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The Src Homology 2 Domain Protein Shep1 Plays an
Important Role in the Penetration of Olfactory Sensory
Axons into the Forebrain
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Shep1 is a multidomain signaling protein that forms a complex with Cas, a key scaffolding component of integrin signaling pathways, to
promote the migration of non-neuronal cells. However, the physiological function of Shep1 in the nervous system remains unknown.
Interestingly, we found that Shep1 and Cas are both concentrated in the axons of developing olfactory sensory neurons (OSNs). These
neurons extend their axons from the olfactory epithelium to the olfactory bulb located at the anterior tip of the forebrain. However, in
developing Shep1 knock-out mice, we did not detect penetration of OSN axons across the pial basement membrane surrounding the
olfactory bulb, suggesting that Shep1 function is important for the establishment of OSN connections with the olfactory bulb. Interest-
ingly, we observed reduced levels of Cas tyrosine phosphorylation in OSN axons of Shep1 knock-out mice, suggesting compromised
Cas signaling function. Indeed, when embedded in a three-dimensional gel of basement membrane proteins, explants from Shep1
knock-out olfactory epithelium extend neuronal processes less efficiently than explants from control epithelium. Furthermore,
ectopic expression of Shep1 in non-neuronal cells promotes cell migration through a collagen gel. Later in development, loss of
Shep1 function also causes a marked reduction in olfactory bulb size and disruption of bulb lamination, which may be primarily
attributable to the defective innervation. The greatly reduced OSN connections and hypoplasia of the olfactory bulb, likely
resulting in anosmia, are reminiscent of the symptoms of Kallmann syndrome, a human developmental disease that can be caused
by mutations in a growing number of genes.

Introduction
During early development of the olfactory system, developing
olfactory sensory neurons (OSNs) in the nasal epithelium extend
axons to the developing olfactory bulb at the anterior end of the
forebrain (Key, 1998; St John et al., 2002; Nedelec et al., 2005;
Mombaerts, 2006; Cho et al., 2009). An initially coarse projection
map of OSNs to the olfactory bulb is later refined so that axons
expressing the same odorant receptor project to defined glomer-
uli. Recent studies have identified a number of gene products that
regulate establishment of the connectivity of OSN axons with the
primordial olfactory bulb. These include fibroblast growth factor

8 (FGF8) (Chung et al., 2008), the secreted protein prokineticin-2
and its receptor prokineticin receptor-2 (Matsumoto et al., 2006;
Pitteloud et al., 2007), Wnt ligands and their receptor Frizzled7
(Zaghetto et al., 2007), the secreted morphogen Sonic hedgehog
homolog (Balmer and LaMantia, 2004), and several transcrip-
tional regulators that control complex programs of gene expres-
sion (Yoshida et al., 1997; Levi et al., 2003; Long et al., 2003;
Balmer and LaMantia, 2004; Laub et al., 2005; Yoshihara et al.,
2005; Hirata et al., 2006; Watanabe et al., 2009). However, little is
known about the intracellular signaling molecules regulating
OSN connectivity.

Shep1 (also known as Sh2d3c, Nsp3, and Chat) is a member of
a family of three cytoplasmic signaling proteins characterized by
a unique domain structure that comprises an Src homology 2
(SH2) domain for association with tyrosine phosphorylated pro-
teins, a proline/serine-rich region, and a guanine-nucleotide ex-
change factor-like (GEF-like) domain (Dodelet et al., 1999;
Vervoort et al., 2007). The GEF-like domain of Shep1 not only
binds Ras family proteins that regulate integrin activity but also
has the unusual ability to constitutively associate with the scaf-
folding proteins of the Cas family, which function downstream of
integrins (Tikhmyanova et al., 2010). Shep1 also contains an
N-terminal region that varies in different Shep1 isoforms and
a C-terminal PDZ (postsynaptic density-95/Discs large/zona
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occludens-1) domain-binding motif
that is not present in the other family
members.

The Shep1 family plays an important
role in cell-substrate adhesion and migra-
tion/invasion. For example, Shep1 pro-
motes adhesion and migration of T-cells
and other cell types (Sakakibara et al.,
2002; Dail et al., 2004; Regelmann et al.,
2006), and BCAR3/AND-34 promotes
breast cancer cell migration and invasive-
ness (Schrecengost et al., 2007). NSP1, the
least characterized family member, has a
more limited distribution in human tis-
sues and is not expressed in the mouse (Lu
et al., 1999; Vervoort et al., 2007).

Shep1 is most highly expressed in the
brain, vasculature, and immune cells
(Sakakibara and Hattori, 2000; Vervoort
et al., 2007). However, its in vivo function
is poorly understood. To gain insight into
the physiological role of Shep1, we inacti-
vated the Shep1 gene in the mouse. This
revealed that Shep1 plays an important
role in the early ingrowth of peripheral
OSN axons into the forebrain. In develop-
ing Shep1 knock-out mice, OSN axons are
detected only outside the forebrain, indi-
cating that their connections with the ol-
factory bulb are severely disrupted, and
the olfactory bulb does not develop
properly.

Materials and Methods
Plasmids. The pcDNA3–Shep1 plasmid, en-
coding the mouse Shep1 � isoform (Vervoort
et al., 2007), has been described previously
(Dail et al., 2004). The pcDNA3–Shep1�N
plasmid encodes a truncated form of Shep1
that comprises amino acids 240 –702 and lacks
the N terminus, the SH2 domain, and part of
the proline/serine-rich region and mimics a
form of Shep1 expressed in the Shep1 knock-
out mice (Roselli et al., 2010).

Primary antibodies. The anti-Shep1 rabbit
polyclonal antibody used for immunohisto-
chemistry (Shep1–SH2 antibody) was gener-
ated by immunizing rabbits with a glutathione
S-transferase (GST) fusion protein of amino
acids 1–172 of the mouse � isoform, affinity-
purified on a column containing the antigen,
and absorbed on a column containing a GST
fusion protein of the SH2 domain of ShcB,
which is closely related to that of SHEP1, to
remove antibodies that may recognize epitopes
conserved in different SH2 domains (Dodelet
et al., 1999). An antibody was also generated in
chicken using the same antigen, purified from
egg yolks, and used for immunoblotting. An-
other rabbit polyclonal antibody (Shep1–GEF
antibody) was generated using a GST fusion protein of the GEF-like
domain (amino acids 362–702 of the � isoform), affinity-purified on a
column containing the antigen, and absorbed on a GST column. Finally,
a rabbit polyclonal antibody was generated using as the antigen a peptide
comprising the 11 C-terminal residues (692–702; Shep1–C-term anti-
body) coupled to BSA with glutaraldehyde. The immune serum was

affinity purified on a column obtained by coupling the peptide to Affi-
Gel 10 (Bio-Rad) or on a GST–GEF column. The Shep1–SH2 and
C-terminal antibodies were used for immunoprecipitations (10 �g) and
immunoblotting (2 �g/ml). The following primary antibodies were also
used for immunoblotting: insulin-like growth factor-1 (IGF-1) receptor
� (1:1000; Cell Signaling Technology) and anti-phosphotyrosine (4G10,

Figure 1. Shep1 knock-out mice have small olfactory bulbs. Photographs from above of dissected brains from P0.5 Shep1
wild-type (WT), heterozygous (HET), and knock-out (KO) mice. Arrows point to the olfactory bulbs. Scale bar, 2 mm.

Figure 2. Defective presynaptic innervation in Shep1 knock-out olfactory bulbs at P0.5. Coronal sections of olfactory bulbs from
P0.5 Shep1 wild-type (WT), heterozygous (HET), and knock-out (KO) mice were labeled with DAPI and antibodies recognizing the
axonal protein olfactory marker protein (OMP) and the presynaptic protein syntaxin-1. Scale bar, 250 �m.
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1:1000; Millipore Corporation). The following primary antibodies were
used for immunohistochemistry: collagen I (1:200 dilution of 1.17
mg/ml stock; Rockland), cleaved caspase-3 (1:100; Cell Signaling Tech-
nology), growth-associated protein 43 (GAP43) (1:50 dilution of 0.5
mg/ml stock; Invitrogen), gonadotropin-releasing hormone (GnRH) (1:
5000; Millipore Corporation), laminin (1:200; Sigma), olfactory marker
protein (1:5000; Wako Fine Chemicals), rabbit Shep1–SH2 (10 �g/ml),
synptophysin-1 (1:100; Sigma), syntaxin-1 (1:200; Sigma), �III-tubulin
(TuJ1 antibody; 1:5000 dilution of 1 mg/ml stock; Covance Research
Products), polysialic acid-neural cell adhesion molecule (1:500; Milli-
pore Corporation), Cas (1:100; Santa Cruz Biotechnology), phosphoCas
Y410 (1:100; Cell Signaling Technology), phosphoSrc Y418 (1:100; In-
vitrogen), S100� (1:100; AbCam), and p75NTR neurotrophin receptor

(1:50; Santa Cruz Biotechnology). Concentra-
tions of commercial antibody stocks are indi-
cated when available.

Shep1 knock-out mice. The Shep1 knock-out
mice were commissioned to the company
Ozgene. A C57BL/6 mouse line was generated
with loxP sites for Cre recombinase flanking
exon 7 of Shep1, which encodes most of the
SH2 domain (Vervoort et al., 2007; Roselli et
al., 2010). The Shep1 flox mice were crossed
with mice expressing Cre recombinase in the
germ line to generate a Shep1 knock-out line in
which all known mouse isoforms (Vervoort et al.,
2007) are inactivated by Cre-mediated deletion of
the floxed exon encoding the SH2 domain.

Immunohistochemistry. Embryonic day 12.5
(E12.5) to postnatal day 0.5 (P0.5) mouse
brains were fixed in 4% formaldehyde in PBS
for 1 week at 4°C; adult mice were perfused
transcardially with 4% formaldehyde in PBS,
and brains were further incubated in fixative
overnight at 4°C. Fixed tissues were equili-
brated in 30% sucrose in PBS, embedded in
OCT compound (Tissue-Tek; Sakura), and al-
lowed to freeze slowly in a slurry of dry ice and
dimethylbutane. Twenty to 40 �m cryostat
sections were washed three times in PBS and
blocked with 5–10% serum in PBS, 0.1– 0.25%
Triton X-100 for 10 min to 1 h at room tem-
perature. Primary antibodies were added to the
blocking solution and incubated at 4°C with
gentle agitation for 16 – 48 h. The sections were
washed in PBST (PBS, 0.15% Triton X-100)
three times, 15 min each, with gentle agitation.
Alexa fluorochrome-conjugated secondary an-
tibodies (Invitrogen) were diluted at 1:200 in
blocking solution and incubated with the sec-
tions for 1–2 h at room temperature. Tissues
sections were counterstained with 4�,6�-
diamidino-2-phenylindole (DAPI) (1:5000;
Sigma) or NeuroTrace (1:200; Invitrogen) and
mounted in Vectashield mounting medium
(Vector Laboratories). P0.5 brains were simi-
larly processed for paraffin sections (8 �m),
which were stained with cresyl violet (Nissl
stain). For Shep1 immunohistochemistry, the
embryos were incubated in 4% formaldehyde
for 2 h at room temperature. Cryosections 8 �m
in thickness were adhered to Snowcoat X-tra mi-
croslides (Surgipath). The Shep1–SH2 antibody
(10 �g/ml) was preaborbed on cryosectioned
embryonic knock-out tissue slices before apply-
ing on the sections. In experiments in which sec-
tions were immunolabeled with phosphoCas- or
phosphoSrc-specific antibodies, 1 mM of the pro-
tein tyrosine phosphatase inhibitor sodium or-
thovanadate was included in all the solutions.

In situ hybridization. An antisense RNA probe corresponding to nu-
cleotides 2525–2846 of Shep1 (GenBank accession number AF168364)
was generated using the Dig-RNA labeling kit (Roche). Tissue prepara-
tion and in situ hybridization have been described in detail previously
(Tiveron et al., 1996; Zimmer et al., 2004).

Olfactory neuroepithelium explant cultures. E14.5 olfactory neuroepi-
thelium was dissected, cut into small pieces, and kept in ice-cold Neuro-
basal medium (Invitrogen) for 30 min to 1 h. For two-dimensional
growth, explants were plated for 4 h onto glass coverslips precoated with
10 �g/ml poly-D-lysine (Sigma), 10 �g/ml laminin (BD Biosciences), and
5–10% GelTrex (Invitrogen), which is a low-growth-factor-containing,
defined-component mixture of extracellular matrix proteins. For three-

Figure 3. OSN axons stall outside the pial basement membrane at E13.5 and E16.5. A, Sagittal sections of wild-type (WT) and
Shep1 knock-out (KO) E13.5 embryos. OSN axons were labeled with an anti-GAP43 antibody, and the pial basement membrane
was visualized with an anti-laminin antibody. Arrows mark OSN axons, which cross the basement membrane in wild-type mice but
appear to remain outside the brain in the Shep1 knock-out mice. Scale bars: for the left panels, 500 �m; for the middle and right
panels, 100 �m. B, Sagittal sections of wild-type (WT) and Shep1 knock-out (KO) E16.5 embryos. The OSN axons were labeled with
an anti-olfactory marker protein (OMP) antibody, and the basement membrane was visualized with an anti-laminin antibody.
Arrowheads mark axons that have crossed the basement membrane in the WT, whereas axons appear to remain outside the brain
in the Shep1 knock-out mice. By E16.5, the basement membrane is highly fenestrated in wild-type embryos but appears contin-
uous in the Shep1 knock-out mice. Scale bars: for the left panels, 100 �m; for the middle and right panels, 50 �m.
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dimensional growth, explants were subsequently embedded in 50%
GelTrex (Invitrogen), which was allowed to gel for �1 h at 37°C in a
standard cell culture incubator. Neurobasal medium supplemented with
2% B27 supplement (Invitrogen), 0.5 mM L-glutamine, 0.25% penicillin/
streptomycin, and 20 nM IGF-1 (R & D Systems) was then added. The
explants were cultured for 5 d before fixation and immunostaining with
TuJ1 antibody.

To quantify the halo of processes surrounding the explants, the immu-
nofluorescence images of the TuJ1 antibody detecting �III-tubulin were
converted to binary images, and the area of bright pixels occupied by the
axon halo (excluding the area occupied by the explanted tissue) was
quantified in NIH ImageJ. The radius of the circular ring that contains
95% of the total bright pixels (not including the explanted tissue) was
quantified. We also separately quantified the length of the three longest
neurites in each explant (indicated as “maximal length” in Fig. 6 B, D).

Cell culture and transfections. Human embryonic kidney HEK 293 cells
were cultured in DMEM supplemented with 10% fetal bovine serum
and transfected with Superfect transfection reagent (Qiagen) or Lipo-
fectamine2000 (Invitrogen) according to the recommendations of the
manufacturer.

Transwell invasion assays. Cell invasion through collagen I was mea-
sured using the QCM ECMatrix Cell Invasion Assay kit (Millipore Cor-
poration). HEK 293 cells, 2 � 10 5, transfected with wild-type Shep1,
Shep1�N, or control vector were plated in the upper chamber in DMEM
and 10% fetal bovine serum, and 50 nM IGF was added to the bottom
chamber. Cells that had migrated to the bottom chamber were counted
after 72 h in six 20� microscope fields in each of two to four wells for
each construct in each of three independent experiments. Similar trans-
fection efficiencies were obtained for the different constructs.

Immunoprecipitation and immunoblotting. Cultured cells were lysed in
a buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Triton
X-100, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 10 �g/ml pepstatin, 2
mM sodium orthovanadate, 10 mM sodium fluoride, and serine/threo-
nine phosphatase inhibitor cocktail 1 (Sigma). The lysates were passed
through a 21 gauge needle several times, followed by centrifugation at
15,000 rpm for 15 min. The supernatant was precleared with gamma

beads for 30 min at 4°C and adjusted to a final concentration of 0.5–1
mg/ml total protein. Anti-Shep1–GEF antibody was incubated with
Gamma beads (GE Healthcare) in lysis buffer containing 0.5% BSA for
30 min at room temperature. After incubating with the lysates for 2 h at
4°C, the beads were washed three to four times with lysis buffer, boiled in
SDS-containing sample buffer for 10 min, and separated by SDS-PAGE.
For immunoblotting, polyvinylidene difluoride membranes (Millipore
Corporation) were incubated overnight with primary antibodies at 4°C,
washed, and incubated with secondary horseradish peroxidase-
conjugated antibodies for 1 h at room temperature.

Results
Shep1 knock-out mice have small olfactory bulbs
To investigate the physiological function of Shep1, we used Shep1
knock-out mice. Homozygous knock-out mice lack the Shep1
full-length protein, although in most tissues examined, they ex-
press a �55 kDa C-terminal fragment that likely originates by
alternative translation initiation from an internal AUG in the
Shep1 mRNA lacking the exon encoding most of the SH2 domain
(Roselli et al., 2010). This fragment lacks the N terminus, the SH2
domain, and a portion of the proline/serine-rich region. Most
Shep1 knock-out mice die in the first day after birth, whereas the
heterozygous mice are viable, fertile, and appear indistinguish-
able from their wild-type littermates. Examination of the overall
appearance and cytoarchitecture of various organs at P0.5 did not
reveal obvious abnormalities, except that the olfactory bulbs are
markedly reduced in size (Fig. 1) (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material). The hypoplastic
olfactory bulb phenotype is highly penetrant. In a cohort of 100
newborn pups examined, it was observed in 90% (23 of 25) of the
Shep1 knock-outs but none of their wild-type (n � 28) or het-
erozygous (n � 47) littermates. The olfactory bulb defect
prompted us to examine the role of Shep1 in the development of
the primary olfactory system.

Figure 4. Shep1 is expressed in OSN axons at E13.5–E14.5. Coronal sections of olfactory epithelium (OE) at E13.5, E14.5, and E16.5 were labeled for Shep1. The sections were double labeled for
�III-tubulin to visualize OSN axons. Shep1 was detected in axons from wild-type E13.5 and E14.5 embryos but not Shep1 knock-out E14.5 embryos. Shep1 immunoreactivity was greatly reduced in
wild-type E16.5 axons. Arrows point to axon bundles. E14.5 and E16.5 sections were stained and photographed in parallel. Scale bars, 50 �m.
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Deficient innervation in the P0.5 olfactory bulb of Shep1
knock-out mice
While dissecting unfixed brains, we noticed that the olfactory
bulbs of Shep1 knock-out mice detach readily from the cribri-
form plate, the bony boundary between the brain and the nasal
cavity. At neonatal stages, the olfactory bulb should be firmly
attached to the nasal cavity by the olfactory nerve, which extends
from the olfactory epithelium through the openings in the crib-
riform plate into the olfactory bulb. Therefore, we suspected that
primary OSN axons might not be connected to the olfactory bulb
in the Shep1 knock-out mice.

To confirm this hypothesis, we performed immunolabeling
experiments. At birth, OSN axons have entered the olfactory bulb
and form the nerve fiber layer at its circumference. The axon
terminals of OSNs make synaptic connections on the dendritic
trees of secondary projection neurons (mitral cells and tufted
cells), forming the axonal component of the glomerular layer (St
John et al., 2002; Nedelec et al., 2005; Mombaerts, 2006). We
visualized OSN axons in coronal sections of P0.5 olfactory bulbs
by immunolabeling for olfactory maker protein, a cytoplasmic
protein selectively expressed in OSNs (Rogers et al., 1987; Ned-
elec et al., 2005). Olfactory marker protein immunoreactivity was
evident in the nerve fiber layer and the glomerular layer of wild-
type and heterozygous olfactory bulbs (Fig. 2). In contrast, no
immunoreactivity was detected in the olfactory bulbs of Shep1
knock-out mice, which also showed abnormal cellular organiza-
tion of the outer layers in DAPI-stained sections. Immunolabel-
ing with antibodies to the presynaptic proteins syntaxin-1 (Fig. 2)
and synaptophysin 1 (data not shown) was similarly greatly re-
duced in the Shep1 knock-out mice, which confirms that Shep1
plays a crucial role in the innervation of the olfactory bulb by
OSN axons.

OSN axons of Shep1 knock-out mice show severely impaired
ability to reach the developing olfactory bulb
Next, we examined the primary olfactory system at earlier devel-
opmental stages. OSN axons start to extend at E11 toward the
anterior portion of forebrain, in which the primordial olfactory
bulbs form (Treloar et al., 1996; Key, 1998; St John et al., 2002).
The axons transiently stall outside the basement membrane
surrounding the brain before entering the ventromedial telen-
cephalon at E12.5–E13.5. Because olfactory marker protein ex-
pression is not detectable at these early stages, we stained olfactory
sensory axons with GAP43, a membrane protein expressed specifi-
cally in growing axons. We also labeled the basement membrane
surrounding the telencephalon for laminin, which is an abundant
component of embryonic basement membranes.

As shown in Figure 3A, in both wild-type and Shep1 knock-
out mice, the OSN axons grow and coalesce normally in the nasal
mesenchyme. By E13.5, they have reached the boundary between
the nasal mesenchyme and the forebrain. The wild-type axons
pierce through the basement membrane and extend in the mar-
ginal zone of the forming olfactory bulb (Treloar et al., 1996),
whereas the Shep1 knock-out axons appear to stall outside the
basement membrane (Fig. 3A) and are still detected only outside
the olfactory bulb at E16.5 (Fig. 3B). At this stage, the wild-type
basement membrane contains extensive fenestrations filled with
OSN axons (Treloar et al., 1996), whereas the basement mem-
brane surrounding the Shep1 knock-out olfactory bulb still ap-
pears continuous (Fig. 3B). Severely impaired olfactory bulb
innervation was observed throughout a series of sagittal sections
encompassing the entire E16.5 olfactory bulb, excluding the pos-
sibility that the defects in OSN axon connectivity may involve

only a portion of the olfactory bulb (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material). Further-
more, we did not detect an increase in the number of apoptotic
cells in the olfactory epithelium or olfactory bulb of Shep1 knock-
out mice at E13.5 or E14.5 (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material) (data not shown),
indicating that the defective olfactory bulb innervation is not a
secondary effect attributable to cell death. Together, these obser-
vations show that Shep1 function is important for the establish-
ment of OSN axon connections with the olfactory bulb.

Shep1 is concentrated in OSN axons
In situ hybridization experiments revealed that Shep1 mRNA is
expressed in the olfactory epithelium at E13.5 (supplemental Fig.
4, available at www.jneurosci.org as supplemental material). Ex-
pression is maintained at E15.5 and lower at P1. Although at
E13.5 Shep1 mRNA is expressed over the entire olfactory epithe-
lium, at later stages it appears concentrated in the OSNs but low
or absent in the basal cells and the sustentacular cells lining the
lumen. Furthermore, Shep1 mRNA is expressed diffusely in the
primordium of the olfactory bulb at E13.5 (supplemental Fig.
4 A, available at www.jneurosci.org as supplemental material),
although at later stages expression in the olfactory bulb is
primarily detected in mitral cells (supplemental Fig. 4 B, C,
available at www.jneurosci.org as supplemental material).

Figure 5. Tyrosine-phosphorylated Cas is concentrated in wild-type OSN axons and greatly
reduced in Shep1 knock-out axons. Consecutive coronal sections (10 �m apart) from E14.5
wild-type and Shep1 knock-out mice were labeled for Cas together with olfactory marker pro-
tein (OMP), phosphoCas Y410, or phosphoSrc Y418. Tyrosine-phosphorylated Cas, total Cas, and
activated Src kinases (detected with the phosphoSrc Y418 antibody, which recognizes a phos-
phorylated tyrosine in the activation loop of different Src family kinases) are concentrated in
wild-type OSN axons but not the OSN cell bodies, which are located in the olfactory epithelium
and labeled by the anti-olfactory marker protein antibody. The arrows point to the OSN axon
fascicles on the left side. OB, Olfactory bulb; OE, olfactory epithelium. Scale bar, 200 �m.
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Double immunolabeling for Shep1
and �III-tubulin, which is a marker for
developing axons, revealed high levels of
Shep1 protein in the E13.5 and E14.5
wild-type OSN axons (Fig. 4). In contrast,
Shep1 staining does not overlap with the
staining for the ensheathing cell markers
S100� at E12.5 (supplemental Fig. 5,
available at www.jneurosci.org as supple-
mental material) and p75NTR neurotro-
phin receptor at E14.5 (supplemental Fig.
6, available at www.jneurosci.org as sup-
plemental material). Furthermore, Shep1
protein is barely detectable in the olfac-
tory bulb and undetectable in the nasal
mesenchyme. Shep1 immunoreactivity is
also low in the olfactory epithelium, in
which the cell bodies of OSNs are located.
Together, these data suggest that, in the
E13.5–E14.5 olfactory system, Shep1 is
preferentially localized in OSN axons. By
E16.5, when many of the OSN axons have
already entered the olfactory bulb and the
basal lamina is highly fenestrated, only
low Shep1 immunoreactivity was detect-
able (Fig. 4).

Cas tyrosine phosphorylation is
drastically reduced in OSN axons from
Shep1 knock-out mice
Shep1 forms a signaling complex with
Cas, a scaffolding protein that is highly
expressed in axons and that has been im-
plicated in axon growth and guidance by
acting in concert with Src family kinases
and integrins (Yang et al., 2002; J. Huang
et al., 2006; Z. Huang et al., 2007; Liu et al.,
2007). We detected high levels of Cas im-
munoreactivity in both wild-type and
knock-out E14.5 OSN axons labeled with
olfactory marker protein (Fig. 5). Remark-
ably, an antibody detecting tyrosine phos-
phorylation in the Cas substrate domain
strongly labeled wild-type OSN axons at
both E12.5 and E14.5, whereas phosphoCas
immunoreactivity in the Shep1 knock-out
axons was very low (Fig. 5) (supplemental
Fig. 7, available at www.jneurosci.org as
supplemental material). Src family kinases
are responsible for Cas substrate domain phosphorylation, and in-
deed activated Src kinases (detected with an antibody to phosphor-
ylated tyrosine 418 in the Src activation loop) are also concentrated
in OSN axons of both wild-type and knock-out mice (Fig. 5). These
results reveal that, in the absence of full-length Shep1, Cas tyrosine
phosphorylation in OSN axons is low even in the presence of high
levels of activated Src family kinases. Thus, Shep1 is required for
efficient Cas tyrosine phosphorylation in OSN axons.

Shep1 promotes OSN axons outgrowth through
extracellular matrix
Because Shep1 is highly expressed in OSN axons when they grow
to form initial connections with their targets in the olfactory bulb
and is a critical regulator of Cas tyrosine phosphorylation in these

axons, we performed in vitro assays to determine whether Shep1
regulates OSN axon outgrowth. Explants from dissected E14.5
olfactory neuroepithelium were grown on surfaces coated with a
thin layer of extracellular matrix proteins. Neuronal processes
extended out similarly from both control and Shep1 knock-out
explants, and, at 5 d in vitro, we did not detect differences in
neurite length (Fig. 6A,B). These data suggest that Shep1 is not
required for efficient OSN axon extension, consistent with the
observation that in vivo OSN axons appear to grow normally in
the nasal mesenchyme and to reach the basement membrane of
the forebrain at approximately the appropriate time in the Shep1
knock-out mice.

The explants were also embedded in a three-dimensional gel
of extracellular matrix proteins to mimic the basement mem-

Figure 6. Shep1 knock-out olfactory axons grow less efficiently than control axons within a three-dimensional extracellular
matrix. A, Explants from the E14.5 olfactory epithelium of control wild-type (WT) or Shep1 knock-out (KO) mice were grown on
surfaces coated with GelTrex (2D ECM) for 5 d. Scale bar, 250 �m. B, Quantification of the radius of the halo of processes growing
around the explants and of the length of the longest neurites in each explant (see Materials and Methods). Measurements are
shown as mean � SEM. For radius of halo of processes: WT explants, 341 � 30 �m, n � 21; KO explants, 356 � 20 �m, n � 13;
p � 0.05 by Student’s t test. For maximal length: WT explants, 479 � 36 �m, n � 21; KO explants, 404 � 31 �m, n � 13; p �
0.05 by Student’s t test. C, Explants from the E14.5 olfactory epithelium of control heterozygous (HET) or Shep1 knock-out (KO) mice
were embedded in GelTrex three-dimensional extracellular matrix (3D ECM) and allowed to grow for 5 d. Scale bar, 250 �m. D,
Quantification of the radius of the halo of processes growing around the explants and of the length of the longest neurites in each
explant (see Materials and Methods). Measurements are shown as mean � SEM. For radius of halo of processes: HET explants,
449 � 35 �m, n � 20; KO explants, 240 � 23 �m, n � 24; ***p � 0.001 by Student’s t test. For maximal length: WT explants,
482 � 18 �m, n � 20; KO explants, 285 � 14 �m, n � 24; ***p � 0.001 by Student’s t test.
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brane surrounding the embryonic brain, which the OSN axons
have to cross to reach the olfactory bulb. Neuronal processes grew
out from the explants, penetrating into the matrix and forming a
halo around the explants (Fig. 6C). Interestingly, the radius of the
halo of processes surrounding the Shep1 knock-out explants at
5 d in vitro was significantly reduced in size compared with that in
control explants (Fig. 6C,D). These data support the notion that
Shep1 is needed for efficient axon growth through three-
dimensionally organized extracellular matrix proteins.

To further examine the role of Shep1 in promoting the ability
of cells to penetrate three-dimensional extracellular matrices, we
transfected HEK 293 cells with cDNAs encoding either wild-type
Shep1 or a 55 kDa truncated form (Shep1�N) similar to that
expressed in Shep1 knock-out mice (Roselli et al., 2010). We then
used transwell assays to examine the ability of the cells to cross a
layer of collagen I, which is a component of the embryonic pial
basement membrane at E13.5 (supplemental Fig. 8, available at
www.jneurosci.org as supplemental material). As a chemoattrac-
tant, we used IGF-1, which has been shown to act as a chemoat-
tractant for OSN axon growth cones (Scolnick et al., 2008). As
shown in Figure 7, A and B, cells expressing wild-type Shep1
migrated through the collagen gel more efficiently than empty
vector-transfected control cells. In contrast, cells expressing the
Shep1�N fragment exhibited similar invasiveness as the control
cells, which do not express detectable levels of Shep1. Interest-

ingly, we found that transfected Shep1 associates with endog-
enous IGF-1 receptor in HEK 293 cells grown in the presence
of IGF-1 (Fig. 7C). These data show that Shep1 expression
facilitates cell penetration through three-dimensional extra-
cellular matrices.

Defects in Shep1 knock-out mice that survive to adulthood
The hypoplasia of the olfactory bulb observed in newborn Shep1
knock-out mice may be a consequence of the lack of innervation
(Gong and Shipley, 1995; Hébert et al., 2003; Laub et al., 2005;
Hirata et al., 2006). Indeed we detected increased apoptosis in the
P0.5 olfactory bulb (Fig. 8A,B). We also detected abnormally
high numbers of apoptotic cells in the P0.5 olfactory epithelium
lacking Shep1 (Fig. 8C,D). The increased apoptosis in the epithe-
lium is likely attributable to the impaired ability of OSN axons to
form synaptic connections with their targets and thus to a defi-
ciency in target-dependent trophic support (Schwob et al., 1992;
Watanabe et al., 2009). Indeed, it was not observed at E14.5 when
trophic support does not play a role (supplemental Fig. 3C, avail-
able at www.jneurosci.org as supplemental material).

A small percentage of the Shep1 knock-out mice survives past
P1 and reaches adulthood. In 14 surviving Shep1 knock-out
mice, the olfactory bulb hypoplasia persisted into adulthood, al-
though in 13 of the 14 mice one olfactory bulb was less severely
affected than the other (Fig. 9), suggesting that the surviving mice
may have a less severe phenotype. Although adult Shep1 knock-
out mice do not have major defects in overall brain architecture
(supplemental Fig. 9, available at www.jneurosci.org as supple-
mental material), histological examination showed that the
affected olfactory bulbs display severe lamination defects, char-
acterized by loss of a complete nerve fiber layer, lack of the ste-
reotypic circular arrangement of interneurons in the glomerular
layer, and absence of a distinct mitral cell layer (Fig. 9) (supple-
mental Fig. 9, available at www.jneurosci.org as supplemental
material).

GnRH neuron precursors are born in the nasal region and
migrate during early development along the olfactory nerve to
enter the brain on their way to their final destination in the hy-
pothalamus (Hardelin and Dodé, 2008; Dodé and Hardelin,
2009). Here they secrete GnRH, which is necessary for sexual
development. If the olfactory nerve along which the GnRH neu-
ron precursors migrate is not properly connected, the precursors
would be expected to remain outside the brain and therefore fail
to integrate into hypothalamic neural circuits. Indeed, we ob-
served a marked decrease in GnRH immunoreactivity in the pre-
optic region of the Shep1 knock-out hypothalamus at P0.5
(supplemental Fig. 10A, available at www.jneurosci.org as sup-
plemental material). Furthermore, we found that the testes of
three among the eight surviving adult male Shep1 knock-out
mice were greatly reduced in size, whereas the others were only
slightly smaller or similar in size compared with wild-type (sup-
plemental Fig. 10B, available at www.jneurosci.org as supple-
mental material). This variability might depend on the extent of
residual OSN connectivity in different adult Shep1 mutant mice.

Discussion
Shep1 is a multidomain signaling protein that contains an SH2
domain, followed by a guanine nucleotide exchange factor-like
domain (Dodelet et al., 1999). Shep1 also binds Cas, a key player
in integrin signaling. To examine the role of Shep1 in neural
development, we generated Shep1 knock-out mice (Roselli et al.,
2010). We found that in these mice the olfactory bulbs are re-
duced in size and have severe defects in afferent innervation.

Figure 7. Shep1 promotes cell invasion through collagen. A, HEK 293 cells transfected with
wild-type Shep1, a truncated form of Shep1 lacking the N-terminal portion (SHEP1�N), or
control vector were plated in the upper chamber of Transwells and allowed to migrate through
a layer of collagen I toward 50 nM IGF-1 in the lower chamber. Cells in the lower chamber were
counted after 72 h. The histogram shows averages from three experiments, each with two to
four wells for each construct. ***p � 0.001 for the comparison with control-transfected cells by
one-way ANOVA, followed by Bonferroni’s multiple comparisons test. SHEP1�N-transfected
cells were significantly different from Shep1-transfected cells ( p � 0.001) but not from control
vector-transfected cells. B, Immunoblots of transfected Shep1 and Shep1�N, showing similar
expression of the two constructs. The blot was also probed for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) to verify equal loading of the lanes. C, Shep1 coimmunoprecipitates
with endogenous IGF-1 receptor. Immunoprecipitates (IP) with anti-Shep1 antibodies from
cells transfected wild-type Shep1 or with empty vector as a control were probed for Shep1 or
IGF-1 receptor. The levels of IGF-1 receptor in the lysates are also shown. The figure is represen-
tative of the results of three independent experiments.
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Although OSN axons appear to grow nor-
mally within the mesenchyme between
the olfactory epithelium and the olfactory
bulb up to the boundary with the telen-
cephalon, they do not appear to cross the
pial basement membrane. Defects are al-
ready apparent as early as at E13, soon af-
ter wild-type OSN axons have begun to
penetrate into the olfactory bulb. We in-
deed detected high levels of Shep1 expres-
sion in wild-type OSN axons at E13–E14,
which is subsequently downregulated by
E16. Shep1 immunoreactivity overlaps
with that of neuronal markers (such as
GAP43, olfactory marker protein, and
�III-tubulin) but not glial markers (such
as p75NTR and S100�). Furthermore,
both Shep1 and Cas proteins are concen-
trated in the OSN axons compared with
the cell bodies.

Interestingly, Cas substrate domain ty-
rosine phosphorylation is greatly reduced
in developing OSN axons of Shep1 knock-
out mice at E12.5 and E14.5. Both Shep1
and the related family member BCAR3/
AND-34 have been shown to promote
Src-dependent phosphorylation of the
scaffolding protein Cas, which allows Cas
to recruit binding partners that promote
actin polymerization, cell adhesion, and
cell migration/invasion (Sakakibara et al.,
2002; Riggins et al., 2003; Dail et al., 2004;
Geiger, 2006; Regelmann et al., 2006;
Schrecengost et al., 2007; Parekh and Weaver, 2009; Schuh et al.,
2010; Roselli et al., 2010; Tikhmyanova et al., 2010). Several stud-
ies have also implicated Cas function in neurite outgrowth and
axon guidance (Yang et al., 2002; J. Huang et al., 2006; Liu et al.,
2007). Consistent with a role for Shep1 and Cas in OSN axons, we
found that in explants cultured from olfactory epithelium Shep1
is needed for efficient axon penetration into a three-dimensional
extracellular matrix environment. Forced expression of Shep1
also enhanced HEK 293 cell invasion through a collagen gel.
These findings suggest that Shep1 in concert with Cas promotes
OSN axon invasiveness across the pial basement membrane.

Despite the substantial evidence supporting a role of Shep1 in
OSN axons, some Shep1 expression is also detectable in the pri-
mordial olfactory bulb during the early establishment of OSN
connections. Therefore, we cannot exclude that Shep1 function
in the olfactory bulb, or even in the basal lamina, might play a role
in OSN connectivity. It is also conceivable that a brief initial
innervation of the olfactory bulb may occur before E13 but fail to
be stabilized. Additional investigations at earlier developmental
stages and conditional Shep1 inactivation in developing OSN
neurons versus the primordial olfactory bulb will be necessary to
conclusively establish the importance of Shep1 in OSN axons.

The molecules that function upstream of Shep1 to regulate
OSN connectivity remain unknown. Shep1 could act down-
stream of cell surface receptors whose decreased function has
been shown to also impair the afferent innervation of the olfac-
tory bulb. For example, in FGF8 hypomorphic mice, OSN axons
grow in the nasal region but fail to extend into the forebrain,
presumably because of impaired FGF receptor activation (Chung
et al., 2008). The prokineticin receptor-2 knock-out mice also

have defects in the olfactory system that are similar to those in
Shep1 knock-out mice, including OSN axons that appear to grow
normally within the nasal mesenchyme but remain outside the
forebrain and hypoplastic olfactory bulbs with defective lamina-
tion (Matsumoto et al., 2006). We also found that Shep1 can
associate with the activated IGF-1 receptor and promote inva-
siveness in response to IGF-1. Although IGF-1 receptor knock-
out mice do not lack olfactory bulb afferent innervation, IGF-1
receptor activation mediates chemoattraction of OSN growth
cones and is required for OSN axon targeting to the lateral olfac-
tory bulb (Scolnick et al., 2008). It will therefore be interesting to
investigate whether Shep1 is also involved in other aspects of
olfactory system development, such as axon guidance and
fasciculation.

A number of transcriptional regulators have been shown to
regulate olfactory bulb innervation by OSN axons and develop-
ment, including the homeodomain transcription factors Dlx5
(Levi et al., 2003; Merlo et al., 2007) and Emx2 (Yoshida et al.,
1997), the zinc finger transcription factor Klf7 (Laub et al., 2005),
and the zinc-finger transcriptional repressor Fezf1 (Hirata et al.,
2006; Watanabe et al., 2009). Similar to Shep1 knock-out mice,
the basement membrane surrounding the olfactory bulb lacks
fenestrations in the Dlx5 knock-out mice (Merlo et al., 2007). In
addition, Fezf1-deficient OSN axons fail to penetrate the basal
lamina surrounding the olfactory bulb, and loss of Fezf1 also
impairs axonal growth from olfactory epithelium explants em-
bedded in Matrigel (Watanabe et al., 2009). Thus, Shep1 might be
one of the functional targets of these transcriptional regulators.

The Shep1 knock-out mice express, in at least some tissues, a
truncated form of Shep1 that lacks the N-terminal portion, in-

Figure 8. Elevated apoptosis in Shep1 knock-out olfactory epithelium and olfactory bulb at P0.5. A, Confocal images of olfactory
bulb labeled for cleaved caspase-3 (a marker of apoptotic cells). Scale bar, 40 �m. B, Quantification of the number of caspase-3-
positive cells/mm 2 in sections of the olfactory bulb. The histogram shows averages � SE from 19 sections from five pairs of
wild-type and Shep1 knock-out mice. **p � 0.01, t test. C, Confocal images of olfactory epithelium double labeled for caspase-3
(red) and �III-tubulin (a maker of immature neurons, green). Scale bar, 20 �m. D, Quantification of the number of caspase-3-
positive cells/mm length of the olfactory epithelium. The histogram shows averages � SE from 32 sections from four pairs of
wild-type and Shep1 knock-out mice. ***p � 0.001, t test.
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cluding the SH2 domain (Roselli et al., 2010). This truncated
form of Shep1, if it is expressed in the developing olfactory sys-
tem, does not appear to interfere with the function of wild-type
Shep1 in a dominant-negative manner because heterozygous
mice do not display obvious defects in OSN axon connectivity.
Furthermore, a Shep1 fragment similar to that expressed in the
knock-out mice does not promote cell invasiveness when ectopi-
cally expressed in HEK 293 cells, suggesting that the truncated
Shep1 expressed in the mutant mice is functionally deficient.
Consistent with this, a truncated form of BCAR3/AND-34 with-
out the N terminus and the SH2 domain has also been shown
recently to have impaired function (Makkinje et al., 2009).

Although the Shep1 knock-out mice die perinatally, we have
not detected major anatomical defects in newborn pups except
for small olfactory bulbs. Insufficient feeding attributable to a
defective sense of smell might explain the lethality observed in the
C57BL/6 background (Contos et al., 2000; Matsumoto et al.,
2006). Indeed, we have observed that many of the Shep1 knock-
out mice have little or no milk in their stomachs (Roselli et al.,
2010). Furthermore, most of the surviving mice exhibit asym-
metric abnormalities with one less affected olfactory bulb and
may thus have retained some olfactory ability.

Olfactory bulb defects have not been reported for BCAR3/
AND34 knock-out mice (Near et al., 2009), and we did not detect
BCAR3/AND34 mRNA in E15 olfactory neurons (data not

shown). Consistent with a distinctive role of Shep1 in developing
OSNs, we observed a dramatic reduction in Cas tyrosine phos-
phorylation in OSN axons of Shep1 knock-out mice. However,
Shep1 and BCAR3/AND34 might have redundant functions in
cells in which they are both expressed (Sakakibara and Hattori,
2000; Vervoort et al., 2007; Near et al., 2009). In agreement with
this hypothesis, the BCAR3/AND34 knock-out mice also do not
exhibit major abnormalities, except in the eye (Near et al., 2009).
Because the third member of the family, NSP1, does not appear to
be expressed in human neural tissue (Vervoort et al., 2007),
Shep1 may also have a distinctive function in the human olfac-
tory system.

The olfactory bulb hypoplasia, defects in GnRH neuron de-
velopment, and small testes in the Shep1 knock-out mice resem-
ble the abnormalities observed in Kallmann syndrome patients.
Kallmann syndrome is a developmental disease characterized by
an impaired ability to smell often accompanied by hypoplasia of
the olfactory bulb and by hypogonadism caused by defective
GnRH neuron migration and/or differentiation (Hardelin and
Dodé, 2008; Dodé and Hardelin, 2009). Although this syndrome
was first described �60 years ago, only �30% of the genes whose
mutations are responsible for the hereditary form of the disease
have been identified, including mutations in the extracellular
protein anosmin-1, FGF receptor 1 and its ligand FGF8, and
prokineticin-2 and the prokineticin-2 receptor (Hardelin and
Dodé, 2008; Dodé and Hardelin, 2009). Because our data suggest
that Shep1 is a regulator of OSN connectivity, it will be interesting
to determine whether mutations in the human SHEP1 gene may
be involved in the etiology of Kallmann syndrome.

Note added in proof. An independently generated Shep1
knock-out mouse line has recently been reported that does not
show perinatal lethality in a mixed 129/SvEvBrd and C57BL/6J
genetic background (A1-Shami et al., 2010), suggesting that there
are strain-specific differences that can modify the phenotype as-
sociated with Shep1 gene inactivation.
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