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Netrin-1 has profound in vitro effects on the growth properties
of vertebrate embryonic axons. In addition, netrin-1 mRNA is
found in the floor plate of the embryonic nervous system, an
intermediate target of many axons, including commissural ax-
ons that are affected by netrin-1 in vitro. Moreover, genetic
studies of netrin-1 homologs in Caenorhabditis elegans and
Drosophila implicate these proteins in commissure formation.
We raised polyclonal antisera that recognize chick netrin-1 in
fixed tissue sections. The antisera were used to immunohisto-
chemically map netrin-1 in the embryonic spinal cord, brain,
and retina. The relationship between netrin-1 localization and

the growth of pioneering axons suggests roles for netrin-1 in
the regulation of circumferential, commissural, and longitudinal
axon growth in the spinal cord and brain. The data also suggest
that the primary or sole effect of netrin-1 on pioneering spinal
cord commissural axons is haptotactic. Furthermore, the pat-
tern of netrin-1 localization raises the possibility that this protein
helps mediate neuronal migration in the spinal cord, brain, and
retina.
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Nervous system development requires that extending axons pre-
cisely navigate their particular, predetermined paths from cell
soma through changing environments to their synaptic targets. A
rapidly growing literature indicates that the axons are guided
through this journey by responding to a variety of substances
produced by intermediate and synaptic target tissues (Letourneau
et al., 1994; Tessier-Lavigne, 1994; Garrity and Zipursky, 1995;
Keynes and Cook, 1995; Goodman, 1996).

Many of the neurons in the dorsolateral embryonic spinal cord
extend pioneering axons that can be tracked during their intra-
segmental, circumferential growth to the floor plate at the ventral
midline, where they decussate and turn to run intersegmentally
alongside the floor plate (Holley, 1982; Holley and Silver, 1987;
Bovolenta and Dodd, 1990; Yaginuma et al., 1991). This system
has served as a fruitful model of vertebrate axon guidance mech-
anisms primarily because of the relative ease with which these
extending axons can be studied in vitro and in vivo (Tessier-
Lavigne et al., 1988; Colamarino and Tessier-Lavigne, 1995a).

Several lines of evidence suggest that a recently cloned protein,
netrin-1 (Serafini et al., 1994), helps guide these commissural
axons in vivo. First, netrin-1 is homologous to the Caenorhabditis
elegans unc-6 gene product (Ishii et al., 1992) and the Drosophila
Netrin-A and Netrin-B gene products (Harris et al., 1996; Mitchell
et al., 1996) that have been genetically implicated in the guidance
of circumferential and commissural axon growth (Hedgecock et

al., 1990; Harris et al., 1996; Mitchell et al., 1996). Second,
embryonic rat spinal cord axons that normally form the commis-
sural pathway specifically grow through a collagen gel matrix to
cells heterologously expressing netrin-1 (Kennedy et al., 1994),
indicating that netrin-1 can diffuse through the collagen to act as
a chemoattractant for the axons in vitro. Third, embryonic floor
plate tissue, the intermediate target of spinal cord commissural
axons in vivo, attracts the growth of the axons through collagen in
a manner qualitatively identical to that of the netrin-1-expressing
cells (Tessier-Lavigne et al., 1988; Kennedy et al., 1994). Finally,
in situ hybridization experiments indicate that netrin-1 mRNA is
expressed by floor plate cells during the period of commissural
axon growth to the floor plate (Kennedy et al., 1994). Together
these findings suggest that a gradient of soluble netrin-1 protein
emanating from the floor plate helps guide commissural axons to
the floor plate in vivo analogously to the effect of this same
protein on these axons in the collagen gel assay. Similar studies
of netrin-1 in the brain suggest that a gradient of netrin-1 ex-
pressed by the brain floor plate attracts some developing axons
and repels others (Kennedy et al., 1994; Colamarino and Tessier-
Lavigne, 1995b).

Other data suggest an alternative or additional in vivo role for
netrin-1 in nervous system development. All of the detectable
netrin-1 activity isolated from tissue and most of the netrin-1
protein heterologously expressed by the tissue culture cells used
in the collagen gel assay are present in bound form (Kennedy et
al., 1994; Serafini et al., 1994), suggesting that most or all of the
netrin-1 expressed in vivo may become bound to plasma mem-
branes or the extracellular matrix and may exert a haptotactic
effect on axon growth.

Notably absent from the current literature are studies investi-
gating the in vivo localization of netrin-1 protein. The published
in situ hybridization studies indicate which cells express netrin-1
mRNA and when they express it. However, these studies do not
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reveal when, where, or in what quantity netrin-1 protein is
present. Given the rapid pace at which the commissural axons
grow to the floor plate, it is particularly important to determine
precisely where netrin-1 is located relative to the extending
axons.

We report here the production of anti-netrin-1 antisera and
their use in the immunohistochemical mapping of netrin-1
protein in the embryonic chick CNS. This work concentrates
on determining the spatial and temporal relationships between
netrin-1 localization and the growth of pioneering axons. The
resulting data suggest that netrin-1 participates in the regula-
tion of circumferential, commissural, and longitudinal axon
growth in the spinal cord and brain. In particular, the data
suggest that the primary or exclusive effect of netrin-1 on the
in vivo growth of spinal cord commissural axons is haptotactic.
The data also raise the possibility that netrin-1 plays a role in
neuronal migration mechanisms in the spinal cord, brain, and
retina.

MATERIALS AND METHODS
Antibody production. Three peptides (peptide 1, NH2-VVTEKGE-
EQVRS-COOH; peptide 2, NH2-QIHILKAEKNAD-COOH; and pep-
tide 3, NH2-LGSTEDSPDQSG-COOH) that correspond to potentially
antigenic regions of chick netrin-1 (Serafini et al., 1994) and that are not
significantly homologous to any other known proteins [in addition, the
sequence of peptide 1 is entirely absent from netrin-2, the most closely
related known protein (Serafini et al., 1994)] were individually conju-
gated to keyhole limpet hemocyanin by incubation in 12.5% glutaralde-
hyde for 1 hr at room temperature. Conjugates were extensively dialyzed
against PBS and were emulsified with Freund’s adjuvant before injection
into female New Zealand White rabbits (three rabbits per conjugate).
Subcutaneous injections of ;0.5 mmol of conjugated peptide were per-
formed on a biweekly schedule. The first injection contained complete
adjuvant, whereas all of the subsequent injections contained incomplete
adjuvant. Serum samples were collected 10 d after each injection, and
antibody production was evaluated by ELISA. High-titer antisera were
affinity-purified with Sepharose 4B columns containing the correspond-
ing antigen peptides conjugated to ovalbumin. Briefly, antisera were
diluted in PBS and loaded on the columns that were then extensively
washed (15 column vol) with PBS. Purified antisera were eluted in
fractions with 0.1 M glycine, pH 2.5, and immediately were neutralized
with 1.0 M Tris, pH 8.0, dialyzed against PBS and were stored at 280°C
after the addition of 2.5 mM sodium azide. ELISA analysis of the purified
antisera demonstrated that in each case the antisera recognized the
appropriate peptide but did not recognize ovalbumin. The purified
antisera were used in immunohistochemistry experiments at concentra-
tions corresponding to dilutions of 1:500–1:2000 of the unpurified
antisera.

Immunohistochemistry. White Leghorn chick eggs from the University
of Florida Poultry Science Department were incubated at 37°C and
65–75% relative humidity in forced draft, automatic-turning incubators.
Embryos were dissected and staged according to the method of Ham-
burger and Hamilton (1951), rinsed in 4°C PBS, immersion-fixed in
Bouin’s solution (71.4% saturated picric acid, 23.8% formaldehyde, and
4.8% glacial acetic acid) for various lengths of time from 2 to 24 hr at 4°C,
and finally transferred to 30% sucrose/0.1 M phosphate buffer, pH 7.2,
containing 2.5 mM sodium azide for at least 12 hr at 4°C before
sectioning.

Thirty micrometer cryostat sections were either collected into PBS
to be processed free-floating (primarily used for initial antisera-
screening studies) or thaw-mounted and fixed (5 min in Bouin’s solu-
tion) on slides (used for all of the adjacent section comparisons). All
of the sections were sequentially incubated at room temperature in
PBS (7 mM Na2HPO4 , 3 mM NaH2PO4 , and 130 mM NaCl, pH 7.2)
twice for 15 min each, in methanol containing 0.3% H2O2 for 30 min,
in PBS for 30 min, in PBS containing 0.4% Triton X-100 for 30 min, in
PBS for 15 min, and in blocking solution (PBS containing 0.3% Triton
X-100, 0.03% BSA, and 10% normal goat serum) for 1 hr. The sections
were subsequently incubated for 3 d at 4°C in PBS containing 0.3%
Triton X-100, 0.03% BSA, 2% normal goat serum, and affinity-purified
anti-netrin-1 antisera or TuJ1 at 2 mg /ml (an anti-class III b-tubulin

mouse monoclonal antibody; Frankfurter et al., 1986). The sections
were then sequentially incubated at room temperature in PBS twice for
30 min each, in PBS containing the appropriate biotinylated secondary
antibody at 7.5 mg /ml, 0.3% Triton X-100, 0.03% BSA, and 2% normal
goat serum for 1 hr, and in PBS twice for 30 min each before staining
with the avidin–biotin peroxidase method (ABC elite kit; Vector
Laboratories, Burlingame, CA), using 3,39-diaminobenzidine as a sub-
strate and nickel ammonium sulfate as an enhancer. All observations
are based on examination of tissue from at least eight embryos at each
stage.

Two modifications of the immunohistochemistry procedure were also
used. In some experiments involving the N2D antiserum, slide-mounted
sections were autoclaved for 10 min and slowly cooled before the step
with PBS containing 0.4% Triton X-100 to improve antigen accessibility
(Shin et al., 1991; Bankfalvi et al., 1994). In other experiments, sections
were double-labeled by including both anti-netrin-1 and anti-b-tubulin
antibodies in the primary antibody incubation step and subsequently
using species-specific, fluorescein-labeled (rabbit) and Texas Red-labeled
(mouse) secondary antibodies. The fluorescent tags were then visualized
by confocal microscopy.

RESULTS
Production and characterization of
anti-netrin-1 antisera
Nine rabbits were immunized with one of three synthetic
peptides corresponding to nonoverlapping segments of chick
netrin-1 (see Materials and Methods). ELISA analyses of re-
sulting antisera indicated that antibody titers progressively
increased such that all of the antisera harvested after the
fourth injection recognized appropriate antigen peptides at
antisera dilutions of .1:10,000.

After affinity purification and fractionation on antigen col-
umns, the antisera were immunohistochemically screened for
the presence of antibodies that potentially recognize netrin-1
in fixed tissue sections. These initial experiments were con-
ducted with sections of stage 30 chick heads. Antisera from all
six rabbits injected with netrin-1 peptides 1 or 2 labeled the
floor plate and retina, although with a wide range of effective-
ness (Figs. 1 A–I, 2 F–I; data not shown). All of the antisera
raised with peptide 3 were clearly ineffective (data not shown).
Two antisera raised against peptide 1 (N1D and N1F) and one
raised against peptide 2 (N2D) displayed the best signal-to-
noise ratios and were chosen for further characterization with
stage 15–30 embryos. These studies yielded three critical re-
sults indicating that the antisera are able to recognize netrin-1
in tissue sections. First, all three antisera can preferentially
label the retina (Fig. 2; data not shown) and the floor plate of
the brain and spinal cord at particular stages of development
(see Figs. 1, 4 –7). This pattern of labeling is very consistent
with the limited expression of netrin-1 mRNA (Kennedy et al.,
1994). Second, the N1D and N1F antisera produce the same
pattern of labeling as the N2D antiserum that was raised
against an independent netrin-1 peptide (see Figs. 1 D,G,H,
2 F–H, 4 I,K; data not shown). Third, the labeling with all three
antisera was specifically and completely blocked by incubation
of the antisera with the antigen peptide but was unaffected by
an identical incubation with an equal concentration of nonan-
tigen peptide (i.e., peptide 1 blocks N1D and N1F labeling but
not that of N2D, whereas peptide 2 blocks N2D labeling but
not that of N1D or N1F) (see Figs. 1 D–I, 2C,D,H,I, 6 B,C; data
not shown). In addition, as expected, no labeling was detected
when the primary antibodies were omitted.

Netrin-1 in the spinal cord
The anti-netrin-1 antisera were used to study the relationship
between netrin-1 and developing commissural axons in the spinal
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cord. Adjacent sections were processed with the netrin-1 antisera
and a b-tubulin antibody that labels developing chick neurons
including spinal cord commissural axons (Yaginuma et al., 1990).
The commissural pathway of the spinal cord develops with a
rostral-to-caudal temporal gradient throughout stages 15–24

(Holley, 1982; Yaginuma et al., 1990). Therefore, multiple stages
from the period were examined, and sections were taken from
throughout the rostrocaudal extent of the cord.

In the caudal stage 15 spinal cord, at the level at which the first
commissural neurons are migrating and differentiating but have

Figure 1. Netrin-1 in stage 30 brain. Netrin-1 IR is found selectively throughout the floor plate with the highest concentrations present at the level of
the trochlear nucleus (A, B). Local gradients of netrin-1 IR are detected around and within the floor plate at all levels. C, Level of the fifth nerve. D–I,
Approximate levels of the seventh and eighth nerves. All of the sections are approximately transverse. A–E, Processed with anti-netrin-1 antiserum N1D.
F, G, Processed with anti-netrin-1 antiserum N2D. H, I, Processed with anti-netrin-1 antiserum N1F. A–D, F, H, Preadsorbed with netrin-1 peptide 2
( p2), the antigen for N2D. E, G, I, Preadsorbed with netrin-1 peptide 1 ( p1), the antigen for N1D and N1F. Thus the labeling is specifically blocked
by antigen–peptide preadsorption. Scale bar: A, 480 mm; B, 30 mm; C–I, 120 mm.
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Figure 2. Netrin-1 in retina. A–E, Netrin-1 IR is initially present throughout the inner and outer retina but decreases in the neural retina (nr) and
increases in the pigmented epithelium ( pe) as retinal ganglion cells (arrowheads in B and E) differentiate. A, B, Adjacent stage 20 sections. C–E, Adjacent
stage 24 sections. The optic stalk (arrowhead in D) is also labeled at stages 20–24. F–I, At stage 30, netrin-1 IR is expressed primarily by the ventricular
side of the neural retina. A, C, D, F, H, I, Processed with N1D; C, I, Preadsorbed with the antigen peptide netrin-1 peptide 1 ( p1); D, H, Preadsorbed
with netrin-1 peptide 2 ( p2). B, E, Processed with a b-tubulin antibody (TuJ1). G, Processed with N2D. Note that at stage 24 the pigmented epithelium
signal is composed of both netrin-1 IR (preadsorbable) and the pigment of the pigmented epithelium (C vs D), whereas at stage 30 there is no detectable
netrin-1 IR component to the pigmented epithelium signal (H vs I ). Scale bar: A, B, H, I, 60 mm; C–E, 240 mm; F, G, 120 mm.
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Figure 3. Netrin-1 in stage 15–18 spinal cord. Netrin-1 IR is concentrated along the outer borders of the neuroepithelium before and during the growth
of commissural fibers to the floor plate (ventral–midline region at the bottom). The floor plate also begins to display elevated netrin-1 IR after the
crossing of the first few fibers. A–H, Transverse sections of stage 15 cord from caudal to rostral. I–P, Transverse sections of stage 18 cord from caudal
to rostral. A, C, E, G, I, K, M, O, Processed with N1D. B, D, F, H, J, L, N, P, Adjacent sections processed with the b-tubulin antibody. Arrowheads
designate early differentiating neurons before commissural fiber initiation (B) and commissural fibers growing ventrally to the floor plate (D, J ) or
crossing the floor plate (F, L). Scale bar: A, B, 30 mm; C–P, 60 mm.
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yet to extend processes ventrally, netrin-1 immunoreactivity (IR)
was uniformly highest along the most lateral borders of the cord
with relatively low levels in the floor plate (Fig. 3A,B). More
rostrally, where the neurons have extended short processes that
begin to trace the lateral borders of the cord on their way to the
floor plate, an increasing dorsal-to-ventral gradient of netrin-1 IR
seems to develop along this same path, but little if any netrin-1 IR
is present in the floor plate (Fig. 3C,D). At the level at which the
leading processes approach and enter the floor plate, the floor
plate seems to express a relatively small amount of netrin-1 IR in
its most basal aspect but as a whole still contains significantly less
netrin-1 IR than the ventral–lateral borders of the cord (Fig.
3E,F). More rostrally, where the first few axons have decussated,
the floor plate begins to display significant amounts of netrin-1
IR, whereas the ventral–lateral borders continue to contain com-
parable amounts (Fig. 3G,H).

Examination of stage 18, 20, and 24 embryos indicated that this
relationship between commissural fiber growth and netrin-1 IR
observed at stage 15 is maintained throughout the development
of the commissural system (Figs. 3I–N, 4A,B,G,H; data not
shown). In addition, at rostrocaudal levels of these later stages, at
which several more fibers have crossed the floor plate, a band of
somewhat lower netrin-1 IR is present immediately dorsal to the
floor plate (e.g., Figs. 3O,P, 4C,D). Furthermore, as many fibers
cross, netrin-1 IR becomes more concentrated in the floor plate
and less concentrated along the lateral borders of the cord (Fig.
4E,F,I–K).

The data collected with the adjacent-sections approach
clearly indicate that, across several stages, the concentration of
netrin-1 IR in the floor plate increases as the number of
crossing fibers increases. However, this method lacks the res-
olution required to determine whether a significant proportion
of the netrin-1 in the floor plate is located on the crossing
fibers. To address this issue, we simultaneously processed stage
20 spinal cord with anti-netrin-1 antibodies and the anti-b-
tubulin antibody. Confocal microscopy to detect fluorescently
labeled secondary antibodies revealed that little if any of the
netrin-1 IR in the floor plate is found on crossing fibers (Fig.
5A). Instead the netrin-1 IR seems to be preferentially located
in close proximity to the fibers.

Netrin-1 in the brain
The anti-netrin-1 antisera were also used to study netrin-1 in the
developing brain. Once again an adjacent section approach was
used to examine the relationship between netrin-1 and pioneering
axons.

At stage 15 the floor plate of the brain was labeled by the
netrin-1 antisera (Fig. 6 B,D). The most intense labeling was
found at the level of the metencephalon and the caudal mes-
encephalon. This netrin-1 IR was significantly more concen-
trated than that detected elsewhere in the embryo, including
the spinal cord. An area of very low netrin-1 IR was found
immediately dorsal to the most intensely labeled floor plate
(Fig. 6 B). Dorsal to that area, moderate levels of netrin-1 IR
were detected throughout the neuroepithelium with elevated
levels present along its outer borders (Fig. 6 B). Staining of
adjacent sections with the b-tubulin antibody identified a small
population of differentiating neurons beginning to extend ax-
ons ventrally through this neuroepithelium toward the floor
plate (Fig. 6 A). Parasagittal sectioning revealed pioneering
axons coursing longitudinally through the heavily labeled floor
plate (Fig. 6 E).

The ventral–midline labeling decreased more rostrally until
at the level of the rostral diencephalon little if any netrin-1 IR
was detected (Fig. 6 F), a finding consistent with the reported
rostrocaudal extent of netrin-1 mRNA expression in the ventral
midline (Kennedy et al., 1994) and with the expression of
several floor plate markers (Colamarino and Tessier-Lavigne,
1995a). However, the labeling throughout the more dorsal
regions of the prosencephalon is similar to that seen more
caudally, in that the neuroepithelium is moderately labeled,
with highest levels detected along outer borders (Fig. 6 F). As
is the case more caudally, this prosencephalic netrin-1 IR
coincides with the ventral growth of axons from early differ-
entiating neurons (Fig. 6 F,G).

At stage 20, netrin-1 IR continues to be present throughout the
floor plate, with the most intense labeling still found in the
metencephalon and caudal mesencephalon (Fig. 7B,C). The
b-tubulin antibody identified several pioneering, longitudinal, and
commissural axons traveling through these regions of high
netrin-1 IR (Fig. 7A,B,G,H). The axons could be morphologically
distinguished as thin varicose fibers or thicker fibers with pro-
nounced growth cones (Fig. 7A,H). In most cases, the axons
clearly follow a path of elevated netrin-1 IR. Double-labeling
experiments indicated that little if any of the netrin-1 IR is
located on the fibers (e.g., Fig. 5B). As with stage 15 embryos,
netrin-1 IR was also detected in more dorsal structures, predom-
inately along the outer borders of prosencephalic neuroepithe-
lium that contains young neurons, the axons of which extend
along the same borders (Fig. 7E,F).

By stage 30, netrin-1 IR in the brain is found almost exclu-
sively in the floor plate, and the concentrations found there are
relatively high (Fig. 1). The level of the trochlear nucleus is the
most heavily labeled (Fig. 1 A,B). The netrin-1 IR displays
medial–lateral and dorsal–ventral gradients in intensity (Fig.
1). Caudal to the level of the trochlear nucleus, the floor plate
midline contains somewhat lower levels than the slightly more
lateral regions of the floor plate that contain the highest
netrin-1 IR. At the level of the trochlear nucleus, the midline
is most intensely labeled. Lower concentrations of netrin-1 IR
were observed more laterally and ventrally throughout the
rostrocaudal extent of the floor plate.

Netrin-1 in the retina
Initially both the outer (presumptive pigmented epithelium) and
inner (presumptive neural retina) layers of the optic cups contain
moderate levels of netrin-1 IR (data not shown). As the retinal
ganglion cells begin to differentiate and reach their final vitreal
position in the then neural retina, netrin-1 IR decreases in the
affected regions of the neural retina and increases in the adjacent
pigmented epithelium (Fig. 2A–E). Thus, these changes in
netrin-1 IR parallel the appearance of the retinal ganglion cells,
occurring first in the deepest portion of the optic cups and
expanding outward toward the margins of the cups (Fig. 2A–E).
The optic stalks are moderately labeled during the period in
which the first retinal ganglion cell axons exit the retinas through
the stalks (Fig. 2D, data not shown).

By stage 30, when differentiated retinal ganglion cells are
present throughout the retina and many of their axons contribute
to the optic nerve, moderate-to-intense netrin-1 IR is found at
the ventricular surface of the neural retina, and a decreasing
gradient of netrin-1 IR extends toward the vitreal surface (Fig.
2F–H). The vitreal surface also displays a slightly elevated level
of netrin-1 IR (Fig. 2F–H). At this stage, the pigmented epithe
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Figure 4. Netrin-1 in stage 20 spinal cord. A–F, Netrin-1 IR concentrates in the floor plate as fibers cross (e.g., arrowheads in B and D). A band of lower
netrin-1 IR also develops immediately dorsal to the floor plate (e.g., C). G, H, In very caudal cord where the commissural fibers are just beginning (e.g.,
arrowhead in H ), netrin-1 IR is concentrated along their path to the floor plate (G, H, oblique cuts). I–K, Rostral cord. A, C, E, K, Processed with N1D.
G, I, Processed with N2D. B, D, F, H, J, Adjacent sections processed with b-tubulin antibody. Scale bar, 60 mm.
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lium and the optic stalk and nerve contain little if any netrin-1 IR
(Fig. 2H,I, data not shown).

DISCUSSION

The goal of the present studies was to localize netrin-1 protein
relative to pioneering axons during several critical stages of
chick nervous system development. Accordingly, anti-netrin-1
polyclonal antisera were raised and immunohistochemically
screened for the presence of antibodies capable of recognizing

netrin-1 in fixed tissue sections. Three lines of evidence indi-
cate that such antibodies were obtained. First, antisera raised
against independent netrin-1 peptides yielded the same pattern
of labeling, thereby providing evidence of recognition of
netrin-1 as opposed to cross-reactivity with some unidentified
protein that happens to share an epitope with one of the
peptides. Second, incubation of the antisera with their respec-
tive antigen peptides blocked labeling, whereas identical incu-
bation with unrelated netrin-1 peptides had no effect (see
double dissociation demonstrated in Fig. 1D–I ). Third, the

Figure 5. Double-labeling of netrin-1 and com-
missural fibers. Netrin-1 IR ( green) is located
around pioneering axons (red) that are either
crossing the floor plate in the spinal cord ( A) or in
the mesencephalon (B, with midline slightly be-
yond the right edge of the photomicrograph). Little
if any netrin-1 IR is present on the axons (areas
with both green and red signals are yellow). Trans-
verse sections of stage 20 embryos were simulta-
neously processed with N1D and the b-tubulin
antibody. Fluorescently tagged secondary antibod-
ies were visualized by confocal microscopy. Scale
bar: A, 7 mm; B, 5 mm.
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antisera preferentially labeled the same limited set of struc-
tures shown previously to preferentially express netrin-1
mRNA.

Spinal cord netrin-1 and commissural axon growth

As outlined in the introductory remarks, published results,
including the in vitro effects of netrin-1 and the expression of
netrin-1 mRNA in the spinal cord floor plate during the devel-
opment of the commissural system, combine to suggest that the
commissural fibers are guided to the floor plate by a gradient
of soluble netrin-1 diffusing from the floor plate. In this model,
netrin-1 synthesized by the floor plate acts as a chemoattrac-

tant (i.e., a soluble molecule acting while soluble to attract).
However, if netrin-1 is synthesized by the floor plate and
diffuses to the oncoming commissural fibers where it acts as a
chemoattractant, the highest concentration of netrin-1 should
be found in the floor plate, the source of the diffusing sub-
stance (a basic characteristic of diffusion), with a continuous,
decreasing gradient of netrin-1 extending out to the fibers.
Moreover, the documented tendency for netrin-1 to bind to
expressing cells in vitro (Kennedy et al., 1994) and to the floor
plate in vivo (Serafini et al., 1994) would be expected to
increase the relative amount of netrin-1 found in the floor
plate further. In contrast to this expectation, significant levels

Figure 6. Netrin-1 in stage 15 brain. The highest levels of netrin-1 IR are found in the floor plate (B, D). Lower levels are found more dorsally and
rostrally and tend to concentrate along outer borders of the neuroepithelium (B, F ). Pioneering axons were detected traveling along paths of elevated
netrin-1 IR (A, E, G). A–C, Transverse sections at approximately the junction of the metencephalon and mesencephalon. Note that the section in A is
partially folded at the bottom right. D, E, Approximately parasagittal sections through the floor plate (rostral to the top and ventral to the right). F, G,
Approximately transverse sections through the prosencephalon. A, E, G, Processed with b-tubulin antibody. B, C, D, F, Adjacent sections processed with
N1D; C, Preadsorbed with antigen peptide. Boxes in D and F designate approximate regions shown at higher power in E and G, respectively. Scale bar:
A–C, 60 mm; D, F, 120 mm; E, G, 30 mm.
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Figure 7. Netrin-1 in stage 20 brain. Netrin-1 IR is concentrated primarily in the floor plate (B, C, D, G). Pioneering longitudinal (A), circumferential
(F ), and commissural (H ) fibers were detected growing through regions of elevated netrin-1 IR. B, An approximately horizontal section through heavily
labeled metencephalic floor plate that, because of the neural tube flexure, also contains an approximately transverse cut near the level of the third cranial
nerve (top) and more dorsal aspects of more caudal regions (bottom). A, Higher power of adjacent section corresponding to the heavily labeled regions
of B. C, Transverse section through rostral metencephalon. D, Transverse section of caudal myelencephalon. E, F, Dorsal neuroepithelium of the
prosencephalon. G, H, Transverse sections at the level of the third cranial nerve (oculomotor cell bodies labeled in top right and lef t of H ). A, F, H,
Processed with b-tubulin antibody. B, Processed with N1F. C, E, G, Processed with N1D. D, Processed with N2D. Thin varicose fibers (open arrows) and
thicker fibers with pronounced growth cones (solid arrows) are indicated in A and H. E and G, Sections adjacent to F and H, respectively. Scale bar: A,
E–H, 30 mm; B, C, 240 mm; D, 60 mm.
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of netrin-1 IR were never observed in the floor plate before the
crossing of several axons. In fact, during the period of ventral
growth by the first commissural axons, the floor plate netrin-1
IR was generally as low or lower than anywhere else in the
spinal cord. It is very unlikely that all of the antisera are unable
to detect the expected netrin-1 in the floor plate during this
period, given that all of them recognize netrin-1 in the floor
plate soon after the fibers cross. It is also very unlikely that the
floor plate contains relatively high quantities of soluble
netrin-1 that all of the antibodies (raised against separate
regions of netrin-1) somehow fail to detect, given that bio-
chemical analysis indicates that the embryonic rat floor plate
contains no detectable soluble netrin-1 in vivo, as assessed with
a sensitive bioassay (Serafini et al., 1994). Presumably, the
netrin-1 mRNA detected in the floor plate before the arrival of
the commissural fibers (Kennedy et al., 1994) leads to the
netrin-1 protein synthesized after the crossing of the first
fibers. Interestingly, similar results have recently been reported
for Drosophila homologs of netrin-1 that have been genetically
implicated in commissural fiber growth (Harris et al., 1996;
Mitchell et al., 1996). Thus, mRNAs encoding Netrin-A and
Netrin-B are expressed by midline cells (the floor plate equiv-
alent) before the arrival of the commissural fibers at the
midline (Harris et al., 1996; Mitchell et al., 1996), but Netrin-A
and Netrin-B proteins, although found lateral to the midline at
earlier stages, are only detected in the midline cells after the
crossing of pioneering axons (Klambt et al., 1991; Harris et al.,
1996).

It has also been suggested that netrin-1 may, as a floor plate-
derived chemoattractant, direct the growth of later developing
commissural axons that navigate through the expanding pool of
motor neurons in a ventromedial path to the floor plate (Co-
lamarino and Tessier-Lavigne, 1995a). Although netrin-1 IR was
detected at relatively high levels in the floor plate during the
growth of these axons, the present data do not support such a
proposal, because during this period a band of relatively low
netrin-1 IR was consistently observed immediately dorsal to the
floor plate, directly in the path of the axons and contrary to the
expected pattern of a floor plate-derived, soluble substance guid-
ing the axons (e.g., Figs. 3O,P, 4C–F).

We found netrin-1 IR concentrated at the lateral borders of the
spinal cord before and during commissural fiber growth to the
floor plate along the same path. This localization and timing
suggest that netrin-1 at the lateral borders of the cord helps guide
commissural fibers. In addition, this elevated netrin-1 IR devel-
ops during commissural fiber growth to the floor plate into what
seems to be a ventrally increasing gradient. Thus, the present data
suggest that a gradient of netrin-1 helps guide the commissural
axons to the floor plate, as suggested previously (Kennedy et al.,
1994; Serafini et al., 1994). The primarily linear pattern of the
netrin-1 IR suggests that the axons respond to a gradient of
bound netrin-1.

It is unlikely that a significant fraction of the netrin-1 found
along the lateral borders of the spinal cord is synthesized by the
cells of the intermediate and dorsal cord, because previous work
(Kennedy et al., 1994) did not detect any netrin-1 mRNA in these
regions either before or during the period of commissural fiber
growth to the floor plate, whereas the techniques used were
sufficiently sensitive to detect netrin-1 mRNA easily in several
other nearby tissues in the same sections. Therefore, it is most
likely that the netrin-1 protein diffuses from another source or
sources and binds to netrin-1-binding proteins localized along the

lateral borders of the cord, where netrin-1 produces a haptotactic
effect on commissural fiber growth. It is possible that this netrin-1
is synthesized by the floor plate. However, given the tendency of
netrin-1 to bind to expressing cells (Kennedy et al., 1994) and the
finding that all of the detectable netrin-1 activity in the embryonic
floor plate is bound, not soluble (Serafini et al., 1994), it seems
more likely that the netrin-1 originates in the notochord and/or
other tissues near the cord, such as the sclerotome and der-
mamyotome that express netrin-1 mRNA before and during com-
missural fiber growth to the floor plate (Kennedy et al., 1994) but
that, unlike the floor plate, also contain significant amounts of
netrin-1 during this growth period (Figs. 4G, 8A–D). The rela-
tively high concentration of netrin-1 found along the borders of
the cord presumably reflects the accumulation of netrin-1 by
netrin-1-binding proteins.

The netrin-1 observed in the floor plate after the arrival of the
commissural axons may also play a haptotactic role in helping
guide these axons rostrally to form the ventral funiculi. Thus, we
find a rostrally increasing gradient of netrin-1 in the floor plate
during the period in which almost all of the commissural fibers
turn and grow rostrally beside the floor plate (Oppenheim et al.,
1988; Bovolenta and Dodd, 1990; Yaginuma et al., 1990).

Surprisingly, the first commissural axons grow down a rather
steep netrin-1 gradient as they enter the floor plate from the
ventral–lateral cord. It is not clear whether the axons are at that
time programmed to accept the decreasing gradient and to de-
cussate guided by the small amounts of netrin-1 detected in the
most basal aspect of the floor plate at that stage. Alternatively, or
in addition, some factor(s) other than netrin-1 may be primarily
responsible for guiding the axons across the floor plate (Stoeckli
and Landmesser, 1995).

Netrin-1 and pioneering axons in the brain
The pattern of netrin-1 localization in the brain shares some
characteristics with that in the spinal cord but also displays some
unique properties. In the stage 15 prosencephalon, rostral to the
floor plate, netrin-1 IR is present throughout the dorsal neuro-
epithelium, with the highest concentrations found at the outer
borders where processes are extending ventrally from young neu-
rons. This relationship between netrin-1 IR and extending axons
is somewhat similar to that observed during the early stages of
spinal cord commissural axon growth. The same relationship is
also observed in the mesencephalon and metencephalon. How-
ever, at these levels an intensely netrin-1 immunoreactive floor
plate is located at the ventral midline. Whereas in the spinal cord
significant floor plate netrin-1 IR is observed only after several
axons have reached and crossed the floor plate, the mesence-
phalic and metencephalic floor plate contains relatively high
concentrations of netrin-1 IR before and during the arrival and
crossing of pioneering commissural axons. In most cases, it is
unlikely that the commissural axons are chemotropically respond-
ing to a gradient of soluble netrin-1 emanating from the floor
plate, particularly in regions where a band of very low netrin-1 IR
is present immediately dorsal to the floor plate (e.g., Fig. 6B) or
where the edges of the floor plate netrin-1 label are sharply
defined (e.g., Fig. 7C). However, at the level of the third nerve
(e.g., Fig. 7B,G), it is possible that very local and shallow gradi-
ents of netrin-1, originating in the floor plate, chemotropically
influence commissural axon growth, although the preferential
concentration of netrin-1 along the path of the axons seems more
consistent with a haptotactic role.

We also detected pioneering axons projecting longitudinally
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through the regions of the floor plate that contain high levels of
netrin-1 IR in stage 15–20 brain. This correlation suggests that
netrin-1 participates in mechanisms responsible for the formation
of early longitudinal pathways in the brain. Interestingly, the floor

plate has been implicated in the formation of analogous tracts in
the zebrafish (Hatta, 1992).

Many of the early longitudinal fibers of the chick brain have
already grown ventrally along the outer borders of the neuroep-

Figure 8. Netrin-1 in tissues adjacent to the spinal cord. Elevated levels of netrin-1 IR were detected in tissues adjacent to the spinal cord before and
during the period of pioneering commissural fiber growth to the floor plate. This was true of the notochord (located immediately ventral to the spinal
cord) only before and during the early stages of commissural fiber growth, such as that in the very caudal cord at stage 15 ( A) and stage 20 (Fig. 4G).
The early, temporally limited presence of netrin-1 IR in the notochord is consistent with the similarly restricted expression of netrin-1 mRNA in this
structure (Kennedy et al., 1994). Elevated netrin-1 IR was also observed during the period of pioneering commissural fiber growth to the floor plate (e.g.,
stage 15, B and C, and stage 18, D) in the sclerotome located immediately lateral to the cord (with a potential contribution by migrating neural crest cells)
and, to a lesser but more variable extent, in the more laterally located dermamyotome. Note that the paraxial tissues frequently became partially
dissociated from the cord during harvesting, sectioning, mounting, or processing. A, Same section as in Figure 3A. B, Section of Figure 3E. D, Section
of Figure 3K. All of the sections were processed with N1D. Scale bar: A, 30 mm; B–D, 60 mm.
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ithelium before turning longitudinally (Windle and Austin, 1935).
Therefore, as in the spinal cord, the relationship between netrin-1
IR and axon growth suggests that netrin-1 may guide pioneering
axons throughout their journey to the floor plate and their sub-
sequent longitudinal growth.

General comments
In vitro heterologous expression studies and genetic data clearly
indicate that netrin-1 and its homologs can profoundly affect the
pathfinding of extending embryonic axons (Hedgecock et al.,
1990; Kennedy et al., 1994; Serafini et al., 1994; Colamarino and
Tessier-Lavigne, 1995b; Harris et al., 1996; Mitchell et al., 1996).
The data reported here indicate that chick netrin-1 is temporally
and spatially regulated in vivo such that it is frequently present in
the path of extending axons, including those classes of axons that
respond to it in vitro. Therefore, the data support the hypothesis
that netrin-1 guides vertebrate axons in vivo. As outlined above,
the observed relationship between netrin-1 localization and pio-
neering axon growth does little to support a chemotactic role for
this protein. We cannot, of course, rule out the possibility that
patterns of netrin-1 localization consistent with a chemotactic
effect are present in small regions or during periods that we did
not sample.

Recently, the deleted in colorectal cancer (DCC) protein has
been identified as a netrin-1 receptor component necessary for
the in vitro effects of netrin-1 on spinal cord commissural axons
(Keino-Masu et al., 1996). Studies of DCC homologs in Drosoph-
ila and in C. elegans suggest that DCC acts as a netrin-1 receptor
component in vivo (Chan et al., 1996; Kolodziej et al., 1996).
Interestingly, DCC seems to be expressed by the same circum-
ferential, commissural, and longitudinal fibers of the spinal cord
and brain that we find associated with paths of concentrated
netrin-1 (Keino-Masu et al., 1996). Thus, the DCC protein may
regulate the growth properties of these pioneering axons by
responding to this netrin-1.

The C. elegans netrin-1 homolog UNC-6 has been genetically
shown to participate in cell migration mechanisms (Hedgecock et
al., 1990). Therefore, it is tempting to speculate that the netrin-1
detected throughout several regions of developing neuroepithe-
lium may play a role in guiding the many cells migrating through
the neuroepithelium. Thus, the present study demonstrates that
immature cells in the spinal cord, brain, and retina migrate up or
down gradients of netrin-1 on their way to their final destinations.
In particular, the relatively steep gradient that forms in the retina
may help determine not only the direction but also the extent of
migration by individual cell types, as the different cell types may
migrate to characteristic netrin-1 concentrations. Moreover, the
cells of the spinal cord and brain that migrate toward higher
netrin-1 concentrations may express a different netrin-1 recep-
tor(s) than retinal cells migrating down a netrin-1 gradient, as
suggested by studies of UNC-6 and its receptors (Hedgecock et
al., 1990; Leung-Hagesteijn et al., 1992; Hamelin et al., 1993;
Chan et al., 1996; Wadsworth et al., 1996).

Finally, a report published after the submission of this manu-
script (Serafini et al., 1996) describes the effects of a netrin-1 gene
mutation on mouse brain and spinal cord development. Consis-
tent with previous netrin-1 studies and with the present findings,
this report finds that mice homozygous for the mutation, which
greatly reduces functional netrin-1 production, display several
abnormalities in axon growth. Of particular relevance to the
results reported here, most pioneering spinal cord commissural
axons do not reach the floor plate but stall en route or grow

medially away from the lateral borders and toward the ventricle.
In addition, specific inspection early in axon development at the
level of the fourth nerve nuclei (the region containing the highest
levels of netrin-1 IR in the chick) revealed defects in longitudinal
tract formation. Dramatic alterations in commissure formation in
the brain were also observed later in development. However,
when relating chick and mouse studies of netrin-1, it should be
noted that, at least in the early spinal cord, mouse netrin-1 seems
to serve the roles performed by netrin-1 and netrin-2 in the chick
(Serafini et al., 1996).
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