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Summary

The vomeronasal projection conveys information provided
by pheromones and detected by neurones in the
vomeronasal organ (VNO) to the accessory olfactory bulb
(AOB) and thence to other regions of the brain such as the
amygdala. The VNO-AOB projection is topographically
organised such that axons from apical and basal parts of
the VNO terminate in the anterior and posterior AOB
respectively.

We provide evidence that the Slit family of axon guidance
molecules and their Robo receptors contribute to the
topographic targeting of basal vomeronasal axons. Robo
receptor expression is confined largely to basal VNO axons,
while Slits are differentially expressed in the AOB with a
higher concentration in the anterior part, which basal
axons do not invade.

Immunohistochemistry using a Robo-specific antibody

reveals a zone-specific targeting of VNO axons in the AOB
well before cell bodies of these neurones in the VNO acquire
their final zonal position. In vitro assays show that Slit1-
Slit3 chemorepel VNO axons, suggesting that basal axons
are guided to the posterior AOB due to chemorepulsive
activity of Slits in the anterior AOB.

These data in combination with recently obtained other
data suggest a model for the topographic targeting in the
vomeronasal projection where ephrin-As and neuropilins
guide apical VNO axons, while Robo/Slit interactions are
important components in the targeting of basal VNO
axons.

Key words: Robo, Slit, Axon guidance, VNO, Vomeronasal, AOB,
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Introduction Tirindelli, 1997). Co-expression of the marker proteins tau-

Most terrestrial vertebrates have evolved an anatomically arfi¢Zand tau-GFP with selected vomeronasal receptors led, for
functionally distinct structure, the accessory olfactory ofth€ first time, to the visualisation of a vomeronasal map
vomeronasal system, which modulates pre-programme@enusc'o et al., 1999;. Del Punta et al., _2002b; Rodriguez et
behavioural patterns such as mating and aggression via tAk: 1999), demonstrating that axons which express the same
detection of pheromones (Del Punta et al., 2002a; Dulac, 200g°meronasal receptor terminate within the AOB in a specific
Keverne, 2002; Leypold et al., 2002; Mombaerts, 1999pattern of spatially conserved groups of glomeruli. Genetic
Rodriguez et al., 2000; Stowers et al., 2002). The vomeronasafplation of vomeronasal receptors disrupts this glomerular
organ (VNO) is positioned ventrally in the nasal cavity and i¢onvergence, and so vomeronasal receptors might act as
the chemosensory apparatus for pheromone detection. VN@¥functional molecules, wprkmg both to transduce signals from
axons connect the sensory epithelium of the VNO to th@heromones and to guide VNO axons. In such mutants,
accessory olfactory bulb (AOB), the first relay station in thhowever, vomeronasal axons still project mostly to the
brain, which is located in a dorsoposterior position on top ofPpropriate half in the AOB suggesting that other guidance
the main olfactory bulb (MOB). Secondary projections link thecues must be involved in establishing the integrity of the zone-
AOB to nuclei in the hypothalamus and amygdala for furthefo-zone projection (Belluscio et al., 1999; Rodriguez et al.,
information processing (Keverne, 1999). 1999). Indeed, two families of axonal guidance molecules, the
The axonal projection between the VNO and the AOB igphrins and the semaphorins, were recently reported to be
zonally organised. Sensory neurones in the apical zone of tievolved in the zonal projection of apical vomeronasal axons
VNO project their axons to the anterior half of the AOB, while(Cloutier et al., 2000; Kndll et al., 2001; Walz et al., 2002).
the posterior AOB is innervated by axons of the basal VNO First, ephrin A5 was found to be expressed more strongly on
(see Fig. 7). This topography was revealed in expressioapical than basal VNO axons, while the Epha6 receptor was
studies on several molecular markers, including vomeronaspteferentially expressed in the anterior AOB (Kndll et al.,
receptors, the putative pheromone receptors amgr@teins  2001). Thus axons with higher levels of ephrin A proteins
(Dulac and Axel, 1995; Herrada and Dulac, 1997; Jia angroject onto a region of the AOB with higher Epha expression
Halpern, 1996; Matsunami and Buck, 1997; Ryba andsee Fig. 7). This led to a model in which the projection of



5074 Development 130 (21) Research article

apical axons to the anterior AOB is mediated by an attractivesed the protocol of Conover et al. (Conover et al., 2000). In brief,
guidance mechanism in which ephrin A proteins function a®1 embryos were fixed in ice-cold 4% paraformaldehyde (PFA) for
receptors and Epha receptors as ligands. This idea was$ hours, embedded in 5% low-melting agarose and vibratome-
supported by data from in vitro stripe assays, and also by tiggctioned at 100-150m. After blocking with 10% newborn goat

analysis of ephrin A5 mutant mice, in which apical axonserum (NGS)/2% bovine serum albumin (BSA)/phosphate-buffered

/ : : . aline (PBS) for 1hour at 4°C, sections were incubated overnight at
terminated in both the anterior ~and (topographlcallyzoc with 1pg/ml of the indicated Fc fusion proteins in ®.5lock.

inappropriate) posterior AOB (Kndll and Drescher, 200250, eytensive washing, the sections were heat-treated for 30 minutes

Knoll et al., 2001). Secondly, neuropilin 2, which is part of thes; 70°c and blocked for 1 hour in 8.5lock with 0.1% Triton X-
receptor complex for some class 3 semaphorins, is expressgsh. Subsequently, sections were incubated with alkaline phosphatase
on apical but not basal VNO axons. The analysis of neuropilidonjugated anti-Fc antibody (1:1000; Promega) overnight at 4°C.
2 mutant mice also showed a disruption of the zonal projectioffter extensive washing with PBS/0.1% Triton X-100, binding of
of apical VNO axons (Cloutier et al., 2000; Walz et al., 2002)fusion proteins was revealed using BCIP/NBT as a substrate. Sections
It therefore appears that both ephrin A proteins and neuropiliriere counterstained with DAPI and embedded in Moviol.

are involved in the topographic targeting of apical VNO aXON$ munohistochemistry

to the anterior AOB. Apimals at the stages indicated were fixed for 7 days in 4%

. Th|§ raises the question of which gmdance cues are mvolvq rmaldehyde/PBS and then processed for immunohistochemistry
in guiding basal axons to the posterior AOB, as the zongfsing a series of IMS solutions of ascending concentration (30%,

projection of basal axons (e.g. in neuropilin 2 mutant mice) i$0%, 90% to absolute). Tissue was then processed through a series of
normal (Cloutier et al., 2000; Walz et al., 2002). IMS/xylene (50:50), two solutions of xylene and two solutions of
We present data that indicate that the Slit and Robo axgsaraffin wax before being embedded in wax. Paraffin sections were
guidance molecules are candidates to fulfil this function. Robeut (5 um) and dewaxed overnight at 60°C. After two changes in
proteins were first shown to regulate axon crossing at the/lene (5 minutes each), three changes in absolute IMS (2 minutes
Drosophilamidline because of repulsive interactions with Slits€ach), 70% IMS (2 minutes), sections were blocked for 10 minutes in
secreted from midline cells (Brose and Tessier-Lavigne, 20037 HO2 followed by excess washes in tap water. Sections were

; . Ra_ ressure-cooked in 10 mM citric acid®l (pH 6) for 5 minutes to
Guthrie, 2001, Nguyen-Ba-Charvet and Chedotal, 2002r?etrieve antigen sites. Slides were then washed in tap water and

Schimmelpfeng et al., 2001; Tear, 1999). Although ipsilaterally,q iiprated in 0.05 M TBS followed by blocking in 2% BSA/TBS
projecting axons express Robo constitutively and do not crosggior to overnight incubation with a rabbit polyclonal serum against
the midline, commissural axons are initially Robo negativeRobo, S3, diluted 1:2000 at 37°C. This antiserum was raised against
which allows them to cross. Robo expression is only evident 14 amino acid peptide stretch in the Ig domain 1 of mouse Robol,
on axons once they have crossed the midline and so prevenitsich is identical to that in mouse Robo2 with the exception of one
them from re-crossing. InDrosophila the differential amino acid. Specific binding of the antiserum can be blocked by pre-
expression of Robo is controlled by commissureless (Georgigncubation with either the immunogen, Robol-Fc or Robo2-Fc
and Tear, 2002; Keleman et al., 2002; Kidd et al., 1998a; Kidipdicating that the serum binds both Robol and Robo2 (L. Bannister
et al., 1998b; Myat et al., 2002; Tear et al., 1996). and VdS _“h“p“b"bsg!ed)-ﬁ'\‘e{?*}.b"“”r.‘g Zec(tgnsg".’gapaé.‘ — were

In vertebrates, three Robo proteins (Robol, Robo2 and Rig{/ned with a rabbit anfi-tubulin antibody (Cambridge Bioscience,
and three Slits (Slit1-Slit3) have been identified (Brose et al ambridge, UK). After washing, the primary antibody was detected

L ; . Ising the tyramide-StreptABC/HRP method (Dako, Glostrup,
1999; Fricke et al., 2001; Holmes et al., 1998; Itoh et al., 199&enmark) and DAB as a substrate. Sections were counterstained in

Li et al., 1999; Marillat et al., 2002; Sundaresan et al., 1998;arris’ Haematoxylin and dehydrated before mounting in DPX
Yuan et al., 1999a; Yuan et al., 1999b). Besides an involvemefiiounting medium (RA Lamb, East Sussex, UK).

in midline crossing (Bagri et al., 2002; Hutson and Chien, 2002;

Plump et al., 2002), Robo and Slit proteins have been implicatéﬁo"age” assays _ _

in the pathfinding — but not topographic targeting — of oIfactory!E14-5‘El,5-5 VNO explants were prepared as described by Cloutier et
retinal, hippocampal and cranial motor axons by exerting g (Cloutier et al., 2002) and co-cultured with COS cell-aggregates
repulsive action (Brose et al., 1999; Erskine et al., 2000; Huts creting Slitl, Slit2 or Slit3 as previously described (Patel et al.,

. o i 01). Lipofection was used to transfect 62atishes with a total
and Chien, 2002; Li et al., 1999; Nguyen Ba-Charvet et alamount of 0.751g Slit2 DNA or 1.5ug DNA for Slitl and Slit3.

1999; Niclou et al., 2000; Ringstedt et al., 2000). Cultures were incubated for 2-3 days at 37°C/5% ®Xeurobasal
medium using B27 additives (both Invitrogen, Carlsbad, CA) and

. recorded with phase-contrast microscopy using Lucia G software

Materials and methods (Laboratory Imaging). Heparin was not added to the culture medium.

Animals Quantification of neurite outgrowth was carried out as described by

C57/BI6 mice were used for expression studies and in vitr¢hen etal. (Chen et al., 2000).

experiments. The day of the vaginal plug was taken as embryonic day

(E) 0.5, and the day of birth as postnatal day 1 (P1). Results

In situ hybridisation Robo/Slit expression in the mouse VNO

All in situ hybridisation experiments were performed as previously, . . . . .
described (Knoll et al., 2001). The cRNAS probes t&aiiol Robo2 In a first step towards examining Robo/Slit function in the

and ratSlit1-Slit3 (Brose et al., 1999) were kindly provided by Dr mouse vomeronasal projection, we performed a detailed

Marc Tessier-Lavigne (Stanford University, Stanford, CA). expression analysis of Robo receptors (Robol and Robo2) and
Slit ligands (Slit1-Slit3). We analysed their expression patterns
Expression analysis of Slits on tissue sections using specific antisense riboprobes (Figs 1,

For detection of Slits on sections of the accessory olfactory bulb, w2 and 4), and also performed immunostaining using a Robo-
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specific antibody (Fig. 5) and a Robol-Fc fusion protein (FigAsymmetric distribution of Slits in the mouse AOB

3). In situ hybridisation was performed at E15.5, P1, P5 anNO axons entering the AOB at its medial margin (see Fig. 7)
P21, which covers the period of formation of the vomeronasdbrm a distinct nerve layer (n) in the dorsal part of the AOB
projection. If not stated otherwise, the data presented are at FHig. 2A). Mitral- and tufted (m/t) cells located in the ventral
only, as we found that the principal expression patterns qfart of the AOB elaborate dendrites to establish synapses with
Robos and Slits between E15.5 and P21 are unchanged. VNO axons in glomeruli and send axons towards other regions

The VNO is a bilaterally organised tube-like structureof the brain such as the amygdala (Dulac, 2000; Keverne,
located beneath the nasal septum, containing sensory epithe?i@02). The expression of RNA coding for Slit1 and Slit3 in the
appearing in a crescent shape adjacent to the vomeronasal vAIDB is confined to clusters of cells at the anterior border of
(Fig. 1). Robol and Robo2 are strongly expressed in the VN@e AOB (arrows, Fig. 2D,F). This asymmetric distribution of
sensory epithelium (Fig. 1A,B). Robol is downregulated aSlit is preserved between E15.5 and P5, but is no longer
later stages of development (Fig. 4A). A detailed analysiapparent at P21 (data not shown). Slit2 is not expressed in this
shows that Robo2 and, to a lesser extent, Robol-expressiagterior cell group but is detected in cells scattered in the
neurones are localised in small patches, with neuronesitral/tufted (m/t) cell layer throughout the AOB, with
expressing varying amounts of mRNA (Fig. 1H). individual cells expressing different RNA levels (Fig. 2E).

The VNO also expressed Slitl and Slit3, with Slitl being In addition, Robo2 RNA (Fig. 2B), and to a lesser extent
expressed at higher levels (Fig. 1D,F). Both Slitl and SlitRobol RNA (Fig. 2A), are uniformly expressed on m/t cells of
RNAs were found in a patchy pattern, similar to that of Roboshe AOB. Robo2 is also strongly expressed on mitral and tufted
(Fig. 1G). Slit2 was not expressed in the sensory epitheliuntells of the main olfactory bulb (arrows, Fig. 2B). However, by
but specifically labelled a region close to the vomeronasal veinsing a Robo-specific antibody we observed staining of only
(Fig. 1E). Expression of Slit2 in this region was undetectabléhe posterior part of the nerve layer at E15.5 (Fig. 5F), at P1,
by P21 (Fig. 4E). P4 (data not shown), and at P21 (Fig. 5G,H).

Given that Slits are secreted proteins, we reasoned that
in particular the high punctuate expression of Slits 1 and 3
at the anterior border of the AOB might result in a
differential (or graded) expression of Slit proteins within
the AOB. For this purpose we have generated and used a
set of Robo-Fc fusion proteins to specifically detect Slit
expression. Instead of using a Robol-Fc fusion protein
containing all five Ig domains, we have used sub-domains
from the extracellular part of Robo having different Slit
binding capabilities (Fig. 3A,B). Based on structure-
function analysis, only Ilg domains 1 and 2, but not 3-5, are
involved in Slit binding (V.S., unpublished). Hence, a Fc
fusion protein containing Ig domains 1 and &3, 4, 5
Robol-Fc) was used to localise Slit expression (Fig. 3C-
E), while A1, 2) Robo2-Fc lacking Ig domains 1 and 2
served as a negative control (Fig. 3F).

These analyses revealed a smooth gradient of Slit protein
at the most medial part of the AOB being stronger in the
anterior part and fading away towards the posterior part (Fig.
3C). More lateral to this position (Fig. 3D), Slit protein is
found in the anterior but not the posterior AOB. In the central
part of the AOB (Fig. 3E), there is a stronger Slit expression
in the anterior part of the mitral/ tufted cell layer than in its
posterior part, which is evident in approximately half of the
sections takem&10 mice, 2-3 sections/bulbus), while in the
remaining sections an even expression of Slit was found. In
Fig. 1. Sensory neurones expressing Robo and Slit RNA are summary, the asymmetric expression of Slit protein is
intermingled in the VNO at P1. Coronal sections through the VNO present at the time of ingrowth of vomeronasal axons into
outline the sensory epithelia (se, broken line) located underneath the the AOB and may function to steer ingrowing basal axons
nasal septum (s). (A,B) Cell bodies expressing Robol (A) or Robo2 away from the topographically inappropriate anterior AOB
(B) are scattered throughout the sensory epithelia of the VNO in (see below).
newborn mice. (C) Sections stained with Robo2 sense riboprobes are Thus, it appears that Slits are differentially expressed in
negative. (D,F) Slit1- (D) and Slit3 (F)-expressing cells are distributed {1, o AOB, while Robo protein — similar to the situation in

all over the entire area of the sensory epithelia. (E) Slit2 is not : o .
expressed on the sensory epithelia, but marks the lateral margins of thtgIe VNO (see Fig. 5B) — might be transported into the

VNO sensory epithelia. (G,H) Higher magnifications of B and D, axons leaving the cell body Robo protein negative.

indicating that individual neurones expressing Slit (G) and Robo2 (H)Consistent with this, we found Robo protein on axons of
RNA are distributed in patches in the VNO sensory epithelium. D, ~the lateral olfactory tract connecting the MOB with other

dorsal; I, lumen; se, sensory epithelium; s, nasal septum; V, ventral; vwolfactory processing centres of the brain (see below, Fig.
vomeronasal vein. Scale-bar: 0@ in A-F; 50um in G,H. 5G arrows).
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Segregation of Robo- and Slit-
expressing cells in the adult mouse
VNO

At birth, presumptive apical and basal cell
bodies in the VNO sensory epithelium are
intermingled as revealed by a number of
markers including specific & subunits
(Berghard and Buck, 1996; Berghard et al.,
1996; Jia and Halpern, 1996). This
intermingling is resolved during the first
postnatal weeks, when apical and basal cell
bodies become confined to their respective
zones in the VNO. To investigate a possible
change in Robo and Slit RNA expression that
might coincide with this process, in situ
hybridisation experiments were performed at
Fig. 2.RNA expression patterns of Robos and Slits in the AOB. In situ hybridisation P21 (Fig. 4). Compared with earlier stages
experiments were performed on sagittal sections of the AOB at P1. The outline of the(Fig. 1), Robo2 expression is now confined
entire AOB is given by broken lines in A. VNO axons in the nerve layer (n) form to the basal zone of the VNO (Fig. 4B), but
synapses with mitral- and tufted cells (m/t) located ventrally in the AOB. (A,B) M/t cellgs expression level varies between individual
along the entire anteroposterior axis of the AOB express Robol (A) and Robo2 (B) cg|is (Fig. 4C). By contrast, Robol
RNA. Robo2 is also strongly expressed in m/t cells of the MOB (arrows in B). (C) expression is downregulated as early as P5
Probing AQB sections Wlth Robo2 sense riboprobes result in no staining. (D,F) S“tl'(data not shown) and hardly detectable at
(D) and Slit3- (F) expressing cells are concentrated at the very anterior border of the . ) o
AOB (arrows). (E) By contrast, Slit2 RNA is expressed throughout the AP axis of the P21 (Fig. 4A). The expression of Slits is

AOB. AOB, accessory olfactory bulb; A, anterior; D, dorsal; L, lateral; M, medial; more r_eStriCted com_pared to earl!er stages,
MOB, main olfactory bulb; m/t, mitral and tufted cells; n, nerve layer; P, posterior; v, With Slit3 mostly confined to the apical VNO
ventral. Scale bar: 100m. and Slitl having a higher expression in the

apical than the basal VNO (Fig. 4D,F).
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Fig. 3. Differential expression of Slit proteins in the AOB. The experiments were carried out on sagittal sections of the AOB at P1.

(A) Schematic drawing of the probes used. As Ig domains 1 and 2 confer Slit binding, a deletion construct omitting thesertsvoatioed
(Al1,2)-Robol-Fc was used as a control, whi@,4,5)-Robo2-Fc containing Ig domains 1 and 2 was used to detect Slit protein expression.
(B) Dorsal view of the AOB. Basal vomeronasal axons (green) invade the AOB from its medial margin and project onto thed@iterior
Approximate location of sagittal sections shown in C,D,E are indicated by broken lines i, ii and iii, respectively. (C gz fi)rDeftSlit

proteins using43,4,5) Robol-Fc on 150m sagittal vibratome sections. Their approximate positions along the mediolateral axis (i,ii,iii) are
shown in B. BoundA3,4,5) Robol-Fc was visualised using an alkaline phosphatase conjugated anti-Fc specific antibody. (G-1) Corresponding
DAPI stainings to C,D,E. (F,J) Staining with1(2) Robo2-Fc (F) serving as a negative control and the corresponding DAPI staining (J).
(K-N) Quantification of staining patterns shown in C-F using the Phoretix ID Quantifier V4.0 program. Here, the stainingoftbesizea
between the two asterisks shown in C-F, which covers the AOB along its entire anteroposterior dimension, was measurbdwGregriags
values and standard deviations. K shows the results from the measurement of six comparablenségtairibd level of i, of which C is a
typical exampler{=10 for L,n=6 for M andn=3 for N). These data indicate a stronger expression of Slits in the anterior than the posterior
AOB. AOB, accessory olfactory bulb; A, anterior; D, dorsal; L, lateral; M, medial; MOB, main olfactory bulb; P, posterémtra. v

Scale-bar: 10@m in C-J.
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Expression of Robo protein on basal VNO axons These data are consistent with the expression of Robo2 RNA

Given its function as an axon guidance receptor, we wished 6 the basal zone of the VNO and the downregulation of Robol
determine the localisation of Robo protein within theRNA at P21 (Fig. 4).

[E15.5

vomeronasal projection by immunohistochemistry using an
antibody, which detects both Robol and Robo2 (Hivert et al
2002) (see Materials and methods for details) on tissu
sections.

At E15.5, VNO axons emanating from the VNO sensory
epithelium and navigating dorsally along the nasal septur
towards the AOB are strongly Robo positive (arrows, Fig
5A,B). In the AOB, we observed stronger staining for Robo ir
the posterior than in the anterior part of the nerve layer (arrow
Fig. 5F). This is particularly interesting as this zone-specific
localisation occurs prior to the segregation of the
corresponding cell bodies in the VNO. In addition, we
observed a differential expression of Robo across th
mediolateral (ML) axis of the AOB at E15.5 (Fig. 5D) and P1
(data not shown). Here, the lateral aspect of the nerve lay
shows higher Robo staining than its medial side, from whicl
VNO axons enter the AOB (arrows, Fig. 5D; Fig. 7). However
this pattern is transient and by P21 there is no longer
differential distribution of Robo along the ML axis (data not
shown).

Inspection of sagittal sections of the AOB at P21 shows the
only the posterior half of the AOB nerve layer — which is
formed by basal axons — is Robo positive (Fig. 5G,H; Fig. 7)

|P21
anti-Rebg D

~
- ‘h

Fig. 5. Localisation of Robo protein in the VNO and AOB. The
expression of Robo protein was examined at E15.5 (A-F) and P21
(G,H) using a Robo specific antiserum (B,D,F-H) on paraffin wax
sections. Neighbouring sectionsy apart) were stained f@r

tubulin (A,C,E). The outline of the AOB is highlighted by a broken
line in G,H. (A,B) VNO axons (stained for tubulin in A) leave the
sensory epithelia of the VNO on both sides and navigate dorsally
along the nasal septum. These axons clearly express Robo protein
(arrows A,B). Note the absence of Robo protein from the cell bodies
of the sensory epithelium. (C,D) Analysis of Robo expression

(D) along the mediolateral axis of the AOB. Coronal sections
through the AOB reveal a stronger Robo expression on the lateral
than on the medial region of the VNO nerve layer (arrows in D).

Fig. 4. Segregation of Robo- and Slit-expressing neurones in the
VNO at P21. After ~2 weeks of postnatal development, sensory

(C) The entire length of the VNO nerve layer is indicated by white
arrows. (E,F) Robo expression (F) along the anteroposterior axis of

neurones are restricted to either the apical (a) or basal zone (b) of tilee AOB. On a sagittal section Robo staining is mostly confined to
VNO sensory epithelium (B) (see also Fig.7). All pictures depict  the posterior extent of the nerve layer in the AOB (arrows).

coronal sections of one half of the VNO. (A) Only residual levels of Importantly, we find this expression already at E15.5, despite the fact
Robol RNA are detectable on both apical and basal cell bodies. (B)that basal neurones are still intermingled with apical neurones within
By contrast, Robo2 expression is prominent and confined to the baghle VNO sensory epithelium. The entire extent of the nerve layer is
zone of the VNO sensory epithelium. (C) Higher magnification of B, shown on a neighbouring section stained for tubulin (see arrows in
demonstrating the restriction of Robo2-RNA to basal sensory E). (G,H) At P21, Robo protein is clearly restricted to the nerve layer
neurones. Note also the patches of Robo2-expressing neurones in thiethe posterior AOB, conclusively demonstrating that only the basal
basal zone. (D,F) Slitl (D) is more strongly expressed in the apical subpopulation of VNO axons innervating the posterior half of the

than basal VNO, while Slit3 RNA (F) is mainly restricted to cell
bodies of the apical zone. (E) Slit2 RNA, which was labelling the

AOB expresses Robo. Axons of the main sensory epithelium
terminating in glomeruli of the main olfactory bulb also express

lateral VNO at P1 (see Fig. 1E), has disappeared at P21. a, apical; Robo (G). Arrows in G indicate the expression of Robo in the lateral

basal, D, dorsal; V, ventral. Scale bars: in F, g@0for A,B,D-F; in
C, 50um for C.

olfactory tract. A, anterior; D, dorsal; P, posterior; V, ventral Scale-
bar: in G, 1 mm for A,C,E,G; in H, 1Qdm for B,D,FH.
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Finally, axons of the main olfactory bulb, which terminate
in glomeruli of the ventral part of the main olfactory bulb, are
also Robo positive (Fig. 5G), suggesting that Robos and Sli
may also be involved in the topographic mapping in the mai
olfactory system.

Robo-Slit interactions repel vomeronasal axons

The expression profile presented in this study suggests tt
basal VNO axons are guided to the posterior AOB based on
chemorepulsive effect exerted by a differential Slit expressio
in the AOB. To investigate this idea more directly, we analyse
the sensitivity of VNO axons to all three Slits in a collagen ge
co-culture system. Here, E14.5 VNO explants were arranged
proximity to COS cell aggregates secreting Slit1, Slit2 or Slit <
or mock-transfected control cells (Fig. 6, see Materials an
methods). Two to 3 days later, the response of VNO axons
the cell clusters was monitored. In control experiments usin

mock-transfected COS cell aggregates (Fig. 6A33), we

observed an almost radially symmetrical outgrowth of VNO 8 M

axons indicating an insignificant level of secretion of repulsive S 08

molecules by COS cells per se (Fig. 6A). By contrast, VNC g 06

axons were robustly repelled from Slit-secreting COS cel 0.4 ]

aggregates, with virtually no axons growing towards the 0.2 . 1 i
Slit-producing cells (Fig. 6B-D). This chemorepulsion was 0 L

observed even without the addition to the growth medium c E coutiol s e ks

heparin, which is known to enhance Slit release into the mediu _ _ _
(Brose et al., 1999; Nguyen Ba-Charvet et al., 1999; Hu, 2001Fig. 6. Slits guide VNO axons by chemorepulsion. E14.5 VNO

Subsequently, the repulsive effects of Slit1-Slit3 onéXplants were placed in a collagen-matrix next to COS cell
vomeronasal axons were quantified in more detail. W‘aggregatestransfected with Slit1 (B), Slit2 (C), Slit3 (D) or mock

) : . transfected (control, A). Lipofection was used to transfect® cm
compared the extent of axon-outgrowth in the proximal ANishes with 2 total amount of 0.7 SIit2 DNA and 1.5.g DNA

F"St"?" quadrants (P/D ratio) of VNO exp_lants, SUMmMarset,  gjit1 and Slit3. After 3 days in culture, outgrowth of VNO

in Fig. 6E (Chen et al., 2000). A P/D ratio of 1 means thagyons was recorded and quantified (E). (A) Axon-outgrowth from
there is no repulsion, whereas lower P/D values indicatyNo explants was radial and not influenced by mock-transfected
chemorepulsion. For controls (mock transfection), WeCOS cells (=33 explants). (B-D) Slit1-Slit3 caused

determined a P/D ratio of 0.82 [+0.18 (s.e.m.)] indicatingchemorepulsion of VNO axons. (E) The repulsive effect of Slit1-
very little repulsive activity of COS cells on vomeronasalSlit3 on VNO axons was quantified by measuring the length of the
axons per se. However, the P/D ratio for experiments usinneurite front in the proximal (P) and distal quadrants (D) of the
Slit-transfected cells was drastically reduced with ratios oVNO explant relative to the cell aggregate. In controls, a P/D ratio

0.25 (£0.13), 0.1 (+0.11) and 0.25 (0.18) for Slit1, Slit2 ancX’ ~1 (0-82:0.18) indicates aimost no repueive activty of mock
; : e i F S transfected cell aggregates. By contrast, Slit1-Slit3 shift the
Slit3, respectively. This indicates a statistically Slgmflcamratio to 0.25+£0.13, 0.1+0.11 and 0.25+0.18, respectively, indicating

repulsive activity of all three Slits on VNO axons, Whena strong Slit-mediated chemorepulsion of VNO axons. Scale bar:
compared with controld?<0.01,t-test, Fig. 6E). This finding 100“m9 P ' '

is consistent with data showing that Robol is uniformly
expressed in the VNO during embryonic stages (Fig. 1A, dai
not shown), presumably conferring sensitivity to Slits on all _ )
VNO axons in the collagen assays despite the bas&0bo and Slit expression patterns
expression of Robo2. We have shown that Robo receptors are expressed on
vomeronasal axons throughout the time at which this

. . topographic projection is formed. During early stages of
Discussion development of this projection (P1) differential expression
The vomeronasal projection is topographically organised sugbatterns of Robos on apical versus basal axons are difficult to
that axons from the apical VNO project onto the anterior AOBanalyse, because cell bodies from presumptive basal and apical
and axons from the basal VNO connect to the posterior AOBixons are intermingled within the VNO. Nevertheless, the
Although targeting of apical axons is governed by axonallypatchy expression of Robo2 mRNA in particular is in
expressed ephrin A proteins using an attractive guidancggreement with such a differential expression on apical versus
mechanism, and also by neuropilins, it was unclear how bashésal cell bodies. Robol, however, appears to be rather
axons are directed to their targets. Differential expressionniformly expressed in the VNO. At later stages of
patterns of Slits and their Robo receptors as well as development, when apical and basal cell bodies in the VNO
chemorepulsive effect of Slits on vomeronasal axons rendelswve separated, Robo2 is obviously expressed only on basal
this family of axon guidance molecules into a promisingaxons, while Robol expression is no longer detectable.
candidate for performing this task. These data were confirmed by staining vomeronasal axons
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during their growth into the AOB, which uncovered a strongeSegregation of basal and apical VNO axons in the

Robo protein staining in the posterior AOB, the target area cAOB

basal axons, than in its anterior part. This indicates that — givéihe expression patterns of ephrin A/Ephs and Robos/Slits
that targeting of vomeronasal axons is topographically specifisuggest a mechanism by which basal and apical axons are
from the beginning — basal axons express Robo receptors mayeided to the posterior and anterior AOB respectively.
strongly than apical axons from early stages of developmenAccording to this model, guidance would result from the sum
Our data therefore suggest that basal axons are more sensitfattractive forces exerted by the ephrin A/Eph system and the
to Slits than are apical ones and might react differently in sepulsive forces acting via the Slit/Robo system, which appear
target area of differential Slit expression. to be different for apical versus basal axons.

The VNO also expressed Slitl and Slit3 mRNA, with the We propose that vomeronasal axons arrive at the AOB and
former being expressed at higher levels than the latter. It @iverge at the medial margin between the anterior and posterior
unknown whether the apparent co-expression of Slits witkones (see Fig. 7). Here, apical axons, which express higher
Robos on sensory VNO neurones exerts any effects on tleencentrations of ephrin As than basal ones, turn into the
sensitivity of these axons. Co-expression of Eph receptors amaghterior AOB, because of an attraction towards higher
ephrins on nasal retinal ganglion cell axons renders these axarmncentrations of EphA receptors in the anterior AOB (Kndll
less sensitive to exogenously applied ephrin As (Hornberger et al., 2001). Given that basal axons also express ephrin A
al., 1999). proteins, they in principle would also turn into the anterior

To uncover any differential Slit protein expression pattern irAOB. However, because these basal axons express higher
the AOB, we have used &3,4,5) Robol-Fc fusion protein concentrations of Robo receptors than apical axons, they would
binding to all three Slits, to probe sections from the AOB andbe repelled from invading the anterior AOB, which contains
demonstrated a differential protein localisation of Slits in thehigher concentrations of Slit, and turn into the posterior AOB
AOB such that their concentration was higher in the anterioffor details see Fig. 7).
than posterior part. This fits with the (stronger) Slitl and The neuropilin 2/semaphorin class 3 axon guidance family
(weaker) Slit3 RNA expression at its anterior border, possiblgontributes also to the guidance of apical axons, possibly via
in so-called necklace glomeruli (Lipscomb et al., 2002;a chemorepulsive mechanism involving a semaphorin gradient
Shinoda et al., 1989). The actual contribution of Slitl and Slit3hrough differential neuropilin/semaphorin  sequestering
to this differential expression can not be revealed by thi¢Cloutier et al., 2000; Walz et al., 2002).
staining method and might require suitable antibodies

(Rajagopalan et al., 2000; Simpson et al., 2000). Interplay between axon guidance molecules and
vomeronasal receptors
Vomeronasal axons are chemorepulsed by Slits A subsequent step in the formation of the vomeronasal

Functional investigation of the interaction of Slits with Robo-projection is the establishment of vomeronasal receptor-
expressing vomeronasal axons in collagen co-cultures showsgecific, complex patterns of glomeruli within the anterior and
a chemorepulsive activity of all three Slits on vomeronasgbosterior zones, which requires the expression of the
axons from E14.5 explants. Given that at E15.5 Robo2 igomeronasal receptors themselves (Belluscio et al., 1999;
restricted to basal axons only, while Robol is uniformlyRodriguez et al., 1999). A role of ‘classical’ axon guidance
expressed on both apical and basal axons, one might hawmlecules in this fine-tuning process appears possible and is
expected a certain differential sensitivity of basal versus apicabnsistent with the patchy expression of Robo2 (shown here)
axons, which we did not observe. This might reflect technicadnd of ephrin A5 (Knéll et al., 2001) in the basal and apical
limitations of the collagen gel assay and its quantificationyYNO, respectively. This could lead to differential sensitivities
which result in a failure to detect subtle differences inwithinthe subpopulations of apical and basal axons, and might
sensitivity. lead to a differential targeting within the two zones of the
Importantly, the collagen co-culture assays could be\OB.
performed only at early embryonic stages (i.e. E14-E15.5), as
at later (postnatal) stages there is little axon outgrowth fronihe development of the zonal topography
VNO explants. However, at early stages, the difference i®ne of the special features of the vomeronasal system is the
Robo expression between apical and basal vomeronadatermingling of future apical and basal cell bodies in the
axons appears to be much smaller than at later stages. WNO during early development, and their subsequent
particular, the expression level of the uniformly expressedeparation during postnatal development. We show that at the
Robol appears to be somewhat higher than that of theme when VNO cell bodies are still intermingled, the
differentially expressed Robo2 (Fig. 1; and data not showingrowth of axons into the AOB is already topographic or
for E15.5). At later stages of development, i.e. at cruciatone-specific. This is evident from immunohistochemical
times of topographic map formation, Robol expression ianalyses showing that Robo staining is largely restricted to the
significantly downregulated, while the differential Robo2posterior AOB already at E15.5 (Fig. 5) and P1 (data not
expression is unchanged. Thus, we would expect shown). Thus, the segregation of apical and basal cell bodies
differential sensitivity of apical versus basal VNO axons inin the VNO is not a precondition for the zone-specific
collagen co-culture assays for explants from older micetargeting of their respective axons within the AOB. Robo is
However, as mentioned, the lack of axon outgrowth fromone of the earliest markers that defines the zonal projection of
postnatal VNO explants prevents us from demonstrating theomeronasal axons, and might therefore be particularly suited
anticipated difference in apical versus basal VNO axoro investigate further details on the formation of the zonal
sensitivity in vitro. projection of vomeronasal axons.
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the axonal tracts established earlier in development (Hivert et
VNO AOB al., 2002).

lateral

Interactions between guidance families
Several different guidance molecules such as Robo, ephrin A
and neuropilin proteins are expressed in overlapping and
complementary expression patterns on VNO axons and were
shown to be functionally involved in the zonal targeting of
VNO axons in the AOB. Thus the vomeronasal system
provides — owing to its clear-cut zonal bipartition — an excellent
(obo2 e | | sl and S|mp_le model system w!th whlch to study the integration
n | | sii2 of attractive and repulsive signalling pathways controlled by
these molecules.

anterior
posterior

medial
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