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Netrin Participates in the Development of Retinotectal
Synaptic Connectivity by Modulating Axon Arborization
and Synapse Formation in the Developing Brain
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Netrin has been implicated in retinal ganglion cell (RGC) axon pathfinding in a number of species. In Xenopus laevis, RGC axons reaching
their target in the optic tectum can be repelled by a netrin-1 gradient in vitro, suggesting that netrin may also function in wiring events that
follow successful axon pathfinding. Here, we examined the contribution of netrin to RGC axon arborization and synapse formation at the
target. Time-lapse confocal microscopy imaging of individual RGC axons coexpressing GFP-synaptobrevin and DsRed in the intact
Xenopus brain demonstrated a role for deleted in colorectal cancer (DCC)-mediated netrin signaling. Microinjection of netrin-1 into the
tectum induced a rapid and transient increase in presynaptic site addition that resulted in higher presynaptic site density over a 24 h
observation period. Moreover, netrin induced dynamic axon branching, increasing branch addition and retraction; a behavior that
ultimately increased total branch number. In contrast, microinjection of DCC function-blocking antibodies prevented the increase in
presynaptic site number normally observed in control axons as well as the associated increase in branch number and axon arbor growth.
Dynamic analysis of axon arbors demonstrated that the effects of anti-DCC on axon morphology and presynaptic connectivity were
attributable to a specific decrease in new synapse and branch additions, without affecting the stability of existing synapses and branches.
Together, these results indicate that, in the absence of DCC signaling, RGC axons fail to branch and differentiate, and support a novel role
for netrin in later phases of retinotectal development.

Introduction
During neural network formation, growth cones at the leading
edge of extending axons are required to make a series of path-
finding decisions to reach their final targets. Growth cone
decisions are controlled by directional cues, either through
contact-mediated mechanisms or presented as long-range
gradients. Directional cues influence Rho GTPase function as
well as other factors that impact on cytoskeletal dynamics that
direct axon growth (Guan and Rao, 2003; Gallo and Letour-
neau, 2004; Govek et al., 2005). There are many intriguing
similarities between the cytoskeletal dynamics involved in
growth cone pathfinding and those involved in branching and
synaptogenesis (Scheiffele, 2003; Kornack and Giger, 2005),
suggesting that guidance factors can continue to participate in
the organization of neuronal connectivity after pathfinding
events have occurred. Indeed, an increasing number of studies
now suggest that guidance cues contribute to plastic events
that follow axon guidance to final targets (Dent et al., 2003;
Kalil and Dent, 2005).

Netrin-1 has been implicated in a number of neurodevelop-
mental events in addition to its well established role in axon
guidance. Netrin-1 has been shown to influence axon branching
in Drosophila and to modulate synaptogenesis in Caenorhabditis
elegans (Winberg et al., 1998; Lim et al., 1999; Gitai et al., 2003;
Colón-Ramos et al., 2007). Recent evidence demonstrating that
netrin-1 induces axon back-branching in cortical neurons in vitro
(Dent et al., 2004; Tang and Kalil, 2005), and that mature neurons
in mice deficient in netrin receptor expression have fewer den-
dritic spines (Grant et al., 2007), suggests that netrin-1 is involved
in the development of vertebrate synaptic connectivity as well.

In the developing visual system, netrin-1 can exert a bifunc-
tional role in the guidance of retinal ganglion cell (RGC) axons to
their brain targets. Netrin has been implicated in short-range
guidance of RGC axons out of the retina in a number of species
(Deiner et al., 1997; Höpker et al., 1999) and also guides axons
further along the optic pathway (Mann et al., 2004). Evidence
that Xenopus RGC axons about to enter their final target in the
optic tectum respond to a gradient of netrin-1 in vitro (Shewan et
al., 2002), suggests that netrin-1 may also function as a target
recognition signal in the brain. Here, we have taken advantage of
the Xenopus laevis visual system to observe dynamically, and in
vivo, the contribution of netrin to the development of retinotectal
synaptic connectivity by studying the morphological and synap-
tic differentiation of RGC arbors branching at their target.

Observations of actively branching axons in real time in frog
and fish embryos have shown that branching and synaptogenesis
are related events that impact on one another (Alsina et al., 2001;
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Niell et al., 2004; Meyer and Smith, 2006). A limited number of in
vivo time-lapse studies have examined the effects of specific cues
on axon arbor differentiation (Cohen-Cory and Fraser, 1995;
Cantallops et al., 2000; Campbell et al., 2007), which allow the
distinction to be made between the ability of a cue to induce
branch and synapse formation and its ability to influence their
stability. Our findings identify deleted in colorectal cancer
(DCC)-mediated netrin-1 signaling as a new key player in RGC
axon branching and synaptogenesis in the vertebrate brain. Fur-
thermore, our studies reveal axon dynamics that are unique to
netrin signaling, suggesting that different cues may use specific
dynamic strategies to influence the shape and function of devel-
oping neural circuits.

Materials and Methods
Animals. X. laevis tadpoles were obtained by in vitro fertilization of oo-
cytes from adult females primed with human chorionic gonadotropin.
Tadpoles were raised in 0.001% phenylthiocarbamide in rearing solution
[60 mM NaCl, 0.67 mM KCl, 0.34 mM Ca(NO3)2, 0.83 mM MgSO4, 10 mM

HEPES, pH 7.4, 40 mg/L gentamycin] to prevent melanocyte pigmenta-
tion. Tadpoles were anesthetized in 0.05% tricane methanesulfonate
(Finquel; Argent Laboratories) during experimental manipulations and
were allowed to swim freely in rearing solution between imaging. Staging
was according to Nieuwkoop and Faber (1956). Animal procedures were
approved by the University of California, Irvine.

Antibodies and reagents. For immunohistochemical experiments, the
following antibodies were used: an anti-chicken netrin-1 antibody raised
against a sequence that is conserved in X. laevis (1:3500 dilution; Novus
Biologicals) and an anti-human DCC antibody (1:1500 dilution; BD
Biosciences Pharmingen). The specificity of the antibodies to recognize
netrin and DCC, respectively, in Xenopus was tested by Western blot
analysis (data not shown). A band of �180 kDa was detected by the
anti-DCC antibody in stage 38 retina, and a band of 75 kDa was detected
by the netrin antibody in stage 45 tectum consistent with the predicted
molecular weights of Xenopus DCC and netrin-1, and with previous
reports (Pierceall et al., 1994). For colocalization studies, we also used
antibodies against the presynaptic protein SNAP-25 (1:500 dilution;
Assay Designs), the postsynaptic protein PSD-95 (mouse IgG; 1:200 di-
lution; Millipore), the microtubule associated protein microtubule-
associated protein 2 (MAP2) (mouse IgG; 1:500 dilution; NeoMarkers),
and an anti-neurofilament associated protein antibody (3A10; 1:2000
dilution). The 3A10 antibody developed by Dr. T. M. Jessell and Dr. J.
Dodd (Columbia University, New York, NY) was used to immunostain
presynaptic axon terminals and was obtained from the Developmen-
tal Studies Hybridoma Bank developed under the auspices of the
National Institute of Child Health and Human Development and
maintained by the Department of Biological Sciences of University of
Iowa (Iowa City, IA). For imaging experiments, recombinant chicken
netrin-1 (R&D Systems), anti-DCC function-blocking antibodies
(AF5; Calbiochem) (Hong et al., 1999), and nonimmune mouse IgGs
(Calbiochem) were used. The following expression plasmids were
used for in vivo imaging studies: pDsRed express (Clontech) and
GFP-synaptobrevin (a gift from Dr. M. M. Poo, University of Califor-
nia, Berkeley, Berkeley, CA) (Alsina et al., 2001).

Immunohistochemistry. Stage 45 X. laevis tadpoles were overdosed us-
ing tricaine methanesulfonate and fixed in 4% paraformaldehyde (PFA)
in phosphate buffer (PB), pH 7.5, for 1 h. Brains were then dissected out
and incubated overnight in 4% PFA at 4°C. Brains were embedded in 1%
agarose and sectioned into 50 �m slices using a vibratome. DCC and
netrin antigenicity were enhanced by gradually heating the free-floating
sections to 95°C in PB. Sections were allowed to cool for 5 min and were
then transferred to fresh PB. Tissue sections were incubated for 1 h at
room temperature in blocking solution: 2% bovine serum albumin and
0.2% Tween 20 in PB. The sections were incubated with primary anti-
bodies in blocking solution for 48 h at 4°C. For immunofluorescence
analysis, primary antibodies were visualized using a donkey anti-mouse
and anti-chicken, Alexa 488 and 568 secondary antibodies (Invitrogen;
1:500 dilution).

Preembedding immunoelectron microscopy. Stage 45 tadpoles were
anesthetized and fixed in 2% paraformaldehyde, 3.75% acrolein in 0.1 M

PB, pH 7.4. Brains were removed, postfixed, and embedded in 1% aga-
rose. Fifty micrometer vibratome sections were collected, incubated in
1% sodium borohydride in PB, incubated in cryoprotectant for 30 min
(25% sucrose and 3.5% glycerol in 0.05 M PB, pH 7.4), and quickly
permeabilized in liquid nitrogen. Sections were blocked in 0.5% bovine
serum albumin (BSA), 0.1 M Tris-buffered saline (TBS), and incubated
with an anti-human DCC mouse antibody for 48 h (1:200 dilution in
0.1% BSA in TBS) at 4°C. Subsequently, the DCC antibody was detected
by a goat anti-mouse IgG secondary antibody coupled to 1 nm gold
particles for 2 h at room temperature (1:50 dilution in 0.5% v/v of 20%
fish gelatin, 0.8% BSA in 0.01 M PBS, pH 7.4; Aurion-EMS). Sections
were then incubated in 2% glutaraldehyde, and gold particles were en-
larged using a British BioCell silver intensification kit (Ted Pella). The
reaction was stopped by dipping the sections in 0.1 M TBS, pH 7.5. To
control the occurrence of nonspecific labeling, adjacent sections were
incubated without primary or secondary antibody alone in every exper-
iment. The high specificity but low sensitivity of this preembedding im-
munostaining technique resulted in discrete silver precipitates of variable
size in immunopositive axon terminals (because of enlargement of the 1
nm gold particles) (Rodríguez et al., 2005), which were absent in adjacent
sections processed in the same manner but with the primary antibody
being omitted in the incubation bath. Immunostained sections were
postfixed in 2% osmium tetroxide, dehydrated, and flat embedded in
100% Epon. Using a stereoscope, the optic tectum was carefully dissected
and placed on Epon blocks. Seventy nanometer thin sections were ob-
tained on copper mesh grids using a Reichert ultramicrotome with a
diamond knife (Diatome) and counterstained with 2% uranyl acetate
and Reynolds lead citrate. Ultrastructural analysis was performed using a
Philips CM10 transmission electron microscope.

GFP-synaptobrevin in vivo expression and axon labeling. The method
used for the simultaneous visualization of axon arbor morphology and
presynaptic sites in individual RGC axons in vivo was as described previ-
ously (Alsina et al., 2001). Briefly, a chimeric gene coding for wild-type
green fluorescent protein (GFP) and the complete sequence of X. laevis
synaptobrevin II was used to target GFP expression to synaptic vesicles in
live tadpoles. Retinal progenitor cells of stage 20 –24 tadpoles were
cotransfected by lipofection (Holt et al., 1990) with equimolar
amounts of GFP-synaptobrevin and pDsRedexpress (Clontech). Tad-
poles were reared until stage 44, and then screened for axons coex-
pressing both expression plasmids. Only tadpoles with one to two axons
colabeled were used for experimentation and imaging. Expression of
GFP-synaptobrevin in RGC axons has been shown to highly colocal-
ize with the expression of endogenous presynaptic and postsynaptic
markers in vivo (95.8 � 1.11% of the GFP-synaptobrevin puncta
coincided with endogenous PSD-95; n � 9 brains, 262 GFP-labeled
puncta, 5 independent experiments) (Alsina et al., 2001), to localize
to truly recycling synaptic vesicles in Xenopus RGC axons in vitro (iden-
tified by stimulus-induced unloading of FM 4-64 dye) (Alsina et al.,
2001), and is enriched at ultrastructurally mature RGC presynaptic ter-
minals in vivo (Hu et al., 2005).

Time-lapse imaging. The behavior of individual RGC axons was fol-
lowed with confocal microscopy in stage 44 – 45 tadpoles. Only tadpoles
with individual RGC axons labeled with DsRed express showing specific,
punctate GFP labeling in their terminals were selected. Tadpoles contain-
ing one or two clearly distinguishable double-labeled axons, with at least
20 branches were imaged every 4 h for 8 h, and then again at 24 h.
Immediately after the first observation, 0.2–1.0 nl of recombinant
chicken netrin-1 (300 ng/�l), anti-DCC (330 ng/�l), nonimmune mouse
IgG (300 ng/�l), or vehicle solution (50% Niu Twitty) was pressure
injected into the ventricle and subpial space overlying the optic tectum.
Axon arbors in tadpoles injected with control, nonimmune IgG exhib-
ited branch and GFP-synaptobrevin cluster dynamics comparable with
those of vehicle-treated tadpoles (data not shown). To correlate GFP-
synaptobrevin distribution with axon morphology, thin optical sections
(1.5 �m) through the entire extent of the arbor were collected at 60�
magnification (1.00 numerical aperture water-immersion objective)
with a Nikon PCM2000 laser-scanning confocal microscope equipped
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with argon (488 nm excitation; 10% neutral density filter) and HeNe
(543 nm excitation) lasers. A 515/30 nm (barrier) emission filter and a
605/32 nm (bandpass) emission filter were used for GFP-synaptobrevin
and DsRed visualization, respectively. GFP-synaptobrevin and DsRed
confocal images were obtained simultaneously, below saturation levels,
with minimal gain and contrast enhancement.

Data analysis. All analysis was performed from raw confocal images
without any postacquisition manipulation or thresholding as described
previously (Alsina et al., 2001; Hu et al., 2005; Marshak et al., 2007).
Analysis was performed blind to the treatment group. Digital three-
dimensional reconstructions of GFP-synaptobrevin and DsRed-labeled
arbors were obtained from individual optical sections through the entire
extent of the arbor with the aid of the MetaMorph software (Molecular
Devices). Presynaptic GFP-synaptobrevin clusters were characterized
and measured from pixel-by-pixel overlaps from individual optical sec-
tions obtained at the two wavelengths. In brief, yellow regions of com-
plete red and green overlap of 0.5–1.0 �m 2 in size and 150 –255 pixel
intensity values were identified as GFP-synaptobrevin-labeled puncta.
Individual GFP-synaptobrevin puncta were mapped on tracings derived
from the entire three-dimensionally reconstructed axon arbor, and axon
branches and puncta were marked, identified, and followed from one
time point to the next. Several morphological landmarks (branch shape,
bends, and swells) that remained stable across time points for each indi-
vidual arbor allowed us to identify stable, added, and eliminated GFP-
synaptobrevin puncta and branches from one observation time point to
the next. Imaging of RGC axon terminals in the Xenopus brain in vivo at
5 min intervals for a period of 30 – 60 min demonstrated that GFP-
synaptobrevin puncta characterized as above are not motile (B. Alsina, B.
Hu, and S. Cohen-Cory, unpublished observations). To obtain a detailed
analysis of presynaptic cluster dynamics at each observation interval,
several parameters were measured: the location of each synaptic cluster

along the axon arbor, the number of clusters per branch or per unit arbor
length, the number of clusters added or eliminated, and the number of
clusters maintained from one observation interval to the next. For the
quantitative analysis of axon branching, total arbor branch length
(length of total branches), total branch number, the number of individ-
ual branches gained or lost, and the number of branches remaining from
one observation interval to the next were measured. To differentiate
between nascent filopodia and branches, extensions from the main axon
of �5 �m were classified as branches (Cohen-Cory and Fraser, 1995;
Alsina et al., 2001; Hu et al., 2005; Marshak et al., 2007). A total of 17
axons for control, 14 for netrin, and 12 for anti-DCC treatment were
analyzed, with one axon analyzed per tadpole. Axons analyzed had be-
tween 20 – 60 branches and 25–98 clusters. Data are presented both as net
and percentage change from the initial value for each individual axon, or
as the change between two observation intervals for every individual
axon. Two-sample unpaired t tests were used for the statistical analysis of
data. Results were classified as significant if p � 0.05.

Results
The spatial and temporal distribution of netrin and DCC
receptor expression supports a role for netrin in retinotectal
circuit development
The distribution of netrin was examined in the Xenopus optic
tectum at stage 44 – 45, a developmental time point when retinal
axons have terminated in the optic tectum and are actively
branching and forming synapses with their postsynaptic part-
ners, the tectal neurons. Tectal neurons are born in a row along
the caudomedial border of the right and left tectum immediately
adjacent to the ventricle (Fig. 1A,B). Tectal neuron cell bodies
then migrate laterally and rostrally while extending their primary

Figure 1. Netrin is present in tectal neurons and is identified at synaptic sites in the stage 44 – 45 Xenopus optic tectum. A, B, Localization of netrin immunoreactivity in the tectal midbrain.
B, Schematic diagram of a stage 44 – 45 Xenopus tectal midbrain (horizontal view). Neuronal precursors, born in rows adjacent to the ventricle in the right and left sides of the optic tectum, follow
a lateral and rostral migratory path while extending a primary dendrite that will eventually terminate in the tectal neuropil and begin to elaborate a dendritic arbor. In this diagram, the boxed region
corresponds to the micrograph shown in A. A, This horizontal view of the optic tectum demonstrates that a large, evenly distributed subset of cells is immunopositive for netrin-1. Punctate
immunostaining is also observed throughout the tectal neuropil (n). C–F, Confocal micrographs of a horizontal section through the stage 44 – 45 Xenopus optic tectum coimmunostained with
antibodies to netrin (green immunofluorescence) and the dendritic marker MAP2 (red immunofluorescence). C, Note that MAP2 immunostaining identifies optic tectal neuron dendritic processes
projecting to and branching in the tectal neuropil (n). D–F, The high-magnification confocal image reveals that netrin immunoreactivity is localized to cell bodies (asterisk) and proximal dendrites
(arrow) of neurons within the medial portion of the optic tectum that are also immunoreactive for MAP2. G, Confocal micrograph of the tectal neuropil in stage 44 – 45 Xenopus optic tectum
coimmunostained with antibodies to netrin (red immunofluorescence) and the presynaptic marker SNAP-25 (green immunofluorescence). Note the punctate distribution of netrin (red) and
SNAP-25 (green) in the tectal neuropil; the netrin-immunoreactive puncta are in direct apposition to SNAP-25-labeled presynaptic sites. H, Confocal micrograph of stage 44 – 45 Xenopus optic
tectum coimmunostained with antibodies to netrin (red immunofluorescence) and the postsynaptic marker, PSD-95 (green immunofluorescence). Netrin-immunoreactive puncta in the tectal
neuropil colabel with PSD-95-positive postsynaptic densities. Scale bars: A, 50 �m; C, 100 �m; D–F, 10 �m; G, H, 5 �m.
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dendrite toward the tectal neuropil in which they will branch and
form connections with RGC axons. Netrin immunoreactivity was
localized to a large subset of cell bodies in the optic tectum (Fig.
1A,C). Coimmunostaining of netrin-1 with MAP2, a dendritic
marker, indicates that the netrin-immunoreactive cells in the op-
tic tectum are neurons, with immunoreactivity being predomi-
nantly localized to neuronal cell bodies and occasional proximal
dendrites (Fig. 1C–F). Within the tectal neuropil, large netrin-1-
immunoreactive puncta were dispersed throughout, with the
highest density of puncta being present in the rostral tectum, in
the region of the neuropil directly adjacent to the tectal cell body
layer (Fig. 1A) (also Fig. 2F,H,I). This highly immunoreactive
area of the rostral tectum is densely populated by tectal dendrites
because of its proximity to the cell body layer, and contains den-
dritic arbors from more mature tectal neurons. Thus, many
branching RGC axons are making synaptic contacts with their
postsynaptic partners within this region. The close apposition
between netrin immunoreactivity and SNAP-25-immunoreactive
puncta within the tectal neuropil (Fig. 1G) suggests that netrin is
expressed by tectal neurons and is enriched near or at postsynap-
tic sites. Consistent with this, netrin-immunoreactive puncta co-
localized with the endogenous postsynaptic density marker
PSD-95 within the tectal neuropil (Fig. 1H).

The expression of the netrin-1 receptor, DCC, by RGCs has
been reported previously at earlier stages of retinotectal develop-
ment (de la Torre et al., 1997). We examined DCC mRNA and
protein expression at stage 44 – 45 to confirm its presence on
RGC axons actively branching in their target. In situ hybrid-
ization for DCC identified a number of neuronal subtypes,
including RGCs, that express DCC within the retina at this devel-
opmental stage (data not shown), in a pattern consistent with
that of previous reports (de la Torre et al., 1997). Immunostain-
ing with antibodies to DCC showed that axonal fibers that project
to the tectal neuropil express DCC (Fig. 2B–I). To confirm that
these DCC-positive fibers correspond, at least in part, to RGC
axons, we performed a unilateral eye ablation in young tadpoles.
Sections of stage 45 tadpole optic tectum were immunostained
with antibodies to DCC and 3A10, a marker for RGC axons (Fig.
2B–E). The distribution of 3A10 immunoreactivity in the ipsilat-
eral and contralateral side of the optic tectum confirmed the
absence of axon fiber bundles in the contralateral side of the optic
tectum that would normally receive innervation from the ablated
eye (Fig. 2B). Other populations of axons remained labeled with
3A10 indicating the location of other subpopulations of fibers in
the same brain section (Fig. 2B). DCC immunostaining was abol-
ished on the side of the optic tectum contralateral to the eye
ablation along with that of 3A10, indicating that fibers positive
for DCC were indeed RGC axons. The distribution of DCC-
positive RGC axons in the unaffected side of the optic tectum,
ipsilateral to the eye ablation, was compared with the entire
3A10-positive retinal axon bundle. Comparison of the two pat-
terns of immunoreactivity thus indicated that a large subset of
retinal axons is positive for DCC (Fig. 2C,E).

Sections obtained from stage 45 optic tectum were also
double-labeled with antibodies to netrin and DCC to determine
the relationship between the distribution patterns of the ligand
and its receptor in the tectal neuropil (Fig. 2F–I). DCC immu-
noreactivity was present in RGC axon bundles and in arbors that
had begun to branch. The two distribution patterns were clearly
complementary (Fig. 2F–H), with the two labels in the neuropil
being present in close apposition to each other (Fig. 2 I). Consis-
tent with the eye ablation experiments, another distinct popula-
tion of fibers located more medially was also DCC positive (Fig.

2E,G). In situ hybridization experiments for DCC in the mid-
brain indicate that there is a ventral– dorsal graded distribution of
DCC expression in this brain region at stage 44 – 45 (data not
shown). The optic tectum, which is in the dorsal third of the
midbrain, contained weak labeling indicating that there is very
little or no DCC expression by tectal neurons in this area.

The subcellular distribution of DCC in the tectal neuropil was
examined by preembedding, silver enhanced immunoelectron
microscopy (see Materials and Methods). DCC immunoreactiv-
ity was found to be present at presynaptic specializations, both on
presynaptic vesicles (Fig. 2 J,K) and on the surface of presynaptic
membranes (Fig. 2L). DCC immunoreactivity was also found on
the surface of filopodia (Fig. 2M), and along the axon shaft (data
not shown). This subcellular distribution of DCC immunoreac-
tivity in presynaptic terminals thus supports a role for DCC-
mediated netrin signaling in axon branching and synaptogenesis
in the target optic tectum.

UNC-5 is a second netrin-1 receptor that has been associated
with growth cone repulsive responses (Hedgecock et al., 1990;
Keleman and Dickson, 2001; Finger et al., 2002). A pan-UNC-5
antibody (Tong et al., 2001; Manitt et al., 2004) was used to
examine expression of UNC-5 in stage 45 Xenopus tadpoles. Con-
sistent with previous reports (Anderson and Holt, 2002), UNC-5
immunoreactivity was absent from axon terminals of RGCs at
this stage (data not shown). Thus, RGC axon terminals express
DCC receptors as they enter and branch in the optic tectum, but
are devoid of UNC-5.

Alterations in netrin signaling result in changes in RGC axon
morphology and presynaptic site number
Once in the target optic tectum, RGC axon arbors become mor-
phologically more complex by the dynamic addition, elimina-
tion, and stabilization of presynaptic sites and axon branches
(O’Rourke and Fraser, 1990; Cline, 1991; Cohen-Cory and
Fraser, 1995). In the following experiments, actively branching
RGC axons were observed over a 24 h period after manipulations
that alter netrin signaling. To visualize RGC arbors, stage 22 Xe-
nopus embryos were lipofected in one eye with DsRed (red; entire
axonal arbor) and GFP-synaptobrevin (green; presynaptic sites)
(see Materials and Methods) (Alsina et al., 2001; Hu et al., 2005)
expression vectors. At stage 44 – 45, tadpoles were screened and
those with one to two axons coexpressing both plasmids were
selected for time-lapse experiments. Axons ranging from 20 to 60
branches at the 0 h time point (time 0 h) were selected for
statistical analyses. The mean number of branches or synapses
across groups at “time 0 h” was not significantly different, nor
was there any significant difference in axon arbor length (data
not shown).

Microinjection of either vehicle or nonimmune mouse IgGs
did not significantly affect any of the parameters measured rela-
tive to controls (see Materials and Methods). Microinjection of
recombinant netrin-1, however, resulted in changes in axon ar-
bor morphology and in the number GFP-synaptobrevin presyn-
aptic sites (Figs. 3, 4). The change in the absolute number of
labeled presynaptic sites relative to time 0 h was four times higher
in the netrin-treated tadpoles by the first 4 h time point compared
with controls (0 – 4 h, 10.27 � 5.895 for control and 40.18 �
5.838 for netrin treated; p � 0.0018) (Fig. 3B). A greater increase
in the absolute number of GFP-synaptobrevin presynaptic sites
was also observed 8 and 24 h after microinjection of recombinant
netrin-1 (0 – 8 h, 21.47 � 5.857 for control and 55.09 � 6.408 for
netrin treated, p � 0.0008; 0 –24 h, 46.53 � 8.129 for control and
106.2 � 11.89 for netrin treated, p � 0.0003) (Fig. 3B), indicating
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that the elevated number of presynaptic clusters in the netrin-
treated tadpoles relative to controls was maintained during the
entire 24 h observation period.

Microinjection of recombinant netrin-1 also increased the
total number of branches within the axon arbor over the 24 h

observation period. The increase in absolute branch number rel-
ative to time 0 h in the netrin-treated tadpoles was three times
higher than controls by the 8 h observation time point (0 – 8 h,
3.4 � 1.253 for control and 10.93 � 3.082 for netrin treated; p �
0.0281) and remained elevated at the final 24 h observation time

Figure 2. RGC axons branching the optic tectum are immunopositive for DCC at presynaptic sites. A, Schematic illustration of the retinotectal circuit in stage 44 – 45 Xenopus optic tectum
(horizontal view). RGC axons project to the neuropil in the lateral tectum, in which they elaborate an arbor and form synapses with tectal neuron dendrites. Confocal micrographs of the tectal neuropil
shown in C–H correspond to regions demarcated by the gray box. B–E, After unilateral right eye ablation, sections through the tectal midbrain were coimmunostained with antibodies to DCC and
a marker for RGC axons (neurofilament-associated protein, 3A10). B, Horizontal section showing the localization of 3A10 (red)- and DCC (green)-immunoreactive fiber bundles in the two sides of the
tectal neuropil. A large bundle of double-labeled fibers in the right side of the optic tectum is absent from the left side, which normally would receive innervation from the right, ablated eye. This
manipulation identifies the missing axonal fibers as RGC axons. Note that a smaller, more medial population of DCC-positive fibers remains intact after eye ablation (B–E, G, arrows), indicating the
presence of a distinct population of DCC-positive fibers in addition to RGCs. C–E, High-power micrographs of the RGC axon bundle shown in B illustrates the colocalization of DCC (green) and 3A10
(red) immunoreactivities in the axonal fibers [double labeling (C); 3A10 immunoreactivity alone (D); DCC labeling alone (E)]. A high degree of colocalization in DCC and 3A10 immunoreactivity in RGC
axons is observed. Note, however, that a small subset of cell bodies and their dendrites are also positive for 3A10 but negative for DCC (B–E, small arrowheads). F–I, Micrographs of stage 44 – 45
Xenopus tectal neuropil coimmunostained with antibodies to DCC and netrin. DCC immunoreactivity (green) localizes to RGC axonal fibers projecting and branching in the tectal neuropil. Netrin
immunoreactivity (red) is distributed in a punctate pattern in the tectal neuropil, in close proximity to DCC-positive axon fibers. I, Higher power micrograph of the horizontal section shown in F better
illustrates how the netrin-immunoreactive puncta (red) are in close apposition to DCC-positive fibers (green). J–M, The subcellular localization of DCC in stage 44 – 45 optic tectum was determined
by preembedding immunoelectron microscopy. The silver enhancement of secondary antibody-conjugated 1 nm gold particles shows that DCC immunoreactivity localizes to vesicles at presynaptic
specializations (J, K, arrows), as well as presynaptic membranes (L, arrow) in the tectal neuropil. The presence of a synapse is indicated by the arrowheads. M, Discrete silver-enhanced DCC-
immunoreactive clusters were also observed on presynaptic filopodia (arrow). Scale bars: B, 100 �m; C–E, 50 �m; I, 5 �m; J, K, 0.2 �m.
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point (0 –24 h, 13.00 � 3.299 for control and 28.5 � 4.845 for
netrin treated; p � 0.0125) (Fig. 3C).

The impact of these changes relative to the entire axon arbor
was examined by determining the percentage change in total
branch or presynaptic site number at 4, 8, and 24 h relative to
time 0 h for each individual axon. This measure of relative change
in total presynaptic site and total branch number indicated that
netrin-treated axons became synaptically and morphologically

more complex. Netrin-treated RGC axons underwent a �70%
increase in presynaptic site number by 4 h compared with a
�20% increase in controls. This effect was maintained for the
remainder of the 24 h observation period (0 – 4 h, 117.4 � 7.81%
for control and 166.4 � 12.96% for netrin treated, p � 0.0022;
0 – 8 h, 139 � 9.53% for control and 185.6 � 11.78% for netrin
treated, p � 0.0053; 0 –24 h, 193.8 � 18.74% for control and
264.5 � 19.50% for netrin treated, p � 0.0188) (Fig. 4A). In

Figure 3. DCC-mediated netrin signaling contributes to RGC axon presynaptic differentiation during the development of retinotectal connectivity. A, Sample RGC axons coexpressing Ds-Red (red)
and GFP-synaptobrevin (green) imaged by time-lapse confocal microscopy over a 24 h period after microinjection of recombinant netrin-1 (� netrin) or function-blocking antibodies to
DCC (� DCC). Projections on the right show the GFP-synaptobrevin fluorescence only. Scale bar, 50 �m. B, C, Manipulations in netrin signaling alter the number of GFP-synaptobrevin-labeled
presynaptic sites and influence RGC axon arbor morphology. B, As RGC axons branch and differentiate, the absolute number of GFP-synaptobrevin-labeled presynaptic sites increases over time (0 – 4,
0 – 8, 0 –24 h). Microinjection of recombinant netrin-1 induced a significantly higher increase in the number of presynaptic sites relative to controls by 4 h, an effect that persisted for the remainder
of the 24 h observation period. Microinjection of DCC function-blocking antibodies led to a smaller increase in presynaptic site number relative to controls from 8 h onward. C, The increase in the
number of total branches was significantly higher in RGC axons 8 h after netrin treatment relative to controls, whereas RGC axons had fewer branches 24 h after anti-DCC treatment. *Significance
with p � 0.05. #Trend toward significance with 0.05 � p � 0.10. Error bars indicate SEM.
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addition to its effects on presynaptic site number, netrin elicited a
significant increase in total branch number by the end of the 24 h
observation period (0 –24 h, 142.5 � 7.27% for control and
174.5 � 11.19% for netrin treated; p � 0.0198) (Fig. 4B). Netrin-
treated axons increased their branch number �75% by 24 h,
whereas controls increased their total branches by �35% (Fig.
4B). Total axon branch length (Fig. 4C), and the areal extent of
the axon arbor (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material), however, were not significantly
different from controls, indicating that the changes in synapse
and branch number were not simply attributable to an increase in
the overall growth of the axon. Consistent with this, the increase
in GFP-synaptobrevin-labeled presynaptic site number reflected
a significant increase in presynaptic density (GFP-syb clusters/
length, 0 – 4 h, 100.3 � 6.54% for control, 132.2 � 11.17% for
netrin treated, p � 0.0148; 0 – 8 h, 113.6 � 7.45% for control and
142.0 � 10.48% for netrin treated, p � 0.0329; 0 –24 h, 117.3 �
9.10% for control and 155.6 � 11.74% for netrin treated, p �
0.016; GFP-syb clusters/branch, 0 – 4 h, 95.3 � 7.98% for control
and 145.1 � 13.76% for netrin treated, p � 0.0032; 0 – 8 h,
117.2 � 9.04% for control, 153.6 � 10.86% for netrin treated,
p � 0.0163) (Fig. 4D,E). That netrin treatment increased branch
number but not overall growth, as revealed by the similar increase
in axon length in controls and netrin-treated tadpoles, suggests
that, on average, individual branches in netrin-treated arbors are
shorter in length. Indeed, a measure of average axon segment
length indicates that netrin treatment reduced the length of each
branch relative to controls (arbor length/branch number: 8 –24 h,

107.7 � 4.37% for control; 95.66 � 3.30%
for netrin treated; p � 0.0423) (Fig. 4F).

The distribution of DCC immunore-
activity by light microscopy and electron
microscopy indicated that, within the reti-
notectal circuit, the DCC netrin receptor is
preferentially localized presynaptically in
RGC axons (Fig. 2 J–M). Microinjection
of DCC function-blocking antibodies
therefore allowed us to directly assess the
effects of tectum-derived netrin on RGC
axon branching and the formation of
presynaptic specializations. Microinjec-
tion of DCC function-blocking antibodies
resulted in a smaller increase in the ab-
solute number of GFP-synaptobrevin
presynaptic sites relative to controls by
8 h after treatment (0 – 8 h, 21.47 � 5.857
for control and 6.364 � 5.030 for anti-
DCC treated; p � 0.0744), an observation
that became statistically significant by the
end of the observation period (0 –24 h,
46.53 � 8.129 for control and 4.091 �
9.034 for anti-DCC treated; p � 0.002)
(Fig. 3B). In fact, the total number of
GFP-synaptobrevin presynaptic sites chan-
ged very little over the 24 h observation
period after blockade of DCC signaling
(Fig. 3A,B).

The increase in the absolute number of
branches normally observed in controls
was also prevented after microinjection of
DCC function-blocking antibodies (Fig.
3C). By the 24 h observation time point,
the net increase in branch number was

lower in the tadpoles treated with anti-DCC relative to controls,
although values did not reach significance (0 –24 h, 13.00 � 3.299
for control and 4.917 � 2.848; p � 0.084). When these effects
were examined as a percentage of change relative to the entire
arbor at time 0 h, however, blocking DCC function resulted in the
failure of axons to increase the total presynaptic site and branch
number at a rate similar to controls from 8 h onward (total pre-
synaptic sites: 0 – 8 h, 139.0 � 9.53% for control and 102.9 �
6.39% for anti-DCC treated, p � 0.0129; 0 –24 h, 193.8 � 18.74%
for control and 99.67 � 11.52% for anti-DCC treated, p �
0.0015; total branch number: 0 – 8 h, 112.5 � 4.74% for control
and 99.95 � 4.12% for anti-DCC treated, p � 0.0722; 0 –24 h,
142.5 � 7.27% for control and 115.4 � 9.81% for anti-DCC
treated, p � 0.032) (Fig. 4A,B). Although addition of recombi-
nant netrin did not affect axon arbor length, blocking DCC
signaling prevented the normal axon arbor growth observed in
controls (0 –24 h, 169.0 � 9.05% for control and 123.9 � 4.87%
for anti-DCC treated; p � 0.0013) (Fig. 4C), suggesting that
DCC-mediated netrin signaling is required for the overall differ-
entiation of retinal axons at their target. Importantly, presynaptic
site density was also reduced by the end of the 24 h observation
period (GFP-syb clusters/length: 0 –24 h, 117.3 � 9.10% for con-
trol, and 82.55 � 9.68% for anti-DCC treated, p � 0.0193; GFP-
syb clusters/branch: 0 –24 h, 128.9 � 12.85% for control, and
83.09 � 8.60% for anti-DCC treated, p � 0.0183) (Fig. 4D,E),
indicating that blocking DCC function likely has a direct effect on
presynaptic specialization in addition to its effect on axon arbor
growth and branching.

Figure 4. DCC-mediated netrin signaling contributes to RGC axon presynaptic differentiation during the development of reti-
notectal connectivity. Changes in RGC presynaptic differentiation and in axon arborization were measured and expressed as
percentage of initial values for each individual axon. A, Microinjection of recombinant netrin-1 into the optic tectum induced a
significant increase in GFP-synaptobrevin-labeled presynaptic sites when compared with controls over a 24 h observation period.
In contrast, microinjection of DCC function-blocking antibodies prevented the normal increase in presynaptic site number observed
in controls over the 24 h observation period. B, Even though netrin induces a significant net increase in branches 8 h after treatment
(Fig. 3C), the increase in branch number in RGC axons in netrin-treated tadpoles relative to the initial branch number was signifi-
cantly different from controls by 24 h only. In contrast, anti-DCC treatment prevented the increase in branch number observed in
controls at 8 and 24 h. C, The effect of anti-DCC treatment on axon arbor growth is also demonstrated by measuring the change in
total arbor branch length. Total arbor branch length in RGC axons increased by 24 h in both control and netrin-treated tadpoles,
whereas this measure was unchanged in the anti-DCC-treated tadpoles. D, E, The number of GFP-synaptobrevin-labeled presyn-
aptic sites per unit arbor length and per branch number provided a measure of presynaptic site density. Netrin treatment signifi-
cantly increased presynaptic site density in RGC axons from 4 h onward, whereas anti-DCC treatment resulted in RGC axons with
lower presynaptic site density relative to controls by 24 h. F, We obtained a comparative measure of branch length by calculating
average axon segment length (length/branch) at each observation interval and expressing it as percentage of initial value for each
axon. This measure revealed that, on average, axon branch segments in RGC axon arbors in netrin-treated tadpoles became shorter
than controls from 8 to 24 h after treatment. *Significance with p � 0.05. #Trend toward significance with 0.05 � p � 0.10. Error
bars indicate SEM.
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Microinjection of recombinant netrin-1 induced presynaptic
site addition and stabilization and more dynamic branching
behavior in retinal axons
Determining changes in the total number of branches and pre-
synaptic sites establishes whether a particular manipulation can
alter the complexity of an axon arbor and its synapse density.
However, this does not provide insight into whether these
changes result from an effect on the genesis of branches and
synapses, or whether there has been a change in the ability of
synapses and/or branches to stabilize. Here, we analyzed the ef-
fects of altering netrin signaling on the addition and stability of
branches and GFP-synaptobrevin-labeled presynaptic sites by ex-
amining their dynamics. The fate of every branch and presynaptic
site within an axon arbor was followed from one observation time
point to the next (0 h34 h; 4 h38 h; and 8 h324 h) (see Mate-
rials and Methods) to determine the rates of branch and presyn-
aptic site addition and stabilization.

Microinjection of recombinant netrin-1 produced an increase
in the absolute number of new GFP-synaptobrevin clusters that
were added by the end of the first observation period (0 – 4 h,
41.87 � 8.505 for control and 71.64 � 6.714 for netrin treated;
p � 0.0161), an effect that persisted for every subsequent obser-
vation interval throughout the 24 h period (4 – 8 h, 46.13 � 7.534
for control and 69.18 � 7.102 for netrin treated, p � 0.0416;

8 –24 h, 75.67 � 9.469 for control and 119.9 � 13.81 for netrin
treated, p � 0.0115) (Fig. 5A). Concomitant with this, a tendency
toward increased stabilization was observed between 4 and 8 h,
and a significant and robust, close to 50% increase in the absolute
number of stabilized presynaptic sites was observed from 8 to
24 h (8 –24 h, 31.13 � 3.094 for control and 44.64 � 3.099 for
netrin treated; p � 0.0061) (Fig. 5B).

Microinjection of netrin-1 also induced changes in the abso-
lute number of branches that were added. Notably, these effects
were more gradual, occurring later in the 24 h observation pe-
riod. A significant increase in the number of branches added was
induced between 8 and 24 h (33.69 � 4.25 for control and
47.64 � 4.85 for netrin treated; p � 0.0386) (Fig. 5E), whereas a
trend was observed during the first two shorter observation
time intervals (0 – 4 h; 4 – 8 h). The absolute number of stabi-
lized branches, however, remained very similar to controls
across all observation time intervals (Fig. 5F ). This suggests
that the number of branch extensions in the netrin-treated
tadpoles that exceed that of controls tend to be less stable.
Thus, unlike its effects on presynaptic sites, netrin-1 does not
appear to contribute to branch stabilization. Furthermore,
this suggests that netrin treatment truly leads to increased
dynamic branching behavior, with increased branch additions
and branch eliminations.

Figure 5. Perturbations in netrin signaling alter presynaptic site and axon branch dynamics. A–D, Netrin and anti-DCC influence presynaptic site dynamics. A, The number of GFP-synaptobrevin-
labeled presynaptic sites added was significantly higher in RGCs axons in tadpoles treated with netrin-1 at all observation intervals ( y-axis; absolute values). The number of newly added
GFP-synaptobrevin-labeled presynaptic sites, however, was decreased after anti-DCC treatment, an effect that became significant in the 8 –24 h observation interval. B, A small and gradual increase
in the number of stabilized presynaptic clusters was observed after netrin treatment, with the number of stabilized presynaptic sites becoming significantly higher than controls in the 8 –24 h
interval. C, When expressed as percentage of initial value, the number of presynaptic clusters added after netrin treatment was significantly different from controls at the 0 – 4 h observation interval
only. This suggests that the rate of presynaptic cluster addition was rapidly increased after netrin treatment, to then be maintained at a rate that matched controls. In contrast, when compared with
its initial value (percentage of total), the number of presynaptic clusters added was significantly lower in RGC axons in anti-DCC-treated tadpoles both at 4 – 8 and 8 –24 h when compared with
controls. Anti-DCC had no effect, however, on the number of GFP-synaptobrevin clusters stabilized (B). D, The rates of increase in total presynaptic site (top), and branch number (bottom), in RGC
axons treated with netrin (red) relative to controls (green) are also illustrated by the line graphs. E–H, Netrin and DCC influence branch addition but not stabilization. E, Netrin-1 increased the number
of branches added throughout the imaging period, an effect that was significant from 8 to 24 h. The number of branches added in RGC axons in tadpoles treated with anti-DCC, in contrast, was significantly lower
at the 8 –24 h observation interval when compared with controls. F, Netrin and anti-DCC did not alter the number of branches stabilized. G, H, The rates of branch addition (G), and elimination (H ), were
significantly higher at all observation intervals after netrin treatment and, conversely, the rates of branch addition were significantly lower after anti-DCC treatment when compared with controls (	4 h: 0 – 4
h, 4 – 8 h data combined). Anti-DCC did not affect the rate of branch elimination (H ). *Significance with p � 0.05. #Trend toward significance with 0.05 � p � 0.10. Error bars indicate SEM.
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To further determine the impact of increased presynaptic site
addition to the overall synaptic complexity of RGC axons, we
quantified GFP-synaptobrevin cluster addition and expressed it
as the percentage of newly added presynaptic sites relative to the
total presynaptic site number of the axon at the end of each
observation period (0 – 4, 4 – 8, 8 –24 h) (Fig. 5C). Microinjection
of netrin-1 induced a significant increase in the relative number
of GFP-synaptobrevin clusters added during the first 4 h after
treatment (0 – 4 h, 57.63 � 2.399% for control and 70.45 �
2.556% for netrin treated; p � 0.0014) (Fig. 5C). The relative
number of GFP-synaptobrevin presynaptic sites added after ne-
trin treatment, however, was not significantly different from con-
trols at the 4 – 8 and 8 –24 h observation intervals when expressed
as percentage of total (Fig. 5C), whereas the net number of pre-
synaptic sites added was significantly higher than controls (Fig.
5A). An interpretation of these results is that, after an initial sharp
increase in presynaptic site number during the first 4 h after
treatment (Fig. 5A), the synaptically more complex netrin-
treated arbors required a greater number of new presynaptic sites
to be added to continue to differentiate at a rate comparable with
that of controls for the remainder of the observation period (4 – 8
and 8 –24 h) (Fig. 5C). The requirement for a higher net number
of presynaptic sites added after an initial increase in presynaptic
site differentiation is better exemplified in Figure 5D. The slope of
the line graph represents the rate of increase in total presynaptic
site number over the 24 h observation period. The steeper part of
the slope illustrates an increase in growth rate from 0 to 4 h,
and its subsequent angle change represents a similar rate of
presynaptic growth from 4 to 24 h in RGC axons in the netrin-
treated tadpoles relative to controls (Fig. 5D). Thus, the rela-
tive increase in presynaptic site number produced between 0
and 4 h is maintained for the remainder of the 24 h observa-
tion period (Figs. 6, 7).

A similar analysis of rates of branch addition, expressed as
percentage of total, shows that the effects of netrin treatment on
axon branching were more gradual (Fig. 5G) (also Fig. 5D). Dy-
namic axon branching behavior was increased in the netrin-
treated tadpoles at all observation intervals (Fig. 5G), with a small
but significant increase in the rate of branch additions occurring
every 4 h for the first 8 h (	4 h, 46.90 � 2.182% for control and
53.84 � 2.362% for netrin treated; p � 0.0349), as well as in the
last observation interval (8 –24 h, 63.06 � 2.092% for control and
72.29 � 3.249% for netrin treated; p � 0.0082). When analyzed
in a similar manner, more branches were eliminated after netrin
treatment, an effect that was significant only in the last observa-
tion interval (	4 h, 44.02 � 2.387% for controls and 49.55 �
2.297% for netrin treated, p � 0.095; 8 –24 h, 54.18 � 2.925% for
control and 62.81 � 2.648% for netrin treated, p � 0.0405) (Fig.
5H). The contribution of increased branch addition and elimi-
nation rates in response to netrin treatment therefore translates
into modest step increases in total branch number and thus a
significantly more branched arbor by the end of the 24 h obser-
vation period (Fig. 4B) (also Figs. 6, 7).

Blockade of DCC-mediated netrin signaling prevents RGC
axon arbor growth by altering presynaptic site and axon
branch addition
As illustrated in Figure 4, blocking DCC signaling prevented nor-
mal axon arbor growth 24 h after microinjection of DCC
function-blocking antibodies (also Figs. 6, 7). Analysis of presyn-
aptic site and branch dynamics revealed that the effects of anti-
DCC treatment were the result of fewer presynaptic sites and
axon branches being added during the last observation interval

(8 –24 h, presynaptic sites, 75.67 � 9.469 in control and 46.64 �
7.258 in anti-DCC; p � 0.0316) (Fig. 5A) (branches, 33.69 �
4.246 for control and 20.08 � 2.19 for anti-DCC; p � 0.0161)
(Fig. 5E). The stability of both presynaptic sites (Fig. 5B) and
branches (Fig. 5F), however, were similar to controls at all obser-
vation intervals. When changes were measured relative to the
initial complexity of the axons, presynaptic site addition was sig-
nificantly decreased during the second observation interval from
4 to 8 h and this effect persisted for the remainder of the 24 h
observation period (4 – 8 h, 55.27 � 2.00% in control and
47.27 � 3.19% after anti-DCC treatment, p � 0.050; 8 –24 h,
68.73 � 2.35% in control and 57.64 � 3.14% in anti-DCC, p �
0.0081) (Fig. 5C). Consistent with a role for DCC-mediated ne-
trin signaling in axon branching, anti-DCC treatment decreased
the rates of branch addition when compared with controls at all
observation intervals (branch additions, 	4 h, 46.90 � 2.182%
for control and 38.80 � 2.332% for anti-DCC, p � 0.0145; 8 –24
h, 60.90 � 2.235% for control and 51.67 � 4.281% for anti-DCC,
p � 0.0485) (Fig. 5G). The rates of branch elimination, however,
were unchanged (Fig. 5H). These data indicate that the absence
of DCC-mediated netrin signaling affects presynaptic site differ-
entiation and branch extension without compromising the sta-
bility of existing synapses and branches.

Discussion
Although a growing number of molecules are being identified as
factors that influence axon branching and synaptogenesis, very
few specific cues have been examined in a real-time in vivo con-
text to determine their impact on arbor dynamics. Here, we iden-
tify netrin as an important mediator of RGC axon branching and
synaptogenesis in the developing Xenopus retinotectal system.
Microinjection of netrin-1 resulted in the differentiation of axon
arbors with a higher density of GFP-synaptobrevin-labeled pre-
synaptic sites that became morphologically more complex than
controls over time. The effect of netrin on synapses was the result
of a rapid increase in presynaptic site additions that persisted for
the duration of the 24 h posttreatment observation period, along
with a gradual increase in the net number of stabilized presynap-
tic sites. The increase in presynaptic site differentiation induced
by netrin treatment was followed by a gradual increase in dy-
namic branching behavior, determined by an increase in branch
extensions and retractions without any accompanying increase in
the number of stable branches. This suggests that newly formed
branches induced by the netrin treatment are less likely to stabi-
lize. This dynamic branching eventually led to a more complex
arbor because of a greater increase in the rate of branch exten-
sions relative to the number of branches lost during the final
observation interval.

In the developing retinotectal circuit, DCC was found to be
expressed by RGCs when their axons are terminating and branch-
ing in the optic tectum. Inhibition of DCC signaling confirmed
that netrin influences the differentiation program of RGC axons.
Axon arbors in anti-DCC-treated tadpoles were less dynamic,
adding fewer presynaptic sites and fewer branches during a 24 h
observation period. The absolute number of stabilized presynap-
tic sites and branches was unchanged relative to controls, indi-
cating that loss of DCC function does not affect the stability of
existing branches and presynaptic sites. Consistent with this ob-
servation, RGC axon arbor morphology and complexity changed
very little over the 24 h observation period. Together, these data
indicate that DCC-mediated netrin signaling is required for RGC
axon differentiation and that netrin impacts on presynaptic site
differentiation and axon branch extension.
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Figure 6. Dynamic changes in presynaptic structure in RGC axon arbors in response to alterations in netrin signaling. A, Confocal projections of representative RGC axons coexpressing Ds-Red (red)
and GFP-synaptobrevin (green) in tadpoles microinjected with netrin-1 (� netrin) or DCC function-blocking antibodies (� DCC) right after the first imaging session. Note the significantly higher
number of GFP-synaptobrevin-labeled presynaptic sites in the morphologically more complex arbors after netrin treatment. In contrast, the RGC axon arbors that received anti-DCC treatment did not
change their morphology or presynaptic connectivity significantly within a 24 h period (Fig. 7). Scale bar, 50 �m. B, Enlarged projections of single branches for the sample control-, netrin-, and
anti-DCC-treated axons shown in A (gray boxes) illustrate branch and presynaptic site dynamics. Sample branches that were added (white arrows), eliminated (blue arrows), or added and then
eliminated (magenta arrows) are shown for each experimental group. More branches were added and then eliminated (magenta arrows) in RGC arbors of netrin-treated tadpoles compared with
controls. Although fewer in number, newly added branches in controls tended to remain stable for the remainder of the observation period (white arrows). Preexisting branches were eliminated
(blue arrows) after anti-DCC treatment, whereas no new branches were added during the 24 h observation period. Sample GFP-synaptobrevin puncta added (green asterisks) or eliminated (red
asterisks) highlight presynaptic site dynamics in the individual axon branches. Note that more GFP-synaptobrevin puncta were added per axon branch within the first 4 h after netrin treatment, and
then the number continued to increase more gradually during the remainder of the 24 h observation period. Here, the green asterisks highlight a few examples. In comparison, axon branches in
control-treated tadpoles underwent a slower increase in the number of GFP-synaptobrevin puncta across time points, whereas axons added fewer GFP-synaptobrevin puncta after anti-DCC
treatment relative to controls. The relative rate of disassembly of GFP-synaptobrevin puncta (red asterisks) in axon branches was similar to controls for both netrin and anti-DCC-treated tadpoles.
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Presentation of cues affects function
Molecules that can promote or inhibit growth can function as
guidance cues based on the manner in which they are pre-
sented. Morphogens, growth factors, and guidance cues have
all been shown to direct growth when presented as a gradient
(Arévalo and Chao, 2005; Charron and Tessier-Lavigne,
2005). Indeed, how netrin is distributed and presented to the
responding cell appears to be an important factor in determining
the effects it will exert. There are numerous examples in which
netrin functions as a short-range or contact-mediated cue rather
than as a long-range axon guidance cue with a graded distribu-
tion. In these instances, netrin has contributed to mediating di-
rectional changes at an intermediate choice point, such as in
RGC axons exiting the retina (Deiner et al., 1997; Höpker et
al., 1999), cell– cell interactions in the development of peripheral
tissues (Srinivasan et al., 2003; Lu et al., 2004; Park et al., 2004),
and in invertebrate synaptogenesis (Winberg et al., 1998; Colón-
Ramos et al., 2007). In these short-range functions, netrin is
present not as a gradient but in a very discreet pattern in specific
cell types. For example, netrin is present in a ring of neuroepithe-
lial cells around the optic nerve head in the retina, and although it
functions as an intermediate choice point for navigating RGC
axons about to exit the retina, it does not contribute to their
guidance to the optic nerve head (Deiner et al., 1997).

Our in vivo studies indicate that netrin signaling in actively
branching RGC arbors influences presynaptic site differentiation
and that this event precedes an effect on axon branch elaboration.
In Drosophila, netrin has been shown to play a modulatory role at
the nerve–muscle synapse in which target-derived netrin and
semaphorin regulate, in opposite directions, the number of syn-
apses that will form without actually mediating guidance to the
muscles (Winberg et al., 1998). In C. elegans, UNC-6/netrin func-
tions as a short-range cue in which the UNC-6/netrin-expressing
ventral cephalic sheath cells delimit the area in which presynaptic
specializations will form and in which UNC-40/DCC will localize
(Colón-Ramos et al., 2007). These findings suggest that our dy-
namic in vivo observations of netrin-mediated effects on presyn-
aptic specialization may involve netrin function as a short-range
or contact-mediated cue. Netrin-1 mRNA is expressed in the
Xenopus optic tectum early during retinotectal development near
the ventricle in which putative neuronal precursor cells are
born and differentiate (stage 39) (Shewan et al., 2002). Thus,
tectal neurons would be capable of expressing and releasing
netrin protein as RGC axons first innervate the optic tectum
and begin to arborize. Our characterization of netrin protein
distribution in the target optic tectum and at putative postsyn-
aptic sites during later stages of RGC axon differentiation
(stage 45) suggests a potential mechanism in which axons in

Figure 7. Schematic representation of changes in presynaptic differentiation of RGC axon arbors induced by alterations in DCC-mediated netrin signaling. Top, Control, RGC axons become more
complex over time by the dynamic addition, elimination, and stabilization of presynaptic sites (Synapse Dynamics) and axon branches (Branch Dynamics). As more branches are added than
eliminated, the arbor gradually increases its complexity over time. Middle, � netrin, Excess netrin induces rapid, novel presynaptic site addition, which gradually results in more stabilized
presynaptic sites. The effects of netrin on presynaptic site addition are followed by new branch additions with a time delay. Note that, even though RGC axons exposed to netrin add more new
branches, the relative number of branches that are stabilized remains constant. Bottom, � DCC, In contrast to netrin, anti-DCC prevents normal presynaptic addition without influencing presynaptic
site stabilization (compare with axon projections shown in Fig. 6). Similarly, blockade of DCC signaling interferes with new branch addition without affecting branch stabilization. Thus, altering
DCC-mediated netrin signaling interferes with the normal morphological and synaptic maturation of RGC axon arbors by preventing growth rather than by influencing their stability overall.
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the vicinity of, or making contact with, netrin-expressing tec-
tal neurons will undergo presynaptic specialization at this spe-
cific site of interaction. The localization of DCC immunoreactivity at
ultrastructurally identified presynaptic sites in the tectal neuropil
supports this idea.

Our results show that netrin rapidly influences presynaptic
specialization. However, an effect on total branch number was
more gradual, with a significantly more exuberant arbor being
present only by the end of the 24 h observation period. It is
important to note, nevertheless, that branch dynamics, deter-
mined by the rate of branch extension and elimination, increased
within 4 h after treatment. Thus, the increase in presynaptic site
additions coincided with an increase in dynamic branching be-
havior. Previous in vivo time-lapse studies have shown that new
branches commonly extend out from an area on the axon that
contains a presynaptic specialization (Alsina et al., 2001; Hu et al.,
2005). Studies also suggest that the presence of presynaptic spe-
cializations on a branch is closely linked to its stability (Meyer and
Smith, 2006). It is not clear whether these findings represent a
role of presynaptic sites in simply determining the site of a new
branch extension or if their presence in fact promotes the forma-
tion of a nascent branch and/or its stabilization. Our findings
support the possibility that the rapid and dramatic increase in
presynaptic site additions may indeed have promoted the new
branch extensions that we observed, but that an additional or
alternative signal may be necessary for their stabilization.

Multiple dynamic strategies for influencing axon
arbor differentiation
New insights into the mechanisms underlying axon arbor differ-
entiation have been obtained through studies that analyze the
dynamic behavior of axons in the retinotectal projection of both
Xenopus and zebrafish embryos (Cohen-Cory, 2002; Hua and
Smith, 2004; Niell and Smith, 2004). As the number of specific
cues examined grows, it is becoming increasingly apparent that
multiple dynamic strategies exist to bring about changes in arbor
complexity and synapse density. In addition to the present results,
the effects of specific neurotrophic factors, repellent cues, and
activity-regulated genes on axon dynamics have been directly exam-
ined, and all have been reported to have their own unique dynamic
differentiation profile (Cantallops et al., 2000; Alsina et al., 2001; Hu
et al., 2005; Javaherian and Cline, 2005; Campbell et al., 2007).

Of particular interest is the comparison between the neuro-
trophin BDNF and netrin because both cues produce a more
complex axon arbor with increased synapse density and they
share many common signaling mechanisms (Caroni, 1998;
Meyer-Franke et al., 1998; Ming et al., 1999, 2002; Nishiyama et
al., 2003; Guirland et al., 2004; Jin et al., 2005; Shim et al., 2005;
Wang and Poo, 2005), but the changes in axon dynamics they
produce are significantly different. BDNF exerts rapid and signif-
icant effects on the addition and stability of presynaptic sites and
axon branches (within 2 h of treatment). The dynamics underly-
ing the BDNF-mediated effects involve an increase in synapse
density in the longer, more complex arbors (Cohen-Cory and
Fraser, 1995; Alsina et al., 2001). Thus, BDNF contributes not
only to presynaptic site and branch addition, but there is a signif-
icant synapse and branch stabilization component to its function
(Cohen-Cory and Fraser, 1995; Hu et al., 2005). Our combined
observations with altering netrin levels and DCC signaling indi-
cate that netrin influences first the presynaptic maturation of the
axon arbor and then induces new branch growth but not its sta-
bilization. Loss of netrin function prevents presynaptic site and
new branch addition, but does not affect the stability of existing

presynaptic sites or axon branches. Thus, although both BDNF
and netrin increase arbor complexity of RGC axon arbors, the
dynamics involved in bringing this about are in fact quite differ-
ent. Netrin promotes presynaptic site differentiation and then
branch extension sequentially, and BDNF promotes growth and
stabilization of both presynaptic sites and axon branches in the
same time frame. These findings therefore demonstrate that
different cues can use unique, and perhaps complementary,
dynamic strategies to shape developing neural circuits, even in
instances when the end results may appear similar and many
signaling mechanisms between the two cues are overlapping.

The dynamics involved in responses to slit and CPG15 also
illustrate the variety and range of dynamic responses displayed by
axons during circuit formation in response to different develop-
mental cues. Normally, with increased arbor complexity, more
mature RGC axon arbors begin to slow their growth rate and
stabilize. Slit-1, like netrin-1, was originally identified and char-
acterized as an axon guidance molecule that was subsequently
identified as a modulator of axon differentiation events that fol-
low pathfinding. Zebrafish embryos with decreased slit-1 signal-
ing undergo a shift in the period of active axon arbor branching
and synapse formation to an earlier developmental stage, stabi-
lizing faster (Campbell et al., 2007), thus suggesting a role for
slit-1-Robo signaling in preventing arbor maturation. The
activity-regulated candidate plasticity gene CPG15 also affects
RGC axon arborization. CPG15 influences the process of
slowed axon growth rate as arbors mature, and excess CPG15
selectively increases branch stabilization and synaptic matura-
tion (Cantallops et al., 2000). Thus, the effects of slit-1 and CPG15
in arbor maturation again differ from those induced by netrin, as
netrin primarily influences presynaptic differentiation and then
branch extension, without affecting branch stabilization.

In conclusion, by directly observing the effects of specific mo-
lecular cues on branch and synapse dynamics in the developing
retinotectal system, our studies highlight the impact that multiple
developmental signals can exert on developing axons, and how
signals may be integrated and translated into responses that shape
neural morphology and connectivity at the target. Our studies
thus identify netrin-1 as an active participant in RGC axon pre-
synaptic differentiation, not only as they navigate along their
pathway but also at their target.
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