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Patterning of Cortical Efferent
Projections by
Semaphorin-Neuropilin

Interactions

Franck Polleux, Roman ). Giger, David D. Ginty, Alex L. Kolodkin,
Anirvan Ghosh*

Cortical neurons communicate with various cortical and subcortical targets by
way of stereotyped axon projections through the white matter. Slice overlay
experiments indicate that the initial growth of cortical axons toward the white
matter is regulated by a diffusible chemorepulsive signal localized near the
marginal zone. Semaphorin lil is a major component of this diffusible signal, and
cortical neurons transduce this signal by way of the neuropilin- 1 receptor. These
observations indicate that semaphorin-neuropilin interactions play a critical
role in the initial patterning of projections in the developing cortex.

The directed growth of cortical efferent axons
toward the white matter suggests that they
might be guided by extracellular signals (7). To
detect the presence and distribution of such
signals, we developed a slice overlay assay that
would allow us to assess the effect of local
extracellular signals on axon growth and guid-
ance. In this assay Dil-labeled cortical neurons
were plated onto slices of cortex that provided a
substrate for axon growth (2). When embryonic
day 18 (E18) neurons were plated onto E18 or
postnatal day 3 (P3) cortical slices, over 85% of
the labeled cells had extended axons by 3 hours
after plating that could be clearly scored for
length and orientation (3). This analysis re-
vealed marked differences in the pattem of
axon outgrowth across the cerebral wall.
Whereas labeled cells plated over the interme-
diate zone of E18 slices and over the white
matter of the P3 slices did not show oriented
axon outgrowth, virtually all of the cells plated
over the cortical plate had an axon that was
directed toward the ventricular surface (Fig. 1,
A and B) (). Quantitative analysis of the axons
growing over the cortical plate indicated that
almost 80% were directed toward the ventricu-
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lar surface (ventricle) and less than 10% were
directed toward the pia (Fig. 1C). Thus, an
extracellular signal locally detectable in the
cortical plate is responsible for the directed
outgrowth of cortical axons on cortical slices.

Although the slice overlay experiments re-
vealed that the cortical plate contains a signal
that directs axon outgrowth, they did not reveal
the nature and source of the signal. To deter-
mine if this signal could act at a distance to
influence the cortical axon orientation, we ex-
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amined whether a second slice of cortex placed
next to the white matter could affect the behav-
ior of labeled cells plated over the white matter.
Cells plated over the white matter normally do
not show oriented axon growth (Fig. 2, A, F,
and G). When a second slice of cortex was
placed immediately adjacent to the white mat-
ter, the cells plated over the white matter ex-
tended axons directed away from the second
slice (Fig. 2, A, C, and G). This result was
particularly striking because cells on either side
of the marginal zone of the second slice had
axons directed away from the marginal zone
(Fig. 2, C and D). Therefore, cortical neurons
are repelled by a diffusible signal present at
high concentrations near the marginal zone.
Because semaphorin III (Semalll) and its
orthologs (semaphorin D and collapsin-1)
have been extensively characterized as dif-
fusible chemorepulsive molecules (5), and
because Semalll is expressed in the cortical
plate and marginal zone both at E18 and P3
(6), we examined the role of Semalll in
cortical axon guidance. If Semalll is involved
in orienting axon growth in the cortical plate,
then perturbation of a putative Semalll gra-
dient should lead to disoriented axon growth.
To test this possibility, we incubated cortical
slices with 293T cell-derived recombinant
Semalll (7) to reduce or abolish any Semalll
gradient before plating labeled cortical neu-
rons onto the slices. In control slices (incu-
bated with conditioned media from untrans-
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Fig. 1. A signal in the cortical plate (CP)
directs axons toward the white matter
(WM). (A) Axon orientations of E18
cortical neurons plated over the CP (box
1) or WM (box 2) of P3 cortical slices.
MZ, marginal zone; V-V, cortical layers
V and VI. Bar, 25 pm. (B) Video image
of E18 neurons growing over the CP of
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a P3 slice. The growth cones are direct-
ed toward the WM (arrowhead). Bar, 10
wm. (C) Axon orientation histograms of
E18 neurons plated over P3 slices. The
horizontal line in this and other histo-
grams indicates expected distribution
for random orientation. Statistically sig-
nificant differences (P < 0.001) are in-
dicated by an asterisk (3).
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fected 293T cells) axon growth in the cortical
plate was clearly directed toward the ventric-
ular surface (Fig. 3, Al and B). In contrast,
preincubation of slices with recombinant Se-
malll led to disoriented axon growth (Fig. 3,
A2 and B), suggesting that cortical axons
normally respond to a gradient of endogenous
Semalll or a related molecule.

To determine if Semalll could orient corti-
cal axons, we placed aggregates of 293T cells
expressing recombinant Semalll next to the
white matter of a cortical slice for 2 to 3 hours
before E18 cells were plated onto the slices (8).
In control experiments cortical axons growing
near the 293T cell aggregates showed no pre-
ferred orientation (Fig. 3, C1 and D). In con-
trast, cortical axons growing near aggregates of
Semalll-expressing 293T cells grew away from
the Semalll source (Fig. 3, C2 and D). Thus,
Semalll can act as a diffusible chemorepellant
for cortical axons.

To test directly whether endogenous Se-
malll was involved in directing cortical ax-
ons, we plated cortical neurons on slices ob-
tained from wild-type mice or mice carrying
a targeted disruption of the semaphorin III

270°
C w
G
*
80 1
%
i
Ea m -
. §
BoxC Box F

Fig. 2. Cortical axons are repelled by a diffusible
signal present near the MZ. (A) Configuration
of P3 slice coculture to determine the nature of
the cortical axon guidance signal. (B to F) Axon
orientations of E18 neurons plated at various
locations indicated in (A). Bar, 40 pm. (G) Axon
orientation histograms for indicated locations.
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gene (semalll ) (9). When E18 cortical cells
were plated on slices derived from E20 wild-
type mice (10), about 60% had axons orient-
ed toward the ventricle and only about 10%
had axons that were directed toward the pia
(ratio of 6:1) (Fig. 4, A and B). In contrast,
when cortical cells were plated on slices de-
rived from semalll null mice, only about 40%
had axons that were directed toward the ven-
tricle and about 20% had axons directed to-
ward the pia (ratio of 2:1) (Fig. 4, A and B).

A

This reduction in the extent of oriented cor-
tical axon outgrowth indicates that endoge-
nous Semalll contributes to the directed
growth of cortical axons.

To determine if Semalll was required for
the development of cortical axons in vivo, we
labeled cortical projection neurons by placing
DiA into the white matter of cortical slices
obtained from E20 wild-type and semalll null
mice (/0). After such injections, projection neu-
rons in both the superficial and deep cortical
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Fig. 3. Cortical neurons are responsive to Semalll. (A) Axon orientations of E18 neurons plated over
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the CP of P3 slices after control (box 1) or Semalll (box 2) preincubation of the slice. (B) Axon
orientation histograms for experiment shown in (A). (C) Axon orientations of E18 neurons plated
over the WM of P3 slices placed next to control (box 1) or Semalll-expressing (box 2) 293T cells.
(D) Axon orientation histograms for experiment shown in (C). Bar, 40 pwm.
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Fig. 4. Endogenous Semalll contributes to cortical axon guidance. (A) Axon orientations of E18 rat
cortical neurons plated over the CP of slices obtained from E20 wild-type (+/+) and semalil null
(—/—) mice. Each point represents the percentage of axons that are oriented toward the ventricle
(V) or the pia (P) in a given slice, and slices obtained from the same animal are indicated by the

same color or symbol. Data points are spread in the x axis to allow visualization of individual points.

(B) Axon orientation histograms for experiment shown in (A). (C and D) Examples of cortical

neuron morphologies in layers V-VI of (+/+) or (—/—) mice labeled by white matter DiA

injections. The pia is to the top; axons are indicated in red. (E and F) Summary of the initial axon
trajectory of cortical projection neurons in E20 (+/+) or (—/—) mice. Bar, 100 wm.
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layers become retrogradely labeled via their
efferent axons. Whereas retrogradely labeled
neurons in wild-type mice had typical pyrami-
dal morphologies and an axon directed toward
the white matter, about 50% of the neurons in
semalll null mice had abnormal morphologies
(Fig. 4, C and D). Many of the labeled neurons
in semalll null mice had aberrantly oriented
apical dendrites and axons (Fig. 4, C to F).
Thus, Semalll is required for proper morpho-
logical development of cortical neurons and is
specifically required for proper orientation of
cortical axons in vivo.

It has recently been shown that neuropi-
lin-1 (/1) is a component of the Semalll
receptor (12, 13). Immunohistochemical lo-
calization studies indicated that the neuropi-
lin-1 protein was present in the developing
cortical plate and the intermediate zone (IZ)—
subventricular zone (SVZ) border where the
subcortically projecting axons travel (Fig.
5A) (I, 1I). Binding of an alkaline phos-
phatase-Semalll (AP-Semalll) fusion protein
to slices of cortex was also restricted to these
zones (Fig. 5B) (/4). Consistent with this
pattern of labeling, neuropilin-1 immunoflu-
orescence was associated with the axon shaft
and growth cones of dissociated cortical neu-
rons (4). To determine whether neuropilin-1
mediates the directed growth of cortical ax-
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Fig. 5. Neuropilin-1 is expressed in the developing
cortex and is required for oriented axon out-
growth. (A and B) Immunocytochemistry for neu-
ropilin-1 (A) and AP-Sema-Ii} binding activity (B)
in E18 rat cortex (74). Bar, 100 wm. (C to E) Axon
orientations of E18 neurons incubated with non-
immune serum (C), anti-neuropilin-1 serum (D),
or anti—neuropilin-1 preadsorbed with recombi-
nant neuropilin-1 (E), plated over the CP of P3
slices. (F) Axon orientation histograms for exper-
iment shown in (C) to (E).
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ons toward the white matter, we preincubated
dissociated cortical neurons with antibodies
to neuropilin-1 (anti—neuropilin-1) or control
antibodies before plating them over cortical
slices (15). When cortical neurons were prein-
cubated with a nonimmune serum, the cells
showed clearly oriented axon outgrowth in the
cortical plate (Fig. 5, C and F). In contrast,
preincubation with anti-neuropilin-1 complete-
ly disrupted directed growth of cortical axons
toward the white matter without affecting axon
length (16) (Fig. 5, D and F). Anti—neuropilin-1
preadsorbed with recombinant neuropilin-1 was
no longer effective in disorienting the directed
growth of axons within the cortical plate (Fig.
5, E and F), indicating that the effect of anti—
neuropilin-1 on directed axon outgrowth was
due to its ability to bind and inhibit neuropilin-1
function.

These experiments provide significant in-
sight into the mechanisms that direct growth
of nascent cortical axons toward the white
matter. The slice overlay experiments indi-
cate that although the entire thickness of the
developing cerebral wall is growth permis-
sive, local cues present in the cortical plate
direct cortical axons toward the white matter.
The slice coculture experiments indicate that
the extracellular ligand that directs this
growth is a chemorepellant that is present at
high levels near the marginal zone. The re-
combinant Semalll experiments indicate that
Semalll can act as a repulsive guidance cue
for cortical axons, and experiments with se-
malll null mice indicate that endogenous Se-
malll contributes to the guidance of cortical
axons in vivo. Finally, the neuropilin-1
blocking experiments indicate that the direct-
ed growth of cortical axons toward the white
matter is mediated by neuropilin-1.

Although morphological abnormalities
are present in cortical neurons in semalll null
mice, at least some cortical axons are able to
navigate their way to subcortical targets (/7).
Therefore, signals in addition to Semalll
might also contribute to the guidance of cor-
tical axons. The most likely candidates for
such alternate signals would be other mem-
bers of the semaphorin family, such as Sema
IV and Sem E, which are also expressed in
the developing cortex (6).

A role for target-derived signals in the
specification of cortical connections has been
previously suggested (/&). Target-derived
signals, however, are unlikely to be involved
in the initial patterning of cortical efferent
projections because the target structures, such
as the tectum and thalamus, are located well
beyond distances over which diffusible sig-
nals are thought to act, and at the time of
initial axon outgrowth the target structures
have not yet differentiated. Our observations
reveal that the initial patterning of cortical
projections is regulated by locally produced
semaphorins, and suggest that semaphorin—

neuropilin-1 interactions may be widely in-
volved in defining the initial trajectory of
axon projections in the developing brain.
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