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A topographic map of recruitment in spinal cord
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Animals move over a range of speeds by using rhythmic networks
of neurons located in the spinal cord1–6. Here we use electrophy-
siology and in vivo imaging in larval zebrafish (Danio rerio) to
reveal a systematic relationship between the location of a spinal
neuron and the minimal swimming frequency at which the neuron
is active. Ventral motor neurons and excitatory interneurons are
rhythmically active at the lowest swimming frequencies, with
increasingly more dorsal excitatory neurons engaged as swimming
frequency rises. Inhibitory interneurons follow the opposite pat-
tern. These inverted patterns of recruitment are independent of
cell soma size among interneurons, but may be partly explained by
concomitant dorso-ventral gradients in input resistance. Laser
ablations of ventral, but not dorsal, excitatory interneurons per-
turb slow movements, supporting a behavioural role for the topo-
graphy. Our results reveal an unexpected pattern of organization
within zebrafish spinal cord that underlies the production of
movements of varying speeds.

Like all vertebrates, larval zebrafish move over a range of speeds.
They can swim slowly using caudal tail bends of 20–40 Hz and swim
faster using larger body bends of 80–100 Hz that propagate from the
head to the tail7–9. We set out to understand how the spinal cord was
organized to produce movements over such a broad range of swim-
ming frequencies.

The zebrafish motor column contains large, early born, dorsally
located primary motor neurons, which innervate fast muscle fibres
and are known to be involved in faster movements10, and a larger
number of usually smaller and more ventral secondary motor neu-
rons11,12. We recorded the activity of single motor neurons during
swimming (Fig. 1a–c), while monitoring the fictive motor pattern from
peripheral motor nerves. Initial observations indicated that more dorsal
primary and secondary motor neurons did not fire at slow swimming
speeds, as illustrated in Fig. 1d–f. This prompted us to look more closely
for a relationship between neuronal location and activation frequency.
A plot of the position of a motor neuron along the dorso-ventral axis of
the spinal cord against an average of the three lowest swimming fre-
quencies at which it was active revealed a linear relationship (Fig. 1g–i).
Ventral motor neurons were active at low frequencies of swimming,
and the minimal frequency of activation rose for motor neurons located
at increasingly more dorsal positions (R 5 0.78, P , 0.0001, n 5 40).
This relationship was evident even within the population of secondary
motor neurons (Fig. 1h; R 5 0.79, P , 0.0001, n 5 30).

To rule out possible artefacts of patch recording, we used in vivo
calcium imaging to visualize simultaneously the activity of groups of
motor neurons distributed along the dorso-ventral axis during fictive
swimming (Fig. 1j). As in the electrophysiological data, ventral neu-
rons were recruited during episodes with lower peak frequencies,
with more dorsal cells engaged as the peak frequency in an episode
increased (Fig. 1k, l; R 5 0.80, P , 0.0001, n 5 52).

We next examined whether the same functional topography extended
to premotor excitatory spinal neurons, including circumferential

descending (CiD) interneurons with ipsilateral axons and multipolar
commissural descending (MCoD) interneurons with contralateral
axons13,14 (Fig. 2a–f). In both classes, a neuron’s position was related
to the minimal frequency at which it was recruited. MCoDs, which are
active at the lowest frequencies of swimming15 and inhibited at higher
frequencies16, occupy a ventral location in the spinal cord. CiD inter-
neurons, active over a wide range of higher swimming speeds than
MCoD interneurons, are more dorsal in the spinal cord, with the most
ventral CiD interneurons active at lower frequencies than the most
dorsal ones. Like motor neurons, there was a significant relationship
between position and recruitment frequency within the CiD popu-
lation in the electrophysiological data (Fig. 2g; R 5 0.56, P , 0.05,
n 5 16). This relationship was not significant in the calcium imaging
data (see Supplementary Table 1) in which the definition of the exact
recruitment frequency is more difficult. However, when the electro-
physiological or calcium imaging data for these two interneuronal
classes (which together span the range of frequencies of swimming)
were superimposed upon those for motor neurons, as in Fig. 2g, h, we
found that they overlapped. The relationship between position and
activation frequency is therefore similar for all of these rhythmically
active excitatory cell types.

We then asked whether rhythmically active inhibitory interneur-
ons, which are mostly located dorsal to the motor neurons and excit-
atory interneurons, follow the same pattern of recruitment. We
recorded from two classes of inhibitory cells: circumferential ascend-
ing (CiA) interneurons and commissural bifurcating longitudinal
(CoBL) interneurons, which have ipsilateral and contralateral axons
respectively. To target these neurons, we used an engrailed-1 green
fluorescent protein construct (En-1:GFP), which labels CiA inter-
neurons17, and also generated a stable line of transgenic zebrafish
in which GFP is expressed under control of the promoter for the
glycine transporter-2 gene. While the location of inhibitory interneur-
ons was also systematically related to their order of activation, the
relationship was in the opposite direction of that for excitatory inter-
neurons and motor neurons (Fig. 3a–d). More-dorsal inhibitory
interneurons were active during slower swimming frequencies, with
more-ventral interneurons activated as the speed of swimming
increased (R 5 20.61, P , 0.001, n 5 30).

The maps of recruitment frequency onto dorso-ventral location
might be a consequence of gradients in cell size, with larger cells
located more dorsally among excitatory neurons and more ventrally
among inhibitory ones. We evaluated this by plotting the cross-
sectional area of the somata of excitatory and inhibitory neurons
against their location. As shown in Fig. 3e, the more-dorsal motor
neurons, which are more difficult to recruit, tended to be larger than
ventral ones (R 5 0.70, P , 0.0001, n 5 40), in accordance with the
size principle18. In contrast, there was no significant relationship
between the soma size of excitatory interneurons and their dorso-
ventral location (Fig. 3f). Ventral MCoD interneurons recruited at
low frequencies were spread over the same range of sizes as the more
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dorsally located CiD interneurons active at higher frequencies.
Similarly, there was no significant relationship between soma size
and position of inhibitory interneurons (Fig. 3g,h).

In contrast to soma size, the input resistance of the neurons
declined from ventral to dorsal spinal cord for motor neurons
(Fig. 3i; R 5 20.81, P , 0.0001, n 5 40) and for pooled excitatory
interneuron classes (Fig. 3j; R 5 20.72, P , 0.0001, n 5 38), and did
the opposite for pooled inhibitory interneurons (Fig. 3k, l; R 5 0.71,
P , 0.0001, n 5 32). Neurons with higher input resistance will tend
to depolarize more for a given excitatory synaptic input than those
with lower resistance. These gradients might therefore contribute to a
greater excitability of the most ventral excitatory neurons and the
most dorsal inhibitory ones, consistent with their opposite recruit-
ment patterns (Fig. 3m).

The correlations we observed and the direct connections of MCoD
interneurons and CiD interneurons to motor neurons16,19,20 strongly
suggest that ventral excitatory cells play a part in driving motor out-
put in slow movements, whereas dorsal ones drive fast movements.
We predicted that removing ventral MCoD interneurons would
impair slow movements, while removing dorsal CiD interneuron
cells would not. This was tested by laser ablating bilateral groups of
MCoD interneurons (Fig. 4a, b) or CiD interneurons in rostral spinal
cord. The slowest swimming movements always involve alternat-
ing pectoral fin movements coordinated with slow axial bending
movements21. During faster swimming, the fins are held against the
body. Alternating fin movements without slow axial movements are

Figure 1 | Activation of motor neurons depends on their position in spinal
cord. a–c, Fluorescent images of motor neurons whose respective activity is
illustrated in d–f. Hash marks to the left indicate basis for numerical position
measurements (labelled next to the somata). A white arrowhead indicates
the axon. pmn, primary motor neuron; smn, secondary motor neuron.
d–f, Activity patterns of the neurons illustrated in a–c along with ventral
root recordings. Muscle segment locations are given in parentheses.
Triangles mark comparable swimming frequencies (white, d and e; black,
e and f). g–i, Plots of position versus minimum swimming frequency for ten
primary motor neurons (black circles) and 30 secondary motor neurons
(grey circles). Locations are normalized with respect to the dorsal (D; one)
and ventral (V; zero) edges of spinal cord in all figures. j, Confocal image of
eight motor neurons in one larva. A white arrowhead shows where the axons
exit via the ventral root. A white box demarcates the imaging window. We
could not detect fluorescence (F) changes in neurons that were either
oversaturated (**) or too dimly labelled (*). k, Calcium responses (DF/F) of
three motor neurons numbered in j. The fastest swimming frequency
(numbers given in Hz) within the episodes in which motor neurons showed a
calcium response is indicated above the shaded grey bars. An expanded trace
(bottom) illustrates a calcium response and the corresponding ventral root
activity from which the peak frequency (here, 25 Hz) was derived. l, Plot of
an average of the three lowest peak frequencies from the slowest swimming
episodes in which a neuron responded with a 9% or greater increase in
fluorescence intensity. The plot was compiled from 46 secondary motor
neurons and six primary motor neurons from six larvae.

Figure 2 | Activity patterns of excitatory spinal interneurons are also
correlated with position. a–c, Fluorescent images of CiD and MCoD
interneurons, the activity of which is illustrated in d–f. Arrowheads mark the
point at which the MCoD axon crosses the spinal cord and descends. The
morphology of these interneurons is more evident in the Supplementary
movies. d–f, Activity patterns of the neurons illustrated in a–c, with ventral
root recordings. Triangles mark comparable swimming frequencies (white,
d and e; black, e and f). g, Plot of position versus minimum swimming
frequency of 40 motor neurons (grey circles), 16 CiD interneurons (red
circles) and 14 MCoD interneurons (blue circles) recorded using patch
electrophysiology from 70 larvae. h, Plot of position versus minimum
swimming frequency of 52 motor neurons (grey circles), 22 CiD
interneurons (red circles) and 14 MCoD interneurons (blue circles)
recorded using calcium imaging from 14 larvae.
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extremely rare in our experimental conditions (1 of 182 trials in 28
larvae). We therefore used the occurrence of alternating fin move-
ments as an indication that the larva was attempting to engage in slow
swimming movements.

Before the ablation of MCoD interneurons, only one out of 65
trials (1.5%) in six larvae showed alternating fin movements without
axial movements (Fig. 4c). After MCoD ablations, however, 19 of 72
(26%) trials had fin movements occurring without accompanying
axial movements (videos in Supplementary Information). In five out
of the six larvae, the change was significant (P , 0.05). These abla-
tions did not affect the ability of the larvae to produce fast swimming.
In three larvae, a slightly greater number of dorsal CiD interneurons
was ablated bilaterally. Prior to ablations, 34 out of 34 trials showed
the typical pairing of fin movements and axial bending. All 32 trials
after CiD interneuron ablations also showed paired fin and axial
movements, with no evidence of isolated fin movements (Fig. 4d).
These observations are consistent with a role for MCoD interneurons,
but not CiD interneurons, in providing the excitatory drive neces-
sary to produce the slowest swimming movements. Complementary

experiments examining faster movements have revealed that the
ablation of CiD interneurons, but not MCoD interneurons, leads to
deficits in the kinematics of high-speed movements22. Together,
these data argue that the topography we observe has behavioural
consequences.

Although there has been much progress in identifying the regions
and circuits responsible for rhythmic motor behaviours in vertebrate
spinal cord1–6, for many years it was unclear how these neurons and
their functional identities emerged during development. Then devel-
opmental studies revealed a dorso-ventral transcriptional code that
directs the differentiation of morphologically and functionally dis-
tinct cell types from different regions of spinal cord23. This transcrip-
tional code does not, by itself, explain the pattern we observed,
because the relationship we found is present both within classes
derived from a single transcriptional domain (CiD interneurons
from the V2 domain)19 and across classes arising from different
domains (CiD interneurons and motor neurons from the V2 and
MN domains respectively)17,19. There may, however, still be direct
links to development because the motor neurons and excitatory
interneurons that develop earliest are located most dorsally in spinal
cord11,19. The recruitment order for excitatory cells thus maps onto
the time of neuronal differentiation, with younger ventral neurons
active at low frequencies and older, dorsal ones at higher frequencies.
We do not yet know whether an opposite age-related pattern exists
among inhibitory neurons. Importantly, the gradients of recruitment
and input resistance we found might also be associated with gradients
of channel expression; these could be specified during development
by molecular gradients, which are known to establish the dorso-
ventral patterning of the transcription factor code24.

Our findings reveal an unexpected pattern of organization in
which the frequency of swimming at which a neuron is recruited
varies in a continuous way with its position in the spinal cord. This
topographic map of function underlies the ability of zebrafish to
produce movements over a range of speeds. We do not yet know
whether features of this pattern might be evident in the more com-
plex spinal cords of reptiles, birds and mammals—creatures in which

Figure 3 | Reverse gradients of recruitment for excitatory and inhibitory
interneurons. a–d, Plots of position versus minimum swimming frequency
for ten primary motor neurons (black circles), 30 secondary motor neurons
(grey circles), 16 CiD interneurons (red circles), 14 MCoD interneurons (red
triangles), 17 CoBL interneurons (blue circles) and 13 CiA interneurons
(blue triangles) from 100 larvae. e–h, Plots of position versus maximum
cross-sectional area of the somata for ten primary motor neurons, 30
secondary motor neurons, 21 CiD interneurons, 17 MCoD interneurons, 18
CoBL interneurons and 14 CiA interneurons from 110 larvae. i–l, Plots of
position versus input resistance measurements for ten primary motor
neurons, 30 secondary motor neurons, 21 CiD interneurons, 17 MCoD
interneurons, 18 CoBL interneurons and 14 CiA interneurons from 110
larvae. All motor neurons are shown in light grey in b–d, f–h, j–l to provide a
frame of reference. m, Summary diagram of recruitment pattern. Dorsal is
up, rostral is to the left.

Figure 4 | Ablation of ventral excitatory interneurons perturbs slow
swimming movements, while ablation of dorsal ones does not. a, Low-
magnification confocal image of an array of back-filled interneurons. Arrows
mark MCoD interneurons ablated in b, while asterisks mark examples of a
different cell type not removed in b. b, The same region of cord illustrated in
a after targeted laser ablation. c, A bar chart illustrating the percentage of
trials in which axial movements occurred together with fin movements
before and after MCoD interneuron ablations. d, A bar chart as in c before
and after CiD interneuron ablations. The number of cells ablated on left and
right sides in each case are as follows. For MCoD interneurons: larva 1, left/
right59/6; larva 2, 7/7; larva 3, 10/5; larva 4, 6/6; larva 5, 8/6; larva 6, 7/7. For
CiD interneurons: larva 1, left/right510/9; larva 2, 9/10; larva 3, 10/8.
Significant changes are marked by asterisks: *P , 0.05, ** P , 0.0001.
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motor neurons are clustered into discrete motor pools in a topo-
graphic arrangement that differs from those innervating axial mus-
cles in fishes25–27. However, the conserved mechanisms of early spinal
cord development among animals as divergent as fish, frogs, chicks
and mice17,19,23,28,29 suggest that a similar functional organization in
other vertebrates might be most evident early in their development.

METHODS

Full details of methods are presented in the Supplementary Information. All

procedures conform to the National Institutes of Health guidelines regarding

animal experimentation and were approved by Cornell University’s and the

University of Chicago’s Institutional Animal Care and Use committees.

Electrophysiology. Patch-clamp and ventral root recordings were performed as

described previously17,30. Neurons were targeted between the 9th and 21st muscle

segments. Motor neurons were targeted blindly. MCoD interneurons were tar-

geted on the basis of their lateral location in the neuropil. CiD interneurons were

targeted either blindly or by backfilling the previous day with fluorescein or

calcium green dextran-conjugated dyes injected into the caudal spinal cord.

CoBL interneurons were targeted either blindly or by using a stable transgenic

line expressing green fluorescent protein driven by a glycine transporter-2 pro-

moter. CiA interneurons were targeted either blindly or by stochastic labelling

using a bacterial artificial chromosome (BAC) in which GFP expression was

driven by an En-1 promoter17. After recordings, transmitted and fluorescent

light images through the spinal cord were captured to confirm the morphology

and location of the neurons.

Generation of the glycine transporter-2 transgenic line. A BAC DNA construct

in which GFP was placed under the control of the glycine transporter-2 cis-

regulatory elements was made as previously described17 and was used to generate

stable transgenic lines. We obtained two lines, and electrophysiology was per-

formed using compound homozygotes of the two.

In vivo calcium imaging. Motor neurons and CiD and MCoD interneurons

between the 9th and 21st segments were retrogradely filled three to four days

post-fertilization with calcium green dextran by pressure injection into muscle

or caudal spinal cord15. After 24 hours, larvae were anaesthetized, immobilized in

a-bungarotoxin and pinned to a thin layer of Sylgard in a glass-bottomed Petri

dish containing saline solution. The caudal tail skin was removed to provide

access to the ventral roots. The preparation was imaged using an inverted Zeiss

LSM confocal microscope set at low laser intensity, maximum pinhole diameter

and high photomultiplier gain to avoid photodamage. Ventral root activity was

recorded and time-locked to image collection. After recordings, higher-quality

images of neurons were obtained to confirm their morphology and location in

spinal cord.

Laser ablations and behaviour. MCoD or CiD interneurons in four-day-old

larvae were backfilled with fluorescein dextran injected into spinal cord and

screened with a dissecting microscope to identify larvae with an array of labelled

interneurons. After backfilling, pre-ablation swimming bouts were recorded at

1,000 Hz with a high-speed camera. Neurons were then ablated bilaterally, one

neuron at a time, by targeting the nucleus with a pulsed nitrogen laser. The

behaviour of the larvae was assessed again by filming after ablations.

Data analysis. Neuron location was determined by averaging three measure-

ments from the bottom of spinal cord to the middle of the cell body using either

Image J or Zeiss software. This value was then normalized to an average of three

measurements of the total dorso-ventral extent of spinal cord. Recruitment using

patch physiology was assessed by averaging the three slowest instantaneous

swimming frequencies from three to five swimming episodes. Instantaneous

frequency was measured as the reciprocal of the interval between the first spikes

in successive bursts of activity in motor neurons or interneurons. Spikes were

simpler to threshold using our automated data analysis program and matched

the frequency of the bursts recorded from ventral roots.

For calcium imaging, the temporal resolution of the imaging prohibited a

similar approach. The slow calcium responses allowed us only to determine

whether a neuron responded during a swimming episode, not exactly when it

responded. We adopted a conservative approach to determining a neuron’s

minimal frequency of recruitment by using ventral root recordings to determine

the fastest cycle within a swimming episode from the three to five slowest epi-

sodes during which a cell responded. We then plotted the mean of the three

lowest of these against the position of the neuron. Location measurements were

always performed first, so they would not be unduly influenced by frequency

measurements, which were less subjective. To further rule out any observer bias,

positions and frequencies were measured independently by two individuals, the

one who collected the data and another who analysed blind a coded data set. Both

observers arrived at the same conclusions.

Resistance measurements were calculated from an average of five hyperpolar-

izing square current pulses between 20–50 pA, in a linear current–voltage range

for the neurons tested. Soma cross-sectional area was determined by averaging

three measurements from DIC images. Electrophysiological analysis was per-

formed using DataView (software by W. Heitler, University of St Andrews;

http://www.st-andrews.ac.uk/,wjh/dataview/). Statistical significance was set

at P , 0.05 and analysis was performed using Microsoft Excel and Statview

4.5. Changes in the frequency of the occurrence of axial and fin movements after

ablations was assessed by a binomial analysis with a P , 0.05, as described in

Supplementary Methods.
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