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The role of electrical activity in axon guidance has been extensively
studied in vitro. To better understand its role in the intact nervous
system, we imaged intracellular Ca2+ in zebrafish primary motor
neurons (PMN) during axon pathfinding in vivo. We found that
PMN generate specific patterns of Ca2+ spikes at different devel-
opmental stages. Spikes arose in the distal axon of PMN and were
propagated to the cell body. Suppression of Ca2+ spiking activity in
single PMN led to stereotyped errors, but silencing all electrical
activity had no effect on axon guidance, indicating that an activity-
based competition rule regulates this process. This competition was
not mediated by synaptic transmission. Combination of PlexinA3
knockdown with suppression of Ca2+ activity in single PMN pro-
duced a synergistic increase in the incidence of pathfinding errors.
However, expression of PlexinA3 transcripts was not regulated
by activity. Our results provide an in vivo demonstration of the
intersection of spontaneous electrical activity with the PlexinA3
guidance molecule receptor in regulation of axon pathfinding.

calcium transients | spontaneous activity | stochastic expression

Development of the nervous system involves the outgrowth of
a complex network of axons to specific synaptic targets. Axon

pathfinding to the target area is directed by interactions between
the growth cone and guidance cues present in the environment (1,
2). Electrical activity has been considered to have a role by con-
tributing to the fine tuning of connections (3, 4). However, evi-
dence for a role of activity during early pathfinding decisions has
been emerging (5–7). The mechanisms underlying such regulation
remain unclear, but the response of neurons to chemotropic
molecules in vitro is modulated by electrical activity (7, 8).
Here, we use the zebrafish embryo as an in vivomodel to address

the role of electrical activity in axon pathfinding. Each spinal
hemisegment contains 3 primary motor neurons (PMN), named
caudal primary (CaP), middle primary (MiP), and rostral primary
(RoP), and ∼30 secondary motor neurons (SMN). During the first
day of development, all three PMN axons pioneer into the pe-
riphery through a shared exit point, follow a common pathway to
reach the horizontal myoseptum (HMS) and then diverge onto cell
subtype-specific trajectories (9) (Fig. 1A).
We characterize early calcium (Ca2+) signals in PMN of intact

zebrafish embryos during axon outgrowth and investigate their role
in pathfinding behavior. We show that spontaneous electrical ac-
tivity is expressed in developing PMN during the entire process
of axon pathfinding. Specific patterns of Ca2+ spiking activity are
present at different developmental stages and expressed se-
quentially in CaP, MiP, and then RoP, beginning with the onset
of axonogenesis. To investigate the role of Ca2+ activity, mosaic
expression of an exogenous potassium channel (hKir2.1) was
used to suppress electrical activity in single PMN. The results
indicate that an activity-based competition rule regulates early
pathfinding decisions of MiP and RoP axons.
The molecular mechanism of zebrafish PMN axonal migration

has been studied intensively (10, 11). Semaphorin 3A1 (Sema3A1)
and Sema3A2 guide PMN axons by repellent mechanisms through
the neuropilin-1a (NRP1a)/PlexinA3 receptor complex (12–15).
This interaction plays a crucial role early during guidance, when

pioneering growth cones navigate to and then through spinal cord
exit points. Here, we show that PlexinA3 signaling is modulated by
spontaneous Ca2+ spike activity-dependent competition. Our
results provide an in vivo demonstration of the role of early em-
bryonic electrical activity in modulating the neuronal responses to
a chemotropic factor.

Results
Characterization of the Outgrowth of PMN Axons. We used a mosaic
labeling strategy to study the entire process of axonogenesis, out-
growth, and pathfinding by single identified PMN. A DNA con-
struct encoding Hb9:eGFP was injected at the one-cell stage to
label small numbers of motor neurons (16). We focused on PMN
located in medial segments of the spinal cord (somites 6–9) and
restricted our analysis to stages before SMN begin axonogenesis.
We tracked CaP axon outgrowth in vivo in zebrafish embryos
paralyzed with α-bungarotoxin between 16 and 26 h postfertiliza-
tion (hpf) (Movie S1). CaP initiates axonogenesis at 17 hpf; MiP
and RoP axons initiate axonogenesis at 18 and 19 hpf, respectively.
All pause at the HMS and then diverge to their specific muscle
targets (Fig. 1 B–D).

Spontaneous Intracellular Ca2+ Transients in Developing PMN. To
determine the timing of spontaneous electrical activity in de-
veloping spinal motor neurons, we performed in vivo Ca2+ im-
aging in intact embryos during PMN pathfinding. We first injected
transgenic Hb9:mGFP embryos (16) at the one-cell stage with
calcium green-1 dextran (CGD) and imaged Ca2+ transients in the
center of the somata of PMN and SMN between 17 and 24 hpf.
GFP expression allowed us to identify PMN and SMN and restrict
analysis to those cellular populations, although the absence of
strong axonal CGD labeling precluded determination ofCaP,MiP,
or RoP identity. We recorded two types of spontaneous in-
tracellular Ca2+ transients. Ca2+ waves were generated in both
PMN (Fig. 2) and SMN (Fig. S1), with durations and frequencies
that change during development. In contrast, we found that Ca2+

spikes were uniquely expressed in PMN and generated in different
patterns at specific developmental stages. At 17–18 hpf (onset of
CaP axon extension), spikes are single events at a frequency of
6.5± 0.5min−1. Between 19 and 20 hpf (whenCaP axons are paused
at the HMS), PMN exhibit either single spikes (7.1 ± 0.8 min−1) or
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bursts of higher spike frequencies (18.3 ± 0.5 min−1). Beyond this
developmental stage (when CaP axons resume their outgrowth),
spikes occur in three patterns, all of which can be observed in in-
dividual neurons: single events (5.3 ± 0.6 min−1), high-frequency
single events (15.3 ± 0.3 min−1), and bursts of lower spike fre-
quency (7.1 ± 0.4 min−1) (Fig. 3).
To reveal the identity of the PMN subclasses in whichCa2+ spiking

activity occurs and characterize the patterns of activity exhibited
throughout development in each subclass, we used Gal4s1020t/
UAS (Upstream Activation Sequence):GCaMP3 double-trans-
genic embryos (17–19). This line drives expression of the genetically
encoded Ca2+ indicator GCaMP3 in PMN and allowed us to
identify Ca2+ spiking activity in the axons of specific PMN. We
found that Ca2+ spikes are present both in the soma and axon of all
subclasses. Moreover, image capture at 7.6 Hz revealed a delay in
the signal between thedistal portion of the axon and the cell body.A
typical trajectory is illustrated by a time series of images and in-
tensity traces of a single CaP at 18 and 24 hpf (Fig. 4 andMovies S2
and S3). Analysis of the times of peak spike fluorescence showed
a delay between the distal axon and the soma at both developmental
times (18 hpf, 0.36 ± 0.17 s; 24 hpf, 0.23 ± 0.19 s). The apparent
simultaneity of Ca2+ spikes in the midaxon and soma at 24 hpf may
reflect a greater rate of propagation between these two locations. A
delay was also observed in the onset of the signal in the soma, cal-
culated as the first time point to have a relative fluorescence in-
tensity value greater than two times the SDof the baseline noise (18
hpf, 0.37±0.20 s; 24 hpf, 0.20±0.18 s). These findings suggest that
Ca2+ signals from the distal axon propagate to the soma with
higher velocities at later developmental stages (18 hpf, 48 ± 7 μm/s;
24 hpf, 112 ± 10 μm/s).
Time-lapse imaging also showed that all four patterns of Ca2+

spiking activity are expressed sequentially in single CaP, MiP, and
then RoP, beginning with the onset of axonogenesis in each sub-
population (Fig. 5). At 17 hpf, a CaP extending a process out of the
neural tube started generating single spikes (Movie S4). At 18 hpf,
a second cell located rostrally to the CaP and later identified as
a MiP started spiking (Movie S5). No correlation between CaP
and MiP spike activity was observed at this stage. At 19 hpf, CaP
and MiP exhibited correlated activity characterized by bursts at
high spike frequencies, occurring at the time when CaP axons ar-
rive at the HMS. At this stage, a third cell located rostrally to MiP

started spiking without correlation with CaP andMiP activity. This
cell was identified later as a RoP. RoPs did not generate bursts
of high-frequency spikes, but all three PMN exhibited correlated
spiking activity with single events and short doublet or triplet
bursts beginning at 21 hpf (Movie S6).

Suppression of Ca2+ Spiking in Single PMN Leads to Errors in Axon
Pathfinding. To identify the PMN subclasses in which activity-de-
pendent processes are important, we manipulated their activity in
two ways: globally, by treatment with tricaine (MS222), a voltage-
dependent Na+ channel blocker, or stochastically, by expressing
hKir2.1 in single PMN.We used the Gal4-UAS system to generate
transiently transgenic embryos stochastically expressing Hb9:Gal4
(20) and a double UAS cassette driving hKir2.1 and DsRed (21).
SpontaneousCa2+ spiking activity in spinal PMNwas suppressed by
stochastic expression of hKir2.1 or abolished by exposure to 0.02%
(wt/vol) tricaine for 15 min (Fig. 6A). Whereas 62% of PMN gen-
erated spikes in DsRed-expressing controls during a 5-min imaging
period, only 16% spiked in those PMN cotransfected with DsRed
and hKir2.1, and none spiked in those PMN exposed to tricaine
(Fig. 6B). In animals expressing a nonconducting mutant version of
hKir2.1 (Kir mut) (21, 22), the percentage of active neurons was
57%, comparable with controls. In contrast, Ca2+ waves were not
suppressed by tricaine or hKir2.1.
We next examined the effect of hKir2.1 expression on PMNaxon

pathfinding in intact living embryos. Suppression of Ca2+ spiking
activity by hKir2.1 expression in single PMN led to substantial
errors inMiP and RoP but not CaP axon pathfinding (Figs. 6C and
7A and B). Errors comprise intraspinal pathfinding mistakes made
by 26% of RoPs (8/30) and aberrant branching over the myotome
in 20% of MiPs (6/30). Misguided RoP growth cones either orient
away from the endogenous spinal cord exit point (13%, 4/30) or
extend to the endogenous exit point but bypass it (13%, 4/30). In
contrast, expression of Kir mut had no effect on axon pathfind-
ing (n = 20 for each subclass). These results suggest that axon
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Fig. 1. PMN axon pathfinding in the developing zebrafish embryo. (A)
Schematic lateral view of the three PMN (CaP, MiP, and RoP) showing their
axonal trajectories at 24 hpf. Anterior to the left and dorsal to the top. (B–D)
Time-lapse analysis of axon outgrowth of a single CaP (B), MiP (C), or RoP (D)
expressing eGFP in WT embryos. Each neuron was imaged at 20-min inter-
vals for 10 h. The dotted line indicates the HMS. CaP is present at 16 hpf and
begins to extend a process by 17 hpf. At 19 hpf, coincident with its arrival at
the HMS, the CaP axon pauses, resuming its outgrowth by 21 hpf. MiP starts
axonogenesis by 18 hpf and is followed by RoP at 19 hpf. n = 10 neurons of
each class in 10 embryos.
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B

Fig. 2. Developing PMN generate spontaneous intracellular Ca2+ waves. (A)
PMN (arrow) loaded with CGD in the spinal cord of a zebrafish embryo at
20–21 hpf. Dorsal to the left and caudal at the bottom. Images were cap-
tured at 0.2 Hz for 30 min, and fluorescence intensity was normalized to
baseline. Fluorescence is displayed on a pseudocolor scale, where purple
represents the lowest intensity and red represents the highest intensity.
Changes in fluorescence intensity in a PMN are plotted as a function of time.
Ca2+ waves were identified as fluorescence transients greater than 20% of
ΔF/F0 (dashed lines), more than two times the SD of the baseline, and >20 s
in duration, calculated as the width at half-maximum. (B) Duration and
frequency of Ca2+ waves in PMN. n = 15–20 neurons from seven to nine
embryos for each time period; values are means ± SEM. *P < 0.05.
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pathfinding regulation by hKir2.1 is a result of hKir2.1 channel
activity, acting through the suppression of electrical excitability.
Pioneering studies of the development of mammalian periph-

eral motor axons have shown that synaptic connectivity is governed
by activity-based competition rules (23). During development of
mammalian sensory maps under competitive conditions, neurons
that are deficient in synaptic release or neuronal firing fail to es-
tablish or maintain precise connectivity (23, 24). We therefore de-
termined whether pathfinding errors by hKir2.1-expressing axons
were a consequence of silencing single neurons surrounded by
active ones. To achieve this goal, we performed imaging experi-
ments inwhich the activity of nearby cellswas also suppressed either
by raising the embryos in the presence of tricaine or injecting one
cell-stage embryos with mRNA encoding hKir2.1. Neither of these
treatments affected the axon pathfinding behavior of PMN ex-
pressing DsRed alone, but both restored normal axon pathfinding
to single PMN expressing hKir2.1 and DsRed (Fig. 6C). This
pharmacological rescue from the effects of single-cell inhibition
of activity indicates that competition mediated by Ca2+ signaling
leads to guidance errors when hKir2.1 is expressed.
The effects of hKir2.1 expression could result directly from the

suppression of neuronal excitation or indirectly from blocking
neurotransmitter release that is normally triggered by electrical
excitation. To distinguish between these two possibilities, we spe-
cifically blocked transmitter release in single PMN using targeted
expression of tetanus toxin light chain fused to eGFP (TeNT-LC:
eGFP) (25). We coinjected the Hb9:Gal4 and UAS:TeNT-LC:
eGFP constructs into one cell-stage embryos and analyzed axon
trajectories of eGFP-expressing PMN in 24-hpf embryos. Expres-
sion of TeNT-LC in single PMN did not affect axon pathfinding
(Fig. 6D). Thus, spontaneous activity but not SNARE-dependent
transmitter release is required for establishment of normal axon
projections by developing PMN.

Modulation of PlexinA3 Signaling by Ca2+ Spiking Activity. PlexinA3
plays a critical role in intraspinal motor axon guidance in zebrafish
embryos, and mutation of the gene leads to substantial errors
in motor axon growth and pathfinding (15) resembling those
mistakes that we observed by expressing hKir2.1 in single PMN.
To investigate whether PlexinA3 is part of the molecular
mechanism underlying the regulation of axonal pathfinding by

Ca2+ activity, we tested for synergy between Ca2+ spiking activity
and PlexinA3. Injection of a PlexinA3 morpholino (MO; 0.5
mM) generated errors in axon guidance (14) phenocopied by
hKir2.1 expression. We then performed pairwise coinjections of
hKir2.1 cDNA with the PlexinA3 MO at a subthreshold concen-
tration and compared the incidence of axonal pathfinding errors
elicited by injecting PlexinA3 MO alone, expressing hKir2.1
stochastically in PMN, and the combination of these two per-
turbations. Coinjections of PlexinA3 MO (0.3 mM) with Hb9:
Gal4 and UAS:hKir2.1::UAS:DsRed constructs induced a signif-
icant increase in the incidence of pathfinding errors in PMN
compared with embryos coinjected with 0.3 mM PlexinA3 MO
and Hb9:Gal4 and UAS:DsRed constructs or coinjected with
Hb9:Gal4 and UAS:hKir2.1::UAS:DsRed constructs (Fig. 7 A
and B). As a control, hKir2.1 was coinjected with a five-base
mismatch PlexinA3 MO (0.3 mM) (14), which elicited aberrant
growth of motor axons comparable with the abnormal axon out-
growth generated by the expression of hKir2.1 alone. The syner-
gistic effects observed in these experiments suggest an intersection
of PlexinA3 signaling with Ca2+ spiking activity in regulation of
axon pathfinding. However, PMN exhibited patterns of activity
that were not different from controls after MO knockdown of

A B

Fig. 3. Developing spinal PMN generate spontaneous intracellular Ca2+

spikes. (A) Changes in CGD fluorescence intensity in six PMN at three sets of
developmental stages are plotted as a function of time. Images were cap-
tured at 4 Hz for 5 min, and fluorescence intensity was normalized to
baseline. Ca2+ spikes were identified as fluorescence transients greater than
10% of ΔF/F0 (dashed lines), more than two times the SD of the baseline, and
2–4 s in duration, calculated as the width at half-maximum. (B) Frequency of
Ca2+ spikes. n = 10–20 neurons from six to nine embryos for each period;
values are means ± SEM. *P < 0.05.

Fig. 4. Ca2+ spikes are expressed both in the axon and soma of developing
CaPs. (A and B) GCaMP3 activity acquired at 7.6 Hz in a single CaP of a single
double-transgenic Hb9:Gal4/UAS:GCaMP3 embryo at 18 and 24 hpf. Dorsal is
to the top and rostral is to the left. Fluorescence intensity is displayed on
a pseudocolor scale like in Fig. 2. Dotted line indicates the HMS. (C and D)
Time course of GCaMP3 activity in three regions (distal axon is blue, proximal
axon is orange, and soma is magenta) from the same neuron. Intensity traces
for regions identified by arrows are plotted as a function of time. The boxed
regions in C Left and D Left are plotted in C Right and D Right, respectively.
Fluorescence intensity was normalized to baseline. Dashed lines are the same
as in Fig. 3. n = 50 spikes from 12 embryos (18 hpf), and n = 50 spikes from 5
embryos (24 hpf).
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PlexinA3 (0.5 mM) (Fig. S2). To determine whether PlexinA3
expression itself is regulated by Ca2+ activity, we generated
pathfinding errors in single PMN by silencing their activity with
stochastic expression of hKir2.1 and then performed in situ hy-
bridization to assess the expression of PlexinA3 in these single
neurons. Inactive PMN exhibited PlexinA3 expression in-
distinguishable from the expression of its surrounding active
neurons (Fig. 7 C–E).

Discussion
Wehave used the zebrafish embryo to address the role of electrical
activity in axon pathfinding in vivo. We show that specific pat-
terns of Ca2+ spiking activity are present at different develop-
mental stages and expressed sequentially in CaP, MiP, and then
RoP, coincident with the onset of axonogenesis. We find that
suppressing Ca2+ spiking activity selectively in single PMN but not
all PMN leads to errors in axon pathfinding of MiP and RoP
axons, indicating that an activity-based competition rule regulates
their early pathfinding decisions. Moreover, we provide evidence
for a mechanism by which Ca2+ spiking activity regulates axon
pathfinding behavior in vivo, involving modulation of signaling by
the chemotropic receptor PlexinA3.

Spontaneous Ca2+ Activity in Developing PMN During Pathfinding
Behavior. Spinal PMN exhibit two types of Ca2+ transients
throughout the process of axon pathfinding. The events that we
detected as Ca2+ waves likely correspond to cell-autonomous Ca2+

events observed in axon-less cells of the 19- to 26-hpf embryo (26).
Recent work using a genetically encoded Ca2+ indicator showed
that ventral spinal neurons exhibit Ca2+ spiking activity during
development of the motor network (19, 27). We show that Ca2+

spikes are expressed both in the soma and axon of developing PMN
and find that the onset of the Ca2+ transient is delayed between the
distal portion of the axon and the cell body. Rapid long-range
signaling within the neuronal cytoplasm may be mediated
by spread of second messengers. Local elevation of cAMP at an
advancing neuronal growth cone leads to inhibition of growth of
other sibling neurites (28).
Zebrafish PMN axons exhibit bursts of high-frequency spikes

and stall at the HMS, the point at which they seem to decide
which trajectory to follow. High frequencies of Ca2+ transients in
growth cones of axons extending in the Xenopus spinal cord also
cause stalling or neurite retraction at decision points (5). The
delay in the onset of Ca2+ spiking activity among the three

subtypes of PMN may be caused by the differences in electrical
properties of CaPs and MiPs before axonal growth (29). Our data
show that only MiP and RoP axon pathfinding are regulated by
spontaneous Ca2+ spikes. The basis of this differential effect is
unknown, but it could involve differences in the expression of
molecular markers. In zebrafish, PMN express subtype-specific
patterns of LIM (Lin11/Isl1/Mec3) genes, which act as tran-
scription factors (30). This fact supports the idea that PMN
subtypes use different cues to extend axons or branch and that
these processes could be regulated by electrical activity
depending on the combinations of guidance cues to which each
subtype is programmed to respond.
Spontaneous Ca2+ activity evolves from uncorrelated to corre-

lated events. Adjacent PMN are stereotypically sequentially in-
corporated into an active network, because CaP is followed byMiP
and then RoP when they each reach the HMS, suggesting that
electrical connections among these cells are established at that
point. Changes in global activity patterns are associated with
strengthening of functional connectivity between ipsilateral neu-
rons, suggesting that early activity is cell-autonomous and later
activity depends on network interactions (19). Ipsilateral network
interactions in the zebrafish spinal cord are mediated through
electrical synapses, and gap junctions play a key role in the prop-
agation of correlated spontaneous activity (31).

Regulation of Axon Pathfinding by in Vivo Activity-Based Competition.
Neuronal activity is necessary for normal development of chick
motor neuron axon projections (6, 32) and for axonal pathfinding
in the developing visual (21, 33, 34), olfactory (24, 35), and so-
matosensory systems (36). The activity-based competition that we
observed is not mediated by synaptic transmission, because sup-
pressing neurotransmitter release by expression of tetanus toxin
light chain in single neurons failed to produce errors in axon
guidance. Spontaneous electrical activity in retinal ganglion cells
(RGCs) is needed, independent of synaptic transmission, for or-
dering of retinotopy and elimination of exuberant retinal axons in
the mouse retinotectal system (7). However, growth and branching
of RGC axon arbors in the zebrafish optic tectum are governed
by activity-based competition between neighboring axons that
seems to be mediated by synaptic transmission (21, 25). Similarly,
suppression of neuronal activity or synaptic release in small pop-
ulations of olfactory sensory neurons results in more severe phe-
notypes than suppressing activity in all neurons (24). Suppression
of spiking and synaptic release under competitive circumstances

A

B
Fig. 5. Ca2+ spiking activity is expressed sequentially
in CaP, MiP, and RoP and then becomes synchronized.
(A) GCaMP3 activity acquired at 4 Hz in three neurons
(arrows; CaP is in orange, MiP is in blue, and RoP is in
magenta) in a single double-transgenic Hb9:Gal4/UAS:
GCaMP3 embryo imaged through consecutive time-
lapse movies from 17 to 21 hpf. Dorsal is to the top
and rostral is to the left. Fluorescence intensity is dis-
played as in Fig. 2. Dotted line identifies the HMS. (B)
Intensities for selected regions are plotted as a function
of time. Dashed lines are the same as in Fig. 3. n = 6 CaP,
MiP, and RoP neurons from six embryos.
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could result in a growth advantage for active neurons compared
with a subpopulation of inactive cells, potentially through axon–
axon interactions. Single-cell labeling of CaP and MiP revealed
intimate contact between their axons, suggesting that the CaP
axon could be a guidepost for MiP and RoP axons, directing
them to turn and exit the spinal cord (37).
The role of neural activity is likely to be permissive rather than

instructive, because global suppression of neural activity had no
effect on axon pathfinding of PMN. Ca2+ activity might be re-
quired for the appropriate action of extrinsic factors by creating
an appropriate environment within spinal neurons to allow the
correct developmental program to unfold.

Modulation of PlexinA3 Signaling by Ca2+ Spiking Activity in Vivo. In
vitro studies have shown that activity can influence the response of
an axon to guidance cues (8, 38).However, themechanisms bywhich
neural activity regulates axonal pathfinding remain incompletely

resolved. We show that PlexinA3 and spontaneous Ca2+ spiking
activity interact to specify spinal cord exit points and regulate
axon branching.
How could neuronal activity affect axon pathfinding of devel-

oping spinal PMN? One possibility is that neuronal activity regu-
lates the expression ofmembrane receptors for axon guidance cues
in the growth cones of PMN axons. In the developing chick spinal
cord, inhibition of motor neuron bursting activity prevents the
appearance of normal expression patterns of EphA4 and poly-
sialylated neural cell adhesion molecule in distal axons, leading to
motor axon pathfinding errors (6). However, spontaneous activity
of RGCs is necessary for ordering of the retinotopic map in the
mouse tectum independent of changes in the expression level of
either ephrin-A5 or its EphA5 receptor (7). In addition,Drosophila
motor neuron responses to Sema2a through the PlexinB receptor
are modulated by electrical activity without detectable changes in
PlexinB receptor levels (39). We find that the expression level of
PlexinA3 transcripts is similar in single Kir-expressing PMN and
active neighbors, arguing that the interaction betweenCa2+ activity
and PlexinA3 is posttranscriptional. Electrical activity may regu-
late neuronal signal transduction pathways through changes in
Ca2+ and cyclic nucleotide levels (8) or modulating the activity of
downstream effectors (40, 41) in a manner required for proper
growth cone responses to target-derived guidance cues. Significantly,
guidance cues can cause growth conemembrane potential shifts, and

A B
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Fig. 6. Suppression of Ca2+ spiking activity in single PMN leads to errors
in axon pathfinding. (A) Ca2+ spikes are blocked by stochastic expression of
hKir2.1 or exposure to 0.02% tricaine for 15 min. n = 20 for each condition.
(B) Percentage of PMN exhibiting Ca2+ spiking activity at 19 hpf. n = 20
for each group; values are means ± SEM. *P < 0.0005 compared with control.
(C) RoP and MiP neurons expressing hKir2.1 bypass the exit point or project
rostrally and exhibit extra branching. Neither tricaine nor Kir2.1 + tricaine
leads to errors in axon pathfinding. Control, embryos injected with Hb9:Gal4
and UAS:DsRed plasmids; Kir2.1, embryos injected with Hb9:Gal4 and UAS:
DsRed::UAS:hKir2.1 plasmids; Tricaine, embryos raised in the presence of
0.02% tricaine; Kir2.1 + Tricaine, embryos expressing hKir2.1 and raised in
the presence of tricaine. (D) Tetanus toxin expression does not cause path-
finding errors. Control, embryos injected with Hb9:Gal4 and UAS:eGFP
plasmids; TeNT-LC, embryos injected with Hb9:Gal4 and UAS:TeNT-LC:eGFP
plasmids. (C and D) Dorsal is to the top and rostral is to the left. Dot-dash
lines mark lateral edges of the myotomes; dotted lines mark the ventral edge
of the spinal cord. n ≥ 30 cells from ≥30 24-hpf embryos for each group.

Fig. 7. Synergistic interaction of hKir2.1 and PlexinA3. Percentage of (A)
RoPs extending their axons rostrally or bypassing the endogenous exit
point or (B) MiP axons with aberrant branching, including data from Fig. 6.
Combination of a subthreshold concentration of PlexinA3 MO and hKir2.1
expression generates an increase in the incidence of pathfinding errors.
Control, embryos injected with Hb9:Gal4 and UAS:DsRed plasmids; Kir, em-
bryos injected with Hb9:Gal4 and UAS:DsRed::UAS:hKir2.1 plasmids; MO
0.5 mM, embryos injected with 0.5 mM PlexinA3 MO and Hb9:Gal4 and UAS:
DsRed plasmids; MO 0.3 mM, embryos injected with 0.3 mM PlexinA3 MO
and Hb9:Gal4 and UAS:DsRed plasmids; MO 0.3 mM + Kir, embryos injected
with 0.3 mM PlexinA3 MO and Hb9:Gal4 and UAS:DsRed::UAS:hKir2.1 plas-
mids; 5 mm MO + Kir, embryos injected with 0.3 mM MO with five mis-
matched bases based on PlexinA3 MO and Hb9:Gal4 and UAS:DsRed::UAS:
hKir2.1 plasmids. n = 30–40 neurons from ≥30 24-hpf embryos for each con-
dition. *P < 0.05 using a Fisher exact test comparing PlexinA3 MO + Kir-injected
with Kir-injected alone. (C–E) Single PMN expressing hKir2.1 and DsRed and
exhibiting a pathfinding error expresses PlexinA3 mRNA. (C) A DsRed immu-
nopositive RoP extending its axon rostrally. (D) In situ hybridization shows
strong expression of PlexinA3 mRNA. (E) Merge of C and D. Dorsal is to the
top and rostral is to the left. Dot-dash lines mark lateral edges of the
myotomes; dotted lines mark the ventral edge of the spinal cord. n = 4
MiPs, and n = 4 RoPs.

1528 | www.pnas.org/cgi/doi/10.1073/pnas.1213048110 Plazas et al.

www.pnas.org/cgi/doi/10.1073/pnas.1213048110


the polarity of these shifts is a determinant of the direction of growth
cone turning (42). Consistent with this finding, constitutive expres-
sion of hKir 2.1 could prevent Sema3A from shifting the membrane
potential and consequently abolish Sema3A-induced repulsion. As
a result, expression of hKir2.1 and MO knockdown of PlexinA3
would lead to the same pathfinding phenotype.
Independent of the underlying mechanism, our data support

a model whereby spontaneous Ca2+ activity regulates the motor
neuron’s response to a chemotropic factor, modulating PlexinA3
receptor signaling. Retinocollicular mapping is strongly dependent
on relative differences in EphA signaling that exist between
neighboring RGCs (43). The level of PlexinA3 signaling seems
to be interpreted similarly by developing PMN in the context of
competition with their neighbors for synaptic targets, axon
branching pathways, or other features of the developing spinal
cord that are present in limiting amounts.

Methods
Imaging Axon Outgrowth. Embryos stochastically expressing the Hb9:GFP
construct were paralyzed with 20 μM α-bungarotoxin and kept at 28.5 °C
in a heated chamber. Live embryos were imaged at 30-min intervals from
16 to 26 hpf.

Calcium Imaging. CGD (10 mM, 10 kDa; Molecular Probes) was injected
into one cell-stage Hb9:mGFP embryos, and progeny of Gal4s1020t/UAS:
GCaMP3 doubly transgenic fish were identified for GCaMP3 expression.
Live embryos were imaged at 0.2 Hz for 30 min, 4 Hz for 5 min, or 7.6 Hz
for 2 min.

Mosaic Suppression of Activity and Transmitter Release. The UAS:DsRed, UAS:
DsRed::UAS:hKir2.1, UAS:DsRed::UAS:hKir2.1mut (21), or UAS:TeNT-Lc:
EGFP (25) plasmids were coinjected with the Hb9:Gal4 construct (20) at
a concentration of 25 ng/μL in 0.1 M KCl into one to four cell-stage
zebrafish embryos.

A detailed description of experimental procedures is provided in SI Methods.
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