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Beat-and-glide swimming in larval zebrafish is an emergent
property of their spinal network

D.L. McLean and J.R. Fetcho
Neurobiology and Behavior, Cornell University, Ithaca, NY, USA

Larval zebrafish (Danio rerio) primarily use a beat-and-glide
swimming strategy. Here we explore which portion of the cen-
tral nervous system produces this unique motor pattern. By
chemically immobilizing intact zebrafish larvae (o-bungaro-
toxin, 12.5 uM) and recording from axial motor nerves at 1-
3 different points with suction electrodes (Masino & Fetcho,
2005), we first confirmed that electrical stimulation (1 ms, 5-
10 V) was eliciting swimming and not struggling, a more pow-
erful rhythmic behavior. ‘Fictive’ swimming was characterized
by cyclical bursts of motor activity (bursts 10.4 + 0.7 ms long
at frequencies of 27.2 £ 1.4 Hz, n = 11, mean * standard error)
that propagated from head to tail (0.7 £ 0.1 ms/segment, n =
5) and alternated from side to side (phase, 49.2 £ 0.1%, n =
9). As in unrestrained zebrafish larvae, we observed periodic
bouts of swimming in immobilized larvae (bouts 210.7 £ 24.9
ms long every 4.1 £ 1.2 s, n = 10), which were more frequent
after flashes of light (bouts 278.1 £ 21.7 ms long every 1.7
0.2s,n=11). A brief electrical stimulus reliably evoked swim-
ming, but persistent stimuli could elicit fictive struggling,
which also alternated (phase, 45.7 + 3.4%, n = 3), but was
distinctly slower (13.5 + 1.2 Hz, n = 3), with longer motor
bursts (46.3 = 3.3 ms, n = 3) in the opposite propagation direc-
tion (-6.3 + 0.8 ms/segment, n = 3). Strychnine (10-15 uM)
transformed swimming into prolonged bursts of periodic
(140.2 £ 20.5 ms in duration every 1.6 £ 0.4 s, n = 3), bilater-
ally synchronous (phase, 97.9 + 0.8%, n = 3) motor activity.
This suggested that glycinergic signaling regulated the ‘beat,
but not the ‘glide’ mechanism. We next used paired patch-
clamp recordings from spinal motor neurons (Drapeau et al.,
1999) to assess the effects of spinalization on swimming. The
spinal cord was transected between the 2nd-3rd muscle seg-
ments under anesthesia (0.2% MS-222). After 20-30 minutes
recovery, we observed no periodic bouts of swimming, nor did
light elicit any. Electrical stimuli generated spikes in motor
neurons and, at higher stimulation levels (10-15 V), evoked
extended episodes of swimming (bouts 5.4 + 1.6 s long at fre-
quencies of 21.3 £ 0.6 Hz, n = 6). Remarkably, once swimming
was started, a periodic motor pattern appropriate to generate
beat-and-glide swimming continued in the absence of further
stimuli (bouts 319.4 £ 57.5 ms long every 3.2 £ 1.9 s,n = 5).
While the rhythmic synaptic drive (20.9 £ 3.3 Hz, n = 5) was
below threshold in primary motor neurons, it was often suf-
ficient to cause secondary motor neurons to fire. Our data sug-
gest that beat-and-glide swimming emerges from the rhyth-
mic firing properties and connectivity of the spinal network.
This locomotor network is likely activated and modulated by
descending inputs.

Masino MA & Fetcho JR (2005). ] Neurophysiol, in press.
Drapeau P et al. (1999). ] Neurosci Meth 88, 1-13.
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Dorsal root potentials and intersegmental inhibition in the
rat spinal cord

M. Lidierth

KCL, London, UK and Department of Physiology, King’s College
London, London, UK

Primary afferent depolarization (PAD) is a phenomenon asso-
ciated with pre-synaptic inhibition of the effects of primary
afferents on their synaptic targets in the spinal cord. PAD is read-
ily evoked by stimulation of other afferents in the same, or
closely neighbouring spinal segments. The mechanisms under-
lying this have been extensively studied (e.g. Rudomin &
Schmidt, 1999; Willis, 1999). With electrical stimulation, dor-
sal root potentials (DRPs which are often taken as a sign of PAD)
are also evoked in the roots of more distant spinal segments (e.g.
Lidierth & Wall, 2001). These DRPs were the subject of the pres-
ent study.

Experiments were performed in adult male Sprague-Dawley rats
under urethane anaesthesia (1.25 g/kg, i.p., supplemented as
required). The trachea, jugular vein and carotid artery were can-
nulated. The spinal cord was transected at mid-thoraciclevel and
exposed to the cauda equina. Animals were then immobilized
with gallamine triethiodide (20mg i.v.). End-tidal pCO2 and
heart rate were monitored throughout.

Low intensity (<0.01N) mechanical stimulation of the central
pad of the hindpaw (L4 dermatome) was found to evoke DRPs
not only in the L5 segment, but also on thoracic roots The tho-
racic DRPs were delayed relative to those at L5. This delay was
approximately equal to that seen when DRPs were evoked by an
electrical stimulus to the L6 dorsal root in the same animals (aver-
aging 8.315.3ms and 9.5£3.4ms, respectively; meantS.D.,n=10).
PAD evoked in cutaneous afferents of the hindpaw was exam-
ined using the technique of terminal excitability testing (Wall,
1958). Monophasic compound volleys, evoked by microstimu-
lation in the deep dorsal horn at L4/5 level, were recorded from
the cut and crushed end of the sural nerve exposed in the periph-
ery. Typical results are shown in Fig. 1. Stimulation of both nearby
(L3 and 6) and distant (T13 and S1) dorsal roots increased the
areas of the sural nerve volleys. The timecourses of the DRPs and
of the changes in terminal excitability were closely matched.
Finally, the synaptic potentials evoked in the deep dorsal horn
by electrical stimulation of the dorsal root of the same segment
were examined. The initial (monosynaptic) component of these
potentials was clearly reduced by conditioning stimulation of
both nearby and distant dorsal roots.

In conclusion, DRPs evoked at distance occur with low-inten-
sity natural stimulation. They accompany PAD and are associ-
ated with inhibition at the first central synapse. While further
quantification of these effects is required, it is clear that path-
ways mediating these DRPs may play an important, and to-date
largely ignored role, in setting the functional connectivity of
the spinal cord.
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Fig 1. DRPs (above) and changes in sural nerve terminal excitability in
response to stimulation of nearby and distant dorsal roots.

Lidierth M & Wall PD (2001). J Physiol 531P, 136P.
Rudomin P & Schmidt RF (1999). Exp Brain Res 129, 1-37.
Wall PD (1958). ] Physiol 142, 1-21.

Willis WD (1999). Exp Brain Res 124, 395-421.
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Comparison of static fusimotor patterns in the fixed and
unfixed hindlimb of the locomoting decerebrate cat

R. Durbaba, A. Taylor, P. Ellaway and S.R. Rawlinson
Department of Movement & Balance, Imperial College, London, UK

Studies of locomotor patterns of fusimotor activity in decere-
brate cats have been hampered by the need to denervate one
hindlimb extensively and to restrict movement to rotation of the
ankle joint (Taylor et al. 2000 a,b). It is important to know
whether the consequent loss of natural afferent input affects the
normal activity patterns. Here we compare this earlier data with
new recordings from single spindle afferents of ankle flexor and
extensor muscles with no significant denervation and with all
limbs walking freely on the treadmill.

Cats (n = 13) were anaesthetised with 2% halothane in 50%
nitrous oxide in oxygen (as previously described (Taylor et
al. 2000 a) until after premammillary decerebration and killed
at the end of the experiment with pentobarbitone overdose.
Strain gauges recorded the lengths of tibialis anterior (TA) and
gastrocnemius muscles and EMG electrodes were inplanted.
Cats were supported by a head holder, a clamp on a low tho-
racic vertebra and by pins in the iliac bones. The thoracic and
pelvic supports were free to move vertically and hung from
springs. A small dorsal root filament of L7 or S1, exposed
through a left-sided laminectomy was dissected on a floating
electrode platform sutured to the vertebrae. Single spindle
afferents were isolated from gastrocnemius, soleus or TA and
stable recordings from up to 6 units could be achieved. They
were characterised by the effects of succinylcholine and by
conduction velocity measured under full sodium pentobar-
bitone anaesthesia after the locomotor recordings. Muscle
length changes recorded on tape during walking were repro-
duced later with a servo, with fusimotor activity suppressed
by pentobarbitone. Natural fusimotor activity was deduced
from the difference in spindle firing in active and passive spin-
dle movements.

The free limb showed movements very similar to those found
in intact cats walking on a treadmill (e.g. Bélanger et al. 1996).
EMG bursts in gastrocnemius were more prolonged than in the
fixed limb and this corresponded to the stance phase and weight
bearing. Despite this difference the active minus passive spindle
firing indicated very similar static fusimotor patterns, with fir-
ing frequency matching muscle shortening and with phase
advance of 0.1 cycle length. In TA, static fusimotor patterns also
appeared to match muscle shortening and with similar phase
advance, in contrast to the fixed limb, which showed no phase
advance in TA.

Bélanger, M., Drew, T., Provencher, J. & Rossignol, S. (1996) J. Neuro-
physiol. 76, 471-491.

Taylor, A., Durbaba, R., Ellaway, P.H. & Rawlinson, S. (2000a) J. Phys-
iol. 522, 515-532.

Taylor, A., Durbaba, R., Ellaway, PH. & Rawlinson, S. (2000b) J. Phys-
iol. 529, 825-836.
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The functional organization of spinal interneurons
revealed by optical, genetic, and physiological studies of
zebrafish

J.R. Fetcho
Neurobiology and Behavior, Cornell University, Ithaca, NY, USA

Spinal interneurons are numerous and diverse. Some of their
roles in the generation of swimming motor behaviors of Xeno-
pus tadpoles and lampreys are well understood. Two major
classes of problems regarding spinal interneurons have, however,
proven more elusive. The first is the issue of how patterns of
activity in populations of interneurons vary during different
behaviors. Much is known about recruitment of motoneurons
and their involvement in a range of behaviors, but much less is
understood about recruitment of interneurons. The second,
more difficult problem has been establishing links between the
neuronal classes in relatively simple vertebrates and those in more
complex ones, such as mammals. Both of these issues are now
tractable through the application of optical and genetic meth-
ods in zebrafish.

By labeling different classes of neurons with calcium indicators
in transparent larval zebrafish we have explored the patterns of
activity in groups of interneurons during different motor behav-
iors such as swimming and escape. Our work indicates that gra-
dations in the rapid movements of an escape bend are accom-
plished largely through changes in the activity level in an active
pool of interneurons rather than by recruitment of inactive cells.
Changes in the classes of active interneurons are associated with
the production of very different motor behaviors such as swim-
ming and escape.

One strategy for labeling spinal interneurons for these func-
tional studies is to use the promoters of genes involved in the
differentiation of spinal cord to drive expression of genetically
encoded fluorescent markers or calcium indicators in subsets
of cells. This approach has allowed us to show that Engrailed-
1 expression marks a subset of spinal interneurons that are
active in swimming and that serve, in part, to gate the flow of
sensory information during swimming. These neurons prob-
ably play multiple roles both in rhythm generation and in sen-
sory-motor gating. Interneurons with a similar morphology
are labeled in transgenic mice in which the Engrailed-1
expressing neurons are targeted. These neurons comprise mul-
tiple functional classes in mammals, suggesting that a primi-
tive cell type, similar to the Engrailed positive neurons in fish,
may have differentiated into multiple types with more spe-
cialized functions in mammals. Optical and genetic tools along
with the shared developmental history of vertebrate spinal cord
thus allow us to begin to relate neuronal classes in fish to those
in mammals. This should help to direct functional studies of
the even more diverse array of interneurons in mammalian
spinal cord.
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Excitatory interneurons controlling swimming in frog
tadpoles

W. Lj, S. Soffe and A. Roberts
School of Biological Sciences, University of Bristol, Bristol, UK

Understanding the source of excitatory drive is critical in deci-
phering how a vertebrate locomotion central pattern generator
(CPG) works. However, the interneurons providing this drive
are poorly understood in most vertebrates. Xenopus tadpoles at
hatching stage 37/38 are capable of swimming away when
touched and the locomotion rhythm is generated and maintained
by spinal cord and hindbrain neurons (Roberts, 2000). Recently,
we have devised a way to make whole-cell recordings from tad-
pole spinal neurons and to label them with neurobiotin. We have
obtained anatomical and physiological evidence that a group of
spinal interneurons with ipsilateral descending axons produce
excitatory drive during tadpole swimming.

Paired recordings showed that these spinal excitatory interneu-
rons (dINs), with anatomical features defined by neurobiotin
filling, directly excited more caudal CPG neurons of all types
including: (1) motorneurons, (2) commissural reciprocal
inhibitory interneurons, (3) ascending interneurons providing
inhibitory feedback to the skin sensory pathway and other CPG
neurons, and (4) other dINs. Remarkably, we discovered that
dINs corelease both acetylcholine and glutamate as transmit-
ters (Li et al., 2004). This corelease occurred during both minia-
ture EPSCs and unitary EPSCs produced by dINs. Apart from
chemical synapses, dINs are also electrically coupled exclusively
to other dINs. This coupling is weak and dye-coupling was not
seen. Gap junction blockers Carbenoxolone, Heptanol and Flufe-
namic acid (FFA) could block the coupling but all had clear side
effects.

The electrical properties of dINs were examined. Importantly,
when the current injection exceeded firing threshold, most dINs
only fired one spike at the onset of current injection even when
the current was increased up to 6 times above the threshold. dINs
didn’t fire rebound spikes after negative current injection when
the membrane potential was at rest. However, when the mem-
brane potential was depolarised above firing threshold, reliable
rebound firing was observed.

During each swimming cycle, dINs fired one spike reliably and
their spikes appeared earlier than other CPG neurons at similar
longitudinal positions. Since dINs can directly excite all types
of CPG neurons, this spike timing difference suggests that dINs
are the source of the excitation that normally drives swimming.
The column of dINs extends into the hindbrain area where some
of them also have ascending axon branches. These ascending
axons can form the base for excitatory feedback connections
among these hindbrain interneurons. Such connections could
underlie mechanisms to sustain swimming activity.

LI, W.-C., SOFFE, S. R. & ROBERTS, A. (2004). Glutamate and acetyl-
choline corelease at developing synapses. PNAS 101, 15488-15493.

ROBERTS, A. (2000). Early functional organization of spinal neurons
in developing lower vertebrates. Brain Res Bull 53, 585-593.

Thanks to Jenny Maxwell and Tim Colborn for technical assis-
tance and the Wellcome Trust for generous support.
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Mechanisms of long-term plasticity in the lamprey
locomotor network

D. Parker
University of Cambridge, Cambridge, UK

To understand the neural basis of behaviour, identified cellular,
synaptic, and molecular mechanisms must be examined in the
neuronal networks that generate specific behaviours. The lam-
prey, alower vertebrate, allows activity in the locomotor network
that generates swimming to be examined in the intact spinal cord
in vitro.

A single 10min application of the neuropeptide substance P
evokes a long-term (>24 h) increase in the frequency of seg-
mental network activity in adult, but not larval lampreys (Parker
2000). The burst frequency modulation has three phases: an
induction phase (~2 h) that is associated with the protein kinase
C-mediated potentiation of NMDA receptors; an intermediate
phase (~2-15 h) that requires protein synthesis, but not de novo
RNA synthesis; and a final phase (>15-20 h) that requires de
novo RNA synthesis. At the synaptic level, substance P converts
the activity-dependent depression of excitatory network
interneuron (EIN) inputs to motor neurons during physiologi-
cally relevant spike trains into facilitation, an example of meta-
plasticity. This effect is associated with a reduction of the trans-
mitter release probability (to allow facilitation), but an increase
in the number of docked synaptic vesicles (which ensures that
the facilitation does not develop from a reduced initial EPSP
amplitude; Bevan And Parker 2004. The synaptic metaplasticity
shares the same induction and maintenance mechanisms as the
burst frequency modulation, suggesting that the two effects are
linked.

While interneuron inputs to motor neurons provide some
insight into the plasticity of the network output, it is the con-
nections between network interneurons that probably pattern
network activity. The effects of substance P on these connec-
tions between network interneurons are now being examined.
The analysis is complicated by the uncertainty over the net-
work organisation (i.e. what types of neurons and synapses
are involved in generating the network output; Parker 2000).
It seems likely that interneurons involved in generating seg-
mental network activity are relatively small, the larger
interneurons (lateral and crossed caudal interneurons) that
were originally examined having a role in intersegmental coor-
dination. This analysis shows that substance P has synapse spe-
cific effects on connections between putative network
interneurons: it reduces the strength of connections between
the EINs, but increases the strength of feedback inhibition
onto the EINs.

The connections between identified network interneurons must
now be examined in detail, and the changes at these synapses
related to effects on the network output. The molecular mech-
anisms underlying the protein synthesis-dependent synaptic and
network effects are being examined, and should facilitate these
analyses.

Parker D (2000.) Molecular Neurobiology 21, 1-26.
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Rhythmic activity of Renshaw cells during locomotor-like
rhythm in the mouse spinal cord

H. Nishimaru?, C.E. Restrepo! and O. Kiehn!

IDepartment of Neuroscience, Karolinska Institutet, Stockholm,
Sweden and 2Neuroscience Research Institute, National Institute of
Advanced Industrial Science and Technology (AIST), Tsukuba, Japan

Inhibitory synaptic transmission is an essential element for the cen-
tral pattern generator (CPG) for locomotion in the spinal cord.
However, the actual role of inhibitory neurons in the mammalian
CPG and how they are modulated remains unclear. We examined
the synaptic inputs to Renshaw cells (RCs) which provide recur-
rent inhibition to motoneurons. We performed whole cell record-
ings from visually identified GABAergic neurons in the lumbar (L2
segment) ventral horn using isolated spinal cord preparations taken
from glutamic acid decarboxylase-green fluorescence protein
(GAD67-GFP) knock-in mouse neonates (Tamamaki et al. 2003).
Animals were humanely killed before isolating the spinal cord.
Among the recorded neurons, RCs were identified by 1) electrically
stimulating the adjacent ventral root to evoke a short latency EPSP
which was blocked by bath-application of a nicotinic receptor
blocker mecamylamine or d-tubocurarine with glutamatergic
antagonist CNQX (Nishimaru et al. in press), and 2) filling the cell
with Alexa-dyes and confirming their expression of calbindin after
recording (Carr et al. 1998). Locomotor-like rhythmic activity
evoked by bath-application of 5-HT and NMDA was monitored in
the L2 ventral root that represents the flexor activity. About 50% of
the recorded RCs fired in phase with the ipsilateral L2 rhythm while
the other remaining RCs fired out of phase with the ventral root
rhtyhm. RCs received both excitatory synaptic inputs and inhibitory
synaptic inputs during the locomotor-like rhythmic activity. Block-
ing the nicotinic receptors by mecamylamine markedly reduced
the amplitude of the excitatory synaptic inputs indicating that these
inputs are mainly from motoneurons. The inhibitory input, on
the other hand, persisted in the presence of the nicotinic blocker
suggesting that they are from other sources. Such rhythmic synap-
tic inputs in RCs could also be observed in a split hemicord indi-
cating that these inputs are from neuronslocated on the same side.
These results suggest that during locomotor activity, RCs are mod-
ulated not only by motoneurons but also by the CPG itself.

Tamamaki N et al. (2003). ] Comp Neurol 467, 60-79.

Nishimaru H, Restrepo CE, Ryge ], Yanagawa Y & Kiehn O. Proc Natl
Acad Sci U S A (in press).

Carr PA, Alvarez FJ, Leman EA & Fyffe RE (1998). Neuroreport 9,
2657-2661.
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METACHRONAL PROPAGATION OF BURSTING
ACTIVITY IN ISOLATED SPINAL CORD OF
NEWBORN RAT

J. Cazalets
Univ Bordeaux 2, CNRS UMR 5543, Bordeaux, France

The adequate functioning of the central nervous system requires
that the various areas of the body operate together. For exam-
ple, quadrupedal as well as bipedal locomotion is a complex
motor behaviour which requires the simultaneous activation of
most body parts including the trunk and neck, forelimbs,
hindlimbs and tail. On this basis, therefore, the anatomical spe-
cialization of body parts involved in movements should be
reflected at the neuronal level. However, the mammalian spinal
cord should not be considered as an homogeneous chain of
equipotent networks, as is the case, for example, in organisms
which exhibit anguilliform locomotion such as lamprey, but as
an interconnected ensemble. What are the central mechanisms
responsible for coordinating such distributed network activity
and to what extent does coupling arise at the spinal level?

The present study was therefore undertaken to address the func-
tioning of the entire spinal cord, studying it as a whole, rather
than as separate elements, and to see how its various regions
might interact to coordinate motor activity. To this end, simul-
taneous multisite extracellular recordings were performed at the
thoracic, lumbar and sacral levels in an isolated spinal cord prepa-
ration of humanely killed newborn rat. Based on a method ini-
tially used by others (Bracci et al. 1996), a pharmacological
approach involving bath-application of inhibitory synaptic
blockers, strychnine and bicuculline, was employed for several
reasons: (1) powerful and stereotyped bursts of action poten-
tials are spontaneously produced; (2) the sharp onset of the bursts
allows accurate determination of their timing; (3) the suppres-
sion of inhibitory connections within the spinal cord reveals
underlying connectivity. It was therefore postulated that motor
output recorded under these restrictive conditions might reveal
coupling and other hard-wired properties of the system.
Motor activity, elicited in the disinhibited network by bath-apply-
ing strychnine (glycinergic blocker) and bicuculline (GABAer-
gic blocker), consisted of slow spontaneous bursting. Under these
conditions, the recorded bursts were coordinated in 1: 1 rela-
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tionships at all segmental levels. For each cycle, a leading seg-
ment initiated the activity that then propagated in a metachronal
way through adjacent segments along the length of spinal cord.
There was both regionality nonlinearity and directional asym-
metry in this burst propagation: motor bursts propagated most
rapidly in the thoracic spinal cord and the rostro-caudal wave
traveled faster than the caudo-rostral one. Propagation involved
both long projecting fibres and local intersegmental connections.
Our results show that motor activity propagates along the spinal
cord with a specific temporal pattern and that there is an asym-
metry in the propagating characteristics from rostral to caudal,
versus caudal to rostral directions. Moreover, it was found that
intersegmental coupling relies on a combination of local circuit
connectivity as well as long projection fibres. This preparation
offers as simplified model for studying network interactions in
the mammalian nervous system.

A 1 2 3
L3
60
B1 1 B2 2 B3 3
N i L i :
3 i i " W

d . el *
L4 5 . s : e : i .
; A s ' g U . ' M y
s T T T g ik ]
L6 T T
' ' .
rS1 . o T " T i
s " I ul (|
82— e - i i — aag)
1S3 e L o ——:—%WMW»
1S4 A_WWM :—W‘“""‘”“WW* %Mm
rCol T E— ] L i
' .

Spontaneous motor bursts are initiated at different segmental levels.
Multi-site ventral root recordings were performed in the isolated
spinal cord; T, thoracic; L, lumbar; S, sacral; Co, coccygeal. A, single
slow time-base recording from the right lumbar ventral root. B,
expanded view of three cycles (1, 2 and 3) indicated in A and moni-
tored on 16 ventral roots. Sequential propagation of activity
occurredipsilateral side of the cord. In B1 the activity was initiated
at the thoracic level, in B2 at the lumbar level and in B3 at the coc-
cygeal level.

Bracci E, Ballerini L & Nistri A (1996). ] Neurophysiol 75, 640-647.
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