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As a first step in the study of the developing motor circuitry of
the embryonic zebrafish spinal cord, we obtained patch-clamp
recordings in vivo from identified motoneurons in curarized
embryos from the onset of the first motor behavior. At an early
developmental stage in which embryos showed slow and re-
petitive spontaneous contractions of the trunk, motoneurons
showed periodic depolarizations that triggered rhythmic bursts
of action potentials with a frequency and duration that were
consistent with those of the spontaneous contractions. The
periodic depolarizations were blocked by tetrodotoxin or Cd21.
Surprisingly, the contractions and periodic depolarizations were
insensitive to general blockade of synaptic transmission (by
elevated Mg21 and reduced Ca21, or by Co21) and to selective
blockade of the major neurotransmitter receptors of the mature
spinal cord (acetylcholine, GABAA, NMDA, AMPA/kainate, and
glycine). The periodic depolarizations were suppressed by hep-

tanol or by intracellular acidification, treatments that are known
to uncouple gap junctions, indicating that electrotonic syn-
apses could underlie the earliest motor behavior. A few hours
later, most motoneurons already showed a new pattern of
repetitive activity consisting of bursts of glycinergic synaptic
events, but these were not necessary for the spontaneous
contractions. Transecting the spinal cord at the hindbrain bor-
der did not affect the rhythmic activity patterns of the motoneu-
rons. We suggest that spontaneous contractions of the ze-
brafish embryo are mediated by an early spinal circuit that is
independent of the main neurotransmitter systems and de-
scending hindbrain projections that are required for locomotion
in the mature vertebrate spinal cord.
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An important aspect of basic and clinical neuroscience is under-
standing the development of the spinal circuits that result in
locomotion. It is important to determine the earliest events dur-
ing synaptogenesis because they likely constitute the backbone for
the elaboration of mature circuits and may provide information
on fundamental principles of circuit formation common to all
vertebrates. The cellular neurophysiology of spinal circuits has
been studied in embryonic chick (Chub and O’Donovan, 1998),
fetal rat (Ozaki et al., 1996), neonatal rat (Bracci et al., 1996;
Cazalets et al., 1996), late embryos of Xenopus (Roberts, 1990),
and adult lamprey (Grillner et al., 1991). In all of these species,
glutamate was suggested as the major excitatory transmitter, and
glycine and GABA were suggested as the major inhibitory trans-
mitters. In addition, a role for electrotonic synapses has been
proposed at early stages of neural development (Feller, 1999).
However, it remains to be determined how the neural circuits are
first established from the beginning of synaptogenesis and how
the networks underlying embryonic behaviors are transformed to
produce mature locomotion.

The availability of locomotor mutations in the zebrafish em-
bryo (Granato et al., 1996) offers a unique opportunity to analyze
spinal cord development at both the cellular and molecular ge-

netic level, particularly if the architecture of the underlying cir-
cuits can be defined. Zebrafish embryos have stereotyped and
reproducible developmental stages when raised at 28.5°C (Kim-
mel et al., 1995) and show stereotyped motor behaviors (Kimmel
et al., 1995; Saint-Amant and Drapeau, 1998). The first motor
behavior, which is the focus of this study, consists of side to side
contractions of the embryo at 17 hr after fertilization that peak in
frequency at 19 hr and decline progressively over the course of
6–7 hr.

The spontaneous contractions appear at a time at which few
neurons have extended axons in the spinal cord (Bernhardt et al.,
1990; Kuwada et al., 1990). These neurons have been classified as
seven types of interneurons as well as three primary motoneu-
rons. The first motoneuron to project from the spinal cord is the
caudal primary motoneuron (CaP) at 17 hr, followed within 1–3
hr by its more rostral counterparts, the middle primary motoneu-
ron (MiP) and the rostral primary motoneuron (RoP). The CaP,
MiP, and RoP specifically innervate the ventral, dorsal, and
middle muscle mass, respectively, in each somite (Myers et al.,
1986). However, it is not known whether the motoneurons are
intrinsically active or whether a central pattern generator drives
them. As a first step in characterizing the neural basis for the
earliest motor behavior, we recorded from motoneurons in vivo
from wild-type embryos aged 19–24 hr using recently developed
patch-clamp techniques (Drapeau et al., 1999). We did this in-
stead of recording from the minute ventral roots, which at this
stage contain only one to three axons that are migrating between
muscle fiber layers. We observed two fundamental types of sub-
threshold activities and describe their development and contribu-
tions to the early motor behavior of the zebrafish embryo.

Received Dec. 23, 1999; revised March 6, 2000; accepted March 14, 2000.
This work was supported by a Medical Research Council (MRC) of Canada

Studentship to L.S.-A. and by grants from the MRC and Natural Sciences and
Engineering Research Council of Canada to P.D. We thank Drs. C. Bourque, P.
Carlen, and R. Levine for useful discussions.

Correspondence should be addressed to Dr. Pierre Drapeau, Department of
Neurology, Montréal General Hospital, 1650 Cedar Avenue, Montréal, Québec,
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These results have been published in part in abstract form
(Saint-Amant and Drapeau, 1998).

MATERIALS AND METHODS
Dissections. Embryos were obtained from a zebrafish colony maintained
according to established procedures (Westerfield, 1995). Newly fertilized
eggs were raised overnight at 26°C, and once the embryos had 18 somites
(corresponding to 18 hr of development) they were incubated until the
start of the experiments at 28.5°C, the standard temperature for staging
zebrafish. All procedures were performed in compliance with the guide-
lines stipulated by the Canadian Council for Animal Care and McGill
University. We used zebrafish of the Longfin line. The embryos and
larvae were anesthetized and paralyzed, and the muscles overlying two
to three somites in the rostral third of the trunk were removed after mild
collagenase treatment to expose the spinal cord, as described by Drapeau
et al. (1999).

Solutions and recordings. In early experiments (n 5 88) the recording
solution consisted of (in mM): 145 NaCl, 1.5 KCl, 2 CaCl2, 1 MgCl2, 26
NaHCO3, 1.25 NaH2PO4, 10 glucose, and 0.01 D-tubocurarine, 330
mOsm, pH 7.2, and gassed with 95%O2/5%CO2 (Legendre et al., 1994).
In later experiments (n 5 97) we used a recording solution (Drapeau et
al., 1999) that was modified from Evans (1979) and consisted of (in mM):
134 NaCl, 2.9 KCl, 2.1 CaCl2, 1.2 MgCl2, 10 glucose, 0.01
D-tubocurarine, 290 mOsm, pH 7.8. Both solutions yielded similar elec-
trophysiological results in embryos with regard to the frequency of events
recorded in neurons and thus were pooled for subsequent analysis, but
the Evans solution (which lacks HCO3

2) gave more consistent chloride
reversal potentials and was used particularly for amplitude measure-
ments. The low Ca 21/high Mg 21 solution consisted of (in mM): 120
NaCl, 1 CaCl2, 10 MgCl2, and the other components were the same as
the Evans solution described above. In some experiments, tetrodotoxin
(TTX; 1 mM, Sigma, St. Louis, MO), kynurenic acid (2 mM, Sigma),
CNQX (5–10 mM, RBI, Natick, MA), APV (40–80 mM, RBI), cobalt (2–4
mM, Sigma), cadmium (100–250 mM, Sigma), heptanol (1.5 mM, Sigma),
strychnine hydrochloride (1 mM, Sigma), NH4Cl (20–30 mM, Sigma;
added from an isosmotic stock solution),or a-bungarotoxin (10 mM,
Sigma) was added to the superfusion solution.

We used standard whole-cell recording techniques (Hamill et al., 1981)
in vivo (Drapeau et al., 1999) at room temperature (22°C). The record-
ings usually lasted ;30 min. Patch-clamp electrodes were pulled from
thin-walled, Kimax-51 borosilicate glass (;5 MV resistance) and filled
with a potassium gluconate solution consisting of (in mM): 105 potassium
gluconate, 16 KCl, 2 MgCl2, 10 HEPES, 10 EGTA, 4 Na3ATP, 273
mOsm, pH 7.2. The pipette solution had a junction potential of 5 mV that
was corrected for. Although active currents could not always be clamped,
synaptic currents were effectively space-clamped in these small neurons
(Drapeau et al., 1999). In some experiments, the membrane-impermeant
sodium channel blocker QX-314 was included in the pipette to block
action potentials selectively in the motoneuron recorded from. The
lateral surface of the spinal cord was observed under a 403 water-
immersion objective modified for Hoffman modulation optics. All em-
bryonic motoneurons were labeled during whole-cell experiments for
unequivocal identification by including either 0.1% Lucifer Yellow or
sulforhodamineB (Sigma) in the patch pipette, and micrographs were
taken of the living preparations before or after removal of the pipette.
Whole-cell voltage or current was recorded with an Axopatch-1D ampli-
fier (Axon Instruments), filtered at 2–5 kHz (23 dB), and digitized at
20–50 kHz. Data were acquired with pClamp 6.0 software (Axon Instru-
ments) and analyzed off-line with Axograph 3.5 and Axoscope software
(Axon Instruments). The recordings were not analyzed if the resting
potential was more positive than 240 mV or if the input resistance was
below 500 MV. Student’s t tests were performed to assess the significance
between means of paired data.

Behavioral pharmacology. For injections of drugs, dechorionated em-
bryos were immobilized in 1% low melting point agarose (Sigma) dis-
solved in embryonic medium (Westerfield, 1995). A saline solution con-
taining Fast Green and the drug of choice was injected into the yolk or
forebrain using a Picospritzer (General Valve, Fairfield, NJ). The em-
bryos have no blood circulation before ;23 hr of development; therefore
fast green was used to monitor the diffusion of the solution to the trunk
of the embryo. The drugs were used at 25–50 times the concentration
used for bath application. The embryos were then freed from the agarose,
and their motions were recorded on videotape.

RESULTS
Cell-attached recordings
Embryos were paralyzed with either D-tubocurarine or
a-bungarotoxin to permit neuronal recordings. Neither agent
appeared to affect cell firing patterns or synaptic activity (see
below) in the embryos, which was also observed during prelimi-
nary recordings from larval motoneurons (Buss et al., 1999).
When recording extracellularly from motoneurons in the cell-
attached configuration, no activity was seen until 19 hr, when
repetitive bursts of (extracellular) action potentials were first
observed (Fig. 1A). Although these extracellular recordings pro-
vide less information, they are less invasive than whole-cell re-
cordings and could therefore reflect more accurately the mo-
toneuron firing patterns in the intact animal. Recordings were
obtained from 25 different motoneurons in embryos aged 19–24
hr. The bursts changed considerably in appearance and frequency
during this brief, 5 hr time interval. This is illustrated in Figure
1A, which shows sample recordings obtained at different times in
development. The bursts occurred with a peak frequency of
0.40 6 0.09 Hz at 19 hr and then decreased significantly to 0.11 6
0.01 Hz at 24 hr (Fig. 1B, F) ( p , 0.05). These values were not
significantly different from the measurements obtained in our
previous behavioral study of contraction cycle frequencies for
each time point, which suggests that each burst could underlie one
of the slow coiling contractions seen in the embryos. (Fig. 1B, E;
from Fig. 2 of Saint-Amant and Drapeau, 1998). The number of
action potentials in each burst increased rapidly from 1.7 6 0.4
spikes at 19 hr to 11 6 2 spikes at 24 hr (Fig. 1C). The mean
duration of the bursts from 20 to 24 hr was 340 6 19 msec (n 5
21 cells). No variation in the duration of bursting attributable to

Figure 1. Cell-attached recordings from motoneurons in embryos aged
19–24 hr. A, Examples of recordings at 19, 21, and 24 hr. Note the
different amplitude scales, and as the embryos matured the bursts con-
tained more spikes. B, The average frequency of cell-attached bursts (F)
had similar values and showed the same decline as the frequency of
contractions in freely moving embryos (E) (from Saint-Amant and
Drapeau, 1998). C, The number of spikes per burst increased dramatically
during this short time span of development. D, The mean instantaneous
frequency of spikes within bursts increased significantly from 19 to 24 hr.
The asterisks show a significant increase from 19 hr ( p , 0.01). In this and
all other figures, *p , 0.05 and **p , 0.01.
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maturation was detected, and no significant difference in burst
duration was observed between any of the age groups. As the
number of spikes per burst increased with age but the burst
duration remained constant, the spiking frequency within the
bursts increased progressively from 14 6 2 Hz at 19 hr to 43 6 4
Hz at 24 hr ( p , 0.01) (Fig. 1D). These sharp increases in
extracellular spike frequency and amplitude (Fig. 1A) presumably
reflect the addition of sodium channels in the maturing
motoneurons.

Whole-cell recordings from motoneurons
The patch of membrane under the pipette was ruptured to pass to
the whole-cell recording configuration in 61 cells. Lucifer Yellow
or sulforhodamineB was included in the pipette for identification
of all cells. At the earliest stages (,19 hr), cells that were
obtained lacked axons, action potentials, synaptic activity, and
rhythmic activity (data not shown). Motoneurons were identified
on the basis of their size, ventral location, and axonal projections
to the musculature (Myers et al., 1986). Figure 2 shows a RoP at
20 hr (A, D), a MiP at 22 hr (B, E), and a CaP at 20 hr (C, F).
Motoneurons with axons that exited the ventral roots showed
action potentials and also displayed rhythmic subthreshold activ-
ities, as described below. Two types of spontaneous activity
patterns were observed, and the detailed justification for naming
each type will be provided below. Because all motoneurons
showed similar activity patterns, we have grouped the data to-
gether. This activity was highly regular, did not contain long
pauses or periods of hyperactivity, and persisted throughout the
recording period.

The first type of activity observed, under voltage clamp, was a
periodic inward current (Fig. 3A,C, PIC) consisting of low am-
plitude (,20 pA) inward current steps of long duration (400–600
msec) followed by smaller, transient outward currents. Small
spikelets were usually seen during the periodic inward current.
The second type of activity observed was a burst of synaptic
events, or synaptic burst (Fig. 3B,D, SB), in which each synaptic
event within a burst was larger in amplitude and faster in time
course than the episodes of periodic inward current. However, the
total duration and frequency of the synaptic bursts were compa-
rable to the periodic inward currents. When recorded in current-
clamp mode, the periodic inward currents gave rise to periodic
depolarizations, whereas the bursts of synaptic currents led to
bursts of synaptic potentials. Quantitative measurements, such as
amplitude and duration, were always performed in voltage clamp
because the two activity patterns were easier to distinguish and
the currents (being independent of input resistance) were a more
reliable source of data for comparisons.

The periodic inward currents were present in all of the record-

Figure 2. Examples of the three types of motoneurons recorded from.
A–C, Fluorescence images (Lucifer yellow). In all cases the axons reached
out of the plane of focus to project between the two overlying muscle
layers. D–F, The same cells photographed in bright-field with Hoffman
modulation optics. A, D, A RoP motoneuron at 24 hr. The axon projected
caudally (to the right) from the cell body toward the ventral border of
the spinal cord (dotted line) and then projected out of the spinal cord via
the ventral root to the midline muscle mass. B, E, A MiP motoneuron at
22 hr. The axon projected caudally, exited the ventral root, and projected
to the dorsal muscle mass. C, F, A CaP at 20 hr. The axon projected
directly to the ventral root, exited, and headed for the ventral muscle.
Scale bar, 25 mm.

Figure 3. Whole-cell voltage-clamp recordings of motoneurons at 19 and
24 hr. A, Recording at 19 hr showing only periodic inward currents (PIC).
B, A recording at 24 hr showing both PIC and synaptic bursts (SB). C, D,
Segments from the recording in B are shown on an expanded time scale.
PICs were composed of a slow and low amplitude inward current followed
by a smaller, transient outward current (seen more clearly in A and B).
SBs were composed of synaptic currents of large amplitude, and each
event had a rapid time course. E, Age of onset of each activity pattern.
The graphs display the percentage of the cells expressing each type of
activity versus the age at which the recording was made. PICs (F) were
present in all of the earliest recordings. SBs (£) appeared later than the
waves but were nevertheless present in most of the cells by 21 hr. The
numbers above each point indicate the number of cells recorded from for
each age group.

3966 J. Neurosci., June 1, 2000, 20(11):3964–3972 Saint-Amant and Drapeau • Motoneuron Activity in the Zebrafish Embryo



ings from the earliest time obtained (19 hr); the synaptic bursts
appeared only in a low percentage of cells at 20 hr and then
gradually increased in occurrence over the course of 2 hr (Fig.
3E). There appeared to be some degree of alternation between
synaptic bursts and periodic inward currents. To estimate the
degree of alternation, we examined each event in 5 min record-
ings from each of three embryos at different ages. A value of 0 was
assigned if an event was followed by one of the same type, or a
value of 1 was assigned if an event was followed by a different type
of event. Thus, an overall value of 0.5 would indicate random
alternation between periodic inward currents and synaptic bursts.
We found an overall value of 0.7 at 20–22 hr and 0.5 at 23–24 hr,
indicating that alternating activity patterns were more likely in
young embryos but later became more randomized because of
misalternation. After 23 hr, uncommon events (,5%) appeared
to be mixed bursts consisting of overlapping episodes of periodic
inward currents and synaptic bursts (data not shown). We de-
scribe the features of each of the two major activity patterns in
turn below.

Periodic depolarizations
In current-clamp recordings (Fig. 4A) the periodic depolariza-
tions gave rise to a burst of spikes, followed by an afterhyperpo-
larization. In this example from a young (20 hr) embryo, only
periodic depolarizations were detected. When in voltage clamp,
the same cell showed periodic inward currents (Fig. 4B). Periodic
depolarizations (or periodic inward currents in voltage clamp)
were seen in all of the whole-cell recordings (n 5 61) at all ages.
As with the duration of the cell-attached bursts, the duration of
periodic inward currents did not vary significantly from 19 hr
(468 6 17 msec) to 24 hr (417 6 61 msec). Periodic inward
currents had average peak amplitudes of 210 6 1 pA (n 5 27
cells) at a holding potential of 260 mV. Although there was a
trend toward smaller peak amplitudes at more depolarized hold-
ing potentials, this decrease was not significant from 260 to 230
mV (Fig. 4B,C). Reversal of the events was attempted with 4 mM

QX-314 in the pipette to block action potentials, but the baseline
noise increased at membrane potentials positive to 220 mV and

consequently the periodic inward currents became undetectable.
Although we did not observe a significant dependence of the
current amplitude on holding potential, variations in membrane
voltage did have an effect on the frequency of the periodic inward
currents. Stepping the membrane voltage from 260 mV to 240
mV resulted in a significant increase in instantaneous frequency
of 61% (n 5 11, p , 0.001). Conversely, changing the membrane
potential from 260 mV to 280 mV resulted in a significant
decrease in frequency of 32% (n 5 11, p , 0.01).

The peak amplitude at 260 mV did not change significantly
with development from 19 hr (28 6 3 pA) to 24 hr (212 6 2 pA)
(Fig. 4D). Like the behavioral frequency of contractions, the
frequency of periodic inward currents decreased with develop-
ment, with a peak at 0.37 6 0.09 Hz at 19 hr that decreased to
0.14 6 0.02 Hz at 24 hr ( p , 0.01) (Fig. 4E). As expected, the
frequencies of periodic depolarizations at each age were not
significantly different from the spike burst frequencies observed in
cell-attached recordings. Periodic depolarizations were the only
activity patterns observed at 19 hr that generated spiking activity
in the motoneurons, suggesting that they alone could underlie the
spike bursts seen in the motoneurons and consequently the be-
havioral contractions. The input resistance of the cells also de-
creased with development, with the peak resistance dropping
from 2.5 6 0.2 GV at 20 hr to 1.2 6 0.1 GV by 24 hr (Fig. 4F)
( p , 0.05) and reaching 0.49 6 0.06 GV by 2–3 d (Drapeau et al.,
1999).

Synaptic bursts
Synaptic bursts appeared later than periodic depolarizations,
never triggered spikes in current-clamp recordings (Fig. 5A), and
consisted of large and fast individual current events in voltage-
clamp recordings (Fig. 5B). From 20 to 24 hr, the frequency of
synaptic bursting was not significantly different from that of the
periodic inward currents, and like the periodic inward currents
the duration of synaptic bursts did not change significantly with
development, with an average of 378 6 28 msec (n 5 17). In
contrast to the periodic inward currents, the mean peak ampli-
tude of synaptic bursts (estimated as the average of 10–20 events

Figure 4. Properties and maturation of
periodic inward currents. A, Current-clamp
recording from a motoneuron at 20 hr
showing only periodic depolarizations. The
baseline was at 255 mV, and spikes were
generated during the episodes of periodic
depolarizations. B, Voltage-clamp record-
ings from a 20 hr motoneuron at different
holding potentials. C, Normalized ampli-
tude versus membrane voltage (n 5 7
cells). The amplitude of episodes of peri-
odic inward currents changed little over a
substantial voltage range. D, The amplitude
of the periodic inward currents (at a hold-
ing potential of 260 mV) did not change
significantly from 19 to 24 hr and was ap-
proximately 210 pA. E, Average frequency
of periodic inward currents sampled at dif-
ferent ages. As for the behavior, there was
a gradual decrease in the average fre-
quency over time. F, The input resistance
of the motoneurons decreased significantly
from 20 to 24 hr.
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detected in several consecutive bursts) was markedly affected by
changes in the holding potential of the cells (Fig. 5B,C). Events
decreased in size when the cells were depolarized and reversed
polarity at 238 6 4 mV (n 5 8) (Fig. 5C). Because the estimated
reversal potential for chloride is 249 mV, assuming complete
dialysis of the cells with the intracellular solution, this suggests
that the synaptic events are caused mainly by increases in chloride
conductance. During development, the mean peak amplitude of
synaptic events recorded at 260 mV increased from 210 6 3 pA
at 20 hr to values greater than 260 pA by 22 hr (Fig. 5D). The
amplitude values obtained after 21 hr were variable, however, and
were not significantly different from each other but were signifi-
cantly larger than the values at 20 and 21 hr. Three of the 11 cells
recorded at 20 hr, the earliest time of occurrence of synaptic
bursts, showed no events at 260 mV, but hyperpolarizing them to
2100 mV unmasked synaptic bursts (data not shown). This sug-
gests that the events were present in some cells at 20 hr but were
of such low amplitude at the resting potential that the currents at
these presumably immature synapses were sometimes lost in the
noise. Interestingly, the intraburst synaptic event frequency was
similar to the cell-attached spiking frequencies, increasing from
11 6 3 Hz at 20 hr to 51 6 12 Hz at 24 hr (Fig. 5E).

The synaptic events were caused by inward currents under
resting conditions, as detected in cell-attached (extracellular)
recordings of capacitive currents conducted through the patch of
membrane under the electrode seal. In these recordings, the
events had polarities similar to the initial current during an action
potential (Fig. 5F). This suggests that the intracellular chloride
concentration is normally high, as is typically the case in neurons
of vertebrate embryos (Cherubini et al., 1991; Singer et al., 1998).
It is interesting to note that the instantaneous frequency of the
synaptic bursts showed responses to changes in membrane poten-
tial, which were the opposite of what was seen with periodic
inward currents. Stepping the membrane potential from 260 mV
to 240 mV resulted in a small but significant decrease in fre-
quency of 19% (n 5 11, p 5 0.008). In contrast, changing the
membrane potential from 260 mV to 280 mV resulted in an
increase in frequency of 18% (n 5 11, p 5 0.03).

Effects of spinalization on activity patterns
We showed previously (Saint-Amant and Drapeau, 1998) that
spinalization did not affect the spontaneous contractions. In this
study, complete isolation of the spinal cord from the hindbrain
failed to affect the periodic inward currents and synaptic bursts as
measured by their durations, amplitudes, and frequencies (n 5 8).
These results indicate that a local, spinal circuit mediates the
periodic depolarizations and synaptic bursts.

Pharmacology of activity patterns
Various specific antagonists of the major transmitters of the
mature vertebrate spinal cord were used to assess the nature of
the transmitters mediating the different activity patterns. As men-
tioned above, D-tubocurarine and a-bungarotoxin had no notice-
able effects, indicating that cholinergic inputs were probably not
participating in the generation of periodic depolarizations. Glu-
tamatergic blockers (2 mM kynurenic acid, 40 mM APV, 10 mM

CNQX) did not block the periodic inward currents (n 5 10) or
the synaptic bursts (n 5 6) (Fig. 6A). Several lines of evidence
suggest that these blockers are effective at blocking glutamate
receptors in zebrafish. First, the same concentrations of blockers
eliminated spontaneous miniature events as well as touch-evoked
contractions that were observed in embryos aged 22–24 hr (our
unpublished observation). Second, these blockers eliminated
miniature EPSCs in older larvae (Ali et al., 2000). Finally, these
compounds were also shown to block rhythmic activity in mo-
toneurons of zebrafish larvae (Drapeau et al., 1999). Taken to-
gether, these results indicate that an effective block of both
spontaneous and evoked chemical synaptic activity by CNQX,
APV, and kynurenic acid did not prevent the generation of
periodic depolarizations in the early embryos.

To test whether inhibition could support rhythmic activity, we
examined the effects of glycinergic and GABAergic antagonists.
Addition of strychnine (1 mM) to the bath did not affect the
amplitude of periodic inward currents (n 5 10) but resulted in the
almost complete (and reversible) loss of synaptic bursts (Fig. 6B).
These results indicate that the bursts of synaptic events are
glycinergic, whereas neither glycine nor glutamate mediates the
periodic inward currents. In addition to the periodic inward

Figure 5. Properties and maturation of syn-
aptic bursts. A, Current-clamp recording
from a motoneuron at 24 hr. B, Recordings
from a 22 hr motoneuron at different holding
potentials. C, Normalized amplitude versus
membrane potential (n 5 8 cells). The mean
amplitude of synaptic potentials decreased
with increasing voltage and reversed near
240 mV. D, The amplitude of synaptic
events was low (,20 pA) at 20 and 21 hr but
increased dramatically by 22 hr. E shows that
the mean instantaneous frequency increased
dramatically from 11 Hz at 20 hr to 51 Hz. F,
In some cell-attached recordings, synaptic
bursts could be detected (SB, top trace) and
were found to result from a current with the
same polarity as the sodium current during
action potential bursts (APB, bottom trace;
note the different scale).
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currents, small, residual currents were sometimes observed in the
presence of strychnine (Fig. 6B), suggesting that they may have
coincided with the synaptic bursts. Similar small events were
observed in some cells, even in the absence of strychnine, when a
small inward current occurred during the burst of synaptic activ-
ity (Fig. 5B). (Their possible source will be considered in Discus-
sion.) Addition of both glycinergic and glutamatergic antagonists
was also without effect on the periodic inward currents or the
small, residual events (n 5 9). The effects of bicuculline were next
examined to assess whether GABA receptors played a role in the
generation of periodic inward currents. Bicuculline (25 mM) did
not block periodic inward currents and synaptic bursts but, par-
ticularly in older embryos, increased significantly the duration of
both types of events (e.g., from 376 6 17 to 627 6 72 msec at 23
hr; n 5 5). Together these observations indicate that none of the
ubiquitous neurotransmitters of the mature spinal cord (acetyl-
choline, GABA, glutamate, and glycine) play a significant role in
initiating the periodic inward currents underlying the early con-
tractions of the embryo.

To test for the possible role of another, unusual type of chem-
ical transmitter released in the embryonic spinal cord and to test
for intrinsic mechanisms in the motoneurons, we applied various
general blockers of synaptic transmission. Calcium channels are
generally implicated in the generation of depolarizations such as
plateau potentials and in the intrinsic pacemaker abilities of some
cells and are crucial for chemical synaptic transmission (Katz and
Miledi, 1967; Kiehn, 1991). Cadmium (Cd21) and cobalt (Co21)
are divalent cations that can nonspecifically block many types of
calcium channels. Adding 200 mM Cd21 in the bath blocked all
rhythmic activity within 60 sec of application (n 5 5). On wash-
out, periodic inward currents returned before the synaptic bursts
reappeared. However, in the presence of 2 mM Co21 (Fig. 6C),
synaptic bursts were reversibly eliminated, whereas periodic in-

ward currents remained (n 5 4). When applied to the bath, the
sodium channel blocker TTX (1 mM; data not shown) inhibited all
activity at all of the embryonic stages examined, including peri-
odic inward currents (n 5 13) and synaptic bursts (n 5 11).
Blocking action potentials selectively in the cell recorded from, by
including impermeant QX-314 (4 mM; data not shown) in the
pipette, eliminated spikes in that cell but had no effect on any of
the motoneuron activity patterns (n 5 4). A similar block of
ventral root activity in fetal rat by TTX and Cd21 has been
observed (Ozaki et al., 1996). The high sensitivity to TTX but not
to QX-314 points to a need for spiking activity in a premotoneu-
ronal network and also to a lack of cell-intrinsic oscillatory
mechanisms that are independent of voltage-sensitive sodium
channels. Finally, a solution containing a low concentration of
Ca21 and a high concentration of Mg21 was used. The low
Ca21/high Mg21 solution significantly reduced the amplitude
and occurrence of synaptic bursts (n 5 7) but did not block the
periodic inward currents (n 5 14) (Fig. 6D), although it caused a
significant increase in the duration of periodic inward currents.
None of these treatments noticeably affected the resting potential.
It is concluded from these experiments that although chemical
synapses underlie synaptic bursts and can modify some parame-
ters of periodic inward currents, they do not seem to be involved
in the generation of periodic inward currents. Because the peri-
odic inward currents were insensitive to Co21 (which nonetheless
blocked synaptic bursts), a calcium conductance different from
the one needed for synaptic transmission may contribute to the
premotor network activity generating the periodic inward
currents.

Because chemical synaptic transmission did not seem to be
responsible for the periodic inward currents, the possible role for
electrical coupling between premotoneurons and motoneurons
during this activity leading to spontaneous contractions was

Figure 6. Pharmacology of activity patterns. A,
CNQX, kynurenate, and APV (5 min) had no
effect on the rhythmic activity. B, Strychnine
blocked the synaptic bursts but not the periodic
inward currents. C, Cobalt (Co11, 2 mM) blocked
synaptic bursts but not periodic depolariza-
tions. D, Similarly, the low Ca 21/high Mg 21 solu-
tion blocked synaptic bursts but not periodic
depolarizations.
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tested. In a small fraction (3/61) of the recordings, we observed
labeling of another neuron presumably coupled to the motoneu-
ron that was recorded from (data not shown), but these incidences
of coupling were too few to be confident about the presence of
gap junctions. As a more compelling test of whether gap junctions
could play a role in the generation of the periodic inward cur-
rents, the preparation was treated with heptanol, which blocks gap
junctions when applied to the bath at concentrations ranging from
1 to 10 mM (Takens-Kwak et al., 1992). Heptanol (2 mM) blocked
all rhythmic activity (n 5 6). In all experiments, action potentials
could still be elicited in the presence of heptanol (data not
shown), and rhythmic activity recovered on washout of the hep-
tanol, suggesting a benign effect of heptanol on cell physiology,
although other side effects cannot be ruled out. As an indepen-
dent test for gap junctions, we attempted to lower the internal pH
because this is known to block gap junctional coupling (Spray et
al., 1981). An ammonia rebound protocol was used to change the
intracellular pH (Roos and Boron, 1981; Nachshen and Drapeau,
1988). This consisted of washing in NH4Cl to produce an alkal-
ization of the cytoplasm caused by diffusion of permeant NH3,

which can then associate with intracellular H1 ions; washing out
the NH4Cl then produces the reverse, a transient acidification
until all the NH3 has left the cell. After a 3 min control recording,
a concentration of 20–30 mM NH4Cl was washed into the bath for
6 min and then washed out for 15 min (Fig. 7A). During the
wash-in (and presumed alkalization), the cells were depolarized
and the events were of longer duration and larger amplitude, but
the average frequency of periodic depolarization remained con-
stant (n 5 6) (Fig. 7A–C). During the wash-out (and presumed
rebound acidification), the bursting activity nearly ceased; there
was a significant reduction in the average frequency of periodic
depolarizations from 0.26 6 0.04 Hz in the control to 0.06 6 0.02
Hz during the first 6 min of washout (n 5 6) (Fig. 7A–C).
Although neither the heptanol nor the NH4Cl experiments
alone are conclusive, taken together they are consistent with a
role for gap junctional coupling between premotoneurons and
motoneurons.

To correlate the motoneuron activity patterns with the motor
behavior, we examined the effect of various pharmacological
manipulations on the spontaneous contractions in the freely be-
having animal. Strychnine injection or bath application did not
affect the spontaneous contractions (n 5 16). Likewise, injection
of both APV and CNQX had no effect on the spontaneous
contractions (n 5 31). Finally, in the presence of 2 mM heptanol,
the embryos (n 5 16) were completely immotile and recovered on
washout of heptanol, but an effect on electrical coupling between
the muscle cells (Nguyen et al., 1999) may have contributed to the
suppression of the trunk contractions. These results show that
neither glutamatergic nor glycinergic transmission was required
for spontaneous contractions or for their electrophysiological
correlate, the periodic inward currents, and that these may re-
quire electrical connections instead.

DISCUSSION
Spontaneous contractions and
periodic depolarizations
Spontaneous contractions have been known to occur in embryos
of various fishes and were thought to be myogenic in dogfish
(Harris and Whitting, 1954). Observations in zebrafish have
shown that the neuromuscular synapse blockers D-tubocurare and
a-bungarotoxin completely block spontaneous contractions
(Grunwald et al., 1988; Saint-Amant and Drapeau 1998), which

argued for a neural origin of this behavior. On the basis of
observations in other preparations (Roberts 1990; Grillner et al.,
1991; Bracci et al., 1996; Cazalets et al., 1996; Chub and
O’Donovan 1998), we assumed that the spontaneous, alternating
contractions of the zebrafish embryo would be generated by a
combination of glutamatergic excitation and glycinergic inhibi-
tion. In the chick embryo, Chub and O’Donovan (1998) found
that either type of blockers could transiently suppress spontane-
ous network activity in the spinal cord, which could be completely
suppressed only in the presence of both types of blockers. Sur-
prisingly, the spontaneous contractions and motoneuron firing
patterns in the early zebrafish embryo were insensitive to either
glutamate or glycine receptor blockers or both, suggesting a
fundamentally different type of mechanism.

Although two types of activity were observed, periodic depo-
larizations seem to underlie the contractions because they were

Figure 7. Effect of acidification on motoneuron activity patterns. NH4Cl
was transiently applied to modify the intracellular pH of motoneurons. A
shows a current-clamp recording in which a is the preapplication control,
b shows the application of NH4Cl, c shows the block of activity caused by
the early wash-out, and d is the late wash-out and return to control values.
B shows excerpts from A on an expanded time scale. C, Graph showing
the results for an average of six cells.
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present at the earliest stages of development, generated action
potential volleys that were in the frequency range of contractions,
and as with the behavior were unaffected by blockers of glutama-
tergic or glycinergic receptors. Periodic inward currents had small
current amplitudes (;10 pA) that produced large voltage jumps
and spike volleys in current-clamp recordings resulting from the
high input resistance of embryonic motoneurons. The gradual
decrease in input resistance during development could explain
the misalternations of the contractions and their eventual disap-
pearance by reducing the periodic depolarizations below action
potential threshold.

Because the frequency of periodic depolarizations varied with
the membrane potential, this suggested that they could be gener-
ated by mechanisms intrinsic to the motoneurons. Excitatory
plateau potentials recorded in the presence of TTX in adult
lamprey and rats and in embryonic Xenopus (Wallen and Grillner
1987; Hochman et al., 1994; Prime et al., 1999) can be generated
cell-intrinsically by an interaction between bi-stable membrane
properties and activation of NMDA receptors. However, three
observations indicate that this is not the case for the periodic
depolarizations. First, periodic depolarizations were present at
membrane voltages that spanned 280 mV to 220 mV, a range
likely to be too large to be subjected to bi-stable membrane
properties. Second, periodic depolarizations were abolished by
TTX. Third, blockade of NMDA and AMPA receptors had no
effect on the generation of periodic depolarizations. Together
these observations go against an intrinsic mechanism of motoneu-
ron rhythmicity.

We next considered the role of synaptic transmission. Our
inability to reverse the periodic inward currents by changing the
holding potential and the lack of block by a low Ca21/high Mg21

solution suggest that the presynaptic input is not chemically
mediated, leaving the possibility of electrical connections. Con-
sistent with electrical connections, we observed that heptanol and
intracellular acidification (by NH4Cl rebound), known gap junc-
tion uncouplers, blocked the periodic depolarizations, and hep-
tanol also blocked the behavior. We observed only a minute
fraction of dye-coupled neurons. Given the small amplitude of the
presumed junctional currents (,10 pA) and therefore the limited
number of gap junctional molecules, it would not seem unusual to
have had difficulty detecting dye coupling. A similar scarcity of
dye coupling has been reported for pairs of neocortical neurons
showing robust electrical coupling (Gibson et al., 1999) and may
be caused by the presence of dye-impermeant junctions. Electrical
coupling through a small number of junctions could allow the
passage of enough current to bring a high-resistance postsynaptic
neuron to threshold for spike activity but would be expected to
severely attenuate the passage of current during the presynaptic
action potential volley. This would account for the presence of
small, possibly highly filtered spikelets riding on the step currents
during periodic inward currents (Fig. 3C) and for the sensitivity
of the periodic inward currents to TTX.

A widespread distribution of electrical synapses has been ob-
served by electron microscopic examination of adult mammalian
spinal cord (Rash et al., 1996). An important role for electrical
coupling in developing central networks has also been suggested
for other vertebrates (Feller, 1999) and is a common component
of invertebrate central program generators (Simmers et al., 1995).
An electrical network in the early zebrafish spinal cord could
explain why motoneuron depolarization increased the frequency
of periodic inward currents if it reflects electrical coupling. Ac-
cordingly, depolarizing a motoneuron could lead to excitation of

all coupled (e.g., ipsilateral) cells and thus an acceleration of the
network oscillations. Because periodic inward currents were elim-
inated in TTX or Cd21 but not Co21, Co 21-insensitive calcium
entry elsewhere in the premotor network appears to be essential
for the pacemaker activity.

Synaptic bursts and neurotransmitters
Blockers of receptors for glutamate and acetylcholine, the ubiq-
uitous excitatory spinal neurotransmitters, were without effect on
either type of activity pattern or on the contractions. A lack of
cholinergic innervation of motoneurons is not surprising because
they lack collaterals that could contact other motoneurons within
the spinal cord at these stages. Blocking GABA receptors did not
suppress these activities but rather increased the duration of both
types of events. A similar effect was observed with the low
Ca21/high Mg21 solution, suggesting that it may have acted by
suppressing tonic GABA secretion. Tonic GABA release seems
unlikely at first glance given the lack of detectable GABAergic
events. Previous work on reticulospinal Mauthner neurons of the
larval zebrafish hindbrain has shown the presence of abundant
GABAergic terminals by immunoelectron microscopy, but only a
minute fraction of all spontaneous synaptic events were GABAer-
gic (Triller et al., 1997). These results suggest that functionally
immature GABAergic synapses are present and perhaps secrete
GABA in the absence of detectable quantal release, which in turn
could exert a modulatory action on the spinal network. An alter-
native possibility is suggested by the recent observation that
GABA can be co-released with glycine in the mammalian brain
(Jonas et al., 1998) and spinal cord (Chéry and De Koninck,
1999), presumably because of the packaging of both transmitters
in the same synaptic vesicles. If this also occurs in the zebrafish
spinal cord, then perhaps very low (immature) amounts of GABA
are co-released with high (mature) amounts of glycine during
“glycinergic” bursts.

This brings us to consider the other main type of rhythmic
activity observed in older embryos: regular bursts of glycinergic
synaptic events. Synaptic bursts appeared in the majority of
motoneurons at 21 hr, somewhat later than the periodic inward
currents, and these newly formed synapses appeared to mature by
24 hr, as reflected by the increase in current amplitude over this
3 hr period. Because the synaptic bursts never triggered action
potentials and strychnine did not affect the behavior, glycinergic
transmission is unnecessary for generating the contractions. It is
therefore curious that the synaptic bursts occurred at frequencies
similar to the periodic depolarizations.

We speculate that the synaptic bursts are produced by commis-
sural interneurons projecting from the contralateral side. Com-
missural interneurons have been described in the early zebrafish
embryo (Bernhardt et al., 1990) and play a role in midcycle
inhibition during swimming episodes in Xenopus embryos and
adult lamprey (Roberts 1990; Grillner et al., 1991). Reciprocal
inhibition of this type could account for the comparable fre-
quencies of both activity patterns in embryonic zebrafish
motoneurons.

We have indirect evidence supporting the possibility of recip-
rocal inhibition. The frequency of synaptic events within each
synaptic burst was highly similar to the frequency of action po-
tentials recorded in motoneurons during periodic depolariza-
tions. Thus between 20 and 24 hr, glycinergic event frequency
increased from 11 6 3 to 51 6 12 Hz and action potentials
increased from 14 6 2 to 43 6 4 Hz; the values at each time point
were not significantly different. These observations suggest that
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the glycinergic interneurons presynaptic to the motoneurons and
the motoneurons themselves are firing at the same frequency and
undergo a similar developmental maturation. If correct, this
would indicate that a similar network excites the motoneurons
and the inhibitory interneurons, and this may be the case for all
active neurons of the embryonic spinal cord. Accordingly, we
would expect to see an electrical component in addition to the
glycinergic input from the inhibitory interneurons to the mo-
toneurons. This appears to be the case in some recordings in
which a small depolarizing step accompanied the synaptic bursts
(Figs. 5B, 6D) in the presence of strychnine. This interpretation
implies that the periodic depolarizations are the fundamental
activity patterns that underlie both the contractions and the
glycinergic synaptic bursts.

What is observed in the early embryo may be the formation of
an essential component of the central program generator (CPG).
This basic CPG may be modified for swimming later in the larvae
when chemical inputs become predominant. Recordings from
identified spinal interneurons, and in particular dual recordings
with motoneurons, will be required to test this hypothesis and to
define at a cellular level the neural network for spontaneous
contractions.
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