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Summary
The guidance of axons to their targets in the developing nervous system is believed to involve dlffuslble
chemotroplc
factors secreted by target cells. Floor
plate cells at the ventral midline of the spinal cord secrete a diffusible factor or factors that promotes the
outgrowth of spinal commlssuml
axons and attracts
these axons In vitro. Two membrane-associated
protelns isolated from brain, netrln-1 and netrln-2, possess commlssuml
axon outgrowth-promoting
activity. We show here that nefrln-7 RNA is expressed by
floor plate cells, whereas netrln-2 RNA Is detected at
lower levels in the ventral two-thirds of the spinal cord,
but not the ftoor plate. Heterologous cells expressing
recombinant
netrln-1 or netrln-2 secrete diffusible
forms of the proteins and can attract commissuml axons at a distance. These results show that netrln-1 is
a chemotropic factor expressed by floor plate cells and
suggest that the two netrln proteins gulde commissum1 axons in the developing spinal cord.

Introduction
The establishment of neuronal connections during embryogenesis involves the accurate guidance of axons to
their targets. The possibility that axonal growth is oriented
by graded spatial distributions of guidance molecules has
long been entertained, in part due to evidence for the guidance of nonneural motile cells by both haptotactic mechanisms (which involve responses to gradients of substratebound factors) and chemotactic mechanisms (involving
responses to gradients of soluble factors). The idea that
axons might beguided bychemotropism, i.e., by gradients
of factors diffusing from target cells, was first proposed
by Ramon y Cajal (1892). Experiments in vitro in which
developing axons were confronted with target tissues and
were attracted by these tissues have provided direct evidence for the existence of chemotropic factors secreted
by intermediate or final targets in three different systems:
the guidance of trigeminal sensory axons to their peripheral epithefial targets (Lumsden and Davies, 1988) of spinal commissural axons to the floor plate of the spinal cord
(Tessier-Lavigne et al., 1988), and of cortical projection
axons to subcortical targets (Heffner et al., 1990). Other
*The first three authors contributed

equally to this work.

experiments have provided evidence for the operation of
chemotropic mechanisms in several other systems, including the projections of motor axons to various embryonic targets (reviewed by Tessier-Lavigne, 1992).
The chemotropic effect of floor plate cells on circumferentially projecting spinal commissural axons was demonstrated in experiments showing that floor plate cells can
promote theoutgrowth of commissural axons intocollagen
gels and reorient these axons within explants of developing neural epithelium (Tessier-Lavigne et al., 1988;
Placzek et al., 199Oa). In the preceding paper (Serafini et
al., 1994 [this issue of Cc//j), we described the isolation
from embryonic brain of two structurally related proteins,
netrin-1 and netrin-2, that possess commissural axon outgrowth-promoting activity (Serafini et al., 1994). The netrins are homologs of UNC-8, a protein involved in guiding
circumferential axonal migrations in Caenorhabditis eleg
ans (Hedgecock et al., 1990; lshii et al., 1992).
This homology, together with the biological activity of
the netrins, raised the possibility that the netrins might
play a role in directing circumferential axonal migrations
in the developing spinal cord, perhaps by mediating the
long-range actions of floor plate cells on these axons. To
examine these possibilities, however, it was necessary to
address three issues. First, the netrins were purified from
embryonic brain, not spinal cord (Serafini et al., 1994). Are
they also expressed in the spinal cord and, specifically, is
either expressed by floor plate cells? Second, the netrins
were purified as cell-associated proteins (Serafini et al.,
1994) yet floor plate cells secrete a diffusible outgrowthpromoting activity (Tessier-Lavigne et al., 1988; Placzek
et al., 199Oa). Does either netrin exist in a diffusible form
that would be a candidate for mediating the long-range
outgrowth activity of floor plate cells? Third, the netrins
were purified on the basis of their ability to promote commissural axon outgrowth (Serafini et al., 1994). However,
floor plate cells secrete not only an outgrowth activity but
also a diffusible chemotropic activity that can reorient the
growth of commissural axons (Tessier-Lavigne et al.,
1988; Placzek et al., 199Oa). Do the netrins possess chemotropic activity in addition to their outgrowth activity?
To answer these questions, we first examined whether
the netrins are expressed in the floor plate at the time of
commissural axon extension toward the ventral midline.
We show that both net&-l and nerrin-2 transcripts are
expressed in the developing spinal cord. netrift-7 RNA is
expressed by floor plate cells at the time that commissural
axons are growing to the floor plate, whereas netrin-2 RNA
is expressed at lower levels in a restricted domain in the
ventral two-thirds of the spinal cord but is excluded from
the floor plate. Second, we examined whether the netrins
can exist in diffusible form. COS cells expressing nerrin
cDNAs secrete diffusible forms of the netrin proteins that
can act as long-range outgrowth-promoting molecules. Finally, COS cells secreting diffusible recombinant netrins
reorient commissural axons at a distance in vitro, mimicking the chemotropic effect of the floor plate. These results
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Figure 1. Northern Blot Analysis of net&-l
and Adult Tissues
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in Poly(A)t RNA Prepared from Chick Embryos and Various Embryonic

A single 4.9 kb netrirt-I transcript and three major nefrin-2 transcripts of 5.4,3.6, and 3.2 kb are detected. Additional neVin-2 transcripts are detected
in El0 gut and adult brain, lung, and spleen. A longer exposure of the Northern blot than was used here demonstrated low levels of expression
of nefrin-7 RNA in El0 and posthatch gut, and in adult brain, heart, skeletal muscle, and thymus (data not shown). A GAPDH probe was used to
monitor RNA content in each lane. P, first day after hatching.

implicate netrin-1 in mediating both the long-range outgrowth-promoting and the long-range chemotropic activities of floor plate cells, and they suggest that the two netrins may guide commissural axons to the ventral midline
of the spinal cord.

Results
netrln-7 and netrim Transcripts Are Expressed
in the Developing Spinal Cord
Northern blot analysis was used to examine whether the
netfin genes are expressed in the embryonic spinal cord.
Expression of both genes in the chick spinal cord and brain
was observed from embryonic day 6 (E6), the earliest stage
at which these tissues were separately dissected, through
to the adult, although the levels of expression varied with
age (Figure 1). A single abundant netfin- transcript of 4.9
kb and three major neVin-2 transcripts of 5.4,3.6, and 3.2

Figure 2. Expression

of netrin-1 and netrin-2 Genes from Neurulation

kb were detected. In addition, expression of both genes
was detected at various stages in several mesodermally
and endodermally derived tissues (Figure l), including
heart, lung, and ovary in the case of netrin-1, and heart,
lung, gut, ovary, testes, and spleen in the case of n&in-2
(additional netrin-2 transcripts were detected in some of
these tissues; see Figure 1 legend). Both netfin- and nePin-2 transcripts were also detected in RNA derived from
whole embryos at Hamburger and Hamilton (1951) stage
15 (E2.5, Figure I), when commissural axons are beginning to extend toward the floor plate (Holley, 1962; Yaginuma et al., 1990).
To determine whether netfin- RNA is expressed in floor
plate during the period of commissural axon growth to the
ventral midline, RNA in situ hybridization was performed
on chick embryos at stage 10-l 1 (prior to commissural
axon growth), stage 15-16 (at the onset of commissural
axon growth), and stage 31 (after commissural axons have

through the Period of Commissural

Axon Growth to the Floor Plate

Whole embryos (A-E) or transverse sections of embryos (F-l) were hybridized with antisense netrin-l (A-G) or netrin-2 (H-l) RNA probes. Digoxygeninlabeled probes were used for all panels except (H), for which a “P-labeled probe was used.
(A) Dorsal view of a stage 11 embryo hybridized with a netrin-l probe. Arrows indicate position of sections in (6) and (C).
(6) Transverse vibratome section through the neural fold region of the stage 11 embryo shown in (A). n&in-l
RNA is detected in the notochord
and at low levels in the presomitic mesoderm.
(C) Transverse vibratome section through somite 3 of the stage 11 embryo shown in (A). netrin-7 RNA is detected in floor plate, notochord, and
somites.
(D) Transverse vibratome section through the spinal cord of a stage 15 embryo after hybridization with a nettin-f probe. nettin- RNA is expressed
in a ventral midline domain in the spinal cord that is apparently slightly broader than the floor plate proper. net&l
RNA is also expressed in
dermomyotome, but is no longer detected in notochord. Low levels of expression are detected in sclerotome.
(E) Lateral view of the isolated central nervous system of a stage 15 embryo showing expression of nefrirt-I transcripts in the floor plate at all
axial levels. An arrow marks the rostralmost extent of expression in the caudal diencephalon. Arrowheads mark the boundaries between spinal
cord, hindbrain, midbrain, and forebrain.
(F and G) Transverse sections through the spinal cord of a stage 16 embryo at a rostra1 level (F) and through the spinal cord of a stage 31 embryo
(G), hybridized with an antisense netrin-l riboprobe. At stage 16, netrin-l RNA is expressed in the floor plate. At stage 31, netrin-7 RNA expression
also extends dorsally for a short distance in the ventricular zone.
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Factors

(H and I) Transverse sections though the caudal spinal cord of a stage 15 embryo (t-t) and though the spinal cord of a stage 31 embryo (I), hybridized
with antisense netinriboprobes. A digoxygenin-labeled
probe was used for the older embryo (I). Because of the low levels of expression in the
younger embryo, a “P-labeled probe was used to detect netrirr-2 transcripts in the younger embryo (H). The spinal cord is outlined with dots.
netin-2 RNA is detected in a broad band in the spinal cord at stage 15 (arrowheads in [H]) and becomes restricted to the ventricular zone by
stage 31.
dm, dermomyotome;
f, forebrain; fp, floor plate; h, hindbrain; hn, hensen’s node; m, midbrain; n, notochord; nf, neural folds; psm, presomitic
mesoderm; s, somites; sc, spinal cord; vz, ventricular zone. Scale bars are 240 urn (A), 90 urn (B-D), 250 pm (E), and 90 urn (F-l).
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crossed the floor plate and initiated their projection to other
axial levels). nefrin-7 RNA was not detected in the neural
plate prior to neural tube closure, but it was detected in the
notochord (Figures 2A and 26). After neural tube closure,
however, net&-l RNA was detected in the floor plate (Figure 2C). netrin-7 RNA is expressed at high levels by floor
plate cells throughout the period of commissural axon
growth (Figures 2D-2G). At early stages (stage 15), expression was detected in a ventral midline domain that
may be slightly broader than the floor plate (Figure 2D),
but expression rapidly becomes restricted to what appears
to be the floor plate proper (Figure 2F). At later stages
(stage 31) expression also extends slightly dorsally in the
ventricular zone (Figure 2G). The observation that netfinRNA is expressed by floor plate cells, together with the
fact that netrin-1 promotes commissural axon outgrowth
(Serafini et al., 1994) suggests that netrin-1 contributes
to the commissural axon outgrowth-promoting activity of
floor plate cells in the spinal cord. However, floor plate
cells are not restricted to the spinal cord and are also found
more rostrally in the central nervous system (CNS) in the
hindbrain, midbrain, and caudal diencephalon (Kingsbury,
1920; Puelles et al., 1987). Moreover, commissural axon
outgrowth-promoting activity has been detected in ventral
midline tissue taken from these axial levels (Placzek et
al., 1990b; Placzek et al., 1993). Whole-mount RNA in situ
hybridization revealed that, at stage 15, netrin-7 RNA is
expressed at high levels in the ventral midline of the CNS
from the spinal cord into the caudal diencephalon (Figure
2E). In the spinal cord, hindbrain, and midbrain, this expression is restricted to the floor plate. In the diencephaIon, netfin- RNA expression appears to broaden into the
basal plate. Thus, netrin-1 may contribute to the commissural axon outgrowth-promoting activity observed in floor
plate at all axial levels. netrin-7 RNA was also detected
at this stage in the developing optic cup and optic stalk,
and in thin stripes in the hindbrain that may correspond
to rhombomere boundaries (Figure 2E; data not shown).
netrin-2 RNA was also detected in the spinal cord before
and throughout the period of commissural axon growth,
but at much lower levels than netrin-7 RNA (Figures 2H
and 21, and data not shown; see Experimental Procedures
for the method used to compare the relative levels of expression of netfin- and netrin-2 transcripts). Moreover, in
contrast with the highly restricted spatial expression of
netrin-7 RNA within the spinal cord at all stages examined,
at stage 15 netrin-2 RNA was detected in a broad band
throughout theventral two-thirdsof the spinal cord, excepting the floor plate region (Figure 2H). Examination of
neighboring sections from the same embryo suggested
that the netrin-2 RNA expression domain abuts the netrin-7
RNA expression domain at stage 15 (data not shown; compare Figures 2D and 2H). Between stage 15 and stage
31, netrin-2 RNA expression remains in a band at apparently the same dorsoventral level, but becomes progressively restricted to the ventricular zone (Figure 21). The
two netrin genes are also expressed in several nonneural
structures at these early stages, including the notochord,
paraxial mesoderm, and branchial arches in the case of
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Figure 3. Recombinant Tagged Netrins Secreted by COS Cells Are
Present in the Soluble as Well as the Cell-Associated Fraction
COS cells were transfected with expression constructs designed to
yield myc-tagged netrin-1 (net-l mp, right two lanes), myc-tagged nebin-2 (net-p,
middle two lanes), or no recombinant protein (control,
left two lanes). Conditioned medium (M) and 1 M NaCl extract of the
cell monolayers (E) were subjected to high speed centrifugation to
generate soluble protein fractions. Equivalent volumes were TCA precipitated, subjected to SDS-polyacrylamide
gel eleclrophoresis (7.5%
gel), and immunoblotted using the 9ElO monoclonal antibody to detect
the expressed tagged netrins. To detect the tagged netrins in the conditioned medium (lanes M), it was necessary to overexpose the lanes
corresponding to the salt extracts (lanes E). Under these conditions,
minor bands of distinct mobility were detected in the netrin-l- and
netrin-2-containing
extracts. Multiple species of netrin-1 observed in
the medium may arise from differential posttranslational
modification
or proteolysis.

netfin- 7, and the paraxial mesoderm and gastrointestinal
tract in the case of netrin-2 (Figure 2; data not shown).
Transfected COS Cells Secrete Diffusible Netrins
The expression of netfin- RNA by floor plate cells suggested that netrin-1 contributes to the commissural axon
outgrowth-promoting activity of the floor plate. However,
thenetrins were identified as cell-associated proteins (Serafini et al., 1994) yet floor plate cells express both cellassociated and diffusible forms of outgrowth activity (Tessier-Lavigne et al., 1999; Serafini et al., 1994). This raises
the question of whether diffusible forms of the netrins also
exist. We therefore examined whether COS cells transfected with epitope-tagged netrin-1 or netrin-2 expression
constructs secreted diffusible forms of the proteins. Salt
extracts of transfected COS cells contained recombinant
netrins, as assessed by outgrowth activity (Serafini et al.,
1994) and by immunoblotting (Figure 3, lanes 4 and 6).
However, recombinant netrins were also detected by immunoblotting as soluble proteins in conditioned medium
from the transfected cells (Figure 3, lanes 3 and 5). The
amount of soluble netrin-1 was at least 20% of the amount
of salt extractable netrin-1 , as assessed in dilution experiments (data not shown), whereas less soluble netrin-2 was
found in the conditioned medium (- 10% of the saltextractable netrin-2; data not shown). For each netrin,
most of the immunoreactive species in the supernatant
or the extract had a molecular weight comparable to that
of the protein purified from brain (Serafini et al., 1994).
However, minor species, which may have arisen by differential posttranslational modification or proteolysis, were
also obsenred (Figure 3).
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Figure 4. Aggregated COS Cells Secreting Netrin-I or Netrin-2 Elicit Commissural Axon Outgrowth from El 1 Rat Dorsal Spinal Cord Explants
at a Distance
Outgrowth evoked from the cut ventral edge of El 1 rat dorsal spinal cord explants by a floor plate explant (A), an aggregate of COS cells that
had been transfected with vector alone (B), an aggregate of transfected COS cells secreting netrin-1 (C), or an aggregate of transfected COS
cells secreting netrin-2 (D). In each case, the dorsal explant is the upper object in the photograph and is shown wtth its roof plate (dorsal surface)
oriented toward the top of the photograph. Outgrowth was scored as positive if any axon bundles extended from the ventral edge of the dorsal
explant toward the COS cell aggregate. No such outgrowth was observed from controls. Scale bars, 100 pm.

The soluble recombinant netrins in conditioned medium
promoted axon outgrowth from El3 rat dorsal spinal cord
explants (data not shown). However, the total amount of
activity present in the conditioned medium was less than
that in the salt extract (data not shown), consistent with
the lower amount of recombinant netrin protein observed
in the medium compared with that in the extract. The outgrowth activity of the diffusible forms of the netrins was

also detected by presenting aggregates of transfected
COS cells directly to El 1 rat dorsal spinal cord explants
in collagen gels (Figure 4). Aggregates of transfected COS
cells expressing netrin-1 promoted the outgrowth of axon
bundles from the ventral edge of dorsal spinal cord explants (10 of 10 explants) in the same manner as floor
plate (Figures 4A and 4C). No such outgrowth was observed from explants cultured with aggregates of control

Figure 5. Netrin-1 and Netrin-2 Reorient Commissural

Axon Growth

(A) Diagram of the positioning of explants used to demonstrate the chemotropic effects of floor plate cells, in which a floor plate explant is positioned
against the cut edge of an El 1 rat dorsal spinal cord explant, along the dorsoventral axis of the explant. When explants are cocultured in this
way, commissural axons turn toward the floor plate over a distance of several hundred micrometers (Placzek et al., 1999a).
(B-E) After 49 hr of culture, explants were processed for whole-mount immunohistochemistry
using the 4D7 monoclonal antibody (Yamamoto et
al., 1996) and secondary immunofluorescence
to visualize commissural axons. As previously reported (Placzek et al., 199ga), the floor plate caused
commissural axons to turn within dorsal explants (B); axons reoriented growth within the range indicated by the arrowhead. Commissural axons
did not turn when an aggregate of COS cells previously transfected with the expression vector alone was positioned alongside the dorsal spinal
cord explant instead of floor plate(C) and instead grew along a stereotyped dorsoventral trajectory, similar to the one they take in the dorsal spinal
cord in vivo (Altman and Bayer, 1994; Dodd et al., 1999). However, when the aggregated COS cells secreted netrin-1 (D), reorientation of commissural
axons was observed over almost the same distance as seen with floor plate (range indicated by arrowhead). Turning was also seen when the
aggregated COS cells secreted netrin-2 (E), although the range of the effect (indicated by arrowhead) was less than that seen with nelrin-I In
(D) and (E), axons invaded the netrin-expressing
COS cells (arrows). The dotted line in (6)-(E) delineates the edge of the dorsal explant.
fp, floor plate: rp, roof plate. Scale bars, 50 pm.

COS cells. transfected with vector alone (6 of 6 explants,
Figure 48). Transfected COS cells expressing netrin-2
likewise elicited outgrowth of axon bundles from the ventral edge of explants (12 of 17 explants tested), albeit less

than floor plate or COS cells expressing netrin-1 (Figure
4D). This weaker outgrowth in response to netrin9-expressing ceils may be explained by the fact that COS cells
appear to secrete less netrin-2 than netrin-1 in diffusible
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Table 1. Commissural

Factors

Axon Turning in Response

to COS Cells Secreting

Netrins

Cells Apposed to Side of El 1
Rat Dorsal Explant

Fraction of Explants That
Exhibited Axon Turning

Distance from Apposed Cells over
Which Axons Responded
(urn f Standard Error)

El 1 floor plate
Control COS cell aggregates
netrin-l-expressing
aggregates
netrirr-Pexpressing
aggregates

14114
1112b
16/16
19/20

336 f 40
4tY
260 f 50
160 f 50

n Not applicable.
’ In the one case where turning was apparently seen, the edge of the dorsal explant contacting
curling of one leaf of neural epithelium, which may explain the appearance of turning.

form (Figure 3; see above). Netrin synergizing activity
(NSA), a factor that potentiates the outgrowth activity of
salt-extracted netrins (Serafini et al., 1994) also potentiated the outgrowth activity of the diffusible netrins (T. S.,
M. J. Galko, and M. T.-L., unpublished data).
COS Cells Secreting Recombinant Netrins Mimic
the Chemotropic Effect of Floor Plate Cells
Taken together, the patterns of expression of the netrins
and their ability to function as diffusible outgrowth-promoting factors suggested that netrin-1 contributes to the
commissural axon outgrowth-promoting
activity of floor
plate cells. However, floor plate cells also secrete a chemotropic activity, which can be revealed by the reorientation
of commissural axons toward a floor plate explant in vitro
(Tessier-Lavigne et al., 1988; Placzek et al., 1990a). This
raised the question of whether the netrins can also function
as chemotropic factors.
Chemotropic activity can be demonstrated by culturing a
floor plate explant adjacent to a dorsal spinal cord explant,
parallel to the original dorsoventral axis of the spinal cord
as diagrammed in Figure 5A (Placzek et al., 199Oa). In
the absence of floor plate, commissural axons, visualized
with an antibody to TAG-l (Dodd et al., 1988) grow within
the neural epithelium along a stereotyped dorsoventral
trajectory similar to the one they take in vivo (TessierLavigne et al., 1988; Placzek et al., 1990a; see also Figure
5C). In the presence of floor plate, the axons were deflected from this trajectory and turned toward the floor
plate over a distance of 330 -+ 40 urn (Figure 58; see
also Placzek et al., 199Oa). To test the netrins for chemotropic activity, we examined whether aggregates of COS
cells secreting recombinant netrins could alsodeflect commissural axons when positioned adjacent to a piece of
dorsal spinal cord. Aggregates of transfected COS cells
secreting netrin-1 deflected axons from their dorsoventral
trajectory over a distance of 280 f 50 urn (Figure 5D and
Table l), slightly shorter than that observed with floor
plate. Transfected COS cells secreting netrin-2 also deflected commissural axons (Figure 5E). However, turning
occurred on average over an even shorter distance (150 f
50 urn; Table l), consistent with the lower levels of outgrowth evoked by COS cells secreting netrin-2 (see Figure
4D). Control aggregates of COS cells transfected with vector alone had no apparent effect on commissural axon
trajectories in these experiments (Figure 5C; Table 1).
These results indicate that the netrins function as chemo-

Fraction of COS Cell Aggregates
Invaded by Axons
NA’
0112
15116
19120

the COS cells was uneven, perhaps reflecting

a

tropic factors for commissural axons, although we cannot
exclude the formal possibility that the netrins induced expression of a distinct chemotropic factor by COS cells.
Commissural axons that grew to the COS cells secreting
either netrin-1 or netrin-2 were routinely observed to invade the COS cell aggregates (Figures 5D and 5E; Table
l), whereas control aggregates of COS cells transfected
with vector alone were not invaded by nearby commissural
axons (Figure 5C; Table 1). Commissural axons that grew
to floor plate explants remained close to the floor plate
cells at the ventralmost edge of the explant, rather than
invading the non-floor plate ventral spinal cord tissue in
these explants (Figure 56). One possible explanation for
this observation is that additional mechanisms exist in the
spinal cord that confine commissural axons to the floor
plate region once they have reached it.
Discussion
The guidance of commissural axons to the ventral midline
of the spinal cord has been proposed to be directed partly
by a chemotropic factor secreted by floor plate cells. The
netrins were purified on the basis of their ability to elicit
commissural axon outgrowth (Serafini et al., 1994) an activity previously described only for a diffusible factor from
floor plate cells. We report here that during the period of
commissural axon growth to the ventral midline, netfinRNA is expressed by floor plate cells, and netfir7-2 RNA
is expressed at much lower levels in an adjacent domain
in the ventral two-thirds of the spinal cord. Moreover, recombinant netrin-1 and netrin-2 expressed by COS cells
can exist as diffusible proteins that possess both outgrowth-promoting and chemotropic activity for commissural axons. These findings strongly implicate netrin-1 in
mediating the long-range actions of floor plate cells on
commissural axons and suggest that netrin-2 also contributes to the guidance of commissural axons.
Active Netrlns Exist in Diffusible Form
The floor plate can act at a distance to promote commissural axon outgrowth (Tessier-Lavigne et al., 1988; Placzek et al., 199Oa), indicating the existence of a diffusible
activity, yet the outgrowth activity in floor plate homogenates is associated with the membrane fraction and is salt
extractable (Serafini et al., 1994). Strikingly, recombinant
netrins expressed in COS cells have the properties of the
outgrowth activity in floor plate. The two recombinant pro-
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teins associate with COS cell surfaces but can be solubilized at high salt concentrations. In addition, a fraction of
the netrins secreted by COS cells diffuse into the surrounding medium. As with the activity in floor plate, both
cell-associated and diffusible recombinant netrins promote axon outgrowth from dorsal spinal cord explants.
These observations raise the possibility that the range of
diffusion of the netrins may be limited in the embryo by
their avid binding to cell surface or extracellular matrix
(ECM) components. It is also possible that netrin diffusibility is subject to regulation, for example by posttranslational
modification of the proteins or by modification of the substrates that bind netrins.
The Netrins Function as Chemotropic Factors
Since commissural axons turn toward a spatially restricted
source of diffusible netrin-1 or netrin-2, we infer that the
netrins diffuse through the neural epithelium, forming gradients to which the axons respond with directed growth.
However, it is not known how far the predicted gradients
extend nor how steep they are. Interactions of the netrins
with cell surfaces or the ECM could conceivably contribute
to stabilizing and sharpening a gradient of netrins. It also
remains to be determined whether netrin-1 and netrin-2
diffuse to similar extents. Although both proteins have similar specific activities when added in soluble form to spinal
cord explants (Serafini et al., 1994), COS cells secreting
netrin-2 are less potent sources of long-range outgrowthpromoting and chemotropic activity than those secreting
netrin-1 (Figures 4 and 5), presumably because less netrin-2 diffuses away from the COS cells (Figure 3). This
raises the possibility that netrin-2 acts more locally than
netrin-1 , in the vicinity of the neuroepithelial cells that produce it.
Roles of the Netrins in Commissural
Axon Guidance
Our studies are consistent with netrin-1 functioning as a
floor plate-derived chemotropic factor that contributes to
guiding commissural axons to the floor plate, an intermediate target for these axons. netrin- 7 transcripts are detected
in floor plate cells from the earliest stages of floor plate
development, well before the initiation of commissural
axon growth around stage 15. Although we have not monitored production of netrin-1 protein by floor plate cells, it
is reasonable to assume that it is secreted at these early
stages. The observation that a restricted source of recombinant netrin-1 is almost as effective as the floor plate in
reorienting commissural axons in vitro supports the hy
pothesis that netrin-1 produced by floor plate cells in vivo
diffuses through the neural epithelium to reorient the
growth of these axons toward the ventral midline of the
developing spinal cord. It is unclear whether netrin-1 accounts for all of the outgrowth-promoting and chemotropic
activity of the floor plate. It is possible, for example, that
floor plate cells are also a source of NSA (Serafini et al.,
1994), which could function with netrin-1 to mediate the
long-range activities of floor plate cells.

Figure 6. Similaritiesin the Growthof VertebrateCommissuralAxons
and Axons That Are Misroutedin uric-6 Mutants in C. elegans
In the vertebratespinal cord (lefi figure),the dorsallylocatedcommissural neurons(whichare sensoryinterneurons)extendaxonsventrally
near the lateral edge of the spinal cord, then turn and grow toward
the ventral midline once they are within - 150 pm of the floor plate
(Dodd et al., 1966). Similarly, those sensory neurons in C. elegans
whose axon trajectories are affected in uric-6 mutant animals (central
figure) have dorsally located cell bodies and extend axons ventrally
along the lateral edge of the nematode (in this case, the hypodermis)
toward the ventral midline (Hedgecock et al., 1990). The other major
class of axons in C. elegans whose guidance is affected in WC-6
mutant animals is the motor neurons (right figure), which haveventrally
positioned cell bodies and extend axons dorsally along the hypodermis. The expression patterns of the two netin genes, illustrated in
the left figure, suggest that the two netrin proteins may cooperate to
establish a long-range tropic gradient of netrin protein with its high
point at the ventral midline of the spinal cord. It has likewise been
proposed that UNC-6 may be present in a gradient that directly guides
migrations (Ishii 61 al., 1992). Since uric-6 is required for both dorsal
and ventral migrations, one possibility is that UNC-6 functions as an
attractant for axons growing in one direction and a repellent for axons
growing in the other direction. This raises the possibility that the netrins
act as repellents for axons that grow away from the floor plate.

netrin-2 transcripts are also expressed from early stages
of spinal cord development, but at much lower levels than
netfin- transcripts. At the time that commissural axons
are initiating growth toward the floor plate, netrin-2 RNA
is expressed in a broad domain adjacent to the floor plate
(Figures 2 and 6). Thus, it is possible that, as commissural
axons grow from dorsal regions to the ventral midline of
the spinal cord, they encounter a continually increasing
gradient of netrin protein. Commissural axons may be exposed to little or no netrin protein in the dorsalmost portion
of the spinal cord. As they project ventrally, they are likely
to be exposed to a low level of netrin-2 as they approach
and enter the netrin-2 expression domain. Then, in the
ventral region of the spinal cord, the axons may encounter
an ever increasing concentration of netrin protein due to
high levels of netrin-1 that are presumed to be secreted
by floor plate cells. Thus, the patterns of expression of the
nerrin genes suggest that the two proteins could together
establish a long-range gradient of tropic activity that directs commissural axon growth to the ventral midline of
the spinal cord.
The Tropic Response of Commissural Axons:
Chemotaxis or Haptotaxis?
The observation that the netrins can adhere to cell sur-
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faces or ECM components (Serafini et al., 1994; Figure
3) raises the question of whether commissural axons detect the netrins in solution (a chemotactic response) or
bound to cells or the ECM (a haptotactic response). The
possibility that commissural axons respond to the netrins
after they become substrate-bound cannot be excluded,
since axons are capable of responding to smooth gradients of immobilized substrate-bound factors (Baier and
Bonhoeffer, 1992). In the immunesystem, heparin-binding
chemoattractants of the chemokine family have been
shown to bind to cell surfaces or the ECM and to be capable of functioning as haptotactic factors when immobilized
(Rot, 1992; Tanaka et al., 1993; Wiedermann et al., 1993).
If netrin-1 can function when substrate-bound, it is also
possible that it mediates some of the contact-dependent
guidance functions of floor plate cells on commissural axons (Jesse11and Dodd, 1992) or indeed on any axons that
navigate the midline by using short-range cues on floor
plate cells. Conversely, it is possible that some known
ECM or cell-surface modulators of axon growth also function as diffusible chemotropic factors under some circumstances.
The Netrins and UNC6: A Functional Homology
The striking structural homology between the netrins and
UNC6 (Serafini et al., 1994) is further underscored by
the possibility that these proteins have similar embryonic
functions. Our studies have suggested that a gradient of
netrin protein may direct circumferential axonal migrations
in the spinal cord, but establishing the precise contribution
of the netrins to guidance will require determining the extent to which perturbations of netrin function in vivo impair
these migrations. Conversely, although uric-6 mutants
show defects in circumferential migration around the body
wall of both mesodermal cells and axons (Hedgecock et
al., 1990), the precise mechanism by which UNC6 acts
remains to be established. Although in principle UNC-6
may participate only indirectly in guidance (discussed in
lshii et al., 1992), one model that has been proposed is
that UNC-8 is a guidance cue that is distributed in a gradient (with its high point at either the ventral or the dorsal
midline) to which cells and axons respond with directed
migration (Ishii et al., 1992). The fact that the netrins can
promote and orient the growth of axons in vertebrates supports the view that UNC6 directly influences the migrations of cells and axons in the nematode and that it may
function by being present in a gradient.
Importantly, both dorsally and ventrally directed migrations depend on UNC6 activity (Hedgecock et al., 1990;
see Figure 6). Thus, if UNC-6 is present in a gradient, it
may function as an attractant for cells and axons that migrate in one direction and a repellent for cells and axons
that migrate in the other. By analogy, it is possible that
the netrins function as repellents of axons or cells that
grow away from the floor plate. Furthermore, although mutations in uric-6 disrupt circumferential migrations, for any
given set of cells or axons, some but not all migrations
are misdirected (Hedgecock et al., 1990). Thus, guidance

cues other than those dependent on uric-6 function must
exist that also direct circumferential migrations. The existenceof at least two vertebrate netrins raises the possibility
that additional UNC-G/netrin-related proteins contribute to
directing circumferential migrations in C. elegans.
Finally, studies of genes that interact with uric-6 may
provide insight into proteins that interact with the netrins,
in particular netrin receptors. Mutations in the uric-5 gene
impair the dorsal migrations of cells and axons, whereas
ventral migrations are unaffected (Hedgecock et al.,
1990). uric-5 acts cell-autonomously and encodes a predicted transmembrane protein with two immunoglobulin
C2 domains, two thrombospondin type 1 domains, and
a cytoplasmic SH&like domain (Leung-Hagesteijn et al.,
1992). Moreover, ectopic expression of uncd in touch cells
whose axons normally grow longitudinally or ventrally
causes these axons to project dorsally (Hamelin et al.,
1993). These dorsal migrations mediated by UNC-6 require
the presenceof UNC6. Thus, UNC-5 is likely to be a recep
tor (or a component of a receptor) for the guidance molecule that directs dorsal migrations, presumably UNC-6.
The high degree of sequence conservation between the
netrins and UNC6 may, therefore, make it worthwhile to
examine predicted vertebrate homologs of UNC-5 as potential netrin receptors. Identification of the C. elegans
gene encoding the axonal receptor that mediates responses to the ventral migratory cue (presumably UNC-6)
may likewise provide further insight into the nature of netrin receptors.
Guidance of Other Cells and Axons by the Netrlns
Netrin gene expression is not restricted to the developing
spinal cord at the time of commissural axon growth, suggesting that other classes of axons or motile cells may be
guided by the proteins. The expression of nerrin-7 RNA
in the floor plate at levels rostra1 to the spinal cord could
contribute to guiding the many classes of axons that grow
circumferentially or cross the midline in the hindbrain and
midbrain; there are also populations of neuronal precursors at these levels whose cell bodies have been documented to translocate circumferentially and whose migration has been proposed to be influenced by the floor plate
(Bourrat and Sotelo, 1990a; 199Ob). More generally, the
expression of the netrin genes in the brain and spinal cord
at late stages of development, and in mesodermal and
endodermal derivatives, suggests a more widespread
involvement of netrins in cell migrations and axon guidance during development, and possibly in cell migrations
in the adult. It is likely that the netrins are secreted in
diffusible form by several of the tissues where the genes
are expressed, since two tissues where they are expressed, young (but not old) notochord and dermomyotome (Figure 2) are already known to possess diffusible
commissural axon outgrowth-promoting activity (Placzek
et al., 1990b; Placzek et al., 199Oc).
The idea that chemotropic cues guide axons in the developing nervous system was first proposed by Ram&r y
Cajal (1892), who also suggested specifically that spinal
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commissural axons are guided to the floor plate by such
cues (Ramon y Cajal, 1909). The isolation of the netrins
should make it possible to explore the extent to which
commissural axon guidance to the floor plate is dependent
on a chemotropic mechanism, and, more generally, to determine the contribution of the netrins to axon guidance
throughout the vertebrate nervous system.
Experlmental

Procedures

Northern Blot Analysis
For RNA isolation, tissues were dissected in L15 medium from appropriately staged embryos or hatchlings, frozen in liquid nitrogen, and
stored at -8OOC. Adult tissues were obtained from Pel-Freeze. Total
embryo or tissue RNA was extracted using Ultraspec (BIOTECX Laboratories, Incorporated) and a Polytron homogenizer (Brinkmann). To
isolate poly(A)‘RNA, total RNA was batch bound to oligo(dT)-cellulose
(Collaborative Research) in high salt and column eluted with 1 m M EDTA
after an intermediate salt wash (Sambrook et al., 1989). Northern blot
analysis was performed as described (Sambrook et al., 1989). For each
tissue, 5 ug of poly(A)’ RNA was separated on a 1% formaldehyde
agarose gel. Blots were sequentially probed with netfin-7. netrin-2, and
GAPDH probes by exposing them damp and stripping them by boiling
in 1 m M Tris (pH 7.4) with 1% SDS. Probes were generated by incorporation of [a-=P]dCTP during synthesis by PCR. The netrin-I probe
corresponded to domain C (143 bp) and 88 bp of B’untranslated region
(3’UTR) sequences; the netrin-2 probe corresponded to 551 bp of
3’UTR sequences. The same patterns of transcripts detected with
these probes were also detected with nonoverlapping probes corresponding to coding sequences of netrin-I and netrin-2. The control
probe was generated by randomly priming a rat GAPDH cDNA (Fort
et al., 1985).
RNA In Sltu Hybrldlxatlon
White leghorn chicken embryos (Feather Hill Farms, Petaluma, CA)
were incubated at 38OC. Embryos were dissected from surrounding
membranes in ice-cold L15 medium, fixed overnight in 4% paraformaldehyde(PFA) in DEPC-treated PBS at4OC, and washed once in DEPCtreated PBS at 4OC for 1 hr. In situ hybridization was performed as
follows.
Forwhole-mount insitu hybridization,embryosbeforestage15were
dehydrated through a PBS-methanol
series, stored in methanol at
-20°C, and processed as described by Coutinho et al. (1992) with
the following modifications: first, the proteinase K (PK) treatment was
reduced to 15 min at 37OC, and embryos were subsequently refixed
30 min in 4% PFA, 0.2% gluteraldehyde in PBS; second, the antibody
was preadsorbed to acetone embryo powder (Wilkinson and Nieto,
1993) in 10% heat-inactivated goat serum, 0.1% Triton-X100 in PBS.
Embryosfrom which theCNSwasto
beexcised were refixedforonly
10
min in 4% PFA after PK treatment; at the end of the entire whole-mount
procedure, the CNS was teased out using tungsten needles. Prior to
mounting, embryos were passed through 30%, 50%. and 80% glycerol. For sectioning, embryos were washed in PBS, embedded in albumin-gelatin (20% sucrose, 30% egg albumin, 0.5% gelatin in PBS,
filtered through cheese cloth, and gelled by addition of glutaraldehyde
to 0.4%; M. Goulding, personal communication), and sectioned at 2030 urn on a vibratome.
For in situ hybridization on sections, the brachial region of stage
15 and older embryos was fixed as described above, incubated overnight at 4OC in 30% sucrose in DEPC-treated PBS, transferred to OCT
compoundfor l-4 hrat4°C,andembeddedinDCTat-700C.Cryostat
sections (10 urn) were collected on Superfrost Plus slides (Fisher)
and stored at -8OOC. In situ hybridization using digoxygenin-labeled
r

----

--r-.--

Moser (1993). In situ hybridization using %P- or “S-labeled probes was
performed as described by Frohman et al. (1990).
For both netfin- and nerrin-2, several antisense riboprobes were
prepared from the coding region and from the S’UTR. For netfin-1, a
probe corresponding to the first 900 bp of coding sequence was routinely used; similar results were obtained with a probe corresponding
to domain C (455 bp). For netrin-2, a 2.1 kb probe comprising 1 .l kb
of coding and 1 .O kb of 3’UTR sequences was routinely used; similar

results were obtained with a 455 bp probe corresponding to J’UTR
sequences. Fragments were subcloned into pBluescript (Stratagene),
or amplified by PCR and subcloned into pPCR (Invitrogen); plasmids
were linearized with appropriate enzymes and transcribed with T7 or
SP8 RNA polymerase, as appropriate. Probes were used at a final
concentration of 200 rig/ml. Prior to whole-mount in situ hybridization,
large (>900 bp) probes were base hydrolyzed to an average probe
size of - 200 bp.
For direct comparison of netfin- and nerrin-2 RNA expression levels, probes corresponding to domains C of netrin-1 and netrin-2 were
used in in situ hybridization experiments on serial sections of a stage
31 embryo. Much higher levels of expression were observed for netrim1 than for nerd-2 (data not shown).
Explant Culture
Dissection and culture of El 1 (EO is the day of vaginal plug) rat spinal
cord explants were performed as described (Tessier-Lavigne
et al.,
1988) except that explants were cultured in 25% F12,70% OptiMEM
I (GIBCO BRL), 5% heat-inactivated
horse serum (HIHS), supplemented with 40 m M glucose, 2 m M L-glutamine, 100 ug/ml streptomycin sulfate, and 100 U/ml penicillin G.
Expression of Netrins in COS Cells
Transfections of pMT21, pGNET1 mfl, and PGNET~~* (Serafini et al.,
1994) into COSl cells (under 20 passages) were performed using
LipofectAMlNE (GIBCO BRL) as directed. Cells were seeded at -2.5
x 105 cells per 35 m m well (in 6-well dishes) and were transfected
16-20 hr later with 1 ug of DNA using 6 ul of LipofectAMlNE in a 1 ml
volume; transfections were stopped after 5 hr by adding an equal
(HIFBS). To produce cluster: of transfected COS cells, 11-12 hr after
the beginning of transfection, cell layers were trypsinized, washed
twice with 10 ml of DME H-21 with 10% HIFBS, and resuspended in
DME with 1% HIFBS (0.25 ml per 35 m m well). Drops of the cell
suspension (20 ul) were placed onto the lids of 35 m m dishes, which
were inverted over dishes containing 2 ml of DME. These hanging
drop cultures were incubated 14-18 hr; aggregates were harvested
into warm L15 medium containing 5% HIHS and trimmedwith tungsten
needles for use in explant cultures.
Analysis of Recombinant
Protein Localization
Cell layers in 35 m m wells were washed 24 hr after start of transfection
with OptiMEM I supplemented with GlutaMAX I (GIBCO BRL), 100
uglml CaCl*, and antibiotics and were incubated in 1 ml of this medium
for 2 days before harvesting medium. To prepare cell extracts, cell
monolayers were incubated after removal of media with 0.5 ml of Extraction Buffer as described (Serafini et al., 1994). Media and extracts
were centrifuged 5 min in a microcentrifuge to remove cells and large
debris, then at -60,000
x g for 100 min. Two-fifths of the TCAprecipitated protein from media and extracts was subjected to Western
blot analysis using a 1:200 dilution of a concentrated 9ElO culture
supernatant (see Serafini et al., 1994).
Whole-Mount
lmmunohlstochemisty
After culturing, explants were fixed for 1.5 hr at 4OC with fresh 4%
paraformaldehyde
in PBS and were routinely stored in PHTX (PBS/
1% heat-inactivated goat serum/l % Triton X-l 00) for up to 2 months
in the presence of 0.1% NaN3. Collagen gels containing the explants
were trimmed, incubated in PHTX with gentle agitation in 98well plates
for at least 24 hr, incubated in 4D7 culture supernatant (Yamamoto
et al.. 1986) diluted 1:4 in PHTX for 12 hr at 4OC, washed four or five
times for 2 hr each in PHTX. incubated in affinity-purified
Cy3conjugated goat anti-mouse IgM antibody(Jackson
ImmunoResearch,
1:700 dlution in PHTX) for 12 hr at 4OC, and washed as before, prior
to mounting with Fluoromount G (Fisher).
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