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Summary

Background: Dopamine (DA) has long been known to have
modulatory effects on vertebrate motor circuits. However,
the types of information encoded by supraspinal DAergic neu-
rons and their relationship to motor behavior remain unknown.
Results: By conducting electrophysiological recordings from
awake, paralyzed zebrafish larvae that can produce behavior-
ally relevant activity patterns, we show that supraspinal
DAergic neurons generate two forms of output: tonic spiking
and phasic bursting. Using paired supraspinal DA neuron
and motoneuron recordings, we further show that these firing
modes are associated with specific behavioral states. Tonic
spiking is prevalent during periods of inactivity while bursting
strongly correlates with locomotor output. Targeted laser
ablation of supraspinal DA neurons reduces motor episode
frequency without affecting basic parameters of motor output,
strongly suggesting that these cells regulate spinal network
excitability.
Conclusions:Our findings reveal how vertebrate motor circuit
flexibility is temporally controlled by supraspinal DAergic
pathways and provide important insights into the functional
significance of this evolutionarily conserved cell population.

Introduction

Dopaminergic diencephalospinal neurons (DDNs) are an
evolutionarily conserved population of forebrain neurons that
provide the primary source of dopaminergic (DAergic) innerva-
tion to the vertebrate spinal cord. Numerous pharmacological
and lesion studies have afforded insights into the possible
function of DDNs. These suggest that dopamine (DA) released
by these cells influences somatosensory processing [1, 2],
autonomic output [3], locomotion [4–12], behavioral matura-
tion [8, 13], and spinal network development [14]. However,
one outstanding issue is that relationships between DDN
activity and behavior have not been established. Thus, the
behavioral contexts associated with spinal DA release remain
unknown.

Zebrafish larvae are an ideal model for studying neurofunc-
tional aspects of DDN physiology. These fish develop rapidly,
and all DAergic tracts are established within the first 4 days of
life [15], a stage when animals remain accessible to in vivo im-
aging and electrophysiology approaches. In zebrafish, the
DDNs comprise large-diameter neurons in DC2/DC4 of the
posterior tuberculum and medium-sized, cerebrospinal fluid-

contacting cells within DC5 of the hypothalamus [15–17].
Conserved cell morphology, anatomical location, axonal pro-
jection patterns, and expression of the orthopedia homeobox
gene [15, 18] strongly suggest that these neurons are homolo-
gous to the A11 DAergic cell cluster of the mammalian
forebrain.
Here, we have used in vivo patch clamping to study endog-

enous activity patterns of DDNs recorded from DC2 of awake,
paralyzed zebrafish larvae at 4 days post fertilization (dpf). We
have examined the behavioral contexts that correlate with
DDN activity and studied the behavioral effects of ablating
these neurons. In doing so, we shed light on the role supraspi-
nal DA neurons play in control of vertebrate behavior.

Results

Identification of DDNs for Patch Clamp Recording
To identify DAergic neurons for study, we used ETvmat2:GFP
zebrafish that express GFP in monoaminergic cell populations
of the brain. Previous studies have shown that DAergic
neurons are clearly observable in the diencephalon of
ETvmat2:GFP larvae [19]. Further examination of GFP-labeled
neurons in this region revealed a small cluster (5–7 neurons) of
candidate DDNs in DC2, located toward the anterior border of
the posterior tuberculum (Figures 1A and 1B). These cells
could be readily distinguished from neighboring GFP-labeled
neurons because they had large-diameter somas (10.19 6
0.22 mm; n = 46 cells), were located in a stereotypical position,
and were intensely fluorescent [15, 17, 20].
To confirm that the aforementioned cells were DAergic, we

processed ETvmat2:GFP larvae for anti-tyrosine hydroxylase
(TH) immunohistochemistry. All large, intensely fluorescent
neurons in DC2 co-expressed TH (n = 6; Figure 1C). Although
noradrenergic neurons also express TH, previous studies
show that noradrenergic neurons are restricted to brainstem
regions [15, 20]. Thus, as previously reported [15–17, 20],
TH-positive cells in DC2 are DAergic neurons.
Juxtacellular neurobiotin labeling was used to label individ-

ual DC2 neurons so that axonal projection patterns could be
studied. All labeled neurons (n = 3) branched extensively
near the soma and extended a primary axon that first coursed
dorsally before turning to project caudally (Figures 1D–1F). In
agreement with previous studies [15], branching was also
observed at the level of the hindbrain. Closer inspection re-
vealed that these branches innervated the otic capsule and
the cranial neuromasts (Figure 1G). Additionally, the primary
axon bifurcated within the hindbrain to extend a central pro-
cess through the spinal cord and a peripheral process that
innervated neuromasts of the lateral line (Figures 1F and 1H).
Thus, intensely fluorescent, large-diameter neurons located
in DC2 of ETvmat2:GFP larvae belong to a class of DDNs
that innervate the spinal cord and sensory structures of the
head and trunk (Figures 1I and 1J).

Endogenous Activity Patterns
We next sought to characterize in vivo activity patterns of
DDNs recorded from awake larvae paralyzed with the
neuromuscular blocker d-tubocurarine (see Supplemental
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Experimental Procedures). We began by studying spike
discharge patterns during loose patch recordings, which
permitted non-invasive monitoring of spike activity (see
Supplemental Experimental Procedures). All recorded neu-
rons (n = 36) generated tonic discharge patterns that com-
prised sustained periods of irregular, low-frequency (1.85 6
0.21 Hz; Figures 2A and 2G) spiking. In 78% of these neurons
(n = 28 of 36), tonic spiking was interrupted by bursts of short-
duration (0.65 6 0.05 s; Figures 2B and 2H), high-frequency
(23.03 6 0.77 Hz; Figure 2I) spike discharge. Bursts occurred
as either isolated events (n = 8 of 28 neurons; mean burst fre-
quency = 0.02 6 0.002 Hz; Figures 2B and 2J) or repetitive,
rhythmic events (n = 20 of 28 neurons; mean burst frequency =
0.176 0.03 Hz; Figures 2C and 2J). In both cases, bursts were
typically followed by a period of silence (mean duration =
2.63 6 0.29 s) where spike activity was not observed (Figures
2B and 2C). Following these quiescent periods, spike activity
recovered, and tonic (Figure 2B) or burst (Figure 2C) firing
resumed.
To determine whether tonic and burst modes were coordi-

nated between DDNs, we performed paired loose patch re-
cordings from ipsilateral (n = 8) and contralateral (n = 3) DDN
pairs (Figures S1A–S1C). In ipsilateral recordings, 98% (n =
324 of 332) of bursts occurred coincidentally between cells,
with a mean firing delay of 11.01 6 1.35 ms (Figures S1D and
S1E). Similar observations were made during contralateral
DDN recordings, with 93% of bursts (n = 100 of 108) occurring
coincidentally with one another, although mean firing delay
increased in these cell pairs (58.18 6 11.04 ms, p < 0.001,
Mann-Whitney U test; Figures S1D and S1E). Periods of tonic
spiking also occurred simultaneously in recorded cell pairs,
although individual spikes (Figure S1C) were not highly syn-
chronized between ipsilateral (24.9% 6 5.4%) and contralat-
eral (12.2% 6 9.9%) cells (Figures S1C and S1F). These data
suggest that tonic and burst firing is coordinated between
DDNs within both hemispheres of the brain.
We next used patch clamping to examine the cellular basis

of DDN spike patterns. Recordings were made in the perfo-
rated patch clamp mode to ensure maintenance of cyto-
plasmic integrity during experiments (see Supplemental
Experimental Procedures). During voltage recordings (n =
21), tonic spiking occurred at a frequency of 2.07 6 0.14 Hz
(Figures 2D and 2G) and appeared to be driven by a combina-
tion of spontaneous synaptic activity (Figure 2D) and low-
frequency membrane oscillations that were clearly apparent
during periods of reduced synaptic input (see inset in Fig-
ure 2D). Consistent with loose patch recordings, bursting
occurred as either isolated events (7 of 21 neurons, burst fre-
quency = 0.026 0.01 Hz; Figures 2E and 2J) or rhythmic bouts
(10 of 21 neurons, burst frequency = 0.226 0.04 Hz; Figures 2F
and 2J). In both cases, bursts appeared to arise from powerful
depolarizing inputs that were characterized by brief (0.61 6
0.07 s; Figures 2E, 2F, and 2H) trains of high-frequency
(17.45 6 1.27 Hz; Figure 2I) spike discharge.
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Figure 1. Identification of DDNs in the Diencephalon of ETvmat2:GFP

Zebrafish Larvae at 4 dpf

(A) Ventral (left) and lateral (right) schematic overview of DC2 (dark green)

and DC4/5 (light green) neurons in the diencephalon (dashed line represents

the anterior diencephalic border) of 4 dpf larvae.

(B) Ventral view of GFP-labeled cells in the diencephalon. Prospective DDNs

in DC2 comprise a small cluster of strongly fluorescent, large-diameter cells

(dashed boxes) near the anterior aspect of the diencephalon.

(C) Lateral images of the posterior tuberculum labeled with GFP (green, top)

and anti-tyrosine hydroxylase antibodies (Anti-TH, yellow, middle). Merged

image (bottom) reveals that all large, GFP-positive neurons in the anterior

aspect of posterior tuberculum are immunoreactive for TH.

(D) Lateral view of a GFP-expressing neuron in the anterior posterior tuberc-

ulum (green) labeled with neurobiotin (NB, red) and co-stained with anti-

tyrosine hydroxylase antibodies (Anti-TH, yellow). Merged image (bottom

right) reveals NB-labeled cells are GFP and TH positive.

(E and F) Lower-magnification contrast inverted composite images of the

same NB-labeled neuron in (D) depicting the soma and primary axon in

the diencephalon (E; arrows) and the primary axon (F; arrows) extending

from the hindbrain (HB) to the spinal cord (SC). Extensive axonal arboriza-

tion is observed near the soma (arrow heads in E).

(G and H) At the level of the hindbrain, the primary axon branches into the

periphery, innervating the otic capsule (OC, top in G), cranial neuromasts

(CNM, bottom in G), lateral line (top in H), and trunk neuromasts (TNM, bot-

tom in H). White dashed lines in (G) and (H) mark the OC (top) and CNM and

TNM (bottom). Bottom panels in (G) and (H) depict contrast-inverted image

of NB labeling (left), bright field (middle), andmerged NB-bright field images

(right).

(I and J) Ventral (I) and lateral (J) schematic overviews of DDNs and their

arborization patterns. Axons project caudally into the spinal cord (solid

green lines) and into the periphery (dashed green lines).

In (B)–(H), anterior is left and posterior is right. In (C)–(H), dorsal is up and

ventral is down. Scale bars in (B)–(H) represent 10 mm. (A), (I), and (J) are

not to scale.
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Synaptic Inputs

To determine the nature of synaptic input to DDNs, we
exposed preparations to 1 mM tetrodotoxin (TTX), a voltage-
gated Na+ channel blocker. Under these conditions, spike-
dependent transmission is abolished, revealing the presence
of miniature postsynaptic currents (mPSCs) that occur as a
consequence of spontaneous vesicular exocytosis. The ki-
netics and pharmacology of mPSCs can be used to derive in-
formation about the nature of synaptic input to the recorded
cell. Whole-cell recordings obtained using a CsCl-based
pipette solution (see Supplemental Experimental Procedures)
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Figure 2. Endogenous DDN Activity Patterns

(A–F) Left: representative loose patch (A–C) and

perforated patch clamp (D–F) activity patterns re-

corded from GFP-positive DDNs of awake, para-

lyzed larvae at 4 dpf. Right: excerpts of activity

demarcated by dashed boxes in left panels

shown on an expanded timescale. Inset in (D)

shows underlying slow membrane oscillations

during tonic spiking. Action potentials are trun-

cated (hatched lines). Traces in (A)–(F) are

derived from different preparations.

(G–J) Box-and-whisker plots of tonic action

potential (AP) frequency (G), burst duration (H)

within burst AP frequency (I), and the frequency

of bursting activity (J) obtained during loose

and perforated patch recordings in cells that ex-

hibited primarily tonic spiking (black) or repetitive

bouts of bursting (gray). In (G)–(J), filled circles

depict raw data points; upper and lower hinges

of the box correspond to the first and third quar-

tiles; whiskers extend to 1.53 the interquartile

range; and lines within boxes represent median.

Scale bars for time in panels (A)–(F) are illustrated

in (F). Scale bars for voltage in panels (D)–(F) are

illustrated in (F). See also Figure S1.

revealed the presence of two distinct
mPSC populations that could be sepa-
rated on the basis of sensitivity to syn-
aptic blockers. Addition of picrotoxin
(100 mM; n = 3), a GABAA receptor antag-
onist, isolated a population of mPSCs
that were likely to be glutamatergic
because they were blocked by the
pan-specific glutamate receptor antag-
onist kynurenic acid (2–4 mM; n = 3; Fig-
ures 3A and 3C). Conversely, bath
application of kynurenic acid (2–4 mM)
isolated a second population of events
(n = 6; Figures 3B and 3C). These ap-
peared to be mediated by GABAA re-
ceptors because they were blocked by
the GABAA receptor antagonists picro-
toxin (100–200 mM, n = 3; Figure 3B) or
bicuculline (25–50 mM, n = 3; data not
shown).
In zebrafish and other species, gluta-

matergic and GABAergic mPSCs have
different kinetic properties (R.R. Buss
et al., 1999, Soc. Neurosci., abstract).
Analysis of mPSCs recorded from
DDNs revealed that, as expected, gluta-
matergic events had faster kinetics
than GABAergic events. Specifically,

glutamatergic mPSCs had a 10%–90% rise time of 0.86 6
0.04 ms, a half-width of 2.25 6 0.07 ms, and an amplitude of
15.68 6 0.63 pA. GABAergic events had a similar amplitude
of 14.72 6 0.63 pA (p > 0.05, Student’s t test) but had pro-
longed rise (10%–90% rise time = 2.86 6 0.30, p < 0.001,
Mann-Whitney U test) and decay (half-width = 7.63 6
0.47 ms, p < 0.001, Mann-Whitney U test) times (Figures 3D–
3F). In sum, these observations strongly suggest that DDNs
are innervated by glutamatergic and GABAergic inputs.
To determine how these transmitter systems underpin tonic

and burst firing, whole-cell voltage clamp recordings were
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obtained fromDDNs in awake d-tubocurarine paralyzed larvae
(n = 6). Neurons were voltage clamped at the reversal potential
for chloride (approximately245 mV) and cation-mediated cur-
rents (approximately 5 mV) to isolate presumed glutamatergic
and GABAergic inputs, respectively. Additionally, QX-314
(2 mM) was added to the patch pipette solution to block Na+

channels in the recorded cell, thereby inhibiting action cur-
rents, which may mask synaptic inputs. When clamping at
the chloride reversal potential, presumed glutamatergic
events presented as either irregular synaptic currents or
large-amplitude compound currents (Figure 3G). The latter of
these are likely to drive bursting because they occurred at a
similar frequency (current clamp = 0.30 6 0.06 Hz, voltage
clamp = 0.36 6 0.07 Hz, p > 0.05, Mann-Whitney U) and had
a similar duration (current clamp = 0.49 6 0.02 s, voltage
clamp = 0.41 6 0.06 s, p > 0.05, Mann-Whitney U) to phasic
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Figure 3. DDNs Receive Glutamatergic and

GABAergic Inputs

(A) Addition of picrotoxin (PIC) during whole-cell

DDN recordings of TTX-treated fish isolated a

population of events (left) that were abolished

by application of kynurenic acid (KYN; right).

(B) Addition of KYN isolated a second population

of events (left) that were abolished by addition of

PIC (right).

(C) Overlays of glutamatergic currents isolated

with picrotoxin and GABAergic currents isolated

with kynurenic acid (gray traces). Black traces

represent current averages.

(D–F) Box-and-whisker plots of glutamatergic

and GABAergic mPSC amplitudes (D), rise times

(E), and half-widths (F). In (D)–(F), filled circles de-

pict raw data points; upper and lower hinges of

the box correspond to the first and third quartiles;

whiskers extend to 1.53 the interquartile range;

and lines within boxes represent median.

(G and H) Whole-cell voltage clamp recordings of

endogenous synaptic currents recorded from a

QX-314-dialyzed DDN of awake, paralyzed larvae

clamped at the reversal potential for chloride (G)

or cationic (H) currents.

(I) Voltage recording derived from the same cell

depicting tonic and burst activity. Note that ac-

tion potentials were blocked in the recorded cell

by addition of QX-314 to the pipette solution.

Right panels in (G)–(I) are excerpts (dashed

boxes) of activity shown on an expanded time-

scale. Scale bars for time in (G)–(I) are shown in (I).

depolarizations observed in current
clamp experiments (cf. Figures 3G and
3I). By contrast, when clamping at the
cationic reversal potential, presumed
GABAergic currents were sparse and
irregular (Figure 3H). When considered
in light of our current clamp data, these
findings suggest that compound gluta-
mate release drives bursting while irreg-
ular glutamatergic and GABAergic
release contributes to generation of
tonic firing.

DDNs Spike Autonomously

As membrane oscillations were some-
times apparent during tonic spiking (Fig-
ure 2D), we asked whether DDNs

possess autonomous spike properties, a feature commonly
observed in mammalian DAergic neurons [21]. Cells recorded
with the loose patchmethod (n = 17) were bathed in the synap-
tic blockers kynurenic acid (2–4 mM) and picrotoxin (50–
100 mM). These drugs completely abolished bursting but failed
toabolish tonic spiking (Figures4Aand4B).Whencompared to
recordings conducted in control saline, neurotransmitter-inde-
pendent spiking occurred at a lower frequency, as reflected by
an increase in the interspike interval (ISI; control ISI = 376.896
8.30ms, synaptic blockers ISI = 3285.66 135.29ms, p < 0.001,
Mann-Whitney U test; Figure 4E), and was more regular, as re-
flected by a marked decrease in the coefficient of variation for
the ISI (control ISI = 1.30 6 0.10, synaptic blockers ISI = 0.4 6
0.04, p < 0.001, Mann-Whitney U test; Figure 4F).
Perforated patch clamp recordings (n = 26) confirmed that

DDNs spike in the absence of synaptic signaling. Here,
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co-application of kynurenic acid and picrotoxin abolished syn-
aptic input and burst discharges without altering mean resting
potential (control = 255.19 6 1.28 mV, synaptic blockers =
257.83 6 1.41 mV, p > 0.05, Student’s t test). However, repet-
itive spiking persisted in the presence of these drugs (Figures
4C and 4D). Again, spikingwas lower in frequency (control ISI =
401.25 6 9.90 ms, synaptic blockers ISI = 956.18 6 28.93 ms,
p < 0.001, Mann-Whitney U test; Figure 4G) and more regular
(ISI coefficient of variation: 1.07 6 0.23 in control saline and
0.47 6 0.04 in synaptic blockers, p < 0.001, Mann-Whitney
U test; Figure 4H) than activity in control saline. Thus, we
conclude that DDNs generate low-frequency autonomous
spiking when synaptic transmission is blocked.
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Figure 4. Autonomous Spike Activity in DDNs

(A–D) Left: extracellular loose (A andB) and perfo-

rated (C and D) patch clamp recordings of DDN

activity in awake, paralyzed larvae bathed in con-

trol saline. Traces in (A)–(D) are derived from

different DDNs. Right: effects of kynurenic acid

(2–4 mM) and picrotoxin (50–100 mM) on DDNs

that exhibit tonic and intermittent burst spiking

(A and C) or repetitive burst spiking (B and D).

Note that addition of these blockers unmasks

low-frequency autonomous spiking activity.

(E–H) Box-and-whisker plots showing the effects

of synaptic blockers on interspike interval (ISI;

log scaled) and coefficient of variation in loose

(E and F) and perforated (G and H) patch clamp

recordings. In (E)–(H), filled circles depict raw

data points; upper and lower hinges of the box

correspond to the first and third quartiles; whis-

kers extend to 1.53 the interquartile range; and

lines within boxes represent median.

Scale bars of (A) and (B) are shown in (B); scale

bars of (C) and (D) are shown in (D). See also

Figure S2.

Autonomous spikes were superim-
posed on subthreshold membrane os-
cillations that resembled oscillatory
activity sometimes observed in control
saline (cf. Figure S2A and inset in Fig-
ure 2D). If these events were driven
by voltage-dependent conductances,
oscillation frequency should vary as a
function of membrane potential. To
determine whether this was the case,
we injected holding current into DDNs
recorded in the perforated patch con-
figuration. Injection of hyperpolarizing
current reduced the frequency of oscil-
lations and completely silenced these
events at membrane potentials negative
to 264.67 6 3.71 mV (n = 9; Figures
S2B–S2E). Termination of the hyperpo-
larizing current command also caused
a transient rebound in autonomous
spike frequency (Figures S2C and S2F).
By contrast, depolarizing current in-
creased the frequency of oscillations
and spike discharges, often evoking
doublet or triplet spikes during a single
oscillatory cycle (Figures S2B and S2C)
while release of depolarizing current
transiently decreased action potential

frequency (Figures S2C and S2F). These findings are consis-
tent with the hypothesis that autonomous spiking is driven
by voltage-dependent conductances.

Relationship between DDN Activity and Motor Behavior
Although it is widely assumed that DDNs modulate neural en-
coding of motor activity, the relationship between DDN firing
and motor output has not been investigated. We therefore
sought to define the behavioral contexts associated with tonic
and burst DDN discharges. To do this, we performed simulta-
neous recordings of DDNs (using the loose patch configura-
tion) and spinal motoneurons or muscle fibers (using the
whole-cell configuration; n = 13). At larval stages, zebrafish
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exhibit spontaneous locomotor activity that comprises alter-
nating periods of tail beating that are separated by short glide
periods. In paralyzed larvae, the fictive correlate of this
behavior, termed ‘‘beat-glide’’ swimming, presents as alter-
nating bouts of rhythmic synaptic drive separated by short
silent periods where the membrane potential returns to rest
[22]. Simultaneous DDN-motoneuron or muscle fiber record-
ings revealed that tonic spike activity occurred when animals
were not engaged in locomotor behavior (Figures 5A and
5C). By contrast, burst discharges were rarely observed at
rest: of the 45 burst discharges observed across all experi-
ments, only two occurred during periods of inactivity (data
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Figure 5. Paired Recordings Reveal the Relation-

ship between Spinal Motor Circuit State and DDN

Spike Activity

(A and B) Simultaneous loose patch DDN and

motoneuron whole-cell recordings obtained

from awake, paralyzed larvae at 4 dpf.

(A) During periods of motor network inactivity,

motoneurons (Mn) do not receive rhythmic loco-

motor drive, and DDNs spike tonically.

(B) During episodes of fictive beat-glide swim-

ming, Mn receive repetitive bouts of locomotor

drive during beat periods (denoted by gray bars

in lower trace) that often occur simultaneously

with DDN bursts (denoted by black bars on upper

trace).

(C) Simultaneous loose patch DDN and whole-

cell red muscle (RM) fiber recording show that

DDN bursting (denoted by black bars in upper

trace) coincides with rhythmic bouts of locomo-

tor drive to the muscle (denoted by gray bars in

lower trace).

(D) Plot of delay in onset of DDN burst activity

relative to motor episode onset (bottom) with

box-and-whisker plot of same data (top). Motor

episode occurs at 0 ms (dotted line).

(E) Log-scaled duration of DDN bursts and beat

episodes.

In (D) and (E), filled circles depict raw data points;

upper and lower hinges of the box correspond to

the first and third quartiles; whiskers extend to

1.53 the interquartile range; and lines within

boxes represent median. See also Figure S3.

not shown). However, the incidence of
bursting markedly increased when fish
engaged in fictive locomotion. Specif-
ically, 96% (n = 43 of 45) of bursts
occurred contemporaneously with the
beat component of swimming (Figures
5B and 5C). Nonetheless, a notable pro-
portion of beat episodes (39%, n = 28 of
71) were not accompanied by bursts
(Figures 5B and 5C). Similarly, the dura-
tion of beat episodes (mean beat dura-
tion in absence of DDN burst = 1.53 6
0.5 s, mean beat duration in presence
of DDN burst = 1.57 6 0.44 s, p > 0.05,
Mann-Whitney U test; Figure S3A) or
the following rest period (mean rest
period in absence of DDN burst =
20.3 6 10.7 s, mean rest period in pres-
ence of DDN burst = 16.30 6 3.44 s, p >
0.05, Mann-Whitney U test; Figure S3B)
was not affected by the presence of

DDNbursts. This suggests that DDNs do not regulate the basic
pattern of beat-glide swimming activity.
Examination of the delay between DDN burst onset and

beat episode onset revealed that 77% of DDN bursts (n =
33 of 43) occurred before (mean delay = 74.92 6 12.76 ms)
and 23% (n = 10 of 43) occurred after (mean delay =
119.70 6 60.01 ms) onset of motor activity (Figure 5D). Addi-
tionally, the duration of DDN bursts was, on average, less
variable but not significantly different from beat episodes
(DDN burst duration = 488.5 6 28.56 ms, beat episode dura-
tion = 1710 6 406.8 ms, p > 0.05, Mann-Whitney U test; Fig-
ure 5E). Thus, although bursting is strongly correlated with
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motor output, it is neither necessary nor sufficient for initia-
tion of locomotion.

DDN Ablation Affects Motor Behavior

Since DDN bursting coincided with locomotor output, we
next asked whether abrogation of supraspinal DA signaling
affected expression of locomotor behavior. Previous pharma-
cological, genetic ablation and lesion studies have suggested
that manipulation of DDN activity perturbs zebrafish ex-
pression of beat-glide swimming activity [13]. However,
these interventions may also affect other DAergic and non-
DAergic cell populations, some of which may be involved in
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Figure 6. Effects of DDN Ablation on Zebrafish

Behavior

(A and B) Ventral views of GFP (left), anti-tyrosine

hydroxylase (anti-TH; middle), and merged GFP/

anti-TH (right) labeling in the diencephalon of

control (A) and ablated (B) ETvmat2:GFP larvae

at 4 dpf. Note that the anterior-most neurons cor-

responding to DDNs in DC2 (arrowheads in A) are

absent in ablated fish.

(C) Swimming trajectories of 4 dpf control and

laser ablated zebrafish recorded over a 10 min

period.

(D) Left: cumulative distance that individual con-

trol (black) and laser-ablated (red) fish travel

over the 10 min period. Right: box-and-whisker

plot of total distance traveled in 10 min period

for control and laser-ablated 4 dpf larvae.

(E and F) Raster plots of identified episodes of

beat-glide swimming in non-ablated (E) and abla-

ted (F) 4 dpf larvae over the 10 min recording

(top). Bottom: corresponding regions of raster

plots over an expanded timescale. Each row rep-

resents a single fish during the recording.

(G and H) Box-and-whisker plots of the percent of

time spent beat-glide swimming over the 10 min

observation period (G) and the duration of indi-

vidual beat-glide bouts (H).

(I) Plots of average velocity as a function of time

for bouts of beat-glide activity. At the onset of

the beat period (black arrow), velocity increases

sharply and subsequently declines to baseline

levels during the glide period.

For box-and-whisker plots in (D), (G), and (H),

filled circles depict raw data points; upper and

lower hinges of the box correspond to the first

and third quartiles; whiskers extend to 1.53 the

interquartile range; and lines within boxes repre-

sent median. Scale bars of (A) and (B) represent

10 mm; anterior is left, posterior is right. See also

Figures S4 and S5.

control of motor output. We therefore
sought a more specific method for
disrupting spinal DA signaling. DDNs
are the earliest developing DAergic
neurons of the zebrafish diencephalon,
first forming at around 16 hours post
fertilization (hpf) [19, 20]. As such, we
asked whether laser-ablating GFP-
positive neurons at 1 dpf caused selec-
tive loss of DDNs at larval stages. Since
DC2 neurons were the focus of our
physiological studies, we first attemp-
ted to ablate this cell group. To do
this, we targeted GFP-positive neurons

in the anterior aspect of the posterior tuberculum of 20–24
hpf embryos for laser ablation (Figures S4A and S4B).
Subsequently, analysis of GFP and TH labeling at 4 dpf
(n = 10) revealed a marked reduction in the number of
large-diameter labeled cells in DC2 of the posterior tubercu-
lum (control = 10.5 6 0.37, n = 12; ablated = 1.18 6 0.48,
n = 11; p < 0.001, Mann-Whitney U test; Figures 6A and 6B)
while surrounding GFP-positive cells appeared unaffected
by this treatment. This suggests that ablation of large-
diameter, anteriorly located GFP-positive neurons in the em-
bryo causes selective loss of DDNs in DC2 of zebrafish
larvae.
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We next examined motor activity in ablated fish. During
behavioral analysis, both control (28 of 29) and ablated (19 of
22) larvae exhibited bouts of beat-glide swimming that were
characterized by alternating periods of motor activity and
quiescence (Figures 6C–6F). However, we observed marked
differences in total distance swam. Specifically, non-ablated
larvae covered 72.95 6 9.92 cm (n = 29) over a 10 min period
while ablated fish covered only 30.37 6 9.71 cm (n = 22, p <
0.01, Mann-Whitney U test; Figures 6C–6F). This effect was
clearly apparent in raster plots of individual beat-glide epi-
sodes plotted as a function of time (Figures 6E and 6F). Further
analysis revealed that these changes were caused by a
decrease in the proportion of time spent swimming: on
average, control larvae were engaged in beat-glide swimming
for 15.34% 6 1.75% of the 10 min period while ablated larvae
were active for only 5.81% 6 1.86% of this time period (p <
0.01, Mann-Whitney U test; Figure 6G). However, the mean
duration (control = 0.25 6 0.01 s, ablated = 0.28 6 0.01 s, p >
0.05, Mann-Whitney U test; Figure 6H) and mean peak velocity
(control = 8.35 6 0.59 mm s21, ablated = 7.6 6 0.64 mm s21,
p > 0.05, Mann-Whitney U test; Figure 6I) of beat-glide epi-
sodes were not affected.

We also tested the effects of ablating all large-diameter
GFP-positive neurons in the posterior tuberculum of ETvmat2:
GFP embryos (30–32 hpf). Examination of this treatment group
at larval stages revealed a loss of large-diameter neurons in
DC2, DC4, and DC5 of the posterior tuberculum (n = 12; Fig-
ures S5A and S5B). As a proportion of DC4/5 neurons also
project to the spinal cord [15], we used these fish to examine
the behavioral consequences of more widespread DDN abla-
tion. We found that motor effects were similar to those
observed in DC2 ablated fish. Specifically, episodes of beat-
glide swimming were of a similar duration (control = 0.29 6
0.01 s, DC2 and DC4/5 ablated = 0.26 6 0.03 s, p > 0.05,
Mann-Whitney U; Figure S5H) and velocity (control = 8.35 6
0.64 mm s21, DC2 and DC4/5 ablated = 6.74 6 1.14 mm s21,
p > 0.05, Student’s t test) to controls (Figure S5I). However,
the incidence of beat-glide episodes was dramatically
reduced (Figures S5E and S5F), as reflected by a decrease in
the percentage of time spent swimming (control = 13.5% 6
2.14%, ablated = 0.84% 6 0.34%, p < 0.001, Mann-Whitney
U, Figure S4G) and distance covered (control = 55.75 6
10.61 cm, ablated = 2.27 6 1.00 cm, p < 0.001, Mann-Whitney
U; Figure S4D). Thus, widespread ablation of large-diameter
DAergic neurons in DC2 and DC4/5 suppresses motor activity
without affecting motor patterning.

Discussion

In this study, we have examined the in vivo activity patterns
and functional properties of DDNs within the larval zebrafish
brain. Our main findings are that DDNs generate two forms
of firing activity: tonic firing, which correlates with periods of
inactivity, and burst firing, which correlates with bouts of loco-
motor behavior. Additionally, we demonstrate that DDN abla-
tion reduces locomotor activity without affecting patterning
of beat-glide swimming. For the first time, to our knowledge,
our findings describe the behavioral contexts associated
with DDN firing and provide novel insights into the functional
relevance of these cells.

Endogenous DDN Activity Patterns

Loose patch recordings obtained from awake, paralyzed
zebrafish revealed that DDNs exhibit two modes of firing:

low-frequency (1–2 Hz) tonic spiking and high-frequency
(w20 Hz) bursting, which is followed by a short pause in spike
activity. In the large majority of preparations (78%), DDNs
alternated between these two modes of firing. The remaining
preparations generated purely tonic spike activity, most likely
because they did not express locomotor activity during the
recording period (see below). These activity patterns mirror
those observed during extracellular recordings of mammalian
mesodopamine neurons, which exhibit mixed tonic and burst
firing modes of activity [23–25]. Thus, our observations
suggest DDNs encode information in a manner that is consis-
tent with other DAergic neuron classes of the brain. Addition-
ally, our findings also suggest a high degree of functional
conservation between teleostan andmammalian DAergic neu-
rons, thus underscoring the utility of the zebrafish as a model
for studying physiological aspects of DA signaling.
As larval zebrafish are accessible to in vivo patch clamp

recording, we were able to examine the cellular basis of
endogenous DDN activity patterns. Our voltage clamp data
show that burst discharges appear to be driven by powerful
volleys of glutamate release, whereas tonic spiking is driven
by a combination of regular autonomous spiking and irregular
glutamate and GABA release, which presumably reduces
the regularity of spike discharge. This interpretation is based
on the finding that synaptic blockers abolish bursting and
transform irregular tonic spiking into regular, low-frequency
spiking that is underpinned by membrane oscillations that
cyclically drive cells to spike threshold. Our findings help to
address a longstanding problem associated with the study
of mesodopaminergic pathways: preparations that are typi-
cally accessible to intracellular studies (such as cell and tissue
culture models) invariably generate low-frequency autono-
mous spike activity while extracellular recordings of awake-
behaving animals exhibit tonic and burst spike activity [21]. It
is assumed that these differences arise from a loss of afferent
input in preparations that are accessible to intracellular
recording, resulting in expression of purely autonomous spike
activity. Support for this hypothesis is derived from in vitro
dynamic clamp studies, which show that burst firing can be
elicited by either introduction of N-Methyl-D-aspartic acid
(NMDA) or removal of GABAergic conductances [26–28]. How-
ever, direct in vivo evidence has been lacking. Our in vivo DDN
recordings demonstrate that synaptic input is necessary for
expression of tonic and burst firing but that regular, autono-
mous spike activity is unmasked when synaptic input is
disrupted.
Like mammalian mesodopamine neurons [21], autonomous

DDN spiking is driven by voltage-dependent membrane oscil-
lations that cyclically drive cells to action potential threshold.
Evidence for this comes from the observation that oscillatory
frequency is strongly affected by current injection. Although
the intrinsic conductances underpinning membrane oscilla-
tions have yet to be defined, these findings lend further sup-
port to the hypothesis that both DDNs and mesodopamine
neurons encode information through convergent physiological
mechanisms.

The Functional Relevance of DDNs

Paired recording experiments show that tonic and burst firing
are linked to distinct behavioral states. Specifically, DDNs
spike tonically during periods of inactivity and burst synchro-
nously during periods of locomotor output. These observa-
tions suggest that spinal neurons are exposed to a basal
tone of DA when the animal is at rest but experience large
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transient increases in DA during bouts of locomotion. Correla-
tions between bursting and locomotor output notwith-
standing, two lines of evidence suggest that DDNs are neither
necessary nor sufficient for locomotion: first, not all motor ep-
isodes are accompanied by bursts; and second, burst onset is
variable, sometimes preceding and sometimes proceeding
onset of locomotor output. This strongly suggests that, unlike
descending DAergic pathways that innervate the lamprey
brainstem [29], spinally projecting DDNs do not initiate
locomotion.

Our laser ablation studies provide insights into the behav-
ioral significance of the DDN population. We found that tar-
geted ablation of DC2 neurons, which were the subject of our
physiological analysis, markedly decreased the total time
spent swimming. When DC4/5 neurons were also ablated, we
observed a similar yet stronger effect on motor output.
Although this suggests that DDNs of DC2 and DC4/5 have
equivalent functions, it should be noted that relationships be-
tween DC4/5 neuron firing and motor output have yet to be
demonstrated. Nonetheless, we found that both treatments
did not affect the velocity or duration of individual beat-glide
episodes. This finding, which suggests DDNs regulate spinal
cord excitability without affecting locomotor patterning,
stands in contrast to aprevious study showing reversion to em-
bryonic forms of behavior on block of DA (D4 subtype) recep-
tors, genetic deletion of otpb-expressing neurons, or forebrain
transection [13]. The reasons for this discrepancy remain to be
determined. However, one possible explanation is that the
transection and genetic ablation techniques previously used
to interrogate DDN function may also impact non-DDN cell
populations. For example, transections remove all descending
inputs while chemogenetic ablation of otpb-expressing cells is
expected to ablate non-DAergic neuroendocrine cells [30].
Loss of these neurons may contribute to the previously re-
ported disruption of motor patterning, which is not observed
following laser ablation of DC2 (or DC2 and DC4/5) neurons.

Another important consideration is that tonic and phasic DA
release is likely to have differential effects on the spinal
network. Evidence from computational studies of mammalian
mesodopamine neurons [31] suggests that DA released under
tonic discharge conditions will occupy the majority of high-
affinity D2-like receptors, but the lower-affinity D1-like recep-
tors will remain largely unoccupied. Conversely, during phasic
discharge, DA concentrations will transiently increase. This
will preferentially increase the relative occupancy of D1-like re-
ceptors (because at basal levels, D2-like receptors are already
approaching saturation). During beat-glide swimming, DDNs
undergo repeated cycles of bursting that are separated by pe-
riods of silence. These firing patterns resemble burst-pause
spike activity seen in mammalian mesodopamine neurons,
which are proposed to cause a net decrease in D2-like recep-
tor occupancy and a net increase in D1-like receptor occu-
pancy [31]. In other vertebrates, D1-like receptors facilitate
[6, 9, 32–34] and D2-like receptors depress [6] motor network
activity, while in zebrafish, D1/D4 receptors facilitate and D2/
D3 receptors suppress locomotion [8, 13]. Thus, DA is ex-
pected to have complex and dynamic modulatory actions
that depend on the temporal nature of DDN firing and the loca-
tion of spinal D1-like and D2-like receptors. Future optoge-
netic and targeted genetic ablation methods, such as those
recently used in mammalian mesodopamine studies [35, 36],
hold great promise for delineating the modulatory functions
and behavioral effects of tonic and phasicmodes of DA release
in the vertebrate locomotor network.

Possible Sources of Input to the DDN Population
Although sources of input to the posterior tuberculum have yet
to be fully described, evidence suggests that this region inte-
grates information from a variety of brain areas. For example,
the zebrafish posterior tuberculum receives extensive input
from the olfactory bulb [37], and in the lamprey, olfactory
signals are relayed through the posterior tuberculum to
locomotor-related reticulospinal cells of the hindbrain [38]. The
hypothalamic hypocretin (orexin) system provides another
source of input to the posterior tuberculum. This system, which
hasbeen implicated incontrolling arousal, branchesextensively
within the posterior tuberculum, forming putative synapseswith
TH-positive neurons in this area [39, 40]. Finally, there is also ev-
idence that the posterior tuberculum is innervated by DAergic
neurons of the subpallium [15], a structure considered to be
equivalent to the mammalian basal ganglia. Given this, DDNs
may modulate spinal network excitability in response to a wide
range of behavioral needs. Future anatomical and physiological
studieswill undoubtedly help to define the neural pathways that
drive activity in this forebrain DAergic neuron population.

DDN Input to the Lateral Line

Our neurobiotin labeling experiments revealed that DDNs also
innervate neuromasts of the lateral line. These mechanosen-
sory structures act as distant motion sensors, detecting per-
turbations in water flow. Thus, DDNs are likely to have dual
roles in modulating motor network output and mechanosen-
sory processing. In this context, a possible role for DAergic
signaling is in the gating of lateral line sensitivity during motor
behavior. Zebrafish are known to exhibit reduced sensitivity to
flow perturbations when swimming [41]. Moreover, studies of
dogfish and burbot show that the lateral line receives inhibitory
efferent input and that this structure is inhibited during loco-
motion [42, 43]. These effects are likely to be behaviorally rele-
vant, as they will prevent lateral line activation in response to
self-induced flow perturbations caused by locomotor activity.
Future studies will help to determine whether release of DA
from DDNs has a role in mediating this effect.

Experimental Procedures

Electrophysiology and behavioral experiments were conducted on 4 dpf

(96–110 hpf) ETvmat2:GFP zebrafish larvae. Animals were maintained ac-

cording to established procedures [44] and in compliance with the Animals

(Scientific Procedures) Act 1986. Adult fish were inbred, and embryos were

harvested for incubation at 28.5�C until reaching the required develop-

mental stage. Full experimental details are provided in the Supplemental

Experimental Procedures.

Supplemental Information
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and five figures and can be found with this article online at http://dx.doi.org/
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Figure S1: Firing Activity is Coordinated Between DDNs. Related to Figure 2. (A – C) Paired loose
patch clamp recordings from ipsilateral (A) and contralateral (B) DDN pairs exhibiting bursting activity
and from an ipsilateral DDN pair exhibiting tonic spiking activity (C). Cells are labelled according to the
hemisphere in which they were located (‘R’ = right, ‘L’ = left) and their relative position within the DDN
cluster (1 = most anterior, 5 = fifth most anterior). (D) Box and whisker plot showing the delay in burst
onset between recorded DDNs. In (D) filled circles depict raw data points; upper and lower hinges of the
box correspond to the first and third quartiles; whiskers extend to 1.5 x the interquartile range; and lines
within boxes represent median. (E – F) Plots of synchrony between bursts (E) and synchrony between
tonic spiking during paired recordings (F). In (E – F) filled circles depict raw data points and dotted lines
represent means.
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Figure S2: Autonomous Spiking is Voltage-dependent. Related to Figure 4. (A) Magnified region
showing subthreshold membrane potential oscillations that underpin autonomous DDN spike discharges
in a larvae treated with kynurenic acid (4 mM) and picrotoxin (100 µM). Action potentials in this trace
are truncated (hatched lines). (B) Upper panel: representative perforated patch clamp recording showing
effects of current injection (middle panel) on autonomous spiking in a DDN exposed to kynurenic acid
(4 mM) and picrotoxin (100 µM). Lower panel: log scaled plot of instantaneous spike frequency for the
recording displayed in the upper panel. Note that spike frequency is strongly dependent on the magnitude
of current injection. Black bar in upper panel (Rest) denotes period where no holding current was applied.
(C) Depolarising current steps increase the frequency of membrane oscillations and autonomous spiking
whilst hyperpolarising current steps abolish spiking and slow, or even inhibit, subthreshold oscillations.
Release from negative current causes a transient increase in spike frequency. Inset (dashed box): excerpt
of activity depicting the rising phase of a membrane oscillation that failed to reach spike threshold (black)
superimposed on a membrane oscillation that triggered an action potential (grey). Scale bar in inset
is 1 ms. (D – F) Plots of mean subthreshold oscillation frequency (D), action potential (AP) discharge
frequency (E) and transient rebound AP frequency (F) as a function of current injection magnitude. In (D
– F) data are represented as mean ± SEM.



0

100

200

0

5

10

DDN burst no DDN burstDDN burst no DDN burst

N.S.N.S.

R
es

t d
ur

at
io

n 
(s

)

A B
B

ea
t-s

w
im

 e
pi

so
de

 d
ur

at
io

n 
(s

)

Figure S3: Duration of locomotor activity is unaffected by DDN bursting. Related to Figure 5. (A
– B) Motor episodes occurring in the presence or absence of DDN burst activity have similar beat (A)
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Figure S4: Targeted ablation at 1 dpf causes loss of GFP positive cells. Related to Figure 6. (A
– B) GFP positive cells within the diencephalon of a 20 hpf ETvmat2:GFP larvae (A) were targeted for
ablation. To do this, cells were briefly irradiated with a UV laser which caused the loss of large intensely
fluorescent GFP positive cells (B). Arrow heads indicate cells targeted for ablation. White dashed lines
mark the eyes. Scale bars (A – B) in (B), 10 µm; anterior is left, posterior is right.
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Figure S5: Effects of DC2 and DC4/5 Ablation on Zebrafish Behaviour. Related to Figure 6. (A – B)
Ventral images of the diencephalon of control (A) and ablated (B) ETvmat2:GFP larvae at 4 dpf. Control
fish (A) have a full complement of GFP-expressing cells in DC2 (arrow heads) and DC4/5 (asterisks)
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Swimming trajectories of 4 dpf control and laser ablated zebrafish recorded over a 10 minute period. (D)
Left: cumulative (cum) distance that individual control (black) and laser ablated (red) fish travel over the
10 minute period. Right: box and whisker plot of total distance travelled in 10 minute period for control
and laser ablated 4 dpf larvae. (E – F) Raster plots of identified episodes of beat-glide swimming in non-
ablated (E) and ablated (F) 4 dpf larvae over the 10 minute recording (top). Bottom panels: corresponding
raster plots over an expanded time scale. Each row represents a single fish during the recording. (G –
H) Box and whisker plots of the percent time spent beat-glide swimming over the 10 minute observation
period (G) and the duration of individual beat-glide bouts (H). (I) Plots of average velocity as a function
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Electrophysiology

For all electrophysiology experiments, fish were anaesthetised in MS-222 (0.02 %) dissolved in Evan’s
physiological saline (composition in mM: 134 NaCl, 2.9 KCl, 2.1 CaCl2, 1.2 MgCl2, and 10 HEPES, pH
7.8) and pinned to a Sylgard-lined Petri dish with 25 µm diameter tungsten wires that were inserted
through the notochord. A pair of fine forceps were used to carefully remove one eye so that the under-
lying diencephalon was exposed. The preparation was then transferred to a patch clamp setup and
perfused with Evan’s physiological saline containing glucose (10 mM). To study endogenous activity
patterns in awake larvae, d-tubocurarine (10 µM, Sigma) was added to the extracellular saline. By in-
cluding this neuromuscular blocker we were able to prevent muscle contractions that would normally
disrupt electrophysiological recordings, thereby permitting the study of nervous system activity in awake,
unanaesthetised animals. For recordings of miniature postsynaptic currents (mPSC), the voltage-gated
Na+ channel blocker tetrodotoxin (1 µM, Ascent Scientific) was added to the extracellular saline, thereby
blocking voltage gated Na+ channels to unmask quantal neurotransmitter release. Additionally, in mPSC
experiments a low Mg2+ Evan’s physiological saline (composition in mM: 134 NaCl, 2.9 KCl, 3.3 CaCl2
and 10 HEPES, pH 7.8) was used to alleviate block of NMDA receptors.

Patch clamp electrodes (resistance = 3 – 10 MΩ) were pulled from borosilicate glass (Harvard Apparatus,
UK) using a P-80 micropipette puller (Sutter Instrument, USA). For loose patch recordings, electrodes
filled with Evan’s extracellular saline were used to obtain low resistance (15 – 25 MΩ) seals that enabled
non-invasive observation of extracellular spike discharges. Loose patch methods were also used for
juxtacellular labelling experiments. However in this case, 0.5 % neurobiotin (Vector Labs) was included in
the pipette solution and repeated 0.5 Hz, 500 ms depolarising current commands (approximately 1 nA)
were applied for 30 – 45 min to facilitate transfer of neurobiotin to the cell.

For whole cell recordings of motoneurons and muscle fibres, patch electrodes were filled with a K-
gluconate based solution containing (in mM): 10 HEPES, 10 EGTA, 2 MgCl·6H2O, 10 NaCl, 6 KCl and
126 D-gluconic acid-potassium salt (pH adjusted to 7.2 with KOH). Whole cell methods were also used
for voltage clamp recording of mPSCs. In this case, a CsCl based electrode solution containing (in mM):
10 HEPES, 10 EGTA, 2MgCl·6H2O and 135 CsCl was used. With this solution, the reversal potential for
Cl− ions was strongly depolarised such that GABAergic events could be readily resolved as large inward
currents when clamping at negative membrane potentials (holding potential for mPSC experiments was
-75 mV). In addition, whole cell voltage clamping was also used to study endogenous synaptic drive to
DDNs. In these experiments, QX-314 bromide (2 mM, Tocris) was added to the intracellular K-gluconate
solution to prevent initiation of action currents at holding potentials positive to action potential threshold.
Here, the reversal potential of cationic and chloride currents was experimentally determined by observing
the reversal potential of spontaneous synaptic currents.

For current clamp recordings of endogenous DDN activity, perforated patch clamp methods were used.
We chose this approach because we observed gradual washout of autonomous spiking when in the
whole cell configuration. Here, amphotericin B was dissolved in DMSO to a final concentration of 1 mg
ml−1. The stock solution was subsequently diluted in K-gluconate to a final concentration of 10 µg ml−1.
Amphotericin B stock solutions were discarded and replaced with fresh solution after 12 hours use.

The fluorescent features of the patch clamp microscope (Nikon FN-1) were used to target GFP-labelled
neurons of ETvmat2:GFP fish for electrophysiological recording. During whole-cell experiments, sulforho-
damine B (0.1 %) was routinely added to the patch pipette solution so that projection patterns of recorded
neurons could be examined using fluorescence microscopy. Similar approaches were used for perforated
patch experiments, although in these instances the patch was ruptured after completion of experiments
to facilitate dialysis of the recorded cell. Cells that lacked spinally projecting axons were excluded from
analysis.

Recordings were amplified using a Multiclamp 700B (Molecular Devices, Sunnyvale, CA, USA) amplifier.
Data were digitised with an Axon Digidata 1440A (Molecular Devices, Sunnyvale, CA, USA) A-D converter
connected to a PC running pClamp 10 (Molecular Devices). Raw signals were acquired at 10 - 20 kHz.
During whole cell recordings, signals were low-pass filtered at 10 kHz and during extracellular loose patch



recordings signals were band pass filtered between 1 and 4 kHz.

Electrophysiological analysis was conducted offline using Clampfit (Molecular Devices). For analysis of
mPSCs, a template matching function was used to isolate populations of events. For both extra- and
intracellular recordings of endogenous activity, events were detected using a threshold detection function.
During analysis of bursting activity, bursts were defined as discrete periods of spiking that lasted for 150
ms or longer, comprised three or more spikes and reached an instantaneous frequency of ≥ 20 Hz. To
examine spike rebound, the frequency of spike activity during the first 415 – 450 ms after termination of
the current pulse was monitored. In all recordings, a liquid junction potential of 10 mV was corrected for
during analysis.

Histochemistry

Following juxtacellular neurobiotin labelling (see above) fish were removed from the patch clamp setup
and transferred to Eppendorf tubes containing 4 % paraformaldehyde (Fisher Scientific) dissolved in phos-
phate buffered saline (PBS). After a 90 min fixation period, preparations were rinsed with PBSTX (PBS
containing 0.1 % Triton X-100) and placed in PBSTX solution containing Cy3-conjugated streptavidin
(1:100; Sigma). Fish were incubated in this solution for 12 – 15 h before extensive rinsing in PBSTX
and transfer to blocking solution (composition: 3 % milk powder; 1 % DMSO; 0.1 % Triton-X 100 in PBS)
containing anti-tyrosine hydroxylase antibody (1:100; Molecular Probes). Fish were incubated in primary
antibody for 4 h at room temperature or overnight at 4 ◦C prior to wash and transferred to fresh block-
ing solution containing Cy5-labelled secondary antibodies (1:200; Invitrogen). Fish were then rinsed and
cleared in glycerol prior to mounting on microscopy slides.

Confocal Microscopy and Laser Ablation

Images were acquired on an Olympus FV1000 confocal laser scanning microscope using Fluoview
FV1000 capture software in 1 – 2 µm z-stack increments. For laser ablation studies, 1 dpf (20 – 24
hpf for DC2 ablations; 30 – 32 hpf for DC2/4/5 ablations) ETvmat2:GFP transgenic embryos were em-
bedded in 1.5 % low melting point agarose (Melford) dissolved in egg water containing 0.02 % MS-222.
Individual neurons were sequentially targeted for ablation by drawing a region of interest around the cell
soma using the software features of the confocal microscope. Targeted neurons were irradiated for 20 –
30 s with a UV (405 nm) laser set to 90 % power (50 mW). Successful ablation was confirmed by exami-
nation of GFP fluorescence in live fish at around 2 hours post-ablation and with GFP fluorescence/anti-TH
immunohistochemistry in fixed fish at 4 dpf, once behavioural recordings had been completed.

Behavioural Experiments

Individual 4 dpf larvae were transferred to a darkened recording chamber that contained an overhead
camera (Point Grey DragonFly 2) and an infrared light source for illumination. Fish were allowed to ac-
climatise for 15 minutes before behaviour was recorded for a period of 10 minutes. Digital video (avi
format) recordings were acquired at 15 frames per second using Flycap2 software (Point Grey). Files
were then processed in VirtualDub and converted to the micro fly movie format (ufmf) using any2ufmf
(http://ctrax.sourceforge.net/any2ufmf.html) for subsequent analysis in California Institute of Tech-
nology Fly Tracker (Ctrax, v 0.2.16; [S1]) and Janelia Automatic Animal Behavior Annotator (JAABA, v 0.5;
[S2]). The position and orientation of individual fish was quantified in a semi-automated manner by Ctrax.
Errors in tracking (which occurred at a frequency of ∼ 0.23 per fish per minute of video) were subse-
quently corrected using FixErrors. Using JAABA, the Ctrax-derived position and orientation data were
subsequently classified into behavioural categories. JAABA required an initial training period in which
examples of a given behaviour and non-behaviour (for example, beat and glide swimming or not beat and
glide swimming, respectively) were manually labelled. The machine learning algorithm was then executed
and the output (behaviour or non-behaviour) confirmed by manual inspection and retrained if necessary.



Statistical Analysis

Statistical analyses were performed in R v3.1.1. Normality and scedasticity were first tested. To determine
statistical significance, the two tailed Student’s t-test or Mann Whitney U test was used for normal or non-
normal data respectively. Results within the text are presented as mean ± standard error. Statistical
significance is reported as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.
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