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Reconfiguration of a Vertebrate Motor Network: Specific
Neuron Recruitment and Context-Dependent
Synaptic Plasticity
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1School of Biological Sciences, University of Bristol, Bristol BS8 1UG, United Kingdom, and ?Department of Applied Mathematics and Computer Science,
Ghent University, B-9000 Ghent, Belgium

Motor networks typically generate several related output patterns or gaits where individual neurons may be shared or recruited between
patterns. We investigate how a vertebrate locomotor network is reconfigured to produce a second rhythmic motor pattern, defining the
detailed pattern of neuronal recruitment and consequent changes in the mechanism for rhythm generation. Hatchling Xenopus tadpoles
swim if touched, but when held make slower, stronger, struggling movements. In immobilized tadpoles, a brief current pulse to the skin
initiates swimming, whereas 40 Hz pulses produce struggling. The classes of neurons active during struggling are defined using whole-cell
patch recordings from hindbrain and spinal cord neurons during 40 Hz stimulation of the skin. Some motoneurons and inhibitory
interneurons are active in both swimming and struggling, but more neurons are recruited within these classes during struggling. In
addition, and in contrast to a previous study, we describe two new classes of excitatory interneuron specifically recruited during strug-
gling and define their properties and synaptic connections. We then explore mechanisms that generate struggling by building a network
model incorporating these new neurons. As well as the recruitment of new neuron classes, we show that reconfiguration of the locomotor
network to the struggling central pattern generator (CPG) reveals a context-dependent synaptic depression of reciprocal inhibition: the
result of increased inhibitory neuron firing frequency during struggling. This provides one possible mechanism for burst termination not
seen in the swimming CPG. The direct demonstration of depression in reciprocal inhibition confirms a key element of Brown’s (1911)

hypothesis for locomotor rhythmogenesis.
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Introduction

Most animals show multiple motor patterns for respiration
(panting, sighing), feeding (biting, swallowing), and locomotion
(walking, trotting). Evidence from invertebrates shows that dif-
ferent patterns can share circuit elements through a process of
network reconfiguration (Getting and Dekin, 1985; Getting,
1989; Meyrand et al., 1991; Jing and Weiss, 2002; Popescu and
Frost, 2002; Marder et al., 2005; Briggman and Kristan, 2006).
The observation that individual neurons can participate in more
than one pattern has suggested that the same process occurs in
vertebrates, but experimental evidence remains patchy (Berkin-
blit etal., 1978; Carter and Smith, 1986; Bekoff et al., 1987; Currie
and Stein, 1989; Mortin and Stein, 1989; Soffe, 1993; Lieske et al.,
2000; Berkowitz, 2002, 2005). In addition to shared elements,
selective recruitment of neurons between patterns also occurs in
larval zebrafish and turtles (Ritter et al., 2001; Kimura et al., 2006;
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Berkowitz, 2007). However, in most vertebrates, too little is
known about the neurons involved to determine whether recruit-
ment for a particular pattern occurs within neuronal classes, per-
haps with modulation of cellular properties, or whether recruit-
ment introduces fundamentally different neuron types with
intrinsically different properties. Additionally, little is known
about how the mechanisms generating different patterns change
after reconfiguration.

Because vertebrates share common ancestry, the basis of mo-
tor pattern selection has been successfully explored in lower ver-
tebrates like zebrafish (Ritter et al., 2001), turtles (Stein, 2005)
and young frog tadpoles (Soffe, 1991, 1993, 1996, 1997). Hatch-
ling Xenopus tadpoles select between two main responses: swim-
ming if touched, with low-amplitude 12-25 Hz alternating bends
passing from head to tail (Kahn et al., 1982); struggling if held,
with stronger 2—-10 Hz bends passing from tail to head (Kahn and
Roberts, 1982). In immobilized tadpoles, single electrical pulses
to the trunk skin excite the nerve endings of touch-sensitive sen-
sory Rohon—-Beard (RB) neurons to start swimming (Clarke et al.,
1984), whereas similar pulses at 40 Hz produce struggling (Soffe,
1991). Our aim was to uncover the cellular mechanisms that
allow these different patterns of sensory activity to select and
generate appropriate motor patterns for swimming and
struggling.
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It was originally concluded that a switch from swimming to
struggling involved recruitment of neurons only from within the
neuron classes that generate swimming (Soffe, 1993). To re-
evaluate this previous conclusion, we used whole-cell recording
to define classes of hindbrain and spinal cord neurons that are
active during struggling evoked by 40 Hz stimulation of the skin.
We found two new classes of excitatory neuron specifically re-
cruited during struggling and investigated their properties and
synaptic connections. The switch from swimming to struggling
also involves a change from a pattern of alternating single spikes
to one of alternating bursts introducing a critical requirement for
aburst termination mechanism. We have investigated this mech-
anism using physiology and computer modeling, building a net-
work model incorporating the new neuron classes recruited dur-
ing struggling. Specifically, we explored the proposal made by
Brown (1911) that synaptic depression of reciprocal inhibition
plays an important role in burst termination after reconfigura-
tion to a struggling central pattern generator (CPG).

Materials and Methods

Details of the whole-cell patch recording methods have been given pre-
viously (Li et al., 2002). Briefly, Xenopus tadpoles at stage 37/38 were
anesthetized with 0.1% 3-aminobenzoic acid ester (MS-222; Sigma,
Poole, UK), immobilized in 10 um a-bungarotoxin saline, then pinned
in a bath of saline [containing (in mm): 115 NaCl, 3 KCI, 2 CaCl,, 1
MgCl,, 2.4 NaHCOj3, and 10 HEPES, adjusted with 5M NaOH to pH 7.4].
In some experiments, the Mg>" was replaced with an additional 1 mm
CaCl,. This 0 mm Mg?* saline was used so NMDAR-mediated compo-
nents could be seen. Skin and muscles over the left side of the spinal cord
were removed and a mid-dorsal cut made along the spinal cord to open
the neurocoel. Small cuts were made in the wall of the neurocoel on the
right side to expose more ventral neurons. The tadpole was then re-
pinned in a small 2 ml recording chamber with saline flow of ~2 ml per
minute. Exposed neuronal cell bodies were seen using a 40X water-
immersion lens with bright field illumination on an upright Nikon (To-
kyo, Japan) E600FN microscope. Antagonists were dropped into a 200 ul
well upstream to the recording chamber. Drugs used were 2,3-
dihydroxy-6-nitro-7-sulfamoylbenzo-[f]quinoxaline-[f]quinoxaline
(NBQX; Tocris, Ellisville, MO), p-(—)-2-amino-5-phosphonopen-
tanoicacid (p-AP5; Tocris), and dihydro-B-erythroidine (DHpE;
Research Biochemicals International, Natick, MA).

Patch pipettes were filled with 0.1% neurobiotin and 0.1% Alexa Fluor
488 (Invitrogen, Eugene, OR) in intracellular solution [containing (in
mM): 100 K-gluconate, 2 MgCl,, 10 EGTA, 10 HEPES, 3 Na,ATP, and 0.5
NaGTP, adjusted to pH 7.3 with KOH) and had resistances between 10
and 20 MQ). Junction potentials were corrected before making record-
ings. Signals were recorded with an Axoclamp 2B in conventional bridge
or continuous single-electrode voltage-clamp mode, acquired with Sig-
nal software through a CED 1401 Plus interface with a sampling rate of 10
kHz. Off-line analyses were made with Minitab and Excel. All values are
given as mean * SD. Statistical analysis was by two-sample ¢ test unless
stated otherwise. Experiments comply with the United Kingdom Home
Office regulations and have received local ethical approval.

Neuron anatomy was revealed by filling with neurobiotin diffused
through recording patch pipettes. After fixing and processing, the CNS
was exposed and specimens mounted on their sides between coverslips
for observation, tracing with a drawing tube, or photography at 200X on
a bright field microscope (Li et al., 2002). All measures on fixed speci-
mens were multiplied by 1.28 to compensate for shrinkage during dehy-
dration (Li et al., 2001).

For network modeling, the neurons that are active during swimming
[ascending interneurons (aINs), commissural interneurons (cINs), and
motoneurons (mns)] were modeled using the individual single compart-
ment neuron models described by Sautois et al. (2007). The new type of
neuron used in the network model [repetitive-firing descending inter-
neuron (dINr)] was modeled using the same Hodgkin—Huxley type
equations, but with new parameter values based on our measurements
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(supplemental Table 2, available at www.jneurosci.org as supplemental
material). The equations and parameters for synapses were taken from
(Sautois et al., 2007); the model uses specific opening and closing rates
for conductances at each type of synapse. To avoid artificial synchrony in
the network output, some variability (in the order of 5%) was added to
the excitatory connections from driver neurons (see below) to dINrs, and
to those from dIN7s to mns and cINs.

The network model was based on a pair of half centers, each containing
three of each type of CPG neuron (dINr, cIN, aIN, and mn). To imitate
the effects of continuous stimulation of the skin on both sides of the
body, the simplified sensory activation pathway consisted of one neuron
on each side, exciting CPG neurons through synapses activating
NMDARs with an infinite closing time constant. Thus, each side received
constant excitation. Synaptic depression was modeled using a series of
terms that recovered exponentially after each previous spike. Each term
involved two parameters: a synaptic plasticity factor (), setting the ex-
tent of depression, and the time constant of recovery (). The sum of
these terms was used to alter the synaptic conductance. (For details, see
below and supplemental material, available at www.jneurosci.org.)

Results

The introduction of whole-cell patch recordings from pairs of
neurons labeled anatomically with neurobiotin has meant that
our ability to characterize neurons in the hatchling Xenopus tad-
pole has advanced considerably since previous investigations of
the struggling network (Soffe, 1993, 1996). As well as making
possible a more confident definition of neuron classes based on
both physiology and anatomy, it has also provided new data on
the specific firing properties of each neuron class (Li et al., 2002,
2004a, 2006; Sautois et al., 2007). Our previous knowledge of
cellular properties was primarily based on sharp electrode re-
cordings from unidentified ventral neurons presumed to be mo-
toneurons (Soffe, 1990). This study uses our ability to define
neuron classes to focus on the way the swimming network is
reconfigured to produce a slower pattern of rhythmic motor
bursts suitable for struggling. It does not investigate the reversed,
tail-to-head spread of activity during struggling (Kahn and Rob-
erts, 1982; Soffe, 1991), and we do not consider longitudinal
aspects of reconfiguration.

A commissural sensory pathway for the activation

of struggling

Electrical stimulation to the trunk skin on one side of the body at
40 Hz imitates applied pressure and can lead to struggling activity
in the motoneurons on both sides (Soffe, 1991). This motoneu-
ron activity during struggling can be seen in ventral root record-
ings (Fig. 1 B, D), which show high-frequency bursts occurring at
periods ranging from 100 to 500 ms (Kahn and Roberts, 1982;
Soffe, 1991, 1993). During this type of stimulation, the known
commissural sensory pathway dorsolateral commissural (dlc)
INs fire at short latency, but are then inhibited (Soffe, 1993). They
receive glycinergic inhibition from vigorously active aINs (Li et
al., 2002, 2004a). If these dlc INs, which provide excitation to the
other side to trigger swimming, are silent, are other commissural
neurons recruited to carry excitation to the other side to drive
struggling symmetrically?

To find candidate commissural neurons, we used loose-patch
electrodes, in the dorsolateral region of the rostral spinal cord
where sensory interneurons lie, to search for neurons excited by
40 Hz stimulation of the skin on the same side. Once these can-
didates were found, a whole-cell patch recording was made from
a neuron on the opposite side that was active during struggling
evoked by 40 Hz stimulation. The candidate commissural neu-
rons were then stimulated one-by-one with the loose-patch elec-
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larizing current was injected they fired re-
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petitive action potentials with little adap-
tation, particularly at higher frequencies
(Fig. 1 E, supplemental Table 1, available at
www.jneurosci.org as  supplemental
material).

Current induced ecIN action potentials
led to direct, short-latency excitation of
the contralateral neurons (Figs. 1F, 2C)
(latency, 1.2 = 0.4 ms; range, 0.8 2.3 ms;
amplitude, 2.6 = 1.6 mV; range, 0.8—6.3
mV;n = 18 pairs sampled). In the tadpole,
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Figure 1.

neurons from C, D).

trode to see if they excited the contralateral neuron. Where con-
nections were found, the presynaptic neuron was then recorded
and stimulated in whole-cell mode and finally the anatomy of
both neurons was revealed by neurobiotin injection (Fig. 1).

Paired, whole-cell recordings were made in 47 tadpoles from
53 dorsolateral interneurons, which had commissural axons and
were excited to fire during 40 Hz skin stimulation. Each was
recorded with a contralateral neuron that was rhythmically active
during struggling. From these, we identified 18 neurons that pro-
duced excitation of the contralateral neuron. We call these exci-
tatory commissural interneurons (ecINs) and they had the fol-
lowing features.

During swimming, ecINs received very weak, rhythmic syn-
aptic input, but did not fire (Figs. 1 B, D, 2 B). However, they were
excited to fire action potentials during periods of 40 Hz skin
stimulation that led to struggling: some fired rhythmically (Figs.
1B, D, 2B), others more tonically. These neurons are therefore
selectively recruited during struggling.

They had resting potentials of —57 = 8 mV (n = 18), relatively
high input resistances (2.1 = 0.9 G(; n = 14), and when depo-

r-cIN

l-ecIN

Anatomy and activity of ecINs and the contralateral neurons they excite. A, Diagram of the CNS in dorsal and lateral
view to show the location of neurons. f, Forebrain; h, hindbrain; s, spinal cord. An asterisk indicates the approximate position of the
obex. Photomontage of neurobiotin-filled neurons in lateral view where the left-side ecIN has a ventral axon that crosses (at
arrow) to contact a motoneuron (r-mn) on the right side. B, Activity during struggling evoked by 40 Hz stimulation of the trunk
skin (dotted line), followed by swimming. Recording of a left-side ventral root (I-vr) with the ecIN and motoneuron from A. Only
the motoneuron fires during swimming. Stimulus artifacts in this and subsequent figures are removed from the vr record for
clarity. The ecIN made a monosynaptic connection to the mn (data not shown). C, Diagram, photomontage, and tracing showing
a left-side ecIN with a ventral axon that crosses (at arrow) to contact a right-side cIN. D, Both neurons are vigorously rhythmically
active during struggling and become silent during swimming. E, Long current injections lead to repetitive firing of the ecIN. F,
Action potentials in the ecIN, produced by current injection, lead to EPSPs at constant latency in the cIN (seven traces overlapped;

with fine unmyelinated axons, latencies
<3 ms in neurons <300 um apart are
likely to be monosynaptic (Li et al.,
50 2004b). The contralateral postsynaptic
my  neurons were identified anatomically as
200 ms mns (n = 5), reciprocal inhibitory cINs
(n=11) and ecINs (n = 2).

In nine cases, the synaptic connections
of the ecINs were investigated in more de-
tail. Their excitation of contralateral neu-
rons was blocked by the joint application
of the AMPAR antagonist NBQX and the
NMDAR antagonist D-AP5 (Fig. 2D) (n =
5) or, in 1 mM Mg>" saline, by NBQX
alone (n = 4). This suggests that they re-
lease glutamate like the other sensory
pathway interneurons (Li et al., 2003).

Stimulation of the ipsilateral skin pro-
duced excitation at latencies of 3.5-15 ms
(Fig. 2E). We should expect latencies of
7—13 ms to be disynaptic (Li et al., 2004a)
(Fig. 2 E, shading). However, most laten-
cies were shorter than this, indicating that
ecINs typically receive monosynaptic exci-
tation from ipsilateral sensory Rohon-—
Beard neurons responding to skin stimu-
lation. Unlike the strong excitation of dlc
sensory interneurons (Li et al., 2003), sin-
gle skin stimuli frequently failed to evoke
spikes in ecINs, but during 40 Hz stimula-
tion of the skin, excitation typically
showed clear summation (Fig. 2 F).

All ecINs were recorded in the spinal cord between 1 and 1.2
mm from the midbrain (Fig. 2G) (the hindbrain ends at the obex
which is 0.8—0.9 mm from the midbrain). Neurobiotin filling
showed that they had dorsolateral somata 15-23 um in diameter
with a ventrally directed axon. Dendrites were very variable. A
few emerged directly from the soma, some came from the initial
segment of the axon, and some emerged more ventrally. Axons
crossed in the ventral commissure then branched contralaterally
to ascend and descend. In 3 of 14 cases, there was no ascending
axon. The mean contralateral axon length was 1.13 * 0.35 mm
(n = 14).

In a previous study, it was concluded that only neuron types
active during swimming participate in struggling (Soffe, 1993).
This conclusion was based on the explicit assumption that all the
spinal neuron classes were known. Our definition of ecINs as a
distinct neuron class specifically recruited during struggling
shows that both the conclusion and the assumption were incor-
rect. Although the previous study acknowledged the need for a
route by which Rohon—-Beard neurons could excite neurons on
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the opposite side to maintain struggling
during repetitive stimulation, suitable O |h
neurons were not found. The most likely
reason that the earlier study failed to dis-
tinguish the ecINs as a class is simply that
with the techniques then available, many
of the neurons investigated did not receive
the detailed anatomical and physiological
definition that has been possible here.

Neurons active during struggling

We have defined a new class of spinal sen-
sory pathway commissural interneurons
(ecINs) that are selectively recruited to fire
during repetitive skin stimulation that
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evokes struggling and produce glutamate
mediated excitation of contralateral neu-
rons. Our next objective was to use whole-
cell recordings and neurobiotin filling to
survey the activity of swimming CPG neu-
rons during struggling. These were identi-
fied by a combination of documented an-
atomical and physiological characteristics
(Dale, 1985; Roberts et al., 1999; Li et al.,
2004d, 2006). Motoneurons (n = 15in 15
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ming were recruited in struggling (Fig. Figure2.  Synaptic connections to and from an ecIN. A, Diagrams, photomontage, and tracing showing a left-side ecIN with a

1D). We have shown previously that re-

current inhibitory aINs (Li et al., 2002,
2004d), which are only weakly active dur-
ing swimming, also become vigorously ac-
tive in struggling. This was confirmed here
(n = 6 in six tadpoles) (Fig. 3C). These
three neuron classes therefore contribute
to the neuronal circuits for both swim-
ming and struggling with some recruit-
ment occurring within these classes during

ventral axon that crosses (at arrow) to contact a commissural interneuron on right side (cIN). B, Recording of left-side ventral root
(vr) and ecIN with right-side cIN. Stimulation of the skin at 40 Hz (dotted line) evokes struggling followed by swimming; both
neurons fire strongly during struggling. ¢, EPSPs evoked in the cIN at constant latency by impulses produced in the ecIN by current
injection. D, The EPSPs are reversibly blocked by the glutamate antagonists NBQX (2.5 ) and p-AP5 (25 um) (averages of five
traces). E, Increasing stimulation of the rostral trunk skin (arrow) on the same side as the ecIN evokes EPSPs at short latency which
can occasionally lead to firing. The histogram shows minimum latencies for EPSPs in 16 ecINs: the shaded region (7—13 ms)
indicates latencies of likely disynaptic connections; earlier EPSPs are probably monosynaptic. F, Responses of the same ecIN to 40
Hz skin stimulation sufficient to evoke struggling: black traces are anindividual record; gray traceis an average of 16. Records show
strong excitation of the ecIN after each skin stimulus (indicated by dots) continuing as struggling starts and clear evidence of
summation (gray dots indicate resting potential). G, Longitudinal soma locations for recorded ecINs (black dots) and their con-
tralateral axon projections (lines). The gray bar and asterisk indicate the approximate position of the obex.

struggling.
We expected to find a similar pattern of

increased firing during struggling in the excitatory spinal and
reticulospinal descending interneurons (dINs and hdINs) that
drive swimming. These neurons, which can be recognized in re-
cordings by their long-duration action potentials and anatomi-
cally by their ipsilateral descending axon, are reliably active dur-
ing swimming (Li et al., 2006). Surprisingly, they were only
weakly active or even silent during struggling (Fig. 3D); typically,
dINs fired <1 spike per cycle and only exceptionally up to three
spikes (n = 30 neurons). However, we found a new physiological
subclass of interneurons in the hindbrain and rostral spinal cord
with ipsilateral descending axons that are selectively recruited
during struggling. This subclass was not recognized in a previous
study of struggling (Soffe, 1993) where the data were insufficient
to show that the descending interneurons are not a homogeneous
group. As described below, these new descending interneurons
are distinct from the dINs that are active during swimming be-

cause they have a shorter duration action potential and fire repet-
itively when depolarized by current injection. On the basis of this
latter property, we have termed them dINr (repetitive-firing
dINs). Unlike dINs, the dIN7s were typically silent during swim-
ming but became vigorously active during struggling (Fig. 3E).

Neurons producing descending excitation for

struggling: dINr

The dINrs, which were active during struggling, lay in the hind-
brain and rostral spinal cord. We have used whole-cell patch
recordings with neurobiotin to define their activity, properties,
and anatomy (Fig. 4A). In particular, we needed to establish
criteria to distinguish dIN7 from other excitatory interneurons:
the dINs whose characteristics we have defined previously (Li et
al., 2006). Anatomically, they cannot be separated because both
have fairly ventral somata with dendrites from the soma and an
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Figure 3.  Neurons active during struggling. A, A motoneuron that fires strongly during
struggling, evoked by 40 Hz stimulation of the trunk skin (dotted line), and also fires reliably
during swimming. B, ¢, A cIN (B) and an alN (C) that are recruited to fire strongly during
struggling; both fire unreliably during swimming. D, A dIN that fires weakly, one spike per cycle,
during struggling, but fires reliably during swimming. E, A dINr that is recruited to fire strongly
during struggling but does not fire during swimming. F, Diagram, photomontage, and tracing
to show the right-side dINr in £ with prominent dorsal dendrites and descending axon (axons
from another neuron are gray in diagram). Asterisk indicates obex.

ipsilateral descending axonal projection. Fortunately, there were
clear physiological differences. In 15 dINrs firing >3 spikes per
cycle in struggling, action potentials were significantly shorter
(0.81 = 0.17 ms; n = 15) than in dINs (1.93 = 0.43 ms; n = 56;
p <0.001) (Fig. 4 B). The trough of the AHP was also significantly
sooner after the spike peak, compared with dINs (dINr, 1.7 = 0.5
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ms; dIN, 7.2 = 2.0 ms; p < 0.001). The dINrs fired high-
frequency, nonadapting, repetitive spikes to depolarizing current
injection (average maximum frequency observed, 129 *+ 55 Hz)
(Fig. 4C), whereas dINs only fire a single action potential. These
features of narrow spike and repetitive firing were used to distin-
guish a further 16 dINrs from other dINs, providing a total of 31
dIN7s, which were then used to define the characteristics of this
new group of interneurons.

Of 23 dINrs in 22 animals where fictive swimming was evoked
by skin stimulation, 15 were completely silent (Fig. 4D), four
fired action potentials sporadically on some swimming cycles,
and only four fired reliably on most cycles. In 19 of the same
animals where reliable struggling activity was seen in the ventral
root, 15 of these dIN7s were strongly active (Fig. 4 E), firing three
or more spikes per cycle (mean 7.1 * 3.0 spikes per burst) at
instantaneous frequencies up to 244 Hz (mean 180 = 45 Hz; n =
12) and the remaining four were weakly active.

The mean dIN7 resting membrane potential was —59.4 * 4.0
mV (n = 27), significantly more negative than dINs (—50.9 = 3.6
mV; n = 56; p < 0.001). Voltage responses to current injection
around the resting membrane potential were linear and input
resistances ranged from 147 to 1600 M) (median, 296 MQ); n =
22).

Paired recordings showed that dIN7s excite more caudal ipsi-
lateral neurons (Fig. 5A4) (n = 16, 10 mns, 2 cINs, 1 aIN, 1 dINr
and 2 unidentified CPG neurons). The EPSP latencies (range,
0.9-2.5 ms; mean, 1.5 = 0.4 ms; n = 15) were within the normal
range seen for monosynaptic connections in this preparation (see
above). The EPSP amplitudes lay in the range 1.1-8.8 mV (3.9 =
2.4 mV, n = 14). Bath application of the glutamate antagonists
NBQX (2.5-5 um) and D-AP5 (25-50 um) in five recordings
blocked the EPSPs suggesting that they were mediated by gluta-
mate alone (Fig. 5B).

Electrical stimulation of the skin on either side of the body
produced EPSPs in dIN7s (Fig. 5D) at latencies short enough to
indicate, at most, a disynaptic connection from sensory Rohon—
Beard neurons (ipsilateral, 5.8 = 0.9 ms, n = 7; contralateral,
6.4 £ 1.4, n = 13). Single skin stimuli very rarely evoked a dINr
impulse. EPSPs showed evidence of summation at stimulus rep-
etition rates and amplitudes sufficient to produce struggling but
the first impulse was not usually evoked for several tens of ms
(Figs. 3E, 4E, 5E).

dINrsomata lay in the hindbrain and rostral spinal cord 0.33—
1.21 mm caudal to the midbrain (Fig. 5C). Their multipolar so-
mata lay in a ventral position with dendrites emerging laterally
and dorsally from the soma (Figs. 3F, 4A). Each neuron had a
descending axon extending from 0.23 to 1.83 mm caudally (Fig.
5C) (mean length, 0.98 = 0.09 mm; #n = 26) and lying in the
ventral half of the cord marginal zone. In contrast to dINs, no
dIN7s had an ascending axon branch.

Exploring a neuronal network to generate struggling

We have now defined two new classes of neuron that are recruited
during struggling (whose physiological properties are summa-
rized in supplemental Table 1, available at www.jneurosci.org as
supplemental material). The first class are sensory pathway
ecINs, which are excited during repetitive skin stimulation and in
turn excite neurons on the opposite side via their commissural
axons. This explains how contralateral neurons can be active dur-
ing struggling when only one side is stimulated. The second class
form a new, physiologically distinct subset of excitatory interneu-
rons mainly in the hindbrain with descending projections
(dINrs) that are anatomically indistinguishable from the excita-
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tory interneurons active during swimming
(dINs). DIN7s are generally silent during
swimming but are recruited during repet-
itive skin stimulation that leads to strug-
gling. They excite ipsilateral neurons, ap-
parently taking over the role of dINs,
which are inactive or only weakly active
during struggling. In contrast to dINs,
dINTs fire repetitively to current and dur-
ing struggling. They produce simple gluta-
mate mediated excitation, whereas dINs
corelease glutamate and acetylcholine (Li
etal., 2004b). We now need to ask whether
these neurons can connect to form a net-
work capable of generating the slow burst-
ing pattern of struggling during repeated
sensory stimulation to the skin.

The approach we have taken to explore
how the reconfigured caudal hindbrain
and spinal cord network generates a slower
pattern of rhythmic motor bursts suitable
for struggling is to build a simple half-
center network model where small num-
bers of model neurons represent longitu-
dinal columns of neurons. This model
does not have a length dimension as we
have not investigated the characteristic
tail-to-head progression of activity during
struggling (Kahn and Roberts, 1982). The
model incorporates results from the
present study and other previous evidence
from whole-cell patch recordings defining
the specific properties of different neuron
classes and their synaptic connections
[Sautois et al. (2007), their Table 1] (sup-
plemental Table 2, available at www.
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Figure4.  Anatomy, properties, and activity of dINrs. A, Diagram and photomontages showing a dINr with a descending axon

contactinga motoneuron (peripheral axon filled but not shown). The lower photomontage is artificially colored to allow clear axon
identification. Diagram shows positions; asterisk indicates obex. B, Spikes in dINrs (black) are narrower (measured at 0 mV) than
those of other dINs (gray) and have a more prominent after-hyperpolarization (overlapped spikes, right). C, dINrs show repetitive
firing to injected current levels above threshold (left). In contrast, other dINs fire only a single spike regardless of current level
(right). D, The dINr from A shows weak rhythmic synaptic input during swimming (start stimulus at arrow) and does not fire,
unlike the motoneuron, which fires reliably. E, During struggling (40 Hz stimulation indicated by dotted line) the dINr starts to fire
strongly.

jneurosci.org as supplemental material).

One feature of the neuron properties is

that most, including the two new classes of ecINs and dINTs,
typically fire repetitively if depolarized by current injection. This
was not the case with our earlier models of swimming (Tunstall et
al., 2002). In life, the excitation to drive continued struggling
comes from the repetitive activity of skin sensory RB neurons,
usually on both sides of the body (Soffe, 1997). Ipsilateral to the
stimulus, the evidence indicates that excitation to CPG neurons
comes directly from RBs (Li et al., 2004a). Contralateral excita-
tion comes indirectly via the ecINs described above. Because
there is still uncertainty about the details of the sensory pathways
activating struggling, we have simplified them to two driver neu-
rons, one activated 20 ms after the other, and producing steady,
NMDAR-mediated excitation to each side. Our aim was to find
whether a simple spinal network could convert this steady drive
into a pattern capturing the essence of struggling: slow (2-10 Hz),
alternating bursts.

A spinal network model was made which included 3 of each
type of CPG neuron active during struggling (aINs, cINs, dINrs,
and mns) (Fig. 6A). The three neurons of each type were in some
cases given slightly different input and output synaptic strengths
so that their firing was not synchronous and therefore more like a
larger population. Occasionally, activation of the two driver neu-
rons led to alternating left—right bursting activity within the range
seen during struggling (Fig. 6B). To search for stable areas of
bursting we varied the synaptic strengths of the excitation from

the driver neurons and the reciprocal inhibition from cINs. Al-
ternating bursting occurred only at certain critical combinations
of the synaptic strengths. In most cases, one side became active
and suppressed activity on the other side indefinitely (for more
examples of model output, see supplemental material, available
at www.jneurosci.org). This suggested that the network lacked a
satisfactory burst termination mechanism. We expected that the
recurrent inhibition provided by aINs, which fire strongly during
struggling, would terminate bursts, but it did not appear suffi-
cient for this, even when varied over a range of synaptic strengths
(data not shown). Spike firing adaptation could also provide a
burst termination mechanism, but there is no evidence for this
property in the firing responses of excitatory dINrs (Fig. 4C) or of
reciprocally inhibitory cINs (Aiken et al., 2003; Li et al., 2004c).
We therefore investigated the possibility that burst termination
during struggling might depend on synaptic depression in recip-
rocal inhibition.

Evidence for synaptic depression in reciprocal inhibition

To investigate whether depression of reciprocal inhibition could
act as a burst termination mechanism in the struggling network,
we examined the plasticity of synapses from reciprocal inhibitory
cINs. Our aim was to stimulate cINs, which are the only known
inhibitory neurons with commissural axonal projections (Dale,
1985), and record the IPSCs that they produced in neurons on the
opposite side of the spinal cord. Glutamate and ACh excitation
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was blocked with NBQX (5 um), b-AP5
(50 um), and dihydro-B-erythroidine (2
uM). We then recorded from CPG neu-
rons under voltage clamp, at a holding po-
tential of 0 mV, while the opposite side of
the cord was stimulated with a glass suc-
tion electrode. In four of seven neurons
recorded, stimulation evoked compound
IPSCs in the contralateral CPG neuron.
These IPSCs were reliable and showed no
significant depression at a typical swim-
ming frequency of 20 Hz; however, they
became significantly depressed at 100 Hz,
typical of the frequencies at which cINs
fire during struggling bursts (see above)
(Fig. 7A-C). These results were corrobo-
rated by making paired recordings from
single cINs on one side of the cord with
CPG neurons on the other (n = 5 pairs).
In 3 cases cIN action potentials caused by
intracellular current injection evoked uni-
tary IPSCs in the contralateral CPG neu-
ron. These unitary IPSCs were less reliable
than the compound IPSCs but, once
again, they showed significant depression
at 100 Hz but not at 20 Hz (Fig. 7 D-F).

Modeling a neuronal network with
synaptic depression
The evidence from recordings of recipro-
cal inhibitory synaptic currents showed
that they depress when cINs fire at the fre-
quencies that occur during struggling. As
originally proposed by Brown (1911) this
depression of inhibition could act as a
burst termination mechanism in a half-
center model, because weakening inhibi-
tion could allow antagonistic reciprocal
inhibitory neurons to start firing and ter-
minate the current burst. We therefore in-
troduced depression into the model cIN
synapses and tested that this produced a
suitable reduction in currents when stim-
ulated at struggling frequencies (Fig.
7G,H). When depression at reciprocal in-
hibitory cIN synapses was included in the
model network, activation led to reliable
alternating bursting at frequencies typical
of normal struggling (Fig. 6C). This
struggling-like activity was stable over a
range of excitatory and inhibitory synaptic
strengths. The range of effective depres-
sion levels is illustrated in Figure 6D.
Broadly, as depression became strong or
weak, the excitatory and inhibitory synap-
tic strengths producing stable bursting be-
came very constrained. We found that the
rhythmic burst activity depended critically
on the ability of the excitatory dINrs to fire
repetitively to current because it failed if
they were replaced with dINs which only
fire a single spike to sustained injected
current.
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Figure 7. Depression of reciprocal inhibition at struggling frequencies. A, B, Compound

IPSCs evoked in a dIN by stimulation of the spinal cord on the opposite side at 100 Hz (4) and 20
Hz (B). C, Measurement of the amplitude of the first (gray) and tenth (black) IPSCin a sequence
show significant depression at 100 Hz, but not at 20 Hz ( p values are indicated; n = 4 neurons,
Strials perneuron). D, E, Unitary IPSCs evoked in a mn by intracellular stimulation of a single <IN
on the opposite side of the spinal cord at 100 Hz (D) and 20 Hz (E). Asterisks indicate failures. F,
Measurement of the amplitude of the first (gray) and tenth (black) IPSC in a sequence again
shows significant depression at 100 Hz, but not at 20 Hz ( p values are indicated; n = 3 pairs, 10
trials per pair). G, IPSCs at a model cIN to dINr reciprocal inhibition synapse with depression
[recovery time constant, 3 = 38 ms; plasticity factor, « = 0.4 (gray), 0.5 (black), and 0.6
(dashed line)]. Depression in currents is clear at 100 Hz but not at 20 Hz (H).

Discussion

The process of reconfiguration of the hatchling Xenopus tadpole
spinal circuitry that occurs when skin stimulation selects strug-
gling rather than swimming involves different kinds of change.
The most obvious is a change in the neurons participating in
rhythm generation: the CPGs for swimming and struggling have
shared elements, but there is also selective recruitment (Fig. 8). It
was originally concluded that a switch to struggling involved re-
cruitment only within classes that already participate in swim-
ming (recurrent inhibitory aINs, reciprocal inhibitory cINs, and
motoneurons) (Soffe, 1993). However, we now show that this
conclusion was incorrect and that the switch involves additional
recruitment of two newly defined excitatory neuron classes: the
ecINs and dINrs. Furthermore, the excitatory interneurons that
drive swimming (dINs) show only weak activity while the dorso-
lateral ascending (dla) and dlc sensory interneurons that activate
swimming are actively inhibited (Soffe, 1993; Li et al., 2002,
2004a). Why are some neurons common to both swimming and
struggling CPGs, whereas others are circuit specific?

The first place in which we provide evidence for circuit-
specific recruitment is in the sensory pathway from the trunk
skin. The two sensory interneuron classes implicated in the initi-
ation of swimming, dlc and dla sensory interneurons, fire in the
early stages of repetitive stimulation and may play a role in initi-
ating struggling, but are silent once struggling is established. In
contrast, during repeated skin stimulation a new type of sensory
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pathway interneuron, ecIN, is recruited and can fire throughout
struggling. At present, the significance of this first case of circuit-
specific recruitment is unclear. Our limited evidence does not
suggest that the postsynaptic targets of ecINs are different from
those of dlc sensory interneurons. It seems likely that there needs
to be an uncoupling of the firing patterns among the neurons
active in struggling. The glutamatergic connections from skin
sensory RB neurons to dlc interneurons are very strong and dom-
inated by AMPAR (Li et al., 2003) to produce reliable, short
latency, one-to-one firing. The sensory input from RB to ecIN
interneurons appears to be more variable and generally weaker.
Summation of smaller EPSPs might allow excitation of the strug-
gling CPG to be uncoupled from the exact temporal pattern of
stimulation and sensory discharge.

A characteristic difference between the motor patterns for
swimming and struggling is that in swimming neurons fire a
single spike on each cycle alternating between the two sides,
whereas struggling involves alternating bursts of spikes. We
should therefore expect that neurons suitable to drive and coor-
dinate struggling would fire bursts of discharge. We now know
that most swimming CPG neurons fire repetitively when depo-
larized above threshold (Sautois et al., 2007). This does not cause
a problem during swimming as their firing is driven by fast EPSPs
on each cycle that depolarize the neurons sufficiently briefly that
they will only fire a single spike per cycle (Li et al., 2006). During
struggling, the extended period of excitation will then produce
repetitive firing in the same neurons. Their different firing pat-
terns during swimming and struggling will therefore simply re-
flect the different durations of underlying excitatory synaptic
drive. There seems to be no requirement for these neurons to be
circuit specific.

In contrast, the excitatory neurons (dINs) that drive swim-
ming and produce the brief excitation in swimming CPG neurons
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on each cycle apparently need different firing properties. These dINs
fire only a single long spike when depolarized. Modeling studies have
shown than if they are replaced by repetitive firing neurons, swim-
ming becomes much less robust (Sautois et al., 2007). During strug-
gling, the dINs are apparently replaced by dIN7s: a new class of exci-
tatory interneurons that, while morphologically like the dINs, are
physiologically distinct having short duration spikes and the prop-
erty of firing repetitively when depolarized. These neurons are typi-
cally silent during swimming, but are recruited during struggling.
Neuromodulation of cellular and synaptic properties is widespread
in invertebrates as a means of selecting particular patterns from mul-
tifunctional networks (Marder et al., 2005). From this, one might
expect dIN properties to be modulated to allow them to fire repeti-
tive bursts during a switch to struggling. Instead, they appear to be
largely replaced in the struggling CPG by burst-firing dINrs. Perhaps
the speed of switching between swimming and struggling in re-
sponse to continuous sensory stimulation means that modulation is
not an option. We conclude that there is selective recruitment of
different types of excitatory CPG neuron with different firing prop-
erties between swimming and struggling: dIN for swimming and
dINr for struggling.

Patterns of recruitment among excitatory interneurons have
been described previously in zebrafish larvae (Bhatt et al., 2007;
McLean et al., 2007). These animals, which have several different
locomotor responses (Budick and O’Malley, 2000), show selec-
tive recruitment of excitatory interneurons during fast escape
and slower swimming movements (Ritter et al., 2001). Like neu-
rons recruited selectively for swimming and scratching in turtles
(Berkowitz, 2007), these zebrafish interneurons are morpholog-
ically distinct. However, selective recruitment for different ze-
brafish larva responses has now also been described within a sin-
gle morphological group of alx excitatory interneurons (Kimura
et al., 2006). It remains to be determined whether the anatomi-
cally homogeneous but physiologically distinct tadpole dINs and
dINrs, active during faster swimming and slower struggling re-
spectively, are related to these spinal alx neurons, which also have
ipsilateral descending axons.

An essential feature of a motor pattern based on rhythmic
alternating bursts of discharge is that each burst must terminate.
This requirement was highlighted explicitly by Brown (1911),
who proposed a “depreciation of inhibition” as an underlying
mechanism (Brown, 1914). Our evidence shows exactly this pro-
cess in the form of depression of the reciprocal inhibitory syn-
apses from cINs, occurring at cIN firing frequencies like those
seen during struggling bursts. The modeling shows that this rep-
resents a sufficient mechanism to allow robust generation of
rhythmic alternating bursts. Importantly, the cIN synaptic de-
pression is not seen at lower firing rates, like those seen during
swimming. In this sense therefore, it represents a context-
dependent plasticity: making no contribution to swimming pat-
tern generation, but becoming a significant mechanism after net-
work reconfiguration for struggling simply as a result of altered
cIN firing frequency.

Investigations in the lamprey have highlighted other possible
mechanisms for burst termination. Build-up of recurrent inhibi-
tion is one plausible mechanism (Buchanan and Grillner, 1987;
Buchanan, 1999) but is not the only factor (Grillner et al., 1991;
Hellgren et al., 1992). Ca** dependent K™ (K,) conductances
appear to play a more significant role by producing spike firing
adaptation in inhibitory interneurons (el Manira et al., 1994).
K¢, conductances are also thought to be key to termination of
mammalian respiratory bursts (Kosmidis et al., 2004; Feldman
and Del Negro, 2006). In the tadpole, our present modeling sug-
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gests that recurrent inhibition from aINs is unable to produce
reliable struggling and we see no evidence for significant spike
firing adaptation in CPG neurons. In older Xenopus larvae, some
neurons fire bursts of discharge during swimming (Sillar et al.,
1991, 1992). Here, a fast activating K, conductance plays a role
in swimming burst termination, but this conductance is appar-
ently mostly absent from the younger tadpoles used here (Sun
and Dale, 1998) (but see Wall and Dale, 1995). Although other
contributory mechanisms could exist therefore, and in the ab-
sence of critical experimental tests, our evidence suggests that
synaptic depression of reciprocal inhibition may provide a suffi-
cient burst termination mechanism that allows the struggling
rhythm to be generated.

If, as our modeling suggests, recurrent inhibitory aINs are not
primarily concerned with burst termination, their strong recruit-
ment during struggling (Li et al., 2002) may emphasize a need
during reconfiguration to gate out the dlc and dla sensory inter-
neurons, which initiate swimming (Soffe, 1993; Li et al., 2002,
2004a). During struggling, recurrent inhibitory aINs and recip-
rocal inhibitory cINs are broadly coactive, so struggling neurons
receive inhibition throughout each struggling cycle (Li et al.,
2002). Because the excitatory dINrs and commissural ecINs are
also active together, CPG neurons will also receive excitation
throughout each cycle of struggling (Soffe, 1993). Although we
are not suggesting that rhythmic firing in struggling is driven by a
balanced increase in excitation and inhibition, as recently de-
scribed for turtle scratching (Berg et al., 2007), the synaptic drive
to struggling neurons is clearly not a simple alternation of exci-
tation and inhibition. The combination of excitation and inhibi-
tion underlying bursts of firing may provide a mechanism for
controlling their strength.

In conclusion, we have been able to take advantage of the
simplicity of the hatchling tadpole hindbrain and spinal cord to
define the pattern of recruitment of neurons, both within and
between neuron classes, that occurs during network reconfigura-
tion between circuits for swimming and struggling. It remains
possible that other physiological classes of neurons may emerge,
but this will not change the basic conclusion that reconfiguration
here involves a combination of core, shared neurons and addi-
tional selective recruitment. At the same time, we have been able
to show context-dependent synaptic plasticity: a depression of
reciprocal inhibitory synaptic transmission that is not seen dur-
ing swimming, but plays a key role during struggling. Such de-
pression of reciprocal inhibition was proposed by Brown (1914)
and has been widely explored in theoretical studies (Taylor et al.,
2002), but we are not aware of any other similarly direct experi-
mental support for this long-standing proposal.
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