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Dynamic responses of Xenopus retinal ganglion cell axon
growth cones to netrin-1 as they innervate their in vivo target
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Abstract

Netrin-1 influences retinal ganglion cell (RGC) axon pathfinding and also participates in the
branching and synaptic differentiation of mature RGC axons at their target. To investigate whether
netrin also serves as an early target recognition signal in the brain, we examined the dynamic
behavior of Xenopus RGC axons soon after they innervate the optic tectum. Time-lapse confocal
microscopy imaging of RGC axons expressing EYFP demonstrated that netrin-1 is involved in
early axon branching, as recombinant netrin-1 halted further advancement of growth cones into
the tectum and induced back branching. RGC growth cones exhibited differential responses to
netrin-1 that depended on the degree of differentiation of the axon and the developmental stage of
the tadpole. Netrin-1 decreased the total number of branches on newly arrived RGC growth cones
at the target, but increased the dynamic branching of more mature arbors at the later
developmental stage. To further explore the response of axonal growth cones to netrin, Xenopus
RGC axons were followed in culture by time-lapse imaging. Exposure to netrin-1 rapidly
increased the forward advancement of the axon and decreased the size and expanse of the growth
cone, while also inducing back branching. Taken together, the differential /n vivoand in vitro
responses to netrin-1 suggest that netrin alone is not sufficient to induce the cessation of growth
cone advancement in the absence of a target, but can independently modulate axon branching.
Collectively, our findings reveal a novel role for netrin on RGC axon branch initiation as growth
cones innervate their target.
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Axon targeting and branch initiation are crucial steps in the formation of neuronal
connections during development. Long projecting axons, directed by growth cones at their
leading edge, must recognize their appropriate final target to begin arborizing and to
establish functional synaptic connections. Growth cone pathfinding is directed by molecular
cues along the pathway and at intermediate choice points. Upon arriving at their final
targets, axonal growth cones switch from a pathfinding program to one of axon arbor
branching and synaptic differentiation. Axon branching at the target is known to occur
primarily by the formation of collateral branches along the axon shaft behind the leading
growth cone, a mechanism known as back branching (Harris et al., 1987; Davenport et al.,
1999). Accumulating evidence indicates that molecular cues that can guide axons to their
target can also participate in the induction of back branching following target innervation
(Brose et al., 1999; Wang et al., 1999; Brose and Tessier-Lavigne, 2000; Campbell et al.,
2001). The cellular and molecular mechanisms underlying the transition from axon
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pathfinding to target recognition and axon branch initiation, especially in an /n vivo context,
are not yet well understood.

The Xenopus laevis visual system has been used as an experimental model to provide
important insights into the formation of neuronal connections during development, including
axon guidance, targeting, arborization and synaptogenesis. In Xengpus, the bi-directional
guidance cue netrin-1 has been shown to modulate several aspects of retinotectal circuit
formation in a developmentally-dependent manner. Netrin functions as an attractive cue that
guides RGC axons out of the eye and into the optic nerve through activation of one of its
receptors, deleted-in-colorectal-cancer (DCC) (de la Torre et al., 1997; Deiner et al., 1997;
Hopker et al., 1999). Although netrin is expressed at the optic chiasm and in the ventral
optic tectum, evidence from a semi-intact optic pathway preparation in culture shows that
RGC growth cones are non-responsive to netrin-1 at the developmental stage when they
enter the brain and decussate at the optic chiasm, but at the stage they approach the target
optic tectum they are repelled by netrin-1 (Shewan et al., 2002). Thus RGC growth cones
switch their response from attraction, to neutral, to repulsion as they navigate along their
pathway. In addition to a role in axon pathfinding, recent evidence demonstrates that
netrin-1 participates in the synaptic maturation and arborization of RGC axons already
actively branching in the optic tectum (Manitt et al., 2009). Together, these studies suggest
that netrin-1 may also participate as an early target-derived signal for newly arborizing RGC
axons in the brain.

Here we tested the hypothesis that netrin is involved in branch initiation responses of newly
targeted RGC axon growth cones in the optic tectum. Axon targeting and branch initiation
by Xenopus RGC axon growth cones was examined at two developmental stages that
correspond to distinctive periods of retinotectal circuit development. An early stage (stage
40) when RGC axons first innervate the optic tectum and are beginning to form functional
connections, and a later developmental stage (stage 45) during which extensive axon
arborization and synapse formation are underway while late projecting RGC axons continue
to innervate their in vivo target. Time-lapse imaging of RGC growth cones expressing EYFP
demonstrated that alterations in netrin-1 signaling influence early axon branch dynamics and
growth. Microinjection of netrin-1 halted the further advancement of newly targeted RGC
growth cones into the optic tectum and induced back branching. Moreover, time-lapse
imaging showed that RGC growth cones exhibit differential responses to netrin-1 that
depend on the developmental stage of the tadpole and the degree of differentiation of the
axon. The response of RGC axon growth cones to netrin-1 was also examined in culture
following application of varying concentrations of netrin by time-lapse DIC imaging.
Differential /n vivoand in vitro responses to netrin-1 indicate that netrin can independently
induce back branching, but that it is not sufficient to induce the cessation of growth cone
advancement in the absence of a target.

Materials and Methods

Xenopus laevis tadpoles were obtained by /n vitro fertilization of oocytes from adult females
primed with human chorionic gonadotropin. Tadpoles were raised in rearing solution (60
mM NaCl, 0.67 mM KCI, 0.34 mM Ca(NO3),, 0.83 mM MgSQOy, 10 mM HEPES pH 7.4,
40 mg/l gentamycin) with 0.001% phenylthiocarbamide to prevent melanocyte
pigmentation. Tadpoles were anesthetized during experimental manipulations in 0.05%
tricane methanesulfonate (Finquel, Argent Laboratories), and were allowed to swim freely in
rearing solution between imaging sessions. Staging was done according to Nieuwkoop and
Faber (Nieuwkoop and Faber, 1956). Animal procedures were approved by the University of
California, Irvine.
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RGC axon labeling and in vivo time-lapse imaging

To visualize RGC growth cones /n vivo, Xenopus embryos were lipofected in one eye with
enhanced yellow fluorescent protein (EYFP) expression vectors. Transfection and in vivo
imaging of RGCs was performed as described previously (Alsina et al, 2001). Briefly, DNA
plasmids encoding EYFP (Clontech) were transfected into the eye primordium of stage 20—
22 tadpoles by lipofection with DOTAP liposomal transfection reagent (Roche Diagnostics).
Tadpoles were left to develop until either stage 39/40 or stage 45, and then screened for
individual EYFP-expressing RGC axons in the optic tectum. The morphological behavior of
fluorescently labeled RGC axons was followed by confocal microscopy in tadpoles at the
two different stages of development and at two distinct morphological differentiation states
of the arbor within these stages. Only animals with 1-2 labeled RGC axons were used for
imaging. For analysis of newly targeted RGC axons, tadpoles with single EYFP-expressing
RGC axons exhibiting a simple (less than 12 processes), undifferentiated morphology with a
growth cone at their leading tip were selected for experimentation and imaging. For the
analysis of branched arbors, tadpoles with EYFP-expressing RGC axon arbors with more
than 17 branches and without a growth cone were selected and used for experimentation and
imaging. For all groups, tadpoles were imaged every two hours for 6 to 8 hours and then
again at 24 hours. Confocal images were acquired as described previously (Hu et al, 2005).
Briefly, thin optical sections (1.5 pm) through the entire extent of the arbor were collected at
60x magnification (1.00 NA water-immersion objective) with a Nikon PCM2000 laser-
scanning confocal microscope. Images were obtained below saturation levels, with minimal
gain and contrast enhancement. Immediately after the first imaging (time 0), 0.2-1.0 nl of
recombinant chicken netrin-1 (300 ng/pl; R&D Systems), anti-DCC (330 ng/ul; AF5,
Calbiochem (Hong et al., 1999), or vehicle solution (0.1% BSA in PBS) was pressure
injected into the ventricle and subpial space overlying the optic tectum. As in previous
studies, axons of vehicle-injected control tadpoles show comparable branch morphologies to
tadpoles injected with non-immune mouse 1gG (300 ng/ul) (Manitt et al, 2009).

Data analysis

All analysis was performed from raw confocal images without any post acquisition
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 EYFP labeled axons were obtained from individual optical
sections through the entire extent of the arbor with the aid of MetaMorph software. To
determine growth cone advancement within the target, we measured the forward migration
of each growth cone using intrinsic axon landmarks (bends in the axon and identifiable
branches). Morphological landmarks that remained stable across time points for each
individual axon also allowed identification of stable, added, and eliminated branches from
one observation time point to the next. For the quantitative analysis of axon branching, total
arbor branch length (length of total branches), total branch number, the number of individual
branches added, and the number of branches remaining from one observation interval to the
next, were measured. To determine forward and back-branching for each axon, individual 3-
D reconstructions of time-lapse images were aligned using branches and curvatures in the
axon that were common to all time-points (see for example Figure 1 A, B white arrows in
top panels and Fig. 2A asterisks and black arrows). Landmarks along the axon were also
used to draw a reference line below the growth cone location (at about 10 um from the
growth cone base) in the axon at time 0 (see Fig. 1 A, B as examples; horizontal line). Axon
branches above (forward) or below (back) the original position of the growth cone at the tip
of the axon were identified and counted. Thus, for this measurement, “forward branches”
corresponded to processes formed on newly extended segments of the axon shaft as the
growth cone advanced relative to the location of its leading edge at time 0, and “back
branches” corresponded to branches or processes that formed on the axon segment behind
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the growth cone’s position at time 0. Reconstructions of each individual axon were also used
to determine whether the axon “shortened”, “lengthened”, or remained the “same” by 24
hours relative to time 0 (just prior to treatment). A total of 20 axons for control, 18 for netrin
and 14 for anti-DCC treatment were analyzed, with one axon analyzed per tadpole. Data are
presented as either net or percent change from the initial value for each individual axon, or
as the change between two observation intervals for each individual axon. Two-sample
unpaired #tests were used for the statistical analysis of data (Graph-Pad Prism software).
Results were classified as significant as follows: *p < 0.05, **p < 0.005, ***p < 0.0005.

Eye explant cultures

Eye explants from stage 25 Xenopus tadpoles were cultured as previously described (Harris
et al, 1985; Harris & Massersmith, 1992). Eyebuds were plated in 60% L-15 media
containing 1% fungibact (UCSD Core) and 0.1% fatty acid free BSA (Sigma) on fibronectin
(Sigma) coated poly-d-lysine substrates (MatTek Corporation). Cultures were grown for 24
hours in a humidified incubator at room temperature (20°C), and then imaged using an
Axiovert 200 inverted microscope (Zeiss). For all axons, differential interference contrast
images from one growth cone per culture dish were captured once every 30 seconds for 1
hour with a digital camera (Zeiss) with a 63x objective. Growth cones at the tip of axons
without any detectable fasciculation, which did not overlap with other growth cones or
axons, and presented characteristic growth cone morphology, were selected for imaging.
Images were processed using MetaMorph software. After an initial five minutes of imaging
for baseline comparisons, cultures were treated with either vehicle (0.1% BSA in PBS) or
one of three concentrations of recombinant chicken netrin (10 ng/ml, 100 ng/ml, or 300 ng/
ml) by bath application.

Immunostaining and imaging of explant cultures

Immediately following imaging, all cultures were fixed for one hour with 4% PFA with
7.5% sucrose and then washed with PBS. Cultures were incubated for 15 minutes with 0.2%
TritonX-100 in PBS, rinsed with PBS, incubated with rhodamine-phalloidin (1:100 dilution;
Molecular Probes), then washed again with 0.2% Triton X-100 in PBS. Following the
phalloidin staining, cultures were incubated for 30 minutes at room temperature in blocking
solution (2% bovine serum albumin and 0.2% TritonX-100 in PBS), and immunostained
with antibodies against the presynaptic protein SNAP-25 (1:1,000 dilution; Stressgen
Bioreagents Corporation) or the netrin receptor DCC (BD Pharmingen) in blocking solution
for 24 hours at 4°C. Primary antibodies to DCC, either directed against the intracellular
domain of DCC or against the extracellular domain (both from BD Pharmingen) were used
at a 1:3,000 dilution. Immunostaining patterns, and effects of netrin on DCC
immunostaining were comparable when using either of the two anti-DCC antibodies (data
not shown). Primary antibodies were visualized using a goat anti-mouse Alexa 488
secondary antibody (1:1,000 dilution for SNAP-24, 1:2,000 for both DCC antibodies;
Invitrogen). Fluorescent images were captured, using the same exposure time and gain
settings for all samples, using an Axiovert 200 inverted microscope (Zeiss), and processed
using MetaMorph software. To quantify differences in immunostaining, fluorescent images
(SNAP-25 or DCC immunolabel) were thresholded and binarized, and the number of labeled
pixels in an average of 100 um of axon length were determined with the aid of MetaMorph
software.

Analysis of RGC growth cones in culture

Data obtained both from time-lapse imaged axons, and from axons imaged after fixation,
were analyzed using MetaMorph software. Parameters examined per individual axon were:
area of the growth cone, area encompassing growth cone filopodia, total length of all
processes including the axon shaft, number of growth cone processes, and the number of
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processes behind the growth cone (more than 1.5 um). Forward growth of the axon (change
in length relative to time 0) was also evaluated for axons followed by time lapse imaging.
Data are presented as either net or percent change from the initial value at time 0 for each
individual axon, or as the change between two observation intervals as indicated. Two-
sample unpaired t-tests were used for the statistical analysis of data (GraphPad Prism
software). Results were classified as significant as follows: *p< 0.05, **p < 0.005, ***p <
0.0005.

In the presence of netrin-1, RGC growth cones halt their advancement within their in vivo

target

Our previous work demonstrates that in addition to being involved in RGC axon
pathfinding, netrin-1 induces the formation of presynaptic specializations and influences
branching dynamics in axons actively arborizing in their brain target, the optic tectum
(Manitt et al, 2009). To test whether netrin is also involved in early RGC axon targeting
events, we analyzed growth cone migration within the target and early branching responses
of EYFP-expressing RGC axon growth cones in stage 40 Xenopus laevis tadpoles. Growth
cone morphologies of RGC axons at this developmental stage were variable, ranging from
growth cones displaying broad/large lamellipodia to growth cones displaying a narrow or
slender morphology at their tip (see Figs. 1 A, B and 4 A for representative examples). Our
analysis revealed that within 24 hours following microinjection of recombinant netrin-1 into
the tadpole optic tectum, axons in netrin-treated tadpoles exhibited significantly less forward
advancement than controls (change in length from 0 to 24 hours: netrin —=7.36 + 9.35 um,
control 29.19 + 13.37 um; p=0.03) (Fig. 1 A-C). Counting the number of axons that
shortened, lengthened, or remained the same length revealed that the majority of axons in
control-treated tadpoles lengthened over the 24 hour observation period (80%; n = 20),
while only 22% in netrin-treated tadpoles showed continued forward growth (n=18) (Fig. 1
A-B, D). Although growth cones initially advanced from their location at time 0 within the
optic tectum, by the end of the 24 hr observation period the majority of axons in control
tadpoles had ceased to continue their forward growth. This suggests that within this time
period, control RGC axons had reached their appropriate topographical location within the
target optic tectum (data not shown). Evidence that supports this interpretation is revealed
by the arborization patterns of control axons at the 24 hr time point (see control axons in
Fig. 1 A), where growth cone structures were no longer observed, and the axon had assumed
a moderate degree of arborization.

Netrin influences branch initiation in RGC axon growth cones at the target

To further examine the effects of netrin on RGC axons at the target, we determined the
change in total branch number at each observation time point relative to the number of
branches present at time 0. By 24 hours following treatment, axons in netrin-treated tadpoles
increased their total branch number significantly less than controls. The total branch number
of simple growth cone containing axons in netrin-treated tadpoles increased by only 1.69 +
0.75 branches between 0 and 24 hours, while in controls there were 8.88 + 1.40 more
branches over the 24 hr period (p= 0.0001) (Fig. 1 E). A measure of the absolute change in
total arbor length (combined length of all branches and axon shaft) also revealed that netrin
treatment significantly influenced arbor growth, as the change in total arbor length of axons
in netrin-treated tadpoles was less than 50% of the increase observed in controls by 24 hours
post-treatment (control: 94.49 + 18.18 pum from 0-24 hrs; netrin: 40.93 + 16.36 um from 0-
24 hrs, p=0.04). It is important to note that while growth cones exposed to netrin-1
possessed significantly fewer total branches than controls by 24 hours (total branches at time
0: 8.05 £ 0.63 for control and 7.62 + 0.69 for netrin; p= 0.8; total branches at 24 hrs: 16.82
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+ 1.35 for control and 9.22 + 0.95 for netrin; p= 0.0001), they still significantly increased
their total arbor length over the 24 hour period, indicating that in the presence of excess
netrin, growth cones did continue to lengthen (netrin: 2.27 + 6.53 pm from 0-2 hrs, 40.93 +
16.36 pm from 0-24 hrs; p=0.03) (Fig. 1 F). These results therefore suggest that while
netrin impacts branch formation, it does not prevent the growth of existing branches.

Netrin induces back branching in RGC axon growth cones

The observation that netrin-1 interfered with forward growth suggested that acute netrin-1
treatment may precipitate the events that lead to the cessation of growth cone advancement
within the target. Lateral extensions on RGC axons innervating the optic tectum in chick or
superior colliculus in mouse form as axon growth cones collapse and retract after contacting
inappropriate target neurons. This collapse event is correlated with nascent branch formation
along the axon shaft and constitutes what is known as back branching (Davenport et al.,
1996; Yates et al., 2001). In Xenopus, RGC axon growth cones do not retract, but are
instead reported to slow, expand, and become more complex as they reach their targets. In
Xenopus, lateral branching from the axon shaft occurs as the growth cone gradually
disappears and assumes the morphology of a branch (Harris et al., 1987). Thus, to determine
if netrin plays a role in early branch initiation, we quantified the number of branches present
on the axon shaft behind the initial location of the growth cone (“back branches”) and
beyond the location of the growth cone (“forward branches”) for each axon and assessed the
change in forward- and back-branch number at each observation time point relative to time 0
(see schematic in Fig. 2 A). This analysis revealed that control axons significantly increase
the number of forward branches over the 24 hour observation period (7.00 £ 1.30 branches;
see Fig. 1 A and Fig. 2 B), indicating that the axons continued to extend along the target
over time. Growth cones exposed to excess netrin-1, however, added very few branches
beyond the initial location of their growth cone at all time intervals (0-2 hrs: 0.63 £+ 0.37, 0-
4 hrs: 0.47 £0.27, 0-6: 0.16 + 0.19, and 0-24 hrs: 0.24 £ 0.38, Fig 2B). As a result, axons in
netrin-treated tadpoles significantly differed in their forward branches when compared to
control axons over the 24 hour observation period (control: 7.00 £ 1.30, netrin: 0.24 + 0.38;
p<0.001, Fig 2B). This difference in forward branching between netrin and control treated
axons was significant by four hours after treatment (control: 1.75 £ 0.43 branches, netrin:
0.47 £ 0.27 branches; p=0.02) and was maintained over time (Fig. 2 B). Thus netrin
interferes with the growth and extension of forward branches in newly arborizing RGC
axons.

In contrast to the extension of new forward branches beyond the growth cone, control axons
decreased their number of back branches within the first six hours of imaging (Fig 2D). This
initial decrease in back branch number was transient, as axons exhibited a significant
increase in back-branching by the end of the 24 hr observation period (Change in back
branch number: —1.00 + 0.38 for control 0-2 hrs, 1.94 + 1.15 for control 0-24 hrs; p=
0.014; see Fig. 1 A and 2 D). This delayed increase in back branching in control axons is
consistent with the observations that the majority of control growth cones continued to
advance within the optic tectum between 0 and 6 hours, and that by the end of the 24 hour
observation period all control axons had stopped advancing and exhibited a more complex
morphology which was accompanied by the loss of their growth cone. In contrast to the
early loss of back branches in controls, growth cones in netrin-treated tadpoles gradually
increased the number of back branches (Change in back branch number: 0.05 +0.39 at 0-2
hrs after netrin treatment, 1.35 £ 0.59 at 0-24 hrs after netrin treatment; p = 0.07; see Figs. 1
B and 2 D). Between two and four hours after the initial observation and treatment, growth
cones in netrin-treated tadpoles extended, rather than pruned, significantly more back
branches than axons in control tadpoles (Change in back branch number: -1.30 £ 0.62 at 0-4
hrs after control treatment, 0.53 + 0.49 at 0-4hrs after netrin treatment; p=0.03, Fig 2D),
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suggesting that netrin-1 induced an early formation of back branches. The observation that
the number of back branches in axons in controls versus netrin-treated tadpoles did not
differ past the six hour observation is consistent with the idea that excess netrin induced
back-branching earlier in time, but that the effect of netrin treatment was transient because
control growth cones also began to extend back branches by the end of the observation
period.

To obtain a correlate between forward branching and back branching, a ratio of these two
branch categories was calculated for each imaging time point (Fig. 2C). A ratio value of 1
indicates that at that time point, axon branches were evenly distributed both beyond and
behind the initial growth cone location, while a ratio less than 1 represents an arbor that
extends more back branches than forward branches. Conversely, a ratio greater than 1
indicates that an axon extends relatively more forward than back branches as the growth
cone advances. The pre-treatment baseline for both control and netrin-treated growth cones
was similar for both groups at time 0 (forward-back branch ratio: 0.37 + 0.09 for controls,
0.33 + 0.10 for netrin, Fig 2C). This ratio significantly increased for controls to 1.45 + 0.33
by 24 hours indicating that control axons significantly increased the proportion of forward
relative to back branches as the growth cone advanced. Growth cones in the netrin-treated
tadpoles, however, maintained a similar ratio over time (forward-back branch ratio: 0.32 +
0.08 at 24 hrs, Fig 2C), consistent with our observation that growth cones tend to cease their
advancement into the target following treatment with exogenous netrin-1. Due to the
differences in forward versus back branching, axons in netrin-treated tadpoles became
significantly different from axons in control tadpoles at 6 hours (forward-back branch ratio:
0.63 + 0.12 at 6 hrs after control treatment, 0.33 = 0.08 at 6 hrs after netrin treatment; p =
0.05, Fig 2C), a difference that persisted and became more significant over time (forward-
back branch ratio: 1.45 + 0.33 at 24 hrs after control treatment, 0.32 + 0.08 at 24 hrs after
netrin treatment; p = 0.003, Fig 2C).

RGC growth branch dynamics in the presence of excess netrin-1 at the target

To further determine the effects of increasing tectal netrin levels on early branch initiation
and the branching patterns of RGC axons, we analyzed axon branch dynamics by following
each branch from one observation time point to the next. We determined the number of
branches newly added (added branches), and the number of branches that persisted (stable
branches), between observation time points. Values for added and stable branches are
presented as net changes that occurred every 2 hours in axons followed for six hours, and
changes between 6 and 24 after treatment (Fig. 3). The analysis of branch dynamics showed
that on average, control axons added 3.1 + 0.33 branches in every 2 hr observation interval
and 10.5 + 1.2 branches between 6 and 24 hrs after initial imaging (Fig. 3A, see also Fig. 1
E). The number of stable branches in control axons remained the same throughout the 24
hour observation period (average 2 hour intervals; 6.18 + 0.41 stable branches, and 6-24
hour interval; 6. 31 + 0.68 stable branches; Fig 3B), indicating that axon arbors become
more complex primarily by the addition of new branches and stabilization of existing
branches. Branch dynamics following netrin treatment were similar to those in control axons
early after treatment. Axons exposed to netrin-1 added a similar number of branches as
controls every 2 hours (Added branches 3.1 + 0.33 for control, 3.46 + 0.27 for netrin; p=
0.45), and had a similar number of stable branches as controls (2 hr intervals: 6.18 + 0.41
stable branches for control, 5.44 + 0.29 for netrin ; p=0.19). However, new branch addition
was significantly lower in axons exposed to netrin-1 in the 624 hour observation interval
(10.5 + 1.2 branches for control, 3.81 + 0.75 branches for netrin; p= 0001, Fig. 3A), while
the number of stable branches (6.31 + 0.68 for control, 6.50 + 0.48 for netrin; p=0.82, Fig.
3B) and the number of branches eliminated (3.875 + 0.54 for control, 2.688 + 0.53 for
netrin, p= 0.13, not shown graphically) remained similar to controls. This indicates that
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dynamic, netrin-1-induced changes in newly differentiating axon arbors are initially
mediated by the extension of new branches which then slows down in the presence of excess
netrin-1.

To establish whether changes in branch extension occur differentially along the axon, we
analyzed branch dynamics for the forward and back branches independently in the newly
targeted RGC axons. Counting the proportion of added versus stable revealed that
significantly more new forward branches than back branches were extended in control axons
every 2 hrs (added branches at 2 hr intervals: 39.30 £ 4.56% for forward branches, 24.80 £
2.86% for back branches; p=0.008; Fig. 3C). This supports the observation that control
axons grow primarily by dynamically adding forward branches as the growth cone advances,
as well as by stabilizing a few remaining branches that were not pruned behind the initial
location of the growth cone (back branches) (Fig. 3C and Fig. 2 B, C). The dynamic
behavior of axons exposed to netrin-1, in contrast, showed that branches are preferentially
added and stabilized behind the initial location of the growth cone. In proportion, as many
back as forward branches were added after netrin treatment (Fig. 3C), and significantly more
back branches were added in the newly targeted axons exposed to netrin-1 than in controls
(24.8 + 2.86% for control, 37.73 + 3.07% for netrin, p=0.0026, Fig. 3C). In contrast to
controls, however, significantly fewer forward branches were stabilized after netrin
treatment (stable forward branches: 60.31 + 5.13% for controls, 35.09 + 5.64% for netrin, p
= 0.001; Fig. 3C). Therefore, as the back portion of the arbor gained new branches, the more
dynamic elimination of forward branches resulted in a net loss of branches in the forward
portion of the arbor early after netrin treatment (as indicated by a A change of added +
stabilized branches below 100%, Fig. 3C). Dynamic analysis of forward versus back
branches between 6 and 24 after initial imaging showed that the addition and stabilization of
forward and back branches in axons in netrin-treated tadpoles returned to a level similar to
controls, although only control axons showed continued forward growth (A change of added
+ stabilized branches above 100%, Fig 3D). These results therefore indicate that acute
changes in netrin-1 levels influence the growth cone’s decision of where to terminate by
preferentially inducing dynamic changes that favor branch addition in already extended
portions of the axon (see Fig. 3 E for a diagrammatic summary of these results).

RGC axon growth cones in vivo show an age and morphology-dependent branching
response to netrin

Previous studies from our laboratory show that netrin significantly induces presynaptic site
differentiation and increases the branching of more mature RGC axon arbors in stage 45
tadpoles within 24 hours of treatment (Manitt et al, 2009; see Fig. 4). Our present studies
show an opposite effect by acute netrin treatment on newly targeted RGC axons in the stage
40 tadpole optic tectum (Fig. 1 E). These opposing results raised the possibility that RGC
axons respond differentially to netrin in an age- or axon maturation-dependent manner. Age-
dependent responses to netrin-1 have been described in the pathfinding of Xenopus RGC
growth cones in an /n vitro preparation, where netrin exerts an attractive influence on growth
cones exiting the retina and a repellent influence on growth cones poised to enter the optic
tectum (Shewan et al, 2002). Here, we examined the effects of acute netrin treatment on two
additional populations of RGC axons /n vivo. 1) RGC axons from stage 40 tadpoles with a
morphologically more differentiated arbor (arbors with more than 17 branches and no
growth cones), and 2) simple growth cone-containing RGC axons in stage 45 tadpoles (see
Fig. 4 A, B). Our analysis of RGC axons in control stage 40 and stage 45 tadpoles revealed
that axon branching rates are consistent throughout the two developmental stages in the
normal developing brain. Specifically, no significant difference was observed in the increase
in total branch number in actively branching axons as they mature to become more elaborate
in stage 40 when compared to stage 45 tadpoles (Fig. 4 C, D). Similarly, no difference in
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branching rate was observed in recently targeted growth cones in stage 40 versus stage 45
tadpoles (“simple GCs”) (Fig. 4 C, D). In contrast, axons exposed to netrin showed
significant differences in their number of branches depending on their complexity and stage
of the tadpole as they matured. Specifically, comparisons based on maturational state of the
arbor showed that branched axons increased their total branch number significantly more
than simple growth cones following netrin treatment in stage 40 (delta branch number: 6.14
+ 1.88 for branched axons, 1.69 + 0.75 for simple growth cones; p=0.01), as well as in
stage 45 tadpoles (delta branch number: 28.50 + 4.85 for branched axons, 6.89 + 0.90 for
simple growth cones; p = 0.002). Comparisons by developmental stage showed that simple,
growth cone-containing axons increased their branch number significantly more in stage 45
than in younger, stage 40 tadpoles (stage 45 growth cones: 6.89 + 0.90 branches, stage 40
growth cones 1.69 £ 0.75 branches; p=0.0003). Similarly, branched axons in stage 45
tadpoles increased their branch numbers significantly more than branched axons at stage 40
(Fig. 4 C, D). Taken together, these data indicate a gradual change in response by RGC
axons to netrin that depends on both the stage of the tadpole and the maturational state of the
axon. Indeed, branched axons in stage 40 tadpoles did not differ in their rate of branch
elaboration when compared to simple stage 45 growth cones, either in the presence or
absence of excess netrin (Fig. 4 C, D), indicating that morphologically more mature RGC
axons in stage 40 and RGC growth cones in stage 45 tadpoles are non-responsive to netrin-1
treatment. Further analysis of the time course of responses over a 24 hour period of growth
cones in stage 45 tadpoles and in branched axons of stage 40 tadpoles exposed to netrin-1
showed no differences in the branching of forward or back branches versus controls at any
of the time intervals, nor in the ratio of forward to back branching (data not shown).
Therefore, responses to netrin shift from a branch attenuation response in axons that are
most immature (stage 40 growth cones), to neutral as they begin to branch and development
proceeds, then finally to a branch-promoting effect of netrin in the more elaborate and
mature axon arbors. Thus, both the maturational state of the axon arbor and the
developmental stage of the tadpole appear to influence the response of RGC axons to netrin
treatment.

DCC-mediated signaling impacts RGC growth cone branching

To explore the potential contribution of the DCC receptor to the response of RGC axon
growth cones to netrin-1, time-lapse imaging of labeled RGC axons was performed
following injection of function blocking antibodies to DCC into the stage 40 tadpole optic
tectum. Responses of RGC growth cones following anti-DCC treatment showed levels of
forward growth and branching that were different from those of controls and growth cones
in netrin-treated tadpoles. Specifically, when quantifying rostrocaudal advancement within
the target, analysis of change in length showed that anti-DCC-treatment prevented growth
cone advancement overall (29.19 + 12.37 um for control, —=2.86 = 14.06 pm for anti-DCC; p
=0.10) (Fig. 5 A). A smaller portion of growth cones lengthened over time following anti-
DCC treatment (80% for control, 57% for anti-DCC) (Fig. 5 B). Moreover, growth cones in
tadpoles treated with anti-DCC showed no net increase in branch number during the first six
hours of imaging (Fig. 5 C), and had significantly lower increase in total branches than
controls by 24 hours (8.88 + 1.40 for control, 4.75 + 1.36 for anti-DCC; p = 0.05; Fig. 5 C).
The increase in forward branch number was significantly lower than controls 24 hours
following anti-DCC treatment (7.00 £ 1.31 for control, 1.17 + 0.37 for anti-DCC; p = 0.001;
Fig. 5 D), but back branches changed at a rate similar to controls (Fig. 5 E). This difference
in forward versus back branching resulted in growth cones exposed to anti-DCC exhibiting a
forward/back branch ratio of less than 1 (1.45 + 0.33 for control, 0.34 = 0.10 for anti-DCC;
p=0.01; Fig. 5 F). Thus, while the anti-DCC treatment did not have opposite effects to
those of netrin treatment (Figs. 1, 2), DCC receptor blockade significantly slowed the
branching patterns of newly innervating RGC growth cones at their target.
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Dynamic analysis of growth cones in stage 40 tadpoles revealed that anti-DCC treatment
influenced branch addition and stabilization. Growth cones exposed to anti-DCC added
significantly fewer branches throughout the 24 hr observation period (2hr intervals: 3.13 +
0.33 added branches for control , 2.04 £ 0.25 for anti-DCC, p = 0.018; 6-24 hr interval:
10.50 + 1.22 added branches for control, 5.75 + 1.72 for anti-DCC; p= 0.03; Fig. 5 G) and
also stabilized fewer branches during the first 6 hours after treatment (total stable branches:
6.13 + 0.41 for control, 4.31 + 0.35 for anti-DCC; p=0.002; Fig. 5 H). Therefore, anti-DCC
treatment exerted a significant effect on the dynamic growth of simple RGC axons in stage
40 tadpoles as they innervate the optic tectum, preventing overall growth. Dynamic analysis
also revealed that, of the few forward branches that axons added after anti-DCC treatment,
only a small proportion of those branches remained stable during each 2 hr observation
interval (Fig. 5 I). Collectively, these results suggest that DCC signaling may be involved, at
least in part, in the response of newly targeted RGC axons in stage 40 tadpoles to exogenous
netrin-1 treatment we observed, but that mechanistically the signaling pathways involved in
transducing responses to netrin may be complex.

Our results showed that netrin-1 treatment influenced the branching of RGC axon growth
cones at their target in stage 40 tadpoles, but had no effect on newly targeted RGC axon
growth cones at stage 45 (Fig. 4). To further examine the possibility that the age-dependent
response by RGC axon growth cones involves DCC signaling, we also examined branching
patterns of newly targeted RGC growth cones in stage 45 tadpoles after acute anti-DCC
treatment. Treatment with anti-DCC had no effect on any of the branching parameters
measured on stage 45 growth cones (data not shown), indicating that in contrast to stage 40,
growth cone containing RGC axons at this developmental stage are unresponsive to both
exogenous and endogenous netrin signaling.

RGC axonal growth cone migration in response to netrin-1 treatment in vitro

To further explore the mechanisms by which netrin influences branch initiation, we
examined the acute response of RGC axon growth cones to netrin in a culture environment
devoid of the target. This allowed us to determine if netrin treatment alone was sufficient to
halt forward migration and back branching, as observed /in vivo. In these experiments,
Xenopus eye explant cultures were prepared from stage 25 tadpoles, and grown for 24 hours
in vitro. By 24 hours, at a stage equivalent to stage 39/40 in the living tadpole, the behavior
of RGC axons was followed by DIC time-lapse imaging. To examine effects of netrin
treatment, cultures were imaged every 30 seconds for five minutes to obtain a baseline of
growth cone movement. Following this imaging period, netrin-1 was applied to the culture
medium at three different concentrations (10 ng/ml, 100 ng/ml, or 300 ng/ml final
concentration), and imaging was resumed and continued for a total of one hour (Fig. 6 A,
B). This allowed for observation of growth cone behavior pre and post-treatment. For all
parameters analyzed, treatment with netrin-1 at 10 ng/ml had no significant effect on growth
cones (data not shown). In contrast, growth cones exposed to netrin-1 at 100 ng/ml and 300
ng/ml responded in a dose-dependent manner. The forward growth of each axon was
measured and the change in length from one time-point to the next was calculated to
determine if growth cones halted their forward growth in the presence of netrin-1 (Fig. 6 C).
Five time-points were used for analysis of changes over time (time 0; normalized for
pretreatment behavior, and 2, 5, 10, 20 and 50 minutes following treatment). Data are
presented as the relative change in axon length from each observation time-point to the end
of the observation period. Application of netrin-1 at both concentrations examined (100 ng/
ml and 300 ng/ml) significantly increased forward growth (0 — 50 min; 106.3 £ 6.23% for
controls, 130.2 + 5.37% for 100 ng/ml netrin; p=0.008; 155.7 + 12.64% for 300 ng/ml
netrin vs control; p=0.003, Fig. 6 C). This is in contrast to the effects of netrin /n vivo for
recently targeted growth cones at stage 40 (Fig. 1 C, D). Over the one-hour observation
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period, control RGC axon growth cones in culture did not significantly increase their length
from their starting point (Controls: 99.63 + 2.79% increase in length from 0-2 min, 106.3 =
6.23% from 0-50 min; p = 0.34). In contrast, netrin-1 treatment significantly increased
forward growth at the two concentrations examined (100 ng/ml Netrin: 105.1 + 2.46% from
0-2 min, 130.2 £ 5.37% from 0 to 50 min; p = 0.0003; 300 ng/ml Netrin 104.8 £ 2.75% for
from 0-2 min, 155.7 + 12.64% from 0 to 50 min; p = 0.0006). Thus, in contrast to its effects
in vivo, acute netrin-1 treatment induced forward growth of RGC axon growth cones 7n
vitro.

Netrin significantly impacts the morphology of the RGC axon growth cones in culture

In vivo observations of fluorescently labeled RGCs have shown that growth cones change
their morphology as they navigate, becoming more complex at directional choice points and
during targeting (Holt, 1989). To determine whether growth cone complexity is also
influenced by netrin in the absence of a target, we examined the lamellipodial area of the
growth cone, as well as the expanse of the growth cone filopodia in our time-lapse imaged
cultures (see Fig. 7 A for an example of these measured areas). This allowed us to closely
follow changes in growth cone morphology following netrin-1 treatment with fine temporal
and spatial resolution. In the presence of 300 ng/ml netrin-1, growth cones decreased the
area of the growth cone within 5-10 minutes of treatment (Change in growth cone area from
0-5 min: 0.65 + 1.07 um? for controls, -2.21 + 0.92 um? for 300 ng/ml netrin; p= 0.06), and
this decrease persisted over the remainder of the observation period (Change in growth cone
area from 0-50 min: 2.14 + 1.52 pm? for controls, -3.01 + 1.21 pm? for 300 ng/ml netrin; p
=0.01, Fig. 7 B, C). Similarly, cultures treated with netrin-1 at 100 ng/ml showed a
significant decrease in lamellipodial growth cone area from controls 50 minutes after
treatment (2.14 + 1.52 um? for controls, —=2.29 + 1.48 um? for 100 ng/ml netrin; p= 0.05,
Fig. 7 C). The expanse of the growth cone filopodia was also significantly decreased 50
minutes post-treatment at the two concentrations of netrin-1 used when compared to controls
(Change in area encompasing growth cone processes from 0-50 min: 65.10 + 38.78 um? for
control, —26.54 + 21.01 pm? for 100 ng/ml netrin ; p= 0.05, Change in expanse of growth
cone from 0-50 min: =55.15 + 22.03 um? for 300 ng/ml netrin from 0-50 min, compared to
control from 0-50 min, p=0.01; Fig. 7 D). Analysis of cultures following fixation at the
end of the imaging period allowed for the examination of netrin responses by a larger
population of RGC growth cones for each experiment in addition to those followed by time-
lapse imaging. The growth cone area (9.83 + 1.30 um? for controls, 5.58 + 0.68 um? for
netrin 300; p = 0.003) and the area encompassing the growth cone processes (257.5 + 32.93
um? for controls, 121.4 + 13.06 um? for 300 ng/ml netrin; p = 0.0001) were significantly
smaller in RGC axons exposed to netrin-1 for 50 minutes than controls (not shown
graphically), consistent with our dynamic observations in time-lapsed axons (Fig. 7 C, D).
Together, the decreased lamellipodial area and filopodial expanse of the growth cone
indicates that growth cones rapidly respond to netrin by acquiring a less complex
morphology, reminiscent of active axon pathfinding morphology. The acute effects of netrin
on RGC growth cones in culture at the time they innervate the tectum therefore differ from
the chronic effects of netrin on more immature RGC axons (de la Torre et al, 1997).

RGC growth cones extend back branches as they continue their forward advancement in
the presence of netrin-1 in vitro

To determine whether netrin influences RGC axon branching in vitro, we counted the
number of filopodial processes on the growth cone, as well as processes behind the growth
cone, in RGC axons in culture followed by time-lapse imaging. Within an hour of treatment,
RGC axons had significantly fewer filopodial processes at the growth cone in the presence
of netrin when compared to controls (Change in filopodia number from 0-50 min: 2.00 £
1.54 for controls, o 4.23 + 1.43 for 300 ng/ml netrin; p= 0.008, Fig. 8 A-C). Similarly, the

Dev Neurobiol. Author manuscript; available in PMC 2013 April 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Shirkey et al.

Page 12

number of filopodial processes at the growth cone was significantly lower in the total
population of axons exposed to netrin-1 than in controls (Total branch number: 9.44 + 0.61
for control, 7= 34; 7.70 + 0.48 for 100 ng/ml netrin, 7= 38; p=0.03, 6.66 + 0.41 for 300ng/
ml netrin, 7= 77; p=0.0006 when compared to control, not shown graphically). In contrast
to the netrin-elicited decrease in the number of processes at the growth cone end, netrin-1
increased the number of processes behind the growth cone when compared to controls
(Change in back branch number from 0-20 min: -0.36 + 1.02 for control, 3.23 £ 1.21 for
300ng/ml netrin; p=0.04; Change in back branch number from 0-50 min: -0.18 + 1.27 for
control, 3.62 + 1.48 for 300ng/ml netrin; p=0.07, Fig. 8 A-B, D). Short, spike-like
processes of less than 1.5 um in length were also increased within 2 minutes of netrin
treatment (Fig. 8 A-B, E). As also observed for the imaged axons, the number processes
behind the growth cone was significantly higher in the entire population of axons analyzed
in fixed cultures one hour after treatment (1.50 + 0.36 for control, n=34; 3.17 + 0.58 for
300ng/ml netrin, n=77; p=0.02, not shown graphically). Thus, similar to its effects /n
vivo, netrin induced back branching of RGC axon growth cones /in vitro.

In the presence of netrin-1, RGC growth cones increase their density of presynaptic
specializations and downregulate DCC expression

Previous reports from our group and others have shown that DCC-mediated netrin signaling
is involved in presynaptic differentiation /77 vivo (Colon-Ramos et al, 2007; Manitt et al,
2009). To determine if netrin influences presynaptic differentiation in the absence of target
cells, retinal cultures exposed to netrin-1 for one hour were fixed and immunostained with
antibodies to the presynaptic protein SNAP-25 or antibodies to DCC. Cultures were also
stained with rhodamine labeled phalloidin to correlate the organization of the actin
cytoskeleton with the distribution of presynaptic specializations or DCC receptor protein. To
quantify SNAP-25 or DCC immunoreactivity at the axon terminal, we obtained a value of
immunopositive pixel number per unit axon length. This analysis revealed that axons
exposed to netrin-1 had a significantly higher density of SNAP-25 immunoreactivity at their
terminals compared to controls (7.68 £ 0.76 pixels/um for control, 11.01 + 1.25 for 100 ng/
ml netrin; p=0.02. 17.93 *+ 1.10 pixels/um for 300 ng/ml netrin, compared to control; p =
0.001, Fig. 9 A, C). Thus netrin impacts presynaptic differentiation of young RGC axons in
culture, similar to previous observations of its effects on more mature RGC axons /n vivo
(Manitt et al., 2009). Analysis of DCC expression with two antibodies directed to distinct
domains of the receptor revealed that the density of DCC immunostaining was lower in the
growth cone-containing RGC axons exposed to netrin-1 for one hour when compared to
vehicle treated controls (14.11 + 1.61 pixels/um for control, 8.49 £ 1.10 pixels/um for 100
ng/ml netrin; p=0.01. 10.23 £+ 0.76 for 300 ng/ml netrin, compared to control; p=0.02, Fig.
9 B, D). Together, these studies indicate that RGC axons respond to netrin by increasing
presynaptic differentiation at their axon terminal, while also downregulating DCC protein
levels, perhaps through signaling feedback mechanisms.

Discussion

To date, the responses of growth cones undergoing targeting events have been largely
investigated in culture preparations, in part due to the difficulty of observing growth cones
undergoing target innervation /n vivo. Findings presented here describe a detailed time-lapse
analysis of the branching patterns of single Xenopus RGC growth cones in living animals as
they initiate branching soon after target innervation. By imaging individual RGC axons
expressing fluorescent proteins, we show that following target entrance, RGC axons
continued to advance within the target and added branches along the newly extended portion
of the axon. Moreover, RGC axons simultaneously eliminated processes below the initial
position of their growth cone during this period of growth cone advancement into the target
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(from 0-6 hours). Later in the observation period, however, RGC axon growth cones
increased their number of back branches as they coordinately halted their forward
advancement into the target. Thus, as RGC axons enter their target they continue to advance
and extend forward branches, possibly as an exploratory search for their correct
topographical position. Upon locating their correct position within the target, axons then
begin an active process of arborization through the addition and stabilization of collateral
branches along the extent of the arbor, similar to the interstitial branching of RGC axons
targeting in chick and rodent optic tectum (McLaughlin and O'Leary, 2005).

Netrin-1 impacts branch initiation in newly targeted RGC axons in the brain

By imaging recently targeted RGC axon growth cones in stage 40 tadpoles right before they
begin to arborize, our studies demonstrate that acute netrin-1 treatment impacts early axon
arbor differentiation by altering branching responses at the target. Dynamic /n vivo imaging
revealed that RGC axon growth cones halted their forward migration in the optic tectum
upon an acute increase in netrin levels and displayed a specific increase in back branching
within two to four hours after treatment. This early response of RGC axon growth cones to
changes in netrin tectal levels significantly interfered with the arborization of RGC axons by
24 hours after treatment. The dynamic responses of RGC growth cones to netrin treatment
suggest that endogenous netrin may serve early as a repulsive cue for newly targeted RGC
axons that influences the onset of arbor maturation, therefore influencing the growth cone’s
decision of where to terminate. Indeed, /n vitro responses of RGC axons to netrin at the
stage that they exit the optic tract suggested that netrin may act as a repellant for young RGC
axons as they innervate their target optic tectum (Shewan et al 2002). Evidence from culture
studies investigating the response of RGC axons to Sema3A indicates that repulsive
guidance cues can influence the initiation of branching following growth cone collapse
(Campbell et al., 2001). /n vivoimaging studies demonstrating a role for Slit-1 during the
development of zebrafish retinotectal projections further support the idea that repulsive
molecules can influence the time course of RGC arbor maturation at the target (Campbell et
al., 2007).

The expression patterns of netrin in the developing optic tectum are consistent with a
potential repulsive role for netrin on newly targeted RGC axons. Netrin mRNA is expressed
in the Xenopus optic tectum at the developmental stages when presynaptic RGC axons first
contact their target, caudally to the termination zone of RGC axons in the optic tectum of
young tadpoles (Shewan et al, 2002; S. Marshak and S.C.C., unpublished results). Thus,
RGC axon arbors can encounter netrin as they innervate their target and at the appropriate
stage of development to begin to branch. Graded expression of netrin protein within the
target optic tectum may explain, at least in part, the differential response of newly targeted
RGC axons as they first innervate their target and of RGC axons that actively branch in the
more mature tectal neuropil. Gradients of both repulsive and attractive axon guidance cues
have been demonstrated to differentially guide axon pathfinding and targeting in the
developing visual system (Frisen et al., 1998; Lyckman et al., 2001; Mann et al., 2002;
McLaughlin and O'Leary, 2005; O'Leary and McLaughlin, 2005) , and graded distribution
of netrin protein has also been demonstrated to guide axons in the spinal cord (Kennedy et
al., 2006). Although netrin immunoreactivity can be detected in the optic tectum of both
stage 40 and stage 45 tadpoles at the developmental stages when RGC axons reach the target
and actively branch (Manitt et al., 2009, and C.M. and S.C.C., unpublished results), proof of
netrin gradients in the Xenopus optic tectum remains elusive as reagents with enough
sensitivity to unequivocally reveal such protein gradients are unavailable.
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The age and maturation state of the RGC axon influence the axon’s response to netrin

Our studies show that RGC axons exhibit an age- and maturation-dependent response to
netrin and pertubations in DCC-mediated signaling /77 vivo. Specifically, growth cones in
stage 45 tadpoles treated with netrin-1 did not halt their forward migration or show
continued back branching as did growth cones in stage 40 netrin-treated tadpoles. Blocking
DCC significantly impacted the forward and back branching patterns of growth cones at
stage 40 but had no effect on growth cones at stage 45. In addition to an age-dependent
branching response to netrin, a maturation-dependent response was observed when
comparing simple, growth cone containing RGC axons to more differentiated RGC axons in
tadpoles at the same stage (either stage 40 or 45). In stage 40 tadpoles, growth cones showed
decreased branching, while more differentiated axon arbors did not respond to the netrin
treatment. Conversely, in stage 45 tadpoles, simple growth cones were unaffected by netrin
treatment while more branched axons responded with a robust increase in branch number by
24 hours. It is possible that this maturation-dependent branching response is due to intrinsic
differences in the early, growth cone-containing axons versus more differentiated and
branched axons, which reflect the differential wiring tasks being undertaken by the axon
while it assumes these two different morphologies. These changes could be due to axons
encountering different levels of endogenous netrin protein as they branch and advance
within the tectal neuropil (as discussed above), and/or to differential activation of
intracellular signaling pathways that may alter responsiveness to the same cue as axons
change morphologically and as the extracellular environment changes as the brain matures
(Ming et al., 1997; Shewan et al., 2002; Piper et al., 2005).

Changes in netrin receptor expression at the axon terminal may also underlie the differential
age and maturation dependent response of RGC axons to netrin we observed.
Immunostaining of RGC growth cones exposed to netrin-1 in culture showed that netrin
influences the levels of DCC protein along the axon terminal (Fig. 9 B, D), supporting the
existence of feedback mechanisms. Similar findings have been reported for cultured
embryonic rat cortical neurons, which down regulate DCC after netrin application (Kim et
al., 2005). Changes in DCC receptor expression may occur as part of an adaptation or
desensitization response to excess netrin signaling that may serve to readjust the sensitivity
to external molecular cues, similar to responses observed in migrating cells that undergo
chemotaxis (Macnab and Koshland, 1972; Zigmond, 1977; Devreotes and Zigmond, 1988;
Eisenbach, 1996; King and Insall, 2009). Indeed, Xenopus spinal and RGC growth cones in
culture exhibit similar changes in responsiveness to molecular cues depending on the
background concentration of that cue (Ming et al., 2002; Piper et al., 2005), a process that
may involve rapid changes in receptor expression and/or desensitization.

In addition to rapid changes in DCC receptor expression and/or function in response to
changes in netrin levels or signaling, intrinsic regulation of DCC or netrin expression may
account for the developmental differences in effects we observed. Indeed, quantitative PCR
studies showed that DCC and netrin-1 mRNA levels are dynamically regulated in the
developing tadpole visual system (N.J.S. and S.C-C., data not shown). The observation that
retinal DCC mRNA levels increase by 2.5 fold from stage 40 to stage 45 supports the notion
that DCC expression is dynamically regulated in RGCs during active retinotectal targeting
and axon branching. Thus age- and maturation-dependent changes in DCC receptor
expression and function at the growth cone may underlie the differential responses of RGC
axons to netrin as they mature.

Differential effects of DCC signaling on newly targeted RGC axons

Our data demonstrate that blocking DCC function affected growth cone advancement and
back branching /n vivo, preventing overall growth. RGC axon growth cones of stage 40
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tadpoles exposed to anti-DCC function blocking antibodies significantly slowed their
growth and branching, an effect that is similar to that of anti-DCC treatment on more
elaborate RGC axons of stage 45 tadpoles (Manitt et al., 2009). Acute treatment with anti-
DCC also prevented normal growth cone advancement within the target. The finding that
anti-DCC did not exert inverse effects to those of excess netrin-1 treatment on growth cones
of stage 40 tadpoles suggests that regulated changes in the level of netrin-1 signaling may
modulate its function between a factor that initiates branching and one that promotes axon
outgrowth. This possibility is supported by studies showing that effects of netrin-1 are
tightly regulated by dosage, as doses above or below a threshold netrin level can inhibit
axon outgrowth of spinal neurons (Serafini et al., 1994). It is also possible that the
differential effects of netrin and anti-DCC treatments may be due to activation of netrin
receptors other than DCC within the retinotectal circuit. An additional, non-exclusive
possibility is that DCC may interact with other co-factors or co-receptors that influence the
targeting and branching of RGC axons. Evidence demonstrating that DCC can interact with
Robo (Stein and Tessier-Lavigne, 2001), UNC5 (Hong et al., 1999), A2b (Corset et al.,
2000), DSCAM (Liu et al., 2008; Ly et al., 2008), heparin sulfate proteoglycans (Matsumoto
et al., 2007), and metalloproteinases (Galko and Tessier-Lavigne, 2000a), supports the
potential for a modulatory control of DCC-mediated netrin signaling as axon branching and
differentiation proceeds.

Differential responses of RGC axon growth cones to netrin in the absence of a target

Our /n vivoand in vitro findings suggest that growth cone advancement and axon back
branching are mechanistically distinct processes. While recombinant netrin-1 induced back
branching responses both /in vitro and in vivo, the ability of netrin to inhibit growth cone
advancement within the target /n7 vivo was not recapitulated in culture. In fact, growth cones
exposed to netrin-1 /n vitroincreased their rate of outgrowth while simultaneously adding
back branches along the axon. Thus, netrin-1 signaling alone appears sufficient to modulate
back branching, but additional cues provided by the surrounding target tissue may be needed
for netrin-1 to halt forward advancement and induce branching. Consistent with this,
calcium/calmodulin-dependent signaling has been shown to influence cortical axon
elongation in culture but not in an /n vivo context (Ageta-Ishihara et al., 2009). This
supports the idea that growth cones integrate multiple cues in their local environment to
modulate axon elongation and branching, by differentially influencing cytoskeletal
remodeling. Additional cues shown to influence RGC axon entrance into the target /n vivo
include fibroblast growth factor (FGF) and its signaling molecules (McFarlane et al., 1995;
McFarlane et al., 1996; Atkinson-Leadbeater et al., 2010), heparin sulfate proteoglycans
(Walz et al., 1997; Irie et al., 2002), Robo receptors (Plachez et al., 2008; Hocking et al.,
2010), and the matrix metalloproteinase ADAM10 (Chen et al., 2007). It is therefore
possible that complex molecular interactions that normally occur in the intact target are
necessary for netrin-1 to differentially activate specific intracellular signaling cascades and
function as a stop signal for innervating RGC axons. The /in vivo regulatory mechanisms by
which netrin influences newly targeted RGC axons, and the interactions between its co-
factors and co-receptors in this process are important new possibilities that remain open to
investigation.
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Figure 1. Netrin influences the forward advancement and mor phology of RGC axon growth
cones at their target

A, B) Representative reconstructions of control (A), and netrin-treated (B), RGC axon
growth cones in stage 40 tadpoles expressing EYFP imaged by time-lapse confocal
microscopy over 24 hours. White horizontal lines delineate the forward-back branching
boundary used for quantification of axon growth (also see diagram in Fig. 2 A). White
arrows indicate examples of intrinsic landmarks (bends in the axon) common to all time
points that were used to align images. White arrowheads demarcate differences in the
branching patterns of growth cones exposed to control vehicle solution or recombinant
netrin (see Fig. 2). lllustrated portions of the axons lie completely within the optic tectum,
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and rostral to caudal (R-C) orientation of the brain is indicated. Scale bar, 10 ym. C, D) A
measure of rostro-caudal growth is provided by the change in length of axons exposed to
control or netrin treatment over a 24 hour period (C), as well as the proportion of axons that
lengthened, shortened or remained the same length throughout the observation period (D).
Note that while the majority axons in control tadpoles lengthened, axons exposed to netrin-1
shortened over time or remained the same length. E, F) The effects of netrin-1 treatment on
RGC axon growth cones of stage 40 tadpoles were further determined by quantifying the
changes in total branch number (E), and total arbor length (F), at each time point relative to
time 0. While changes in total branch number and length were similar for axons in control
and netrin-treated tadpoles during the first six hours of imaging, a delayed effect of netrin is
observed on branch number and length by 24 hours. Dotted lines indicate within group
comparisons; solid lines represent between group comparisons. * signifies p < 0.05, *** p <
0.0005. Error bars indicate SEM.
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Figure 2. Netrin-1 differentially influences forward ver sus back branching of simple RGC axons
in stage 40 tadpoles

A) Diagrammatic representation of the method used to differentiate forward versus back
branching. A horizontal dotted line was used to delineate the forward-to-back branch
boundary on RGC growth cones imaged over time. Asterisks are used to denote stable
branches which persisted throughout the observation period; these stable branches, along
with distinctive bends and swells in the axon (black arrows), were used as landmarks for
image alignment along the forward-back branch boundary line. B, D) The difference in the
number of total forward (B), or back (D), branches in RGC axons imaged over time was
quantified for EYFP-expressing axons in control stage 40 tadpoles and in tadpoles injected
with netrin-1 immediately after the initial imaging (time 0). Note the significant effect of
netrin treatment on the number of both forward and back branches on RGC axon growth
cones four hours after treatment. Netrin transiently and significantly increased the
proportion of back branches between 0-4 hours relative to controls (D), but prevented the
increase in forward branches observed in controls (B). C) A forward-to-back branch ratio
provides an additional measure of axon growth. As RGC axon growth cones branched in the
optic tectum, they extended a greater portion of forward than back branches, as indicated by
a mean forward-to-back branch ratio greater than 1. A forward-to-back branch ratio of less
than 1 as time proceeds is indicative of decreased forward growth relative to the degree of
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back branching. Solid lines represent between-group comparisons. * p < 0.05; **p < 0.005,
and *** p < 0.0005. Error bars indicate SEM.
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Figure 3. Netrin influences the dynamic branching behavior of recently targeted RGC axons
A-B) The dynamic behavior of recently targeted RGC axon growth cones in stage 40
tadpoles is illustrated by the quantification of total branch addition and branch stabilization
for every two-hour interval during the first six hours after treatment (average 2 hr interval),
and between 6 and 24 hours. A) Note that the number of new branches added was similar for
newly targeted RGC axons exposed to netrin-1 as for controls during the first six hours after
treatment but was significantly decreased later in the observation period. B) Analysis of
stable branch number reveals that the number of stable branches was similar for control
RGC axons and for those exposed to netrin-1 at all time intervals. C, D) The relationship
between branch addition and stabilization of forward versus back branches was measured
for each individual axon and is illustrated by the stacked bar graphs. C) In proportion, more
new forward branches than back branches were added in control axons during every 2 hr
observation interval, while a similar number of forward versus back branches were added in
axons in netrin-treated tadpoles. Note that, in proportion, significantly more new back
branches were added in axons exposed to netrin-1 than in controls. D) No significant
difference in the proportion of added and stable forward versus back branches was observed
between 6 and 24 hrs after initial imaging for controls or axons exposed to netrin-1. In C, D,
stacked bars with a value above 100% represent intervals when more of the newly added
branches were stabilized than eliminated. Conversely, stacked bars with a total value of less
than 100% represent axons where in proportion more branches were eliminated than added
at each corresponding time interval. # signifies 0.05 < p < 0.10; *p < 0.05; **p < 0.005, and
*** p < 0.0005, ns = non significant versus control. A dashed line represents comparisons
within treatment group. Error bars indicate SEM. E) Diagrammatic representation of the
differential branch addition and stabilization in differentiating RGC axon growth cones in
control tadpoles versus tadpoles exposed to netrin 24 hours after treatment.

Dev Neurobiol. Author manuscript; available in PMC 2013 April 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Shirkey et al.

Page 24
C D
£ 43 control ok £ 407 -0 Control
3 Il Netrin R 3 = Netrin
S = 30- : & o= S04
£ = N £=
w )
= 4 209 *kk | = 0 20
25 *EkxACTTTTTTEEET " c C
&3 4 o ' g
5 £ 10- ‘—I- “““ , : 5= 104
E : =
e ) s
< b 0
Stg 40 Stg45
Developmental stage Developmental stage

Figure 4. The age and morphological state of the RGC axon affect its branching response to
netrin-1in vivo

A, B) Representative images of two distinct RGC axon growth cones (A), and two branched
RGC axons (B), in stage 40 tadpoles at time 0. RGC axon growth cones and branched axons
of stage 45 tadpoles possessed morphologies similar those of stage 40 tadpoles (not shown).
Scale bar, 10 pm. C, D) The difference in branching rates of RGC axon growth cones
(Simple GCs) and branched arbors (Branched axons) of stage 40 versus stage 45 tadpoles in
control-treated and netrin-treated tadpoles is shown graphically by the increase in total
branch number over 24 hours. C) The increase in branch number (delta total branch number)
over a 24 hour period is not significantly different for RGC axons in control tadpoles at the
two developmental stages examined (stage 40 and stage 45), or for RGC axons with simpler
or more complex arbors (simple growth cones or branched axons). Note the differential
effect of netrin on simple growth cones of stage 40 tadpoles, and on branched RGC axons of
stage 45 tadpoles, when compared to age- and morphology-matched controls. D) The
difference in the branching rates of RGC axons exposed to netrin is better illustrated by the
line graph of data shown in C. Data on branched RGC axons of stage 45 tadpoles is as
published in Manitt et al, 2009. Dotted lines indicate within group comparisons; solid lines
represent between group comparisons. * signifies p < 0.05; **p < 0.005, and *** p < 0.0005.
Error bars indicate SEM.
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Figure 5. DCC receptor blockade interfereswith RGC axon growth cone branching in stage 40

tadpoles

A, B) The effects of acute anti-DCC treatment on simple RGC axons of stage 40 tadpoles 24
hours after treatment on rostrocaudal growth is illustrated by the average change in axon
length from its initial position at time 0 (A), and by the relative proportion of RGC axons

that shortened, lengthened or remained the same length (B).C—E) The effects of DCC

receptor blockade on the branching of RGC axon growth cones is shown by the

quantification of the change in total branch number (C), and the change in forward (D)

versus back (£), branches from the initial observation period to the next. Note that anti-DCC
treatment interfered with axon branching when compared to controls (D), an effect that was
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significant on forward branches (D), but not on back branches (E). F) Axons exposed to
anti-DCC treatment had a forward-back branch ratio that differed significantly from that of
controls by 24 hours. G-J) The effects of anti-DCC treatment on branch dynamics of RGC
growth cones is illustrated by the total number of branches added (G) and stabilized (+), and
by the proportion of added and stable forward versus back branches (7, J) during every 2 hr
observation interval and between 6 and 24 hours. Note that in contrast to control and
netrin-1 treatment, anti-DCC treatment decreased both the addition and stabilization of
branches. However in proportion, dynamic changes in branch addition of forward versus
back branches were similar to control. *p < 0.05, **p < 0.005, and *** p < 0.0005. Error
bars indicate SEM.
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Figure 6. In culture, RGC axon growth conesrespond to acute netrin treatment with increased
forward growth

A, B) Time-lapse sequence of sample RGC axon growth cones imaged in culture under
control conditions (A) and following acute exposure to netrin-1 (B). Scale bar, 10 pm. C)
The increase in forward advancement of the growth cone from time 0 to subsequent
observation intervals is shown by the relative increase in length for each individual axon
(time 0 equals 100%). Note that treatment with netrin significantly increased the forward
advancement of RGC growth cones in culture 10 minutes after treatment, in a dose-
dependent manner.
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Figure 7. Dynamic growth cone changesin RGC axonsin response to netrin treatment

A) Representative images from growth cones in culture fixed one hour post-treatment,
stained with rhodamine phalloidin (red), serve to illustrate the changes in growth cone
morphology in response to netrin treatment. The green circle and the green line around the
lamellipodial perimeter in the first sample serve to illustrate the areas selected for
measurement of lamellipodial area, and area encompassing the growth cone processes,
respectively. White arrows indicate filopodial processes in growth cones. B) Dynamic
changes in RGC axon growth cone morphology following netrin treatment are illustrated by
this example (time 0). Black arrows point to processes newly extended by the growing axon
(see also Fig 8). Scale bar for A and B, 10 um. E) Measurements of the lamellipodial area of
the growth cone show that within five minutes of netrin treatment the area of the growth
cone decreases in size, a behavior that is different from controls. F) Measurement of the area
encompassing the filopodial processes on the growth cone show that netrin treatment
gradually decreased the radial spread of the growth cone processes, an effect that became
significantly different from controls 50 minutes post-treatment. * p < 0.05; **p < 0.005.
Error bars indicate SEM.
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Figure 8. Netrin-1 induces extension of filopodial processes behind the growth conein RGC
axonsin culture

A, B) Time-lapse sequence of sample RGC axon growth cones imaged in culture under
control conditions (A) and following acute exposure to netrin-1 (B). Black arrowheads point
to filopodial processes at the growth cone in A, and arrows point to processes behind the
growth cone in A and B. These representative time-lapse images illustrate differences in the
extension of filopodial processes in control and netrin-treated (300 ng/ml) growth cones.
Scale bar, 10 um. C) Quantitation of changes in number of filopodial processes at the
growth cone show that netrin treatment results in growth cones with fewer growth cone
processes than controls. D, E) The number of processes behind the growth cone, along the
axon shaft (D, back processes), as well as the number of short, spike-like processes (less
than 1.5 pm; £) behind the growth cone are increased after netrin treatment. F)
Representative growth cones in fixed cultures one hour post-treatment, stained with
rhodamine phalloidin (red), illustrate the decrease in the number of filopodial processes on
the growth cone in RGC axons in cultures exposed to netrin. White arrows indicate back
processes. Scale bar, 10 um. *p < 0.05, and **p < 0.005. Error bars indicate SEM.
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Figure 9. Acute exposureto netrin-1 influences presynaptic protein density and DCC expression
in RGC axonsin culture

A, B) Representative control and netrin-treated RGC growth cones in culture
immunostained with antibodies to SNAP-25 (A, presynaptic protein marker) or antibodies to
the netrin receptor DCC (B). Retinal explant cultures were grown in culture for 24 hours
then treated with netrin-1(100 ng/ml or 300 ng/ml) or vehicle solution for 1 hour prior to
fixation and immunostaining. Cultures were also stained with rhodamine phalloidin (red)
prior to antibody staining to visualize the actin cytoskeleton. A) SNAP-25 immunoreactivity
is observed throughout the axon shaft and at the growth cone in axons in control and netrin-
treated cultures. Note that SNAP-25 immunoreactivity is increased by the netrin-1 treatment.
Scale bar, 10 pm. B) DCC immunoreactivity is observed primarily along the axon, and is
absent from growth cones in control and netrin-treated cultures. Dense DCC
immunostaining was observed in axons of control cultures, but was reduced in axons from
cultures treated with netrin-1 at the two concentrations used. Scale bar, 10 um. C) The
density SNAP-25 immunostaining was quantified by counting the number of
immunoreactive pixels per total axon length (um). A dose-dependent increase in the density
of SNAP-25 immunostaining is observed in growth cones following netrin-1 treatment. D)
Quantification of the density of DCC immunostaining along the axon showed that DCC
levels decrease following exposure to netrin-1. Sample sizes are indicated by the numerical
values inside bars. * signifies p < 0.05 and ***p < 0.0005. . Error bars indicate SEM.
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