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One important task for all animals is
translating the intention to move into ac-
tion by contraction or relaxation of the
appropriate muscle groups. The smallest
unit of voluntary muscle activation is a
single motor neuron and the muscle fibers
that it innervates, collectively called a
“motor unit” (Liddell and Sherrington,
1925). Motor units translate neuronal ac-
tivity into a mechanical force appropriate
to the desired action. The force produced
by a motor unit is primarily controlled
by the size and spike frequency of the
motor neuron. According to the size
principle, the size of the motor neuron
is correlated with the force produced by
its activity (Mendell, 2005). The small-
est motor neurons innervate the weak-
est muscle fibers and are recruited
during the least forceful contractions.
With increasing total contractile force,
progressively larger motor neurons,
which innervate stronger muscle fibers,
are recruited (Clamann, 1993). Within
the recruitment range of each motor
unit, motor neuron spike frequency is
correlated with the tension exerted by
the innervated muscle fiber, allowing
each motor unit to produce a graded
force output (Clamann, 1993).

In both larval and adult zebrafish, the
size principle is paired with a dorsoventral
gradient of recruitment. Only ventral
motor neurons are recruited during low-
frequency swimming, whereas both dorsal
and ventral motor neurons are recruited
during high-frequency swimming (McLean
et al., 2007; Gabriel et al., 2011). Gabriel et al.
(2011) found that intrinsic membrane
properties of motor neurons and the size of
their synaptic currents varied along the dor-
soventral axis in adult zebrafish. But because
motor unit properties could not be linked to
motor neuron membrane properties in
their decerebrate adult zebrafish prepara-
tion, only indirect inferences about the
behavioral consequences of motor neu-
ron properties could be made. In addi-
tion, this preparation is limited in that it
swims only after chemical or electrical
stimulation and it does not produce the
full range of behaviors of the intact
animal.

In a recent paper published in The
Journal of Neuroscience, Menelaou and
McLean (2012) used intact larval ze-
brafish to bridge the gap between motor
neuron and motor unit properties by
quantifying the dorsoventral position, in-
nervation pattern, and intrinsic mem-
brane properties of motor neurons, and
correlating these properties with motor
neuron activity during fictive swimming.
The large degree of agreement between
Menelaou and McLean (2012) and Ga-
briel et al. (2011) confirms that there are
significant similarities between the motor
pools of larval and adult zebrafish, and al-

lows inference between the respective de-
velopmental stages using the strengths of
each.

To investigate the relationship be-
tween motor neuron soma position and
innervation pattern, Menelaou and
McLean (2012) filled motor neurons with
fluorescent dye and traced their projec-
tions into the axial muscle. Consistent
with the size principle, the largest motor
neurons primarily innervated fast muscle
layers and were restricted to the dorsal re-
gion of the motor neuron pool, while
smaller motor neurons were located more
ventrally and primarily innervated slow
muscle fibers (Menelaou and McLean
(2012), their Fig. 4). Therefore, both soma
size and position of motor neurons were
correlated with the putative strength of
the muscle fibers that they innervated.

To investigate the mechanism of or-
derly recruitment, Menelaou and McLean
(2012) measured the membrane proper-
ties and recruitment of motor neurons
over a wide range of fictive swimming fre-
quencies using whole-cell patch-clamp
recordings. Although the range of elec-
trophysiological properties of motor
neurons might best be described as a
continuum, the authors categorize neu-
rons into three distinct phenotypes
(tonic, chattering, and bursting) to
quantify their traits and determine their
overlap with morphologically defined
motor neuron types.

The tonic class was characterized by a
high spike threshold and high-frequency
tonic spiking with limited spike frequency
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adaptation in response to suprathreshold
current injection. All so-called primary
motor neurons (large, dorsal, early-
developing neurons) that were recorded
belonged to the tonic class and all tonic
neurons were primary motor neurons.
Chattering motor neurons were charac-
terized by a lower spike threshold than the
tonic class, and they showed significant
spike frequency adaptation (with occasional
recovery) during prolonged suprathreshold
current injection. The bursting class of mo-
tor neurons had the lowest spike threshold,
and produced slow membrane potential
changes that led to bursts of action poten-
tials separated by subthreshold intervals
during sustained current injection. There
were no exclusive correspondences between
the chattering or bursting electrophysiolog-
ical classes and any morphological classes of
motor neurons. Despite this lack of categor-
ical separation, bursting motor neurons
tended to be more ventral than chattering
motor neurons (Menelaou and McLean
(2012), their Fig. 6).

In addition to injecting current into
motor neurons during non-swim periods,
Menelaou and McLean (2012) observed
the activity of motor neurons during
swimming. Consistent with the size prin-
ciple and dorsoventral recruitment order,
burst neurons were recruited at the lowest
swim frequencies, followed by chattering,
and finally tonic motor neurons. During
swim cycles in which the amplitude of
the membrane potential oscillation
failed to reach spike threshold, the mag-
nitude of the oscillation increased with
increasing swimming frequency in tonic
and chattering, but not in burst motor
neurons. This difference in the dynamic
range of the subthreshold oscillation
amplitude observed may reflect the
mechanism that drives the dorsoventral
gradient of motor neuron recruitment,
but there are several potential explana-
tions for this phenomenon.

One possibility is that chattering and
tonic neurons receive a greater number of
excitatory synapses and therefore show a
greater range of synaptic input than the
bursting neurons. This would be consis-
tent with adult zebrafish motor neurons
in which the amplitude of synaptic input
is correlated with recruitment order
(Gabriel et al., 2011). A second possibil-
ity is that bursting motor neurons have
voltage-sensitive channels that amplify
synaptic current, masking changes in the
magnitude of synaptic input across swim-
ming frequencies. Amplification of syn-
aptic input by motor neurons has been

observed in mammals (Jones and Lee,
2006), and the slow membrane changes in
bursting motor neurons could be due to a
voltage-sensitive depolarizing intrinsic
membrane current. A third possibility is
that the bursting motor neuron class re-
ceives both increasing excitatory and in-
creasing inhibitory synaptic input with
higher swimming frequencies. This would
be similar to the mechanisms that regulate
the premotor interneurons that drive slow
swimming (McLean et al., 2008) and
would explain the authors’ finding that a
subset of the burst motor neuron popula-
tion becomes less reliably recruited at
higher swimming frequencies (Menelaou
and McLean (2012), their Fig. 7).

Similar to findings in adult zebrafish
(Gabriel et al., 2011), Menelaou and
McLean (2012) report a class of larval mo-
tor neurons that exhibit a bursting pheno-
type during constant current injection.
The interpretation that the authors offer is
that bursting is evidence for intrinsic
rhythmicity in the bursting motor neu-
rons, and that the rhythmicity contributes
to shaping the motor output of the cell
during swimming. This view is supported
by several lines of reasoning. First, the
long latency to the first spike and slow rise
in membrane potential in the bursting
cells following current injection (Menel-
aou and McLean (2012), their Fig. 5) is
suggestive of a slow, voltage-activated, de-
polarizing intrinsic membrane current.
Second, bursts self-terminate without a
change in the current injection, which
could be explained by the activation of a
delayed, hyperpolarizing membrane cur-
rent. Third, when the larval zebrafish is
not swimming, there is very little sponta-
neous synaptic input to the motor neuron
pool, which suggests that their spiking be-
havior during current injection does not
depend on the spinal locomotor network.

However, each of these lines of evi-
dence is confounded by the ability of the
motor neurons to make synaptic contact
with other neurons during current injec-
tion. The slow depolarization observed in
bursting cells could result from synaptic
input from an electrically coupled neuron
that was brought above firing threshold by
the current injection and had an excit-
atory chemical synapse onto the patched
neuron. Self-termination of bursts could
be explained by feedback-inhibitory input
from a Renshaw-like neuron (Curtis and
Ryall, 1964), and the oscillation frequency
could be explained by latency due to a
muscarinic synapse (McCormick and
Prince, 1985). Finally, while the spinal lo-

comotor network is inactive when the lar-
val zebrafish is not swimming, the authors
demonstrate that motor neurons have
intraspinal collaterals (Menelaou and
McLean, 2012, their Fig. 3) that may make
synaptic contact with other neurons and
activate small neuronal networks.

The authors’ findings have important
implications for the study of locomotion.
The authors provided a detailed map of
the anatomical and electrophysiological
properties of the motor neuron pool in
the larval zebrafish, which will guide fu-
ture studies in the mechanisms of larval
zebrafish steering and prey capture. The
authors also found that, even at larval
stages, zebrafish motor neurons exhibit a
broad continuum of electrophysiological
properties. While the basis for these prop-
erties remains unclear, their early appear-
ance and persistence into adulthood
suggest that they play an important role in
shaping behavior.
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