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Summary
Netrin-1 promotes outgrowth of axons in vitro through
the receptor Deleted in Colorectal Cancer (DCC) and
elicits turning of axons within embryonic explants
when presented as a point source. It is not known
whether netrin-1 alone can elicit turning nor whether
DCC mediates the turning response. We show that
Xenopus retinal ganglion cell growth cones orient
rapidly toward a pipette ejecting netrin-1, an effect
blocked by antibodies to DCC. In vitro, netrin-1 induces a complex growth cone morphology reminiscent of that at the optic nerve head, a site of netrin-1
expression in vivo. These results demonstrate that
netrin-1 can function alone to induce turning, implicate DCC in this response, and support the idea that
netrin-1 contributes to steering axons out of the retina.
Introduction
Developing axons in the nervous system can be guided
by diffusible factors secreted by target cells, a process
known as chemoattraction (reviewed by Tessier-Lavigne
and Goodman, 1996). One family of chemoattractants
for developing axons is the netrins, laminin-related
molecules that appear to have a phylogenetically conserved role in guidance of axons in vertebrates, Caenorhabditis elegans, and Drosophila melanogaster. In
rodents, commissural neurons, which are born dorsally
in the spinal cord, extend axons circumferentially toward
the floor plate at least partly in response to netrin-1
secreted by floor plate cells (Tessier-Lavigne et al.,
1988; Placzek et al., 1990a, 1990b; Kennedy et al., 1994;
Serafini et al., 1994, 1996). Similarly, the netrin homolog
UNC-6 in C. elegans is required for the proper migration
of axons and motile cells toward UNC-6-expressing midline cells (Hedgecock et al., 1990; McIntire et al., 1992;
Wadsworth et al., 1996), and in Drosophila, loss of function of Netrin-A and Netrin-B, normally expressed at
the midline, results in misrouting of axons that normally
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project to the midline (Harris et al., 1996; Mitchell et al.,
1996). In addition to their apparent roles in attraction,
the netrins have been implicated as repellents of axons
that migrate away from the midline in both C. elegans
and vertebrates (Colamarino and Tessier-Lavigne, 1995;
Wadsworth et al., 1996; Varela-Echavarria et al., 1997).
Furthermore, genetic and biochemical evidence suggests that the attractive and repulsive actions of netrin
proteins might involve different functional domains of
the netrin molecules and may be mediated by distinct
receptor mechanisms (Hedgecock et al., 1990; LeungHagesteijn et al., 1992; Chan et al., 1996; Keino-Masu
et al., 1996; Kolodziej et al., 1996; Wadsworth et al.,
1996; Ackerman et al., 1997; Leonardo et al., 1997). In
addition to this role in midline guidance, studies in a
variety of vertebrate species have implicated netrins in
guidance in many different regions of the nervous system apart from midline regions (Kennedy et al., 1994;
Serafini et al., 1996; Shirasaki et al., 1996; Lauderdale
et al., 1997; Livesey and Hunt, 1997; Métin et al., 1997;
Richards et al., 1997; Strähle et al., 1997), including the
guidance of retinal ganglion cell (RGC) axons into the
optic nerve head (Deiner et al., 1997).
Despite the demonstration that netrin proteins are
required for a number of axon guidance events in vivo,
the precise role played by netrins in these guidance
events is only partially understood. The cellular aspects
of the apparent attractive function of netrins have been
explored in greatest depth in the context of spinal commissural axon growth to the ventral midline of the spinal
cord. The netrins have two experimentally separable
activities on spinal commissural axons in vitro. First,
these proteins can promote outgrowth of commissural
axons from explants of dorsal spinal cord into the
otherwise unfavorable environment of a collagen matrix
(Serafini et al., 1994), an apparent “permissive” action
(see Discussion). Second, when presented from a point
source (i.e., transfected cells secreting recombinant
netrins), the netrins can cause spinal commissural axons
to reorient growth within the tissue explants over a 40
hr period (Kennedy et al., 1994), mimicking the chemotropic or “turning” activity of floor plate cells (TessierLavigne et al., 1988; Placzek et al., 1990a; Placzek et al.,
1990b). Similar permissive and “chemotropic” activities
have been demonstrated for the effects of netrin-1 on
early cortical efferents (Métin et al., 1997; Richards et
al., 1997), and both may be important for axon guidance
in vivo (discussed in Harris et al., 1996; Mitchell et al.,
1996; Serafini et al., 1996; Tessier-Lavigne and Goodman, 1996).
Several aspects of the chemotropic activity of netrins
are poorly understood. First, chemotropic activity has
only been demonstrated on axons growing within explants of neural tissue, not in a cell-free environment
(Kennedy et al., 1994; Métin et al., 1997), raising the
possibility that the tissue explant provides accessory
factors that are necessary for the turning effect. Second,
the receptor mechanisms that mediate the turning response have not been defined. Previous studies have
shown that the netrin receptor Deleted in Colorectal
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Cancer (DCC) expressed by commissural and RGC axons is required for the outgrowth-promoting activity of
netrin-1 on those axons, since antibodies to DCC markedly reduce the amount of axon outgrowth from dorsal
spinal cord or retinal explants that is elicited by netrin-1
(Keino-Masu et al., 1996; Deiner et al., 1997). It has not,
however, been resolved whether DCC also mediates the
turning response of commissural axons toward sources
of netrin-1 in vitro. In a previous study, function-blocking
antibodies to DCC failed to abolish turning of rat commissural axons within dorsal spinal cord explants toward cells secreting netrin-1 (Keino-Masu et al., 1996),
suggesting either that DCC is not involved in this turning
response or that these antibodies penetrated poorly into
the explant.
To address these issues, we have studied the responses of individual growth cones to netrin-1 protein
in vitro, focusing on the role of netrin-1 and DCC in the
guidance of retinal axons in Xenopus laevis. Netrin-1
and DCC are expressed in the developing eye in a variety
of vertebrate species (Kennedy et al., 1994; Pierceall et
al., 1994; Keino-Masu et al., 1996; Deiner et al., 1997;
Lauderdale et al., 1997; Livesey and Hunt, 1997; Strähle
et al., 1997) and have been implicated in retinal axon
guidance into the optic disc in rodents (Deiner et al.,
1997). We report here the identification of a Xenopus
homolog of netrin-1 and show that, as in rodents,
netrin-1 is expressed in the optic nerve head (disc) and
optic nerve, and DCC is expressed by RGC axons, consistent with their playing a role in Xenopus RGC axon
guidance similar to that shown in mouse (Deiner et al.,
1997). To examine at a cellular level how growth cones
respond to netrin-1, we have taken advantage of an
experimental system in which growth cones of embryonic Xenopus neurites are exposed to stable gradients
of soluble chemoattractants established by a calibrated
pulsatile release mechanism from a small glass capillary
(Lohof et al., 1992; Zheng et al., 1994). This system has
been used to investigate chemoattractant responses of
Xenopus spinal neurites to a variety of different factors,
including neurotransmitters and neurotrophic factors
(Lohof et al., 1992; Zheng et al., 1994; Song et al., 1997).
We find that netrin-1 increases the complexity of retinal
growth cones in vitro. Furthermore, we show that retinal
neurites turn rapidly toward a point source of netrin-1
in a cell-free environment in vitro, a response that is
abolished by blocking DCC function. Our results suggest
that netrin-1 might be responsible for the morphological
changes observed in RGC growth cones at the optic
nerve head in vivo (Holt, 1989; Brittis and Silver, 1995;
Mason and Wang, 1997). They also indicate that Xenopus retinal growth cones can be guided by a gradient
of netrin-1 protein and implicate the netrin receptor DCC
in mediating these responses.
Results
Expression of Netrin-1 in the Developing
Xenopus Nervous System
Potential netrin homologs in Xenopus were identified by
a combination of low stringency library screening and
degenerate polymerase chain reaction (PCR) (see Experimental Procedures). The predicted amino acid sequence of the Xenopus netrin cDNA isolated in this way

is most similar to that of netrin-1 proteins in chicken,
mouse, and zebrafish (Figure 1; Table 1), suggesting
that it is the netrin-1 ortholog in Xenopus. Northern blot
analysis detected a single transcript of approximately
2.3 kb from stage 28 mRNA (Figure 2A). Reverse transcription PCR (RT-PCR) indicated that netrin-1 is present as a maternal transcript (Figure 2B; stage 2, lane 1)
but disappears within the first few cell cycles (data not
shown) and is largely absent at the midblastula transition
(stage 9, lane 2). In contrast to chick embryos (Kennedy
et al., 1994), Xenopus netrin-1 transcripts do not appear
to be expressed during gastrulation (stage 10.5, lane
3) and only begin to accumulate at stage 11 (lane 4),
increasing in abundance throughout late gastrulation
(stage 12, lane 5), neurulation (stages 13–20; lanes 6–13),
and swimming tadpole stages (stages 33–40; lanes
16–17).
Whole-mount RNA in situ hybridization was used to
localize netrin-1 transcripts. Netrin-1 transcripts can
first be detected by in situ hybridization by stage 12 in
two stripes on either side of the neural plate midline
(Figure 3A, arrows). Two medio-lateral stripes are also
visible in the anterior neural plate (Figure 3A, arrowheads), possibly corresponding to the expansion of
netrin-1 expression to the lateral neural plate (Figures
3C and 3D, arrowheads) and later to the dorsal midline
in the caudal diencephalon (Figures 3E, 3F, 3I, and 4I,
arrowheads). Similar patterns of netrin-1 expression are
also observed in other vertebrates (Kennedy et al., 1994;
Serafini et al., 1996; Lauderdale et al., 1997; Strähle et
al., 1997). Interestingly, expression in the developing
axial mesoderm, particularly in the notochord, appears
to be absent in Xenopus embryos (Figure 3G), similar
to zebrafish (Strähle et al., 1997) but contrary to what
is observed in amniote embryos (Kennedy et al., 1994;
Serafini et al., 1996). By stage 19, the strongest staining
is clearly in the developing floor plate, although some
staining is also detected in the cells immediately adjacent to the midline (Figures 3B and 3G). In the anterior
neural plate, netrin-1 mRNA is also present in the developing optic primordia (prospective ventral optic stalk
and vesicle), as well as the presumptive lateral diencephalon (Figure 3C). At the onset of commissural axon
outgrowth (stage 25; Roberts et al., 1988), netrin-1 is
strongly expressed by the cells of the floor plate (Figures
3D, 3F, and 3H). This ventral domain of expression appears to be slightly wider than the morphological floor
plate (Figure 3H), reminiscent of the expression pattern
of netrin-1 mRNA in chick and mouse embryos (Kennedy
et al., 1994; Serafini et al., 1996). At later stages, netrin-1
is expressed in the developing forebrain and midbrain
(Figures 3I and 4I) in a pattern reminiscent of the early
axon tracts of the developing brain (Taylor, 1991). Similar
observations in zebrafish embryos (Lauderdale et al.,
1997) suggest that netrin-1 may play a role in the formation of these axons tracts.
Netrin-1 and DCC Are Expressed
in the Developing Visual System
Netrin-1 transcripts are detected in the eye primordia
by stage 19 (Figure 3C), well before the optic vesicles
develop from the diencephalon. This expression becomes localized to the ventral anterior aspect of the
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Figure 1. Amino Acid Sequence Alignment of Netrin Proteins
Alignment of the predicted amino acid sequence of Xenopus netrin-1 compared to that of other published netrin sequences (for references,
see Table 1). Shaded amino acids are identical to the Xenopus netrin-1 sequence. Domain VI is indicated in blue, domain V in green, and
domain C in red (Ishii et al., 1992). Conserved cysteine residues are shown in yellow.
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Table 1. Percentage Amino Acid Identity between Xenopus Netrin-1 and Other Netrin Homologs
Xenopus Netrin-1

Chicken netrin-1
Mouse netrin-1
Zebrafish netrin-1a
Zebrafish netrin-1
Chicken netrin-2
Human netrin-2
Zebrafish netrin-2
C. elegans UNC-6
Drosophila Netrin-A
Drosophila Netrin-B

Overall (%)

Domain VI (%)

Domain V (%)

Domain C (%)

91
90
91
85
72
59

91
88
91
88
66
55

94
95
96
95
90
78
95
75
74
61

86
89
85
68
62
43

a

a

53
43
39

52
46
36

a

33
18
24

Percentage of amino acid identity between Xenopus netrin-1 and chicken netrin-1 and netrin-2 (Serafini et al., 1994); mouse netrin-1 (Serafini
et al., 1996); zebrafish netrin-1a (Lauderdale et al., 1997), netrin-1 (Strähle et al., 1997), and netrin-2 (MacDonald et al., 1997); human netrin-2
(Van Raay et al., 1997); C. elegans UNC-6 (Ishii et al., 1992); and Drosophila Netrin-A and Netrin-B (Harris et al., 1996; Mitchell et al., 1996).
Overall amino acid identity is presented, as well as amino acid identity among the different protein domains (Ishii et al., 1992).
a
Partial sequence only.

developing eye vesicle and the optic stalk (stage 25,
Figure 3D). By stage 27, before the first RGCs begin to
differentiate, netrin-1 expression has become restricted
to the ventral retina adjacent to the ventral choroid fissure and to the ventral optic stalk (Figures 4A and 4B).
Netrin-1 continues to be expressed in the ventral optic
stalk (Figures 4B and 4F), where the first RGC axons
grow and eventually form the optic nerve. High levels
of netrin-1 transcripts are detected in the ventral optic
nerve head (Figures 4D and 4E), where RGC axons make
a sharp turn to exit the retina. Expression in the optic
nerve persists throughout the initial period of RGC axon
extension out of the retina (stages 33–37, Figures 4E
and 4F). Netrin-1 is detected at the optic chiasm at early
stages (Figure 4B) but not later (Figure 4F). Beyond the
chiasm, netrin-1 is expressed in the presumptive optic
tract (Figures 3I, 4I, and 4J), suggesting that netrin-1
may play a role in the guidance of RGC axons to their
targets in the tectum.
Several candidate netrin receptors, including DCC,
have been shown to be expressed in the developing
visual systems of various species (Pierceall et al., 1994;
Vielmetter et al., 1994; Keino-Masu et al., 1996; Leonardo et al., 1997; Livesey and Hunt, 1997). Using an
antiserum raised against the cytoplasmic domain of

Xenopus DCC (Pierceall et al., 1994), we found that several retinal cell types appear to express DCC. In particular, RGC axons appear to be labeled in the fiber layer,
through the optic nerve head to the optic nerve, the
chiasm, and the optic tectum (Figures 4G and 4H). DCC
immunoreactivity is also detected on several other cell
types in the outer and inner plexiform layers (OPL and
IPL, respectively; Figure 4G), suggesting possible expression on the dendrites of RGCs or amacrine cells
(OPL) or of horizontal cells (IPL). The findings that
netrin-1 is expressed in the optic disc and nerve and
that its receptor DCC is expressed by RGC axons parallel similar observations in rodents (Deiner et al., 1997),
raising the possibility that netrin-1 might affect Xenopus
retinal axon growth as well.

Netrin-1 Stimulates Xenopus Retinal Neurite
Outgrowth via DCC and Increases Growth
Cone Complexity In Vitro
To determine whether retinal neurons in Xenopus respond to netrin-1, we first examined the effect of netrin-1
on retinal neurites growing in dissociated retinal cultures
on various substrates. These mixed cultures are expected to contain both RGCs as well as other cell types.

Figure 2. Temporal Analysis of Xenopus Netrin-1 Expression
(A) Northern blot of stage 28 mRNA probed
with a Xenopus netrin-1 probe. A single transcript of approximately 2.3 kb is detected.
(B) RT-PCR analysis of Xenopus netrin-1 expression during development. cDNA was made
from total RNA of the appropriate stages using random hexamers (Wilson and HemmatiBrivanlou, 1995) and used to amplify Xenopus
netrin-1 sequences. EF-1a primers (HemmatiBrivanlou and Melton, 1994) were included
as a control for cDNA synthesis and amplification. In lane 18 (2R. T.), reverse transcriptase was omitted from the reaction as a
control.
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Figure 3. Localization of Xenopus Netrin-1 Transcripts during Xenopus Development
Xenopus netrin-1 transcripts were visualized by whole-mount RNA in situ hybridization using a digoxigenin-labeled netrin-1 antisense riboprobe.
In all except (C), (G), and (H), anterior is to the left. In (C)–(I), dorsal is up.
(A) Dorsal view of a late gastrula embryo (stage 12). Arrows indicate two stripes running adjacent to the neural plate midline. Arrowheads
show two medio-lateral stripes in the anterior neural plate.
(B) Dorsal view of a stage 19 embryo. Arrowheads indicate expression at the prospective midbrain/hindbrain junction. Arrows point to weak
expression adjacent to the CNS midline.
(C) Anterior view of the embryo shown in (B). Arrowheads indicate expression in the prospective midbrain/hindbrain junction. Also, note
expression in the prospective lateral diencephalon, presumptive optic vesicles, and optic stalk.
(D) Head-on view of a stage 25 embryo. Netrin-1 is expressed in ventral retina and forebrain and in the floor plate at the ventral midline of
the spinal cord.
(E) Lateral view of a tailbud stage embryo (stage 27). Note staining in the ventral retina, the somites, and the branchial arches.
(F) Lateral view of another stage 27 embryo cleared in benzyl benzoate/benzyl alcohol to show expression in the neural tube. Notice staining
in the ventral midline domain of the neural tube.
(G) Transverse section through the trunk region of the embryo shown in (B). Expression is highest at the midline of the neural plate, but lower
levels of mRNA can also be detected lateral in the neural plate.
(H) Transverse vibratome section through the trunk region of a stage 28 embryo after whole-mount RNA in situ hybridization with a netrin-1
probe. Notice that netrin-1 is expressed in a ventral midline domain slightly larger than the morphological floor plate.
(I) Lateral view of the isolated anterior CNS of a stage 28 embryo showing netrin-1 expression in the ventral midline at all axial levels.
Arrowheads mark the boundaries between forebrain, midbrain, hindbrain, and spinal cord.
b, branchial arches; e, eye; f, forebrain; fp, floor plate; h, hindbrain; m, midbrain; n, notochord; np, neural plate; ov, optic vesicle; pld, prospective
lateral diencephalon; pov, presumptive optic vesicle and optic stalk; s, somite; sc, spinal cord.

Netrin-1 stimulated neurite growth on laminin in a dosedependent manner, with a peak increase of about 2-fold
at 300 ng/ml and a reduction in outgrowth at higher
concentrations (Figures 5A–5C). This dose–response
curve is similar to that observed in other netrin-1induced outgrowth assays such as spinal commissural
axon and mouse retinal ganglion axon outgrowth into a
collagen matrix (Serafini et al., 1994; Deiner et al., 1997).
The 2-fold increase in outgrowth by 300 ng/ml netrin-1
is similar to the stimulation previously observed for fibroblast growth factor 2 (FGF-2) on retinal neurites (McFarlane et al., 1995; also see Figure 5D). The stimulatory
effect of netrin-1 was more pronounced when suboptimal concentrations of laminin were used to coat the
coverslip (0.5 mg/ml; data not shown). A similar 2-fold
increase in response to 300 ng/ml netrin-1 was also
observed on a fibronectin substrate (Figure 5A). Retinal
neurite growth on poly-L-ornithine was poor and was not
significantly enhanced by netrin-1 (Figure 5A). Because

outgrowth was greatest on laminin, that substrate was
used in subsequent experiments, at the optimal concentration.
We next examined whether DCC is involved in the
response of Xenopus retinal neurites to netrin-1. Addition of anti-DCC antibodies (2 mg/ml) to cultures grown
with netrin-1 (300 ng/ml) fully blocked the increase in
neurite length caused by netrin-1, whereas a control IgG
(2 mg/ml) did not (Figure 5D). The anti-DCC antibody did
not affect the stimulation of neurite outgrowth elicited by
FGF-2 (Figure 5D), showing that the inhibition of netrin-1
effects by this antibody is specific.
These results implicate DCC in mediating the stimulation of Xenopus retinal neurite outgrowth in vitro by
netrin-1. It should be noted, however, that it is in principle possible that the antibody is interfering not just with
DCC function in retinal axons but also with that of an
immunologically cross-reactive molecule expressed by
these axons. The facts that the antibody is a monoclonal
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Figure 4. Expression of Xenopus Netrin-1 and DCC in the Developing Visual System
(A) Lateral view of the optic vesicle of a stage 27 embryos after whole-mount RNA in situ hybridization with an antisense netrin-1 riboprobe.
Note expression adjacent to the choroid fissure, particularly on the nasal side. Anterior is to the left and dorsal is up.
(B) Transverse vibratome section through the optic vesicle, optic stalk, and ventral diencephalon of a stage 27 embryo after whole-mount
RNA in situ hybridization with an antisense netrin-1 riboprobe. Netrin-1 expression is detected in the ventral optic vesicle and optic stalk and
laterally in the diencephalon.
(C–F) Transverse (C, D, and F) and saggital (E) sections through the retina of a stage 40 embryo, hybridized with an antisense netrin-1 riboprobe.
Note expression ventrally in the nasal retina (C), in the optic nerve head (D), and in the ventral optic nerve (E and F).
(G and H) Transverse sections through a stage 40 embryo showing staining with an anti-DCC antiserum. Note staining of RGC axons in the
fiber layer, optic nerve head, and optic nerve (G). Weaker staining is also observed in the inner and outer plexiform layers. (H) DCC staining
of RGC axons at the optic chiasm. Arrowhead indicates RGC axons in the presumptive optic tract.
(I) Lateral view of the isolated anterior CNS of a stage 34 embryo after whole-mount RNA in situ hybridization with an antisense netrin-1
riboprobe. Note staining in the prospective optic tract, developing forebrain, and midbrain.
(J) Lateral view of a whole-mounted stage 40 brain with an HRP-filled optic tract. Compare labeling of the optic tract with the netrin-1
expression shown in (I).
bep, brain entry point of optic nerve; cf, choroid fissure; di, diencephalon; hy, hypothalamus; ipl, inner plexiform layer; le, lens; oc, optic
chiasm; on, optic nerve; onh, optic nerve head; opl, outer plexiform layer; os, optic stalk; ot, optic tract; p, pineal; rpe, retinal pigmented
epithelium; tec, optic tectum; tel, telencephalon.
The scale bars correspond to 50 mm (A–H) and 100 mm (I and J).

antibody and that in rodents it selectively binds DCC
and not the only other known DCC relative (neogenin)
(Keino-Masu et al., 1996) argue against this possibility
but do not exclude it entirely.
Interestingly, netrin-1 added to cultures of retinal cells
caused dramatic changes in growth cone morphology
(Figure 6; Table 2). After one day in culture, growth cones
had a larger number of filopodia in cultures grown with
netrin-1 when compared to controls, and there was also
an increase in the total length of all filopodia per growth
cone, though no change in the total area of the growth
cone (Table 2). Netrin-1 also induced changes in neurite
morphology (Table 2). The frequency of neurite branching points per unit length of neurite was significantly

increased by netrin-1, though no effect was observed
on the number of neurite initiation sites per cell body
(Table 2). Finally, time-lapse recording of growth cones
demonstrated a 50% increase of growth cone speed in
netrin-1-treated cultures compared to controls (Table
2). In agreement with this, the length of both the longest
process and the total length of all processes per cell
were significantly increased after 24 hr in netrin-1-supplemented cultures (Table 2).
Retinal Growth Cones Turn toward a Point
Source of Netrin-1
To test whether netrin-1 is capable of reorienting neurite
growth in a cell-free environment in vitro, we examined
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Figure 6. Netrin-1 Affects Growth Cone Morphology In Vitro
The morphology of retinal growth cones on a laminin substrate is
more complex in the presence of 300 ng/ml netrin-1 (B) than in its
absence (A). Scale bar in (B), 20 mm.

Figure 5. Netrin-1 Promotion of Retinal Neurite Outgrowth In Vitro
Requires the Netrin Receptor DCC
Dissociated retinal cells were grown on various substrates. The
length of the longest neurite of 30 randomly selected neurons was
measured and tabulated (see Experimental Procedures) for a minimum of three independent experiments with duplicate cultures for
each condition. Neurite lengths are shown as the mean 6 SEM (in
mm). Numbers in parentheses represent the sample size (n) for each
condition.
(A) Graph of the mean length of the longest neurite of dissociated
retinal neurons grown on a variety of substrates in the presence or
absence of recombinant netrin-1 protein (300 ng/ml). On both laminin- and fibronectin-coated coverslips (previously coated with polyL-ornithine), netrin-1 induced a nearly 2-fold increase in retinal neurite length. No significant stimulation of outgrowth by netrin-1 was
observed on poly-L-ornithine alone.
(B) Cumulative histogram of the length of the longest neurite of
retinal neurons grown on laminin in the presence or absence of
netrin-1. Dotted line represents control; solid line represents cultures containing netrin-1 (300 ng/ml). Ordinate corresponds to the
percentage of neurites in each condition that are longer than the
indicated length (abscissa). The median neurite length for each population is indicated by the dashed lines (78 mm and 246 mm for
control and netrin-1 cultures, respectively). Sample sizes were 692
and 625 for control and netrin-1, respectively.
(C) Graph of retinal neurite length in response to different concentrations of soluble netrin-1. Abscissa indicates the concentration of
netrin-1 protein in the medium (shown as a log scale), while ordinate
shows mean length of longest neurite of each neuron. Retinal neurites responded to netrin-1 in a dose-dependent manner, with maximal response at 300 ng/ml netrin-1, and a decrease in response at
higher concentrations.
(D) Effect of antibodies to DCC on netrin-1-induced retinal neuritegrowth. Anti-DCC antibodies (2 mg/ml) abolished retinal neurite outgrowth in response to 300 ng/ml netrin-1 but not to 20 ng/ml FGF-2.
Control antibodies (2 mg/ml) had no effect on netrin-1-induced outgrowth.
Asterisk, p , 0.05, ANOVA and Bonferroni t test.

the behavior of isolated growth cones extending from
explants of stage 23/24 retina cultured on acid-washed
coverslips. The longest neurites in such cultures, which
we studied exclusively, are those of RGCs (Harris et al.,
1985). After 18 hr in culture, these growth cones were
exposed to a gradient of netrin-1 protein established by
repetitive pulsatile application of a concentrated solution (5 mg/ml) from a micropipette placed 100 mm from
the growth cone at an angle of 458 from the direction
of neurite extension. Previous studies have shown that
stable gradients of proteins around 5%–10% over 10
mm can rapidly be generated by this method (Lohof et
al., 1992; Zheng et al., 1994) and that the concentration
of protein at the growth cone is approximately 1000fold lower than that in the pipette (Lohof et al., 1992;
Zheng et al., 1994), i.e., z5 ng/ml. The shape of such a
gradient is not strongly dependent on protein size, since
the diffusion coefficient is inversely proportional to the
cubed root of the molecular weight (Lohof et al., 1992)
and differs only by a factor of z1.5 between nerve
growth factor (NGF) (z25 kDa) and netrin-1 (z80 kDa).
Retinal growth cones turned toward such a source of
netrin-1 (Figures 7A–7D; Table 3). Turning was evident
as early as 15 min after the application of netrin-1 (Figure
7B) and was robust after 1 hr (Figure 7D). The average
turning angle in the presence of netrin-1 was approximately 208, compared to a turning angle close to 08 for
control neurites (Table 3). Turning was not observed
when the culture medium was supplemented with a
function-blocking anti-netrin antibody (data not shown;
T. E. Kennedy and M. T.-L., unpublished data) nor when
the micropipette contained a heat-treated netrin-1 solution (708C, 30 min; 5 mg/ml). The rate of neurite extension
was not significantly affected during the short period of
exposure of the growth cone to netrin-1 (Table 3). To
better illustrate this chemotactic response to netrin-1,
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Table 2. Netrin-1 Causes Changes in Neurite and Growth Cone Morphology and in Elongation Rate
Characteristic

Condition

n

Mean 6 SEM

Neurite elongation rate
(mm/hr)
Number of filopodia
per growth cone
Total filopodial length
per growth cone (mm)
Growth cone area
(mm 2)
Longest neurite
per cell (mm)
Total neurite length
per cell (mm)
Number of processes
arising from cell body
Number of branching
points per cell
Number of branch
points per unit
of neurite length

Control
Netrin-1
Control
Netrin-1
Control
Netrin-1
Control
Netrin-1
Control
Netrin-1
Control
Netrin-1
Control
Netrin-1
Control
Netrin-1
Control
Netrin-1

20
20
100
100
100
100
100
100
200
151
200
151
200
151
200
150
200
151

71.77
108.40
5.41
6.64
53.83
72.00
78.11
85.42
138.16
218.43
228.37
357.40
1.325
1.43
0.52
1.30
0.001795
0.003896

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

9.87
11.7
0.28
0.31
5.31
4.93
8.01
4.46
11.8
16.45
27.93
30.15
0.037
0.051
0.09
0.16
0.00034
0.00055

p Value
p 5 0.025
p 5 0.004
p 5 0.0133
p 5 0.43
p 5 0.0001
p 5 0.002
p 5 0.097
p , 0.0001
p 5 0.0014

Summary of changes in growth cone and neurite morphology caused by netrin-1. Values shown represent the mean 6 SEM.

the migration paths of growth cones were plotted during
the 1 hr culture period and presented as composite
drawings (Figures 7E and 7F). Under control conditions,
growth cones did not show any bias in growth toward
the micropipette (Table 3). In the presence of netrin-1,
however, the vast majority of growth cones turned toward the micropipette (12 of 15; Table 3). In addition,
repositioning the micropipette after 1 hr to a position
100 mm away from the growth cone and at a 458 angle
to the direction of growth caused the growth cone to
turn once more (data not shown), suggesting that the
receptor mechanisms in the growth cone are able to
detect dynamic changes in the information cues provided by the extracellular environment.
To determine whether the observed turning response
to netrin-1 is mediated through the netrin receptor DCC,
we incubated the cultures with the anti-DCC antibody
(2 mg/ml) for 30 min prior to application of netrin-1 (see
Experimental Procedures). Turning of retinal axons toward the source of netrin-1 was abolished by addition
of this antibody but not by addition of control rabbit
IgG (2 mg/ml) (Table 3). Neither antibody significantly
affected the rate of neurite elongation (Table 3). These
data implicate the netrin receptor DCC in mediating the
turning response of retinal growth cones in the presence
of a netrin-1 gradient.
Discussion
Previous studies have suggested that gradients of the
axon guidance molecule netrin-1 can orient the growth
of extending axons in vitro and in vivo. In this study, we
have examined the effects of netrin-1 on the growth
of Xenopus retinal neurites in vitro. We provide direct
evidence that a gradient of netrin-1 can act directly on
the growth cone to cause turning of an extending neurite
in a cell-free environment. Furthermore, we show that
antibodies to the netrin receptor DCC block this chemotropic response. These data, along with other previously
published studies (Kennedy et al., 1994; Serafini et al.,

1996; Fazeli et al., 1997), support the hypothesis that
gradients of netrin-1 protein in the developing nervous
system are interpreted by extending axons using a receptor mechanism that includes the DCC protein.
Chemotropic Action of Netrin-1 on Retinal
Neurites in a Cell-Free Environment
Netrin-1 and netrin-2 were originally isolated on the basis of their ability to promote the outgrowth of commissural axons into a collagen matrix (Serafini et al., 1994).
Normally, these axons grow within the tissue explant
but do not invade the collagen, suggesting that collagen
may be an unfavorable substrate for axon extension
(Tessier-Lavigne et al., 1988; Placzek et al., 1990a) and
that netrin-1 has a permissive function, enabling the
axons to overcome this inhibition (Serafini et al., 1994,
1996). A similar permissive effect of netrin-1 has been
demonstrated on RGC and cortical axons in collagen
gels (Wang et al., 1996; Deiner et al., 1997; Métin et al.,
1997; Richards et al., 1997). In addition, however, a point
source of netrin protein provided by cells secreting netrins can cause turning of commissural axons within explants of dorsal spinal cord (Kennedy et al., 1994) and
of cortical axons within explants of cortex (Métin et
al., 1997), providing evidence that netrins can exert a
chemotropic action on growth cones. Significantly, netrins have not been found to be capable of reorienting
axon growth once they have left tissue explants and
entered collagen matrices. This negative result could
be due to the extensive fasciculation of axons that is
observed once axons enter the collagen (Serafini et al.,
1994; Wang et al., 1996; Deiner et al., 1997; Métin et al.,
1997; Richards et al., 1997), which may impair their ability to change direction. Alternatively, the chemotropic
effect of netrin-1 observed within tissue explants might
require the function of accessory factors provided by
the tissue, which are not present in the collagen matrix.
A precedent for the operation of accessory factors in
netrin function is provided by the observation that a
strong outgrowth-promoting effect of netrin-1 on axons
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Figure 7. Turning Response of Xenopus Retinal Neurites in a Netrin-1 Gradient Requires DCC Function
(A–D) Time-lapse series of a growth cone exposed to a gradient of netrin-1 created by pulsatile ejection of a concentrated protein solution
from a micropipette (arrow in upper right corner of each panel). Coordinates in each panel indicate the position of the growth cone at the
onset of the experiments (A). By 15 min (B), a clear reorientation can be observed toward the source. Complete reorientation and growth
toward the source are seen at 45 and 60 min (C and D, respectively). Scale bar, 10 mm.
(E and F) Composite drawings of the migration paths of neurites in control conditions (E) and in the presence of a netrin-1 gradient (F) during
a 1 hr period following the application of the gradient. The original direction of growth was aligned with the ordinate axis, and the origin
represents the position of the growth cone at the onset of the experiment. Dashed lines indicate processes that were displaced by growth
cone turning. Tick marks on both axes represent 10 mm.
(G) Cumulative histogram of turning angles of neurites in netrin-1 gradients under different experimental conditions. The ordinate axis indicates
the percentage of neurites with a turning angle inferior to the value shown on the abscissa. Under conditions where growth cones are attracted
(with netrin-1 alone or netrin-1 with a control antibody), the distribution curve is shifted to the right, with a median value significantly higher
than 08. Under conditions where growth cones are not attracted (control, heat-inactivated netrin-1, or netrin-1 with an anti-DCC antibody),
the distribution curve centers close to 08.

in explants of young (E11) (but not older [E13]) rat dorsal spinal cord requires the presence of the accessory
factor netrin-synergizing activity (NSA) (Serafini et al.,
1994). Finally, a more extreme hypothesis to account
for the lack of turning in collagen gels is that netrin-1
itself has no chemotropic activity but can induce cells
within the tissue explants to secrete a distinct factor
that causes the turning of axons. This possibility seems
unlikely but could not previously be excluded, especially
since the turning was studied over a long time course
(40 hr), which could easily have allowed for secondary
inductions.
Our demonstration that retinal neurites turn in a cellfree environment toward a source of purified netrin-1
protein shows directly that a netrin protein can in fact
function as a chemotropic factor and does not require
accessory factors, at least in this in vitro setting. Several
observations suggest that in our experiments growth
cones are detecting a gradient of netrin-1 protein in

solution (a chemotactic effect) rather than a gradient of
netrin-1 protein adsorbed to the substrate (a haptotactic
effect). First, growth cones turn rapidly (15 min) toward
the source. Second, a growth cone that has changed
direction once can be made to turn again rapidly toward
a repositioned pipette. Third, and perhaps most convincingly, the concentration of netrin-1 protein in solution at the growth cone is expected to be about 5 ng/ml
(see Results and Experimental Procedures), which is
just above threshold for responses of axons to netrin
proteins (Serafini et al., 1994; Deiner et al., 1997; Métin
et al., 1997; this study) and is in the range of the dissociation constant (K D) for the DCC–netrin-1 interaction
(Keino-Masu et al., 1996). It seems unlikely that enough
netrin-1 protein could adsorb to the glass substrate in
the vicinity of the growth cone in a 15 min period to
cause a significant haptotactic response. Thus, netrin-1
is likely to have caused turning in our assay through a
chemotactic mechanism. However, molecules such as
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Table 3. RGC Growth Cones Turn toward a Point Source of Netrin-1

Protein in Pipette

Antibody in
Medium a

Turning
Angle (deg)c

2

0

1

20.7 6 3.9

22.4 6 3.7

37 (6)

44 (7)

19 (3)

16

None

19.2 6 3.4

18.6 6 6.7 e

19 (3)

0 (0)

81 (13)

16

a-DCC Ab
(2 mg/ml)

16.7 6 2.2

21.3 6 3.7

46 (6)

31 (4)

23 (3)

13

r-IgG Ab
(2 mg/ml)

20.4 6 6.7

14.8 6 5.0 e

8 (1)

25 (3)

67 (8)

12

None

27.9 6 4.4

21.9 6 5.0

62 (8)

23 (3)

15 (2)

13

None
Netrin-1
(5 mg/ml)

Netrin-1, heat-inactivated
(5 mg/ml)

Turning Response, % (n)d

Extension
(mm/hr)b

n

Chemotropic response of RGC growth cones to netrin-1.
a
Antibodies were preadsorbed at the indicated concentrations in a small volume to explants for 30 min prior to application of netrin-1, then
diluted to z0.2 mg/ml during the actual experiment (see Experimental Procedures).
b
The rate of neurite extension was determined by measuring the trajectory of each neurite during the 1 hr period of netrin-1 application
(Figures 7E and 7F). Values represent the mean 6 SEM.
c
Retinal growth cones were exposed to gradients of netrin-1 protein emanating from a micropipette, and turning angles were measured as
described in Experimental Procedures.
d
Turning angles superior to 58 were scored as positive (toward the gradient source; “1”), angles less than 258 were scored as negative (away
from the gradient source; “2”), and angles between 258 and 58 were scored as no turning (“0”).
e
p , 0.05, Student’s t test.

NGF and laminin affect axon growth both as soluble and
substrate-bound molecules (Gundersen and Barrett,
1979; Gundersen, 1985; Rivas et al., 1992), and it seems
likely that substrate gradients of netrin-1, which could
exist in vivo, will also be capable of causing a haptotactic
response in the growth cone. Since netrins can associate nonspecifically with cell membranes (Kennedy et al.,
1994; Serafini et al., 1994), it has been suggested that
netrin-1 may even act primarily through substratebound gradients of protein, rather than freely diffusing
molecules, to guide extending axons in vivo (discussed
in Kennedy et al., 1994; Serafini et al., 1996; TessierLavigne and Goodman, 1996; Deiner et al., 1997; MacLennan et al., 1997). Our results do not address whether
haptotactic or chemotactic mechanisms predominate
in vivo but merely demonstrate that retinal neurites are
capable of responding chemotactically to a gradient of
soluble netrin protein in vitro.
DCC Is Implicated in Mediating the Chemotropic
Effect of Netrin-1 In Vitro
DCC binds netrin-1, and antibodies to DCC block the
outgrowth-promoting activity of netrin-1 on spinal commissural and RGC axons in rodents in collagen gels
(Keino-Masu et al., 1996; Deiner et al., 1997). These
antibodies do not, however, block the chemotropic activity of netrin-1 on commissural axons within explants
of dorsal spinal cord (Keino-Masu et al., 1996). These
results have raised the question of whether the DCC
receptor mediates both activities of netrin-1 or only the
outgrowth-promoting activity. Attempts to address this
question through analysis of DCC-deficient mice have
so far been inconclusive. Certainly, the finding that similar defects in projections of various axonal classes are
observed in netrin-1-deficient and DCC-deficient mice
has provided evidence that DCC is required for the action of netrin-1 in vivo (Deiner et al., 1997; Fazeli et al.,
1997), but it is not known at present how much of the

phenotype is accounted for by loss of the permissive
function of netrin-1 as opposed to loss of the chemotropic function of netrin-1 (discussed in Serafini et al.,
1996; Tessier-Lavigne and Goodman, 1996).
Our finding that antibodies to DCC block the turning
responses of growth cones to netrin-1 supports an
involvement of DCC in mediating the chemotropic action
of netrin-1, at least in this in vitro setting, and raises
the possibility that the signal transduction mechanisms
involved in mediating the outgrowth-promoting and
chemotropic effects of netrin-1 might be similar or the
same. Moreover, these results also suggest that the previous failure of the anti-DCC antibodies to block the
turning response in tissue explants (Keino-Masu et al.,
1996) may reflect poor penetration of the explant by
the antibody. However, it remains possible that DCC or
downstream signaling mediators function differently in
retinal neurites and commissural axons, perhaps reflecting molecular differences in these two classes of
axons.

Netrin-1 and the Guidance of RGC Axons
at the Optic Nerve Head
During embryonic retinal development, RGCs born
throughout the retina extend axons directly toward the
optic nerve head (disc), where these axons make a sharp
turn to exit the eye and migrate along the optic nerve
to reach their targets in the brain. Several mechanisms
have been proposed to explain the unidirectional migration of these axons within the retina to the optic nerve
head (disc). Ramón y Cajal (1892) initially proposed that
RGC axons are guided to the optic disc by long-range
diffusible cues within the retina. However, available evidence argues against the existence of a long-range
chemoattractant secreted by the optic nerve head (disc)
and in favor of the operation of short-range cues that
direct axons to the disc (Halfter and Deiss, 1984; Brittis
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and Silver, 1995; Halfter, 1996). Evidence has been provided that these local cues involve intercellular spaces
or channels formed by retinal glial endfeet (Silver and
Sidman, 1980; Krayanek and Goldberg, 1981; Silver and
Sapiro, 1981; Silver and Rutishauser, 1984), gradients
of inhibitory proteoglycans (Brittis and Silver, 1995), and
cues provided by other axons in the form of cell adhesion
molecules (Brittis and Silver, 1995; Brittis et al., 1995).
Recent evidence has implicated netrin-1 in the guidance of RGC axons in the immediate vicinity of the optic
nerve head (disc). First, in chicken, mouse, rat, and fish
embryos, netrin-1 is expressed in the developing optic
nerve head and the optic nerve at the time of initial RGC
axon extension (Kennedy et al., 1994; Serafini et al.,
1996; Deiner et al., 1997; Lauderdale et al., 1997; Livesey
and Hunt, 1997; Strähle et al., 1997). Second, several
candidate netrin receptors are present in the developing
retina, with DCC being expressed by RGCs (Pierceall et
al., 1994; Vielmetter et al., 1994; Keino-Masu et al., 1996;
Deiner et al., 1997; Leonardo et al., 1997; Livesey and
Hunt, 1997). Third, netrin-1 can induce the outgrowth of
mouse RGC axons from retinal explants in vitro (Wang
et al., 1996; Deiner et al., 1997), a process that requires
DCC function (Deiner et al., 1997). Finally, in netrin-1and DCC-deficient mice, retinal axons extend normally
to the vicinity of the optic disc but then are impaired in
their ability to exit the eye properly though the optic
disc (Deiner et al., 1997). Similar defects in RGC axon
trajectories are observed in the zebrafish mutant Noisthmus (Noi), in which netrin gene expression in the
optic nerve head and nerve is absent (MacDonald et al.,
1997), although it has not yet been established whether
loss of netrin-1 function in this mutant accounts for the
defect.
Our results complement and extend these previous
studies. As in other species, we find in Xenopus that
netrin-1 is expressed in the developing optic nerve head
and nerve, that DCC is expressed by RGC axons (consistent with previous studies by Pierceall et al., 1994), that
retinal neurites in vitro are responsive to netrin-1 protein,
and that these responses require DCC function. These
results suggest that netrin-1 in Xenopus might play a
similar role in guiding RGC axons into the optic nerve
to that demonstrated in rodents. It is interesting to note
in this context that studies in both amphibians and
rodents have reported changes in the morphology of
growth cones at the optic nerve head, where they appear
more complex than those traveling within the retina
(Holt, 1989; Brittis and Silver, 1995; Mason and Wang,
1997). Similar observations have also been made in rat
spinal cord for commissural growth cones encountering
the floor plate (Bovolenta and Dodd, 1990). Our finding
that netrin-1 increases the complexity of retinal growth
cones in vitro raises the possibility that the morphological changes observed in vivo are induced by netrin-1 in
the proximity of the optic nerve head or the floor plate.
Direct tests of this possibility will require examining
growth cone complexity in vivo in the absence of netrin-1
or of a morphological floor plate. Interestingly, we find
that both growth cone complexity and extension rate
are increased by netrin-1 in vitro, whereas in vivo observations suggest a slowing at the optic nerve head (Holt,
1989; Brittis and Silver, 1995; Mason and Wang, 1997).

This discrepancy may be due to additional signals present in vivo and lacking from our simplified culture conditions or to the fact that our in vitro measurements were
performed on neurites growing on laminin, an optimal
substrate for neurite extension.
The precise role played by netrin-1 in guiding RGC
axons at the optic nerve head has not been fully defined.
As discussed in the context of spinal commissural axons
above, it is possible that the region of the optic nerve
head is inhibitory for axon growth, possibly to prevent other retinal axons from entering the optic nerve.
Netrin-1 would then provide a permissive cue for RGC
axons to overcome this inhibition, respond to other guidance cues, and exit the retina. An alternative hypothesis
is that soluble or substrate-bound netrin-1 protein might
be present in a short-range gradient (a few cell diameters) that directly guides RGC axon growth toward the
optic nerve head. Such a gradient might, for instance,
direct the growth of pioneer RGC axons in the direct
vicinity of the optic nerve head, with subsequent axons
being guided into the optic nerve by selective fasciculation. Immunohistochemical studies in mouse have failed
to demonstrate a long-range gradient of netrin-1 immunoreactivity emanating from the optic disc, though the
presence of a short-range gradient over a few cell diameters was not excluded (Deiner et al., 1997). In addition,
while netrin-1 transcripts and netrin-1 protein are localized tightly in the region of the optic disc in mouse
(Deiner et al., 1997), netrin-1 transcripts in Xenopus (this
study) and zebrafish (Lauderdale et al., 1997) were localized not only to the optic nerve head but also in the
ventral retina (Figure 4). Further studies will determine
whether a gradient of netrin-1 protein exists in the vicinity of the optic nerve head in the developing Xenopus
retina.
The observation that some axons still manage to exit
the retina in netrin-1- and DCC-deficient mice embryos
(Deiner et al., 1997) suggests that netrin-1 is not the sole
cue involved in the guidance of RGC axons into the
optic nerve. Nonetheless, our finding that RGC axons
can turn toward a source of netrin-1 at short range in
vitro makes it of interest to examine whether the misrouting of RGC axons observed in netrin-1- and DCC-deficient mice partly reflects the failure of these axons to
detect a short-range gradient of netrin protein in the
immediate vicinity of the optic nerve head.
Experimental Procedures
Embryos
Xenopus embryos were obtained by in vitro fertilization as previously
described (Cornel and Holt, 1992). Embryos were raised in 10%
Holtfreter’s solution (Holtfreter, 1943) between 158C and 208C and
staged according to Nieuwkoop and Faber (1967).
Cloning of a Xenopus Netrin-1 Homolog
A radiolabeled chicken netrin-1 probe was used to screen 10 6
plaques of a stage 28 head lZAPII Xenopus cDNA library at moderate stringency (428C in 63 SSC, 50% formamide). Two identical
clones were isolated and sequenced and found to contain a partial
open reading frame encoding a protein homologous to chicken netrin-1. The 59 end of the netrin-1 open reading frame was cloned by
PCR amplification using a degenerate oligonucleotide primer to the
peptide sequence AQPDPC and two primers in the 59-most region
of the cDNA clone. Amplification products were cloned into pCRII
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and sequenced. The missing sequences at the 39 end of the netrin-1
open reading frame were amplified and cloned by 39 RACE (Frohman
and Martin, 1989).
Northern Blot Analysis
Polyadenylated RNA was isolated from stage 28 embryos using the
FastTrak 2.0 mRNA isolation kit (Invitrogen). Four micrograms of
mRNA were electrophoresed on a denaturing formaldehyde gel,
blotted onto Genescreen nylon membrane (DuPont), and crosslinked to the membrane using a Stratalinker (Stratagene). Blots were
hybridized with a radiolabeled netrin-1 probe using standard hybridization conditions (Sambrook et al., 1990) and exposed at 2708C
using intensifying screens.
RT-PCR
RT-PCR was performed as described in Wilson and Hemmati-Brivanlou (1995). EF-1a primers were described in Hemmati-Brivanlou
and Melton (1994). The following two primers were designed to
detect Xenopus netrin-1 transcripts: 59-TATGACCAAAGCCATCA
CCC-39 and 59-TGTCACAGTCTGCTGGTTCC-39.
Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization was performed as described in
Hemmati-Brivanlou et al. (1990), with the modifications described
in Harland (1991) using BM purple (Boehringer Mannheim) as substrate. A digoxigenin-labeled antisense riboprobe was generated
by in vitro transcription of an EcoRI-linearized Xenopus netrin-1
cDNA in pBluescript (Stratagene) using T7 RNA polymerase (Harland, 1991). Embryos were photographed in PBS or after clearing
in 2:1 benzyl benzoate:benzyl alcohol. Following whole-mount RNA
in situ hybridization, some embryos were sectioned in paraffin. Ten
micrometer serial sections were collected on Superfrost1 slides
(Fisher), dewaxed in xylenes, and mounted using Permount (Sigma).
In addition, some embryos were sectioned using a Vibratome (Oxford) as previously described (Kennedy et al., 1994).
Antibodies
Anti-DCC polyclonal antiserum 723 (provided by W. Pierceall, Yale
University) is directed against the cytoplasmic domain of Xenopus
DCC (Pierceall et al., 1994) and was used at 0.5 mg/ml in PBT plus
5% goat serum. For DCC function blocking experiments, an antiDCC mouse monoclonal (AF5, Oncogene Science) was used at 2
mg/ml; total IgG (2 mg/ml) was used as a control.
Immunocytochemistry
Xenopus embryos were fixed overnight at 48C in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.5), transferred to 30% sucrose,
imbedded in OCT at 2708C, sectioned (10 mm), and stained as
described (Cornel and Holt, 1992). Prior to incubation with primary
antibody, slides were boiled in a microwave for 10 min in 0.1 M
sodium citrate (pH 8.0) to reveal hidden epitopes (T. E. Kennedy
and M. T.-L., unpublished data).

below). The longest neurites in these cultures are those of RGCs
(Harris et al., 1985). For antibody blocking experiments, cultures
were preincubated with antibodies for 1 hr prior to netrin-1 application in small diameter polypropylene restriction rings to limit the
volume of antibody solution required. Prior to netrin-1 application,
restriction rings were removed, and additional medium was added.
Production of Microscopic Netrin-1 Protein Gradients
Stable gradients of netrin-1 protein were formed as described (Lohof
et al., 1992; Zheng et al., 1994; Song et al., 1997) by pulsatile ejection
of a concentrated solution of purified recombinant netrin-1 protein
(5 mg/ml) from a glass micropipette (tip opening of z1 mm) placed
100 mm from the growth cone and at an angle of 458 to the direction
of growth of the neurite (determined by the last 10 mm segment of
the neurite prior to application of netrin-1). Stable concentration
gradients of 5%–10% over a width of 10 mm, the approximate width
of a growth cone, can be established at a distance of 100 mm
from the micropipette by this method; under these conditions, the
estimated concentration of netrin-1 at the growth cones is z5 ng/
ml (z103-fold lower concentration than in the pipette) (Lohof et al.,
1992; Zheng et al., 1994).
Measurement of Neurite Extension and Growth Cone Turning
Neurite lengths were measured by capturing phase contrast images
from a microscope (Axiophot, Zeiss) onto a computer (Power Macintosh, Apple) with a video camera (CCD-IRIS/RGB, Sony), and tracing
the neurites using NIH Image (NIH, Bethesda). Statistical analysis
was performed using GBSTAT software package. Elongation rates
were measured as described (Chien et al., 1993). For turning assays,
images were captured onto a computer (see above) at regular time
intervals using a video camera attached to a phase contrast inverted
microscope (Nikon Diaphot). Path plots and turning angles could
then be computed by analyzing the images with NIH Image software
(NIH, Bethesda). The turning angle for each neurite was defined as
the angle between the original direction of neurite growth and a line
drawn between the original position of the growth cone and its
position after 1 hr. Only growth cones with a net extension of .5
mm over the 1 hr period were analyzed.
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Retinal Cell and Explant Cultures
Poly-L-ornithine-treated glass coverslips were coated with either
laminin (10 mg/ml in phosphate-buffered saline [PBS]), fibronectin
(10 mg/ml in PBS), or washed with PBS for 30 min at room temperature in 35 mm petri dishes (Falcon). Following coating, coverslips
were washed three times with PBS, once with 60% L-15, and placed
in culture medium (60% L-15 medium plus 0.1% bovine serum albumin and 1% fungibact) for 30 min prior to plating the cells. Dissociated retinal cells from stage 24/26 Xenopus embryos prepared as
described previously (Harris et al., 1985; Harris and Messersmith,
1992) were plated onto protein-coated glass coverslips in fresh
culture medium with or without purified recombinant chick netrin-1
protein. Cultures were incubated for 24 hr at room temperature,
fixed for 30 min in 0.5% glutaraldehyde in PBS, washed three times
in PBS, and mounted on microscope slides with Aqua-Mount (Lerner
Laboratories).
Retinal explants for turning assays were dissected as described
(Harris et al., 1985), placed on chromic acid–washed glass coverslips, and cultured in culture medium (see above) for 18 hr at room
temperature before exposure to gradients of netrin-1 protein (see
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