate timing measurements cannot be made from video
data following stroke stimuli, and because the fictive correlates of these bends
could not be reliably distinguished in electrical recordings, the latency to the first
bends in young animals are not known. The pattern of movement will also
depend on the contraction-relaxation properties of the muscle fibres. These
properties are also not currently known. The generally slower development and
recovery from bends in the youngest animals would suggest that the contraction
properties of their muscle fibres are not fully developed.
3.5.5

Parallels with development in zebrafish

The prevalent locomotory mode in the larvae of zebrafish (Danio rerio (Hamilton,
1822) is undulatory swimming (Eaton et al., 1977; Saint-Amant and Drapeau,
1998; Budick and O'Malley, 2000), the swimming kinematics of which is similar
to that of Xenopus tadpoles (Blight, 1977; Muller and van Leeuwen, 2004).
Muscles on opposite sides of each body segment are antiphasically active
during normal swimming in zebrafish embryos, larvae and adults, as well as
during fictive swimming in paralyzed embryos and larvae (Saint-Amant and
Drapeau, 2000; Buss and Drapeau, 2001; Drapeau et al., 2002).
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As the zebrafish develops (Kimmel et al., 1995), motor behaviour matures from
“spontaneous coiling” through “touch-induced coiling” to “rhythmic swimming”,
each behaviour appearing on a precise schedule during 10 hours of
development (Saint-Amant and Drapeau, 1998; Bate, 1999; Thorsen et al.,
2004). Zebrafish embryos begin to show contractions mediated by spinal circuits
around 17 hours post-fertilisation (Saint-Amant and Drapeau, 2000). Electrical
activity has not been seen in RB neurons monitored at this stage (Saint-Amant
and Drapeau, 2001) and at the peak of the spontaneous tail coiling (19 h), the
zebrafish embryos do not respond to touch (Saint-Amant and Drapeau, 1998;
Brustein et al., 2003). Therefore, as in Xenopus, responses apparently precede
development of the touch sensory system.
Zebrafish become touch sensitive at the end of the first day of development (21
h) (Saint-Amant and Drapeau, 1998; Lewis and Eisen, 2003) responding to
touch with an over-the-head, fast coiling of the trunk (Brustein et al., 2003). This
is the embryonic manifestation of the mature escape response (Eaton et al.,
2001). Xenopus tadpoles begin to respond to touch at 29 h (Roberts and Smyth,
1974). Organized swimming can be observed in zebrafish at 27 h (Saint-Amant
and Drapeau, 1998; Brustein et al., 2003) and in Xenopus at 40 h (stage 32,
Chapter 3).
Touching the tail activates spinal RB sensory neurons, which project to the
hindbrain and innervate reticulospinal Mauthner neurons (Kimmel et al., 1981).
The Mauthner neurons play an important part in zebrafish responses. This
contrasts with the tadpole, where Mauthner cell-mediated responses do not
appear until somewhat later in development (after stage 37/38), although the
cells are present from stage 30 (Vargasli and Lyser, 1974; van Mier and ten
Donkelaar, 1984; Nordlander et al., 1985; Roberts and Alford, 1986). The
zebrafish hindbrain is not required for the earliest contractions of embryonic
myotomal musculature (Saint-Amant and Drapeau, 1998) but it is essential for
touch-induced coiling and swimming (Saint-Amant and Drapeau, 1998; Bate,
1999). The importance of the hindbrain in responses of younger Xenopus
tadpoles is not yet clear.
3.5.6

Skin impulse in development
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The complication raised by the presence of skin impulses, both in terms of
artefacts obscuring activity in electrophysiological recordings, and in terms of
their being able to evoke motor responses, has been outlined above (see
Results). The skin impulse is treated more fully in the next chapter (Chapter 4)
and so is only discussed briefly here. Essentially, the skin impulse is a slow
depolarisation in the skin cells, which is initiated by a poke or by electrical
stimulation. This impulse spreads in all directions from its point of origin and
excites the nervous system to produce a behavioural response (Roberts, 1969;
Roberts, 1971; Roberts and Stirling, 1971). At stage 37/38, the trigeminal nerves
(Vth cranial nerves) of tadpoles are severed so the skin impulse cannot excite
the nervous system (Roberts, 1996). Even though tadpoles at every stage were
dissected in the same way, it appeared that skin impulses could still evoke
motor responses in younger tadpoles, by some route other than the trigeminal
nerves. This is explored in Chapter 4. In addition, in the younger tadpoles the
stimulus threshold for a skin impulse was the same as for evoking any motor
response at all. This meant that the methods used to isolate the RB neuritemediated responses from those due to the skin impulse at stage 37/38 are either
unreliable or ineffective in younger animals. This problem prompted the
investigation into the role of the skin impulse in development covered in Chapter
4. In brief: the outcome of the investigation in Chapter 4 was that it is highly
likely that the initial responses described in this chapter for tadpoles at stages
between 32 and 37/38 were indeed due to RB neurite stimulation. However, it is
quite possible that responses in younger tadpoles were, at least in part, a
consequence of skin impulses.
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Chapter 4 Skin impulses and development
4.1 Summary
Xenopus tadpoles show locomotory responses to cutaneous stimulation. Spinal
cord RB sensory neurons are excited by skin touch and directly excite
interneurons to activate spinal pattern generating neurons and evoke a
response. Responses are also evoked by strong stimuli which generate an
electrical "skin impulse" which propagates between skin cells over the whole
body surface. Skin impulse signals must enter the nervous system to generate a
response. In hatchling tadpoles, the skin impulse enters cranially via trigeminal
nerves. In younger embryos, evidence suggested direct spinal cord entry. How
does the skin impulse activate the central nervous machinery for escape
responses and is it important developmentally? Lesions showed that young
embryos respond to skin impulse signals without access via the trigeminal route.
Direct access of the skin impulse to the spinal cord is lost shortly prior to
hatching, access becoming purely cranial. Recordings from the dorsal part of the
spinal cord of young tadpoles in glutamate antagonists showed impulse activity
in response to skin impulses. One can conclude that in young tadpoles,
immature RB neurons provide an early access route for skin impulse information
into the spinal cord. This access may be mediated by developing growth cones
and is lost in subsequent development. This non-neural excitation of RB
neurons allows them to swim in response to strong stimuli anywhere on the
body before their sensory free nerve endings have innervated the whole trunk
and tail skin.

4.2 Introduction
When they hatch, most amphibian tadpoles can produce behaviours that enable
them to survive the start of free-swimming larval life. The survival of the animal
depends on its ability to detect external stimuli and respond appropriately.
Swimming in Xenopus laevis tadpoles can be initiated by dimming the
environmental illumination, which excites the pineal eye (Roberts, 1978; Foster
and Roberts, 1982), or by tactile stimulation (Kahn et al., 1982). Skin-sensory
RB neurons innervate the skin of the trunk and tail and are excited by a light
stroke (Roberts and Hayes, 1977). Their central axons excite dorsolateral
sensory interneurons (dlc and dla; (Sillar and Roberts, 1988b; Li et al., 2003b)
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which carry the excitation to the central-pattern-generating neurons (Roberts,
2000) that coordinate locomotion.
The skin of Xenopus tadpoles is electrically excitable (Roberts, 1969). Skin
impulses spread out in all directions from any stimulated point, exciting the
Central Nervous System (CNS), and, if the animal has the neuro-muscular
capacity, evoking a behavioural response (Roberts and Stirling, 1971). The skin
impulse is responsible for the sensitivity, which exists over the entire body
surface, to stronger stimuli such as pokes, pinches, and pinpricks. This
sensitivity is first evident behaviourally at stage 24 (Nieuwkoop and Faber,
1956), once muscular responses have developed (Roberts and Smyth, 1974),
though action potentials are generated in epidermal cells from stage 19
(Spencer, 1974). The majority of epidermal skin cells, regardless of type, may
generate a skin impulse transiently (Sato et al., 1981 in the newt). After stage
41, recording becomes difficult and the presence of an impulse is uncertain
(Roberts, 1971).
If the skin impulse evokes a behavioural response, there must be an afferent
pathway from the electrical signal in the skin to the CNS, before an efferent
mechanism resulting in movement is activated. In stage 37/38 tadpoles,
experiments showed that RB neurons are not directly excited by the skin
impulse. In stages 33/34 to 37/38, the sensory nerve endings are unlikely to be
in electrical continuity with the skin cells (Roberts and Blight, 1975). Although
skin impulses evoke swimming, they do not excite RB cells in stage 37/38
(Roberts and Hayes, 1977; Clarke et al., 1984). High spinalisation prevents the
skin impulse from initiating swimming, which implicates cranial access
pathways. One trigeminal nerve provides a sufficient access pathway to allow
the short latency initiation of swimming, and the olfactory tract may provide
another pathway (Roberts, 1996). In contrast, lesion experiments on embryos at
stage 27 or earlier show that excitation from a skin impulse can enter the CNS
caudally early in development (Roberts, 1971). Skin impulse artefacts were
visible shortly after the stimulus artefact in fictive recordings from tadpoles at
early stages (28 – 33/34 ;Figure 4-1. It is not known how these artefacts appear
but their presence indicates that the skin impulse is interfering with the RB
neurite pathway of initiation. Skin impulse entry is restricted to cranial access
pathways in stage 37/38 but apparently not in younger animals.
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In pre-hatching embryos, the skin impulse activates the neuronal machinery for
escape responses but it is not known how it does so. The role of the skin
impulse in behaviour initiation is important in two respects. It exists as a
cutaneous sensory pathway supplementary to the RB pathway, early in
development. In addition, the separation of the conventional RB pathway from
that mediated by the skin impulse is desirable for detailed experimental analysis
of the initiation of behaviour by RB neurons (see Chapter 2).
The investigation described here was prompted by findings detailed in Chapter 3
where the fictive information on the development of responses to skin
stimulation was obscured by the appearance of a skin impulse artefact. This
chapter readdresses the role of the skin impulse in the sensory system that
allows the embryos to respond to stimuli early in development. Behavioural and
electrophysiological

experiments

are

used

with

lesioning

to

examine

responsiveness to skin impulse-generating stimuli as development proceeds,
and an attempt is made to characterise how the skin impulse activates the
nervous system at embryonic stages.

4.3 Methods
All experiments were carried out on Xenopus laevis tadpoles between
developmental stages 28 to 37/38 (Nieuwkoop and Faber, 1956) at room
temperature (20 – 24 °C) in saline. Details of the main methods for making
fictive recordings are in Chapter 2.
All dissections and lesions were carried out using mounted etched tungsten
microneedles, fine forceps, and a small mounted piece of razor blade. The
animals were dissected in a plastic sylgard-lined dish containing a dilute solution
of anaesthetic (0.1 % MS-222, Sigma-Aldrich, Dorset, UK) in saline and were
allowed to recover in saline for at least 5 minutes prior to behavioural testing.
Operations were carried out under a dissecting microscope. Strokes to the skin
were delivered using a hand-held, mounted hair (~ 15 µm tip diameter). Pokes
were delivered using a thicker, less flexible cut-off hair.
Recordings from the skin, spinal cord, or motorneuron axons in the
intermyotomal clefts were all made using suction electrodes. To record the skin
impulse, a glass electrode (60 µm diameter) was placed on the outside of the
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skin. Measurements of latency were taken from the top of the peak of the
impulse. This is not the start of the skin impulse, but is a suitable measure for
comparison between skin impulses and the concurrent spinal or motor activity in
a single preparation. Skin impulses are typically 100 ms in duration (Roberts and
Stirling, 1971). However, the filtering by the extracellular, suction electrode
amplifiers altered the shape of the skin impulse and sometimes the end of the
skin impulse was not discernable. The experiments were performed to
determine if a skin impulse was present or not, so the accurate shape of the
impulse was not sought. The amplifier was simply adjusted until the skin impulse
was large and clear.
To record from the cut rostral surface of the whole spinal cord, the most rostral
myotomes were removed to expose the spinal cord, which was then severed at
the level of the third myotome. To record activity from the whole spinal cord, a
60 µm diameter electrode, which was bent to an angle of 90° close to the tip,
was used to suck up the exposed end of the spinal cord. For local recording
from the dorsal part of the cut surface of the cord, a smaller (40 µm diameter)
electrode was used to suck up only the dorsal part of the spinal cord.
To record from RB neuron somata, the dorsal fin was split over the rostral spinal
cord and the pigment cells lying over the exposed nervous system gently
cleared away using fine, etched tungsten needles. An electrode (20 µm
diameter) was placed onto the top of the spinal cord, to one side of the midline,
and gentle suction was applied. Ventral root recordings were made using
electrodes (~ 60 µm diameter) applied to intermyotomal clefts after first
removing the overlying skin with tungsten needles.
Drugs were applied by addition to the circulating saline. The following were
used: Kynurenate (1 mM) (Sigma-Aldrich, Dorset, UK) and 6-cyano-7nitroquinoxaline-2, 3-dione (CNQX) (10 µM) (Tocris, Bristol, UK).
Data were analysed using Minitab (versions 13 - 15). Statistical tests used are
stated in the results. The outcome of tests was regarded as significant where P
< 0.05. Unless stated otherwise, measurements are expressed as mean ± S.D.
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Figure 4-1. Recording the skin impulse. A: an extracellular suction electrode on
the skin detects a skin impulse which can last 60 ms. Example from a stage 37/38
tadpole. B and C: An artefact of the skin impulse is visible on VR records
following stimuli below the threshold for swimming (B) and when swimming is
initiated (C). The skin impulse artefact is slower than the VR bursts of swimming
spikes and consists of multiple spikes. It appears on both left and right VR
electrodes at the same latency and with a similar shape on both electrodes.
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4.4 Results
4.4.1

Selective activation of responses to skin stimulation

In hatchling tadpoles at developmental stage 37/38, a stroke to the skin initiates
swimming by directly exciting the free nerve endings of skin sensory RB neurons
(Roberts and Hayes, 1977). A poke to the skin also initiates swimming. This may
also be through direct stimulation of RB neurites (Roberts and Smyth, 1974). A
poke, however, also produces a skin impulse which spreads through the skin of
the embryo and enters the CNS as a signal that can initiate a motor response
(Roberts and Stirling, 1971). A skin impulse is not normally produced by a stroke
alone (Roberts and Smyth, 1974). In 19 tadpoles at stages 35/36 and 37/38, a
horizontal lesion made through the tail and caudal trunk (Figure 4-2A) severed
the neurites that extend ventral to the cut from the RB cells in the spinal cord.
These tadpoles still swam to a stroke or poke to the innervated skin dorsal to the
cut but no longer swam to a stroke to the denervated skin below the cut. In
contrast, tadpoles still swam to a poke to the skin below the cut (Figure 4-2A).
This result, as previously reported (Roberts, 1971), occurs because the skin in
the area below the cut is still able to generate a skin impulse, which can spread
through the intact skin, reach the nervous system and initiate swimming. By
poking below the horizontal cut, skin impulses can be generated by stimuli
without exciting RB sensory neurites directly.
Cranial transection caudal to the otic capsule (Figure 4-2B), produced tadpoles
that no longer responded to a poke to the denervated skin below a horizontal cut
which would produce a skin impulse. They were, however, still able to respond
to a stroke (or a poke) above the cut. This effect of cranial transection accords
with the findings of Roberts (Roberts, 1996) who reported that, at this stage of
development, the trigeminal nerves, or in some cases the olfactory tracts, are
required for skin impulses to access the CNS and evoke a response. Therefore,
although the poke stimuli would be expected to have evoked skin impulses, they
will have been unable to influence the CNS. The continued effectiveness of
stimuli applied above the horizontal cut showed that the motor circuitry
necessary to generate a response was not impaired. In this region, both pokes
and strokes can stimulate the free nerve endings of intact RB neurites and
directly excite the spinal cord.
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Figure 4-2. Responsiveness of embryos to strokes and pokes. Arrowheads
indicate lesions through the embryo. Solid bars indicate approximate position of
strokes that evoked swimming. Arrows indicate position of pokes that evoked
swimming. A Stage 37/38 tadpole showing the position of trigeminal (tg) ganglion,
and the otic vesicle (ov). Following a horizontal lesion to cut ventrally projecting
RB sensory neurites, embryos respond to a poke (arrow) above or below the cut
but to a stroke only above the cut (black bar). B Following additional cranial
transection just caudal to the otic vesicle, 19 of 19 tadpoles at stage 37/38 lose the
ability to respond to pokes below the cut (note pink arrow in A) but still respond
to pokes and strokes above it. The skin impulse is unable to evoke a response in
cranially transacted tadpoles which demonstrates that the route for access is
located above the level of transection. This is consistent with the tg access route.

4.4.2

Development of skin impulse responsiveness

The results described above established methods to selectively stimulate motor
activity either by direct mechanosensory stimulation of the free nerve endings of
RB neurites (strokes above a horizontal cut) or by the skin impulse (pokes below
a horizontal cut). They also confirmed that only signals by the former route have
access to the nervous system caudal to the otic capsule in hatchling (stage
37/38) tadpoles.
Next, access of the skin impulse to the nervous system was examined during
development. An earlier report suggested that in young embryos, skin impulse
signals can enter the caudal spinal cord directly (Roberts, 1971), and therefore
do not require cranial access. The cranial routes for skin impulse access to the
nervous system were blocked by cranial transection caudal to the otic vesicle.
Skin impulses were then selectively evoked by poking the skin of the ventral tail
below a horizontal cut. The responsiveness of animals between stage 28 (Figure
4-3A) and 37/38 (Figure 4-3B) to pokes in the ventral region (pink arrows in
Figure 4-2 and Figure 4-3) was monitored. Those that responded reliably (four
or 5 times out of 5) were counted as positive for caudal skin impulse entry. The
ability of embryos to generate a motor response by stimulating the trunk skin
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was checked. Responses ranged from a single bend or twitch to repeated
bends, alternating or not, to sustained swimming.
A clear developmental change was found (Figure 4-3). Numbers of cranially
transected embryos which responded to pokes in the ventral region decreased
as developmental stage increased (total N = 112). At stages 35/36 and 37/38,
embryos did not respond to skin impulse stimulation in any trial. In contrast, all
embryos tested at stage 28 did respond. At stages 29/30 and 31, most (87 %)
embryos responded and about half of those tested at stages 32 (56 %) and
33/34 (45 %) responded. Removal of the cranial routes, therefore, did not
reliably eliminate responses to skin impulse-generating stimuli in embryos at
stage 33/34 and earlier. The skin impulse signal in these earlier stages must
enter the nervous system by some route other than via cranial nerves, which is
caudal to the level of the otic vesicles: the position of cranial transection.

Figure 4-3. Lesions and the skin impulse in development. A: Embryos at stage 28,
lesioned as in Figure 4-2 (arrowheads), respond to pokes below a horizontal cut
(pink arrow) even after a cranial lesion caudal to the otic vesicle. B: The
percentage (numbers tested at each stage are indicated on the plot) of animals
responding to pokes below a horizontal cut (pink arrow in A), following cranial
transection (preparation shown in a stage 28 animal in A and for a stage 37/38
animal in Figure 4-2), decreases through development.

4.4.3

Locating access of skin impulse excitation to the spinal cord

I have confirmed that the skin impulse can access the CNS caudal to the otic
vesicle in young tadpoles. Is this route for access of skin impulse stimuli
localised or is it distributed along the CNS? Stage 31 embryos show distinct and
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reliable behavioural responses to skin impulse stimuli and are experimentally
robust. The majority of embryos at that stage still responded to skin impulses
following cranial transection caudal to the otic vesicles. Removal of the skin in a
ring around the circumference of the animal limits the spread of skin impulses
peripherally, and lesions block neuronal pathways centrally.
Progressive removal of caudal regions of the tail and trunk did not prevent motor
responses to skin impulse stimuli and therefore their access to the CNS (Figure
4-4C). At its most extreme, this showed that a length of intact skin (~ 0.5 mm)
over only the rostral trunk and caudal hindbrain provided a sufficient access
route for skin impulse stimuli to evoke a response. Does skin impulse access to
the CNS require this rostral region? Its importance was tested by removing the
skin in a ring at this level (Figure 4-4D). Reliable responses were still found in
3/3 embryos. Skin rings at a mid trunk level limited access to the caudal part of
the trunk and tail and failed to abolish responses to skin impulses evoked
caudally (Figure 4-4E, top). This responsiveness was only abolished by
additionally transecting the spinal cord in the middle of the skin ring and thereby
cutting central pathways to the motor circuitry rostral to the skin ring (Figure
4-4E, bottom). In these cases, responses could still be evoked by stimuli rostral
to the skin ring (Roberts, 1971). Together, these results show that skin impulses
can excite the nervous system through access anywhere along the CNS caudal
to the otic vesicles. Only a small area (~ 0.5 mm in length) is required for access
rather than a specific location.
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Figure 4-4. Lesions to locate possible access routes for skin impulse signals to
the CNS in stage 31 tadpoles. Arrowheads indicate lesions through the entire
animal; grey shading indicates areas of removed skin. Arrow shows location of
poke stimuli successfully producing behavioural responses. Numbers in
parentheses indicate the numbers of animals that responded to a poke at the
position indicated by an arrow out of the total number of animals tested. A: Pokes
to the skin following a horizontal lesion through the tail and caudal trunk reliably
evoke a behavioural response. B: Additional cranial transection caudal to the otic
vesicle also evoked swimming. C: Animals continued to respond after vertical
lesions that remove increasing lengths of tail and trunk (parts i, ii and iii in series).
D: Pokes to the skin below a horizontal lesion reliably evoked a response after
removal of a complete ring of skin at the level of the caudal hindbrain and rostral
spinal cord. E: A poke caudal to a complete skin ring at the mid-trunk level still
evoked responses (i), but these responses were abolished when a vertical cut was
used to transect the spinal cord at the level of the skin ring (ii).

4.4.4

Skin impulse access to the spinal cord in cranially transected
embryos

The behavioural experiments in the previous sections show that a skin impulse
can evoke responses in animals that have very small areas of intact skin. It is
presumed in these experiments that in order for animals to produce a motor
response to a skin impulse, the CNS must be activated by skin impulse stimuli.
Skin impulse producing stimuli evoked swimming in many cases (although
lesions could disrupt swimming). Swimming coordination indicates that the
nervous system was involved rather than some direct stimulation of the muscles.
In order to prove that skin impulse signals have direct access to the spinal cord,
activity from the spinal cord was recorded in embryos that were responsive to
skin impulse generating stimuli following cranial transection (5 animals at stage
31 and 5 at stage 32, results pooled).
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A suction electrode was used to record from the whole, rostral cut surface of the
spinal cord following electrical stimulation of the skin (Figure 4-5A). Embryos
were spinalised by transecting the CNS at the second post-otic cleft and
horizontally lesioned along the tail and caudal trunk (as above) to allow electrical
stimulation of the skin with (Figure 4-5A, Stim 1) or without (Figure 4-5A, Stim 2)
directly exciting RB neurites. The cord electrode records activity from the
nervous system and a suction electrode monitored skin impulses applied to the
skin. Spinal cord activity was measured from the start of the first post-stimulus
spike (onset latency) to the end of the last spike (Figure 4-5B). The latency to
the highest point of the skin impulse spike was measured on the skin electrode.
Where visible, the end of the skin impulse was measured at the highest point of
the downward peak (Figure 4-5F). Prolonged swimming activity was not evoked
in the electrophysiological preparations because the rostral transection
eliminated regions of the CNS that are required for sustained swimming activity
(Li et al., 2006).
Stimuli were first applied dorsal to the horizontal cut (Stim 1, Figure 4-5A). At
low stimulus intensities, the spinal cord electrode picked up a burst of spike
activity. This activity began at short latency (mean onset 6.1 ± 2.0 ms; N = 10)
and was brief (mean duration 14.3 ± 15.2 ms) (Figure 4-5B). Since the skin
suction electrode showed no skin impulse, the activity recorded from the spinal
cord must result from the direct stimulation of RB sensory neurites in the skin at
the stimulus site. The measured latencies were compatible with estimates (6.3 ±
1.2 ms; N = 6) based on distances measured between stimulating and recording
electrodes (1.3 - 2.2 mm) and published conduction velocities of RB central
axons and peripheral neurites (3.5 and 5.0 ms/mm; (Clarke et al., 1984)). When
the stimulus intensity was increased to above the threshold necessary to evoke
a skin impulse, the short latency burst from direct RB stimulation remained (5.3
± 1.2 ms) and was joined by longer latency (30.2 ± 12.2 ms) and longer duration
(239 ± 227.7 ms) activity (Figure 4-5C). This longer latency activity always
coincided with the appearance of a skin impulse on the skin electrode record
(mean latency to skin impulse onset 30.8 ± 8.5 ms) (Figure 4-5C).The most
likely explanation is that the longer latency activity was the result of the skin
impulse exciting the nervous system (see below).
Stimuli were then applied ventral to the horizontal cut to selectively evoke skin
impulses without directly stimulating the RB neurites. Stimuli just below skin
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impulse threshold evoked no activity in the spinal cord (Figure 4-5E). Increasing
the stimulus intensity to above threshold for a skin impulse produced activity in
the spinal cord at relatively long latency (34.9 ± 12.2 ms, Figure 4-5D) that was
not significantly different to the later response to stimuli applied dorsal to the
horizontal cut (two sample t: t = 0.74; P = 0.48; Figure 4-5C). In no case was
there a short latency response attributable to direct stimulation of RB neurites
when the stimulating electrode was positioned ventral to the horizontal cut (Stim
2, Figure 4-5). The latency to spinal activity following skin impulse stimulation is
longer than that following RB stimulation (Figure 4-5, compare traces in parts B
(RB stimulation) and part D (Skin impulse stimulation). The skin impulse travels
through the skin cells in all directions from the stimulus site. The conduction
velocity of the skin impulse was 26.2 ± 8.56 ms/mm. This was calculated from
the distance between stimulating electrode and skin electrode (1.44 ± 0.4 mm; N
= 6) and the measured latencies from the stimulus artefact to the peak of the
skin impulse on the skin electrode (the means of five measures per animal (N =
6) were used, mean 35.7 ± 5.95 ms). This conduction velocity of the skin
impulse is much slower than that of RB neurites (see above). The skin impulse
signal therefore takes much longer to reach the point of entry to the CNS and
produce spinal cord activity.
Overall, 20 animals at stage 31 and 12 at stage 32 showed spinal cord activity
associated with a skin impulse. These results demonstrate that in embryos at
this developmental stage, the skin impulse can directly excite activity in the
spinal cord.
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Figure 4-5. Dorsal spinal cord recordings in stage 31 tadpoles following electrical
skin stimulation. A: Experimental preparation. The animal was cranially transected
and horizontally lesioned (arrowheads) to sever ventrally running RB neurites to
allow selective stimulation by skin impulses. The skin over the rostral muscles
was removed, as were the most rostral myotomes. The spinal cord was exposed
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and separated from the notochord (asterisk). An electrode was positioned over
the entire cut end of the spinal cord (cord electrode) to detect all spinal activity. A
second recording electrode was placed on the dorsal skin to monitor the
presence of a skin impulse. Two positions for the stimulating electrode are
shown: Stim 1 directly stimulates the RB neurites in the skin and can evoke a skin
impulse and Stim 2 evokes a skin impulse only. The positions illustrated are
approximate and varied slightly between experiments. B and C show activity
recorded following stimulation at Stim 1. D, E and F show activity recorded
following stimulation at Stim 2. Three example traces are shown in each case, to
illustrate the variability. B: Electrical stimulus (Stim 1) below the threshold for
evoking a skin impulse. Activity recorded in the spinal cord (black traces) was
short latency and short duration and no skin impulse was detected on the skin
electrode (grey traces). C: Electrical stimulus (Stim 1) above the threshold for a
skin impulse. Both short latency RB-generated activity and a longer latency
response in the spinal cord are evoked. D: Electrical stimulus (Stim 2) below the
threshold for evoking a skin impulse evokes no activity in the cord. E: Electrical
stimulus (Stim 2) above the threshold for evoking a skin impulse. The longer
latency response in the spinal cord is evoked (thick pink bar). F: Magnified
example of Part E (Stim 2, above skin impulse threshold) showing the activity in
the cord following a skin impulse

4.4.5

Recording population activity from presumed RB neurons

Although strong evidence now shows that RB neurons do not provide a route for
skin impulse access to the CNS in hatchling tadpoles (Roberts, 1996), these
neurons remain strong candidates for this role in younger embryos. This study
has shown that skin impulses can excite activity in the spinal cord directly. RB
neurons are the principal trunk-skin-sensory neurons with peripheral neurites
whose free nerve endings penetrate the skin. Therefore, attempts were made to
record activity specifically in these neurons, in response to stimuli that evoked a
skin impulse (Figure 4-6). Recordings were made in 28 animals at stage 31 and
stage 32 from the cut rostral end of the spinal cord, using the same preparation
as above. In this case, however, a smaller suction electrode (diameter 40 µm)
was applied to only the dorsolateral region (Figure 4-6A) where the somata and
ascending central axons of RB neurons lie (Clarke et al., 1984). To give
confidence that only RB activity was recorded, glutamate antagonists (1 mM
kynurenate (a broad-spectrum glutamate antagonist), N = 10 or 10 µM CNQX (a
competitive AMPA/kainate receptor antagonist, N = 18) were used to block
synaptic excitation from RB neurons. This prevents them from exciting additional
activity in post-synaptic neurons since glutamate is the fast neurotransmitter
released by RB neurons (Sillar and Roberts, 1988b). The effectiveness of these
drugs was confirmed by the loss of longer responses to stimuli (see below).
As described above, stimuli applied above a horizontal cut (Stim 1) but below
skin impulse threshold, evoked a short latency single, fast spike in all animals
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tested (5.1 ± 0.2 ms; N = 28, Figure 4-6B). This is consistent with direct
stimulation of peripheral RB neurites. The RB-generated response recorded
from the whole spinal cord in the previous section (Figure 4-5B, pink circle) had
multiple spikes. This difference indicates that part of that activity was blocked by
the positioning of the electrode dorsally and using the glutamate antagonists.
This verifies that these actions restrict the recorded activity to that of RB
neurons. Above skin impulse threshold, the short latency response remained
(5.4 ± 1.0 ms), but there was an additional response at longer latency (35.4 ±
10.3 ms) and of longer duration (22.8 ± 12.1 ms, Figure 4-6C). As described in
the previous section, this longer latency activity would be expected to be a
response to the skin impulse. In this case, the stimulus intensity is below the
threshold for evoking a skin impulse and glutamate antagonists (1 mM
kynurenate and 10 µM CNQX were used, which block synaptic excitation so that
only neurons directly excited by the skin stimulation (no synaptic mediatedactivation) would be recorded. This means that activity recorded in the SC
represents activity only in sensory RB neurons. Following a skin impulse, more
RB neurons are active for much longer than after direct RB stimulation. This
may be a consequence of the longer duration of each skin impulse (100 ms;
(Roberts and Stirling, 1971)) and may increase the likelihood of swimming after
a skin impulse generating stimulus. The character of the skin impulse generated
activity in the dorsal cord is slightly different to that recorded from the whole cord
(compare Figure 4-5C and D and Figure 4-6C and E). There appear to be fewer
spikes in the dorsal spinal cord burst and some of those spikes are fast and high
amplitude, more similar to RB generated activity (compare Figure 4-6 part E and
B). The duration of the skin impulse-generated activity was much shorter when
recorded from only the dorsal spinal cord in glutamate antagonists (22.8 ± 12.1
ms) than from the whole spinal cord (239 ± 227.2 ms) which is expected if the
activity has been restricted to RB neurons. When stimuli were applied ventral to
the cut (Stim 2), to selectively activate skin impulses alone, there was no
response in the spinal cord electrode at stimulus levels below skin impulse
threshold (Figure 4-6D). However, stimuli above skin impulse threshold (Figure
4-6E) did show spinal cord responses in all animals. Again, these responses
were of longer latency than those to direct RB neurite stimulation (31.7 ± 6.8
ms), and of longer duration (25.4 ± 16.5 ms).
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Figure 4-6. Activity evoked in RB neurons by skin stimulation at stage 31 in the
presence of 10 µM CNQX. A: Experimental preparation allowing the selective
activation of the spinal cord by the skin impulse. B and C Activity recorded
following stimulation at Stim 1. D and E Activity recorded following stimulation at
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Stim 2. B: Electrical stimulus below the threshold for evoking a skin impulse.
Activity recorded in the spinal cord (black traces) was a fast, single component
spike at short latency. No skin impulse was detected in the skin (grey traces). C:
Electrical stimulus above the threshold for evoking a skin impulse. Both short
latency RB-generated activity (single spike) and a longer latency, longer duration
multiple spike response in the spinal cord are evoked. A skin impulse is visible on
the skin electrode (grey traces). D: Electrical stimulus below the threshold for
evoking a skin impulse evokes no activity in the cord. E: Electrical stimulus above
the threshold for evoking a skin impulse.

If the activity in RB neurons were evoked by the skin impulse then one would
expect the latency to RB activity onset to vary as the skin impulse latency
fluctuates. The latency to the start of the skin impulse recorded in the skin, and
the central response recorded in the spinal cord, both varied somewhat in each
animal and changes in one were usually paralleled by changes in the other
following a particular stimulus. In Figure 4-7A, the left trace shows short latency
activity in the dorsal spinal cord (black trace, large arrowhead) and a short
latency skin impulse (grey trace, short arrowhead) and the right trace shows
similar responses at longer latencies. Similar records were examined from four
animals at stage 32. A strong positive correlation between the two latencies
(Figure 4-7B) supported the proposal that the central activity is a direct response
to the skin impulses.
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Figure 4-7. Following skin stimulation, latencies of responses recorded from RB
neurons in the spinal cord co-vary with latencies of skin impulses recorded from
the skin. A: Recordings (circled in B) of shorter (left) and longer (right) latency
skin impulses (grey traces) and dorsal spinal cord responses (black traces).
Recorded from an animal at stage 31 in the presence of glutamate antagonists,
see Figure 4-6A. The latency measurements for skin impulses were taken from the
point of the positive going peak of the spike (squat arrowheads). The latency
measurements for spinal cord activity were taken from the first large deviation
from the baseline (large arrowheads). The skin impulse may appear earlier than
the SC activity. This is a result of the positions of the electrodes and the speed of
conduction. The impulse in the skin is much slower than neuronal conduction.
The recording electrodes are a similar distance from the stimulating electrode so
the signal carried by the RB neurons is detected sooner by the SC electrode than
the signal carried by the skin detected by the skin electrode. B: Spinal cord
response latencies to skin stimuli recorded in a single stage 31 tadpole (crosses)
2
increase significantly with skin impulse latency (solid line; r = 83.3, P < 0.0001; N
= 17 stimuli). Regression lines only are shown for equivalent relationships in three
2
additional animals (stage 31, dotted lines, r values shown on graph, P < 0.05 in
each case, N = 12, 7 and 30, left to right). Circled points are illustrated in A.

4.4.6

Evidence for responses by individual RB neurons

Previous recordings in stage 37/38 tadpoles have suggested that RB neurons
do not respond to skin impulses (Roberts, 1975; Roberts and Hayes, 1977). This
is consistent with evidence that they do not provide a route for skin impulse
access in stage 37/38 tadpoles. However, it conflicts with evidence from
younger animals, which gives strong support to the idea that RB neurons do
provide the route by which skin impulse signals enter the spinal cord. Therefore,
single unit recordings were made from individual RB neurons at several
developmental stages to determine if they showed activity in response to skin
impulses. To record from RB neurons, a small (20 µm diameter) suction
electrode was applied to the top of the spinal cord, just to one side of the midline
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in a position to contact RB somata (Hughes, 1957). Once the electrode was
picking up activity characteristic of RB neurons in response to hand-delivered
strokes, the receptive field of that particular RB neuron was mapped (Clarke et
al., 1984) (Figure 4-8). Strokes and pokes were then applied to the skin within
and outside the receptive field.
Recordings from older animals (stages 35/36 and 37/38; N = 7) confirmed
earlier findings that RB neurons do not respond to skin impulses at these stages
(Figure 4-8, left column). All neurons fired constant amplitude spikes (Figure
4-8B, left) to strokes within a clear receptive field (Figure 4-8A, left, grey
shading), but failed to give any response to strokes outside the receptive field.
Neurons showed no response to skin impulses evoked by pokes delivered
outside the receptive field, only the skin impulse artefact is seen on the
recording electrode (Figure 4-8C). In response to a poke in the receptive field
small bursts of impulses could be evoked, appearing before, during or after the
skin impulse (visible as an artefact on the same records; Figure 4-8D). A manual
poke is relatively slow and can likely stimulate RB neurites by light touch during
the depression of the skin. These recordings were repeated with 14 younger
embryos (2 at stage 33/34 and 13 at stages 31 or 32, Figure 4-8, right), at
developmental stages shown previously to be able to respond to direct input of
skin impulse signals to the spinal cord (Figure 4-4). The results for these
embryos (Figure 4-8, right column) were the same as for the older tadpoles: all
responded to strokes within the receptive field but none responded to pokes
evoking a skin impulse delivered outside the receptive field (Figure 4-8C). Again,
poke stimuli evoking skin impulses were only effective if delivered within the
receptive field (Figure 4-8D), indicating that their effect was mediated by direct
stimulation of the peripheral sensory neurites, not by the skin impulses.
The evidence presented above suggests that some RB neurons do respond to
skin impulses, and they are not neurons that can be identified by a conventional
response to light stroke, and do not have a defined receptive field. It is possible
that the RB neurons responsible are more caudally situated than were recorded,
but this seems less likely, since there is impulse access all along the length of
the spinal cord at stages 31 and 32 (see above and Figure 4-4).
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Figure 4-8. Single unit recordings from RB neurons following manual stimuli. A:
Experimental preparation which allows the recording of single RB neurons in the
dorsal spinal cord (*) in stage 37/38 (left) and stage 31 (right) tadpoles. Receptive
fields (grey) for individual RB neurons were mapped as the areas of skin in which
strokes evoked spikes in each recorded neuron. These areas are expected to be
innervated by the peripheral sensory neurites of that RB neuron. B: Single unit
records from single RB neurons whose receptive fields are shown in A following
strokes in the receptive field. C: Pokes outside the receptive field generate skin
impulses, whose artefacts are recorded by the single unit electrode, but do not
evoke RB spikes. D: Pokes inside the receptive field generate skin impulses as
well as single units from the direct stimulation of RB neurites. Aligning the traces
to the skin impulse artefacts shows that timing of RB spikes is not related to the
timing of the skin impulses, which they can follow or precede at either
developmental stage.
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4.5 Discussion
Early in development, Xenopus tadpoles swim in response to strong stimuli
(pokes) and gentle stimuli (strokes) that are detected by RB free nerve endings
that innervate the skin (Roberts and Hayes, 1977). Strong stimuli evoke skin
impulses in the skin that spread over the body surface and activate neurons in
the spinal cord to produce a motor response. Consistent with the findings of
Roberts (1971), this study has demonstrated that at early developmental stages
(stage 34 and lower), skin impulse stimuli can access the CNS caudal to the otic
vesicle where only the spinal cord and a small part of caudal hindbrain are
intact. More caudal transection of the CNS impairs the ability of the tadpole to
produce a behavioural response to stimulation. Since experiments at stage 31
demonstrate skin impulse access at any rostrocaudal level of the spinal cord,
one may infer that access observed following otic vesicle level dissection could
take place at any level of the spinal cord. By the time of hatching at stage 37/38,
direct caudal CNS access is absent. Loss of direct access to the post-otic CNS
takes place rapidly over a period of 15 hours between stages 29/30 and 35/36.
The evidence presented here points to RB neurons providing the direct route for
access into the spinal cord but interestingly, this was not supported by direct
recordings from individual, physiologically defined RB neurons.
Recordings from the dorsal part of the cord in stage 31 and 32 tadpoles showed
spike activity to skin impulses that persisted in antagonists that were used to
block the central glutamatergic synapses of primary skin sensory RB neurons (Li
et al., 2003b). RB neurons are the only neurons that have peripheral projections
to the skin, and dorsal ascending axons in the spinal cord. They are therefore
the most likely route of entry for signals from the skin. Motorneurons also project
peripherally but have only short, ventral, descending central axons. However,
the antagonists used should have blocked excitatory connections to these
neurons. If the dorsal spinal cord records were indeed from RB neurons,
suggesting that RB neurons provide the route for access, why this was not
supported by recording responses directly from individual RB neurons, identified
by responsiveness to strokes in a defined receptive field? The most likely
explanations are that those RB neurons that are able to respond to skin
impulses are immature neurons that have not yet formed their mature
mechanosensory endings in the skin, and were therefore not identified by
strokes. Additionally, the RB neurons responding to skin impulses may be
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located more caudally than recordings were made. Another possibility is that the
RB neurons that respond to skin impulses are actually extramedullary neurons
with somata lying outside the spinal cord (Hughes, 1957).
Responsiveness to skin impulses during development coincides with the
presence of growth cones at the end of RB neurites on the skin (Figure 1-1).
Growth cones are the leading tips of extending neural processes which must
find their way to targets, in this case, the skin. They are responsible for
navigating whatever terrain lies between the soma and the target. Xenopus
embryos first respond to pokes at stages 24 or 25 (Roberts and Smyth, 1974),
which is when neurites and growth cones first appear over the myotome region
(Roberts and Taylor, 1982). Other changes are taking place over the period of
development that direct access of skin impulse stimuli into the spinal cord
becomes lost (29/30 to 35/36). The numbers of growth cones gradually
decrease after a peak at stage 26 (Roberts and Taylor, 1982) and sensitivity to
light touch extends gradually over the whole of the body surface (Roberts and
Smyth, 1974). The areas of sensitivity to light touch occur where growth cones
are no longer present, presumably because the ends of the neurites have
matured to form mechanosensory free nerve endings; the delay between loss of
growth cones and appearance of sensitivity to strokes is ~ 3-5 hours (Roberts
and Taylor, 1982). By the end of this period of development (stage 35/36), the
whole body surface has become sensitive to light touch which means that it is
unlikely that there are now significant numbers of growth cones present. From
this time on, direct access of skin impulse stimuli into the spinal cord is not seen.
There may be a direct causal relationship between these events: younger
animals are capable of responding to direct entry of skin impulse signals to the
spinal cord because they have sufficient numbers of immature RB neurons
whose peripheral neurites have growth cones and are still developing. They lose
this ability once the peripheral neurites have matured. Importantly, ascending
and descending sensory RB central axons have already been established since
stage 22 (Taylor and Roberts, 1983), so there is already a potential central route
for distribution of RB signals to trigger a motor response.
It is not known how an electrical signal is transmitted from the skin epithelium to
the CNS via the RB neurites. One possibility raised by the present study is that
the large and complex growth cones of immature RB cells (Roberts, 1976;
Roberts and Patton, 1985; Nordlander, 1987) provide a large surface area of
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membrane, which is likely to be sensitive to current changes, provide the skin
impulse with a route for access to the nervous system. In the likely absence of
direct electrical connections from epithelial cells to growth cones, field potentials
from impulses in overlying skin cells might depolarise growth cones sufficiently
to evoke impulses. The direction of growth cone movement is certainly sensitive
to electrical fields (McCaig et al., 2002) and growth cones can also express
different voltage gated Na+ channels to their somata, whose properties would be
expected to give the growth cone "increased sensitivity to a depolarizing signal"
(Zhang et al., 1996). A response to the field potential produced by a skin
impulse could be a consequence of a requirement of the growth cone to be
sensitive to smaller electrical fields for neurite guidance. Since there is currently
no direct evidence in support of the peripheral growth cones as a site of
transduction for skin impulse signals, it remains unclear where and how this
might actually take place. There are examples in other species where excitable
epithelia collaborate with nerves in producing a behaviour (Mackie, 2004). In a
species of hydrozoan hydroida Sarsia tubulosa, where neurally evoked
tentacular

contractions

accompany

crumpling,

epithelial

impulses

must

somehow enter nerves associated with the crumpling muscles before the latter
can show contractions (King and Spencer, 1981). However, it is still not known
how epithelial impulses transmit to neurons in hydrozoans (Mackie, 2004).
In tadpoles that have not yet developed a sufficient neuronal skin sensory
system, the skin impulse appears to provide a survival advantage (Roberts and
Smyth, 1974). It endows a precocious ability to detect touch and respond with
whatever locomotive ability is available to them at that early stage of
development, potentially removing them from harm (Muntz, 1964; ChuangTseng et al., 1982). The advantages of this system are that the shortest route
from the stimulus to the CNS is automatically used and the conducting system
can be damaged considerably without preventing conduction (Spencer, 1974).
In addition, it is now shown here that the skin impulse can extend the effective
length of a brief stimulus, resulting in more RB firing for longer. A very brief
stimulus can produce firing for several tens of milliseconds. This amplifies the
effect of a stimulus and may make the sensory system more sensitive and
reliable.
Gentle stroke stimuli can specifically activate RBs at any stage in development
without generating a skin impulse but in experiments using electrical stimulation
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(for accurate timing information) to compare the responses to skin stimulation of
animals earlier in development than stage 35/36, the RB pathway cannot be
selectively stimulated in animals without the possibility of producing a skin
impulse. However, since the skin impulse activates RB neurons, the neuronal
pathway is the same following a skin impulse or direct tactile stimulation of RB
neurites. This is the natural route of response to strong stimulation in young
Xenopus tadpoles, and when investigating the development of behavioural
initiation in young tadpoles, this pathway should be studied.
In summary, although not demonstrated directly, circumstantial evidence points
to RB neurons providing a common access route for skin impulse signals early
in development and for mechanical sensitivity later on in Xenopus tadpoles.
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Chapter 5 Segmentation in the tadpole hindbrain
5.1 Summary
The gross segmental structure of the hatchling tadpole hindbrain was examined
to provide anatomical landmarks for subsequent electrophysiological study.
Drawings and photographs were used. The roof of the hindbrain was opened to
examine the ventricular surface. The hindbrain in the tadpole is segmentally
organised into eight pairs of rhombomeres as in other vertebrates. The
distribution of cranial nerves in the adult frogs could account for the pattern of
putative nerves observed in the tadpole.

5.2 Introduction
In order to investigate the role of hindbrain neurons in the initiation of responses,
activity will be recorded from neurons in different parts of the hindbrain (see
Chapter 6). Landmarks enable a description to be made of the locations of the
recorded neurons. In the spinal cord, the main longitudinal landmarks are
myotome segments. Besides the roughly segmental grouping of ventral roots,
internal segmentation is not evident in the spinal cord.
The vertebrate hindbrain is segmented into units called rhombomeres
(Hanneman et al., 1988; Keynes et al., 1990; Trevarrow et al., 1990; Fritzsch,
1998; Kiecker and Lumsden, 2005; Straka et al., 2006) and these swellings are
convenient landmarks for a broad exploration into hindbrain activity in the
Xenopus tadpole. They are not simply morphological structures though; they are
part of the mechanism by which the nervous system develops (Keynes and
Stern, 1988; Keynes et al., 1990; Keynes and Lumsden, 1990; Lumsden, 1990;
Gilbert, 2000; Eickholt et al., 2001; Lumsden, 2004; Murakami et al., 2004).
The process of segmentation is used by all animal embryos at the earliest
stages of development to establish regional identities in the body (Keynes and
Stern, 1988; Lumsden and Keynes, 1989; Wright, 1993; Bass and Baker, 1997;
Prince, 1998). Formation of the neural tube is followed by its constriction into the
major brain regions, the fore-, mid- and hind-brain, and the precursor of the
spinal cord. The hindbrain develops a segmental pattern that specifies the
places where certain peripheral nerves originate (Guthrie and Lumsden, 1991;
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Eickholt et al., 2001; Straka et al., 2001; Moens and Prince, 2002; Straka et al.,
2002; Straka et al., 2006). Rhombomeres will form ganglia and the nerves from
these groups of neurons are conserved between species (Gilland and Baker,
2004) (see Discussion).
In the hindbrain of Xenopus tadpoles, the generation of boundary regions
between adjacent rhombomeres is a reflection of the biochemical specialization
of subsets of radial glial cells (Yoshida and Colman, 2000) which influence axon
extension (Wilson et al., 1993). Rhombomeres are specified by the effects of
Retinoic acid (RA) (Kolm et al., 1997; Glover et al., 2006) and by the expression
of genes including combinations of Homeobox (Hox) genes (Wright, 1993;
Mazet and Shimeld, 2002; Kiecker and Lumsden, 2005). Hox genes are crucial
to the mechanisms involved in setting up the basic segmental pattern of the
hindbrain and in conferring segment identities. Specialized boundary regions
subdivide the rhombomeres {Guthrie, 1991 #1638}. Hox genes are first
expressed in somewhat broad territories within the hindbrain, these are then
refined in response to upstream transcription factors and, following boundary
formation, by inter-segmental interactions. Hox genes confer positional values to
specific rhombomeres {Prince, 1998 #1029}.
Rhombomeres are transient in some animals such as the chick embryo
(Lumsden and Keynes, 1989) but in Xenopus, they persist through to adulthood
(Straka et al., 2006).
Rhombomeres have been observed in the tadpole (Yoshida and Colman, 2000;
Lambert et al., 2004b) but there is little information on their form and size. This
chapter describes a more detailed set of measurements of rhombomere
boundaries and the location of developing cranial nerves.

5.3 Methods
Young Xenopus tadpoles at stage 37/38 were obtained from captive breeding
stocks. For anatomical investigations, tadpoles were immobilised with αbungarotoxin (see Chapter 2, Methods section). Immobilised animals were
pinned through the forebrain (through the eye), and the notochord at the level of
the obex and trunk to a rotatable sylgard platform.
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Dissection was performed under a binocular microscope. All dissections were
carried out with mounted etched tungsten microneedles and fine forceps. The
membrane forming the roof of the hindbrain was cut. This allowed the halves of
the hindbrain to open to either side so that the ventricular surface of the
hindbrain was accessible (Figure 5-1B). Careful adjustment of lighting was
crucial for visualising the rhombomeres. A light source was positioned
horizontally and approaching the animal longitudinally so that the light beam first
hit the front of the head. This cast shadows in the indents of the rhombomere
boundaries.
Photographs of the dorsal view of the hindbrain were taken using a Nikon
Coolpix 4500 digital camera mounted onto a light microscope. A camera lucida
allowed accurate drawings of individual hindbrains (Figure 5-1C) to be made.

5.4 Results
Prior to exploring the role of the hindbrain in the initiation of locomotor activity,
observations were made of the gross structure of the hindbrain to provide
landmarks for later electrophysiological study. Hindbrain structure has not been
examined in detail in the tadpole but segmentation has been seen previously
(Lambert et al., 2004b).
The nervous system of the hatchling tadpole is like that of other vertebrates,
being composed of a forebrain, midbrain, hindbrain and spinal cord (Figure
5-1A). Under the light microscope, if the dorsal surface of the hindbrain is cut,
the two sides of the hindbrain open out so that the inside surface is uppermost
(Figure

5-1B),

and

some

of

the

eight

pairs

of

hindbrain

segments

(rhombomeres) become visible (Figure 5-1A, bottom). The boundaries between
rhombomeres are visible as furrows extending from the hindbrain midline to the
outside (or top when the hindbrain is intact) leaving the tissue of each
rhombomere protruding slightly. Labelling conventions used in other animals
including the adult frog number the rhombomeres rostrocaudally (Figure 5-2)
(Gilland and Baker, 2004; Lumsden, 2004). Rhombomere (r) 1 (sometimes
called r0/1, see Discussion) is the most rostral segment and begins at the
midbrain-hindbrain border. Rhombomere 8 joins to the spinal cord with no clear
division between the hindbrain and rostral spinal cord; the conventional
boundary is at the obex. The obex itself is often difficult to distinguish once the
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hindbrain has been opened dorsally. Rhombomeres 4, r5, and r6 are the easiest
to see; it is usually not possible to see the division between Rhombomeres 7
and r8. Rhombomeres 1 and r8 are the largest.

Figure 5-1. Rhombomeres visible on the ventricular surface of the hindbrain. A:
Top: Photograph of hatchling (stage 37/38) tadpole. Bottom: Diagrams of the
tadpole showing the nervous system (grey) viewed laterally (middle) and dorsally
(bottom). HB = hindbrain; SC = spinal cord. B: Cutting the dorsal membrane of the
hindbrain so the two halves fall apart to reveal the ventricular surface; schematic
viewed in transverse section. C: Camera lucida hindbrain drawings from 10 stage
37/38 animals. Dashed lines indicate the MHB (Midbrain Hindbrain Border).
Rostral is to the left in all cases.
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A scaled map of the rhombomeres (Figure 5-2 and Figure 5-4) was constructed
from camera lucida drawings (Figure 5-1C). From this map, the size of each
rhombomere was measured. The distance between the caudal border of each
rhombomere and the MHB is shown in Figure 5-2C. In these drawings, the
border between rhombomeres 7 and 8 could not be seen. The measurements
were compared to separate ones calculated from photographs like those in
Figure 5-3. These separate measurements used means from 15 animals and
were very similar (comparison of distance from MHB to rhombomere boundary:
Mann-Whitney: W = 65.0; P = 0.56; N = 8, 15).
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Figure 5-2. Rhombomere sizes. A: Composite diagram from the drawings in Figure
5-1C showing the rostral end of the CNS, with some landmarks and rhombomere
boundaries. B: Diagram of the ventricular surface of the hindbrain indicating
rhombomeres. Horizontal lines on the figure indicate rhombomere boundaries
measured in photographs (mean, N = 15 animals). Pink dots indicate approximate
boundaries measured in the composite of the drawings (N = 8). C: The
measurements show the distance from the MHB to the caudal border of each
rhombomere and the length of each rhombomere.

Cranial nerves are associated with particular rhombomeres in vertebrates
(Gilland and Baker, 2004; Straka et al., 2006). Figure 5-3 shows nerves
protruding from the outside of the hindbrain. These structures were developing
cranial nerves, the shapes were often unclear, and they were quite elastic. The
location was difficult to determine in this preparation because the rhombomeres
define the inside surface of the hindbrain and are most prominent near the
midline. Cranial nerves protrude from the outside surface of the hindbrain, which
is relatively remote from the rhombomere boundaries. Locations of cranial
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nerves were also estimated from observations made during experiments. The
presence or absence of a structure protruding from the outside of the hindbrain,
and its location in relation to the rhombomeres were noted (Figure 5-4A). The
cranial nerves were often damaged or absent following skin removal; cranial
nerves tended to remain attached more often when the skin was pulled off
rapidly.

Figure 5-3. Photographs of hindbrains of hatchling tadpoles following a dorsal cut
to expose the ventricular surface and the rhombomeres. A: Unaltered photograph.
B: As in A with superimposed cartoon to emphasise the rhombomere positions
and the prominent trigeminal ganglion (TGG). C – E: Other examples from
different animals at the same stage. C: TGG and two protrusions, possibly VII and
IX. D: Otic vesicle and TGG visible.

Observations about the rhombomeric level of the nerves were matched with
locations published for other animals (Gilland and Baker, 2004; Straka et al.,
2006). Protrusions were seen at the same rhombomere levels as the nerves
described in the adult frog, the mouse and teleosts (Figure 5-4B). Nerves were
associated in the tadpole with rhombomeres r2 and r4 to r7. The large triangular
nerve at r2 level is the Vth cranial nerve, the trigeminal nerve. At r4, there is a
nerve and in the frog there are two (VII/VIII). At r5 is VI, r6 is IX and r7 is X/XI.
All of the nerves seen in the tadpole could be accounted for from the information
from the frog. Rhombomeres r1, r3, and r8 did not possess nerves in either the
tadpole or the frog.
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Figure 5-4. Cranial nerves associated with rhombomeres. A: Approximate
positions estimated from drawings, photographs and observational notes of
rhombomeres and cranial nerves V to X. Identities of nerves based on findings in
the adult frog (Gilland and Baker, 2004; Straka et al., 2006). B: Presence or
absence of nerves associated with each rhombomere in other vertebrates and the
identified nerves (pink).
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5.5 Discussion
5.5.1

Rhombomeric structure of the hindbrain

Xenopus tadpoles at the hatchling (embryonic) stage (stage 37/38) show
rhombomeric segmentation of the hindbrain. The pattern was examined in order
to provide landmarks for analysis of electrical responses. The same
segmentation is visible in Rana larvae (Straka et al., 2001; Straka et al., 2002)
and adult frogs (Straka et al., 2006). This feature of nervous organisation is
highly conserved within vertebrates including quail, lamprey, shark, teleost,
chick, and mouse. Rhombomere boundaries between r7 and r8 were often not
visible in the tadpole. This is also consistent with other vertebrates (Gilland and
Baker, 1993; Gilland and Baker, 2004). A ‘rhombomeric’ region spanning r2-r6 is
flanked by rostral (r0/1) and caudal (r7-r8) regions which lack morphologically
recognisable inter-rhombomeric borders (Gilland and Baker, 2004).
The most rostral part of the hindbrain is sometimes known as r0/1 (Aroca and
Puelles, 2005). There was no indentation within the comparatively large r1 in the
Xenopus tadpole. Separation of r1 into a rostral isthmic r0 region and a caudal
r1 portion is due to gene expression patterns, not visible anatomical differences
(Moens and Prince, 2002; Gilland and Baker, 2004) so it is not surprising that in
the Xenopus tadpole there is no visible separation, although r1 is large
compared to the other rhombomeres Figure 5-2.
Cranial nerves were observed in the Xenopus tadpole at specific rhombomere
positions. The locations of hindbrain nuclei were not investigated directly but the
positions at which nerves protruded from the outside of the hindbrain do indicate
which nerves were present. These positions were consistent with the locations
of nerves in the adult frog, mouse, and fish (Figure 5-4). This suggests that
these positions are conserved phylogenetically and through development.
The measurements taken from the rhombomeres in stage 37/38 tadpole
hindbrains are shown in Figure 5-2. There is little difference between the
measurements obtained from the drawings and those taken from photographs.
Lambert et al. (2004b) previously measured rhombomeres r2 and r3 at 70 µm to
210 µm and rhombomeres r6 and r7 at 380 µm to 550 nm from the MHB.
Assuming the measurements quoted are the rostral and caudal limits of the
pairs of rhombomeres, these measurements do not match those presented
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here. The most likely explanation is that Lambert et al could see the R0/1
division and mistook this for the r1 - r2 boundary. They then measured the
rostral limit of r2 (i.e. caudal limit of r1) as 70 µm from the MHB, which is half the
length of the new measurement of the whole of r1 (or r0/1). They measured the
rostral limit of r3 as 210 µm. The new measurement of the rostral limit of r2 is
210 µm. Their measurement of r5 at 380 µm is equivalent to the new
measurement of r4 (380 µm) and their measurement of r7 at 550 µm is
equivalent to the new measurement of r6 (545 µm). Lambert et al.'s
measurements are therefore out by one rhombomere.
5.5.2

Functional segmentation?

The scaled diagram of the hindbrain produced in this study (Figure 5-4A) can be
used to provide landmarks when making electrophysiological recordings from
the hindbrain (see Chapter 5). However, it can also be used to consider
positions of neuron soma that have already been published. The rhombomeric
level of neurons can be determined where only distance measurements (usually
from MHB) were used in the past. Figure 5-5 shows diagrams of neuron
positions in the hindbrain. These diagrams are from three published studies (van
Mier and ten Donkelaar, 1984; Roberts and Alford, 1986; Roberts et al.,
1987){McLean, 2000 #510} and can be used to illustrate the possibility of
rhombomeric groupings. The drawings have been scaled to fit with the
rhombomere map using the positions of the MHB and the obex. If the obex was
not indicated, the scale bars were matched up. This method allows for variations
in tadpole size and possible shrinkage during histological processing.
In the first study (Roberts and Alford, 1986), neurons with descending axons
were visualised after applying horseradish peroxidase (HRP) to a more caudal
region of one side of the spinal cord (Figure 5-5B). An important population of
neurons labelled on the filled side are known as descending interneurons (dINs)
and include the main excitatory neurons for swimming. It can now be seen that
these neurons (with their somata filled black: Figure 5-5B) extend from the
spinal cord as far rostral as the rostral end of R4. A second, unknown group of
neurons with ipsilateral descending axons (somata shown with heavy outlines:
Figure 5-5B), lies primarily in r2 and r3 with a small extension rostral into r1. A
third group, also of unknown function, lies primarily in r3 and r4 (somata with
light outlines: Figure 5-5B).
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In the second study, GABA immunocytochemistry was been used to mark the
somata of probable GABAergic neurons (Figure 5-5C) (Roberts et al., 1987).
One group of neurons, the mid-hindbrain reticulospinal neurons (mhr) includes
inhibitory neurons known to play a role in stopping swimming and in reducing
the responsiveness of tadpoles when they are attached by their cement gland
(Roberts and Blight, 1975; Roberts et al., 1987; Boothby and Roberts, 1992a; Li
et al., 2003a; Lambert et al., 2004a; Lambert et al., 2004b). These neurons lie
primarily within r6 and r7. A second group of unknown function, the vestibular
complex neurons (vc) lie primarily within r2 and r3 with some in r4. A third group
of rostral neurons (rh) lie within r1. The entry of cranial nerves V and VII (marked
* in Figure 5-5C) is consistent with the new measurements presented here
(Figure 5-5A).
The third study (Figure 5-4D)also involved application of HRP to the spinal cord
(van Mier and ten Donkelaar, 1984). The somata of neurons with axons
projecting to the spinal cord are visible at all rhombomeric levels. Notable are
the Mauthner cells in r3 which, as in fish (Faber et al., 1989; Eaton et al., 2001;
Korn and Faber, 2005), are responsible for mediating very rapid escape
responses via their large contralateral axons at later stages of tadpole
development.
The fourth study (Figure 5-4E) is from a stage 42 tadpole which has been
processed using NADPH-diaphorase (ND) histochemistry which demonstrates
that nitric oxide (NO) is present in three discrete populations of brainstem
neurons. Three bilaterally symmetrical cell clusters are apparent. The most
rostral group is present in the isthmic (r0/1) region, a second group extends
through r2, 3 and 4. The third group is local to r6, 7 and 8. There are no NOpositive neurons in r5. There are no NO-positive neurons in the position of
Mauthner neurons although the locations of many other reticulospinal neurons
are NO-positive (see Figure 5-4D). The most rostral NO-positive group is in the
same position (r0/1) as the rostral hindbrain (rh) neurons that show GABA-like
immunoreactivity, the NO-positive cluster in r2, 3 and 4 is in the same position
as the vestibular complex (vc) and the caudal NO-positive cluster is in a position
that encompasses the locations of midhindbrain reticulospinal (mhr) and
ascending neurons. This shows that the NO-positive neurons are in similar
rhombomeric positions as the GABA-positive neurons (see Figure 5-4C),

116

Chapter 5 Segmentation in the tadpole hindbrain
although it cannot be assumed these are the same neurons, the proposition is in
agreement with McLean et al. {McLean, 2000 #510}.
One common feature of the anatomy in the four studies outlined above is that
neuron groups do not appear to be entirely restricted to particular rhombomeres,
although there are specific neuron types in small groups of rhombomeres. This
contrasts to some extent with hindbrain neurons in fish where some are present
as segmentally repeating homologues, including Mauthner and Mauthner-like
neurons (Lee et al., 1993; Moens and Prince, 2002).
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Figure 5-5. Mapping neurons in the hindbrain according to new rhombomere
description. A: Scaled diagram of hindbrain with rhombomere boundaries and
cranial nerve positions. B: Neuron somata with descending projections, filled by
HRP application to left side of the spinal cord at the sixth (top, lateral view) and
fourth (bottom, dorsal view) postotic somites. DINs (black/heavy outlines). Other
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neurons (heavy or light outlines). Large circle indicates position of otic vesicle at
r2 and r3 (Roberts and Alford, 1986). C: Somata with GABA-like immunoreactivity,
lateral view. Midhindbrain reticulospinal (MHR) cells shown hollow, vestibular
complex (vc) and ascending (as) neurons have black somata; rostral hindbrain
neurons (rh) also indicated. Asterisks indicate entry points of cranial sensory
nerves (Roberts et al., 1987). D: Stage 35/36, ventral view. Mauthner (Mth) neurons
shown, other reticulospinal neurons illustrated (van Mier, 1986). E: Nitric oxide
(NO)-positive neurons show three discrete populations in a stage 42 tadpole. The
scale has been adjusted by 3% to attempt to account for the difference in size
between stage 37/38 and stage 42. This was estimated from the scales in the
normal table {Nieuwkoop, 1956 #2102} (NADPH-diaphorase histochemistry;
{McLean, 2000 #2270}.

The genes and signalling molecules controlling the specification of the
rhombomeres is interesting developmentally (Yoshida and Colman, 2000;
Kiecker and Lumsden, 2005; Glover et al., 2006) but is a largely separate issue
and does not impact the initiation of responses. A clear map of the
rhombomeres in the hindbrain of the developing tadpole at stage 37/38 is now
available. The types of neurons that are present in each rhombomere can be
explored, and the roles of each in the initiation of responses can be studied (see
Chapter 6).
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6.1 Summary
The hindbrain appears to play a significant role in the initiation and maintenance
of sustained swimming in the hatchling tadpole. The hindbrain in the tadpole is
segmentally organised into eight pairs of rhombomeres. To try to locate which
regions of the hindbrain might contain neurons contributing to the initiation of
swimming, recordings were made at different rhombomeric levels throughout the
length of the hindbrain. Activity onset in the hindbrain following single sided skin
stimulation is early, consistent with disynaptic sensory pathways to both sides of
the hindbrain. The stimulus is detected by RB neurites in the skin, and
dorsolateral interneurons are excited by RB neuron axons. Dlas carry the
sensory signal ipsilaterally and dlc axons cross the cord and carry the signal
contralaterally to the hindbrain. Since the signal can cross at the level of the
hindbrain as well as the level of the spinal cord, commissural hindbrain neurons
must act as sensory interneurons. There was no difference in activity onset or
duration by location. A skin stimulus evokes sustained activity in the hindbrain
even when swimming is not present. At stimulus intensities that do evoke
swimming, activity in hindbrain neurons increases: more neurons fire trains of
spikes and trains last longer. Activity in hindbrain neurons usually precedes
swimming onset and hindbrain activity onset did not correlate with swimming
latency. Surprisingly, individual neurons did not fire rhythmic spikes timed to
swimming cycles.

6.2 Introduction
Xenopus laevis tadpoles swim when the skin on the trunk or tail is touched. A
major question in investigating the initiation of rhythmic activity is how a brief
stimulus such as skin touch can produce a long-lasting response like swimming
(Roberts and Smyth, 1974; Kahn and Roberts, 1982a; Kahn et al., 1982).

Recent studies in the lamprey have shown how suitably strong sensory
stimulation appears to trigger plateau potentials in reticulospinal neurons in the
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hindbrain. These potentials are suggested to underlie sustained firing in the
reticulospinal neurons which may drive the spinal circuits controlling swimming
(Viana Di Prisco et al., 1997; Viana Di Prisco et al., 2000; Dubuc et al., 2008). It
is not yet clear what equivalent mechanisms might be present in the tadpole. In
the tadpole it is proposed that swimming is driven by activity in mutually
excitatory descending interneurons (dINs) in the hindbrain and rostral spinal
cord (Roberts and Alford, 1986; Li et al., 2006). Initiation of sustained swimming
must therefore require initiation of activity in these neurons.
The sensory pathway from the skin is active only briefly prior to the start of
swimming. RB sensory neurons detect touch stimuli on the skin (Clarke et al.,
1984). The central axons of RB cells contact and excite dorsolateral sensory
interneurons (dorsolateral commissural (dlc) and dorsolateral ascending (dla)
interneurons (Sillar and Roberts, 1988b; Li et al., 2003b; Li et al., 2004a)). All
three types of neurons in the skin sensory pathway have axons that ascend the
spinal cord into the brain. RB axons extend to the ipsilateral hindbrain (Roberts
and Clarke, 1982), dla axons carry excitation ipsilaterally and rostrally as far as
the midbrain (Li et al., 2001; Li et al., 2004a) and dlcs project axons to the
contralateral side (Clarke and Roberts, 1984; Roberts and Sillar, 1990). In the
spinal cord, the dlcs function as the relay neurons in the tadpole’s disynaptic
flexion reflex to contralateral skin stimulation (Li et al., 2003b).
Sensory pathway neurons spike only once (RB (Clarke and Roberts, 1984)) or a
few times (dla and dlc (Li et al., 2003b; Li et al., 2004c)) following skin
stimulation. This means that firing in the sensory neurons and sensory
interneurons is typically over within ~13 ms of a brief stimulus (Roberts and
Sillar, 1990; Li et al., 2004a). In contrast, the delay to the start of swimming may
be many tens of ms (Chapter 2). When swimming is initiated by single impulses
elicited artificially in individual RB neurons, delays to the start of swimming of up
to ~ 150 ms have been described (Clarke et al., 1984; Soffe, 1997). Initiation of
swimming is therefore likely to involve activity in neurons that fire between the
end of firing in the sensory interneurons and before the start of swimming
motorneuron discharge, as recorded at the ventral roots. Neurons that fire
reliably during this period have not been described in the spinal cord. Since the
hindbrain, particularly the caudal part, is necessary for sustained swimming (Li
et al., 2006), neurons in the hindbrain may show suitable firing and be required
for initiating sustained swimming responses.
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The current view of the swimming circuitry in the hatchling tadpole is that
populations of neurons distributed through the caudal hindbrain and spinal cord
are involved (Roberts, 2000; Li et al., 2001; Roberts et al., 2008b). Spinal
tadpoles (as far caudal as the 5th post-otic myotome) are able to respond to
touch stimuli with behavioural flutters which correlate with fictive short duration
alternation (Kahn and Roberts, 1982b; Roberts and Alford, 1986). The hindbrain
provides descending excitation to the spinal cord which maintains the swimming
alternation for long durations (Li et al., 2006; Roberts et al., 2008b). Progressive
spinalisation reduces the amount of descending excitation and therefore
reduces the ability of the animal to sustain swimming. The activity produced by
spinalised animals is consequently much shorter in duration (Roberts and Alford,
1986). A small region of caudal hindbrain and rostral spinal cord is sufficient to
generate prolonged swimming in response to a brief stimulus (Li et al., 2006). In
this caudal region, neurons have been identified that provide descending
excitation to the spinal cord (Li et al., 2006; Roberts et al., 2008b). These
hindbrain descending interneurons (hdINs) provide excitatory drive to CPG
neurons in the spinal cord during swimming as part of the reticulospinal
projection (Roberts and Alford, 1986).
The way that swimming is initiated is still obscure. The key stage would be the
start of firing in enough mutually excitatory hdINs for them to be able to selfsustain their activity and drive swimming. The aim of this research is to start to
ask about what happens prior to this: to describe the distribution of sensory
information within the hindbrain immediately following a skin stimulus. This study
addresses a series of related questions. How quickly do neurons in the
hindbrain respond to a brief sensory stimulus? Do they show sustained firing
following a brief stimulus that could help explain the sometimes-delayed start of
swimming? Are their firing characteristics consistent with a role in the initiation of
swimming and its maintenance? Do neurons fire following skin stimulation in all
areas of the hindbrain? This would potentially involve them in swimming
production. Is there any difference in the activity seen in neurons from different
areas of the hindbrain, implying functional segmentation?

6.3 Methods
Young Xenopus tadpoles at stage 37/38 were obtained from captive breeding
stocks. For physiological investigations, tadpoles were immobilised. To do this,
tadpoles were first placed in a sylgard-lined dish containing a dilute solution of
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anaesthetic (0.1 % MS-222, Sigma-Aldrich, Dorset, UK). The dorsal fin was first
cut while the animal was anaesthetised to aid α-bungarotoxin penetration. The
animals were then allowed to recover in saline for at least 5 minutes before they
were immobilised in α-bungarotoxin (10 µM in saline, Sigma-Aldrich, Dorset,
UK) for 30 minutes, and then transferred to saline for at least 5 minutes.
Immobilised animals were pinned through the forebrain (through the eye), and
the notochord at the level of the obex and the trunk to a rotatable sylgard
platform (Figure 6-1).
Operations were performed under a dissecting microscope. All dissections and
lesions were carried out with mounted etched tungsten microneedles and fine
forceps. The membrane forming the roof of the hindbrain was cut which allowed
the halves of the hindbrain to open to either side so that the inner surface of the
hindbrain was accessible (Figure 6-1C).

Figure 6-1. Hindbrain preparation. A: Top: Photograph of the electrophysiological
preparation showing a hatchling (stage 37/38) tadpole pinned to a rotatable stage
and attached electrodes. Bottom: Diagram of the same showing pinned tadpole,
skin removed over rostral myotomes and head, hindbrain opened. Electrodes are
on either side of the HB and on myotome clefts on both sides and a stimulating
electrode at the level of the anus. B: Diagram of the experimental preparation
showing the hindbrain separated from the notochord and the most common
electrode position that is an obtuse angle of approach from the side opposite to
that stimulated. C: Illustration of the direction of HB electrode approach onto the
inner surface of the hindbrain after the dorsal membrane is cut. Grey shading
indicates approximate position of axons.
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6.3.1 Electrophysiology
Cranial nerves were severed or facial skin removed for ease of dissection and to
eliminate stimulation through head skin pathways or skin impulse pathways (see
Chapter 4) so that all responses were due to RB-mediated pathways alone (see
Chapter 2). Stimuli were given at the level of the anus on the left side of the
animal. Saline was perfused through the experimental dish at approx. 2 ml/min.
Ventral root recordings were made using glass electrodes (~ 60 µm diameter)
applied to intermyotomal clefts 3 or 4 using micromanipulators after first
removing the overlying skin with tungsten needles. Extracellular recordings of
hindbrain neurons were made using suction electrodes (~ 15 to 20 µm tip
opening diameter) applied to the inner surface of the hindbrain, in different
rhombomeres, away from the marginal zone of axons (Figure 6-1C). To facilitate
electrode access to the soma of hindbrain neurons, shallow incisions were made
using fine needles or by drawing the electrode along the inner surface of the
hindbrain prior to attachment. When electrodes were placed in this position, it is
likely that recordings were made from the somata of neurons, and highly unlikely
that recordings would have been from axons (van Mier and ten Donkelaar, 1984;
Roberts and Alford, 1986; van Mier and ten Donkelaar, 1989).
Although variations in the set up of experiments were employed throughout the
data collection, most of the successful recordings were obtained with the
following preparation. The skin was wholly removed from the head and trunk to
myotome cleft 4 (a quick way of removing the skin over the myotomes and
eliminating head skin innervation); the hindbrain was separated from the
midbrain at the MHB and the hindbrain opened by cutting the roof membrane.
The hindbrain was also separated from the notochord along its length thus
cutting any cranial nerves. This made it easier to separate the two sides of the
hindbrain along the centre line from the MHB to the obex for the MST lesion.
Hemisections were made at cleft 2. In these ways, the hindbrain was separated
from any neuronal input other than from the spinal cord. It was also easier to
manoeuvre the tadpole into a position where the rhombomeres were visible
using the electrodes. This was initially employed to aid lesioning the hindbrain
but was kept consistent in the other experiments. The electrode was positioned
half way between the midline and the outer edge of half of the hindbrain (Figure
6-1B and C) and dragged towards the MHB then towards the spinal cord gently
over the surface of the hindbrain. After two or three repeats, there was a shallow
furrow. The electrode was pushed into this groove and gentle suction was
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applied. The rhombomeres were still visible since the indentations usually
extended halfway from the hindbrain midline. The angle of the electrode was
obtuse which meant that the electrode approached the hindbrain from the side
opposite to the recording site. An electrode was positioned in this way on both
sides of the hindbrain so that two records could be taken at the same time.
6.3.2 Measurement and Statistics
Data were collected using Signal version 2.16 software through a CED 1401
Plus (Cambridge Electronics Design, Ltd, Cambridge, UK), at a sampling rate of
5 kHz. Electrical stimuli (single 0.5 ms current pulses, 0 – 20 µA) were applied
through a suction electrode on the skin. The total pool of data was gathered
from 52 animals with 169 separate recording sites. Each site was a single
rhombomere location on one side in one animal. 145 of these sites showed
activity below the stimulus threshold for swimming. The analysis that follows is
based on 89 of the 145 sites in 41 animals that showed activity following stimuli
below the threshold for swimming. Recording sites were not analysed if there
were fewer than 5 examples of responses to stimuli below swimming threshold,
or if the quality of recording meant that background noise made measurements
difficult. Only records where activity clearly followed the stimulus and was
therefore the result of sensory stimulation were used.
Lesion experiments to trace pathways were performed on 10 animals.
Recordings were made in these animals at 41 sites, 24 of which (58 %) showed
activity below swimming threshold. Statistical tests are stated in the results. The
outcome of tests was regarded as significant where P < 0.05. The data was nonnormal and not readily normalised, so non-parametric statistical tests were
employed. For the same reason, measurements are expressed as median and
interquartile range unless stated otherwise.
Examples of where timing measurements were made from the traces are shown
in Figure 6-2. The earliest value at each site is quoted for the onset
measurement to show how soon the hindbrain was active after the stimulus.
Medians are also quoted to confirm that the earliest value is typical. Median
values are quoted when describing the end or duration of activity because there
is high variability and the activity can last longer than the 5 s that was recorded.
Measurements were taken in the following ways:
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•

•

•

To measure burst onset, the latency to the peak of the first spike
recorded following stimulation was measured. This was done for five
repeat stimulations at each single HB recording site (side and
rhombomere) in each animal tested.
To measure when the activity in the HB finished, the time post stimulus
was measured at either: the peak of the last spike in that episode of
activity (if there were distinct spikes, as is the case with single units), or
the return to baseline following a burst of multiple unit activity. Where
there was only a single spike, the latency to the highest point of the spike
was used.
Activity duration was calculated from the original values for activity onset
and end. The median, earliest, or longest latency measured for each of
the stimulus repeats at each recording site was calculated depending on
the questions being asked.
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6.4 Results
This electrophysiological investigation into the neuronal activity in the hindbrain
following brief stimulation of the trunk skin was intended as a preliminary survey
into which areas of the hindbrain might contain neurons that play a role in the
initiation, and possibly later coordination of locomotion. Recordings showing
activity starting at short latency after a stimulus and persisting for a significant
time after the stimulus would be of particular interest.
6.4.1 Hindbrain responses to skin stimulation
Neuronal activity was recorded from the hindbrain using suction electrodes
placed onto the inside surface after opening the hindbrain dorsally (Figure
6-1C). Simultaneous recordings from ventral roots monitored the occurrence of
swimming if the stimulus was sufficiently strong (Figure 6-2).
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Figure 6-2 Example recordings from HB (top trace) and ventral roots (bottom two
traces). Grey bars obscure the stimulus artefact. Top set of traces show activity
below swimming threshold and bottom show activity above swimming threshold.
A and B show single unit activity and C shows multiple unit activity.

Once the electrodes were positioned, background activity could often be
observed and hindbrain activity that preceded the skin stimulus was sometimes
recorded (Figure 6-3). Spontaneous activity like this was excluded from this
analysis, which focuses on activity in the hindbrain that was induced by skin
stimulation. Electrical stimulation of the trunk skin was given on one side of the
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body, at around the level of the anus (approximately myotome segments 17 to
19).

Figure 6-3. Examples of spontaneous activity in records from hindbrain neurons.
Top trace is activity recorded below the threshold for swimming, bottom trace
shows the same neurons when swimming is present. Swimming is not illustrated.
The stimulus artefact is obscured by a grey bar. Arrows indicate the position of
static that was removed.

The analysis that follows is based on data from 41 animals at developmental
stage 37/38. Activity was measured in five records from each of 89 sites. As far
as possible, recordings were made from visible rhombomeres (Chapter 5).
Although the electrophysiological setup was optimised to visualise the
rhombomeres (r), it was often difficult to see them all; in particular, r7 and r8
were hard to distinguish. Most of the recordings were from r1 to r6 (Numbers of
sites at each rhombomere position: r1: 7; r2: 18; r3: 24; r4: 13; r5: 15; r6: 9; r7:
3; r8: 1). Each recording was made with the aim of detecting activity from
individual neuron somata (single units) located in that particular rhombomere.
However, the recording electrode often picked up activity from several/many
neurons evidenced by variable spike amplitudes (Figure 6-2C). These multiple
unit (MU) records were analysed primarily to show how soon activity began
(activity onset) and for how long activity persisted (activity end) after the
stimulus. Multiple unit responses did not provide specific information about the
type of activity evoked in individual hindbrain neurons, in terms of frequency and
duration. Records from the hindbrain that showed distinct, fast, consistent
amplitude spikes were presumed to be from individual neurons (Figure 6-2A and
B; see Discussion). Such ‘single units’ (SUs) were primarily recorded from
rhombomeres 1 to 6. Roughly half (202/445, 45.4 %) of all individual recorded
responses contained identifiable single units. For any one site, SU responses
were measured if they were present. If no SUs were recorded, the MU response
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was measured. In cases where there were identifiable SUs as well as MUs, the
SU response was measured for analysis.
6.4.1.1 How quickly do neurons fire in the hindbrain?
The first question addressed was how quickly the sensory signal was
transmitted to the hindbrain so that hindbrain neurons fired impulses. Recording
sites where there were clear responses to five separate repeat stimuli, (89 sites
in 41 animals: 445 responses (MU and SU combined)) were used. The earliest
hindbrain responses following skin stimulation were analysed.
Activity in the hindbrain showed that impulses were fired very soon after a brief
stimulus was applied to the skin. Overall, the earliest spike onset recorded was
7 ms after stimulation at any site (minimum values for each site: median = 10
ms, IQR = 9 – 12 ms; N = 892; Figure 6-4A). These responses were then
analysed according to side. Of the 89 sites, 29 were on the same side as the
stimulus (ipsilateral, in 20 animals) and 60 were on the side opposite to the
stimulus (contralateral, in 41 animals).The earliest activity onset recorded in the
hindbrain following an ipsilateral stimulus was only 8 ms (minimum latency at
each ipsilateral site: median = 9 ms, IQR = 8.5 - 12 ms). The majority of the
responses therefore started very early: 52 % (15/29) of sites showed activity
starting earlier than 10 ms and 83 % (24/29) showed activity earlier than 15 ms
(Figure 6-4B, left). Following a contralateral stimulus, the earliest onset was 7
ms (measured at three separate sites). This was a little earlier than the earliest
ipsilateral responses though the median of earliest onsets for all sites was
slightly later (10 ms, IQR 9 - 12 ms; Figure 6-4B, right). This difference between
sides was not significant (W = 1270; P = 0.76, N = 29, 60, Figure 6-4C). 43 %
(26/60) of contralateral sites showed activity earlier than 10 ms and 92 %
(55/60) of sites showed activity onset before 15 ms.
Half of the responses analysed above showed activity from an individual neuron
(SU). Thirty sites were selected for further analysis because they showed this
SU activity in all five responses chosen. The earliest onset shown by single units
at any site was 8 ms (median: 12.5 ms, IQR 9 – 16.75 ms; N = 30 sites) and
was seen both ipsilateral and contralateral to a stimulus (Figure 6-4D). Overall,
the shortest ipsilateral latencies (median: 14.0, IQR 9.5 - 24 ms; N = 8) and
2

The earliest recorded spike onset out of the five repeat stimulations provided a single
value for that particular site. The median describes the typical onset from all 89 sites.
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contralateral latencies (median: 12.0, IQR 9 – 14.25 ms; N = 22) were not
significantly different (H = 0.56, d.f. = 1; P = 0.45) (Figure 6-4E).

Figure 6-4. Onset of activity recorded at each site in the hindbrain. A: Histogram
of earliest onset of activity recorded at each site (ipsilateral and contralateral
responses combined). B: Histograms of earliest onset of activity on each side:
Left: Ipsilateral stimulation (pink). Right: Contralateral stimulation (grey). C: Box
plot demonstrating the similarity of minimum time to activity onset between the
two sides. D: Subset of the data in A and B, single units only, illustrating the
earliest onset per site in individual neurons on each side. E: Box plot
demonstrating the similarity of single unit values between the two sides.
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6.4.1.2 Onset of activity can be explained by the connections in the
pathway from the skin to the hindbrain
Firing at short latency following a skin stimulus was clearly common at the sites
recorded. What can be concluded from this about possible sensory pathways?
Following a trunk skin stimulus, RB neurons are excited through their peripheral
neurites that innervate the trunk and tail skin. The central axons of RB neurons
contact, and synapse with, sensory interneurons (dlas and dlcs) which amplify
and distribute the signal to each side of the animal. RB, dlc and dla neurons all
have ascending axons that extend into the hindbrain (Roberts and Clarke, 1982;
Clarke et al., 1984; Li et al., 2001). It is most likely that neurons in the HB that
are active following skin stimulation will have been activated by means of a
pathway that involves these neuron types. Using available, published data for
conduction delays and synaptic delays etc, an overall delay of ~ 7 ms from a
skin stimulus to a spike in a hindbrain neuron is compatible with a disynaptic
pathway (see section 6.5.1 for details). In this pathway, hindbrain neurons are
excited by RB neurons via single interposed neurons such as dlas for ipsilateral
stimuli or dlcs for contralateral stimuli. Although responses to ipsilateral stimuli
could result from direct synapses between RBs and hindbrain neurons, the
similarity of early onset of responses to ipsilateral and contralateral stimuli
suggests that equivalent (and therefore probably disynaptic) pathways underlie
the shortest latency responses on both sides. The basis for this conclusion is
considered further in the Discussion. For the relatively small number of
recording sites where the latency to a first response was longer than ~ 20 ms, it
is likely that even the earliest responses were polysynaptic.
6.4.1.3 The contralateral pathway; where does the signal cross?
The pathway that carries sensory signals from the trunk skin to the contralateral
side of the CNS may involve the dlcs already identified in the spinal cord (Li et
al., 2003b). It is not clear whether, or how far, dlc interneurons extend into the
hindbrain. However, pathways in the hindbrain are mostly undefined and
transmission of the sensory signal to the contralateral side could also involve
currently uncharacterised excitatory neurons in the hindbrain with commissural
axons. There would be little or no difference in the delay times for pathways
involving either of these neuron types because the distances and numbers of
synaptic connections are the same (see Discussion). To differentiate between
these two possibilities (sensory signals crossing either in the spinal cord or in
the hindbrain), lesions were used to interrupt these two pathways before they
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reach the contralateral side of the hindbrain where recordings were made.
Considerable anatomical evidence has shown that any axons that cross the cord
do so close to the soma (Roberts and Clarke, 1982). To isolate potential
pathways using dlcs in the spinal cord, any possible crossing pathway within the
hindbrain was blocked by midsagittal section. This separated the whole of the
contralateral side of the hindbrain from the ipsilateral side, down to slightly
caudal of the obex (Figure 6-5A). Conversely, to isolate possible commissural
hindbrain pathways, any signal that crossed in the spinal cord was prevented
from ascending into the contralateral side of the hindbrain by hemisecting the
spinal cord rostrally on the contralateral side at the level of myotomal cleft 2
(Figure 6-5B). Specifically this would prevent the axons of dlcs that cross in the
spinal cord from ascending the spinal cord to the hindbrain. Activity was
recorded from neurons in the hindbrain contralateral to the stimulus. If the short
latency activity recorded in the intact animals was still present in lesioned
animals, then the pathway that was isolated must have been sufficient to carry
the signal from the skin to the contralateral hindbrain recording sites and excite
the hindbrain neurons to fire.

133

Chapter 6 Hindbrain neurons and swimming initiation

Figure 6-5. Lesions (bold, dashed lines) to isolate two possible contralateral
pathways from the skin to the hindbrain. Hindbrain neurons are recorded
following a contralateral skin stimulus. RB (yellow) neurites detect the electrical
skin stimulus and transmit the signal ipsilaterally. RB axons contact dlas and dlcs
(pink). Dlc axons cross the cord and ascend towards the HB. Potentially they
excite the hindbrain neurons that are recorded contralateral to the stimulus (blue).
RB axons ascend to the hindbrain, as do dlas, on the ipsilateral side. They may
excite hindbrain neurons with axons that cross the cord and activate hindbrain
neurons recorded contralaterally (blue). A: Midsagittal Section (MST) prevents the
signal crossing in the hindbrain by severing any commissural axons of unknown
hindbrain neurons (grey). B: Hemisection at cleft 2 prevents signals that cross in
the spinal cord from reaching the hindbrain by severing dlc axons ascending into
the brain.

Activity was recorded from hindbrain neurons in response to a contralateral
stimulus in 9/9 animals following midsagittal section (which isolates spinal cord
level crossing). Earliest onset was 8 ms (median: 9 ms, IQR 9 – 13.5 ms; N = 9).
Activity was also recorded in the hindbrain following a contralateral stimulus in
13/13 rostrally hemisected animals (which isolates hindbrain level crossing).
Earliest onset was 6 ms (median: 9 ms, IQR 7 – 20.5 ms; N = 13). There was no
significant difference between the onset of activity following contralateral
stimulation in midsagittal sectioned animals, hemisected animals and intact
animals (Kruskall-Wallis test: H = 0.93, d.f. = 2, P = 0.62, N = 9, 13, 60; Figure
6-6). These results clearly demonstrate that neither lesion eliminated HB activity
at short latency contralateral to the stimulus. This suggests that neurons in the
HB are excited to fire following contralateral skin stimulation by pathways that
cross both within the spinal cord and within the hindbrain.
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Figure 6-6. Onset of activity is not significantly different in MST, hemisected and
intact animals.

6.4.1.4 Where are the HB neurons that fire first located?
The hindbrain shows anatomical segmentation (see Chapter 5). Eight pairs of
rhombomeres (one of each pair either side of the midline) are visible (Figure
6-1). These could reflect some functional segmentation as in other animals
(Gilland and Baker, 2004). Were the neurons that fire earliest located in
particular rhombomeres or were they widespread?
The most rostral rhombomeres tended to show the longest values for minimum
latency at each site (median 11 ms in r1; N = 7) while those in the most caudal
rhombomere tended to be the shortest (median 8 ms in r8; N = 1). This might be
expected since the rostral rhombomeres are farther away from the stimulus.
However, differences were relatively small compared to the amount of variability
and the differences in onset between rhombomeres were not significant
(Kruskall-Wallis: H = 9.23, d.f. = 7; P = 0.237, Figure 6-7). This simple measure
therefore suggests that short latency firing occurs throughout the length of the
hindbrain.
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Figure 6-7. Dot plots of earliest onset time from each site, separated by
rhombomere position. N numbers are listed on the right.

6.4.1.5 Summary
At intensities below the threshold for swimming, skin stimulation results in
impulse activity in neurons throughout the length of the hindbrain. Neurons were
active following contralateral as well as ipsilateral stimulation; therefore, the
sensory signal from the skin crosses the midline as well as staying ipsilateral.
The signal can cross at the level of the spinal cord (presumably via dlcs) or the
hindbrain level via as yet unidentified commissural interneurons in the hindbrain.
The onset of this activity can be as early as 7 ms after the stimulus and latency
was equally short on both sides. This suggests that the simplest pathways from
skin to hindbrain are disynaptic both ipsilaterally and contralaterally. Responses
were recorded at short latency from neurons in all rhombomere positions and
there was no significant difference in activity onset longitudinally.
6.4.2 Sustained responses
In the previous section, it was demonstrated that neurons in many regions of the
hindbrain are activated very early (< 10 ms) following skin stimuli on either side
of the animal and acting via neurons of different sensory pathways. The same
kind of brief stimulus can evoke sustained swimming. The aim of this
investigation was to localise regions in the hindbrain that could contain neurons
involved in the initiation of swimming. Evidence was therefore sought for
sustained neuronal activity following a brief stimulus that might reflect the early
stage of initiation. To start with, stimuli below the threshold for evoking
swimming were used in order to try to avoid the complication of activity that was
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the result of, rather than the cause of, activation of the swimming network. The
question addressed was therefore: do neurons in the hindbrain show longlasting activity following brief stimuli that are too weak to evoke swimming?
6.4.2.1 Can a brief stimulus produce sustained hindbrain activity?
The end of activity recorded from hindbrain neurons at 89 sites in 41 animals
was analysed. These are the same records for which the onset of activity was
analysed in section 6.4.1.1. They show either MU or SU firing and both types of
firing are analysed together. Below the threshold stimulus intensity for
swimming, a stimulus to the trunk skin could frequently evoke long lasting
activity in the hindbrain (Figure 6-2B). Spike activity recorded from hindbrain
neurons (both sides, all longitudinal positions) typically ended 44 ms, IQR 22 202 ms (median of the latest end time for each individual recording site; Figure
6-8A) after the stimulus, but it could last much longer (range of median per site:
8 – 3266 ms, range of latest end per site: 8 – 4737 ms). In exceptional cases (at
five sites), the responses exceeded the frame length used during sampling (5 s)
and so could not be accurately quantified. Activity was equally long lasting on
both sides of the hindbrain relative to the stimulus (latest end ipsi: 24 ms, IQR
19 – 40.5 ms; contra: 21 ms, IQR 14 – 41.5 ms; Mann-Whitney: W = 1420.5; P =
0.31; N = 29, 60; Figure 6-8B). All areas of the hindbrain showed long duration
responses, and there was no significant difference between rhombomeres
(Kruskall-Wallis: H = 11.89, d.f. = 7, P = 0.104).
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Figure 6-8. How long does activity last in the hindbrain? A: Histogram showing
the distribution of activity end. The median (pink) and maximum (grey) activity
end for each site is displayed on a log scale. B: Box plots showing activity end on
a log scale, N numbers inset. Median (left) and maximum (right) activity end in
hindbrain ipsilateral (pink) and contralateral (grey) neurons to a stimulus.

6.4.2.2 Do individual neurons fire repetitively?
The previous section showed that brief stimuli could evoke long-lasting firing in
the hindbrain even at stimulus intensities below the threshold for swimming. Do
individual neurons (SU records) show long lasting firing or is the long duration
activity seen above due to neurons firing briefly but very asynchronously?
Activity from individual neurons was recorded in 30 sites (five repeats) following
stimuli below threshold for evoking swimming. Sustained firing (> 1 spike, for
example, in Figure 6-9A) was seen in 65 % (97/150) of individual responses, the
rest (Figure 6-10A) showed single spikes (for example, in Figure 6-9B).

Figure 6-9. Activity from individual neurons can exhibit sustained firing (A) or fire
a single spike (B). Stimuli were below the threshold for swimming.
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Repetitive firing typically ended substantially after the brief skin stimulus
(median: 202 ms, IQR 41.5 – 784.5 ms; range 13 to 4737 ms). This sustained
activity had a median duration (= end time minus onset time) of 190 ms (IQR 32
– 765 ms; range 4 to 4496 ms, Figure 6-10B).
Onset did not differ significantly between those neurons firing single spikes (14
ms, IQR 10 – 24.5 ms) and those showing sustained firing (12 ms, IQR 10 - 24
ms; H = 1.03, 1.05, d.f = 1, P = 0.309, 0.307, N = 53, 96, Figure 6-10C). This
showed that the neurons firing sustained spikes included ones that were also
responding at short latency; these were not separate groups.

Figure 6-10. Sustained firing in individual neurons. A: Proportions of single unit
records that show a single spike (pink bars) or sustained firing (grey bars) for the
total data. B: Histogram of the duration of trains in hindbrain neurons. C: Onset of
activity in neurons firing single spikes (pink) and sustained firing (grey).
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6.4.2.3 Summary
Neurons in the hindbrain can show sustained firing following brief sensory
stimulation of the trunk skin even without swimming being evoked. Neurons that
exhibit long duration repetitive firing patterns are present in all areas of the
hindbrain. Not all neurons in the hindbrain fire repetitively, single firing neurons
are also present in all areas of the hindbrain. Swimming begins at approximately
43.6 ± 11.5 ms (Chapter 2) after the stimulus. Most firing (single spike or
sustained) in hindbrain neurons ended before 50 ms (Figure 6-8A). This is
consistent with the hindbrain neurons having a role in swimming initiation.
6.4.3 Activity associated with swimming
Swimming can be evoked by brief stimulation of the trunk skin. Even in the
absence of swimming, neurons in the hindbrain respond to brief stimuli with
firing activity at latencies, and for durations, that would be consistent with their
playing a role in the initiation and possibly the maintenance of swimming. What
happens to this hindbrain activity when a brief stimulus is strong enough to
evoke swimming? There is likely to be feedback from the CPG to the initiation
pathway. For each of ten recording sites, in nine animals, responses to five
stimuli below threshold for swimming were compared with responses to five
stimuli just above stimulus threshold for swimming. The recording sites were in
r2 (N = 3); r3 (N = 2); r4 (N = 3); and r5 (N = 2), all on the contralateral side.
6.4.3.1 What happens to hindbrain responses when swimming is evoked?
There was often an increase in overall spike activity when skin stimuli were
increased above swimming threshold (Figure 6-11). Responses seen at low
intensity could be joined by spikes from other neurons (judged by distinct
impulse amplitude) that were not active below threshold (Figure 6-11E and F).
Trains of single unit impulses could go on for longer (Figure 6-11B, C, D) or they
could fire at a higher frequency (Figure 6-11A). Single spikes could turn into
repetitive firing (Figure 6-11D). Some responses were unchanged and had the
same latency below and above swimming threshold (not illustrated).
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Figure 6-11A-F. Examples showing a general increase in activity in the HB is seen
in single neurons when swimming is present. Top traces in each pair show
activity in the hindbrain following a stimulus that does not evoke swimming.
Bottom traces show the same neuron(s) following a stimulus that does evoke
swimming as recorded in the ventral roots (not shown).
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The overall duration of individual neuron responses in this sample was
significantly greater following stimuli that evoked swimming (3654 ms IQR 154 3772 ms, 5 to 3952 ms) than when swimming was not present (257 ms IQR 53 657 ms, 7 to 2781 ms; W = 1982, P < 0.001; Figure 6-12A). The median
duration of activity following skin stimulation is shown for each neuron in Figure
6-12B (pink bars show median durations following stimuli too weak to evoke
swimming and grey bars show activity in the same neuron once swimming is
evoked).
Each neuron fired either once (a single spike) or multiple times (repetitive firing).
Neurons fired repetitively more often when swimming was evoked (44/50 stimuli)
than when swimming was absent (30/50 stimuli). The proportion (of five repeats)
of responses that were repetitive were compared for each neuron following a
stimulus too weak to evoke swimming to the proportion when swimming was
evoked in each of the ten neurons sampled (Figure 6-12C). In two neurons, the
proportion of repetitive firing actually decreased; however, for the remainder the
proportion either stayed the same (N = 3, since firing was already all repetitive)
or increased (N = 5, so that all firing became repetitive).
Overall onset latency of hindbrain firing was not different below or above
threshold for swimming (below: minimum 9 ms, median 18 IQR 14 – 33 ms;
above: minimum 8 ms, median 18 IQR 14 – 58.5 ms; W = 2564; P = 0.791, N =
50).
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Figure 6-12. Activity duration in individual neurons. A: Duration of activity in the
hindbrain following a stimulus below the threshold for swimming (pink) and when
swimming is evoked (grey). Activity lasts longer following a stimulus that evoked
swimming. B: Median duration of activity in single units without swimming (pink)
and with swimming (grey) for 10 stimulation sites on a log time scale. This shows
most of the neurons are active longer following a swimming initiating stimulus
than following a stimulus below swimming threshold. C: The same neurons are
shown, each stimulation produces either a single spike (yellow) or sustained
spiking (blue). Of the 5 repeat stimulations for that neuron, the proportion of
responses that were single spike (yellow) or sustained (blue) are shown as a
simple pie diagram. The top set is when swimming was evoked and the bottom
row is below swimming threshold. The individual neurons that responded with
sustained spiking below swimming threshold, most often continued to do so
when swimming was evoked. Those that fired single spikes below swimming
threshold increased their response to sustained firing when stimuli evoked
swimming.

6.4.3.2 Does activity precede the start of swimming?
The relative timing of firing in the hindbrain and the start of swimming monitored
at the ventral roots was examined next. These two measures were not
correlated (median per site: Pearson correlation = 0.035, P = 0.92, N = 10;
Pearson = 0.068, P = 0.64, N = 50; Figure 6-13B), but firing in the hindbrain
typically preceded the start of swimming. In 37/50 (74 %) responses, firing onset
in the hindbrain was earlier than the start of swimming. In the sample of
responses analysed, swimming onset was 46.5 ms, IQR 39.7 – 58.3 ms (range:
23 – 112 ms) while HB activity onset was 18 ms, IQR 14 – 58.5 ms (range: 8 –
140 ms; N = 50 responses, Figure 6-13A).
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Figure 6-13. Hindbrain activity and swimming. A: The onset of activity in the
hindbrain (pink) and the onset of swimming in the ventral roots (grey). B: Scatter
plot of VR onset (the start of swimming) against onset of activity in the hindbrain.
C: Spike frequency in individual neurons following a swim-generating stimulus
(10 sites; 50 responses).

6.4.3.3 Is there rhythmic activity timed to the swimming cycles?
Because spinal neuron classes extend into the hindbrain, it might be expected
that some neurons recorded in the hindbrain would fire rhythmically during
swimming. None of the records from the ten sites analysed showed rhythmic
activity in single units that was clearly timed to the swimming cycles. Although
not analysed in detail, this absence of rhythmic firing seemed to be a feature of
all of the recording sites where single units could be distinguished.
Overall, spike frequency (cycle period quoted) in the ten analysed HB neurons
was low (median: 8.02 ms IQR 4.8 – 21.1 ms; Figure 6-11; Figure 6-13C)
although one fired up to 333 Hz.
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The recordings used in this analysis were selected because they showed activity
to skin stimulation that was too weak to evoke swimming. This focussed the
investigation on the neuronal activity in the hindbrain that probably underlies
swimming without interference from activity caused by the presence of
swimming. This meant that activity from neurons that spiked only at stimulus
intensities strong enough to evoke swimming were not analysed. In principle, the
activity recorded in hindbrain neurons could be correlated with the swimming
activity recorded at the ventral roots. Parameters such as onset of activity,
frequency, and duration of firing episodes could be examined. When swimming
was present, there was a larger number of indistinct MU responses which
makes analysis difficult. In addition, the activity often lasted longer than the 5 s
recording frame used.
6.4.3.4 Summary
Neurons in the hindbrain are active at times and durations that are consistent
with having a role in the initiation and maintenance of swimming. This activity is
present following skin stimuli when swimming is evoked and when swimming is
not present. Individual neurons fire more spikes at the higher stimulus intensity.
Activity onset does not change at the higher stimulus intensity but the duration of
the activity increases. Activity in the hindbrain begins earlier than swimming
though onset times do not correlate. Rhythmic activity timed to swimming cycles
was not observed in the single unit sample.

Figure 6-14. Hindbrain activity is ‘messy’ when swimming is evoked. A: Ventral
root (top) and hindbrain (bottom) recordings on the same side. VR is noisy and
more than one unit is recorded in the hindbrain. The HB record is fairly typical
which shows activity that is difficult to quantify. B: Closer view of the start of
activity in A (box).
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6.5 Discussion
The main findings of this preliminary survey into the activity of hindbrain neurons
in response to a sensory stimulus were that some neurons at locations
throughout the length on both sides of the hindbrain responded at short latency
following skin stimulation. Furthermore, responses were relatively sustained
following a brief stimulus (even without swimming).
The marginal zone of the hindbrain (Figure 6-1C, grey area) is where the axons
lie. The experimental preparation was devised so that the electrode would
approach the ventricular surface of the hindbrain with the electrode tip in a
position to contact neuronal somas, and not the axons. This meant that the
activity recorded from a particular site is from a neuron (SU) or neurons (MU),
the somas of which are at that site, and not somewhere else in the nervous
system.
6.5.1 Sidedness and possible pathways
Chapter 2 showed that swimming tends to start with a clear sidedness; the first
ventral root burst or bend occurs on the side contralateral to the stimulus. For a
properly coordinated start to swimming, both sides of the tadpole must be
activated but swimming must begin on one side only. Is this sidedness due to
asymmetrical activation of hindbrain neurons? Neurons on both sides of the
hindbrain respond to a one-sided stimulus, however, responses were
symmetrical in terms of onset and duration of response between the two sides.
This is sensible for both sides to be activated during initiation, but there is no
evidence for an initial asymmetry.
The earliest responses on each side were at very short latency. What sorts of
estimates can be made about the possible sensory pathways involved (monovs. di- vs. poly-synaptic pathways) from published data and the information
gathered here? The neurons in the spinal cord that are involved in the detection
of a sensory stimulus and the activation of the central pattern generating
circuitry that drives swimming are known (Roberts et al., 2000; Li et al., 2003b;
Li et al., 2004a). Published data can be used to try to define possible pathways
(Figure 6-15).
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Figure 6-15. Pathways from skin to hindbrain. A: Schematic depicting the neurons
that may be involved and the positions of the electrodes. RB (yellow), dla (dark
pink) and dlc (light pink) neurons have axons that reach into the hindbrain and
may excite the neurons in the hindbrain. {Clarke, 1984 #79}{Li, 2003 #2113}. For
contralateral hindbrain activity, the signal may cross to the other side in the spinal
cord through the axons of dlc neurons or in the hindbrain though some
unidentified commissural hindbrain neuron (grey). B: Tadpole diagram to show
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distances used in calculations. Cross indicates position of stimulus. C:
Diagrammatic circuits for a minimal ipsilateral (top) and contralateral (bottom)
pathway from skin stimulus to hindbrain. Top: RB excites dla which carries the
signal to the hindbrain where it excites a HB neuron, the spike activity (inset, from
(Roberts et al., 2008b) to illustrate the rise to spike time) of which is recorded.
Bottom: RB excites dlc which carries the signal to the contralateral half of the
spinal cord and then rostral to the hindbrain where a HB neuron is excited. D:
Calculations of delay from stimulus to HB spike using distances in part B,
calculated to the caudal hindbrain (r8). Velocities for RB peripheral and central
axons from Clarke 1984 (Clarke et al., 1984), synaptic delay from Li 2003 (Li et al.,
2003b); rise to spike measured from Figure 2 in (Li et al., 2003b) (dlc epsp to dlc
spike). Left: ipsilateral pathway. Right: contralateral pathway. There is a difference
of only 0.5 ms.

For pathways involving excitatory synapses, the information required to make
timing estimates includes: i) impulse conduction delays; ii) synaptic delays (from
arrival of an impulse at a pre-synaptic site to the initiation of a post-synaptic
response); and iii) the rise time of the excitatory post-synaptic potential (EPSP)
from its onset to the generation of an impulse. There are estimates for some of
these, which allow predictions about likely time delays in a pathway.
i) Conduction velocities for RB peripheral neurites and their central axons are 5
ms/mm and 3.5 ms/mm respectively (Clarke et al., 1984).
ii) Synaptic delays, where estimated lie in the range 0.5 - 1.0 ms (Li et al.,
2003b)
iii) The time from EPSP onset to spike in synapses from RB neurons to dlcs are
approx. 5 ms (Roberts and Sillar, 1990). However, more recent recordings have
shown that this delay can be as little as 1.25 ms (Li et al., 2003b).
The shortest pathway from a skin stimulus to a contralateral hindbrain neuron
impulse would be di-synaptic because the minimum latency to hindbrain activity
was equal on both sides. Since the contralateral hindbrain activity must result
from a disynaptic pathway (RB axons do not cross), then it is most likely that the
pathway to ipsilateral hindbrain activity is also disynaptic. Furthermore, the axon
length of RB neurons [insert value and ref] means that only the more rostral RBs
have axons that extend to the brain. Stimulation was approximately 1.95 mm
from the most caudal part of the brain so the pathway is unlikely to be
monosynaptic.There are two possibilities for a disynaptic pathway. Neurites of
RB neurons detect the skin touch stimulus and excite dlcs, the axons of which
cross to the other side of the cord and ascend to the hindbrain. They would then
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synapse with neurons in the hindbrain exciting them to fire and producing the
spiking activity recorded (Figure 6-2). Alternatively, the axons of the RB neurons
could carry the sensory signal to the hindbrain ipsilaterally and excite a
hindbrain neuron with an axon that crosses to the other side. The activity
recorded in the hindbrain contralateral to the stimulus could then result from
excitation by commissural hindbrain neurons (Figure 6-15C). It is possible that
these hindbrain neurons with crossing axons could also be dlcs. The locations of
dlc somata has been documented in the spinal cord (Roberts and Sillar, 1990; Li
et al., 2001) but not their possible extension into the hindbrain. Either way, both
possible pathways involve two synapses and essentially the same distances, so
would produce a similar delay, as found experimentally following lesions in the
spinal cord or hindbrain.
Interestingly, to achieve theoretical delays in the pathway to contralateral
neurons as short as found experimentally (~ 10 - 12 ms), the minimum values
for distance (stimulus to r8) conduction delay and synaptic delay, and the fastest
EPSP rise times had to be used.
The pathway from skin stimulus to ipsilateral hindbrain firing could be
monosynaptic (from RB directly to hindbrain neurons, Figure 6-15C, top).
Latencies of approximately 8 ms would be possible using the same values as for
the contralateral pathways. However, since the earliest spike onsets in neurons
ipsilateral to the stimulus are the same as in contralateral neurons, the minimal
ipsilateral pathway is probably also disynaptic. Furthermore, although RB axons
reach into the brain, the RB neurons stimulated at the level of the anus would
need to have extremely long axons to cover that distance (Clarke et al., 1984).
The disynaptic pathway from skin stimulation to activity on the ipsilateral side of
the hindbrain presumably involves dlas (Li et al., 2004a). The delay from
stimulus to hindbrain neuron response would be approximately 10 ms.
Disynaptic contralateral pathways involving dlcs are not much longer than
ipsilateral pathways involving dlas because crossing the spinal cord takes only
0.5 ms. The majority of the delay is due to covering rostrocaudal distance and
synaptic delays, in particular, spike rise times. This could explain why there is no
significant difference between experimentally measured activity onset in HB
neurons following ipsilateral and contralateral stimuli.

149

Chapter 6 Hindbrain neurons and swimming initiation
Investigation of the spinal contralateral flexion reflex pathway (Li et al., 2003b)
showed that the synapses between RB neurons and dlcs are fast and strong
giving a high likelihood of spiking in the post-synaptic dlc. In contrast, the
synapses from dlcs to their spinal cord targets are individually weak with
relatively larger, slow (NMDA) components. Reflex firing in contralateral
motorneurons apparently results from convergence of synapse from a number of
dlcs, which serves to amplify the sensory signal. Given the common and
widespread occurrence of short latency firing in hindbrain neurons following a
skin stimulus, it is likely that a similar amplification of sensory signals via dlcs
(and dlas) is also involved here.
Other, indirect, pathways may account for the activity that starts later than 10 ms
or the neurons that were measured may be downstream of some hindbrain
pathway after the sensory signal has been taken into the hindbrain.
6.5.2 Sustained responses.
Recordings from presumed single units suggest that individual neurons (again
throughout the length of the hindbrain) can fire sustained bursts following a brief
stimulus. Sustained responses were also seen in MU recordings.
What might be the source of the sustained firing? Sustained firing in response to
brief stimulation was described in midbrain (MB) neurons in response to pineal
tract stimulation (Jamieson and Roberts, 2000). This shows clearly that there
are brain regions that will generate sustained firing following brief stimulation.
Unfortunately, the underlying mechanism is not known. It is possible that trunk
skin stimuli could ascend and excite the same neurons in the midbrain, which in
turn could provide sustained descending excitation of HB neurons. However,
although this is possible in principle, it could not be the only source since the
midbrain was cut off in all the current experiments. A mechanism must also exist
within the hindbrain.
What other possibilities are there for sustained firing in hindbrain neurons?
Perhaps very long excitation is provided by sensory interneurons. Output
synapses from dlcs in the spinal cord have been studied (Clarke and Roberts,
1984; Roberts and Sillar, 1990; Li et al., 2003b); they have a significant NMDA
component; so could be longer; however, it is unlikely that this could explain
what can be very long sustained firing.
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Plateau potentials have been found in lamprey reticulospinal neurons (Viana Di
Prisco et al., 1997; Dubuc et al., 2008); but have not yet been recorded in any
Xenopus neurons.
The electrical skin stimulus is brief (0.5 ms) and the sensory neurons spike only
once (RB) or a few times (dlIN) (Clarke and Roberts, 1984; Li et al., 2003b; Li et
al., 2004c). This means that firing in the sensory neurons and sensory
interneurons is typically over within ~13 ms of a brief stimulus (Roberts and
Sillar, 1990; Li et al., 2004a). Neurons in the hindbrain receive the brief signal
from the sensory system and amplify it so that a long lasting signal is
communicated from the hindbrain to the spinal cord. This long-term signal is
what keeps swimming going long after the sensory stimulus is over. It is known
that neurons (hdINs) in the caudal hindbrain can provide descending tonic
excitation to the spinal cord (Li et al., 2006; Roberts et al., 2008b), but what of
the neurons situated more rostrally?
Neurons in the hindbrain respond to brief sensory signals from the spinal cord
by firing repetitively. These trains of spikes can last for seconds. In this way, the
brief signal is temporally amplified. Neurons that exhibit long duration repetitive
firing patterns are present in all areas of the hindbrain, not just the most caudal
ones, as shown by Li et al. (2004a). There are neurons in the hindbrain that fire
once only; these are probably sensory interneurons.
Activity in the hindbrain is evoked below the threshold for swimming, and this
activity is long lasting, like the activity seen during swimming. The sensory signal
from skin stimulation therefore reaches the hindbrain and causes neurons to fire
in the hindbrain but a signal to the spinal cord to initiate swimming is not
produced. Switching on swimming is not simply dependent on the presence or
absence of a sensory stimulus as a reflex response might be.
6.5.3 What happens when swimming starts?
In the hindbrain, neurons are active following skin stimulation when the stimulus
is too weak to evoke swimming. How does the hindbrain activity change when
swimming starts? The possibilities are that: activity soon stops (involved only in
the initiation or the first part of swimming); activity continues (and may have a
role in maintenance etc.); or that activity stops abruptly at the start of swimming
(perhaps inhibited by swimming like dlcs or mhrs (Boothby and Roberts, 1992b;
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Perrins et al., 2002; Li et al., 2003a)). Most results showed activity appears to be
stronge" at the start compared to responses below swim threshold (e.g. fewer
single spikes in single unit records) and there was no sign that activity is
inhibited. In addition, there is little sign of strong activity continuing and little
clear phase locked firing (there was some in MU records). Activity recorded in
hindbrain neurons is generally consistent with roles in the initiation of swimming,
or coordination at the start of swimming rather than an involvement in longerterm maintenance.
There is good evidence that dINs (and hdINs) are the main excitatory neurons
responsible for maintaining swimming on a cycle by cycle basis (Roberts et al.,
2008b). These neurons fire reliably on each cycle; this activity should have been
clear if dINs were recorded, but reliable rhythmic firing was not seen in single
units. The most likely explanation for this is that the main reticulospinal dINs
driving swimming are located relatively caudally (rhombomeres 7/8) and fewer
(4 total) recordings were made in this region.
The role of the reflex has not been addressed in this chapter because it is a
spinal cord pathway. It may serve as a sidedness regulator that works in
conjunction with the activation signal from the hindbrain (see Chapter 2).
Very few records showed activity that began at around the same time (50 ms) as
spikes that have been recorded in hdINs following skin stimulation ((Li et al.,
2006) (1 % 6/445 > 50 ms; 3 % 15/445 > 40 ms; 6 % 26/445 > 30 ms). This may
be because the activity of neurons firing late (~ 50 ms) was preceded by early
firing neurons on those frames. This was also the case in the records showing
SU spikes. Very few SU records showed onset at a time consistent with being
hdINs (3 % 5/150 > 50 ms; 8 % 12/150 > 40 ms; 14 % 21/150 > 30 ms).
However, the proportions of responses that were late onset in the single unit
subset were more than double those of the whole data set. Therefore, most of
the records that did show the late activity were SU in character, which means
that the activity of neurons behaving like hdINs is probably obscured in these
data by activity from other neurons firing earlier.
6.5.4 Conclusions
This exploration into the activity in the hindbrain that results from skin stimulation
goes a little way in describing the events that occur immediately following a
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signal that can evoke swimming. Further study is required. A more detailed
characterisation of hindbrain structure would confirm the identities and locations
of the cranial nerves. Visualisation of nuclei in the rhombomeres would enable
further comparison between the organisation in the tadpole and in other animals.
Identification of neurons with descending projections that are located at all
rhombomeric levels may show functional segmentation, and identify candidate
neurons involved in sending signals to the spinal cord. Labelling would identify
how many neurons show inhibitory and excitatory neuronal connections. Tracing
the sensory pathways into the nervous system, connection by connection, as
well as tracing backwards from hindbrain neurons that contact CPG neurons in
the spinal cord (hdINs) will be interesting. Determining whether the signal that
descends from the hindbrain to the spinal cord is the same on both sides will
show if sidedness of first response is determined at the level of the hindbrain, or
in the spinal cord. It is not known how the reflex fits into the system.
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The overall aim of this investigation was to study the initiation of behaviour in
Xenopus tadpoles during early development. The approach was to document
what occurs following skin stimulation at one established developmental stage
(37/38) and compare this to information from younger animals. In the long term,
this will allow proposals to be made as to how the neuronal interactions involved
in eliciting these behaviours are formed while the animal develops and how
these strategies benefit the animal in its first stage of life.

7.1 Scope of this study
In summary, this study has set out:
1) To describe the initial stages of responses to skin stimulation in hatchling
tadpoles behaviourally and electrophysiologically (Chapter 2), and then to
explore how these appear during development (Chapter 3).
2) To describe the initiation of responses by the skin impulse and in particular to
consider access of the skin impulse to the CNS during development and its
relationship to RB mediated responses (Chapter 4).
3) To explore the involvement of the hindbrain in the initiation of swimming, first
by describing the segmental (rhombomeric) structure of the hindbrain (Chapter
5), and then by recording the firing responses of hindbrain neurons at different
rhombomeric levels to skin stimuli, to reveal the distribution of sensory signals in
the hindbrain and seek regions potentially involved in initiation of motor
responses (Chapter 6).
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7.2 Responses to skin stimuli
Based on results from Chapters 2 and 6 and a long history of previous studies, a
proposal can be made about what occurs during the initiation of responses to a
brief trunk skin stimulus in hatchling (stage 37/38) Xenopus tadpoles. These
events usually lead to a tadpole turning away from the stimulus and swimming
off. The strengths and weaknesses of the current evidence can then be
reviewed.
A gentle stroke stimulus applied to the skin excites the peripheral sensory
neurites of a small number of sensory RB neurons (Roberts, 1975). The result is
brief firing, possibly only a single impulse, in each neuron (Roberts and Hayes,
1977; Clarke et al., 1984; Soffe, 1997). Impulses in the RB neurons are
conducted, rostrally and caudally, along their central axons and the
neurotransmitter glutamate is released to excite two populations of sensory
interneurons (Roberts and Clarke, 1982; Sillar and Roberts, 1988b; Li et al.,
2003b; Li et al., 2004a). These synaptic connections are very strong and
activate mainly AMPARs in the post-synaptic neurons (Li et al., 2003b).
Excitation of one of these populations, the dlcs, is very strong and so there is a
high probability that the RB impulses will produce impulses in the dlcs. The dlc
axons cross close to the dlc soma, and then rostrally and caudally, conducting
the impulses to the opposite side of the spinal cord (Roberts and Sillar, 1990; Li
et al., 2001). The dlc axons then synapse with motorneurons on the side
opposite to the stimulus and release glutamate (Roberts and Sillar, 1990; Li et
al., 2003b). Each synapse is relatively weak, activating AMPARs and NMDARs
in the post-synaptic motorneurons, but summation of excitation from many dlcs
ensures that the motorneurons fire (Li et al., 2003b). Motorneuron firing then
excites muscle contraction which produces a bend to the side opposite to the
stimulus (Kahn and Roberts, 1982a; Soffe and Roberts, 1982b). The whole
process from the stimulus to the start of the bend takes only 12 - 15 ms (Chapter
2). This response happens mainly towards the rostral end of the trunk because
excitation of motorneurons is stronger here (either through stronger individual
synapses or more convergence of input from dlc neurons) than more caudally.
In addition to exciting dlc sensory interneurons, the RB neurons also excite dla
sensory interneurons. These synapses are also relatively strong and involve
mainly AMPARs in the post-synaptic dlas (Li et al., 2004a). The un-crossed
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ascending axons of dlas conduct impulses rostrally, and synapse with
motorneurons on the same side as the stimulus (Zhao et al., 1998; Li et al.,
2001). It is unlikely that these motorneurons will fire and produce a bend on the
same side for several reasons. Firstly, the excitation of motorneurons on the
stimulated side is weaker because there is less convergence and summation of
excitation from different dlas. Secondly, the individual synapses are weaker.
Thirdly, the motorneurons are also inhibited by cINs from the opposite side,
which will also have been excited to fire by the crossed axons of dlcs (Soffe et
al., 1984). As a result, although there is a pathway for a short latency reflex on
the stimulated side as well as the opposite side, it only produces a response to a
very strong stimulus (perhaps only possible under experimental conditions).
The axons of sensory RB neurons and dla sensory interneurons project rostrally
into the hindbrain and sometimes into the midbrain on the stimulated side
(Roberts and Clarke, 1982; Li et al., 2001; Li et al., 2004a). In a similar way, the
axons of dlc sensory interneurons project forward through the hindbrain on the
opposite side (Clarke and Roberts, 1984; Roberts and Sillar, 1990). Sensory
signals are therefore conducted forward to both sides of the hindbrain as well as
the spinal cord. Signals crossing to the opposite side do so both in the spinal
cord via dlcs but also in the hindbrain itself via equivalent sensory interneurons.
The result of these ascending sensory signals is that some hindbrain neurons at
all rhombomeric levels fire impulses soon after the stimulus (within 10 - 20 ms,
Chapter 6); the excitation of these neurons must therefore be relatively strong.
Somehow, this firing triggers long lasting firing in other (or some of the same?)
hindbrain neurons, again at all rhombomeric levels. Sustained firing at this stage
is vital because firing in the sensory pathway (RB neurons and dlc and dla
sensory interneurons) is relatively brief and so cannot itself account for the
relatively long delays between a stimulus and the start of swimming. The
sustained firing in hindbrain neurons leads to excitation of the reticulospinal
members of the dIN population whose mutual excitation will eventually provide
the descending drive for swimming (Roberts and Clarke, 1982; Roberts and
Alford, 1986; Li et al., 2006; Roberts et al., 2008b). As soon as the dINs become
active, they start to excite other swimming CPG neurons in the caudal hindbrain
and spinal cord, including the reciprocal inhibitory cINs, through their
descending axons (Li et al., 2006). This is important because the cINs provide
the rhythmic "feedback" inhibition needed for dINs to continue firing, through
post-inhibitory rebound (Roberts et al., 2008a). As soon as the combination of
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mutual excitation between dINs and rhythmic inhibition from cINs is established,
then swimming has been initiated, with motorneurons driving alternating
contraction of the trunk muscles on the two sides. There is a variable delay
between a sensory stimulus and initial reflex and the start of swimming because
of the variable time it takes for the self-sustaining activity of dINs and cINs to be
established by the earlier sustained firing of hindbrain neurons. The descending
drive to the two sides of the spinal cord is symmetrical, so that swimming
movements are symmetrical. However, the initial contralateral reflex response
temporarily reduces the excitability of neurons on the side opposite the stimulus,
with the result that subsequent swimming usually starts on the same side as the
stimulus.
Of course, some parts of this proposal explaining the observed pattern of initial
responses to skin stimuli (described in Chapter 2) are speculative. The events
underlying the initial contralateral flexion reflex are now well established (Li et
al., 2003b). The pathways for sensory signals ascending to the hindbrain are
also well defined. It is also clear that a critical event in the initiation of swimming
is the start of firing in dINs and that the delay to the start of swimming can be
many tens of milliseconds. Patterns of sustained firing in unidentified hindbrain
neurons, based on observations in Chapter 6, plausibly fill this gap between a
sensory trigger and the start of dIN-driven swimming. However, details of these
events and clear identification of the neurons and synaptic connections involved
will require more detailed recordings from individual neurons and neuron pairs,
combined with dye filling to allow identification.
The mechanism by which the dIN excitatory neurons maintain their activity
through mutual excitation and post inhibitory rebound is now well supported by
evidence (Li et al., 2006; Roberts et al., 2008b). There is no evidence at this
stage that the mechanism involves plateau potentials like those described in
lamprey RS neurons and proposed to underlie sustained drive for lamprey
swimming (Viana Di Prisco et al., 1997; Viana Di Prisco et al., 2000).
Importantly, this means that the mechanism that apparently sustains lamprey
swimming is not the only one used in vertebrate locomotion. However, single
neuron recordings will now be needed in order to investigate the mechanism
that allows the earlier sustained firing of individual, unidentified hindbrain
neurons following a brief stimulus. Questions about the initiation of sustained
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activity have therefore now moved from the dINs to the currently unidentified
neurons that fire before them. Perhaps plateau potentials are important here.

7.3 Development of initial responses
As described in Chapter 3, the pattern of early responses seen in hatchling
tadpoles is actually established rather earlier in development. The pattern of
contralateral reflex followed at variable latency by swimming starting ipsilaterally
is already seen 8.5 hours earlier at stage 33/34. The proposal outlined above
would therefore also apply to these earlier stages, showing that sufficient
neurons of each type, and their synaptic connections, have already developed.
At even earlier stages of development, the picture is much less clear.
Responses are much more variable with less coordinated swimming and some
slower single and alternating bends of the body. It also proved to be much more
difficult to record electrical activity from ventral roots (Chapter 3).
Since activity generally alternates, even if it is not well patterned, mechanisms
must already be in place to initiate sustained responses, and to coordinate
activity between the two sides. The facility to respond contralaterally to a onesided stimulus is present as early as responsiveness. This means that there are
neurons in the spinal cord that carry the sensory signal to the other side. Dlc
neurons are probably responsible for the flexion reflex that is present in stages
32 to 37/38. The slow bends observed in tadpoles earlier than stage 32 and the
unpatterned activity seen in the fictive records are probably due to a pathway
that includes the dlcs. Perhaps the ipsilateral bends are due to dla neurons.
Early in the development of these neurons, there may be little difference
between the strength of connections to the dlcs and dlas then at stage 37/38.
Furthermore, if the inhibitory connections from aINs are not properly in place,
the sensory interneurons would not be inhibited and the sensory pathway could
potentially remain active longer, producing the repeated bending demonstrated
in young tadpoles. The alternation produced by the younger tadpoles may be
due to cIN connections forming and introducing reciprocal inhibition to the basic
circuit, cINs are present in the nervous system from stage 22 and subsequently
increase in number in a rostrocaudal direction (Roberts et al., 1988). Perhaps
the reflex pathway is developmentally primitive, allowing the tadpole to respond
before the more complex locomotor circuits are fully developed, and the
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contralateral pathway persists through to coordinated swimming movements at
stage 37/38 and beyond, because it is advantageous to have a very fast bend
that orients the animal away before swimming starts. The reflex bend occurs in
the rostral myotomes and this is the area where the ability to bend first appears
and the region where myotomes are first innervated, therefore, it is possible that
the pathway is unchanged since it appeared in development.
Fictive responses were uncoordinated, variable, and therefore difficult to
analyse, the experimental preparation was difficult in younger tadpoles as well.
An additional problem interpreting responses of younger animals to skin stimuli
was the possible (or probable) involvement of the skin impulse. In younger
animals, it became more difficult to separate responses to RB neuron
stimulation from responses to skin stimuli experimentally. The skin impulse is
considered next. Given the difficulties of electrical recording, it will be important
to build up a clearer picture of the events following a stimulus using high-speed
video to analyse the movements.

7.4 The involvement of the skin impulse
The work described in Chapter 4 helped to resolve a conflict in earlier results
about the skin impulse, the epithelial conduction system that can provide a skin
sensory system in addition to the RB neurites. Evidence showed that skin
impulse signals in the hatchling tadpole enter the nervous system primarily
through the Vth (trigeminal) cranial nerves, with some additional access possibly
through the Ist (olfactory) nerves (Roberts, 1996). Cutting these pathways
prevents skin impulses from influencing the CNS, and this precaution has been
used experimentally (Li et al., 2001). However, much older evidence suggested
that there must be some access of skin impulse signals directly into the spinal
cord (Roberts, 1971). It is now clear that this is the result of a developmental
change. Early in development, the skin impulse can affect the spinal cord
directly and this is sufficient to produce a motor response. This ability is lost over
a period of around 15 hours so that access is then only possible through cranial
nerves. This change occurs at a time when the RB sensory system is becoming
established, with extension of central axons, and development of peripheral
sensory neurites with mechanosensory free nerve endings in the skin (Roberts
and Smyth, 1974). Indirect evidence presented in Chapter 4 strongly suggests
that the access of skin impulse signals to the spinal cord in younger animals is
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through the developing RB neurons. The sensory situation involved is proposed
to be as follows:
In young animals, many of the skin cells become capable of responding to
strong stimuli, such as pokes, by generating a skin impulse. The impulses
spread outward over the surface of the body from the point-of-stimulation
through gap junctions between the skin cells (Chuang-Tseng et al., 1982;
Chuang et al., 1985). At the same time, in young animals, the peripheral
neurites of RB neurons are growing through the skin (Roberts and Taylor, 1982;
Roberts and Patton, 1985). At the ends of the neurites are large growth cones,
whose filopodia direct the growth of the neurites. The growth cones present a
large area of membrane with a low threshold for impulse initiation. A skin
impulse in overlying skin cells will produce field potentials large enough to
depolarise the growth cone and initiate an impulse. The impulse will then
propagate along the neurite to the CNS where it will be distributed longitudinally
in the spinal cord by the central axons of the RB neurons and can produce a
motor response. At this stage, because the RB peripheral neurites are
immature, they do not respond to a light touch (stroke) as they will once they are
mature (Roberts and Smyth, 1974).
As development progresses, more RB neurons send out peripheral neurites to
innervate more of the trunk skin, with innervation spreading from a relatively
small area of rostral trunk ventrally and caudally until the whole skin is
innervated (Roberts and Smyth, 1974). As the neurites mature, the growth
cones are lost and are replaced by an area of naked free nerve endings that
make them sensitive to light touch within a small receptive field (Roberts and
Taylor, 1982; Roberts and Taylor, 1983; Taylor and Roberts, 1983; Roberts and
Patton, 1985). At the same time, the loss of growth cones from each RB neuron
means that they can no longer respond to skin impulses. At this point, however,
light touch will initiate an impulse in the peripheral RB neurites and can produce
a central response.
In this way, there will be a developmental change in the pattern of peripheral
sensitivity, from stronger stimuli generating skin impulses detected by growth
cones, to lighter touch stimulating free nerve endings, but a single set of central
responses mediated by the same RB neurons. Older animals will continue to
detect skin impulses, but only through cranial nerves (Roberts, 1996). Since the
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trigeminal primary afferents will have matured peripherally so that they no longer
have growth cones, the mechanism for spread of signals from skin to nerve
must be different and is not known. A consequence of the proposed change in
peripheral excitation of developing RB neurons is that they will start by detecting
stimuli in a diffuse way, since skin impulses spread throughout the skin, but will
detect only stimuli within their individual receptive fields by the time they respond
to touch through their free nerve endings.
Once again, this proposal for skin impulses and their relationship to mature RB
neuron sensitivity is partly established but partly speculation, though consistent
with observations. Direct evidence that peripherally immature RB neurons
respond to skin impulses is now needed. RB neurons, that were identified by
responses to touch, did not respond to skin stimuli (Chapter 4), but these would
have lost their growth cones. SU recordings from dorsally situated neurons that
are likely to be RB neurons are needed to test whether they respond to skin
impulses. Since immature RB neurons cannot be identified by a peripheral
receptive field, dye filling would be necessary to confirm their identity.
Demonstrating that growth cones provide a means by which immature RB
neurons can respond to skin impulses would be harder. It may be that
regeneration of growth cones can be induced in the trunk skin, in which case it
might be possible to restore direct access of the skin impulse to the spinal cord.
Whatever the route for access to the CNS, the findings on the skin impulse
support the view that this early form of skin sensitivity provides an early method
by which developing tadpoles can respond to stimuli, before the more specific
sensitivity to touch has developed. The suggestion here is that these sensory
modalities are not separate, parallel pathways, but two ways of activating the
same central responses, both acting through RB neurons and their connections
to the motor system. This furthers the theme that the behaviour of the
developing tadpole is the most advanced behaviour that is available given its
state of neuronal and physiological development. This may aid survival since the
tadpole

is

potentially

better
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