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Semaphorins Il and IV repel hippocampal axons via two distinct receptors
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SUMMARY

The semaphorins are the largest family of repulsive axon only repelled by Sema Ill. An antibody against Neuropilin-
guidance molecules. Secreted semaphorins bind neuropilin 1 blocks the repulsive action of Sema Il and the entorhinal
receptors and repel sensory, sympathetic and motor axons. cortex, but has no effect on Sema IV-induced repulsion.
Here we show that CA1, CA3 and dentate gyrus axons from Thus, chemorepulsion plays a role in axon guidance in the
E15-E17 mouse embryo explants are selectively repelled by hippocampus, secreted semaphorins are likely to be
entorhinal cortex and neocortex. The secreted semaphorins responsible for this action, and the same axons can be
Sema Il and Sema IV and their receptors Neuropilin-1  repelled by two distinct semaphorins via two different
and -2 are expressed in the hippocampal formation during receptors.

appropriate stages. Sema Il and Sema IV strongly repel

CA1l, CA3 and dentate gyrus axons; entorhinal axons are Key words: Semaphorin, Neuropilin, Hippocampus, Cortex, Mouse

INTRODUCTION ganglia (Luo et al., 1995) and can also repel these axons
(Messersmith et al., 1995; Puschel et al., 1995). Sema Il has
Mounting evidence indicates that in the developing centradlso been reported to act as a chemorepellent for most rat
nervous system, growth cones can be guided at a distance ¢anial motor axons (Varela-Echavarria et al., 1997) and for
diffusible molecules secreted by non-target cells (Tessieolfactory axons (Kobayashi et al., 1997). Two other secreted
Lavigne and Goodman, 1996). Many of these factors functioeemaphorins, Sema A and Sema E/Collapsin-3, can repel and
as chemorepellents: they induce growth cone collapse am@use the collapse of axons from sympathetic ganglia (Adams
oriented axonal outgrowth away from the source of the factoet al., 1997; Koppel et al., 1997). Recently, the transmembrane
Since the demonstration 5 years ago by Pini (1993) that thgotein Neuropilin-1 has been been shown to be a receptor, or
septum in the embryonic rat produces a diffusible factor tha component of a receptor, for Sema Il (He and Tessier-
repels olfactory bulb axons, several studies have indicated thiadvigne, 1997; Kolodkin et al., 1997). Other studies have
chemorepulsive molecules are produced in a variety of centrdemonstrated that the secreted semaphorins Sema E/collapsin-
nervous system (CNS) regions, such as the ventral spinal cadd Collapsin-2, Collapsin-5 and Sema IV also bind to
(Fitzgerald et al., 1993), the floor plate (Colomarino and\europilin-1 with apparently equivalent affinities (Chen et al.,
Tessier-Lavigne, 1995; Tamada et al., 1995; Varela-Echavarri097; Feiner et al., 1997). Neuropilin-2, a homolog of
et al., 1997) or the thalamus (Tuttle et al., 1998). Potentidleuropilin-1, exists in at least six isoforms, that are probably
chemorepellents have been identified in two gene families, ttgenerated by alternative splicing (Chen et al., 1997; Kolodkin
netrins and the semaphorins (Culotti and Kolodkin, 1996et al., 1997). Neuropilin-2 can bind Sema E and Sema IV, but
Tessier-Lavigne and Goodman, 1996). Floor plate-derivedot Sema IIl with high-affinity (Chen et al., 1997) but the
Netrin-1 has been shown to repel motor axons from thawolvement of Neuropilin-2 in mediating a semaphorin
trochlear, trigeminal, facial and glossopharyngeal cranialesponse remains to be demonstrated.
nuclei (Colomarino and Tessier-Lavigne, 1995; Varela- Although semaphorins and their receptors are expressed in
Echavarria et al., 1997). Most of the secreted chemorepellentsany brain regions during development, functional responses
identified to date belong to the semaphorin family, which alsdave been reported only for sensory, sympathetic and motor
contains transmembrane members (Kolodkin.e18P3; Mark  axons (see above for references). In the present study we have
et al., 1997). Sema Ill/D (hereafter referred to as Sema lll) andvestigated the role of diffusible semaphorins in the patterning
its avian ortholog Collapsin-1, which is expressed in thef the main hippocampal connections. We have selected this
embryonic ventral spinal cord, are known to cause in vitro theegion not only because Neuropilin-1 (Kawakami et al., 1996),
collapse of sensory axons growing from explants of dorsal rodeuropilin-2 (Chen et al., 1997) and several semaphorins (Zhou
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et al., 1997; Skaliora et al., 1998) are expressed in this area, liwtn E15-E17 embryos, were dissected out in a single piece, and 250-
also because the hippocampus has a simple pattern of affer8h um thick horizontal slices were obtained using a tissue chopper.
connections. The main afferents arise from the entorhinal cortédelected slices containing the hippocampal region were further
and from the CA3/hilar hippocampal fields, and terminate in glssecte_d using fine tungsten needles to get smal! tissue pieces
layer-specific fashion. Entorhinal axons, through the perforarffPProximately 300-50Qum across) from the entorhinal cortex,
pathway, innervate the outer dendritic segments of the princip ntate gyrus, and CA3 and CA1 areas; in most cases the fimbria and

e marginal zone were taken out and excluded from the explants (see

neurons (the stratum lacunosum-moleculare and the OUterg. 1B). Other brains were sectioned coronally to obtain neocortical

molecglar Iaye_zr), ar_1d commls_surallassom_a_tlonal aﬁerent_s ffOl&mants, Cocultures consisted either of all combinations between
CA3l/hilar regions innervate inner dendritic segments in th@ntorhinal cortex, CA3, CA1, dentate gyrus and neocortex, or
stratum oriens, stratum radiatum and inner molecular layer (S@@torhinal cortex, CA3, CAl and dentate gyrus cocultured with
Fig. 1A; Amaral and Witter, 1995). aggregates of COS cells transfected with secreted alkaline
Tracing studies in mouse embryos have shown thathosphatase (AP), using the AP-Tag-4 vector (gift of Dr J. Flanagan),
developing hippocampal afferents invade their appropriatér Human sema lll-my¢Messermith et al., 1995Human sema IV-
target region and layers in a highly specific fashion (Supér arftf’ (Chen et al., 1997)nouse sema E-Afhen et al., 1997Jnouse
Soriano, 1994; Supeér et al., 1998). Such stereotyped growgtfMa A-myor mouse Sema H-myc. Those last wo constructs were
suggests the involvement of both long-range cues influencirff{2/"ed by ampliftying by PCR cDNAs encoding mouse seraiadA

| | traiectori d b bstrat h a H, then subcloned into PCDNA3.1 myc/his (Invitrogen).
early axonal trajectories, and membrane- or substrate-ancnorge, ession was controlled on western blots using the monoclonal

cues, providing layer-specific positional information. Analysesg1g anti-myc antibody or a polyclonal anti-AP antibody (Dako).
of mutant mice indicate that the diffusible factor Netrin-1 and=xplants were embedded in rat-tail collagen gel as previously
its receptor, Deleted in Colorectal Cancer, are involved in thgescribed (Lumsden and Davies, 1986), and cultured for 48-72 hours
formation of commissural connections (Serafini et al., 1996in Neurobasal medium supplemented with L-Glutamine, Na§iDO
Keino-Masu et al., 1996). In addition, it has been shown thailucose and B27 supplement (all from Gibco Life Technologies).
the Cajal-Retzius cells and the extracellular protein Reelifocultures were incubated either with 5% or 1% horse serum, or
regulate the elaboration and targeting of entorhinal afferenfgrum-free, in a 5% CO 95% humidity incubator at 37°C. No
(Del Rio et al., 1997; Super et al., 1998: Borrell et a|_,d|fferences were observed whether explants were cultured in 1% or

. . . B serum or in serum-free medium, so most cocultures were
unpublished). In the present study, we show in the entorhin ni)cubated in a low-serum medium.

cortex and neocortex of mouse embryos the presence of IOng'Eprants were fixed in ice-cold 4% PFA. For the visualization of
range repellent cues, which repel hippocampal axons. We alg@ronal processes, cultures were fixed for 1 hour, rinsed several times
demonstrate that several members of the semaphorin apfo.1 M PBS, blocked with 10% normal goat serum, incubated with
neuropilin families are expressed in the hippocampal formatiof neuron-specific anti-class Itfbulin antibody (1:3000; clone TUJ-
when connections are being formed. We further show that thie Babco; Moody et al., 1989), followed by an HRP-conjugated goat
secreted semaphorins Sema Ill and Sema IV, but not Sema #&jti-mouse antibody (1:2000; Jackson Immunological Laboratories),
Sema E or Sema H, exert potent repulsive effects o@nd developed with a diaminobenzidine reaction. Other cocultures
hippocampal axonal growth. Finally we found that Sema Il1\Were kept in 4% PFA and_c_me explant in e'ach pair was |njecte,d with
induced repulsion is blocked by anti-Neuropilin-1 antibodies@ Small crystal of lipophilic tracer Dil (I,dioctadecyl-3,3,33

: X . _tetramethylindocarbocynanine; Molecular Probes). After 4-6 days in
which have no apparent effect on Sema [V-induced repulsio e dark to allow the diffusion of the tracer, explants were recorded

and photographed under rhodamine fluorescence optics.

MATERIALS AND METHODS For function-blocking experiments, explants were cultured in the
) presence of 10g/ml of anti-Neuropilin-1 immunoglobulins (IgG). At
Animals such a concentration this antibody has been previously shown to

OF1 albino mice (IFFA-Credo, Lyon, France) were used for theabolish completely Sema lll-induced collapse of DRG axons (He and
culture experiments and for in situ hybridization studies. The day ofessier-Lavigne, 1997). For control experiments either no IgGs were
which a vaginal plug was detected was considered embryonic daya@lded, or some FitC-conjugated rabbit IgGs (Jackson Immunological
(EO), and the day of birth postnatal day 0 (PO). Laboratories) at a similar concentration.

In situ hybridization Quantification

E15-E18 embryos and PO mice (2-3 animals each) were perfused wigtiter 3-tubulin immunostaining or Dil labeling the neurite length of
4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PFA)the explants was measured in the proximal, distal and lateral quadrants
Brains were postfixed in 4% PFA, cryoprotected with 30% sucrosdfour different axons among the longest ones were measured in each
and sectioned at 50m. Antisense riboprobes were labelled with quadrant for each culture) using a millimetric eyepiece (Messersmith
digoxigenin-d-UTP (Boehringer-Mannheim) by in vitro transcription et al., 1995). Data were statistically analyzed using the LSD test,
of mouse cDNAs encoding netrin{fKeino-Masu et al., 19965ema  Student’st-test or Mann-Whitney Rank Sum test. Individual cultures

Il (Messersmith et al.,, 1995), sema (& kind gift of Dr Harry  were additionally classified as described in Table 1.

Drabkin), sema E(Chen et al., 1997)sema A(gift of Dr Andreas

Pischel; Puschel et al., 1995) amina H(a gift of Dr Christensen;

Christensen et al., 1998), aeuropilin-1 (He and Tessier-Lavigne, RESULTS

1997) andheuropilin-2(Chen et al., 1997). In situ hybridization was
performed on free-floating sections as described elsewhere (de Le
et al., 1997). Controls including hybridization with sense riboprob
prevented hybridization signals.

Y8fbpocampal axons are repelled by diffusible
®Sactors released from the entorhinal cortex

To investigate the existence of long-range repulsive influences
Explant cultures and cocultures in the growth and patterning of hippocampal connections we
The hippocampus, entorhinal cortex and dorsal parietal cortex, @ibok advantage of the assay system in three-dimensional
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collagen gels (Lumsden and Davies, 1986) and coculturgokeriod of maximal axonal growth (see Discussion). In most
explants from the entorhinal cortex and from severatases, the marginal zone-layer | was dissected out since in
hippocampal regions (Figs 2, 3; Table 1). We selected E15-EX#eliminary control experiments we found that this procedure
hippocampal tissue because these stages correspond to éimdances radial axonal outgrowth from the explants. Also, the
marginal zone-layer |, where the Cajal-Retzius cells are
located, may exert chemoattractive influences which could
interfere with the assay (Del Rio et al., 1997; Soriano et al.,
1997; J. A. D. R., V. B. and E. S., unpublished observations).

In a first set of experiments we confronted explants from the
entorhinal cortex with explants from the hippocampal regions
CA3, CA1 or dentate gyrus, and monitored entorhinal axonal
outgrowth by injections of Dil. Axonal outgrowth from
entorhinal cortex explants was predominantly radial (36 out of
45; Figs 2A,B, 3A; Table 1) although in some cocultures
entorhinal axons exhibited a weak attraction for CA3 and CA1
tissues (9 out of 45). This chemoattraction may be due to the
persistence of Cajal-Retzius cells in the explants (see above).
We never found entorhinal axons being repelled by
hippocampal explants (Table 1). We thus conclude that
embryonic hippocampal tissue does not express long-range
repellent signals for entorhinal axons.

We next cocultured entorhinal cortex and hippocampal
explants and monitored the axonal outgrowth from the
hippocampal tissue (Figs 2C-E, 3B; Table 1). As illustrated in
Fig. 2C-E, the axons from the CA3 and CAl hippocampal
subfields grew far away from the entorhinal explants. All
cocultures (n=36) showed a dramatic reduction in the length of
the fibers that were confronted with entorhinal explants. In
contrast, the length of hippocampal axons in the quadrant distal
to the entorhinal cortex averaged a 8- to 10-fold increase (Fig.
3B). A similar, albeit less pronounced, asymmetrical pattern of
axonal growth was observed for the axons of the dentate gyrus
when this region was confronted with the entorhinal cortex

A

Table 1. Semiquantitative evaluation of axonal outgrowth
in different combinations of hippocampal explants
cocultured in collagen gels

L Axonal outgrowth

Fig. 1. Schematic illustrations of the pattern of hippocampal iy Number

connections, the explant dissection procedure used, and the explanfU/ture condition  of explants  + = - -
coculture assay. (A) Representation of the adult hippocampal EC*-CA3 13 2 11 - -
formation showing the main hippocampal connections and neuronalEC*-CA1 17 3 14 - -
cell types. The entorhino-hippocampal axons (the perforant pathwaygC*-DG 15 4 1 - -
PP) arise in the upper layers of the entorhinal cortex (EC) and projefA3"EC 19 - - - 19
to pyramidal neurons in the CA1 and CA3 regions and to granule G*EC 14 - g 5 6
cells in the dentate gyrus (DG). Granule cell axons, the mossy fiberg. aa..caq 8 1 6 1 _
(MF),_synapse on CA_3 pyramidal neurons. Thesg neurons, in turn, ca1+ca3 10 1 6 1 _
give rise to the commissural pathway (COMM.) via the fimbria (F) ca3*-DG 12 - 12 - -
and to associational connections innervating the CA1 region DB*-CA3 11 2 9 - -
(Schaffer collaterals, SC). Pyramidal neurons in the CAl subfield CA1*-DG 13 - 11 2 -
project to the septal area among other fields. NC, neocortex. (B) DG*-CAl 12 - 11 1 -

Diagramatic representation of the murine embryonic hippocampus ) L o
(E16-E17) illustrating the areas from which the hippocampal and Axonal growth was monitored by injection of Dil into one of the explants

; : ; ; labelled in bold letters and by an asterisk).
entorhinal explants were dissected out. The following embryonic ( - - )
layers are indpicated' CP, cortical plate; VZ ventriculgr zone)'/ 1z EC, entorhinal cortex; CAL, CA3, hippocampal fields CAL and CA3; DG,

. . . . dentate gyrus.

|ntermed|ate zZone; H_P, h|ppocampfal plate; MZ, marginal zone; F, Cocultures were classified as follows: +, moderate attraction of axons
fimbria. (C) Schematic representation of the coculture assay used aggons are 2- to 3-fold longer in the proximal than in the distal quadrant); =,
method of analysis. Tissue explants were cocultured at a distance inadial axonal growth (axons in the proximal and distal quadrants differed by
collagen gel for 2-3 days. Afterfdibulin immunocytochemistry or less than 2-fold in length);, moderate axonal repulsion (axons are 2- to 3-
Dil injection in one of the two explants, axonal outgrowth (neurite ~ fold longer in the distal than in the proximal quadrant); strong axonal
length) was measured in the proximal (P), lateral (L) and distal (D) repulsion (axonal are more than 3-fold longer in the distal than in the
quadrants. proximal quadrant).
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B Table 2. Semiquantitative evaluation of axonal outgrowth
in different combinations of hippocampal and neocortical
explants
% Axonal outgrowth
~ Number
Culture condition of explants + = - -
CA1+EC* [ CA14EC" EC*-NC 14 1 5 4
CA3*NC 10 - - 1 9
D CA1*NC 6 - - - 6
DG*NC 5 - - 1 4
NC*-EC 12 1 10 1 -
NC*-CA3 6 1 3 2 -
NC*-CA1 6 1 3 2 -
NC*-DG 6 1 5 -

Axonal outgrowth was monitored by injection of Dil into one of the
explants (labelled in bold letters and by an asterisk).
NC, neocortex; abbreviations and conventions as in Table 1.

CAJ+EC o CA3*+EC

and Witter, 1995). To examine whether chemorepellent cues
released from the hippocampus itself influence the patterning
of these connections we confronted explants from the CAL,
CA3 and dentate regions. Most CA1, CA3 and dentate gyrus
CA1°+CA3 explants exhibited a radial axonal growth (Figs 2F, 3C; Table
1), indicating a lack of chemorepulsive or chemoattractive
effects. These results suggest that the initial shaping of
intrahippocampal ipsilateral connections does not depend on
long-range repulsive factors.

To determine whether the chemorepellent effect we

- observed was caused by signals expressed only in the

CA3*+NC entorhinal cortex or present in other cortical regions, we
cocultured CA3, CAl1 and dentate explants with neocortical
Fig. 2. Entorhinal cortex and neocortex release diffusible factors thatissue (Figs 2G,H, 4A; Table 2). These experiments showed
repel hippocampal axons. In all figures the asterisk indicates the  that the axons from all three hippocampal fields were similarly
explant that has been injected with Dil, and in (E-H) the yellow repelled when confronted with neocortical explants (21 out of
goltctjed 'Lj”‘(?B()’%“r_n'rt]? ;htladcor_\tour of thef““"’?‘lbe”ed expll?nt. (A;)EDSFK' 21). In contrast, neocortical axon outgrowth was radial when
ield an right-field microscopy of collagen coculture o ; ; ; .
mouse CA1 an(?entorhinal cortexp{EC) expl%mts.ADiI crystal (bIackEI:.OnfrontEd with hippocampal explants (Fig. 48; Table 2).

spot in B) has been placed in the entorhinal explant. Entorhinal axonsaken together, these findings indicate that both the entorhinal

grow symmetrically. (C) Dark-field and (D) bright-field microscopy cortex ar.]d t.he neocortex release diffusible signals that repel

of coculture of E17 mouse CA3 and entorhinal cortex explants. Dil- €mbryonic hippocampal axons.

labelled CA3 axons are repelled by entorhinal cortex. (E) The During development, entorhino-hippocampal afferents grow

repulsive action of E17 entorhinal cortex on CA1l axons. (F) CA1  unidirectionally towards the hippocampus, without invading

axons are not repelled by CA3 axons. The E17 neocortex hasa  the adjacent neocortex. To determine whether this stereotyped

repulsive action on dentate gyrus (G) and CA3 (H) axons. Al axonal growth is influenced by repellent signals expressed in

photographs were taken after about 2 days in vitro. Barguts0 the neocortex, we cocultured entorhinal cortex and neocortex
(Fig. 4B; Table 2). Whereas neocortical explants exhibited a
radial axonal growth, entorhinal axonal outgrowth was repelled

(Fig. 3B; Table 1). Such a mild repulsion could be related tdy neocortical explants (9 out of 14; Fig. 4B), indicating that

the late development of the dentate gyrus, or to the presenlomge-range repulsive signals may prevent the ingrowth of

of distinct projection neurons, the granule cells and thentorhinal axons in the adjacent neocortex.

commissural hilar neurons, which may have different

responses. These findings indicate that the entorhinal cort&xpression of secreted semaphorins and

secretes diffusible signals that repel developing hippocamp&europilins in the developing hippocampus

axons. To identify the molecules that could mediate these repulsive

Axons from the CA3 pyramidal neurons form theeffects, we investigated by in situ hybridization the

commissural pathway but they also give rise to ipsilateratlevelopmental expression of known and potential

associational connections (the Schaffer collaterals) thathemorepellents, namely Netrin-1 and the secreted semaphorins

innervate the CA1 region (Fig. 1A). In contrast, axons from thSema A, Sema lll, Sema E, Sema IV and Sema\Eiyin-1

CA1 pyramidal cells extend into the fimbria to innervate thenRNA was exclusively expressed in the fimbria of the

septal region, but do not project to the CA3 subfield. Moreovehippocampus at E15-P0, with no expression in other areas of

granule cell axons, the mossy fibers, innervate the CA®e hippocampus, entorhinal cortex or adjacent neocortex (not

pyramidal neurons but do not enter the CA1 subfield (Amarahown), in agreement with earlier studies (Keino-Masu et al.,

CA1°+EC
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1996). This pattern of expression indicates that Netrin-1 ithrough the hippocampus, entorhinal cortex and the adjacent
highly unlikely to play a repulsive role in the patterning of theneocortex at E15-P0. The expression signal is low in the
main hippocampal connections (J. A. D. R., V. B. and E. Sproliferating ventricular zone, and higher in the differentiating
unpublished observations). A similar conclusion can be drawfields (the cortical and hippocampal plates) of these regions
for Sema A, whose mRNA is not expressed in the hippocampéFig. 5A,B). At E15,sema IIImMRNA was widely expressed in
region between E15 and PO (not shown). the cortical plate and intermediate zone of the neocortex (in
In contrast, sema IMNRNA was uniformly expressed agreement with Catalano et al., 1998) and entorhinal area,
whereas hybridization signals were virtually absent from the
hippocampus (Fig. 5C). At PO the expression pattern remained

A Entorhinal cortex vs hippocampus essentially the same, with high levels of e_xpressjon in the
oo neocortex and entorhinal area, and weak signals in both the
E a0 - hippocampus proper and dentate gyrus (Fig. 5D). At E15, sema
£ 300 , E mRNA was exclusively expressed in the intermediate zone,
5 L ' both in the hippocampal region and neocortex (Fig. 5E). At PO,
2 low expression was detected in the neocortex and entorhinal
g 10 area, whereas hybridization signals were still very high in the
0 : hippocampus (data not shown). At E15-8&ma HmMRNA was
EC a3 ECTrCA1 01';'}3‘3 expressed in the cortical plate of the neocortex, entorhinal
B i ) cortex and in the hippocampus (Fig. 5F). Taken together, these
o0 ippocampus vs entorhinal cortex expression studies show that the secreted semaprmm
E 40 : I, sema IV, sema EBnd sema Hare expressed in the
e 200 hippocampal region at the time of axonal outgrowth,
2 suggesting that these factors could mediate the repulsive effects
g A0 ) described above.
3 100 H I D Next we investigated the developmental expression of the
c 0 —"'—|
CA3*+EC CA1*+EC DG*+EC .
(19) 17 (14) A Hippecampus vs neocortex
c 500 Hippocampus vs hippocampus 200
E a0 - T
24 E 300 ‘
£ 300 £ .
5 < 200 -
o 200 ﬁ
'g 100 I ﬂ .l ) E 100
: | : _ 1INl = il I ]
DG’+CA3 CA1+DG DG7+CA1 EC*+NC CA3'+NC CA1*NC DG*+NC
) (13) 12 (14) (10) (6) )
500 —
E 400 |
£ 300 -
5 B Neocortex vs hippocampus
E 200
3 100 | 400
= 0 | § 1 3 7
CA3*+CA1 CA1*+CA3 CA3*+DG = 300 -
{10} (12) {8) £
o
Fig. 3. Histograms showing the axonal length (mean + s.e.m.) in & 20 ‘-
several combinations of hippocampal and entorhinal explants 2 100 :
labelled with Dil. Explants injected with Dil are marked by an 8 { I Hﬂ
asterisk. Axonal growth was measured in the distal (filled bars), o
lateral (grey bars) and proximal (white bars) quadrants. For statistici NC'+EC  NC'+CA3 NC*+CA1  NC™+DG

. : : (12) {6) {6) &)
analysis, axonal growth in the distal quadrant was compared to that

in the lateral and proximal quadrants. (A) entorhinal cortex axons Fig. 4. Histograms illustrating the axonal length (mean £ s.e.m.) in
grow symmetrically when confronted with CA3, CA1 or dentate cocultures of hippocampal and neocortical explants. Conventions as

gyrus explants. (B) On the contrary axons from CA3, CA1 and in Fig. 3. In (A) the axonal growth of hippocampal and entorhinal
dentate gyrus explants confronted with entorhinal cortex explants cortex explants was monitored when confronted with the neocortex.
were significantly shorter in the lateral and proximal quadrants In all cases axons were significantly shorter in lateral and most

compared to the distal quadrant, indicating that the entorhinal cortexproximal quadrants compared to the distal quadrant, indicating that
exerces a repulsive action on these axons. (C) Axonal growth was the neocortex releases soluble activities that repel those axons. In (B)
measured in several combinations of hippocampal cocultures. No we recorded the growth of neocortical explants confronted with
significant differences were observed between axonal length in the Bippocampal tissue. No significant difference was observed between
guadrants, indicating the absence of long-range diffusible cues. n axonal length in the three quadramisalues are in parentheses.

values are in parentheses<R05; **P<0.01; ***P<0.001. *P<0.05; *P<0.01; **P<0.001.
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A Table 3. Semiquantitative evaluation of the effect of Sema
=" Tt [l and Sema IV on axonal outgrowth of hippocampal and
entorhinal cortex explants

Axonal outgrowth

Number
Culture condition of explants + = - -
CAl+Semalll 23 - - - 23
CA3+Sema lll 19 - - - 19
DG+Sema lll 13 - 3 3 7
EC+Sema lll 15 - 3 2 10
CAl+Sema IV 44 - - 3 41
CA3+Sema IV 41 - - 1 40
DG+Sema IV 15 - 3 2 10
EC+Sema IV 22 - 21 1 -
CAl+Control 30 - 28 2 -
CA3+Control 29 - 25 4 -
DG+Control 5 - 4 1 -
EC+Control 8 - 8 - _

Explants were labelled using aftitubulin antibodies.
Abbreviations and conventions as in Table 1.

expression pattern remained the same, though increased signals
were detected in the hippocampus, particularly in the dentate
gyrus (Fig. 5H). We conclude that the semaphorin receptors
Neuropilin-1 and Neuropilin-2 are expressed in the
hippocampus and entorhinal cortex at the time that
hippocampal connections are being formed.

Sema lll and Sema IV repel hippocampal axons in
vitro

Fig. 5. Expression pattern of secreted semaphorins and their receptdio test directly whether secreted semaphorins can contribute
Neuropilin-2, in the developing entorhino-hippocampal system and to the chemorepulsive effect of the entorhinal cortex, we

adjacent neocortex. Hybridizations were performed with cultured CA1 and CA3 explants (from E15-E17 mouse
digoxigenin-labelled riboprobes on horizontal sections of E15 and PBmpryos) with COS cells that had been transiently transfected
mouse brains. (A,B) Expression patterrsefa IVmMRNA at E15 with expression constructs for all five known mammalian

and PO showing wide expression throughout the entorhino-

X o : secreted semaphorins (A, lI/D, E, 1V, H). We also cocultured
hippocampal system and neocortex, mainly in the cortical plate.

(C.D) Expression pattern sma IlImRNA at E15 and PO those cells with explants from the entorhinal cortex and
illustrating high expression levels in the entorhinal cortex and neqcortex_. Explants were cuItureq for .48_72 hours, fixed and
neocortex and very low expression in the hippocampus itself, excepBtained with an anti-class [B-tubulin antibody that labels the

at PO in the dentate gyrus. Note that semexjiression stops entire population of axons growing from the explant (Moody
sharply at the junction between EC and hippocampus (arrowheads)€t al., 1989). The expression of the diverse epitope-tagged
(E) sema EnRNA expression at E15 demonstrating high expressionsemaphorins was verified by western blotting (data not shown).
levels in the intermediate zone of the entorhinohippocampal system Axons from CA1, CA3 and dentate gyrus explants grow
and neocortex. (F) lllustration ema HMRNA expressioninthe  symmetrically when cultured with control COS cells, mock-
hippocampus and cortex of PO mouse. (G,H) The strong expressionyransfected or transfected with an alkaline-phosphatase
of neuropilin-2mRNA in the EC and hippocampus at E15 and PO. gy yression construct (see Fig. 6C,F; Table 3 and not shown).

Also note the faint labelling in the intermediate zone of the neocorte
(arrowheads) at E15. EC, entorhinal cortex; NC, neocortex; CAl angurthermore we could not detect any effect of COS-cells

CAZ3, hippocampal fields CA1 and CA3; DG, dentate gyrus. Bars, secreting Sema A, Sema E or Sema H (data not shown). In
400 pm (A,C,E,G) and 60Qm (B,D,F,H.) contrast, axons from CA1, CA3 and dentate gyrus explants were

strongly repelled when confronted with COS cells expressing

Sema lll-myc (Fig. 6A,D; Table 3; see also Fig. 8A). Axons
known semaphorin receptors Neuropilin-1 and Neuropilin-2grew almost exclusively from the distal quadrant opposite the
At E15-P0,neuropilin-1mRNA was heavily expressed in the COS-cell aggregate. An equivalent strong repulsion of CA1,
hippocampus and neocortex, and at lower levels in th€A3 and dentate gyrus axons was observed when using COS
entorhinal area (not shown, but see Kawakami et al., 1996). Atlls transfected witkema 1V-ARFigs 6B,E, 8B; Table 3 and
E15 neuropilin-2 was heavily expressed in the hippocampusot shown). Axons that exited the lateral quadrant of the
and entorhinal cortex, especially in the differentiating fieldexplants, or explants that were placed at a long distance from
including the cortical and hippocampal plates (Fig. 5G). INCOS-cell aggregates producing Sema Ill or Sema |V, clearly
contrast, low levels of expression could be detected in thieirned away from the aggregates (see for example Fig. 6B),
intermediate zone of the adjacent neocortex. At PO thdemonstrating that when present as a gradient Sema IV and
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Sema lll do not inhibit, but rather orientate, the growth ofseveral secreted semaphorins, including Sema lll and Sema IV,
hippocampal axons. In addition, we found that Sema Ill alsand their receptors neuropilin, are expressed in the developing
exercises a repulsive action on entorhinal axons, whereas Sehippocampal formation. More importantly, the repulsive
IV had no apparent effect on these axons (Figs 6G-I, 8A; Tableffects on hippocampal axons are mimicked by Sema Il and
3). Axons of neocortex and cerebellar explants from E16 mousgema |V, but not by other secreted semaphorins. Finally, the
embryos (two other regions where several secreted semaphorimepulsive action of Sema lll, but not Sema |V, is mediated by
and neuropilins are expressed; not shown) grew symmetricaleuropilin-1 receptors. To our knowledge the present findings
when confronted with Sema 1l and Sema IV-expressing CO&re the first demonstration of the involvement of Sema Ill and
cell aggregates, or with cells secreting other semaphorins (nié¢ receptor, Neuropilin-1, in the patterning of neuronal
shown). These results show that CAl1, CA3 and

dentate gyrus axons can be repelled by two dit
secreting semaphorins, Sema Ill and Sema
whereas entorhinal axons are exclusively repelle
Sema .

Neuropilin-1 antibodies block Sema Il and
entorhinal cortex-induced chemorepulsion
of hippocampal axons

It has been shown recently that members of
neuropilin  family are high-affinity receptors
secreted semaphorins: Sema IV binds to Neurop
and Neuropilin-2 with high affinity, whereas Seme
only binds to Neuropilin-1 with high affinity (Chen
al., 1997; He and Tessier-Lavigne, 1997; Kolodki
al., 1997). An antibody (purified IgGs) directed ag:
the MAM and b1-b2 domains of Neuropilin-1 has t
shown to abolish completely Sema Ill-indu
repulsion and collapse of DRG axons at a concent
of 10 g/ml (He and Tessier-Lavigne, 1997).

We first tried to determine whether we could bl
Sema |lll-induced repulsion of hippocampal
entorhinal axons by using the anti-Neuropili
antibody. In the presence of Log/ml of anti-
Neuropilin-1 we found that Sema Ill-induc
repulsion was significantly reduced (Figs 7A,B, ¢
Axonal growth was restored in the lateral
proximal quadrants to levels almost identical to
of the distal quadrant.

We next examined whether Neuropilin-1 was
involved in Sema IV-induced repulsion
hippocampal axons. No significant differences \
observed between CA1l and CA3 explants cult
next to COS cells expressing Sema IV in the pres
or absence of anti-Neuropilin-1 antibodies (Figs
8B). Thus, Sema IV induced-repulsion does
involve Neuropilin-1.

Finally, we cocultured CAl and entorhi
explants with 10 pg/ml of anti-Neuropilin-:
antibodies and found that explants grew alr
symmetrically (Figs 7D, 8C), suggesting 1
Neuropilin-1 is involved in mediating to a large ex
the entorhinal cortex-induced repulsion
hippocampal axons.

DISCUSSION

In this study we have shown that, at the tim
formation of hippocampal connections in vivo, tt
is a strong chemorepulsion between tissue exj
from distinct hippocampal subfields. Concomitai

Sema lll Sema IV Alk.Phos.

CA1

CA3

Ent. Cx

Fig. 6. Repulsion of hippocampal and entorhinal axons by Sema Il and/or
Sema IV. E16-E17 CA1 (A-C), CA3 (D-F) and entorhinal (G-I) explants were
cocultured for 48-72 hours at a distance from aggregates of COS cells
transfected with H-sema I{A,D,G), H-sema I\(B,E,H) or alkaline-
phosphatas¢C,F,l). All explants were fixed and stained with giabulin
antibodies. CA1 (A), CA3 (D) and entorhinal (G) axons are strongly repelled
by Sema Ill. Sema IV also exerces a robust repulsive action on CAl (B) and
CA3 (E) axons, but has no effect on entorhinal axons (H). Axons from CA1
(C), CA3 (F) and entorhinal cortex (I) grow symmetrically when confronted
with COS cells secreting only alkaline phosphatase. Ent. Cx. entorhinal cortex;

_ Alk. Phos., alkaline phosphatase. Bars, @80
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Fig. 7.Neuropilin-1 is involved in Sema lll-and entorhinal cortex- S 100
induced repulsions of hippocampal axons. E15-E17 hippocampal = 0 . 1 »
(A,C,D) or entorhinql (B) explants were cocultured in collagen gel next CAT+EC CA1*+EC+Ab
to COS cells secreting Sema Il (A-B) or Sema IV (C), or next to () (8)

entorhinal cortex explant (D), in the presence giig/nl of anti-

Neuropilin-1 IgGs. Explants were stained with ghtisbulin antibodies ~ Fig. 8. Histograms showing the axonal length (mean + s.e.m.) in

(A-C) or Dil (D). Sema lll-induced repulsion of CA3 (A) and several combinations of hippocampal and entorhinal explants and/or
entorhinal (B) axons is prevented by the antiboby. On the contrary, CABOS cells aggregates expressing Sema Ill or Sema IV, in the absence
axons are still repelled by Sema IV in the presence of anti-Neuropilin-Pr presence of anti-neuropilin-1 antibody. Explants were labelled

lgGs (C). (D) Two Dil-labelled CA1 explants were cocultured next to  Wwith anti-B-tubulin antibodies (A-B) or Dil (asterisks in C). Axonal

an entorhinal cortex explant (dashed line) in the presence of anti-  length was measured in the distal (filled bars), lateral (grey bars) and
Neuropilin-1 antibody. Dil-labelled CAlaxons are growing toward the Proximal (white bars) quadrants. For statistical analysis, axonal
entorhinal explant, showing that neuropilin-1 is involved in entorhinal- lengths in the different quadrants, with or without antibody, were

induced repulsion of CA1 axons (compare to Fig. 2E). Bargut00 compared. Anti-Neuropilin-1 significantly inhibits Sema lll-induced
(A-C) and 18Qum (D). repulsion of CA1, CA3 and entorhinal axons (A), but does not affect

Sema IV-induced repulsion of hippocampal axons (B). (C) Anti-
Neuropilin-1 also blocks the repulsive effect of the entorhinal cortex

connections in the forebrain. In addition, our data also sho@? CAL nvalues are in parentheses. *P<0.05; «&01;
for the first time that the secreted semaphorin, Sema IV, exerts P<0.001.
a potent repulsive response on developing axons, and that this
response is likely to be mediated by Neuropilin-2.

the fimbria to form the commissural and hippocampo-septal
Involvement of chemorepulsion in the patterning of pathways. In addition, by E16-E17, axons from the CAS3
hippocampal connections pyramidal neurons innervate the ipsilateral CA1 region
In mouse embryos the earliest entorhinal axons leave the cortéassociational afferents; Figs 1A, 9; Supér and Soriano, 1994;
by E14, being directed towards the hippocampus; by E1Supér et al., 1998). Such a stereotyped pattern of developing
entorhinal axons reach the hippocampal intermediate zone, andnnections suggest the involvement of very specific guiding
1 day later they invade their target layer, the outer marginaues.
zone (prospective stratum lacunosum-moleculare). We have shown here that, at these embryonic stages, the
Concomitantly, the first axons from the pyramidal neurons irentorhinal cortex releases long-range diffusible factors that
the CA3 and CA1 hippocampal fields grow rostrally throughrepel axons arising from several regions of the hippocampus,
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Neocortex 1996), help to direct them towards the telencephalic midline
| P (Fig. 9).

o Hippocampal axons are also dramatically repelled by the
b embryonic neocortex, indicating that both the neocortex and
entorhinal cortex release diffusible signals that prevent the

ingrowth of hippocampal axons into these cortical fields.

Moreover, we found that entorhinal axons are repelled by

embryonic necortical tissue, whereas neocortical axonal
outgrowth is unaffected by nearby hippocampal explants. The

D&mm entorhinal cortex receives convergent inputs from several
neocortical areas while the entorhinal cortex projects only very

sparsely to some cortical areas (Amaral and Witter, 1995).

.SE‘“ﬂ‘” Again, the present in vitro findings are consistent with the
2 pattern of neocortical/entorhinal connections in the developing
and adult brain, and with the preferential growth of entorhinal
axons towards the hippocampus. However, although the main

Fig. 9. Schematic summary of the data obtained in this study on the output projection from the entorhinal area is the
formation of hippocampal connections in mouse embryos. Entorhi”%ntorhinohippocampal pathway (perforant pathway), this area
axons project to the hippocampus intermediate zone and invade theifands sparse projections to different subcortical nuclei (Amaral
target layer, the outer marginal zone (prospeptlve stratumllacunosurg-nd Witter, 1995; Supér et al., 1994), suggesting that the
moleculare). Axons from the CA3 and CA1 hippocampal fields growrelatively V\}eak re,pulsive respon7se of e,ntorhinal axons when

rostrally through the fimbria to form the commissural and - . .
hippocampo-septal pathways. In addition, axons from the CA3 confronted with neocortical explants (Fig. 4A), may be related

pyramidal neurons innervate the ipsilateral CA1 region (associationdP the different responsiveness of distinct entorhinal projection

afferents), but the axons of either the CA3 or the CA1 regions neverN€urons.

invade the entorhinal cortex or the neocortex. Neuropilins are In this study we did not find evidence for repulsive responses
expressed by entorhinal and hippocampal neu@ema [ImMRNA in hippocampus/hippocampus cocultures, suggesting that long-
is expressed at high levels in the neocortex and entorhinal area andrange repellent cues are unlikely to play a role in the patterning
barely detectable in the hippocampus itself. This cortical-derived  of ipsilateral hippocampal connections, such as the Schaffer

Sema 1l would prevent the penetration of hippocampal axons in thecg||aterals or the mossy fibers. The development of these
entorhinal cortex and neocortex. The high expression of Sema IV in; o hinnocampal connections, as well as their layer-specific
the hippocampal plate may direct and confine pyramidal cell axons{ s

neighbouring layers, such as the intermediate zone and stratum %rgetlnhg, .COUIg be detgrrlnlned th ﬁues ﬁth_er Ithc‘i’jm Serc]:r'eted
radiatum. The repulsion of entorhinal axons by the neocortex is weag€maphorins (but see below), which might include ephrins,

Entorhinal
Cortex

and could depend on the different responsiveness of distinct CAMS, transmembrane semaphorins, and extracellular matrix
entorhinal projection neurons (see Discussienjepulsion; CP, molecules that are expressed in the developing hippocampal
cortical plate; 1Z, intermediate zone; VZ, ventricular zone; DG, system (e.g. Gao et al., 1996; Zhang et al., 1996; Serafini et
dentate gyrus. al., 1996; Del Rio et al., 1997).

Role of Sema lll and Sema IV in the development of

including the CA1, CA3 and dentate fields. In contrast, ndlippocampal connections
reciprocal repulsive effect of the embryonic hippocampaln insects, it is clear that semaphorins play important roles in
tissue on entorhinal axons was observed. Since the majority tife development of the nervous system. They function in
postmitotic neurons present in the CA1-CA3 hippocampus arowth cone guidance, preventing fasciculation and inhibiting
E15-E17 are pyramidal neurons, most axons being repelled &xon branching, but also in synaptic terminal arbor formation
the explant coculture assay must arise from the pyramidgKolodkin et al., 1993; Matthes et al., 1995; Yu et al., 1998).
projection neurons. For the dentate gyrus, repelled axonsterestingly, G-Sema | also apparently functions as an
probably come from the commissural/associational neurons itractive-permissive guidance cue for growth cones of the
the hilus and from the granule cells (Stanfield and Cowarsubgenual organ in the limb bud (Wong et al.,, 1997). In
1988). mammals, the function of transmembrane semaphorins in brain
These in vitro results are in agreement with the earlylevelopment is still unknown, but secreted semaphorins also
patterning and trajectory followed by the developingact as repulsive molecules. Sema lll/Collapsin-1 repels motor
hippocampal axons in vivo, in which axons from the CA3 andVarela-Echavarria et al., 1997) and sensory axons (Luo et al.,
CA1 pyramidal neurons grow through the fimbria towards thd995; Messersmith et al., 1995; Piischel et al., 1995; Kobayasi
hippocampal commissure, but never invade the entorhingt al., 1997) in vitro, and Sema A and Sema E/Collapsin-3 can
cortex (Supér and Soriano, 1994; Amaral and Witter, 1995epel and cause the collapse of sympathetic axons (Adams et
Supeér et al., 1998). Thus, our data suggest that endogenals 1997; Koppel et al., 1997). In addition, Sema Zla, a
repulsive signals released by the embryonic entorhinal corteeebrafish semaphorin, also collapses sensory axons (Shoji et
prevent the ingrowth of hippocampal axons into the entorhinall., 1998). The present findings demonstrate for the first time
area. In addition, the entorhinal-derived repulsive cues mighhat Sema lll has an action on forebrain neurons, indicating a
contribute to pushing away the hippocampal axons and, imore widespread function for Sema Il in axon guidance than
conjunction with chemoattractive cues present in the fimbrihas been shown previously. Sema IV was first identified in
and hippocampal commissure such as Netrin-1 (Serafini et ahymans and localized to the region 3p21.3 of chromosome 3,
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where several lung cancer cell lines exhibit homozygouéFig. 9). Furthermore, the finding that anti-Neuropilin-1
deletions indicative of a tumor supressor gene (Roche et aéntibodies block the repulsive responses of hippocampal axons
1996). Nevertheless, the function of Sema IV remainedersus the entorhinal cortex, indicates that this receptor is
unknown. We show here that Sema IV has a strong repulsiirectly involved in the signaling of endogenous repulsive
action on hippocampal axons. Since Sema lll and Sema |V afactors. The contribution of Neuropilin-2 receptors, however,
highly expressed in the embryonic hippocampal formatiomemains more elusive. Binding studies have shown that Sema
when the main axonal trajectories are established, and thik only binds with high affinity to Neuropilin-1, whereas Sema
repulsive responses of hippocampal and entorhinal axons dié binds to both Neuropilin-1 and Neuropilin-2 (Chen et al.,
mimicked by them, we propose that both semaphorins arE997). Nevertheless, Sema IV appears to bind with higher
involved in the formation of hippocampal connections. affinity to Neuropilin-2 than Neuropilin-1 (th€p is about 10-

The pattern ofsemalll mRNA distribution, with high  fold smaller), which suggested that the Sema IV signal is
expression levels in the neocortex and entorhinal area amdediated principally by Neuropilin-2 (Chen et al., 1997). The
barely detectable hybridization signals in the hippocampuabsence of blocking effect of anti-Neuropilin-1 antibodies on
itself, is consistent with the notion that Sema Ill may be th&ema IV induced-repulsion further supports the idea that
cortical-derived, endogenous repulsive factor causindNeuropilin-2 might mediate the action of this semaphorin. But
repulsion of developing hippocampal axons (Fig. 9). Thene cannot exclude the possibility that another semaphorin
contribution of Sema IV to the patterning of hippocampalreceptor is involved. In addition, we found that Neuropilin-1
connections may be more debatable, since the high expressiantibodies block Sema lll-induced repulsion of hippocampal
levels ofsema IMn the hippocampus seems to be inconsistenaxons therefore confirming, for the first time in a system
with the in vitro analyses, in which we never observedlifferent from the sensory axons, an essential role of
repulsive responses when hippocampus/hippocampus explaisuropilin-1 in mediating Sema 1l action. Unfortunately,
were cocultured. One major limitation of these interpretationseuropilin-1 knock-out mice die around E12.5, which is too
resides in the absence of data on the localization of semaphosgarly to study hippocampal projections (Kitsukawa et al., 1997).
proteins, their concentration level or release sites. However, in Finally, our results confirm that semaphorin binding is not
mammals, secreted semaphorins have a short stretch of basidficient to trigger a response in growth cones expressing
amino acids at their carboxy terminus. This highly chargedheuropilins, as previously shown in the DRG (Koppel et al.,
domain is likely to limit the diffusion of semaphorins, which 1997). Thus, the secreted semaphorins E and H, which are
could act as short-range or local guiding cues (Culotti andxpressed in the hippocampus and bind neuropilins, do not
Kolodkin, 1996). If this is the case, the high expression ohave detectable guiding effects on embryonic hippocampal
Sema |V in the hippocampal plate may direct and confinexons. Nevertheless, since the development of neural
pyramidal cell axons to neighbouring layers, such as theonnections in the hippocampus proper and dentate gyrus
intermediate zone and stratum radiatum (Fig. 9). continues postnatally, secreted semaphorins could potentially

Recently two groups have obtained knock-out mice in whiclplay a role at later developmental stages, for instance in axonal
the sema lll gene has been inactivated by homologousarbor formation and synaptogenesis.
recombination (Behar et al., 1996; Taniguchi et al., 1997). The
phenotypic analysis of those mice has shown that the CNSWe would like to thank Dr Flanagan for the ApTag4 vector, Drs
looks remarkably normal and that neurons that are Stronggrabk'n and Christensen for providing us respeptwely with mouse
repelled in vitro by Sema Il project normally in the mutantS¢ma IVand sema H. C. S. G. and M. T. L. are investigators of the
CNS (Behar et al, 1996; Taniguchi et al., 1997; Catalano oward Hughes Medical Institute. Z. H. is a postdoctoral associate of

I . . e Howard Hughes Medical Institute. E. S. is supported by grants
al., 1998). Moreoveneuropilin-1mutant mice also display no SAF98-106 (CICYT), the Ramdn Areces Foundation, the Maraté de

abnormalities in the CNS projections of sensory axons, similafy3 Foundation and the International Institute for Research in
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mutant mice. However, when neurons from neuropilin-18104-CT960-774 from the EU.
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