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The development of olfactory bulb projections that form the lateral olfactory tract (LOT) is still poorly understood. It is known that the
septum secretes Slit1 and Slit2 which repel olfactory axons in vitro and that in Slit1�/�;Slit2�/� mutant mice, the LOT is profoundly
disrupted. However, the involvement of Slit receptors, the roundabout (Robo) proteins, in guiding LOT axons has not been demonstrated.
We show here that both Robo1 and Robo2 receptors are expressed on early developing LOT axons, but that only Robo2 is present at later
developmental stages. Olfactory bulb axons from Robo1�/�;Robo2�/� double-mutant mice are not repelled by Slit in vitro. The LOT
develops normally in Robo1�/� mice, but is completely disorganized in Robo2�/� and Robo1�/�;Robo2�/� double-mutant embryos,
with many LOT axons spreading along the ventral surface of the telencephalon. Finally, the position of lot1-expressing cells, which have
been proposed to be the LOT guidepost cells, appears unaffected in Slit1�/�;Slit2�/� mice and in Robo1�/�;Robo2�/� mice. Together,
our results indicate that Robo1 and Robo2 directly mediate the repulsive activity of Slit receptors on LOT axons, and are required for
normal guidance of these axons in vivo.
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Introduction
The development of axonal projections has been studied exten-
sively in the olfactory system. Olfactory neurons from the olfac-
tory epithelium send their axons to specific glomeruli in the main
olfactory bulb (OB), where they synapse on the dendrites of mi-
tral and tufted cells. These OB neurons then project to the pri-
mary olfactory cortex (Schwob and Price, 1984; Shipley and En-
nis, 1996; Zou et al., 2001). OB axons are positioned laterally,
under the pial surface, and constitute the lateral olfactory tract
(LOT). The first mitral cell axons leave the OB at embryonic day
12.5 (E12.5) in mice and the LOT is discernible the following day
(Pini, 1993; Sugisaki et al., 1996). Organotypic cocultures of OB
and telencephalic vesicles or cell membranes have suggested that
LOT axons are guided by short-range cues distributed along their
pathway on guidepost cells called “lot” cells (Sugisaki et al., 1996;
Hirata and Fujisawa, 1997). Moreover, LOT axons were also
shown to be repelled in vitro by diffusible factors secreted by the
olfactory epithelium, septum, and olfactory cortex (Pini, 1993;
Hu and Rutishauser, 1996; de Castro et al., 1999). Thus, the path-

finding of LOT axons in the telencephalon involves a combina-
tion of short- and long-range cues. We have shown previously
that the septum-derived repellents for LOT axons are two Slit
proteins, Slit1 and Slit2 (Nguyen Ba-Charvet et al., 1999, 2002),
but the receptor(s) mediating Slit function in this system have not
been fully defined.

The major functional receptors for Slits are members of the
roundabout (Robo) receptors. The first roundabout gene, Robo,
was identified in Drosophila in a screen for genes regulating mid-
line crossing in the CNS (Seeger et al., 1993). Three Robo genes
have been found in Drosophila (Kidd et al., 1998; Rajagopalan et
al., 2000a; Simpson et al., 2000b) and mammals (Brose et al.,
1999; Li et al., 1999; Yuan et al., 1999; Jen et al., 2004), and one in
Caenorhabditis elegans (Zallen et al., 1998). Mammalian Slits can
bind to all Robo receptors with comparable affinity (Brose et al.,
1999; Li et al., 1999; Sabatier et al., 2004). Robo proteins belong to
the Ig superfamily and have five Ig-like domains followed by
three fibronectin type III repeats, a transmembrane portion and
an intracellular tail containing conserved cytoplasmic motifs.
Another protein, Robo4, containing the first two Ig domains has
been found only expressed by endothelial cells and plays a role in
angiogenesis (Huminiecki et al., 2002; Bedell et al., 2005), but its
ability to bind Slit is debated (Suchting et al., 2005). The involve-
ment of Robo receptors in Slit signaling in vivo has been well
demonstrated in invertebrates (Kidd et al., 1998; Rajagopalan et
al., 2000a,b; Simpson et al., 2000a), in the spinal cord of verte-
brates (Sabatier et al., 2004), and in C. elegans (Hao et al., 2001).
We show here, using in vitro assays, binding studies, and the
phenotypic analysis of Robo1 and Robo2 mouse knock-outs, that
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Robo1 and Robo2 are the receptors medi-
ating Slit repulsive action on LOT axons.

Materials and Methods
Swiss mice (Janvier, Le Genest Saint Isle,
France) were used for binding studies. Slit-
deficient mice and Robo-deficient mice were
described previously and genotyped by PCR
(Plump et al., 2002; Grieshammer et al., 2004;
Long et al., 2004) (L. Ma and M. Tessier-
Lavigne, unpublished observation). To better
visualize LOT axons, Slit1;Slit2 mutant mice
were crossed to the ERE mouse line, a trap line
in which the lacZ reporter gene was randomly
inserted into the genome (a gift from Y. Saga,
National Institute of Genetics, Mishima, Ja-
pan). The insertion site is still unknown. The
day of the vaginal plug was counted as E0 and
the day of the birth as postnatal day 0 (P0).
Mice were anesthetized with sodium pentobar-
bital (50 mg/kg). All animal procedures were
performed in accordance with institutional
guidelines.

Generation of LRR2-hSlit1-AP and LRR2-
hSlit2-AP. To generate the human leucine-rich
repeat (LRR) Slit1/2-alkaline phosphatase (AP)
fusion proteins (LRR2-hSlit1-AP or LRR2-
hSlit2-AP), the second LRR of Slit1 (amino ac-
ids 282–512) or Slit2 (amino acids 341–505)
was amplified by PCR and cloned between the
XhoI and XbaI sites of the AP-Tag5 vector
(GenHunter, Nashville, TN).

Binding studies. Human embryonic kidney
293 cells were transfected with LRR2-hSlit1/
2-AP using Lipofectamine 2000 reagent (In-
vitrogen, Carlsbad, Ca) and grown for 48 h. The
supernatant was used directly without addi-
tional purification. AP activity was measured as
described previously (Flanagan and Leder, 1990)
and the presence of the fusion protein in the su-
pernatant confirmed on Western blot with an
anti-AP antibody (1:6000; GenHunter). A sin-
gle band at the expected molecular weight 100
KDa was detected (data not shown).

Binding was performed as described by
Kolodkin et al. (1997). Briefly, 20 �m cryosec-
tions (from fresh-frozen brains) were fixed for
8 min in cooled 100% methanol. The sections
were then washed three times in PBS, 4 mM

MgCl2, and incubated in a blocking solution
(PBS, 4 mM MgCl2, 10% fetal bovine serum;
Invitrogen) for 1 h at room temperature (RT). Four-hundred microliters
of LRR2-hSlit1/2-AP supernatant, diluted 1/5 in PBS, were added to the
sections and incubated for 2 h. After five washes in 4 mM MgCl2 in PBS at
RT, sections were fixed for 2 min with 60% acetone, 4% paraformalde-
hyde, and 20 mM HEPES, pH 7. After five additional washes in PBS, the
sections were incubated at 65°C for 2 h in PBS to inactivate endogenous
phosphatases. Sections were washed twice in PBS and incubated in 100
mM Tris, pH 9.5, 100 mM NaCl, and 5 mM MgCl2 for 5 min. Last, the slides
were incubated for 2 h at RT in 100 mM Tris, pH 9.5, 100 mM NaCl, and
5 mM MgCl2, containing 300 �g/ml nitroblue tetrazolium (NTB; Roche,
Meylan, France) and 250 �g/ml 5-bromo-4-chloro-3-indolyl phosphate
(BCIP; Roche).

Immunocytochemistry. Until E16, embryos were fixed by immersion in
4% paraformaldehyde (PFA) in 0.12 M phosphate buffer, pH 7.4. Older
mice were perfused transcardially with 4% PFA, postfixed for 3 h, and
then cryoprotected in 10% sucrose. Cryostat sections were blocked in
0.2% gelatin in PBS containing 0.25% Triton X-100 and incubated over-
night at RT with goat anti-neuropilin 1 (NP1; R & D Systems, Minneap-

olis, MN), rat anti-L1 (Millipore, Temecula, CA), goat anti-Robo1 (R &
D Systems), goat anti-Robo2 (R & D Systems), rabbit anti-Robo2 (a gift
from Dr. Murakami, Osaka, Japan) (Sabatier et al., 2004), goat anti-
Robo3 (R & D Systems), rabbit anti-�-galactosidase (MP Biomedicals,
Irvine, CA), and rat mAb Lot1 (Sato et al., 1998), followed by species-
specific secondary antibodies directly conjugated to fluorophores [cy-3
(Jackson ImmunoResearch, West Grove, PA) or Alexa Fluor (Invitro-
gen)]. Sections were examined under a fluorescent microscope (DMR;
Leica, Nussloch, Germany).

PLAP staining. Cryostat section, pretreated just as for immunocyto-
chemistry, were incubated 30 min in PBS at 65°C, buffered 10 min in B3
buffer (0.1 M Tris, pH 9.5, 0.1 M NaCl, 50 mM MgCl2). We then detected
human placental alkaline phosphatase (PLAP) activity with 0.1 mg/ml
BCIP and 1 mg/ml NBT in B3 buffer. PLAP-stained tissue was then
washed in PBS and mounted in Mowiol (Calbiochem, La Jolla, CA).

X-Gal staining. ERE mouse is a gene-trap line isolated from the ran-
dom insertion series of the �-galactosidase gene into the mouse genome
performed by Dr. Yumiko Saga at the National Institute of Genetics in

Figure 1. Expression of Robo1 and Robo2 in the lateral olfactory tract. A–C, Immunocytochemical analysis of Robo2 (A) and
Robo1 (B) expression on E13 coronal sections of mouse forebrain. Robo1 and Robo2 are both expressed in the LOT, but Robo1 is
only detected in a subpopulation of axons. Robo2 is also present in olfactory sensory axons (arrow). Robo1 and Robo2 are
expressed in the intermediate zone of the neocortex (arrowhead). D–I, Immunocytochemistry against Robo1 (D, F ), Robo2 (G, I ),
and L1 (E, F, H, I ) on E16 telencephalon coronal sections. At this stage, Robo1 is no longer detected in the LOT (dashed line),
although Robo2 is still observed in all of the LOT axons labeled by L1 (I ). Scale bars: (in C) A–C, 150 �m; (in F, I ) D–I, 90 �m.
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Japan. The brains of the embryos were dissected and stained using X-Gal
by the method of Saga et al. (1992). In the line, most, if not all, of the main
olfactory projection neurons were found expressing �-galactosidase (T.
Kawasaki and T. Hirata, unpublished observation).

Repulsion assay. OB explants from E14.5 Robo-deficient, heterozygous,
and wild-type littermate embryos were cocultured in collagen gels with ag-
gregates of Slit2-transfected COS-7 cells [transformed African green monkey
kidney fibroblast cells (COS cells)] or floor-plate cells from E13 rat embryos
as described previously (Nguyen Ba-Charvet et al., 1999). Explants were
cultured in neurobasal medium supplemented with B27 for 48 h. At the end
of this period, explants were fixed in ice-cold 4% PFA and immunostained
with a neuron-specific anti-class III �-tubulin monoclonal antibody (TuJ-1;
Covance, Berkeley, CA) for visualization of the axons.

DiI tracing. The olfactory bulb of E16 to E18 embryos was injected with
the lipophilic tracer 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindocarbo-
cyanine perchlorate (DiI; Invitrogen) as described previously (de Castro
et al., 1999).

Results
Robo1 and Robo2 are expressed in the lateral olfactory tract
To determine whether LOT axons expressed Robo receptors, we
first performed an immunohistochemical study. At E13, LOT
axons were strongly immunoreactive for Robo2, consistent with
our previous in situ hybridization data (Nguyen Ba-Charvet et al.,
1999; Marillat et al., 2002) (Fig. 1A). Interestingly, E13 LOT ax-

ons were also immunoreactive for Robo1
(Fig. 1B). Neither Robo1 nor Robo2 were
expressed on so-called lot cells (see be-
low). Double immunolabeling revealed
that Robo1 is expressed by a subset of
Robo2-positive LOT axons (Fig. 1C). This
expression pattern was unchanged until
E15 (data not shown). From E16, we were
unable to detect Robo1 protein on LOT ax-
ons (Fig. 1D), visualized with an anti-L1 an-
tibody (Fig. 1E,F,H,I) (Inaki et al., 2004),
whereas Robo2 was still highly expressed
(Fig. 1G). In Robo1-deficient mice, a cassette
encoding �-galactosidase (�-gal) and PLAP
was inserted in the Robo1 locus (Long et
al., 2004). Similarly, �-galactosidase-fused
with tau was inserted into the Robo2 locus
(Grieshammer et al., 2004). At E16, neither
�-galactosidase, nor PLAP could be detected
in the LOT of Robo1�/� mice, whereas
�-gal was expressed in the LOT of Robo2�/�

mice (data not shown). In contrast, �-gal
was not expressed by lot cells. Robo3/Rig1
(retinoblastoma inhibiting gene 1) expres-
sion was never detected on LOT axons (data
not shown). Overall, these results show that
early developing LOT axons coexpress
Robo2 and Robo1, whereas only Robo2 is
expressed on older LOT axons.

LRR2-hSlit bind to LOT axons
A previous structure–function analysis of
the LRR domains of Drosophila Slit
(Howitt et al., 2004) revealed that the ac-
tive site of Slit is located on the second of
the four LRR (LRR2), which is highly con-
served between Slits (Howitt et al., 2004).
To attempt to visualize Slit binding sites in
the developing mouse brain we generated
two fusion proteins consisting of LRR2-

hSlit1 or LRR2-hSlit2 (see Materials and Methods) fused to AP
and performed binding studies. We found that at E13–E18, both
LRR2-hSlit1-AP and LRR2-hSlit2-AP strongly bound to LOT ax-
ons (Fig. 2A–C,E). To determine if Slit-AP constructs selectively
bound to Robo receptors, we next performed binding on OB and
forebrain sections from E13 and E18 Robo1 and Robo2 single and
double mutants (see Materials and Methods). We used LRR2-
hSlit2-AP, because it is more highly expressed by transfected cells
than LRR2-hSlit1-AP. At E13, LRR2-hSlit2-AP binding to LOT
axons was observed in Robo1 and Robo2 single mutants, but not
in Robo1;Robo2 double mutants (Fig. 2D) (data not shown). At
E18, LRR2-hSlit2-AP binding was still intense in wild-type and
Robo1�/� LOT axons (Fig. 2E,F), but was absent in Robo2�/� or
Robo1�/�;Robo2�/� LOT axons (Fig. 2G) (data not shown). At no
time did LRR2-hSlit2-AP bind to LOT cells. These results confirm
the immunocytochemical data, and also show that Robo1 and
Robo2 are most likely the only major Slit receptors on LOT axons
(see Discussion).

Slits do not repel OB axons from Robo1�/�;Robo2�/�

mutant mice
We next examined whether OB axons from mice deficient for
both Robo1 and Robo2 could still respond to Slit chemorepulsive

Figure 2. LRR2-hSlit-AP binding to LOT axons. A–G, LRR2-hSlit1-AP (Slit1-AP) and LRR2-hSlit2-AP (Slit2-AP) proteins were
applied to E13 (A–D) or E18 (E–G) forebrain coronal sections at the level of the LOT. A, B, Both Slit1-AP and Slit2-AP bind to the LOT
(arrowheads). C, D, Slit2-AP binding is only observed on LOT axons from wild-type mice (WT; C, arrowheads) and not on defasciculated LOT
axons from Robo1;Robo2 double mutants (D, arrowheads). E–G, At E18, Slit2-AP still strongly binds to LOT axons (arrowheads)
from WT (E) and Robo1 �/� mice (F), but not on LOT axons from Robo2 �/� mice (G). Scale bars: A–D, 560 �m; E–G, 60 �m.
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activity. We used E14 OB explants from
wild-type, Robo1�/�;Robo2�/�, or
Robo1�/�;Robo2�/� mutant mice, and
cultured them for 24 –36 h in collagen gels
adjacent to explants of spinal cord floor
plate, which is a source of Slit proteins (Hu
and Rutishauser, 1996; Hu, 1999) or adja-
cent to COS cell aggregates expressing
Slit2. OB axons were visualized after
immunostaining with anti-class III
�-tubulin monoclonal antibody TuJ-1, a
pan-neuronal marker. As described previ-
ously (Nguyen Ba-Charvet et al., 1999),
very robust repulsion was observed, with
OB axons growing away from the Slit2-
secreting COS cells [with a proximal/distal
ratio (see Materials and Methods) of
0.196 � 0.08 (SEM), from six explants]
(Fig. 3E) or floor plate explants (0.229 �
0.09, from eight explants) (Fig. 3B). The
behavior of OB axons from Robo1�/�;
Robo2�/� mice was similar to that of con-
trols, whether the chemorepulsive activity
was from floor plate (0.245 � 0.12, from
four explants) (Fig. 3G) or from Slit2-
secreting COS cells (0.313 � 0.16, from
four explants) (Fig. 3H). In contrast, the
repulsion was virtually abolished with OB
explants from Robo1�/�;Robo2�/� mice
adjacent to floor-plate explants (0.993 �
0.31, 10 explants from three distinct dou-
ble mutants) or Slit2-secreting aggregates
(1.12 � 0.1, nine explants from three dis-
tinct double mutants) (Fig. 3C,F). To-
gether, these results indicate that the re-
pulsive responses of OB axons to Slit
proteins in vitro requires Robo1 and
Robo2 receptors.

LOT axon defects in Slit1:Slit2 and Robo1;Robo2 mutant mice
We observed previously that the LOT is very disorganized in
Slit1;Slit2 double-mutant mice, consistent with a role in mediat-
ing septal repulsion in vivo (Nguyen-Ba-Charvet et al., 2002). To
confirm the involvement of Robo receptors in LOT guidance in
vivo, we next analyzed LOT development in Robo1 and Robo2
single- and double-mutant mice. DiI injections in the olfactory
bulb of E15 to E18 embryos in wild-type mice (n � 5) (Fig. 4A)
always lead to the anterograde tracing of a single axon tract that
runs rostrocaudally just under the pial surface, which corre-
sponds to the LOT. We observed the same phenotype using dif-
ferent LOT markers, such as the anti-L1 antibody, which has been
shown to label all LOT axons and an antibody against
neuropilin-1, which is expressed by all LOT axons, except the
deepest ones (Inaki et al., 2004). Both antibodies reveal a thick
LOT axon bundle in the lateral telencephalon of wild-type ani-
mals (Fig. 5A–C). In Robo1�/� mutant mice (seven of seven
cases) or Robo1�/�;Robo2�/� mutant mice (nine of nine cases),
the LOT ran normally as a thick axon bundle similar to wild-type
(Figs. 4B,C, 5D–F). Nevertheless, in most Robo1�/� mice, the
LOT was slightly enlarged (six of seven cases). In contrast, in
Robo2�/� mice (two of two cases), the LOT was thinner and
spread along the ventrolateral surface of the telencephalon (Figs.
4D, 5G–I), although they still respect their normal dorsal bound-

ary. These defects were even more striking in Robo1�/�;Robo2�/�

mice (seven of seven cases) at E15.5 (data not shown) as well as at
E18: the LOT was very defasciculated into small axonal bundles
fanned all over the ventral side of the telencephalon (Fig. 4E,F).
On coronal forebrain sections from Robo1�/�;Robo2�/� mice,
L1-positive axons as well as NP1-positive axons were divided into
multiple small bundles scattered from the initial LOT lateral po-
sition to the ventral midline (Fig. 5 J,K). This phenotype was the
same as described previously in Slit1�/�;Slit2�/� mice (Nguyen-
Ba-Charvet et al., 2002). Interestingly, in Robo1�/�;Robo2�/�

mice, a subset of LOT axons, originating from the lateral OB,
were still present at their normal position (Fig. 5J–L). This heter-
ogeneous behavior of medial/lateral LOT axons was even more
striking in Slit1�/�;Slit2�/� mice injected with DiI in the OB or
that expressed �-galactosidase in LOT axons (see Materials and
Methods) (Figs. 6, 7A–D) (n � 2). Again, medial OB axons were
more severely affected than lateral ones. This also confirmed that
LOT axons were specifically misrouted ventrally, but still respect
their dorsal boundary. Together, these results show that the path-
finding of the LOT axons, in particular those originating from the
medial OB, is profoundly disrupted in Robo2�/� and Robo1�/�;
Robo2�/� mutant mice.

Lot cell pattern is not perturbed in Slit- or
Robo-deficient mice
It has been shown previously that LOT axons may be guided
through short-range interaction with so-called “lot cells,” which

Figure 3. Olfactory axons from Robo1�/�;Robo2�/� mutant are not repelled by Slit2-expressing cells. A–C, Olfactory bulb
explants from wild-type (A, B) or Robo1�/�;Robo2�/� E14 mice were cultured with floor plate (FP) explants (B, C) from E13 rat
embryos. Wild-type OB axons grow radially in absence of FP (A) but are strongly repelled by FP (B). In contrast, axons from
Robo1�/�;Robo2�/� OB are not repelled by FP (C). D–F, Wild-type OB axons grow radially in front of control COS cells but are
repelled by Slit2-expressing COS cells (D, E). F, In contrast, Robo1;Robo2-deficient axons are not repelled by Slit2-expressing cells.
G, H, Quantification of the repulsion assay. Scale bar: (in F ) A–F, 150 �m. Error bars indicate SEM.
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may act as guidepost cells (Hirata et al., 2001). Lot cells can be
visualized with the monoclonal antibody mAb lot1 and migrate
ventrally from the dorsal telencephalic vesicle to their final posi-
tion (Sato et al., 1998; Tomioka et al., 2000). To determine
whether the observed LOT defects observed in Slit and Robo mu-
tants results from an abnormal development of lot cells, we stud-
ied lot1 expression in Slit1;Slit2-, Robo1-, Robo2-, and Robo1;
Robo2-deficient mice. Lot cells confined to the vicinity of the LOT
are the most numerous between E14.5 and E16.5 (Sato et al.,
1998). At these ages, LOT axons could be detected by anti-
neuropilin-1 immunohistochemistry (Sugisaki et al., 1996) (Fig.
7G). In Slit1�/�, as in wild-type mice, lot1-expressing cells were
observed surrounding and/or enriched around neuropilin-1-
labeled LOT axons (n � 2) (Fig. 8A–C). The same distribution of
lot cells was observed in Slit1�/�;Slit2�/� mice (n � 2) (Fig.
8D–F). In Slit1�/�;Slit2�/� mice, although the LOT was obvi-
ously thinner (Fig. 8G) (n � 2) and started to divide into bundles
(data not shown), the distribution of lot cells was not modified
(Fig. 8H). Last, in Slit1�/�;Slit2�/� mice where the LOT was
totally disrupted, with few axons still present at their normal
position, lot cells were still concentrated at their proper location
(n � 5) and were not widespread in the cortex (Figs. 7E–H, 8 J–L).
However, the density of lot1-positive cells was slightly decreased
rostrally, near the ventral part of the OB, where many misrouted
LOT axons are found (n � 5/5) (Fig. 7E–H). In E16 Robo1�/�

mice (Fig. 9D–F) (n � 1), the same pattern was observed as in
wild-type mice (Fig. 9A–C). In Robo2�/� mice, the distribution
of lot cells appeared unchanged although the LOT was slightly
perturbed, (Fig. 9G,H) (n � 5). In Robo1�/�;Robo2�/� mutant

mice (n � 2), which exhibit the most strik-
ing defects, lot cells were not seen sur-
rounding LOT axons displaced ventrome-
dially, but were still concentrated at their
normal lateral position (Fig. 9J–L). Thus,
lot cells appear to migrate normally in Slit
and Robo mutants, and the action of Slit
and Robo on LOT axon pathfinding is
likely to be direct.

Discussion
The first diffusible chemorepulsive activ-
ity in the vertebrate brain was identified in
the rat septum and proposed to guide mi-
tral cell axons (Pini, 1993). Later, we and
others showed that this septum-derived
repellent activity was caused by a combi-
nation of Slit1 and Slit2 that are both
highly expressed in the septum from the
beginning of LOT development (Li et al.,
1999; Nguyen Ba-Charvet et al., 1999,
2002). Nevertheless, some in vitro data us-
ing Robo-Fc proteins raised doubt on the
role Robo receptors in the guidance of
LOT axons (Patel et al., 2001) and direct
evidence using Robo-function-blocking
reagents was still lacking. Our current re-
sults show that Robo1 and Robo2 are the
major receptors, present on LOT axons
that mediate Slit chemorepulsive activity
in vitro and also in vivo. This represents the
first direct evidence in vertebrates for a
role for Robo receptors in slit-mediated
axonal repulsion. This also confirms that

Figure 4. Ventrolateral views of whole-mount brains from Robo-deficient mice at E18 show-
ing the localization of the LOT. A, B, Embryos were injected in the OB with DiI. The LOT extends
caudally and laterally along the pial surface of the telencephalon, forming a single axon bundle
in wild-type brain (A) but also Robo1 �/�;Robo2 �/� mice (B). C, D, In Robo1�/� mutants,
the LOT spreads slightly at the surface (C), and in Robo2�/� mice (D), little LOT ectopic fascicles are
observed ventrally. E, F, In Robo1�/�

;Robo2�/� mice, OB axons are highly defasciculated along on
the ventral side of the brain. Note that in Robo2�/� (D) and Robo1�/�;Robo2�/� mice (E, F ), a
subset of OB axons are still at their correct position (arrows). Scale bar: (in A) A–F, 575 �m.

Figure 5. L1 and Neuropilin1 expression in Robo1 and Robo2 single and double mutants. A–L, Forebrain coronal sections were
immunolabeled with anti-L1 (A, B, D, E, G, H, J, K ) and anti-neuropilin-1 (C, F, I, L). A–F, In E16 (A, B) and E14 (C) wild-type (WT) or
Robo1�/� mice (D–F ), the LOT is positioned laterally at a distance from the midline (asterisks in C, E, F, I). G–I, In contrast, in Robo2�/�

mutants, the LOT is thinner at E16 (G, H ) and divided into multiple bundles (arrowheads) at E18 (I ). J–L, In E18 coronal sections
in Robo1�/�;Robo2�/� mice, the LOT is totally disrupted (arrowheads) and spreads all over the ventral forebrain. Nevertheless,
there is still a subset of OB axons at their correct position (arrows). Scale bars: A, D, G, J, 150 �m; B, C, E, F, H, I, K, L, 225 �m.
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Robo receptors play a major role in guiding forebrain axons in
vertebrates (Miyasaka et al., 2005; Andrews et al., 2006).

Other studies proposed that the septum repellent and Slit pro-
teins are not essential to guiding LOT axons, but only function in
parallel with lot cells. Thus, the removal of the septum or the
addition of a Robo1 ectodomain in whole-telencephalon organo-
typic cultures did not affect the projection of mitral cell axons
(Hirata et al., 2001). Our results demonstrate that the distribu-
tion of lot1-expressing cells is not significantly perturbed in
Slit1-, Slit2-, Slit1;Slit2-, or Robo1-, Robo2- and Robo1;Robo2-
deficient mice. Importantly, misrouted LOT axons do not appear
surrounded or in contact with lot1-positive cells. This suggests
that long-range guidance by Slit molecules and their receptors
Robos is preponderant over short-range cues for guiding LOT
axons. However, we cannot entirely rule out the possibility that
lot cells contribute to the guidance of some LOT axons. First, in
Slit1;Slit2 double-deficient mice, the number of lot-1 expressing
cells is slightly reduced near the exit point of medial OB axons,
suggesting that this subtle disruption of the distribution of lot
cells might play a part in the ectopic projection of OB axons.

Figure 6. Ventral views from whole-mount X-Gal staining of Slit1;Slit2 mutant brains at
E18.5. Slit1;Slit2 mice were mated with a gene-trap mouse in which �-galactosidase is ex-
pressed by most of the main OB axons. A, The LOT extends caudally and laterally along the pial
surface of the telencephalon, forming a single axon bundle in the Slit1�/�;Slit2�/� brain. B, In
Slit1�/�;Slit2�/� mutants, some small bundles escape from the main LOT trajectory to extend
ventrally (arrows). C, In Slit1�/�;Slit2�/� mutants, stray axons from the medial OB are
marked and seem to cross the ventral midline (arrow heads). There still is an axon bundle along
the normal LOT trajectory (arrows). Scale bar, 1 mm.

Figure 7. Lot cells and LOT axons in Slit-deficient mice. A–H, In toto labeling of the telen-
cephalon of wild-type (WT) (A, C, E, G) or Slit1/Slit2 double mutants (B, D, F, H ). A, B, DiI
labeling at E16.5. Although in WT (A) LOT axons are tightly fasciculated, many medial OB axons
invade the ventral telencephalon in Slit mutants (B, arrow). However, axons from the lateral OB
have a normal lateral distribution (B, arrowheads). C, D, lateral views from whole-mount X-Gal
staining of Slit1;Slit2 mutant brains at E18.5 (see Materials and Methods). The dorsal extent of
LOT axons is similar in WT (C) and Slit mutants (D). E, F, Lot-1 immunostaining reveals that the
dorsoventral distribution of lot cells (arrowheads) is largely normal in E14.5 Slit mutants. How-
ever, the density of lot-1-expressing cells is slightly reduced rostrally, near the exit point of
medial OB axons (F, arrow). G, H, LOT axon pathfinding defects at E14.5, visualized with anti-
neuropilin-1 antibodies. In Slit mutants, LOT axons invade the ventral telencephalon (arrow)
and do not stay lateral as in the WT brain (G, arrowheads). Scale bars, 500 �m.
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Second, it has been shown previously that in deleted in colorectal
cancer (DCC) mutant embryos, the perturbation of lot cell mi-
gration leads to defects of LOT axons pathfinding (Kawasaki et
al., 2006). It is unlikely in this system that a direct effect of the
DCC on the guidance of olfactory axons contributes to the mis-

guidance, as netrin-1 does not exert any
effect on OB axons in vitro (de Castro et
al., 1999; Li et al., 1999). Third, we show
here that a subset of LOT axons originat-
ing from the lateral OB still project along
the normal LOT pathway along lot cells,
and that medial axons are more affected.
Non-cell-autonomous factors such as lot
cells might be involved in this differential
behavior of the lateral and medial OB ax-
ons. Together, these results suggest that
the LOT contains different type of OB ax-
ons that may be guided by distinct
molecules.

In addition to Slits and their Robos re-
ceptors, developing LOT axons have been
proposed to be influenced by other long-
range cues of the Semaphorin family. Mi-
tral cell axons express both neuropilin-1
and neuropilin-2. In organotypic cultures,
the olfactory epithelium secretes a repel-
lent cue for OB axons (de Castro et al.,
1999). This repulsive effect can be mim-
icked by cells secreting Sema3F, a secreted
semaphorin expressed in the olfactory ep-
ithelium at the time of LOT development.
Furthermore, Sema3B secreted by aggre-
gates of COS cells is able to attract OB ax-
ons. Nevertheless, the analysis of the mice
deficient for the class 3 semaphorin recep-
tors neuropilin-1 (Kitsukawa et al., 1997)
or neuropilin-2 (Chen et al., 2000) showed
a totally normal LOT, which does not sup-
port a critical role for these semaphorins
in LOT axon guidance in vivo. Last, in
Robo- and Slit-deficient mice, the prefer-
ential growth of misrouted LOT axons to-
ward the septum may be in part caused by
the presence of still unidentified attract-
ants released by the ventral telencephalon,
whose activity could be unmasked in ab-
sence of slit/robo-mediated repulsion.

We and others have shown previously
that the N-terminal leucine-rich regions
in Slit are sufficient to repel OB axons
(Chen et al., 2001; Nguyen Ba-Charvet et
al., 2001). More recently, in Drosophila, it
has been found that the second leucine-
rich domain of Slit is necessary to trigger
Robo signaling. We show that in mice,
LRR2 is actually sufficient for binding to
LOT axons and requires Robo1 and
Robo2; it is also sufficient for binding to
other Robo expressing forebrain axons
(Lopez-Bendito et al., 2007). The finding
that LRR2-hSlit1-AP or LRR2-hSlit2-AP
binding on forebrain sections is appar-
ently abolished in Robo1�/�;Robo2�/�

mice strongly suggests that Robo1 and Robo2 are the only recep-
tors for Slit1 and Slit2 on these axons. Previous studies have
shown that other extracellular proteins such as the
glycosylphosphatidylinositol-anchored heparan sulfate proteo-
glycan glypican-1 also bind Slits (Liang et al., 1999; Ronca et al.,

Figure 8. Lot cells in Slit-deficient mice. Coronal sections of E14.5 telencephalon were stained with anti-neuropilin1 (green)
and mAb Lot1 (magenta) labeling the LOT and the lot cells, respectively. A–F, Lot cells surround the LOT in Slit1�/� (A–C) and
Slit1 �/�;Slit2 �/� mice (D–F ). G–I, In contrast, in Slit1 �/�;Slit2 �/� mice, the LOT is flattened along the surface, but the lot
cells pattern is unchanged. J–L, The lot-cell pattern is similar in Slit1 �/�;Slit2 �/� mice, although neuropilin1-positive LOT axons
are completely defasciculated. Scale bars, 0.2 mm.
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2001). However, glypican-1 binds to the C-terminal fragment of
Slit, which is dispensable for its chemorepulsive activity (Brose et
al., 1999). Cell-surface heparan sulfate is also involved in vitro, in
the repulsive activity of Slit on the postnatal migrating subven-
tricular zone (Hu, 2001). Our results suggest that, in vivo, Slit
directly binds to Robo receptors on embryonic forebrain axons,
but do not exclude that heparan sulfate proteoglycans could still
play a role in modulating Slit/Robo signaling in postnatal or adult
forebrain neurons.

It has been shown previously that, as in Drosophila, there may
be a Robo code for lateral positioning of commissural axons in
mice (Long et al., 2004). Robo1-expressing commissural axons
are concentrated both in the ventral and lateral funiculi, whereas
Robo2-expressing axons are mainly in the lateral funiculus. LOT
axons are also organized according to a mediolateral pattern:
early born mature mitral cells project their axons into the middle
lamina of the LOT, whereas late-born immature mitral cells send
their axons into the superficial lamina (Inaki et al., 2004). We
observed that Robo1 is only expressed in the LOT until E15,

whereas Robo2 is expressed in present in the all LOT axons, all
along the development. Moreover, Robo1 is more highly ex-
pressed in a superficial subpopulation of Robo2-positive LOT
axons (Fig. 1C). This suggests that Robo1 and Robo2 are part of a
complex molecular system required to build the laminar organi-
zation of the LOT.

In conclusion, the detailed molecular mechanism of LOT for-
mation is very complex and still needs to be thoroughly analyzed.
For example, the factors controlling the growth of LOT axons
along the rostrocaudal axis still have to be identified. This behav-
ior is not affected in Slit1;Slit2-deficient mice, nor in Robo1;
Robo2-deficient mice. At later ages, LOT axons send collaterals
branches to the olfactory cortex (Hirata and Fujisawa, 1999).
These collateral branches are the only connections of mitral and
tufted cell axons with the olfactory cortex. So far, only
Anosmin-1, a secreted protein, defective in the X chromosome-
linked form of Kallmann syndrome has been shown to promote
the branching of OB axons (Soussi-Yanicostas et al., 2002). How-
ever, Slit proteins are also possible candidates because Slit2 regu-
lates the branching of sensory axons from the dorsal root ganglia
(Wang et al., 1999) and Slit1 the branching of pyramidal cell
dendrites in the neocortex (Whitford et al., 2002). Unfortunately
the possible branching activity of Slits on OB axons is difficult to
assess in the Slit1;Slit2- or Robo1;Robo2-deficient mice, because
the growth of LOT axons is very disturbed and these double
mutants die at birth. Our results also indicate that some guidance
cues act on all LOT axons, but a previous study (Zou et al., 2001)
has clearly shown that the projection from the OB to the olfactory
cortex is topographically organized and that mitral cells inner-
vated by olfactory receptor neurons from distinct zones of the
olfactory epithelium (expressing distinct olfactory receptors)
project to distinct regions in the olfactory cortex. The factors that
regulate the formation of this complex projection map remain
unknown.
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