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Abstract

The neural scar that forms after injury to the mammalian central nervous system is a barrier to sprouting and regenerating axons. In
addition to reactive astrocytes that are present throughout the lesion site, leptomeningeal fibroblasts invade the lesion core. When isolated
in vitro, these cells form a very poor substrate for growing neurites, even more so than reactive astrocytes. Nevertheless the molecular
mechanisms involved in this growth inhibition are not well understood. Semaphorins have been reported to be upregulated in meningeal
cells (MCs) on mechanical injury to the brain and spinal cord. In the present study, we show that Sema3A mRNA and active protein are
produced by cultured meningeal cells. A protein extract from these cells induces the collapse of embryonic dorsal root ganglion (DRG)
growth cones. This collapsing activity is partially blocked by neuropilin-1 antibodies and is absent in meningeal cells derived from
Sema3A-knockout mice. In addition to growth cone collapse, recombinant Sema3A but not Sema3C inhibits neurite outgrowth of embryonic
DRGs. Consistent with this result we find that the inhibitory effect of meningeal cells on neurite outgrowth is partially overcome on
Sema3A-deficient MCs. Furthermore we show that the inhibitory effect of MC-derived Sema3A on neurite outgrowth is modulated by nerve
growth factor. Our results show that Sema3A, a chemorepellent during nervous system development, is a major neurite growth-inhibitory
molecule in meningeal fibroblasts and is therefore likely to contribute to the inhibitory properties of the neural scar.
© 2003 Elsevier Inc. All rights reserved.

Introduction

Regenerating neurons are unable to cross the glial/fi-
brotic scar that forms after penetrating injuries to the adult
mammalian central nervous system (CNS), yet the molec-
ular and cellular culprits responsible for this potent inhibi-
tion of axon growth are largely unknown. Although potent
inhibitory proteins such as NogoA, myelin-associated gly-
coprotein (MAG), and oligodendrocyte-myelin glycopro-
tein (OMgp) are released from injured myelin (Spencer et
al., 2003), these are largely excluded from the scar proper
(Wang et al., 2002) and therefore unlikely to contribute
significantly to the barrier imposed by the scar.

The scar is made up primarily of reactive astrocytes
characterized by enhanced glial fibrillary acidic protein
(GFAP) expression and a variable number of other cell

types including microglia/macrophages, oligodendrocyte
precursors, and leptomeningeal fibroblasts. The latter mi-
grate in from injured meninges and disrupted blood vessels
to form the fibrotic scar (Ross, 1968; Berry et al., 1983;
Carbonell and Boya, 1988). At the interface between glial
and meningeal cells, an extensive basal lamina is deposited
and astrocytes undergo morphological changes leading to
the formation of a new glia limitans (Shearer and Fawcett,
2001). This process, which seals off the CNS tissue from the
non-CNS environment, is thought to require the presence of
leptomeningeal cells (Abnet et al., 1991; Sievers et al., 1994).

In vitro astrocytes are normally considered to be a per-
missive substrate for neurite growth similar to Schwann cell
cultures (Noble et al., 1984) and astrocyte conditioned me-
dium is often used for the maintainance of cultured neurons.
Although their role in regeneration is debated, astrocytes
also display growth-inhibitory properties depending on cul-
ture type, time in culture, and source and age of the astro-
cyte (reviewed in Reier et al., 1989; Fawcett and Asher,
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1999). Based on a large number of studies it appears that the
main class of inhibitory molecules produced by astrocytes
are chondroitin sulfate proteoglycans (CSPGs). These mol-
ecules are upregulated around CNS injuries and many of
them have been shown to inhibit axon growth in vitro
(reviewed in Asher et al., 2001). In vivo the treatment of the
lesion site with chondroitinase ABC, which removes the
glycosaminoglycan chain from CSPGs, allows some axon
regeneration through the glial scar in brain and spinal cord
injuries (Moon et al., 2001; Bradbury et al., 2002).

Meningeal cells (MCs) are clearly an unfavorable sub-
strate for neurons in vitro (Noble et al., 1984; Hirsch and
Bahr, 1999), but surprisingly little is known about the in-
hibitory molecules involved. The inhibition of neurite
growth appears to result from cell surface interactions be-
tween neuronal and meningeal cells, as the effect was not
apparent when neurons were cultured in conditioned me-
dium of MCs (Noble et al., 1984). When neurons are seeded
on a mixed substrate of astrocytes and MCs, neurite out-
growth decreases dramatically with increased numbers of
fibroblasts, an effect that was attributed to the reduced
availability of the permissive substrate (Rudge and Silver,
1990). MCs were also shown to negatively affect the
growth-promoting characteristics of cultured astrocytes
(Ness and David, 1997). In this case, the effect appears to be
due to a soluble factor, as the changes in astrocyte morphol-
ogy and growth promotion were also observed with MC-
conditioned medium. MCs express keratan sulfates, versi-
can, NG2, and possibly other proteoglycans but their
contribution to the nonpermissiveness of MCs is poorly
understood (Hirsch and Bahr, 1999; Asher et al., 2002;
Morgenstern et al., 2002).

We have previously reported that MCs at the lesion site
express the potent chemorepellent semaphorin 3A (Sema3A)
in several models of brain and spinal cord injury (Pasterkamp
et al., 1998, 1999). Other members of the class 3 semaphorins
including Sema3B, Sema3C, Sema3F, and Sema3E transcripts
are also upregulated in MCs in the neural scar (De Winter et
al., 2002b). Neuropilins and plexinA proteins, which form a
receptor complex for secreted semaphorins, are expressed in
injured and noninjured neurons in the adult brain (Murakami et
al., 2001; Reza et al., 1999; Gavazzi et al., 2000; De Winter et
al., 2002b). Of note is that in neonatal rats, where axon regen-
eration takes place, infiltration of meningeal fibroblasts into the
scar does not occur (Berry et al., 1983) and Sema3A expres-
sion is detected only in the intact meninges (Pasterkamp et al.,
1999). Thus Sema3A and other class 3 semaphorins are prom-
inent candidates to mediate growth inhibition by MCs in the
glial/fibrotic scar.

To investigate this possibility, we used cultured MCs and
showed that a protein extract from MC membranes induces
the collapse of dorsal root ganglion (DRG) growth cones.
This collapsing activity is inhibited by neuropilin-1 (NP1)
antibodies and is absent in MCs from Sema3A-knockout
mice. We further show that MCs are an inhibitory substrate
for growing axons and that their inhibitory effect is partially

overcome on Sema3A-deficient MCs. Finally we show that
the inhibitory effect of MC-derived Sema3A on neurite
outgrowth is modulated by nerve growth factor (NGF).

Results

Characterization of cultured meningeal cells

Immunocytochemical markers expressed by cultured
meningeal cells

MCs prepared from the leptomeninges of neonatal rat
pups were used experimentally between passages 2 and 5.
The cells were characterized by immunocytochemical stain-
ing for several marker proteins. As expected meningeal
fibroblasts strongly express the extracellular matrix (ECM)
molecule fibronectin and the cytoskeletal protein vimentin
(Fig. 1A). They also stain positive with the CS-56 antibody
recognizing chondroitin sulfates, although the staining in-
tensity was variable from one cell to the other. In agreement
with earlier studies (Avnur and Geiger, 1984), the CS-56
staining pattern was patchy, possibly representing agglom-
erates of CSPGs and other proteins (Fig. 1A). A novel
marker for meningeal fibroblasts is the enzyme retinalde-
hyde dehydrogenase type 2 (Raldh2), an enzyme involved
in the synthesis of retinoic acid (Zhao et al., 1996). This
enzyme is widely expressed in the developing brain and
spinal cord (Berggren et al., 1999), but is limited to the
leptomeningeal sheet in the adult brain (J. Fawcett, personal
communication). As shown in Fig. 1A, cultured MCs are
also immunopositive for Raldh2. No staining for glial fibril-
lary acidic protein (GFAP) was detected in these cells (not
shown). These data indicate that the MCs in culture are a pure
cell population and express a very similar profile of marker
proteins as described in vivo in the normal brain and the
injured brain (Hirsch and Bahr, 1999; Pasterkamp et al., 1999).

Semaphorin expression in cultured meningeal cells
The lack of appropriate antibodies to Sema3A precludes

a direct detection of the protein. We therefore investigated
Sema3A expression in cultured MCs using in situ hybrid-
ization and reverse transcription (RT)-PCR. The Sema3A
riboprobe gives a relatively weak signal with in situ hybrid-
ization, while a strong signal is obtained with the Sema3C
probe (Fig. 1B). No in situ hybridization signal is seen with
control sense probes (not shown). A Sema3A transcript is
readily detected in MCs by RT-PCR (Fig. 1C). Again as
seen with in situ hybridization, Sema3C expression is sub-
stantially higher compared with Sema3A (Fig. 1C). This is
consistent with the in vivo observations after CNS injury,
where MC-derived Sema3C expression is stronger than
Sema3A expression (De Winter et al., 2002b). Expression
of Sema3B, 3E, and 3F was detected at a very low level in
cultured MCs using real-time quantitative PCR (not shown).
Taken together, the data indicate that cultured MCs express
a similar repertoire of semaphorins as they do in vivo and
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thus provide an adequate model to study the contribution of
semaphorins to the inhibitory properties of these cells.

Meningeal cells produce functional Sema3A protein

Although Sema3A is a secreted protein, we did not detect
significant collapsing activity in MC-conditioned medium on
E15 rat DRGs. Since collapsin-1 (chicken Sema3A) was orig-
inally purified from brain membranes (Luo et al., 1993), we
turned to a protein extract prepared from MC membranes and
tested it for Sema3A collapsing activity. As shown in Fig. 2A,
extracts from cultured rat MCs cause growth cone collapse in
DRG neurons in a dose-dependent manner. Protein extracts
from adult MCs contained a similar collapsing activity (not
shown); however, since these cells are more difficult to grow,
the remaining experiments were carried out with MCs from
newborn pups. To investigate whether the collapsing activity
was due to Sema3A, we applied blocking antibodies against
the Sema3A receptor component neuropilin-1 (NP1) concom-
itant with the protein extract. The collapsing activity is partially
blocked on addition of anti-NP1 antibodies (Fig. 2B), indicat-
ing that at least part of the collapsing activity requires a func-
tional NP1 receptor. The blocking effect of NP1 antibodies is
dose-dependent (Fig. 2B); however, due to limited amounts of
NP1 antibody available, 200 �g per well (400 �g/ml) was the
highest dose tested, and did not result in full inhibition of
growth cone collapse. Although the trend of the dose–response
curve suggests that the blockade may be complete with a high
enough antibody concentration or with earlier administration
of the antibody, we cannot exclude that additional chemore-
pellents independent of NP1 receptor contribute to the collaps-
ing activity detected in MCs.

To analyze this question further, we turned to MC cul-
tures prepared from Sema3A-deficient MCs, derived from
neonatal mouse pups, that were homozygous for a targeted
mutation in the Sema3A gene (Taniguchi et al., 1997). MC
extracts from wild-type littermates had a collapsing activity
similar to that of extracts from rat MCs (compare Figs. 2A
and C), while no collapsing activity could be detected in
MC extracts prepared from Sema3A-knockout (KO) pups
(Fig. 2C). Interestingly, the collapsing effect was com-
pletely abolished even after administering a high protein
concentration, indicating that Sema3A is the sole responsi-
ble MC-derived collapsing agent measured in this assay.
Sema3E has also been reported to collapse embryonic
DRGs (Miyazaki et al., 1999a; Miyazaki et al., 1999b);
however, our results suggest that its expression in MCs is
not sufficient to contribute to the collapsing activity de-
tected in these cells. It is noteworthy in this context that E15
DRGs are not responsive to Sema3C (Koppel et al., 1997;
Chen et al., 1998) (see Fig. 4 below), presumably because at
this stage of development they do not express detectable
amounts of NP2 receptor (Chen et al., 1997; Kolodkin et al.,
1997). Taken together, our results demonstrate that wild-
type MCs produce functional Sema3A protein that is able to
negatively affect growth cone behavior.

Fig. 1. Sema3A and Sema3C are expressed in cultured meningeal
cells. (A) Meningeal cells (MCs) from neonatal rats are immuno-
positive for fibronectin (FN), vimentin (VN), chondroitin sulfates
(CS-56), and retinaldehyde dehydrogenase type 2 (Raldh2). The stain-
ing is visualized with a Cy3-labeled secondary antibody. (B) In
situ hybridization with digoxigenin-labeled riboprobes shows express-
ion of Sema3A and Sema3C mRNA in cultured rat MCs. (C) RT-
PCR on MC cultures reveals a transcript at the appropriate size
for Sema3A and Sema3C. For comparison, the expression of these
transcripts is shown in P9 brain (Br). �-Actin primers were used to
control for a similar amount of starting material in MC and brain
samples. RT-PCR was carried out with (�) or without (�) reverse
transcriptase.
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Comparison of neurite growth on a laminin, a meningeal
cell, and an astrocyte substrate

It has long been established that MCs are an unfavor-
able substrate for growing neurites in culture, while as-
trocytes are permissive for such growth (Noble et al.,
1984; Rudge and Silver, 1990). Yet the reason for this
nonpermissive nature of MCs is poorly understood. Here
we address the question of (i) how inhibitory an MC
substrate is compared with more permissive substrates
and (ii) whether Sema3A is involved in this neurite
growth inhibition. To this end DRG explants were grown
for 24 h on either laminin-coated glass coverslips or a
monolayer of rat MCs or astrocytes.

Inhibition of neurite outgrowth on a meningeal cell
substrate

As expected, neurite outgrowth was drastically re-
duced on a MC substrate compared with either laminin or
astrocytes (Fig. 3A). Typically neurites on laminin grew
out regularly, forming a thin homogenous sheet of indi-
vidual neurites. Conversely, outgrowth on MCs was very

sparse and much more variable, with neurites extending
from the explant in an irregular pattern and often in thick
fascicles. Fasciculation is often thought to be the result of
a nonpermissive environment where neurites prefer to
grow on each other rather than on the substrate (Kapf-
hammer et al., 1986). Moreover the number of neurites
that grew out on MCs and the average neurite length were
dramatically reduced. Interestingly, the morphology of
neurites on an astrocyte monolayer was also significantly
different from that of either laminin or MCs. Although
the density of neurites was high on astrocytes, they were
also much fasciculated and the longest neurites never
reached the length obtained on laminin. For quantifica-
tion of neurite growth the surface area outside the gan-
glion that was covered with neurites was determined.
This showed that neurite growth on a MC substrate was
32.9% of the growth obtained on laminin (P � 0.001) and
about half the growth observed on an astrocyte mono-
layer (P � 0.05) (Fig. 3B). Although the growth pattern
on astrocytes compared with laminin was qualitatively
different and measured to be 62.3% of control, this dif-
ference was statistically not significant (0.05 � P � 0.1).

Fig. 2. Meningeal cell-derived Sema3A induces DRG growth cone collapse. Rat E15 DRGs were incubated with protein extract from meningeal cell (MC)
membranes of rat (A, B) or mouse (C) origin. (A) Rat MC extract (rMC ext.) induces growth cone collapse of DRG neurons in a dose-dependent manner.
No collapse is observed with equal amounts of extraction buffer (ext. buffer). The indicated volume is added to 500 �l culture medium, with 50 �l extract
corresponding to approximately 250 �g total protein. (B) Neuropilin-1 antibodies (anti-NP1) were added simultaneously with the MC extract at the indicated
amount. All volumes are per 500 �l culture medium. The collapsing activity of the MC extract is inhibited with increasing amounts of NP1 antibodies. (C)
Collapsing activity is absent in MC extract derived from Sema3A-knockout mice (ko MC), while MC extract from wild-type mice shows a dose–response
curve similar to that of rMC extract (compare C with A). Thus Sema3A is the responsible growth cone collapsing agent in MC extracts.
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Enhanced neurite growth on meningeal cells from
Sema3A-knockout mice

Sema3A inhibits neurite outgrowth
To determine whether Sema3A added to the medium of

cultured DRGs could affect their outgrowth pattern, DRG
explants were grown on a laminin substrate in the presence
of Sema3A-containing conditioned medium (Sema3A-CM).
Conditioned medium of GFP-transfected cells (GFP-CM)
was used as a control. As seen in Fig. 4A, Sema3A-CM
reduces neurite outgrowth from DRG neurons to about 40%
of control. Although Sema3C does not induce growth cone
collapse in E15 DRGs (Koppel et al., 1997; and data not
shown), it was not clear whether it could affect neurite
outgrowth of these cells. Since we found that MCs express
high levels of Sema3C (Fig. 1B), we tested its effect on
neurite outgrowth by adding Sema3C-CM to cultured
DRGs. As expected from the result on growth cone col-
lapse, Sema3C did not reduce neurite outgrowth of E15
DRG neurons; if anything it tended to increase growth
(134% of control, 0.05 � P � 0.1). These data show that
Sema3A, besides being a chemorepellent that deviates axon
growth, is a bonafide inhibitor of axon outgrowth of E15

DRG neurons and this outgrowth is not inhibited by
Sema3C.

Neurite outgrowth is enhanced on Sema3A-deficient MCs
The data presented so far show that MCs poorly support

neurite growth and suggest that Sema3A contributes to their
inhibitory properties. To further address this, we performed
the neurite outgrowth assay on Sema3A-deficient MCs. As
seen in Fig. 4B, outgrowth on wild-type mouse MCs was
strongly inhibited; the outgrowth measured was even less
than that obtained on rat MCs (13% on mouse MCs and
33% on rat MCs as compared with laminin) (compare Figs.
3B and 4C). Instead, neurite outgrowth improved signifi-
cantly (21%) when DRGs were seeded on Sema3A-defi-
cient MCs (Fig. 4C). The increase was measured to be
160% under regular assay conditions (1.6-fold increase; P
� 0.05), demonstrating that Sema3A is a growth-inhibitory
molecule produced by MCs.

The response to MC-derived Sema3A is modulated by
NGF

A recent study reported that NGF treatment increases
resistance of sensory growth cones to Sema3A-induced col-

Fig. 3. Neurite growth inhibition on a meningeal cell substrate. (A) E15 DRGs were grown for 24 h on a laminin substrate (LN) or on a monolayer of rat
meningeal cells (MC) or rat astrocytes (Ast). Neurofilament staining (2H3 antibody) was used to visualize neurites. (B) Quantification of neurite outgrowth
on different substrates as shown in (A). Outgrowth on LN is set at 100% and the experimental conditions are expressed as a percentage thereof (y axis: %
of laminin). Outgrowth on MCs was 32.9% of LN control (P � 0.001), while outgrowth on astrocytes was 62.3% of LN control (with 0.05 � P � 0.1).
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lapse (Dontchev and Letourneau, 2002). Since in our assays
neurons were routinely cultured in 20 ng/ml NGF (corre-
sponding to 10�9 M NGF in their study), we wondered

whether changing the NGF concentration would also mod-
ulate the effect of MC-derived Sema3A on neurite out-
growth. When the assay was performed under 100-fold
lower NGF concentration (0.2 ng/ml), outgrowth on laminin
was reduced to about 60% of that seen under high NGF (not
shown). Growth on wild-type mouse MCs was almost com-
pletely abolished in the low NGF condition (4.1% of lami-
nin control; Fig. 4C). Interestingly, on Sema3A-deficient
MCs, neurite growth increased to 15.6% of laminin control,
meaning an increase of 380% compared with growth on
wild-type MCs (3.8-fold increase, P � 0.001). Thus the
effect of Sema3A on neurite growth is more potent in a low
NGF concentration, which can be seen by the increased
release of the blockade on neurite growth in the absence of
Sema3A. This result supports the notion that Sema3A ac-
tivity is regulated by neurotrophin signaling and shows that
this regulation occurs not only in short term responses, i.e.,
collapse response, but also in a long-term process such as
neurite outgrowth.

Discussion

Class 3 (secreted) semaphorins were found to be upregu-
lated in meningeal fibroblasts in a neural scar formed after
mechanical injury to brain and spinal cord (Pasterkamp et
al., 1999; De Winter et al., 2002b). Semaphorins and, in
particular, Sema3A are potent chemorepellents for growing
axons during nervous system development (Kolodkin,
1998; Raper, 2000); they are therefore likely candidates to
mediate neurite growth inhibition in the neural scar. In the
present study, we show that Sema3A mRNA and active
protein are produced by cultured MCs. Sema3A derived
from MCs induces growth cone collapse in DRG neurons.
We further show that Sema3A contributes to the inhibitory
properties of MCs, since neurite outgrowth is increased on
MCs that lack Sema3A expression. Furthermore, we find
that the inhibitory effect of MC-associated Sema3A on axon
growth is modulated by NGF.

Meningeal cells express functional Sema3A

Protein extracts from MCs contain a collapsing activity
on DRG growth cones that is blocked by NP1 antibodies
and is absent in Sema3A-deficient MCs. This demonstrates
for the first time that Sema3A protein is present in MCs in
sufficient amounts to functionally affect growth cone be-
havior. Interestingly, since no residual collapsing activity
could be measured in Sema3A-KO MCs using E15 DRGs
as an assay system, our results indicate that this activity can
be attributed solely to Sema3A. This indicates that Sema3A
is a major MC-derived chemorepellent for sensory growth
cones. Neverheless we cannot formally rule out that the
improved outgrowth observed on Sema3A-deficient MCs is
an indirect consequence of the loss of Sema3A expression.
In such a scenario, Sema3A deficiency would induce

Fig. 4. MC-derived Sema3A inhibits neurite outgrowth, an effect that is
modulated by NGF. (A) E15 DRGs were grown on laminin-coated cover-
slips in the presence of conditioned medium of 293T cells transfected with
GFP (GFP-CM), Sema3A (Se3A-CM), or Sema3C (Se3C-CM). Outgrowth
in GFP-CM was set to 100% (y axis). In the presence of Sema3A, out-
growth was reduced to 46.5% of control GFP-CM (P � 0.05), while in the
presence of Sema3C outgrowth was not significantly different from control
(134% with 0.05 � P � 0.1). (B) E15 DRGs were grown for 24 h on a
monolayer of MCs derived from wild-type (wt MC) or Sema3A-knockout
mice (ko MC). Growth was in the presence of 20 ng/ml NGF. Neurofila-
ment staining (2H3 antibody) was used to visualize neurites. (C) Quanti-
fication of neurite outgrowth on wt MC and Sema3A ko MC in the
presence of either 20 or 0.2 ng/ml NGF. Outgrowth is expressed as a
percentage of growth on LN control in 20 ng/ml NGF (set at 100%).
Outgrowth on LN in 0.2 ng/ml NGF was about 60% of LN control (not
shown). Note that in 20 ng/ml NGF a 1.6-fold increase in outgrowth is
observed on Sema3A-ko MC (P � 0.05), while this increase amounts to
3.8-fold in 0.2 ng/ml NGF (P � 0.001).
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changes in the gene expression profile of MCs including,
e.g., the downregulation of other repellent guidance factors.

Taking into account that our assay only reveals the ac-
tivity of proteins that have their receptors expressed on
DRG neurons, other semaphorins like Sema3C and addi-
tional chemorepellents expressed in MCs may exert their
inhibitory effect on different neuronal populations. In an
accompanying study by Shearer et al. (submitted), it was
found that an antibody to NP2 facilitates axon crossing of an
astrocyte/meningeal cell border, suggesting that an NP2-
dependent semaphorin such as Sema3C or Sema3F contrib-
utes to the repulsive nature of MCs. In their study DRGs
from neonatal rats were used, which, in contrast to E15
DRGs (Chen et al., 1997; Kolodkin et al., 1997), do express
the NP2 receptor (F. De Winter and J. Verhaagen, personal
communication). Thus the sensitivity of neurons to different
semaphorins is determined by the receptor repertoire ex-
pressed on their growth cone. Since neuropilin and plexin
expression is still present in intact and injured neurons in the
adult (Giger et al., 1998; Reza et al., 1999; De Winter et al.,
2002b; Gavazzi et al., 2000) and adult sensory neurons have
been shown to remain sensitive to Sema3A (Tanelian et al.,
1997; Owesson et al., 2000), it is reasonable to assume that
injured neurons are repelled by MC-derived semaphorins in
the neural scar. The response to neural trauma has been
reported to be different in mice and rats, the most prevalent
differences being the absence of cyst formation and the
presence of a dense connective tissue matrix at the lesion
site in mice (Steward et al., 1999). Despite these anatomical
differences, our data indicate that the cellular and molecular
components of neurite growth inhibition addressed in this
article do not differ considerably between mice and rat. The
bioassays performed with meningeal cells from either rat or
mice revealed a similar growth cone collapsing activity
(Fig. 2A and 2C) and a similar inhibition of neurite out-
growth (Figs. 3 and 4) from these cells independent of the
species used.

Sema3A inhibits neurite outgrowth

It is often suggested that chemorepellents are functional
only when they are sensed in a gradient but not when
presented at a constant concentration or over a longer period
(Bagnard et al., 2000; Loschinger et al., 2000). Since axon
extension is a long-term phenomenon, it could be specu-
lated that the continued presence of a chemorepellent leads
to adaptation of the growth cone and therefore does not
affect growth per se. Our findings that neurite outgrowth is
enhanced on a Sema3A-deficient MC substrate and is in-
hibited on addition of exogenous Sema3A provide evidence
that a chemorepellent, rather than merely deviating growing
axons, can indeed act as an inhibitor of axon growth. This
observation may also better describe the function of che-
morepellents in the adult CNS where semaphorins and their
receptors are still widely expressed (see references above)
and where they are thought to be involved in limiting

sprouting and plasticity and in inhibiting axon regeneration,
in the intact and injured brain, respectively (Holtmaat et al.,
2002; De Winter et al., 2002a; Holtmaat et al., 2003).

Sema3A is associated with the MC cell surface

In this study Sema3A collapsing activity was present in
a crude preparation of membrane proteins while we did not
detect significant collapsing activity in MC-conditioned me-
dium. This might be explained by low expression levels
compared with a cell line manipulated to express recombi-
nant Sema3A protein. Nevertheless our neurite outgrowth
assay shows that the endogenous expression level of
Sema3A in MCs is high enough to exert a potent inhibitory
effect on primary neurons. In the latter condition, the axons
are in direct contact with the cell membrane and ECM,
where, if retained locally, even a low expression level may
lead to a high protein concentration. Therefore our data
suggest that, although secreted, the vast majority of
Sema3A stays associated with the cell surface and/or ECM
components. Further support of this contention comes from
the work of Shearer et al. (submitted) who show an effect of
semaphorins on axon crossing that is limited to a sharp
boundary between MCs and astrocytes. This implies that
after injury Sema3A will probably not disperse throughout
the scar or the surrounding intact tissue, but rather form a
barrier to regenerating axons at its site of production. The
observed abrupt stopping behavior of sprouting axons abut-
ting the lesion core is consistent with this notion (Davies et
al., 1999). Moreover, considerable axonal regeneration is
obtained after chemical disruption of the collagenous basal
lamina in the neural scar, suggesting that together with the
collagen network associated inhibitory proteins are elimi-
nated by this treatment (Stichel et al., 1999a, 1999b; Her-
manns et al., 2001).

Modulation of Sema3A sensitivity by NGF

When embryonic DRGs were grown under our standard
culture conditions (20 ng/ml NGF), their neurites grew
poorly on a monolayer of MCs (see Figs. 3B and 4C). This
growth capacity on MCs is virtually zero when the NGF
concentration is lowered to 0.2 ng/ml (Fig. 4C), while on a
laminin substrate this low NGF concentration is sufficient to
support neuronal survival and trigger significant neurite
outgrowth (60% of control). On removal of Sema3A the
neurite outgrowth potential is more strongly increased in
low NGF (3.8-fold compared with 1.6-fold in high NGF)
(Fig. 4C), indicating that NGF can partly overcome the
inhibitory effect of Sema3A. In other words under condi-
tions of diminished neurotrophin support the effect of
growth inhibition is amplified. Our data are in line with
previous reports showing that DRGs exposed to high NGF
are more resistant to Sema3A-induced growth cone collapse
(Tuttle and O’Leary, 1998; Dontchev and Letourneau,
2002) and extend the observation to include a long-term
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regulatory effect of neurotrophins on Sema3A in neurite
outgrowth. This has important implications for regeneration
studies in the adult CNS where the presence of growth
factors is limited and thus the sensibility to inhibitory che-
morepellents may be particularly high.

In this context it is noteworthy that the repulsive effect of
myelin-associated inhibitors such as MAG and NogoA is
also modulated by neurotrophin treatment through a mech-
anism that involves cAMP and protein kinase A (Cai et al.,
1999). Neurotrophins are known to increase cAMP which in
turn can inhibit the small GTPase rhoA, an important ef-
fector of cytoskeletal changes in response to inhibitory cues
(Luo, 2000). Since intracellular levels of cyclic nucleotides
can affect the response to guidance molecules (Song et al.,
1998), it is likely that neurotrophin-induced elevation of
cAMP interferes with signaling by chemorepellents. Inter-
estingly it was shown that increased levels of cGMP convert
the response to Sema3A from repulsion to attraction in
Xenopus neurons (Song et al., 1998), while a recent study
shows that the chemokine SDF-1 reduces growth cone re-
sponsiveness to multiple chemorepellents, including
Sema3A, through elevated cAMP levels (Chalasani et al.,
2003). Therefore the elevation of cAMP levels may be a
general mechanism in mammalian neurons to reduce their
sensitivity to inhibitory guidance cues. Indeed, recent work
has shown that increasing cAMP levels or inhibiting rhoA
by the enzyme C3 transferase enhances axon extension in
cultured neurons (Niederost et al., 2002) and stimulates
regenerative fiber growth in vivo (Qiu et al., 2002; Neu-
mann et al., 2002; Lehmann et al., 1999; Dergham et al.,
2002).

In conclusion, our results show that Sema3A, a chemore-
pellent during nervous system development, is a major
neurite growth-inhibitory molecule in meningeal fibroblasts
and is therefore likely to contribute to the inhibitory prop-
erties of the neural scar. Similar to axon growth in the
developing nervous system, it appears that the balance be-
tween growth inhibition and growth promotion regulates the
regenerative capability of injured neurons. We propose that
a therapeutic approach to stimulate axon regeneration
should combine the stimulation of neurite extension while at
the same time specifically interfere with growth inhibition.

Experimental methods

Cell culture

Meningeal cells and astrocytes were prepared from new-
born rat pups (P0–P2). Briefly, meninges were removed
from the cortices and incubated for 30 min at 37°C in Ca2�-
and Mg2�-free Hanks’ buffered salt solution (HBSS) con-
taining 0.125% trypsin, 0.5 mM EDTA, and 0.25% colla-
genase. Meninges were triturated gently in the presence of
80 �g/ml DNase and 100 �g/ml soybean trypsin inhibitor,
centrifuged, and resuspended in DMEM containing 10%

FCS and penicillin/streptomycin (PS). The suspension was
passed several times through 19- and 25-gauge needles and
seeded at a density of two brains per 25-cm2 flask. Medium
was refreshed the next day; the first cell passage was carried
out after 7 to 10 days. Cells were used for experiments
between passages 2 and 5. Astrocytes were prepared from
the cortices following the same procedure as described for
meningeal cells, except that collagenase was omitted. Men-
ingeal cells from mouse pups were isolated as above, except
that they were prepared individually per pup and seeded at
a density of 1 brain per 3.5-cm dish. Sema3A-knockout
mice were from either a C57BL/6 or a CD1 background.
The pups were from heterozygous litters and were geno-
typed by PCR on tail DNA as described (Taniguchi et al.,
1997). Only cultures from wild-type and homozygous
knockout mice were carried further.

Immunocytochemistry

For immunocytochemistry cells were fixed 30 min in 4%
PFA, rinsed, blocked for 30 min in Tris-buffered saline
containing 0.1% Triton X-100 (T-TBS) and 2% FCS, incu-
bated with the primary antibody in blocking solution over-
night at 4°C, and washed in T-TBS followed by incubation
with a Cy3-labeled secondary antibody (Jackson). The fol-
lowing antibodies were used: anti-vimentin (mAB clone
V9, Roche 814318); anti-fibronectin (goat, Calbiochem
341653), anti-chondroitin sulfate (clone CS-56, Sigma
C8035), anti-GFAP (cow, Dako Z0334), anti-neurofilament
(mAB, 2H3 clone, Developmental Studies Hybridoma
Bank, University of Iowa), anti-Raldh2 (rabbit polyclonal; a
gift from Dr. P. McCafferey, Harvard University) (Berggren
et al., 1999).

In situ hybridization

For in situ hybridization, meningeal cells were plated at
low density on poly-L-lysine-coated glass coverslips. Cells
were fixed for 12 min in 4% PFA, 0.2% Triton X-100,
washed, permeabilized, and prehybridized for 3 h at room
temperature in hybridization buffer (50% formamide, 5�
SSC, 5� Denhardt’s, 200 �g/ml hsDNA, and 250 �g/ml
tRNA). The buffer was replaced with hybridization buffer
containing digoxigenin-labeled Sema3A or Sema3C ribo-
probes and incubated overnight at 60°C. Probes were pre-
pared as described previously (De Winter et al., 2002b).
Coverslips were washed for 30 min at 60°C in 0.2� SSC/
50% formamide, brought to room temperature by rinsing in
150 mM NaCl, 100 mM Tris, pH 7.5, and incubated for 30
min in the same buffer containing 1% blocking reagent
(Roche, No. 1096176) and 0.3% Triton X-100. A horserad-
ish peroxidase (HRP)-conjugated anti-digoxigenin antibody
(1:100; Roche, No. 1207733) was applied for 1 h in block-
ing buffer, followed by 3 � 5-min rinses. An amplification
step was performed with biotinyl-tyramide (1:50; TSA-
Biotin System NEL700A, NEN Life Science Products) fol-
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lowing the manufacturer’s instructions. Finally, a strepta-
vidin–alkaline phosphatase complex was applied and the
color reaction was developed with NBT and BCIP sub-
strates. The amplification step leads to a characteristic stain-
ing pattern of large dots surrounding the cell nucleus, which
results from the high concentration of alkaline phosphatase
in one particular spot.

RT-PCR

Total RNA was isolated from cultured newborn rat men-
ingeal cells and from rat brain (P9) using TRIzol reagent
(Invitrogen) following the manufacturer’s guidelines. First-
strand DNA was synthesized with 1 �g total RNA using
Superscript II (Invitrogen) and oligo(dT) primers. Control
PCRs were performed with RNA samples where the reverse
transcriptase step was omitted. A 25-cycle PCR was carried
out using Super Taq (Sphaero Q) and supplemented with 2.5
mM MgCl2. The primers were as follows: Sema3A, 5�
agaagggtgttccttggtcca; Sema3A, 3� cactgggttgtacatggctgg;
Sema3C, 5� ctgcatcgctgccatatcta; Sema3C, 3� gggagcacact-
caaggaaag. The expected amplicon sizes were 194 bp for
Sema3A and 252 bp for Sema3C. The PCR fragments were
sequenced to ensure specificity of the PCR.

Calcium phosphate transfection

Sema3A and Sema3C proteins were obtained by tran-
sient Ca2� phosphate transfection of 293T cells using myc-
tagged chicken Sema3A or Sema3C constructs (a gift of
J.A. Raper) (Koppel et al., 1997). In brief, for a 6-cm dish
6 �g DNA was vigorously mixed with 0.1� TE, 2.5 M
CaCl2, and 2� HBS (281 mM NaCl, 1.5 mM Na2HPO4, pH
7.12) and immediately added to the culture dish. The trans-
fection proceeded for 12–16 h, medium was replaced with
DMEM containing PS and 2% FCS, and conditioned me-
dium (CM) was harvested after another 24 h. Semaphorin
expression in conditioned medium was verified by Western
blot analysis using an anti-myc antibody (Santa Cruz, clone
9E10) (not shown). For the neurite outgrowth assay, CM
from transfected cells was applied to the DRG culture at a
1:1 dilution with the neuronal culture medium (see below).

DRG culture and collapse assay

Dorsal root ganglia (DRGs) were isolated from E15 rat
embryos, stripped from surrounding roots, and plated as
whole explants on laminin-coated glass coverslips. For the
collapse assay they were cultured for 24 h in DMEM/F12
containing N2 supplements (Sigma, No. 17502), 2 mM
glutamax, 20 ng/ml NGF (Roche, No. 1014331), and PS.
Membranes from meningeal cells were prepared by lysing a
confluent 10-cm dish in 1 ml cold lysis buffer (20 mM
Hepes, pH 7.4, 2 mM MgCl2, 1 mM EDTA, pH 8, and
protease inhibitor cocktail) (Roche, No. 1697498). The cells
were allowed to swell for 5 min, then passed three times

through a 20-gauge needle. Lysed cells were spun briefly
(1000 g for 5 min at 4°C) to pellet unbroken cells and
nuclei. The membranes were pelleted at 100,000g for 1 h at
4°C, and the pellet was washed twice with lysis buffer,
carefully adding and removing the buffer without disturbing
the pellet. Proteins were extracted by resuspending the
membrane pellet in 200–400 �l extraction buffer (0.5�
PBS, 10 mM Tris 7.4, 3% sodium cholate) and passing it
several times through a 23-gauge needle. Undissolved ma-
terial was spun down and the supernatant was dialyzed
overnight in 1� PBS, 5 mM Tris, pH 7.4, 0.01% sodium
cholate at 4°C. Protein concentration was determined using
a Lowry assay and the extract was applied to E15 DRG
cultures at the appropriate concentrations. After a 30-min
incubation DRGs were fixed in 4% PFA, 10% sucrose in
PBS. The percentage of collapse was determined by count-
ing the number of collapsed versus noncollapsed growth
cones. Routinely about 80 growth cones per DRG and 3
DRGs per condition were counted. Each experiment was
replicated at least three times.

Neuropilin-1 blocking experiment

The neuropilin-1 blocking antibody was a gift from Dr.
A. Kolodkin (Baltimore, MD, USA). The antiserum was
purified by protein A-Sepharose chromatography as de-
scribed (Kolodkin et al., 1997). For the collapse assay, the
IgG fraction was added to the DRGs simultaneously with
the protein extract at the indicated concentration. As a
control the IgG fraction of a nonblocking NP1 antibody
generated in our laboratory was used (Pasterkamp et al.,
1998).

Neurite outgrowth assay

Meningeal cells and astrocytes were plated on poly-L-
lysine-coated glass coverslips (12 mm) at a density of 2 �
105 cells/coverslip for MCs and 4 � 105 cells/coverslip for
astrocytes, and grown for 48 h in DMEM containing 10%
FCS to reach confluency. Two days after preparation of the
coverslips, E15 rat DRGs were isolated and seeded on a
confluent monolayer of meningeal cells or astrocytes or on
control laminin-coated glass coverslips. DRGs were grown
in DMEM/F12 containing N2 supplements (Sigma, No.
17502), 2 mM glutamax, 20 ng/ml NGF (Roche, No.
1014331), and PS. After fixation with 4% PFA in PBS
containing 10% sucrose, neurites were visualized with the
2H3 anti-neurofilament antibody (2H3 ascites 1:1000; Dev.
Stud. Hybridoma Bank, University of Iowa) as described.
Fluorescence photographs were taken with the same inten-
sity settings for all DRGs and quantification of neurite
growth was performed with ImagePro software. The out-
growth area of each ganglion and the ganglion itself were
outlined manually and the area of fluorescence above back-
ground level was determined within the marked area. To
normalize the data the fluorescence area obtained on a
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laminin substrate was set at 100% for each experiment and
the fluorescent area obtained for each experimental condi-
tion was calculated as a percentage thereof. Each experi-
ment was carried out at least three times, and in each
experiment 8 to 12 ganglia per condition were measured.
Results were analyzed statistically using combined Student
t tests. Significance was set at P � 0.05.
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