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ABSTRACT: The relative importance of neural
activity versus activity-independent cues in shaping the
initial wiring of the brain is still largely an open question.
While activity is clearly critical for circuit rearrangements after initial connections have been made, whether
it also plays a role in initial axon pathfinding remains to
be determined. Here, we investigated this question using
the guidance of zebrafish retinal ganglion cell axons to
their targets in the tectum as a model. Recent results
have implicated biased branching as a key feature of
pathfinding in the zebrafish tectum. Using tetrodotoxin to
silence neural activity globally, we found a decrease in
the area covered by axon branches during pathfinding.
After reaching the target, there were dynamic differences
in axon length, area and the number of branches between

INTRODUCTION
The role of neural activity in shaping brain structure
is a critical question in neuroscience. Patterned activity is well known to affect the refinement of connections once axons have reached their targets (reviewed
in Kirkby et al., 2013), but whether it also affects the
initial guidance of axons to those targets is unknown.
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conditions. However, other aspects of pathfinding were
unaffected by silencing, including the ratio of branches
directed toward the target, length, and number of
branches, as well as turning angle, velocity, and number
of growth cones per axon. These results challenge the
hypothesis that neural connections develop in sequential
stages of molecularly guided pathfinding and activitybased refinement. Despite a maintenance of overall guidance, axon pathfinding dynamics can nevertheless be
altered by activity loss. VC 2015 Wiley Periodicals, Inc. Develop
Neurobiol 75: 608–620, 2015

Keywords: neural development; topographic maps; retinal ganglion cell; axon pathfinding; time-lapse; tetrodotoxin; zebrafish; tectum

There is evidence both for and against this hypothesis. Pulses of electrical activity can increase the
responses of axons to attractive cues and convert
repulsion into attraction in vitro (Ming et al., 2001),
which suggests that activity could potentially help
guide the turning responses of growth cones in vivo.
The loss of neural activity during development also
leads to regional mistargeting and disruptions to patterned layering in the cortex (Catalano and Shatz,
1998), and imbalances of activity between the two
cortical hemispheres can lead to defects of callosal
axon guidance (Su!arez et al., 2014). Conversely, general patterns of connections can persist despite activity loss in mammals (Sretavan et al., 1988), chick
(Kobayashi et al., 1990), axolotl (Harris, 1984), and
fish (Kaethner and Stuermer, 1994; Gnuegge et al.,
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2001), although the connections later fail to refine
into precisely connected circuits (e.g., Ruthazer et al.,
2003; Xu et al., 2011; Rodger et al., 2012). There is
increasing support for the idea that activity and biochemical mechanisms cooperate during brain development (reviewed in Ruthazer and Cline, 2004;
Spitzer, 2006; Garel and L"opez-Bendito, 2014).
However, many important questions remain
unanswered.
The retinotectal projection is an important model
addressing the contributions of activity to axon guidance in vivo. In zebrafish, this pathway is near the
surface of the brain and easily visualized during
development. Axons from the retinal ganglion cells
(RGCs) traverse the midline to the contralateral tectum. At the tectum, they grow through the neuropil to
a target area where they establish a terminal arbor.
These arbors form a topographic map which preserves the spatial relationships between the positions
of their cell bodies in the retina and dendritic receptive fields in the tectum (Kita et al., 2014). Maintaining this map during continued retinal and tectal
growth requires ongoing synaptic plasticity. While
the tectum and retina generate new cells along mismatched axes (e.g., Gaze et al., 1979; Reh and
Constantine-Paton, 1984; McLoon, 1985; Fraser and
O’Rourke, 1990) RGC axonal arbors rearrange their
branches and synaptic structures to compensate.
Early evidence suggested that in fish, growth cones
guide axons directly to their targets between 3 and 5
days post fertilization (dpf) (Stuermer, 1988; Kaethner and Stuermer, 1992). However, recent results
have shown that dynamic branches are present during
the targeting phase, and that growth cones extend in
straight trajectories after initiation rather than turning
toward the target (Simpson et al., 2013). The
branches are selectively initiated or stabilized to
decrease the distance to the eventual zone of arborization, creating more branches pointing toward the
target direction than away (Simpson et al., 2013).
There is a high rate of turnover in branches over the
pathfinding period, similar to periods of later plasticity occurring after 5 dpf.
An important unanswered question in this past
work is whether axonal branching dynamics during
the pathfinding phase are affected by early neural
activity. Similarities between the dynamics of
branching during pathfinding and during rearrangement suggest that previous insights into branch control during rearrangement may apply to pathfinding
as well. However, work investigating the role of neural activity in branch rearrangement has produced
conflicting results. For individual arbors, blocking
activity decreases the length and number of branches
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after 5 dpf (Gnuegge et al., 2001). Suppressing activity increases the rate of branch extensions and retractions measured at 6–7 dpf (O’Rourke et al., 1994;
Fredj et al., 2010). In contrast, silencing can also
cause smaller and less complex arbors to form, and
decreases the mobility of axons and their branches as
early as 5 dpf (Hua et al., 2005). It thus was not
obvious what effect activity might have on the biased
branching mechanism of initial pathfinding (from 2.5
to 4 dpf) identified by Simpson et al. (2013).
Here we investigated this question by injecting
tetrodotoxin (TTX) into developing zebrafish. We
explored the role of neural activity in pathfinding by
taking detailed measurements every 10 min for up to
44 h and quantifying the changes to the pathfinding
behavior in single RGC axons as they traveled across
the tectum to their target. We found that the area
explored by axon branches during pathfinding was
decreased after TTX injections. The remaining
dynamics of pathfinding were similar to controls, and
in particular the biased branching during pathfinding
was maintained despite of the loss of activity. Growth
cone turning angles were also similar between both
groups. These data show that global activity contributes to the initial guidance to the target in this system
but is not necessary for overall pathfinding.

MATERIALS AND METHODS
Breeding and Raising
Adult zebrafish were raised by The University of Queensland Biological Resources Aquatics team. Fish were kept
on a 14/10 h light/dark cycle. Embryos were obtained by
timed matings between zebrafish carrying a variegated
BGUG (Brn3c:GAL4;UAS:mGFP) transgene (Scott et al.,
2007) and Atoh7:GAL4 transgenic fish. Embryos developed in E3 buffer media (5 mM NaCl, 0.17 mM KCl,
0.33 mM CaCl2, and 0.33 mM MgSO4) supplemented with
0.00003% methylene blue (30 ppm) for the first 24 h. After
this point, E3 with 200 mM (0.003%) PTU (N-phenylthiourea, Sigma Aldrich) was used to disrupt pigment formation for clear imaging (Karlsson et al., 2001). BGUG
expressing embryos were screened out from the crosses to
obtain larvae with a low density of fluorescently labeled
RGCs. All procedures were performed with approval from
The University of Queensland Animal Ethics Committee
(in accordance with approvals SBMS/362/10/NHMRC,
IMB/181/13/BREED and IBC/777/SBMS/2012).

TTX Injections
At 54 hpf, embryos were anaesthetized in 0.016% tricaine
(MS-222) dissolved in E3. The embryos were then mounted
in 1.5% low melting point SeaPlaque Agarose (Lonza).
Developmental Neurobiology

610

Kita et al.

TTX powder (Sigma-Aldrich) was dissolved in milliQ H2O
with 110 mL of 20 mM citrate to create a 1 mM TTX solution. Phenol red was added to the injected aliquots for visibility. TTX travels throughout the entire larva at this stage
and results in paralysis (Stuermer and Raymond, 1989;
Gnuegge et al., 2001). To avoid damage to the retinotectal
system, we injected 4.5–9 nL of 1 mM TTX into the yolk
rather than into the eye or the tectum as has previously
been described (Stuermer et al., 1990; Gnuegge et al.,
2001). Control fish were injected in a similar fashion with
E3 and phenol red. After injection, embryos were carefully
removed from the agar and allowed to recover in E3 media
at 28.5! C for 1–6 h. For the TTX treated group, injected
embryos were paralyzed except for their heartbeats and did
not respond to touch. Any embryo responding to touch was
discarded. Paralysis was an initial indicator of successful
TTX treatment. Previous studies have shown that zebrafish
injected with TTX at 30–36 hpf remain both silenced and
paralyzed until 150 hpf (Stuermer et al., 1990) and we
observed movement returning to the fish after a similar
length of time.

Measuring Activity
To test neural activity levels after TTX injection, we imaged
melanophore deficient “nacre” zebrafish (Lister et al., 1999)
expressing a pan-neuronal calcium indicator GCaMP5 (Park
et al., 2000; Akerboom et al., 2012) expressed as a transgenic
Gal4:HuC; UAS:GCaMP5 reporter line (Scott lab). Images
were rapidly streamed (10 Hz) from a spinning disk confocal
microscope (inverted Zeiss Axio Observer Z1 utilizing a W1
Yokogawa spinning disk module and a Hamamatsu Flash4.0
sCMOS camera, controlled by Sildebook 5.5 software, 403
C-Apochromat lens 1.2 W Korr UV—VIS—IR, 1/1.14–
1.19). The 488 nm laser was used to record changes in fluorescence over time. The tectal neuropil displayed activity from
both the entering RGCs and the recipient tectal cell dendrites
and, since the TTX permeated the embryos, the tectal neuropil
was a readout for activity in both the RGCs and the tectal
cells. Analysis of the image series was done in ImageJ. The
fractional changes in fluorescence over baseline levels (DF/
F0) were calculated as in Akerboom et al. (2012). Regions of
interest (ROIs) were chosen along the anterior, posterior, central, medial, and lateral margins of the tectal neuropil, avoiding cell bodies. The fluorescence of each ROI was measured
over 100 frames (10 s) isolated from 90 second movies from
six fish in each condition, imaged over two consecutive days
postinjection. DF/F was determined by dividing frames showing activity by frames where no activity was observed. If no
activity was observed, 100 early frames were compared
against 100 later frames as a background. Movies where the
background fluorescence showed unusual slow rises in fluorescence or bleaching were excluded from the analysis.

Time-Lapse Imaging
Larvae bearing sparsely labeled RGCs were mounted in
1.5% low melting point agar (SeaPlaque; Lonza) as previDevelopmental Neurobiology

ously described (Simpson et al., 2013). The axons were
imaged using a Plan-Apochromat 203 / 0.8 M27 objective
on a Zeiss LSM 510 inverted confocal microscope with an
incubation chamber set to 28.5! C. Stacks of up to 60 mm
were taken through the developing tectum every 10 min
using a 488-nm laser set at 7.5% power and using a BP 505–
530 filter. Pinhole diameter was kept to 150 mm. The microscope contained a motorized stage allowed multiple fish to
be mounted in the same dish and imaged concurrently. The
imaging ran for up to 44 h continually, with axons growing
in to the tectum at variable points during the time-lapse. For
analysis, images were flattened into maximum intensity projections using Zen imaging software, as the arbors on the
tectum are mostly planar (Fredj et al., 2010). The movies
were exported as audio video interleave files (AVIs) and
adjusted for brightness and contrast in ImageJ to ensure the
axons were clearly visible. Ten individual axons were chosen from each condition for quantification. Each axon was
aligned with respect to the time they stopped moving forward, defining the arrival at target (t 5 0).

Time-Lapse Analysis
Researchers were blinded to treatment groups before analyses were performed. Custom Matlab (Mathworks) programs
were used to isolate individual axons growing into the tectum. A semiautomated tracing process obtained the branch
skeleton structure of the axon. The Manual Tracking plugin
for ImageJ was used to follow the trajectories of growth
cones. Data were then loaded into Matlab for quantitative
analysis. A detailed description of the functions of the analysis program has been published previously (Simpson
et al., 2013). For statistical analyses, the normality of sample distributions was first tested using the Shapiro–Wilks
test. For normal distributions the built-in “ttest” (for one
sample) or “ttest2” (for unpaired two-sample comparisons)
functions in Matlab were used to determine p-values,
allowing for potentially unequal variances of the two populations. When the sample distributions were not normal, the
Mann–Whitney U test (“ranksum” in Matlab) was used to
determine if there was a statistical difference. When multiple comparisons were made, as for over time-series, a Bonferroni correction was used.

Whole-Mount Immunochemistry
After the time-lapse movies were completed, fish were
freed from the agar and anaesthetized in 0.02% tricaine
(MS-222). Fish were then fixed in 4% paraformaldehyde
(PFA) for 2.5 h at room temperature. The fixed tissues were
then washed thoroughly in phosphate buffered saline (PBS)
and permeabilized using 1 mg/mL collagenase for 1.5 h at
room temperature. Primary antibodies detecting monoclonal acetylated tubulin raised in mice (Sigma, #T7451) and
rabbit anti-GFP (Millipore, #AB3080P) were added at a
concentration of 1:1000 in PBS 1 0.2% Triton-X-100 overnight at 4! C. Primaries were washed out and secondaries
Alexa Fluor 555 goat-anti-mouse (Life Technologies, A-
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Figure 1 Imaging RGC growth on the tectum. (A) Brightfield view of a 54 hpf, PTU-treated
zebrafish mounted in agar, dorsal side down and at a 45! angle to position the tectum close to the
lens for inverted microscopy. The red rectangle marks the optic tectum and the approximate area
imaged during pathfinding. (B) Confocal image of a fixed and immunostained whole mount after
imaging at 5.5 dpf. An axon (mGFP, green) has arborized in the neuropil (dotted white outline).
Only the right tectal neuropil is visible, with the arbor coming from a RGC in the left eye (out of
frame). Anti-acetylated tubulin (magenta) allowed the architecture of the area to be visualized. (C)
Schematic summarizing the mechanism identified by Simpson et al. (2013) for guidance by biased
branching. Branches are extended and retracted dynamically during pathfinding, with more
branches extending toward the target at any given time. Branches that decrease the distance to the
target could become the primary axon shaft when other branches are retracted. Sequential rounds of
branching refine the direction of travel, and this iterative process continues until the target is
reached. Scale bars are 100 mm. A; anterior, D; dorsal, P; posterior, V; ventral.

11018) and Alexa Fluor 488 donkey-anti-rabbit (Life Technologies, A10040) were added at 1:500 and left overnight
with rotation at 4! C. The fixed and immunostained samples
could then be imaged to determine the final target area
against the extent of the tectal surface. Brightness and contrast of each channel was adjusted in ImageJ for clear
visibility.

RESULTS
We imaged axon pathfinding across the tectum [Fig.
1(A)]. Each axon travelled to a retinotopic location
on the tectum before arborizing (Fig. 1(B)). Simpson
et al. (2013) showed that zebrafish RGC axons display biased branching during pathfinding to their target zone (schematized in Fig. 1(C)). We asked
whether the biased extension or stabilization of
branches may be informed, at least partially, by early
activity in the retinotectal system.
TTX successfully blocked action potentials in both
the retina and the tectum when injected into the yolk
of a developing zebrafish (Fig. 2). Gal4:HuC;
UAS:GCaMP5 transgenic larvae were used to visualize calcium levels representing neural activity. As
cellular responsiveness in the periventricular layers
of the tectum differed among controls, we chose to

use regions of the neuropil for analysis as it reliably
displayed activity. In control animals at 4 and 5 dpf,
the tectal neuropil exhibited frequent spontaneous
activity [traces in Fig. 2(C,D)]. Diffuse blue light
from the 488 nm laser also drove tectal activity for a
few seconds in the superficial neuropil as previously
described (Sumbre and Poo, 2013). Control fish displayed this response, and spontaneous activity was
often observed in the neuropil afterwards. After TTX
had been injected, the neuropil did not show spontaneous activity or any response to the laser light turning on. Usually activity (a sharp increase of DF/F)
occurred in medial or lateral regions in controls, and
less often in the extreme anterior or posterior regions.
In 1000 control frames, 6 events with DF/F were
observed spanning 44 frames. No events were
observed in 1000 frames from TTX treated fish (representative traces in Fig. 2(E)) (n 5 6 zebrafish, 30
sampling areas). The inhibition of activity was still
apparent 32 h after injection at 5 dpf (Fig. 2(F)).
For imaging the dynamics of growing axons, variegated BGUG fish were mounted in agar and injected
with TTX or E3 at 54 hpf. Controls and TTX treated
embryos were taken from the same clutch. The fish
were imaged from 2.5 to 4.5 dpf. The resulting timelapse movies of axon growth appeared similar by eye
for TTX treated and control axons (Fig. 3).
Developmental Neurobiology

612

Kita et al.

Figure 2 TTX reduced both spontaneous and induced activity in the tectal neuropil. (A,B) Images
of the tectal neuropil in HuC:GCaMP5 fish at 4 dpf when injected (A) with a control (vehicle alone)
or (B) TTX. 250 frames of each movie were stacked for maximum intensity over time and psuedocolored with an imageJ Look Up Table (Green Fire Blue) where yellow shows the most intense
activity over a blue background. (C, D) Spontaneous activity, as well as activity induced by the initiation of the 488 nm laser, was observed in the tectal neuropil in control cases at (C) 4 dpf and (D)
5 dpf. (E, F) When injected with TTX at 3.5 dpf no spiking activity was observed in the neuropil at
(E) 4 dpf or (F) 5 dpf. Yellow box in (A) shows an example of a 25 3 25 pixel region chosen for
activity analysis. A; anterior, M; medial, P; posterior, L; lateral.

Aspects of axon growth were quantitatively measured. One of the more interesting growth patterns
was the biased branching, measured by the branch
ratio in each frame. The branch ratio was defined in
terms of the number of branches pointing toward the
target (T) and the number of branches pointing away
(A) at each time point by (T 2 A)/(T 1 A). The branch
ratios over time for individual control and TTX axons
are shown in Figure 4(A,B). The branch ratios were
similar between TTX and control groups (n 5 10
axons, Fig. 4(C,D)). Both groups had tightly balanced
rates of addition and deletion of branches between
movie frames (Fig. 4(E)).
To compare the two groups quantitatively, each
individual axon’s branch ratio over time was fit to a
straight line. Both lines had similar slopes representing the change in the branch ratio over the entire
time-lapse sequence (TTX 20.04 6 0.04 h21, Controls 20.02 6 0.03 h21, p 5 0.21) (Fig. 4(F)). Each
of the groups also had similar branch ratios at time
zero when their targets were reached (TTX 0.005 6
0.10, Controls 20.07 6 0.12, p 5 0.14) [Fig. 4(F),
first four measures]. The mean of the branch ratio for
each axon was then calculated for two developmental
Developmental Neurobiology

Figure 3 In control conditions and after treatment with
TTX, axon growth appeared grossly similar. In individual
frames taken from time-lapse movies, fish treated with control injections of E3 showed similar patterns of axon growth
to embryos treated with TTX. There were no changes
obvious by eye in target seeking behavior, branching or
growth cone appearance. Tracings are shown below movie
frames. Scale bar is 25 mm. Time is shown in minutes.
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Figure 4 Guidance mechanisms were not altered by activity loss. (A, C, E(upper)) show measurements from control axons while (B, D, E(lower)) show axons after injection of TTX at 54 hpf. (A,
B) Individual axon branch ratios were high during pathfinding and decreased when the target was
reached. (C, D) For groups of 10 axons in each condition, the average branch ratio changed from
positive to negative at the target. Axons were aligned to each other when they arrived at their targets, designated time 0. (E) Adding TTX did not change the number of branches added or eliminated in the 10 min periods. The number of additions and deletions remained tightly balanced in
both cases. (F) The branch ratio showed a similar rate of change over the time-lapse movies,
decreasing slowly for both controls and TTX. When the axons reached their target at t 5 0 there
was no significant difference between the branch ratios of control and TTX treated axons. Both
control axons and those in the TTX condition had an overall positive ratio before the target was
reached, and a significantly different and negative branch ratio after they reached their targets, but
no differences were found in the measures of the branch ratio after treatment with TTX. Data points
show averages of each axon. Controls; open circles, TTX; grey open diamonds, bar and whiskers
display the mean 6 SEM, *; p < 0.001.

stages: before hitting the target zone (pathfinding)
and after (arborization). Overall, before reaching the
target zone the branch ratio was positive and similar

between the two groups (TTX 0.18 6 0.10, Controls
0.11 6 0.09, p 5 0.11). After reaching the target,
the branch ratios turned equivalently negative
Developmental Neurobiology
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Figure 5 The average growth cone velocity, turning angle and trajectory were not altered by TTX.
(A) Control and (B) TTX treated growth cones travelled at similar velocities. (C) There was no statistical difference between the average speeds of growth cones originating in normal or silent neural
environments. Data points show averages of each growth cone, box and whisker plots are overlaid in
grey. (D, E) The average turning angle for growth cones in each condition are shown as cumulative
distributions. (F) The average turning angle for each group was not significantly different from zero,
nor was there a significant difference between them. (G, H) Example growth cone trajectories traced
from the projected images of individual axons. Once initiated, growth cones travelled in mostly
straight trajectories under both conditions. Several growth cones were often present on a single axon.
Overlaid circles in the same colors as the growth cone tracts denote where tracts terminated. (I) The
average number of growth cones per axon was unchanged by TTX. Scale bar is 5 mm.

(TTX 20.19 6 0.14, Controls 20.19 6 0.13,
p 5 0.99). Within the two groups, the switch of the
branching ratio after the target was reached was significant for both controls (Control branch ratio before
target 0.11 6 0.09; Control branch ratio after target
20.19 6 0.13, p 5 1025) and TTX treated larvae
(TTX branch ratio before target 0.18 6 0.098; TTX
branch ratio after target 20.19 6 0.14, p 5 1025)
[Fig. 4(F), last four measures]. The branch ratio was
not affected by the activity loss.
Developmental Neurobiology

The speed of growth cone advancement was measured to see if the average velocity was affected by
TTX. The distributions of the velocities were not normal (Shapiro–Wilks test). Controls travelled with a
median speed of 12.6 mm/h and in TTX treated conditions the growth cones moved with a similar median
speed of 11.2 mm/h, which was not significantly different from controls (Mann–Whitney U test,
p 5 0.40) [Fig. 5(A,B,C)]. The average turning angles
of each growth cone are displayed in Figure 5(D,E).
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Turning angles were defined as the angular difference
in vector movement between successive movie
frames. Angles were defined as positive if the turn
was toward the target arborization zone and negative
if it was away from the target.
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An average turning angle was calculated for each
growth cone. The distribution of average turning
angles was not normal. The growth cones in control
conditions had a median turning angle of 1.2! and in
TTX treated conditions, the median turning angle

Figure 6.
Developmental Neurobiology
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was 2.0! , which were similar between groups
(Mann–Whitney, p 5 0.48) [Fig. 5(F)]. In both cases
the majority of growth cones grew in almost entirely
straight paths and TTX did not significantly alter the
results. Although the average angles were small, they
were significantly different from zero (Wilcoxon
one-sample signed rank test, TTX, p <0.0001; Controls, p <0.0001). We then examined the individual
growth cones in each sample to study their turning
angles over their lifetimes, to examine if individual
axons had an overall trajectory toward or away from
the target. In both cases, no growth cones in control
(n 5 33) or TTX (n 5 39) conditions had individual
turning angles that were different from zero over
their lifetimes (one sample t test, Wilcoxon onesample signed test as appropriate given the distribution of angles/growth cone lifetime). The trajectories
of growth cones on two representative axons (multiple growth cones can be present at the same or
sequential times on a single, branching axon) are displayed in Figure 5(G,H). We also determined
whether the number of growth cones per axon
changed with TTX treatment. On average, control
axons extended a median of 2.5 growth cones and
TTX treated axons extended 3.0 growth cones, which
was not significantly different (Mann–Whitney,
p 5 0.49) (Figure 5(I)).
We then determined whether other aspects of axon
growth and pathfinding differed after treatment with
TTX (Fig. 6) focusing on the length of the arbors, the
area covered and the number of branches over time.
We examined whether the overall length of each
axon was increased or decreased by TTX by examining the sum of the length of all branches over time

[Fig. 6(A)]. Similar to the measures of branch ratio in
Figure 4(F), first the slope and intercept of the individual axon measurements were calculated and compared with regard to length over time. Between the
groups there was no difference in the rate of change
of length (TTX 10.1 6 4.0 mm/h; Controls 8.3 6 5.8
mm/h, p 5 0.42) or the average length when the target
was reached (TTX 154 6 46 mm, Controls 177 6 55
mm, p 5 0.31) (Bar graphs at left of Figure 6(A);
mean 6 SEM).
The averages at the six time points recorded in
each hour were then compared between the two
conditions. These groups of six points were normally distributed (Shapiro–Wilks test, p > 0.05) in
the vast majority of cases (157/168). To be conservative a Bonferroni multiple comparisons correction
was not applied to the normality test: if it had all
groups would have passed the normality test. For
normally distributed groups a Student’s t test was
used to compare between conditions. For the
remaining 11 groups that failed the normality test
we instead used a Mann–Whitney U test. We
reviewed the raw numbers to determine if the nonnormal distributions appeared at times of rapid
change in averages over the hour that could skew
the distribution, however, we found that they mostly
occurred when the averages held to rather similar
values for the hour. To reduce the potential for false
positives in significance over multiple comparisons
(as the period of imaging spanned 28 h), the Bonferroni correction was applied to both the t test and
Mann–Whitney U test. During pathfinding, controls
had significantly longer axon lengths at 3, 6, 9, and
10 h before the target was reached (p " 0.001 for

Figure 6 Differences between growth patterns of TTX and control axons. For the grouped data,
comparisons were made between the conditions over each hourly interval. Stars mark hours where
the measures were significantly different (p < 0.0018). (A) While pathfinding, the axons’ total
lengths (sum of all branches and primary axon shaft) were mostly similar between control and TTX
groups. There were occasional hours when controls had more length than TTX treated axons during
pathfinding but this was not consistent for long periods of time. After the target was reached (vertical dashed line at t 5 0) the controls underwent a period of extension followed by a reduction in
overall length. During this time they had significantly more length, while the TTX group maintained a slow but steady rate of length increase. The difference in length disappeared after 14 h at
the target due to the differences in growth patterns. (B) Branches of control axons covered more
area during pathfinding. After the target was reached, the control axons expanded and retracted,
with TTX area steadily increasing. (C) Axons in the control and TTX treated groups had similar
numbers of branches during pathfinding with a few hours where controls had more branches. In
controls, the branch numbers increased as the axons elaborated an arbor with a period of significantly more branches from 8–13 h after the target was reached. Ten axons were included in each
grouped panel. Individual example traces follow. Bar graphs represent the mean and SEM of the fit
to a straight line for each axon, averaged by group, and displaying both rate of change and value on
reaching the target for each measure in (A–C).
Developmental Neurobiology
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each hour). After the target was reached, the
dynamics changed more markedly. Comparisons
made at 2, 3, 5 h, and at every hour between 7–
13 h after reaching the target, showed that controls
were longer than TTX treated axons (p < 0.001 at
every hour). By 14 h, there were no longer significant differences between the conditions [Fig. 6(A)].
Similarly, we looked at the area covered by a convex polygon drawn with corners at every branch tip
[Fig. 6(B)]. When fitted to a straight line, the average
area covered by the axons increased at similar rates
(TTX 44 6 8 mm2/h; Controls 34 6 5 mm2 /h,
p 5 0.31). By this measure, the area covered as the
target was reached was not altered by TTX treatment
(TTX 514 6 140 mm2, Controls 704 6 166 mm2,
p 5 0.39) (Bar graphs at left of Figure 6(B); mean 6
SEM). The overall trends hide differing temporal patterns, however. The averages of area covered at each
time point were again combined into hourly segments
and these segments compared between control and
TTX environments. For several hours during the
pathfinding stage control axons cover more area than
TTX treated axons. At 12, 9, 8, 7, and 6 h before the
target was reached the difference in area was statistically significant (p < 0.001 at every individual hour).
After reaching the target, the control arbors expanded
and retracted while TTX treated arbors continue to
expand steadily, but more slowly. The control arbor
expansions results in the controls gaining significantly larger area than the TTX treated arbors at 9 h
after reaching the target (p < 0.001). However, due
to the subsequent reduction in area, by 14 h the control arbors covered significantly less area than those
treated with TTX, which had continued to expand (p
< 0.001).
The average number of branches over time had
similar rates of addition (TTX 0.82 6 0.40 branches/
h, Controls 0.56 6 0.53 branches/h, p 5 0.22). At the
time the axons reached the target zone there were
similar numbers of branches present in each case
(TTX 12.5 6 4.0, Controls 13.4 6 6.1, p 5 0.73)
(Bar graphs at left of Figure 6(C); mean 6 SEM).
When the averages of each group were compared
from hour to hour, control axons had more branches
than TTX treated axons 8, 10, 11, 12, and 13 h after
reaching the target (p < 0.001). The number of
branches on TTX treated axons steadily increased
from the time the target was reached until 14 h afterward. Controls had a sharper increase in number after
reaching the target. At 14 h after the target was
reached, there were no significant differences
between the number of branches in control or TTX
treated conditions. Before reaching the target there
was no overall trend. However, for brief periods at
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9 and 6 h before the target was reached controls had
significantly more branches (p < 0.001).

DISCUSSION
The role of activity in initial axon pathfinding is controversial. Here, we investigated this question by
injecting TTX into developing zebrafish to inhibit
neural activity. Stuermer et al. (1990) previously
showed that RGC axons arborize in the correct general area even with TTX treatment. The final arbor
locations were topographic, even when segments of
the retina (and the output axon generating RGCs)
were removed to leave large portions of the tectum
devoid of connections. Our work provides a complementary quantitative analysis of growth patterns and
guidance in individual RGCs as they navigate an
environment without neural activity.
During development, addition and deletion of
branches occurs concurrently rather than as a period
of overgrowth followed by refinement (Ruthazer
et al., 2003). Time-lapse movies where images are
taken every hour do not capture many of the more
rapid dynamics and could conceal differences in
growth or guidance mechanisms, despite a maintenance of overall topography. Similarly, movies that
focus with high temporal frequency over a small
period of time do not capture the changes that take
place over longer periods of development. Here, we
balanced these constraints and quantitatively
described the changes to pathfinding behavior of
RGCs with 10 min resolution from 2.5 to 4 dpf
when challenged with TTX. While most aspects of
branch and growth cone dynamics were robust to
activity loss, we found measures in the initial pathfinding that do show change, especially in the
extent of area covered by the branches during
pathfinding.
Growth cone guidance and branching are both
important features of retinotectal axon guidance in
zebrafish and we hypothesized that a loss of activity
might have changed the relative importance of the
two methods. However, analysis of growth cone
movements showed no difference between TTX and
control conditions (Fig. 5), with velocities, turning
angles, and trajectories remaining similar between
the two groups. While branching was previously
described as a rare event (Kaethner and Stuermer,
1994), dynamic and continual branching has now
been recorded and implicated in zebrafish RGC guidance behaviors (Simpson et al., 2013). One aspect of
branching important for guidance is the maintenance
of biased branches; where more branches are directed
Developmental Neurobiology
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toward the target. This guidance ratio was also unaffected by the loss of activity (Fig. 4). Thus the two
major forms of guidance do not depend on global
activity.
We next turned to quantitative description of the
patterns of growth in both pathfinding and early arborization to both enhance existing qualitative studies
and also to determine if there were differences in the
manner in which axons grow when their environments are silent. In our work, we see for the first time
that the branches cover less area when pathfinding in
a silenced environment (Fig. 6). The control axons
showed brief periods during pathfinding where their
length and number of branches briefly reached significantly higher levels than TTX treated axons, however, area was the only measure that remained
consistently different during sequential measurements in the pathfinding phase.
Synapses have been linked to branch formation
(e.g., Cline, 2001; Hutson and Chien, 2002; Meyer
and Smith, 2006; Uesaka et al., 2006; Ruthazer et al.,
2006; H€
ornberg et al., 2013). Synapses provide a
physical location for the extension of new branches
and their presence on branches is a stabilizing influence (Meyer and Smith, 2006). The first synaptic
puncta are present in zebrafish at 3 dpf (Meyer and
Smith, 2006) and visual responses start at 68–79 hpf
(Easter and Nicola, 1996). These ages cover times
when the first pioneer axons are arborizing and also
when the following waves of axons are growing in
and pathfinding. No studies so far have looked for
retinotectal synapses at earlier time points. The earliest synapses may be used to stabilize branches in
pathfinding and support longer extensions. Without
activity, the synapses may not be maintained, leading
to shorter branches that cover less total area.
Axonal morphology becomes more affected by
activity at later stages of arborization when synaptic
communication between RGCs and tectal neurons
likely mediates the formation of functional connections, and therefore the structure of the RGC arbor.
After reaching the target, we observed the area of
control axons expanded and contracted, which was
not seen in the TTX treated arbors. In general, we
found that controls had a greater length and higher
numbers of branches, but by the last time point, they
covered less area. The differences between the two
groups was most apparent after approximately 10 h
on the target (Fig. 6) when control axons had more
length, area, and branches, with length and branch
measurements remaining significantly higher than
TTX treated axons as the area decreased, suggesting
a steep increase in arbor density at that time that was
blocked by TTX. However, as length and branch
Developmental Neurobiology

number lose significance at the end of our imaging
period, the density may not have been maintained for
long and may have been an intermediate step in finding the correct tectal synaptic partners.
To more fully understand how the the TTX is
affecting the structure of the axons, our results can be
compared to other studies on activity and arborization. In the Mao zebrafish mutant (Gnuegge et al.,
2001) RGCs lose activity at 4–6 dpf. The arbor areas,
or projection fields, were enlarged in these mutants
but showed no significant increase in the length of
individual axons. The branches were fewer and longer. In their study, this mutant phenotype could be
phenocopied with TTX. Our analysis used the time
that the center of the arbour’s mass ceased to move
forward as the time that the target was reached. This
was a useful way to align axons which may grow into
the tectum many hours apart, when time relative to
dpf would be inappropriate. By the last time points in
our study, approximately 4–4.5 dpf depending on the
axon, we confirmed that TTX treated arbors were
larger than controls but the sums of the branch
lengths were similar and quantitatively showed how
these measures change over early arborization.
Branches are often eliminated when correlated
activity is not found. This process is rapid, and can
take place in the 20 min following a change in synchronicity between two cells (Munz et al., 2014).
Postsynaptic N-methyl-D-aspartate (NMDA) receptors detect correlated activity between partner neurons (Paoletti et al., 2013). Selective branch
elimination can be blocked using NMDA antagonists
(Ruthazer et al., 2003). However, the blockade has
other effects as well the rate of branch additions
increases and the lifetime of branches becomes shortened (Rajan et al., 1999). There are more rearrangements and a decrease in synapse stability (O’Rourke
et al., 1994). Injecting TTX into Xenopus at later
arborization stages also increases the rate of addition
and elimination of branches and disrupts long term
branch stability (Cohen-Cory, 1999). This impaired
ability to correlate activity was not as important earlier in development. Blocking NMDA receptors in
zebrafish from 2–4 dpf did not have effects on the
number of branches, the rate of addition and deletion
of branches, or branch lifetime, but did cause larger
arbor areas with an increased distance between
branches (Schmidt et al., 2000), similar to what we
and others have seen at 4–5 dpf.
The dynamic nature of our measures leads us to suggest that the exact time of analysis, especially in relation to activity and growth, is a crucial element when
discussing the effects of perturbing normal zebrafish
development. Events such as the switch in RGCs from
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embryonic to adult forms of sodium channels (Gnuegge
et al., 2001), and a growing need to compete for space
to both form physical synapses and receive nerve
growth factors for survival (e.g., brain-derived neurotrophic factor (BDNF)) released from postsynaptic partners, may make activity even more important at later
stages of arbor development.
Treatment with TTX silences electrical activity in
both the ingrowing axons and the dendrites of the target cells in the tectum. A remaining question is
whether matched activity is important for guidance,
as global inhibition could mask an effect that would
be present when either partner was silenced alone.
There are contradictory results present in the literature for the arbor dynamics at later ages. Silencing a
single zebrafish RGC axon with tetanus toxin resulted
in increased branch outgrowth at 7 dpf, such that the
one arbour ends up occupying a larger area (Fredj
et al., 2010). This increase in area agreed with what
we saw during the arborization period. While
silenced at 7 dpf, axons also displayed highly
dynamic, short lived filopodia, which are characteristic of immature axons (Fredj et al., 2010) and agreed
with the structures observed in our ’immature’ pathfinding axons. Further experiments by Fredj et al.
(2010) showed that this was a competitive process, as
when other cells nearby were also silenced, the effect
disappeared. Conversely, a separate study found
growth inhibition and decreased branch formation at
5 dpf in axons with activity suppressed by an over
expression of either the potassium channel Kir2.1 or
a dominant negative SNARE protein preventing the
release of neurotransmitters (Hua et al., 2005). When
using TTX, as in our study, Hua et al. found no difference in arbor length or branch number in larvae
without activity compared to controls, consistent
with our results at the last time-points measured.
Thus, at least for zebrafish retinotectal map development, the role of activity is not clearly segregated
into two time periods. While activity is critically
important for axon rearrangements and map refinement once axons have made initial contact with their
targets, it also plays a small role in the dynamics of
axon pathfinding to that point. However, guidance and
branching, including the branch ratio during pathfinding, appears to be informed only by molecular cues.
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