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The Morphogen Sonic Hedgehog Is
an Axonal Chemoattractant that Collaborates
with Netrin-1 in Midline Axon Guidance

and subsequently across the floor plate, forming axon
commissures (Figure 1A and see also Colamarino and
Tessier-Lavigne, 1995). These commissural axons pro-
ject toward the midline in part because they are attracted
by Netrin-1, a long-range chemoattractant secreted by
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the floor plate (Kennedy et al., 1994; Placzek et al., 1990;Stanford, California 94305
Serafini et al., 1996, 1994; Tessier-Lavigne et al., 1988).2 Department of Molecular and Cellular Biology
In mice mutant for Netrin-1 or its receptor DCC, manyThe Biolabs
commissural axon trajectories are foreshortened, fail toHarvard University
invade the ventral spinal cord, and are misguided (FazeliCambridge, Massachusetts 02138
et al., 1997; Serafini et al., 1996). However, some of them
do reach the midline, indicating that other guidance cues
apparently cooperate with Netrin-1 to guide these ax-Summary
ons. Analysis of Netrin-1 knockout mice suggested that
the floor plate might actually express an additional dif-Developing axons are guided to their targets by attrac-
fusible attractant(s) for commissural axons (Serafini ettive and repulsive guidance cues. In the embryonic
al., 1996). This was shown using explants of rat dorsalspinal cord, the floor plate chemoattractant Netrin-1
spinal cord as a source of responding axons and testingis required to guide commissural neuron axons to the
whether floor plate cells from Netrin-1 mutant embryosmidline. However, genetic evidence suggests that
possessed the in vitro activities of wild-type floor plateother chemoattractant(s) are also involved. We show
cells (Serafini et al., 1996). Unlike floor plate tissue fromthat the morphogen Sonic hedgehog (Shh) can mimic
wild-type or heterozygous embryos, floor plate from Ne-the additional chemoattractant activity of the floor
trin-1 mutant embryos was ineffective in stimulatingplate in vitro and can act directly as a chemoattractant
commissural axon outgrowth from rat dorsal spinal cordon isolated axons. Cyclopamine-mediated inhibition
explants; thus, Netrin-1 appears to account for most orof the Shh signaling mediator Smoothened (Smo) or
all of the outgrowth-promoting activity of floor plateconditional inactivation of Smo in commissural neu-
cells. In contrast, floor plate explants from mutant em-rons indicate that Smo activity is important for the
bryos were as effective as those from wild-type embryosadditional chemoattractant activity of the floor plate
in eliciting turning of commissural axons, raising thein vitro and for the normal projection of commissural
possibility that floor plate cells secrete another attract-axons to the floor plate in vivo. These results provide
ant(s) for commissural neurons in addition to Netrin-1.evidence that Shh, acting via Smo, is a midline-derived
The identity of this chemoattractant(s) has, however,chemoattractant for commissural axons and show
remained elusive.that a morphogen can also act as an axonal chemoat-

In addition to regulating axon guidance, the floor platetractant.
is also known for its role in morphogen secretion (re-
viewed in Jessell, 2000). Morphogens are signaling mol-

Introduction ecules that are produced in a restricted region of a tissue
and move away from their source to form a long-range

During nervous system development, axons respond to concentration gradient. Cells differentiate in response to
attractive and repulsive guidance cues to navigate to morphogen signaling depending on their position within
their targets (reviewed in Tessier-Lavigne and Good- the gradient and thus on their distance from the morpho-
man, 1996). Despite numerous efforts to identify the gen source. In the spinal cord, Sonic hedgehog (Shh),
guidance cues involved in this process, only three sets a morphogen secreted by the floor plate, functions as
of diffusible axonal chemoattractants have been identi- a gradient signal for the generation of distinct classes
fied so far: members of the Netrin, the scatter factor/ of ventral neurons along the dorsoventral axis (reviewed
hepatocyte growth factor (SF/HGF), and the neuro- in Jessell, 2000; Ingham and McMahon, 2001; Marti and
trophin families (Tessier-Lavigne and Goodman, 1996; Bovolenta, 2002); its inactivation, or inactivation of its
Ebens et al., 1996; O’Connor and Tessier-Lavigne, 1999). signaling component Smoothened (Smo), severely per-
Thus, the number of secreted attractive guidance cues turbs the patterning of ventral neuronal progenitors with-
identified seems small relative to the immense complex- out affecting the patterning of dorsal neuronal progeni-
ity of the nervous system, making it likely that additional tors (Briscoe et al., 2001; Chiang et al., 1996; Wijgerde
chemoattractants remain to be discovered. et al., 2002; Zhang et al., 2001).

One promising system for the identification of chemo- Given its expression by the floor plate and its long-
attractants is the spinal cord midline. During spinal cord range effects in the spinal cord, Shh is an interesting
development, commissural neurons, which differentiate candidate for a midline-derived axonal guidance cue,
in the dorsal neural tube, send axons that project toward prompting us to test whether it is responsible for the

Netrin-1-independent attractant activity of the floor
plate. We show that Shh is indeed an axonal chemoat-*Correspondence: marctl@stanford.edu
tractant that can mimic the Netrin-1-independent che-3 Present address: Department of Molecular, Cellular, and Develop-

mental Biology, Yale University, New Haven, Connecticut 06511. moattractant activity of the floor plate. Conversely, loss-
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of-function experiments indicate that the Shh signaling
mediator Smo is required for the Netrin-1-independent
chemoattractant activity of the floor plate and for the
normal projection of commissural axons to the floor
plate in vivo.

Results

Evidence that a Netrin-1-Independent Attractant
Activity of Floor Plate Guides
Commissural Axons
Netrin-1 is a commissural axon chemoattractant ex-
pressed by the floor plate and the periventricular zone
of the neural tube (Serafini et al., 1996 and see Figure 1B)
that accumulates in an increasing dorsoventral gradient
through the developing spinal cord (T. Kennedy and
M.T.L., unpublished data), and is required for normal
growth and guidance of these axons (Serafini et al.,
1996 and see below). To test whether floor plate-derived
activities other than Netrin-1 are important for commis-
sural axon growth to the midline, we took advantage of
the fact that Gli2 mutant mice specifically lack floor
plate cells yet still show normal patterning of neural
progenitors, with the exception of a reduction in the V3
interneurons adjacent to the floor plate (Ding et al., 1998;
Matise et al., 1998). We therefore introduced the Gli2
mutation into a Netrin-1 mutant background to examine
the consequences of deleting the floor plate in animals
lacking Netrin-1. We compared axon trajectories in
these double mutants to those in Netrin-1 or Gli2 single
mutants using immunohistochemistry with anti-TAG-1
antibodies to visualize a subset of commissural axons
as they project to the floor plate. For simplicity, the
phrase “commissural neurons” will refer here specifi-
cally to TAG-1� commissural neurons, whose cells bod-
ies are located in the dorsal part of the developing spinal
cord.

In wild-type embryos, these axons project ventrally
near the edge of the spinal cord until they reach the
level of the developing motor column (Figures 1D–1F).
At embryonic day 11.5 (E11.5), most project through
the motor column in a directed and highly fasciculated
manner toward the ventral midline. As reported pre-

Figure 1. Genetic Ablation of the Floor Plate Enhances the Commis-
sural Axon Guidance Phenotype of Netrin-1 Mutant Embryos

through the motor column in a directed and highly fasciculated(A) Diagram of the developing spinal cord and trajectory of TAG-1�

manner toward the ventral midline (green arrowheads). drez, dorsalcommissural axons. c, commissural neurons; fp, floor plate.
root entry zone; vc, ventral commissure; V3, V3 interneurons.(B and C) Netrin-1 expression in Gli2�/�;Netrin-1�/� (B) and
(G–I) In Netrin-1 mutants, many TAG-1� axons are foreshortenedGli2�/�;Netrin-1�/� (C) E11.5 mouse embryos. The Netrin-1 mutant
and fail to invade the ventral spinal cord (green arrowheads), withallele harbors a lacZ insertion (Serafini et al., 1996), allowing expres-
some projecting medially toward the ventricle (white arrowhead).sion from the Netrin-1 locus to be monitored with a �-Gal antibody.
(J–L) In Gli2 mutants, TAG-1� axons are highly defasciculated andIn Gli2 mutant embryos, Netrin-1 expression in the ventral-most
some project near the lateral edge of the spinal cord (green arrow-portion of the spinal cord is absent because of absence of the floor
heads), invading the ventral spinal cord with multiple projections allplate (asterisk), but persists in the periventricular region.
over the motor columns.(D–O) Commissural axon projections were visualized with a TAG-1
(M–O) In Gli2�/�;Netrin-1�/� double-mutant embryos, almost allantibody in E11.5 mouse embryos of the following genotypes:
TAG-1� axons are foreshortened and fail to invade the ventral spinalGli2�/�;Netrin-1�/� (D–E), Gli2�/�;Netrin-1�/� (G–H), Gli2�/�; Netrin-1�/�

cord, with most projecting medially toward the ventricle (white ar-(J–K), and Gli2�/�;Netrin-1�/� (M–N).
rowheads), resulting in a severe reduction in the number of TAG-1�In (D, G, J, and M), pictures were taken using the same exposure
axons reaching the midline (green arrowhead) and the absence oftime to help reveal reduced axon growth into the ventral spinal cord
a ventral commissure (blue arrowhead). TAG-1� cells at the ventralin mice carrying the Netrin-1 mutation.
midline are V3 interneurons. Each embryo section shown here is(E, H, K, and N) show higher magnification views of the boxed
representative of multiple sections obtained from at least two em-regions in the adjacent images; the brightness of (H) and (N) was
bryos for each genotype. Scale bars are 150 �m in (D, G, J, and M)increased 5-fold to allow better visualization of the axons.
and 75 �m in (B, C, E, H, K, and N).(D–F) TAG-1� commissural axons in wild-type embryos project
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viously (Serafini et al., 1996), in Netrin-1 mutants many cultured for 40 hr (Figure 2A). Whereas control COS
cells had no effect, cells expressing Shh, like Netrin-1-TAG-1� commissural axons are foreshortened and fail

to invade the ventral spinal cord (Figures 1G–1I). Some expressing cells, caused reorientation of commissural
axons within the spinal cord explant (Figures 2B–2E, 2H,continue to extend, but in aberrant directions, with some

projecting medially and others projecting in a defascicu- 2I, and 3). If Shh is indeed a chemoattractant, we would
predict that the notochord, another source of Shh (butlated manner into the motor column. Nonetheless, some

reach the floor plate and form a thin ventral commissure. not of Netrin-1), should also attract the axons, which
was indeed observed (Figures 2L and 2M).Although the Netrin-1 mutant allele is severely hypomor-

phic rather than a complete null (Serafini et al., 1996; To examine whether the Shh turning activity is medi-
ated by the canonical Shh signaling mediator Smo, wesee below), it is unlikely that the small number of TAG-1�

axons reaching the floor plate is due entirely to low-level tested whether it is blocked by cyclopamine—a highly
specific Smo inhibitor shown to act by direct binding toexpression of Netrin-1, since a thin ventral commissure

is also observed in mice carrying a complete null muta- the heptahelical bundle of Smo without affecting Shh
production or processing (Chen et al., 2002; Frank-Kamen-tion of the Netrin-1 receptor DCC (Fazeli et al., 1997).

In Gli2 mutants, Netrin-1 expression is absent in the etsky et al., 2002; Incardona et al., 1998). Although cyclo-
pamine had no effect on attraction by Netrin-1 (Figuresventral-most portion of the spinal cord (because of the

absence of the floor plate), but persists in the periven- 2J and 2K), it completely inhibited the chemoattractant
activity of COS cells expressing Shh (Figures 2F andtricular region (Matise et al., 1999; Figures 1B and 1C).

In a previous study (Matise et al., 1999), it was reported 2G) or of the notochord (Figures 2N and 2O). These
results indicate that Shh expression is sufficient to causethat commissural axon trajectories to the ventral midline

are largely normal in these mutants (abnormalities were commissural axon turning within spinal cord explants
and that this effect requires Smo activity.only reported in the midline region, with axons remaining

clustered and failing to project longitudinally). However,
detailed analysis in fact revealed clear and consistent Inhibition of Smo Interferes with the Netrin-1-
defects in trajectories to the ventral midline. At the fore- Independent Attractant Activity of the Floor Plate
limb level, we observed that commissural axons are We next examined whether Shh signaling is required for
highly defasciculated and some project near the edge the Netrin-1-independent attractant activity of the floor
of the spinal cord (Figures 1J–1L; see Figure 7M for plate, using cyclopamine to inhibit Smo. Although cyclo-
quantification). These axons then invade the ventral spi- pamine had no effect on attraction by wild-type floor
nal cord with multiple projections all over the motor plate (Figures 2P–2S)—emphasizing again its specific-
columns. In agreement with Matise et al. (1999), how- ity—it almost completely blocked the attractant activity
ever, we did observe that most commissural axons of Netrin-1�/� floor plate (Figures 2T–2W); reorientation
nonetheless still appear to reach the midline, forming a was observed in only a small fraction of the explants
highly disorganized ventral commissure. and only over a very short distance (Figure 3). What is

In contrast to Netrin-1�/� single mutants, in the cause of the residual turning activity? The Netrin-1
Gli2�/�;Netrin-1�/� double-mutant embryos almost all allele we use is a severe hypomorph rather than a com-
commissural axons are foreshortened and fail to invade plete null mutation, and we previously showed that a
the ventral spinal cord, with most projecting medially very small amount of residual wild-type Netrin-1 mRNA
toward the ventricle, resulting in a severe reduction in and protein is apparently made by the mutant floor plate
the number reaching the midline and the absence of a (Serafini et al., 1996), which might account for the resid-
ventral commissure (Figure 1M–1O). These projection ual turning activity. Alternatively, that activity could be
defects are unlikely to be due to defects in neural tube due to a third chemoattractant(s) made by floor plate.
patterning, because we found that the expression of a Nonetheless, these results indicate that the Netrin-1-
battery of neural progenitor markers (the same as that independent attractant activity of floor plate in this assay
used by Matise et al., 1998) is identical to that described is largely dependent on Smo activity.
previously for Gli2 mutant embryos (Matise et al., 1998)
(data not shown). Thus, removing the floor plate (with Shh Does Not Induce Commissural
the Gli2 mutation) enhances the guidance phenotype Axon Outgrowth
observed in Netrin-1 single mutant animals, supporting Floor plate tissue from Netrin-1 mutant embryos is inef-
the idea that another floor plate-derived chemoattrac- fective in promoting commissural axon outgrowth (Sera-
tant(s) contributes to commissural axon guidance in fini et al., 1996; see also Figures 4A and 4B), indicating
vivo. that Netrin-1 accounts for most or all of the outgrowth-

promoting activity of floor plate cells in vitro, and sug-
gesting that the Netrin-1-independent attractant factor

Shh Causes Commissural Axon Turning from floor plate should not promote outgrowth. Consis-
within Spinal Cord Explants tent with this, Shh-secreting COS cells and notochord
In the spinal cord, Shh secreted by the floor plate func- explants, unlike Netrin-1-secreting COS cells, were un-
tions as a gradient signal for the generation of distinct able to induce commissural axon outgrowth (Figures
classes of ventral neurons along the dorsoventral axis 4C–4F, 4I). Similarly, recombinant Netrin-1 protein
(Jessell, 2000). To determine whether Shh can also reori- added to the culture medium elicited axonal outgrowth,
ent commissural axons, an aggregate of COS cells ex- but recombinant Shh protein did not (Figure 4H and data
pressing a full-length Netrin-1 or Shh cDNA was posi- not shown). Moreover, COS cells secreting Shh did not

alter the outgrowth-promoting effect of Netrin-1 addedtioned alongside rat E11 whole spinal cord explants and
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Figure 2. Commissural Axon Turning Induced
by Shh-Expressing Cells or Tissues, and Its
Cyclopamine-Dependence

(A) Schematic representation of the commis-
sural axon turning assay. Explants of the en-
tire E11 rat spinal cord were embedded in a
three-dimensional collagen matrix and cocul-
tured for 40 hr with various tissues or cells
expressing Shh and/or Netrin-1.
(B, C) and left images (D, E, H, I, L, M, P, Q,
T, and U): without cyclopamine; other right
images (F, G, J, K, N, O, R, S, V, and W):
with 10 �M cyclopamine. Commissural axon
trajectories were detected by TAG-1 immu-
nohistochemistry. D, dorsal; V, ventral; sc,
spinal cord.
(B–O) Shh causes commissural axon turning
within spinal cord explants in a cyclopamine-
dependent manner. COS cells expressing
Shh (D–E) or Netrin-1 (H–I) and notochord tis-
sue (L–M), but not control COS cells (B–C),
elicit commissural axon turning. Cyclopamine
inhibits the attractant activity of COS cells
expressing Shh (F–G) and of the notochord
(N–O), but not of COS cells expressing
Netrin-1 (J–K).
(P–W) Cyclopamine blocks the Netrin-1-inde-
pendent attractant activity of the floor plate.
Both wild-type (P–Q) and Netrin-1 mutant
(T–U) floor plate tissue can elicit commissural
axon turning, but cyclopamine blocks only
the latter (V–W), not the former (R–S). Scale
bars are 200 �m.

to the medium (Figure 4G). Thus, like Netrin-1 mutant simplest version of Model 2 would involve the induction
of expression of a distinct chemoattractant by cells adja-floor plate tissue, COS cells secreting Shh induce turning

of commissural axons in dorsal spinal cord explants but cent to the Shh source, which then in turn diffuses and
acts on growth cones to elicit turning. The reason it isnot their outgrowth into collagen.
necessary to consider Model 2 is that Shh is known to
be able to repattern spinal cord tissue. However, thisShh Chemoattractant Activity Is Not Apparently

Due to Spinal Cord Repatterning repatterning activity has been demonstrated at early
stages of spinal cord development, namely at the neuralAlthough these results support a role for Shh and Smo

in inducing the turning of commissural axons in vitro, plate stage in chick embryos (Ericson et al., 1996). It is
not known whether older spinal cord tissue, like the E11they do not address how Shh elicits this effect. At least

two models could account for its effects in axon guid- rat tissue used in our turning assays, would also be
repatterned.ance (Figure 5A). First, Shh could act directly as a che-

moattractant, diffusing through the explants and acting To assess whether repatterning was occurring, we
performed E11 rat spinal cord turning assays using con-directly on axons (Model 1). Alternatively, Shh could

be acting indirectly on the axons by repatterning the trol COS cells, COS cells expressing Shh, or Netrin-1�/�

floor plate tissue, and performed immunohistochemistryexplant, altering the expression of other guidance cues
that then secondarily cause axon turning (Model 2). The to examine expression of the following markers:
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Figure 3. Cyclopamine Selectively Blocks
Turning Induced by Shh-Expressing COS
Cells and Tissues Expressing Shh but Not
Netrin-1

This figure shows quantification of experi-
ments in Figure 2 (see legend for conditions
shown here).
(A) Percentage of explants exhibiting com-
missural axon turning over more than 90 �m.
Numbers in parentheses indicate number of
explants assayed.
(B) Quantification of the median turning dis-
tance of attracted commissural axons. For
each explant, turning distance was measured
from the edge of the explant to the most dis-
tant TAG-1� axon fascicle exhibiting turning.
Error bars represent standard error of the
mean. Asterisks (*): p � 0.0002 (Student’s t
test) compared to the same condition without
cyclopamine. ND, not done; NS, not signif-
icant.
Note that in (A), explants were scored as posi-
tive only if turning was observed over more
than 90 �m (when less turning was observed,
this was usually seen for a very small number
of axons in the roof plate region, where it was
ambiguous whether the axons had actually
turned or whether the edge of the explant
has simply become distorted). Calculation of
median turning distance in (B) was, however,
calculated on all explants, explaining why
non-zero median turning distances are seen
for some conditions in which zero percent
showed turning over more than 90 �m.

HNF-3�, a floor plate marker normally induced by high clude that the turning activity of Netrin-1 mutant floor
plate tissue and Shh-expressing COS cells does notconcentrations of Shh in neural plate explants; Nkx2-2,

a marker of V3 interneurons, normally induced by high apparently reflect an ability of these tissues to repattern
the E11 rat spinal cord, at least as assessed by theseconcentrations of Shh in neural plate explants; Isl-1 and

HB9, two motoneuron markers normally induced by in- markers, presumably reflecting a loss of competence of
spinal cord tissue to be repatterned by Shh as it ages.termediate concentrations of Shh in neural plate ex-

plants; and Pax7, a dorsal spinal cord marker normally In control experiments, we tested the ability of Netrin-
1�/� floor plate explants to repattern neural plate stagerepressed by low concentrations of Shh in neural plate

explants. Expression of HNF-3�, Isl-1, HB9, and Pax7 (E10) rat spinal cord explants. As expected, these floor
plate explants were able to induce expression of Nkx2-2,was unaffected by Shh or by the Netrin-1�/� floor plate

tissue (Figures 5J, 5P, and 5V; 5L, 5R, and 5X; 5M, 5S, Isl-1, and HB9, and to repress expression of Pax7 in
younger spinal cord explants (Figures 5D–5G). Together,and 5Y; 5N, 5T, and 5Z). Importantly, the expression of

Netrin-1 was also unaffected in these assays (Figure 5I, these results indicate that Shh is unable to repattern
spinal cord explants at the stage used for the turning5O, and 5U). Interestingly, the V3 interneuron marker

Nkx2-2 was induced by both control COS cells and by assays (E11).
COS cells expressing Shh (Figures 5K and 5Q), but it
was not induced by Netrin-1 mutant floor plate (Figure Shh Induces Turning of Growth Cones of Isolated

Spinal Cord Neurons5W). Thus, induction of Nkx2-2 is caused by a factor
made endogenously by COS cells, and does not corre- To test directly whether Shh can act on growth cones

to induce turning, we used an assay in which growthlate with turning activity since it was seen with control
COS cells which do not induce turning but not with cones of individual embryonic Xenopus spinal axons

in culture are exposed to gradients of soluble factorsNetrin-1 mutant floor plate tissue which does. We con-
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possesses the bioactivity of the full-length molecule in
patterning assays (Ericson et al., 1996). Purified recom-
binant N-Shh was able to elicit axon attraction within 1
hr (Figure 6). As expected, this turning was almost totally
inhibited by cyclopamine, whereas BDNF-induced turn-
ing (Song et al., 1997) was unaffected (Figure 6). Thus,
Shh can act directly as a chemoattractant to induce
growth cone turning in a Smo-dependent fashion.

Conditional Inactivation of Smo Demonstrates
a Cell-Autonomous Requirement for Hh Signaling
in Commissural Axon Guidance In Vivo
These results are consistent with Shh functioning via
Smo as a floor plate-derived chemoattractant for com-
missural axons. To determine the role of Shh in commis-
sural axon guidance in vivo, we studied mice defective
in Shh signaling. Unfortunately, Shh, Ptc1, and Smo null
mice all exhibit defects in neural tube patterning that
result in profound perturbation of the cellular environ-
ment where commissural axons normally migrate
(Chiang et al., 1996; Goodrich et al., 1997; Zhang et al.,
2001), precluding an examination of the specific role of
Shh in chemoattraction. We therefore employed a more
specific gene targeting technique. The fact that cyclo-
pamine blocks Shh-induced turning indicates that Shh
is acting through Smo to elicit chemoattraction. We
therefore sought to inactivate Smo in commissural neu-
rons without perturbing its function in the terrain tra-
versed by their axons. Although Smo is expressed
throughout the neural tube (Stone et al., 1996), we rea-
soned that Smo inactivation in commissural neurons
would not affect their specification since Shh signaling
is not required for dorsal spinal cord patterning (Briscoe
et al., 2001; Wijgerde et al., 2002). Therefore, any com-
missural axon guidance defects observed after selective
inactivation of Smo in these neurons would indicate that
Smo signaling is required in vivo for commissural axon
guidance and support a chemoattractant role for Shh.

To inactivate Smo selectively in commissural neurons,
we used the Cre/loxP recombinase system. Since the
Wnt1 promoter drives expression in the dorsal spinal
cord, we thought that Wnt1-Cre mice (Danielian et al.,
1998) might be used to target Cre recombinase expres-
sion in dorsal commissural neurons. To test this possibil-
ity, we crossed Wnt1-Cre mice with ROSA26 Cre re-
porter mice (R26R; Soriano, 1999) and assessed
�-Galactosidase (�-Gal) activity in the developing spinal
cord. As shown in Figures 7A–7D, �-Gal activity wasFigure 4. Shh Does Not Induce Commissural Axon Outgrowth into

Collagen Gels found in the dorsal spinal cord and neural crest cell
Rat E13 dorsal spinal cord explants were embedded in a three- derivatives, including the dorsal root ganglia. In addition,
dimensional collagen matrix and cocultured for 16 hr with (A) wild- �-Gal activity was also detected in axons projecting to
type floor plate, (B) Netrin-1 mutant floor plate, (C) COS cells ex- the floor plate and at the ventral commissure in E11.5
pressing Netrin-1, (D and H) control (ctl) COS cells, (E and G) COS embryos (Figures 7C and 7D). Colocalization of TAG-1
cells expressing Shh, and (F) notochord tissue.

and �-Gal proteins confirmed that these ventrally pro-In (G–H), Netrin-1 (100 ng/ml) was added in the culture media.
jecting axons are commissural axons (Figures 7E–7H),(I) Quantification of total length of axon bundles per explant. The

data presented are the average of at least seven explants. Error indicating that the Wnt1-Cre mice can be used to effi-
bars represent the standard error of the mean. fp, floor plate; n, ciently target Cre-mediated recombination in TAG-1�

notochord. Scale bars are 110 �m. commissural neurons. We cannot, however, be certain
that all TAG-1� commissural axons expressed �-Gal,
i.e., that Cre induced recombination in all of them (seeestablished by repetitive pulsatile release from a micro-

pipette (Zheng et al., 1994; de la Torre et al., 1997; Song below). Importantly, no �-Gal activity was detected in
the ventral spinal cord; thus, the Wnt1-Cre driver canet al., 1997). We tested the chemoattractant ability of

N-Shh, a soluble amino-terminal fragment of Shh that be used to inactivate genes in many (and perhaps all)



Shh Is an Axonal Chemoattractant
17

Figure 5. Shh Chemoattractant Activity Is Not Apparently Due to Spinal Cord Repatterning

(A) Two models could account for the effects of Shh in axon guidance. In Model 1, Shh acts directly as a chemoattractant. In Model 2, Shh
acts by repatterning the spinal cord, altering the expression of other guidance cues that then secondarily reorient axon growth.
(B–H) Netrin-1 mutant floor plate is able to repattern E10 rat spinal cord explants at the neural plate stage. As schematized in (B), E10 spinal
cord explants obtained from the caudal-most (neural plate) level of the embryos were cultured under the same conditions as the E11 spinal
cord explants used in the turning assays. After fixation, the explants were stained by immunohistochemistry for the following markers: HNF-
3�, Nkx2-2, Isl-1, HB9, and Pax7 (red staining). Netrin-1 expression is visualized using an antibody to �-Gal (expressed from the mutant
Netrin-1 allele) (green staining). Arrows indicate position where markers were induced or repressed. See text for details.
(H) (insert in G) is similar to (G), except that the E10 explant was cultured without floor plate to show lack of Pax7 repression.
(I, O, and U) wild-type floor plate or COS cells expressing Shh are not able to induce ectopic Netrin-1 expression in whole mouse E9.5
Netrin-1�/� spinal cord explants (oriented as diagrammed in A, i.e. with endogenous floor plate at bottom of each image). Netrin-1 expression
was detected by immunochemistry for �-Gal (red staining) driven from the mutant Netrin-1 allele and is seen only in the normal floor plate
region of the responding explants.
(J–N, P–T, and V–Z) Netrin-1 mutant floor plate tissue (V–Z, stained in green by �-Gal immunohistochemistry) or COS cells expressing Shh
(P–T), like control COS cells (J–N), are not able to repattern whole E11 rat spinal cord explants (oriented with endogenous floor plate at bottom
in each image). Note that Nkx2-2 expression is induced dorsally by COS cells but not by floor plate.
Explants in (C–G) are representative of at least two explants and those in (I–Z) are representative of at least four explants. Scale bars are 200
�m in (C–G) and 320 �m in (I–Z).
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Figure 6. Shh Induces Turning of Growth Cones of Isolated Xenopus Spinal Cord Neurons

(A–D) A point source of purified recombinant N-Shh elicits growth cone attraction within one hour (A and B), an effect inhibited by cyclopamine
(2.5 �M) (C and D).
(E) Average turning angle elicited by Shh and BDNF in presence and absence of cyclopamine. The numbers in parentheses indicate the
number of neurons assayed. Error bars: standard error of the mean (p value determined using Student’s t test). NS, not significant.
(F) Cumulative distribution of turning angles.

TAG-1� commissural neurons without affecting the ter- Despite these errors, most TAG-1� commissural ax-
ons nonetheless ultimately appeared to reach the mid-rain through which their axons migrate.

We used, as a target for Cre, a conditional Smo allele line and form an apparently normal ventral commissure.
As a control, the other progeny from this cross, i.e.,(Smoc) that acts as a wild-type allele but which, in pres-

ence of Cre, is converted to a null allele (Long et al., Smoc/wt, Smoc/null, and Smoc/wt;Wnt1-Cre animals, which
possess either one or two functional copies of Smo in2001). A constitutively null allele of Smo (Smonull) has

also been described (Zhang et al., 2001). To generate each cell, did not show any defects in commissural axon
guidance (Figures 7I and 7M).embryos with selective inactivation of Smo in commis-

sural neurons, we crossed Smoc/c mice with Smonull/wt;
Wnt1-Cre mice, and studied Smoc/null;Wnt1-Cre progeny

Discussion
which should lack Smo activity in cells in which Cre has
been active (and in their progeny), including in commis-

Floor plate cells stimulate outgrowth of commissural
sural neurons, but be heterozygous for Smo in other

axons from explants of dorsal spinal cord and can attract
cells, including ventral spinal cord cells. As shown in

commissural axons within the explants (Tessier-Lavigne
Figures 7I–7L, immunohistochemical analysis of these

et al., 1988; Placzek et al., 1990). Netrin-1 possesses
embryos revealed abnormal projections of TAG-1� com-

both these in vitro outgrowth-promoting and chemoat-
missural axons that resembled those in Gli2 mutants

tractant activities (Serafini et al., 1994; Kennedy et al.,
lacking a floor plate: mutant commissural axons were

1994), and accounts for all the outgrowth-promoting
highly defasciculated and some projected near the lat-

activity of floor plate cells (Serafini et al., 1996). It does
eral edge of the spinal cord, forming a thick lateral bun-

not, however, account for all their chemoattractant ac-
dle which then invaded the ventral spinal cord with multi-

tivity, since floor plate cells from Netrin-1 knockout mice
ple projections all over the motor columns (compare

can still attract commissural axons (Serafini et al., 1996).
Figures 7J–7L with Figures 1J–1L). Although DCC ex-

Our results now identify Shh as a second chemoattrac-
pression in these embryos is observed at normal levels

tant made by floor plate cells that collaborates with
(data not shown), Netrin-1 chemoattraction was appar-

Netrin-1 in commissural axon attraction in vitro, and
ently not sufficient to fully compensate for the loss of

which appears to be required for normal guidance of
Smo function in vivo. Quantification of the phenotype

these axons to the floor plate in vivo.
revealed a significant increase in the proportion of the
spinal cord area occupied by TAG-1� commissural ax-

Shh Is a Chemoattractant for Commissuralons, a phenotype also observed in Gli2 mutant embryos,
where it was slightly more severe (p � 0.05, Student’s Axons Acting via Smo
t test; Figure 7M). As mentioned above, we cannot be Like floor plate cells and COS cells secreting Netrin-1,
certain that Cre recombination occurred in all commis- COS cells secreting Shh can reorient and attract the
sural neurons; if it did not, then some of the axons would growth of commissural axons within explants of E11 rat
be wild-type, and the phenotype we observed would be spinal cord. The reorienting effect is blocked by cyclo-
an underestimate of the true loss-of-Smo phenotype. pamine, indicating a requirement for Smo in mediating

this effect (Chen et al., 2002; Frank-Kamenetsky et al.,
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Figure 7. Conditional Inactivation of Smo
Provides Evidence for a Cell-Autonomous
Requirement for Shh Signaling in Commis-
sural Axon Guidance In Vivo

(A–H) Wnt1-Cre mice can be used to effi-
ciently target Cre-mediated recombination in
commissural neurons, as assessed by ana-
lyzing sections of the progeny of crosses of
Wnt1-Cre and R26R reporter mice for �-Gal
activity. X-Gal staining of E9.5 (A), E10.5 (B),
and E11.5 (C–D) mouse embryos shows �-Gal
activity in the roof plate (rp), dorsal spinal
cord (dsc), commissural axons (c), ventral
commissure (vc), and neural crest cell deriva-
tives (nc), including the dorsal root ganglia
(drg) and the sympathetic ganglia (sg). Colo-
calization (G–H) of �-Gal (E) and TAG-1 (F)
proteins confirms that these ventrally proj-
ecting axons are commissural axons (yellow
arrowhead) whereas, as expected, V3 interneu-
rons (V3) stained only for TAG-1, and post-
crossing commissural axons stained only for
�-Gal (since TAG-1 is downregulated on com-
missural axons after crossing) (red arrowhead).
(I–L) Embryos with selective inactivation of
Smo in dorsal spinal cord were generated by
crossing Smoc/c mice with Smonull/wt; Wnt1-Cre
mice and analyzed by TAG-1 immunostain-
ing. When compared to control (Smowt/c) em-
bryos (I), commissural axons in Smoc/null;
Wnt1-Cre mutant embryos (J–L) were highly
defasciculated and some projected near the
lateral edge of the spinal cord (green arrow-
heads), forming a thick lateral bundle which
then invaded the ventral spinal cord with mul-
tiple projections all over the motor columns,
similar to what was observed in Gli2 mutants.
(J and K) are two different mutant embryos;
(L) provides a close up view of (J).

(M) Quantification of the ratio of the area occupied by commissural axons to total spinal cord area (see Experimental Procedures). For each
embryo, at least four sections were quantified and averaged. Each bar represents the mean of the averages obtained from different embryos
(numbers analyzed indicated in parentheses). Error bars: standard error of the mean (p values determined using Student’s t test). Scale bars
are 50 �m in (A), 85 �m in (B), 90 �m in (C), 285 �m in (D), 140 �m in (E–G), 50 �m in (H), 120 �m in (I–K), and 60 �m in (L).

2002). Genetic, pharmacological, and biochemical stud- activity of Netrin-1 knockout floor plate is most likely
mediated by Shh.ies have revealed an extreme specificity in the actions

of cyclopamine (Chen et al., 2002; Frank-Kamenetsky While the reorienting effect of Shh could be due to a
direct chemoattractant effect, an alternative explanationet al., 2002; Incardona et al., 1998), which is evident

here in the fact that cyclopamine specifically inhibits is suggested by the fact that Shh is a potent morphogen.
Since in our assays commissural axon turning occursattraction mediated by Shh-secreting COS cells and by

the notochord (an endogenous Shh source), but not by within the spinal cord tissue explant, it seemed possible
that Shh was not acting directly on the axons but ratherNetrin-1-secreting COS cells. Similarly, in the Xenopus

spinal axon turning assay, cyclopamine blocked at- repatterning and altering the expression of guidance
cues by cells within the explant, which then secondarilytraction by Shh but not by BDNF. These results support

two conclusions. First, Shh-mediated chemoattraction guided the axons to the Shh source. Arguing against this
possibility is our finding that, whereas Shh is capable ofappears to require Smo function—a result that was not

necessarily anticipated, since no clear pathway from repatterning newly formed spinal cord tissue in chick
(Stage 10–12 embryos; Ericson et al., 1996) and in ratactivated Smo to the cytoskeleton rearrangements re-

quired for growth cone turning has been described to as well (E10; this study), we have found that the older E11
rat spinal cord explants used to assess chemoattractantdate. Second, the finding that cyclopamine can almost

entirely block the Netrin-1-independent activity of floor activity have apparently lost the competence to be re-
patterned by Shh, as assessed using a battery of mark-plate cells strongly implies that this activity is mediated

by a member of the Hh family, which are the only known ers of dorsoventral patterning. Of course, such experi-
ments can never rule out possible effects of Shh onactivators of Smo. Furthermore, of the three vertebrate

Hh proteins, only Shh is made by floor plate cells (or genes that were not examined, even if this seems un-
likely. To strengthen the conclusion that Shh is a chemo-indeed by any cells in the spinal cord); Desert Hedgehog

(Dhh) and Indian Hedgehog (Ihh) are not expressed in attractant, we therefore performed two other kinds of
experiments.the vicinity of the spinal cord (Zhang et al., 2001). Thus,

in vitro, the cyclopamine-dependent chemoattractant First, we asked whether Shh can attract growth cones
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in a dispersed cell assay, where potential indirect effects proteins on commissural axons are reflected in distinct
axon outgrowth and axon guidance phenotypes attribut-are ruled out. We found that Shh can indeed attract
able to loss of Netrin-1 or Shh function in vivo, whichthe growth cones of isolated Xenopus spinal axons in
we discuss in turn.culture in a cyclopamine-dependent manner. This result

First, the outgrowth-promoting activity of Netrin-1 butproves that Shh, acting via Smo, can function as an
not Shh seen in vitro appears to reflect a role for Netrin-1axonal chemoattractant. It would, of course, be desir-
in allowing invasion of the ventral spinal cord. In theable to examine effects of Shh on isolated rodent com-
Netrin-1 knockout mouse, two defects are observed:missural axons, but it has not proven so far possible to
many commissural axons are misrouted, and many aredevelop a turning assay using those axons. As a second
foreshortened, failing to enter the ventral spinal cordway of confirming that Shh is acting directly on commis-
(Serafini et al., 1996; this study). In contrast, in the Smosural axons, we sought to block Shh signaling selectively
conditional knockouts (interpreted as being defective inin commissural neurons without blocking it in the terrain
Shh-mediated chemoattraction), the axons appear to bethrough which the axons course. We achieved this by
able to invade the ventral spinal cord normally, showingconditional inactivation of a floxed allele of Smo using
primarily a guidance, not a growth defect. Thus, it isthe Cre recombinase expressed under the control of the
tempting to propose that the ventral spinal cord is nor-Wnt1 promoter. When Cre, driven by this promoter, is
mally non-permissive to commissural axon growth inused to delete the floxed Smo allele in the dorsal spinal
the absence of Netrin-1, and that Netrin-1 allows thecord, commissural axon trajectories are defective in the
axons to invade this non-permissive region, just as it canventral spinal cord, where Cre is not expressed. This
allow them to invade the non-permissive environment ofresult strongly implies that the axonal misrouting is not
a collagen gel in vitro. Shh does not, apparently, possessdue to repatterning of the ventral spinal cord and must
this permissive activity, since it cannot stimulate out-instead reflect a guidance defect arising from loss of
growth into collagen in vitro and is not sufficient to allowSmo function in commissural neurons. The most parsi-
normal growth of the axons in the ventral spinal cord inmonious explanation, in light of our finding that Shh
vivo in the absence of Netrin-1.can attract isolated Xenopus spinal axons in a Smo-

Second, the ability of both Shh and Netrin-1 to attractdependent fashion, is that the defects in commissural
commissural axons in vitro appears to reflect a chemoat-axon growth in the ventral spinal cord in the conditional
tractant role for both of these proteins in vivo. In theSmo knockout mouse reflects loss of chemoattraction
presumed absence of Shh chemoattraction (in the Smoof those axons by Shh. The alternative possibility, that
conditional knockout), many commissural axons fail tothe defects are secondary to a defect in commissural
turn appropriately toward the ventral midline as theyneuron specification caused by a lack of Smo, is highly
enter the ventral spinal cord, instead continuing inappro-unlikely given a large body of evidence indicating that
priately along a vertical dorsoventral trajectory. Interest-Shh is not accessible to the dorsal-most cells of the
ingly, most of these misrouted axons appear to correctspinal cord and that specification of these cells, includ-
their errors, turning toward the ventral midline from aing commissural neurons (as assessed by Math1, LH2a/b,
more ventral position. This error correction appears toand Isl-1/2 expression), is normal in the absence of Shh
be due at least in part to attraction by floor plate-derivedsignaling (Briscoe et al., 2001; Wijgerde et al., 2002). We
Netrin-1, since in the Gli2 mutants, which lack floor platealso do not believe that the other two Hh proteins (Dhh
cells and hence both Shh and midline-derived Netrin-1,and Ihh) are contributing to the in vivo guidance medi-
the defects are more severe: a greater proportion ofated by Smo, since they are not expressed in the vicinity
axons head further ventrally than in the Smo conditionalof the spinal cord at these stages. These considerations
knockout, which is reflected in the fact that commissuraltogether imply that the defect in commissural axon guid-
axons occupy a slightly larger area in the spinal cordance observed in the Smo conditional animals most
(Figure 7M). It should be noted that in the Gli2�/� animals,

likely results from impairment of Shh-mediated chemo-
Netrin-1 mRNA expression is still present in the ventricu-

attraction.
lar zone (Figure 1C), apparently providing enough Ne-

Thus, taken together, our results strongly imply that trin-1 to overcome the non-permissive environment of
Shh functions to guide commissural axons both in vitro the ventral spinal cord. Although the comparison of the
and in vivo by acting directly as a chemoattractant on Smo conditional knockout to the Gli2 knockout thus
these axons through a Smo-dependent signaling mech- implies that both Shh and Netrin-1 normally contribute
anism. to attracting the axons to the midline, it is complicated

by the fact that we cannot be certain that Smo function
Roles of Netrin-1 and Shh in Commissural is abrogated in all commissural axons. Determining the
Axon Guidance exact contribution of midline-derived Netrin-1 (indepen-
We have shown that in vitro both Shh and Netrin-1 can dent of Shh) to attraction will thus require examining
attract commissural axons within spinal cord explants. animals in which Netrin-1 expression is selectively de-
However, Shh, unlike Netrin-1, does not stimulate leted at the midline.
growth of commissural axons out of the explants into The most severe phenotype was observed in
collagen gels, an observation consistent with the fact Gli2�/�;Netrin-1�/� double mutants, which lack all Netrin-1,
that Netrin-1 accounts for all of the outgrowth-promot- and also lack other midline-derived activities (including
ing activity of floor plate cells in vitro (Serafini et al., Shh) owing to the absence of floor plate in these animals.
1996) and that Shh does not alter Netrin-1-stimulated Because of the lack of Netrin-1, extension of the axons
outgrowth from such explants (Trousse et al., 2001; this in the ventral spinal cord is profoundly impaired in these

animals, and is more severely affected than in the Netrin-study). We believe that the distinct actions of the two
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Figure 8. Guidance of Commissural Axons to
the Midline by Netrin-1 and Morphogen Gra-
dients

Two sets of morphogens, Shh and BMPs, are
first used to pattern neural progenitors in the
spinal cord, and then appear to be reused as
guidance cues for commissural axons. In the
early neural tube, Shh and BMP protein con-
centration gradients act to specify neural cell
fate in the ventral and dorsal spinal cord, re-
spectively. Later, the axons of differentiated
commissural neurons are repelled from the
dorsal midline by BMPs and attracted to the
ventral midline by the combined chemoat-
tractant effects of Netrin-1 and Shh. Netrin-1
also provides an essential permissive activity,
allowing invasion of the otherwise non-per-
missive ventral spinal cord. rp, roof plate; fp,
floor plate; c, commissural neurons.

1�/� single mutants, with essentially no axons reaching appear to cooperate to guide commissural axons ven-
trally through antagonistic guidance effects: one at-the ventral midline from the dorsal spinal cord—

presumably reflecting the additional effect of loss of Shh tracts and the other repels, but they cooperate rather
than compete because the attractant is at the ventralattraction.

Although our results support a collaborative role for midline, providing a pull, and the repellent is at the dorsal
midline, providing a push (Figure 8).Shh and Netrin-1 in the guidance of commissural axons

to the midline, they do not imply that Shh and Netrin-1 Thus, it appears that the embryo, sensibly, recycles
morphogen gradients for use in spinal axon guidance.are the only two factors involved. First, our in vitro results

show that there is a small amount of residual turning From an evolutionary point of view, the use of Shh and
BMPs for dorsoventral axon guidance appears to be aevoked by Netrin-1 mutant floor plate in the presence

of cyclopamine. This might be due to the fact that the recent addition to Netrins, whose use for that purpose is
more ancient. Indeed, Netrins are involved in attractingmutant Netrin-1 allele is not a complete null mutant (see

Results; Serafini et al., 1996), so that residual Netrin-1 axons to the ventral midline in nematodes, insects, and
vertebrates, although in all of these organisms loss ofprotein in the mutant might account for the residual

turning. Alternatively, it is possible that this small turning Netrin function only partially impairs growth to the mid-
line (Hedgecock et al., 1990; Harris et al., 1996; Mitchellactivity is due to yet another chemoattractant(s) ex-

pressed by floor plate cells. Second, midline attractants et al., 1996; Serafini et al., 1996). However, different
cooperating guidance cues appear to be used in differ-are not necessarily the only factors guiding the axons.

It is conceivable, for instance, that repellents in the ven- ent species. Thus, Hedgehog genes are not present
in the nematode genomes, and ventral guidance in C.trolateral regions of the spinal cord function to push

commissural axons toward the midline. Examination of elegans is instead due to attraction by the Netrin UNC-6
at the ventral midline and repulsion away from the dorsalNetrin-1/Smo conditional double mutants should make

it possible to define how much of the commissural axon midline by a Slit protein (Hao et al., 2001); in Drosophila,
the identity of the cues that collaborate with Netrins inguidance is accounted for by the combined actions of

Netrin-1 and Shh. midline guidance are not known. It appears that during
vertebrate evolution, establishment of Hh-BMP antago-
nistic gradients for dorsoventral patterning of the neuralReusing Morphogens to Guide Spinal Axons

The specification of neuronal cell types along the dorso- tube provided a useful set of molecular gradients that
could be readily coopted for axon guidance, adding toventral axis of the spinal cord is known to be due to

the antagonist effects of two sets of morphogens: Shh, the guidance already provided by Netrins.
derived from floor plate cells at the ventral midline, which
specifies ventral cell types in a dose-dependent fashion, Morphogens as Guidance Molecules

Our finding of a role for Shh in commissural axon guid-and BMP family members, derived from roof plate cells
at the dorsal midline, to specify dorsal cell types (Jessell, ance amplifies observations in other systems that have

suggested other roles for Hh family members in the2000; Lee and Jessell, 1999). Our results imply that Shh
is reused to attract commissural axons to the ventral control of motility and migration (Marti and Bovolenta,

2002). In Drosophila, Hh has been proposed to serve asmidline. Importantly, Dodd and colleagues have pro-
vided evidence that BMPs also function to guide com- an attractive cue to guide germ cell migration through

the embryo to form the primitive gonad (Deshpande etmissural axons, by repelling them away from the dorsal
midline (Augsburger et al., 1999). Thus, together, these al., 2001)—a positive role that parallels the one we have

suggested here in axon guidance. Conversely, negativefindings provide a pleasing result: Shh and BMPs, which
initially cooperate to pattern cell types along the dorso- effects of Hh family members on motility have been

described in two sets of in vitro experiments in verte-ventral axis through antagonistic inductive effects, later
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The TAG-1 (clone 4D7, dilution 1:200), �-Gal (clone 40-1a, dilutionbrates. Addition of Shh to neural tube explants was
1:400), HNF-3� (clone 4C7, dilution 1:20), Nkx2-2 (clone 74.5A5,shown to inhibit neural crest cell migration, apparently
dilution 1:20), Isl-1 (clone 40.2D6, dilution 1:20), HB9 (clone 81.5C10,due to decreased integrin-mediated cell adhesion (Tes-
dilution 1:20), and Pax7 (dilution 1:20) monoclonal antibodies were

taz et al., 2001). Shh was also shown to suppress retinal obtained from the Developmental Studies Hybridoma Bank (Univer-
ganglion axon outgrowth from retinal explants into colla- sity of Iowa). The rabbit polyclonal �-Gal antibody (dilution 1:200)

was from Novus Biologicals.gen gels and to be capable of causing retinal growth
cone collapse when added acutely in culture (Trousse et

Quantification of the Area Occupied by Commissural Axonsal., 2001). Our results, together with these other studies,
To quantify the ratio of the area occupied by commissural axons tosuggest that Hh proteins might function widely in the
the total area of the spinal cord (Figure 7M), areas were measured bycontrol of cell motility and axon guidance and may, like
tracing their edges on TAG-1-stained E11.5 embryo cross-sections

other guidance molecules (Tessier-Lavigne and Good- using NIH Image software. For each embryo, at least four sections
man, 1996), be bifunctional, attracting some axons or were quantified and averaged. Each bar represents the mean of the
cells, and repelling other axons or cells. averages obtained from different embryos.

It will also be interesting to examine how extensively
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Mouse Strains
Netrin-1 mutant (Serafini et al., 1996), Wnt1-Cre (Danielian et al., References
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Chen, J.K., Taipale, J., Cooper, M.K., and Beachy, P.A. (2002). Inhibi-(Tessier-Lavigne et al., 1988; Serafini et al., 1996) and cultured in
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smoothened. Genes Dev. 16, 2743–2748.bovine serum (FBS), 40 mM glucose, 2 mM GlutaMAX I (GIBCO

BRL), 100 �g/ml streptomycin sulfate, and 100 U/ml penicillin G. Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., West-
Where indicated, cyclopamine (10 �M) was added to the culture phal, H., and Beachy, P.A. (1996). Cyclopia and defective axial pat-
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performed as described (Stein and Tessier-Lavigne, 2001) using M., Hemmati-Brivanlou, A., and Holt, C.E. (1997). Turning of retinal
BDNF (Calbiochem; 50 �g/ml) and N-Shh (R&D Systems; 2 �g/ml). growth cones in a Netrin-1 gradient mediated by the Netrin receptor
Cyclopamine (2.5 �M) was added in the medium 30 min before DCC. Neuron 19, 1211–1224.
presenting N-Shh or BDNF.
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Hedgehog signaling in germ cell migration. Cell 106, 759–769.Immunohistochemistry
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performed as described (Kennedy et al., 1994; Serafini et al., 1996). and Hui, C.C. (1998). Diminished sonic hedgehog signaling and lack
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