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Bone morphogenic protein-4 (BMP4) and fibroblast growth factor-8 (FGF8) are thought to have opposite roles in defining epithelial versus neurogenic fate in the developing olfactory/vomeronasal system. In particular, FGF8 has been implicated in specification of olfactory and gonadotropin releasing hormone-1 (GnRH) neurons, as well as in controlling olfactory stem cell survival.
Using different knock-in mouse lines and Cre-lox-mediated lineage tracing, Fgf8 expression and cell lineage was analyzed in the
developing nose in relation to the expression of Bmp4 and its antagonist Noggin (Nog). FGF8 is expressed by cells that acquire an
epidermal, respiratory cell fate and not by stem cells that acquire neuronal olfactory or vomeronasal cell fate. Ectodermal and
mesenchymal sources of BMP4 control the expression of BMP/TGF␤ antagonist Nog, whereas mesenchymal sources of Nog define
the neurogenic borders of the olfactory pit. Fgf8 hypomorph mouse models, Fgf8 neo/neo and Fgf8 neo/null, displayed severe craniofacial defects together with overlapping defects in the olfactory pit including (1) lack of neuronal formation ventrally, where GnRH
neurons normally form, and (2) altered expression of Bmp4 and Nog, with Nog ectopically expressed in the nasal mesenchyme and
no longer defining the GnRH and vomeronasal neurogenic border. Together our data show that (1) FGF8 is not sufficient to induce
ectodermal progenitors of the olfactory pit to acquire neural fate and (2) altered neurogenesis and lack of GnRH neuron specification after chronically reduced Fgf8 expression reflected dysgenesis of the nasal region and loss of a specific neurogenic permissive milieu that was defined by mesenchymal signals.

Introduction
Olfactory sensory neurons, pheromone sensory neurons, and gonadotropin releasing hormone-1 (GnRH) neurons originate
from heterogeneous progenitors in the olfactory pit (OP; for review, see Forni and Wray, 2012). Although fibroblast growth
factor-8 (FGF8) signaling is thought to play a key role, together
with bone morphogenic protein (BMP)/TGF␤ antagonists, in
inducing neuronal cell fate (Wilson and Hemmati-Brivanlou,
1995; Zimmerman et al., 1996; Streit et al., 2000; Chmielnicki et
al., 2004; Chiba et al., 2008; Marchal et al., 2009; Tang et al.,
2009), the full role played by FGF, BMP, and BMP antagonists in
controlling neurogenesis in cranial placodes is not entirely clear
(Chung et al., 2008; Maier et al., 2010; Tucker et al., 2010). One
example of a cranial placode-derived neuronal population is the
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rons migrate from the olfactory region to the forebrain. In the
forebrain, GnRH neurons control reproductive maturation and
function (Boehm et al., 2005; Wray, 2009). Developmental pathologies that alter GnRH function, specification, or migration
can cause hypogonadotropic hypogonadism (HH; Wray, 2010).
Syndromic association of lack or impaired sense of smell and HH
is defined as Kallmann syndrome (Kallmann et al., 1944). Forms
of HH and Kallmann have been linked to mutations in the FGF8/
FgfR1 signaling axis (Ogata et al., 2006; Falardeau et al., 2008;
Bajpai et al., 2010; Chung and Tsai, 2010; Trarbach et al., 2010).
FGF8 is essential for correct development of craniofacial
mesenchyme. Also, crosstalk between the olfactory placode
and craniofacial mesenchyme is crucial to induce OP formation,
terminal differentiation, and cell type specification (LaMantia et
al., 2000). Defective FGF8 signaling in mice affects progenitor cell
identity, olfactory neurogenesis, and GnRH cell fate specification
(Riley et al., 2007; Chung et al., 2008; Falardeau et al., 2008;
Chung and Tsai, 2010; Sabado et al., 2012). Developmental olfactory defects emerging after reduced FGF8 signal transduction
have been previously interpreted as direct result of (1) progressive primordial stem cell death (Kawauchi et al., 2005), (2)
changes in precursor cell identity with expansion of uncommitted stem cells and loss of neurogenic progenitors (Tucker et al.,
2010), or (3) decreased stem cells that access the neurogenic program with an increase in epidermal cell fate (Maier et al., 2010).
However, the nature of these “primordial stem” cells is unclear
and no one knows precisely how dysmorphic craniofacial devel-
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Figure 1. Fgf8 is expressed in the non-neurogenic portion of the olfactory pit. A–H, E11.5 Fgf8 nullLacz /WT. A D, Head of embryo, as reference for parasagittal (B, C) and coronal sections
(E–H ), showing Fgf8 expression (X-gal enzymatic reaction, blue) at the rim of the OP, nasal process (NP), and maxillary process (MP). D, Dorsal; V, ventral; R, rostral; C, caudal; L, lateral;
M, medial. B, E, X-gal enzymatic reaction (blue, arrows) and HuC/D immunostaining (brown) highlights the occurrence of neuron formation (brown cells) out of Fgf8 (␤-gal/blue)expressing RE and epidermis (Ep). Stem cell transcription factors SOX2 (F ) and PAX6 (C, G) were also not detected in Fgf8-positive areas (arrows; compare with E), with higher expression
levels coinciding with the neurogenic areas (compare area dorsal to dashed line in E–G). H, The transcription factor Ap2␣ was expressed along and proximal to the Fgf8-expressing
epithelia. Scale bars: (in B) B, C, 100 m; (in E) E–H, 100 m.

opment itself affects development of olfactory/GnRH neurogenesis in Fgf8 mutants.
To address these points we followed Fgf8 expression, cell
lineage, and neurogenesis in relation to the expression of craniofacial morphogens Bmp4 and its antagonist Noggin (Nog) in wildtype and hypomorphic Fgf8 mouse models. We observed that
reduced Fgf8 levels that affect craniofacial development also altered Bmp expression. Mesenchymal Bmp and Nog expression
was found to be crucial in defining neuronal versus epidermal
fate in the developing OP. In fact in Fgf8 mutants, altered stem
cell markers expression and neurogenic patterns directly reflected changes in Bmp and Nog expression in the nasal mesenchyme. Our data indicate that (1) cell identity, neuralization, and
patterning of the OP strictly depend on mesenchymal signals and
(2) defects in the olfactory and GnRH systems resulting from
altered FGF8 signaling are in large part secondary to craniofacial
dysmorphism.

Materials and Methods
Animals and tissue preparation

Fgf8 hypomorph mouse line Fgf8 neo (Meyers et al., 1998) was obtained
from Dr. M. Lewandoski [National Cancer Institute (NCI)]. The Fgf8
LacZ knock-in line Fgf8 nullLacZ (generated by Drs. D. Brown and G. R.
Martin; Grieshammer et al., 2005) was used to follow Fgf8 expression as
a null allele (Ilagan et al., 2006) and was obtained from Dr. M. Kelley [National Institute on Deafness and Other Communication Disorders, National
Institutes of Health (NIH)]. Fgf8 Cre knock-in line Fgf8 Cre has been previously
described (Toyoda et al., 2010). NognullLacZ/WT mice (Brunet et al., 1998), also
called NogLacZ, were provided by Dr. S. Mackem (NCI). All procedures were
approved by National Institute of Neurological Disorders and Stroke Animal
Care and Use Committee and performed in accordance with NIH guidelines.
Animals were euthanized in a CO2 chamber. Embryos were removed
from the uterus and fixed by immersion in 4% PFA (30 min). Early
postnatal mice were decapitated and the head fixed in 4% formaldehyde

(1 h). Specimens were cryoprotected in 30% sucrose/PBS at 4°C overnight, embedded in Tissue-Tek OCT compound (Sakura Finetek), frozen in dry ice, and stored at ⫺80°C until sectioning. Frozen samples were
cut in serial sections (12–16 m) using a Leica CM 3050S cryostat (Leica
Biosystems) and maintained at ⫺80°C until processing. Parasagittal sections were generated as follows: two serial series were generated for embryonic day E11.5; four serial series were generated for E14.5 embryos;
five serial series were generated for E15.5 embryos; and seven serial series
were generated for E16.5 and postnatal animals. Coronal sections were
generated as follows: six serial series were generated for E11.5 embryos.
For all analyzed mouse lines, no male/female distinction was made. All in
vivo data were compiled from ⱖ3 animals of each genotype.

Analysis of BMP4 induction of Noggin in nasal explants
Nasal explants were generated from Noggin-LacZ (Nog-LacZ) timed
pregnant mice at E11.5, as previously described (Klenke and TaylorBurds, 2012). An additional cut was made to remove the rostral part of
the nose to facilitate visualization or induced and endogenous Nog signals. Affi-Gel Blue beads (Biorad) were incubated for 1 h at 37°C in 15 l
of either (1) 100 g/ml recombinant mBMP-4 (R&D Systems) resuspended in 4 mM HCl/0.1% BSA or (2) 4 mM HCl/0.1% BSA storage buffer
only. A single bead (control or treated) was placed (Dumont #5 forceps)
on an explant immediately after plating. Explants were maintained in
serum-free media at 37°C, 5%CO2, for 18 –20 h, and washed (PBS). Then
the X-gal reaction was performed (3 h at 37°C). After staining, explants
were fixed (4% formaldehyde) and coverslipped for imaging.

Immunolabeling
Primary antibodies. All antibodies used were polyclonal, unless otherwise
indicated. Antibodies used were as follows: GnRH-1 (SW-1, 1:3000;
Wray et al., 1988), peripherin ( peripheral intermediate filament marker;
1:2000; Millipore Bioscience Research Reagents), phosphorylated Smarelated and Mad-related protein ( p-SMAD) 1,5,8 (Cell Signaling Technology); Rb anti-SOX2 (1:500; Millipore Bioscience Research Reagents),

Forni et al. • FGF8 and the Olfactory/GnRH Systems

19622 • J. Neurosci., December 11, 2013 • 33(50):19620 –19634

Rb anti-PAX6 (1:800; Millipore Bioscience Research Reagents), mouse monoclonal biotinylated anti-HuC/D (1:100; Invitrogen), Rb anti
ID-3 (1:300; Abcam); mouse monoclonal antitubulin III (Tuj-1, 1:700; Sigma-Aldrich);
mouse monoclonal anti-ASCL-1/MASH-1 (1:
30; BD PharMingen). The mouse monoclonal
antibodies anti-AP2␣ (3B5) and MSX1/2
(4G1) were obtained from Developmental
Studies Hybridoma Bank and used at the concentration 1:3 and 1:5 respectively. For AP2␣,
p-SMAD 1,5,8, MSX1/2, PAX6, SOX2, and
ASCL-1/MASH-1, microwave epitope retrieval
treatment in citrate buffer, pH ⬃6, was performed
before immunolabeling.
Chromogen-based reactions. Sections were
first washed in PBS. Then, endogenous peroxidases were inhibited in 0.3% H2O2 (10% methanol in PBS, 15 min). Sections were again
washed in PBS and then blocked in 10% normal serum (horse or goat depending on experimental needs)/0.3% Triton X-100, and
washed again in PBS. After incubation with primary antibody (at room temperature for 1 h or 4°C
overnight) and subsequent PBS washes, sections were placed in either Donkey anti-rabbit
(DAR-Bt; Jackson Immuno Research) or donkey
anti-mouse (DAM-Bt; Jackson Immuno Research). After PBS washes, the tissue was
processed using a standard avidin-biotinhorseradish peroxidase/3⬘,3-diaminobenzidine
(DAB) protocol or nickel-intensified DAB
(Kramer et al., 2000).

X-gal staining
Cryosections were rinsed in PBS (10 min) then
incubated (37°C overnight) in a solution of 5
mM potassium ferrocyanide, 5 mM potassium
ferricyanide, 2 mM MgCl2, 0.1% Tween, 0.1%
5-bromo-4chloro-3-indolyl-b-D-galactoside/
dimethylformamide. After enzymatic reaction,
slides were either counterstained with Eosin B
(Sigma-Aldrich) following standard procedures and coverslipped or washed and immunostained as described above.

In situ hybridization
In situ hybridization was performed as previously described (Bharti et al., 2008). Briefly, 12
m cryosections were fixed (4% formaldehyde, 5 min), washed, and treated with 1 g/ml
proteinase K (Roche) for 20 s before overnight
hybridization with DIG-labeled probe (2 g/
ml) at 60°C. The next morning, excess probe
was washed in 0.2⫻ SSC at 60°C. Sections were
incubated in anti-DIG alkaline phosphatase
conjugated antibody (Roche) overnight at a dilution of 1:3000. Excess antibody was rinsed
and the signal was developed using NTMT
(NaCl, Tris-HCl, magnesium chloride, Tween;
Roche). Fgf8 and Bmp4 probes were purchased
from Open Biosystems. Nog probe was obtained from Dr. S. Mackem (NCI).

Figure 2. Bmp4 is expressed in the developing nasal mesenchyme and is coexpressed with FGF8 in the RE. A–D, E11.5, parasagittal
sections, orientation indicated in A. R, Rostral; D, dorsal; V, ventral; C, caudal. Use dashed line as reference to separate non-neurogenic and
neurogenic OP areas. A, Bmp4 in situ hybridization showed expression along the RE (black arrowheads) and in rostral, dorsal, and ventral
nasal mesenchyme (white arrowheads). Bmp4 expression was not detected in the caudal nasal mesenchyme (asterisk) facing the neurogenic VNO (compare to B). B, Fgf8 nullLacz /WT; X-gal enzymatic reaction (blue) and HuC/D immunostaining (brown) highlights the occurrence of neurogenesis mainly caudal to Fgf8-expressing areas (blue). Fgf8 was expressed in areas where Bmp4 expression was detected
(compare black arrows in A and B). C, Immunostaining for p-SMAD 1,5,8 (brown) detected active BMP4 downstream signaling in areas of
Bmp4expression(A,C,whitearrowheads)andalongtheRE(blackarrowheads).Decreasedp-SMAD1,5,8immunoreactivitywasdetected
in area facing the VNO (asterisk). D, MSX1/2 immunolabeling (dark brown) revealed a pattern similar to p-SMAD (compare with C) with
high MSX1/2 levels in the RE (black arrowheads) and mesenchyme proximal to Bmp4 sources (white arrowheads; compare with A). No
expressionwasfoundinthemesenchymefacingtheneurogenicVNO(asterisk).E,F,MSX1/2immunolabeling(brown)andFgf8expression
(X-gal enzymatic reaction, blue) revealed co-localization in the RE (black arrowheads). Scale bars: (in A) A–D, 100 m; F, 100 m.

In vivo analysis and cell scatter plots. Using
ImageJ, we analyzed 10⫻ (1360 ⫻ 1360 pixel)
serial digital images from multiple animals. The OP was defined as
region of interest by tracing contours using ImageJ Freehand selection tool. XM and YM coordinates for the center of the OP were
defined using Analyze/Measure plugins of ImageJ. X and Y coordi-

nates of cells of interest were recorded as multipoint selections. XM
and YM of the OP were subtracted from X and Y position for cells of
interest defining XM and YM as coordinates X ⫽ 0, Y ⫽ 0. X,Y values
for different cell type groups were imported and plotted as scatter
plots in Microsoft Excel.
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Figure 3. Fgf8 genetic lineage cell fate tracing. A–E, Parasagittal (A–C) and coronal (D, E) sections of E11.5 Fgf8Cre/RosaYFP embryos. A, Yellow fluorescent protein (YFP) immunostaining
(brown) reveals Fgf8 lineage (YFP expression) in the facial epidermis (Ep) and along the rostral RE. YFP expression was not detected in the OE and VNO, confirming distinct genetic lineage for the
Fgf8-expressing epidermis and these structures. B–C, YFP (green) and tubulin⫹HuCD immunostaining (red). Neurons (red) of the OE (B) and VNO (C) derive from progenitors negative for Fgf8
expression (green). D, Section shows the distinct lineage for neuronal cells of OE, VNO, and migratory mass (MM; red only) and the Fgf8 (YFP⫹)-expressing epidermal cells (green). Fgf8 lineage was
found for the superficial ectoderm forming the epidermis (Ep) along the lateral (LNP) and medial nasal process (MNP). Note that neurons positive for Fgf8 lineage were detected in the developing
forebrain (arrowheads, Br). E, Immunostaining against YFP (brown) and tubulin III (gray-blue); use boxed area in F as reference. No neuronal Fgf8 lineage was detected in the lateral or medial
neuroepithelium. F–I, E15.5 Fgf8Cre/RosaYFP embryo. F, YFP expression (brown) was detected in the facial epidermis (Ep), rostral RE, and oral mucosa (OM), but not in the OE and VNO. YFP (green)
and tubulin⫹HuCD immunostaining (red) confirmed lack of Fgf8 lineage in the OE (G) and VNO (H ). I, YFP expression (brown) was detected in the oral mucosa (OM) and dental enamel (TE), but not
the tongue (Tng). Scale bars: A, D, F, I, 100 m; B, C, E, G, H, 50 m.

Results
Fgf8 is expressed by epidermal cells but not by cells in
neurogenic areas
Kawauchi et al. (2005) suggested that an FGF8 autocrine loop
might be crucial for sustenance of stem cells of the OP. Tucker et
al. (2010) proposed that local FGF8 sources in the developing OP
are responsible for specification and transition of primordial
stem cells to terminally neurogenic precursors. However, the
identity and location of these multipotent stem cells in the OP
was still unclear (Kawauchi et al., 2005; Maier et al., 2010; Tucker
et al., 2010). To follow neurogenesis and cell fate specification,
the expression of neural and epidermal markers was analyzed
with respect to expression of Fgf8. SOX2 and PAX6 were used as
stem/neural progenitor markers (Kawauchi et al., 2004), HuC/D
was used as an early neuronal marker (Fornaro et al., 2003), while
AP2␣, ID3, and MSX1 were used to identify epidermal cells
(Wang et al., 2006; Maier et al., 2010; Forni et al., 2011b). Analysis
of knock-in mice expressing ␤-gal under direct control of Fgf8,
Fgf8 nullLacZ /WT, confirmed that Fgf8 is expressed in the rostral
portion of the invaginating OP [corresponding to the putative
respiratory epithelium, (RE)], as well as in the epidermis proximal to the rim of the OP (Fig. 1 A, B, D, E). In situ hybridization
for Fgf8 confirmed overlapping expression (data not shown). Immunolabeling for HuC/D on Fgf8 nullLacZ /WT (Fig. 1B) highlighted
that Fgf8 expression is confined to the non-neurogenic portions
of the OP (HuC/D negative). Notably, the neuroepithelial stem/
progenitor markers PAX6 and SOX2 had similar expression patterns (Fig. 1 F, G), which were also similar to those of HuC/D (Fig.

1E), with higher levels of PAX6, SOX2, and HuC/D expression
distal to Fgf8 sources (Fig. 1 B, C,E–G). Epithelial cells expressing
Fgf8 were positive for the epidermal markers ID3 (data not
shown) and AP2␣ (Fig. 1H ). Thus, the transition from Fgf8expressing epithelium to Fgf8-negative epithelium delineated a
border between non-neuronal regions of the OP and highly neurogenic vomeronasal organ (VNO) epithelium and olfactory epithelium (OE; Fig. 1 B, C,E–H, dotted line).
Bmp4 is expressed in the mesenchyme proximal to
Fgf8 sources
BMP4 has been shown to suppress neurogenesis and to initiate an
epidermal/RE differentiation program in progenitor cells in the
nasal pit (Wilson and Hemmati-Brivanlou, 1995; Hu et al., 2008;
Maier et al., 2011). Though opposite roles for FGF8 and BMP in
controlling neurogenesis have been proposed (Maier et al., 2010),
the spatial relation between the sources of these signals and their
direct effect on neural induction in the OP is unclear (Liu et al.,
2005). Thus, analysis of Bmp4 expression at E11.5 by in situ hybridization was performed. Bmp4 was expressed by mesenchymal
cells in the nasal process and in the rostral aspect of the RE (Fig.
2A, white and black arrows respectively). Nasal mesenchymal
cells positive for Bmp4 expression were juxtaposed to Fgf8expressing RE, which also expressed low levels of Bmp4 (Fig. 2,
compare A, B). We analyzed the activation of BMP downstream
intracellular signaling molecules SMAD 1,5,8, and MSX1/2, as
they had been previously associated with epidermal cell fate
(Marchal et al., 2009; Maier et al., 2010, 2011). The pattern of
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p-SMAD 1,5,8 and MSX1/2 reflected
Bmp4 expression (Fig. 2, compare A, C,
D), though the MSX1/2 staining defined
sharper borders than p-SMADs. The
MSX1/2 staining was stronger within and
proximal to Bmp4 sources, consistent
with high BMP signal thresholds inducing
MSX1/2 and with MSX1 controlling BMP
expression (Zhang et al., 2002; Hu et al.,
2008).
Previous data in chick suggested a direct role for FGF8 in antagonizing BMP4
intracellular signaling (Maier et al., 2010).
The expression pattern in mouse does not
support this idea. Notably we (1) found
Bmp4 expression and active downstream
signaling within the non-neurogenic
Fgf8-expressing RE and in the nasal mesenchyme adjacent to the Fgf8 source (Fig.
2C–F ); and (2) observed a decrease in
Bmp4 expression and immune reactivity
for BMP downstream molecules only distant from the Fgf8 sources in both nasal
mesenchyme and in the neurogenic areas
of the VNO and OE (Fig. 2A–F; use dashed
line as reference in B).
4

Figure 4. Mesenchymal sources of Nog define neurogenic permissive borders. A–F, X-gal enzymatic reaction (blue) on Nog nullLacz /WT. A,
Msx1/2 expression (brown) decreased as Nog (blue) expression increased along the RE and in the nasal mesenchyme. White arrow
depicts potential Bmp signal in inducing Nog expression. B, Nog (blue) was expressed by MSX1-positive cells (brown)

along the RE while mesenchymal Nog expression defined
MSX1-negative cells in the VNO. C, HuC/D immunostaining
(brown) confirmed that Nog was in cells along the superficial
epidermis (SE, arrowhead), non-neuronal RE (arrowheads)
and in the ventral mesenchyme (asterisk). D, Vomeronasal area; immunostaining against transit amplifying progenitor cell
marker ASCL1 (brown) and HuC/D (gray) showed similar expression patterns with respect to Nog sources (blue); HuC/D
(black arrow) and ASCL1 (white arrowhead) were rarely in
Nog-expressing areas, but were proximal to the Nogexpressing mesenchyme (asterisk). E–I, E11.5 coronal sections, orientation indicated in E. D, Dorsal; V, ventral; L, lateral;
M, medial. E, In situ hybridization against Bmp4 highlighted
Bmp4 sources in lateral, ventrolateral, and ventromedial mesenchyme (white arrows). Bmp4 was also expressed by mesenchyme proximal to the RE and by the RE (black arrowhead). F,
X-gal staining (blue) revealed Nog expression in proximity to
the lateral and ventromedial sources of Bmp4 (compare with
E) as well as along the Bmp4-expressing RE (black arrowhead).
G, Immunostaining highlighting MSX1 expression (black) in
response to Bmp signaling in the mesenchyme and rostral RE.
Nog expression (blue; red circles) was found in the dorsolateral
and ventromedial nasal mesenchyme. H, HuC/D immunostaining (brown) indicated that neuron formation in the dorsolateral OE coincided with Nog expression in the mesenchyme
(red arrow), while neuron formation in the VNO occurred proximal to the medioventral source of Nog (lower red circle). I,
Immunostaining for the transcription factor AP2␣ revealed
expression mainly in the non-neurogenic epithelium (use F as
reference). AP2␣ levels decreased in proximity of the dorsolateral and ventromedial source of Nog (compare with G, H;
lower red circle). J, Schematic representing relation between
Bmp4 expression that induces Nog expression (red) in the nasal mesenchyme. By silencing Bmp signaling, Nog expression
defines the neurogenic permissive areas of the OP. Markers
related to neurogenic (green arrow) or epithelial fate (black
arrow) are indicated. Scale bars, 100 m.
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Fgf8 genetic lineage tracing shows Fgf8 is expressed by
epidermal cells and not by neurogenic progenitor/stem cells
“Primordial” stem cells were thought to form the olfactory and
vomeronasal neuroepithelium after migrating from the Fgf8expressing domains of the OP (Kawauchi et al., 2005; Maier et al.,
2010; Tucker et al., 2010). Our expression data are inconsistent
with this idea (Figs. 1, 2), and indicate instead that Fgf8 was
specifically expressed by the non-neurogenic epithelium and that
immunoreactivity for the neuronal stem cell markers (SOX2,
PAX6) increased distally from Fgf8 sources. Thus, Fgf8 genetic
lineage cell fate tracing (Fig. 3) was performed to further clarify
this issue. Heterozygous Fgf8 Cre/WT knock-in mice (Toyoda et al.,
2010) were crossed with RosaYFP (Srinivas et al., 2001) reporters.
Fgf8Cre/RosaYFP embryos were collected for analysis at E11.5
(n ⫽ 3) and at E15.5 (n ⫽ 4) and immunostained for yellow
fluorescent protein and the neuronal markers HuC/D and
tubulin-III. Analysis at E11.5 (Fig. 3A–E) and E15.5 (Fig. 3F–I )
confirmed that the epidermis, rostral RE, and a large part of the
oral mucosa (Tucker et al., 1999) originated from Fgf8expressing cells, while the neurons of the OE and VNO did not.
Parasagittal and coronal cuts showed sharp transitions between the
non-neurogenic Fgf8-expressing domain and the neurogenic areas of
the OP (Fig. 3A–D). These data show that the Fgf8-expressing
cells and the neurogenic progenitor cells belong to distinct borders and that the neurons forming in the OP are not derived from
Fgf8-expressing progenitors. At both stages (E11.5 and E15.5),
Fgf8 was expressed by epidermal cells and not by the stem cell
reservoir responsible for formation of the olfactory and vomeronasal neuroepithelium.
Nog defines neurogenic permissive areas under the control
of BMP4
Active BMP signaling can trigger expression of BMP antagonists,
such as Nog Chordin, Follisatin (Stottmann et al., 2001), redundant
molecules with a key role in controlling olfactory neurogenesis
(Kawauchi et al., 2009; Maier et al., 2010). Using a NogLacZ
knock-in mouse (Nog nullLacZ /WT, Fig. 4), the physiological expression pattern Nog was assessed at E11.5. Nog-driven ␤-gal
expression was found in epidermal cells, and in the dorsal and
ventral non-neurogenic RE, areas also positive for Bmp4 expression and downstream signals (Figs. 2, 4 A, B). In addition, strong
Nog expression was found in a distinct group of mesenchymal
cells, devoid of Bmp expression, adjacent to the developing VNO
(Fig. 4A, asterisk). A Nog-positive border was created by ventral
RE cells and mesenchymal cells that delineated the caudal boundary of the MSX1-positive epithelium and mesenchyme (Fig.
4 A, B). Molecules able to silence BMP, according to the default
program (Wilson and Hemmati-Brivanlou, 1995), allow ectodermal progenitors to access neuronal cell fate. Neuronal formation in the ventral OP, as assayed via expression of HuC/D and
the transit-amplifying neural progenitor marker ASCL1, occurred caudal to the RE Nog source and proximal to the mesenchymal Nog source (Fig. 4C,D). Neurons were not detected in the
Nog-expressing areas of the OP unless proximal to Nogexpressing mesenchyme. These data suggest that Bmp4 might
play a “positive” role in defining the neurogenic permissive area
by driving the expression pattern the BMP/Tgf␤ antagonist Nog
in the mesenchyme.
Previous work by Tucker et al. (2010) indicated that subsets of
embryonic progenitor/stem cells responsible for OE formation
were located in the lateral portion of the OP. To determine the
full extent of Nog sources and confirm the role played by mesenchymal sources of BMP inhibitors in controlling neurogenesis,

Figure 5. BMP4 directly induced Nog expression in developing nasal mesenchyme.
A–F, Coronal nasal explant from Nog nullLacz /WT. A, B, Control bead soaked in BSA did not
induce Nog expression in the surrounding tissue. C–F, BMP4-soaked bead placed on
lateral (C, D) or midline (E, F) mesenchymal tissue of explants from Nog-LacZ mice induced
Nog expression. Evidence of BMP4-induced expression of Nog was present regardless of
bead position (see arrows in C, D, E vs internal negative control arrowheads in C, D).
Endogenous levels of Nog served as internal controls in these experiments. BSA-soaked
beads placed on Nog-LacZ explant tissue (A, B) as well as BMP4-soaked beads placed on
explants from WT mice (G, H) served as negative controls and showed no induction of
Nog:␤-gal after X-gal staining. Bead is marked by asterisk in all images. Highmagnification images are shown in B–H.

coronal sections of E11.5 NogLacZ embryos were examined (Fig.
4E–I ). In situ hybridization against Bmp4 revealed the existence
of lateral/ventrolateral and ventromedial sources of Bmp4 (Fig.
4E). X-gal reaction alone (Fig. 4F ) or followed by MSX1 immunostaining (Fig. 4G) confirmed that both medial and lateral BMP
sources (Liu et al., 2005) correlated with Nog expression in a
dorsolateral and ventromedial fashion. Staining for Nog:␤-gal
together with HuC/D (Fig. 4H ) or AP2␣ (Fig. 4I ) showed that the
transition from non-neurogenic RE (AP2␣⫹; Fig. 4I, arrow) 128
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Figure 6. GnRH neurons form at the border between non-neuronal and neuronal epithelium in the developing OP. A–C, X-gal and GnRH immunostaining on serial coronal sections of E11.5
Nog nullLacz /WT embryo highlighting Nog (blue) and GnRH cells (brown). From rostral (A) to caudal (C), GnRH neurons originated only in ventral portions of the OP (circled), adjacent to the ventral
mesenchymal source of Nog (asterisk). D, Scatter plot representing distribution of GnRH neurons (red) in four consecutive sections of Nog nullLacz /WT embryo in relation to mesenchymal source of Nog
(blue). E–J, E11.5 coronal sections. E, GnRH neurons (brown) originate in a ⬃250 mm area (bracket) that spans from the end of the Nog-expressing epithelium (Figure legend continues.)
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128 neurogenic epithelium (HuC/D⫹; Fig. 4H, arrow) coincided
with decreased BMP4 signals and was defined by mesenchymal
sources of Nog (Fig. 4G,H, red circles; summarized in Fig. 4J,
scheme). In summary, in apparent reaction to BMP, Nog is expressed by epithelial cells of the OP and by distinct clusters of
mesenchymal cells, the latter delineating a transition zone from
epidermal to neurogenic precursors.
Sources of BMP4 in the nasal area directly control Nog
expression pattern
Morphological observations suggested a potential cause– effect
relation between BMP4 sources in the nasal area and Nog expression. To test whether this biochemical relation existed, beads
soaked in 0.1% BSA (Fig. 5 A, B) or BMP4 (Fig. 5C–H ) were
placed on nasal explants generated from Nog-LacZ and WT embryos (Fig. 5C–H ). X-gal reaction was performed 18 h after bead
placement. A BMP4-soaked bead placed on either the mesenchyme (Fig. 5C,D) or along the midline (Fig. 5 E, F ) of nasal explants generated from Nog-LacZ mice induced Nog expression
(Fig. 5C–F, arrowheads). This induction was not seen with BSAsoaked beads implanted on Nog-LacZ tissue (Fig. 5 A, B) or
BMP4-soaked beads on WT tissue (Fig. 5G,H ). These data are
consistent with previous studies performed in different embryonic regions (Gazzerro et al., 1998; Merino et al., 1998; Stottmann et al., 2001) and confirm our hypothesis that sources of
BMP4 directly induce Nog expression in the nasal area.
Mesenchymal sources of Nog define the GnRH
neurogenic niche
GnRH neurons were analyzed to confirm the relationship between mesenchymal Nog and neuronal formation of this specific
cell type (Fig. 6). GnRH neurons originate in a spatially limited
area in the ventral portion of the OP (Tucker et al., 2010; Forni et
al., 2011a). Analyzing Nog LacZ E11.5 embryonic sections revealed
that GnRH neurons formed from rostral to caudal in a ventromedial portion of the OP (⬃150/200 m) and were always juxtaposed to the mesenchymal source of Nog (Fig. 6A–D). In
contrast, the lateral epithelium, positive for Fgf8 and Nog (Fig. 6E,
white arrowhead, F ) but not adjacent to Nog-expressing mesenchyme, did not generate GnRH or other neurons (Fig. 6 F, H ).
Nog expression in the epithelium overlapped active BMP signaling (Fig. 6I ) and was not sufficient alone to induce local neuronal
formation. Thus, the ventromedial mesenchymal source of Nog
(Fig. 6K ) defined a “transitional” GnRH neurogenic niche between epidermal RE and developing VNO. A progressive increase
of PAX6 and decrease of AP2␣ (Fig. 6 F, G) in the niche proximal
to the mesenchymal Nog source further supports the importance
4
(Figure legend continued.) (blue dots) into the developing VNO and faces the mesenchymal
source of Nog (asterisk). No GnRH neurons form in the lateral ventral OP (white arrowhead), a
region that is not adjacent to Nog-expressing mesenchyme. F, PAX6 (brown) is not expressed in,
or is expressed at very low levels along, the GnRH niche (bracket; compare with E). G, AP2␣
(black) is expressed in the GnRH neurogenic niche. AP2␣ expression decreased as PAX6 levels
increased (compare with F). H, SOX2 (brown) levels increased along the GnRH niche (brackets),
in correspondence to the ventral source of Nog (blue, asterisk). I, The GnRH niche (bracket,
compare with J) was between the MSX1/Nog-positive epithelium and the MSX1-negative neurogenic VNO. MSX1 levels decreased coincident with mesenchymal Nog expression (asterisk). J,
GnRH immunostaining (brown) as reference for H and I. K, Schematic summarizing molecular
expression along the epidermal RE (1), transitional area (2), GnRH neurogenic area (3), and VNO
(4). Molecules expressed in each area are listed. Color bars on right side indicate environmental
factors associated with the transition from epidermal (1) to vomeronasal (4; ⫹, high expression levels;
⫹/⫺,low/nonuniformexpression;⫺,nonexpressed/belowdetection).Scalebars,100 m.
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of this Nog source for neuronal formation. BMP/TGF-␤ signal
transduction is known to repress SOX2 expression, a marker for
stem cells/neural progenitors (Kawauchi et al., 2004; Domyan et
al., 2011). MSX1 staining revealed that BMP signaling decreased
in this transitional zone (Fig. 6I ). Consistent with this, SOX2
expression abruptly increased in cells proximal to the ventromedial mesenchymal source of Nog, with little SOX2 expression
found in the ventrolateral portion of the OP (Fig. 6H, black arrowhead and white arrowhead, respectively). Together, these
data confirm that GnRH neurons form proximal to Fgf8expressing epidermal cells in a specific neurogenic zone defined
by mesenchymal Nog (Fig. 6K, scheme).
Subthreshold Fgf8 expression leads to similar defects,
independent of dose
To further delineate the relation between FGF8, BMP, and Nog in
controlling neurogenesis, embryonic sections (E11.5) from mice
carrying (1) two hypomorph Fgf8 neo alleles (Fgf8 neo/neo) or (2)
one hypomorph and one null Fgf8 null allele driving ␤-gal expression (Fgf8 neo/ null LacZ) were analyzed (Figs. 7, 8). Surprisingly,
regardless of the defective dosages (Storm et al., 2003), overlapping embryonic phenotypes were observed: (1) neurogenesis was
only evident in the developing OE (Fig. 7A–F, area between white
arrowheads) as reported previously for conditional KOs (Kawauchi et al., 2005), and (2) no GnRH immunoreactivity was detected as described previously for Fgf8 neo/neo (Chung et al., 2008).
In addition, it was obvious that neural formation was absent in
the developing VNO and region proximal to the ventral RE (Fig.
7 B, D,F ). A complete lack of VNO formation in hypomorphs was
confirmed by analyzing animals at later stages (E13.5–E15.5; data
not shown). The overlapping phenotypes observed in the developing nasal area of the different hypomorph lines showed that
subthreshold expression of Fgf8 led to similar defects, independent of dose.
One mutant Fgf8 allele is not sufficient to disrupt GnRH
neurons onset
Previous published data indicated that reduced functionality of
one Fgf8 allele was sufficient to decrease FGF8 levels and affect
GnRH immunoreactivity at postnatal stages (Chung et al., 2008).
Quantification on E11.5 embryonic sections from Fgf8WT/WT,
heterozygous null Fgf8null/WT and heterozygous hypomorphs
Fgf8 neo/WT revealed no differences in the location (Fig. 7G–I ) or
number of GnRH cells (Fig. 7J ). Analysis at E15.5 confirmed
similar numbers of GnRH cells in Fgf8 neo hypomorphs and WT
controls (742 ⫾ 66 SD; 761 ⫾ 111; p ⫽ 0.22). These data indicate
that one fully functional Fgf8 allele is sufficient to allow normal
olfactory/GnRH onset and GnRH peptide synthesis during embryonic development.
Altered mesenchymal signals lead to altered neurogenesis
The observations on Fgf8 null/ neo, Fgf8 neo/ neo, and heterozygous
mice indicated that subthreshold Fgf8 expression leads to defects
in VNO and GnRH specification. Since the neurogenic portion of
the developing VNO is normally proximal to a Nog mesenchymal
source that is induced by mesenchymal Bmp4 sources (Figs. 2, 4,
5), we hypothesized that the lack of ventral neurogenesis in the
OP of Fgf8 mutants could result from variations in Bmp4 and Nog
expression in this area. In situ hybridization for Bmp4 on control
and Fgf8 neo/nullLacZ hypomorph sections showed that the change
in neuronal marker expression (HuC/D; Fig. 8 A, B) was associated with a caudal expansion of mesenchymal BMP expression
that included the area beneath the putative VNO (Fig. 8C,D).
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Confirmation of this expansion was obtained by p-SMAD 1,5,8 immunostaining
(Fig. 8 E, F ). Consistent with the expansion of mesenchymal Bmp4 expression,
Nog was ectopically expressed in the dorsal mesenchyme facing the putative OE
(Fig. 8G,H ) and nearly absent in the ventral area of the nasal mesenchyme proximal to the developing VNO. These
experiments indicate that changes in Fgf8
levels altered expression of both Bmp4
and Nog, and, consequently, changed the
neurogenic pattern (Fig. 8 I, J, scheme).
Neurogenic permissive areas of the OP
are defined by mesenchymal signals
Fgf8 hypomorphs exhibited a lack of neurogenesis in the ventromedial portion of
the OP where GnRH and VNO neurons
form, but no obvious defects in the early
onset of cells in the lateral OE were observed (Fig. 9 A, B). Reduction in local
FGF8 has been described to lead to a direct
decrease in SOX2 levels in the medial portion of the OP, causing loss of neuronal
committed progenitors and transit amplifying cells (Tucker et al., 2010). However,
BMP signaling can directly silence SOX2
expression (Domyan et al., 2011). To
determine whether the variations in
neurogenic pattern in Fgf8 hypomorphs
correlated with altered mesenchymal
signals, coronal sections of Fgf8neo/neo/
NogLacZ/WT were analyzed. Changes in
neurogenesis followed changes in mesenchymal expression of Nog (Fig. 9 A, B). In
control and mutant animals, comparable
Nog expression and early neurogenic onset was observed in the dorsolateral nasal
process and dorsolateral and dorsomedial
OE; however, in medial nasal area, where
neurogenesis was altered, a dramatic dorsomedial shift occurred in cells expressing
Nog (Figs. 9, 10, schematic). Analysis of
MSX1 on serial sections showed a dorsomedial shift in MSX1 expression in the
medial mesenchyme (Fig. 9C,D). PAX6
milieus only in homozygosity. A–F, E11.5
was expressed in the neurogenic area of Figure 7. Fgf8 hypomorphs display complete loss of medioventral neurogenic
parasagittal sections: HuC/D immunostaining on WT (A, C) and Fgf8 neo/neo hypomorph (B, D). In control animals (A, C),
the developing OE, proximal to the mespositive neurons were detected in the OE (between white arrowheads) and VNO (black arrowhead). In Fgf8 hypomorphs (B,
enchymal sources of Nog in control ani- D) neurogenesis was limited to the OE (white arrowheads), no neurons were detected in the developing VNO (C vs D, black
mals. In the mutants, Nog was detectable, arrowheads). Similar results were observed comparing Fgf8 WT/nullLacz(E) to Fgf8 neo/nullLacz (F). No neurons were detected in
though at low levels, only in the area where the primordial VNO of either of the Fgf8 mutants (B, D, F). G–I, E11.5 immunostaining for GnRH showed comparable
the VNO and GnRH neurons normally neurons (brown; black arrows) proximal to the VNO in wild-type (G), heterozygous Fgf8 WT/neo (H), and Fgf8 WT/null (I)
form (Fig. 9 E, F ). In Fgf8 hypomorphs, an embryos. J, Quantification of GnRH neurons in the nasal pit of all three genotypes showed no statistical differences
increase in SOX2 immunoreactivity oc- (Fgf8 WT/WT vs Fgf8 WT/neo, p ⫽ 0.4; Fgf8 WT/WT vs Fgf8 WT/null LacZ, p ⫽ 0.9). Scale bars: A, B, E, F, 100 m; C, D, G, H, I, 50
curred in tandem with the dorsalized mes- m.
enchymal source of Nog (Fig. 9G,H ),
neurons normally form at the border between AP2␣-expressing
moving farther from the ventral sources of Fgf8 (Fig. 1). In the
epidermis and the neurogenic area of the VNO (Fig. 9 I, K ). In the
lateral RE, AP2␣ expression patterns of Fgf8 hypomorphs (Fig.
Fgf8 mutants, the reduced AP2␣-expressing border was no longer
9J ) were similar to those of controls. In the medial RE epidermis,
proximal to sources of Nog (Fig. 9, compare A, B, I, J ). As deAP2␣ expression appeared reduced in intensity (Fig. 9 I, J, arrowscribed by Chung and coworkers (Chung et al., 2008), GnRH
heads), in line with the previously described increased apoptosis
neurons were not detected in the developing pit (Fig. 9 K, L).
in the mediorostral epidermis (Kawauchi et al., 2005). GnRH
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However, the lack of GnRH neurons and
the altered olfactory neurogenesis in Fgf8
mutants were the result of complex
changes in placode/mesenchymal interactions rather than loss of a direct specification signal only. In fact, craniofacial
defects in Fgf8 mutants resulted from aberrant Bmp4 and Nog expression, secondary to changes in Fgf8. These changes
translated into the loss of neurogenic permissive conditions for the entire medioventral pit that included vomeronasal
progenitors and GnRH progenitors, cells
that were the most proximal to the FGF8
source (Fig. 9).

Discussion
The “default model” of neural induction
proposes that ectodermal stem cells, if
protected from BMP/TGF␤ signaling, are
programmed to acquire a neural fate
(Wilson and Hemmati-Brivanlou, 1995;
Hemmati-Brivanlou and Melton, 1997).
In contrast, other studies suggest that
FGF8 signaling is necessary or sufficient
for neural induction, independent of BMP
(Kengaku and Okamoto, 1993; Lamb and
Harland, 1995; Delaune et al., 2005; for
review, see Stern, 2005). In the developing
OP, we found that epidermal versus neural fate is in fact determined by the presence or absence of active BMP signals.
The role played by FGF8 in controlling
neurogenesis is largely indirect and is a
consequence of its effect on craniofacial
development and patterning of mesenchymal signals, such as Bmp4 and Nog.
The epidermis and RE controls
craniofacial mesenchymal development
The outgrowth and patterning of facial
mesenchyme, as for the limbs, is depen4

Figure 8. Changes in Fgf8 expression levels alter Bmp4, Nog expression in the mesenchyme and neurogenic pattern in the OP.
Left, E11.5 control mice. Right, E11.5 Fgf8 neo/nullLacz hypomorphs. A, B, HuC/D-positive cells (between arrowheads) identify

the neurogenic areas in the nasal pit of control (A) and hypomorph (B). C, D, In situ hybridization for Bmp4. Bmp4 expression in the mesenchyme is indicated by arrows. In hypomorphs
(D) a ventrocaudal expansion of Bmp4 expression correlated
with lack of neuronal markers in the ventral portion of the OP
(compare A, C to B, D). In Fgf8 mutants, Bmp4 expression
along the RE appeared reduced compared with controls. E, F,
p-SMAD 1,5,8 immunostaining on hypomorphs (F) showed a
ventrocaudal expansion of mesenchymal Bmp4 signaling juxtaposed to the developing VNO and within the putative VNO
(compare arrows). G, H, Nog in situ hybridization showed Nog
expression in Fgf8 mutants was absent in the ventral mesenchyme juxtaposed to the VNO, but was detectable in a more
dorsal portion of the developing pit (H, arrows). Expansion of
Bmp4 expression (C vs D) in the hypomorphs correlated with
changes in Nog expression in the nasal area (G vs H). Scale
bars: A–D, 100 m; E–H, 50 m. I, J, Schematics summarizing results, with Bmp4 (gray) inducing mesenchymal Nog expression (red) that subsequently controls neurogenesis
(green). The different pattern of Bmp and Nog expression
translates in altered neurogenesis in Fgf8 mutants.
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Figure 9. Expression pattern of Bmp antagonists in nasal mesenchyme determines precursor identity and neurogenic potential of the OP. Coronal sections. Orientation indicated in A.
D, Dorsal; V, ventral; L, lateral; M, medial. A–L, Sections from Nog nullLacz /WT control and Fgf8 neo/neo/Nog nullLacz /WT mice showing neuron formation (HuC/D), Bmp4 signaling (MSX1),
PAX6, SOX2, AP2␣, and GnRH in relation to mesenchymal Nog (␤-gal) expression (blue, arrows). In control animals (A) neuron formation (HuC/D brown, dorsal to dashed line) in the OE
and VNO was defined by dorsolateral and medioventral sources of Nog (arrows). In Fgf8 hypomorphs (B) the medioventral source of Nog was found dorsalized with consequent loss of
ventral neurogenesis in the VNO. C, D, MSX1/2 immunostaining (black) highlights the relation between mesenchymal Bmp signaling and Nog expression in control (C) and Fgf8 mutants
(D). Reduction in MSX1 expression was noted in the RE (arrowheads) in mutant animals (D) compared with controls (C), while altered expression pattern was observed in the
ventromedial mesenchyme with reduced expression proximal to the OP and broader expression in the medial mesenchyme. E, F, In control animals (E), PAX6 expression was high in the
neurogenic areas of the pit (dorsal to dashed line; compare with A) in both OE and VNO proximal to the Nog sources (arrows) and distal to Bmp4 sources. In Fgf8 mutants (F), PAX6
expression was still detected in the medioventral OP where the VNO normally forms, though neurogenesis did not occur (arrow; compare with A). G, H, SOX2 expression was found to
follow mesenchymal Nog expression in both controls (G) and Fgf8 hypomorphs (H). In the latter, high SOX2 levels were only detected in the areas proximal to Nog sources. Thus, Nog
expression correlated with the neurogenic pattern. No SOX2 expression was found within, or proximal to, the developing VNO, where the GnRH normally form. I, J, Reduced AP2␣
expression was observed in the ventromedial RE of Fgf8 mutants (compare I, arrowhead, with J) while no obvious differences were observed in the lateral RE where transition from
AP2␣⫹ to HuC/D (compare with B) was similar to the controls (E, A). K, L, In control animals, the GnRH niche (K, arrowhead in circle) was found facing the mesenchymal source of Nog
(arrow). In Fgf8 mutants GnRH niche (L, circled) was far from the mesenchymal source of Nog (arrow). Scale bars: (in A) A–J; (in K) K, L, 100 m.

dent on signals from the overlying ectoderm (Wedden, 1987;
Richman and Tickle, 1992; LaMantia et al., 2000), with FGF8
being one of the key signals in these processes (Crossley and
Martin, 1995; Kawauchi et al., 2005). Studies examining facial
development in mouse models with reduced Fgf8 expression
reported increased apoptosis limited to the Fgf8-expressing rostral
portions of the OP together with olfactory defects (Kawauchi et
al., 2005; Chung et al., 2008). Based on these observations, the
FGF8-expressing region of the OP was proposed to be the stem
cell reservoir, giving rise to neurons in the OE and VNO. Using
Fgf8 knock-in models and Fgf8 Cre lineage tracing, we demonstrated that neither the OE nor VNO originate from progenitors
belonging to Fgf8-expressing domains. These data indicate that

neurogenic defects in Fgf8 mutants are not derived from loss of
stem cells in the rostral OP region. Fgf8 was found to be coexpressed with Bmp4 in ectodermal progenitors that gave rise to
parts of the RE and rostral facial epidermis, lips, olfactory mucosa, and teeth enamel, but did not give rise to neurogenic OP
stem cells. Based on these observations, we propose that reduced
FGF8 signal directly affects growth of specific portions of the
non-neurogenic ectoderm, including the skin of the lip, palate,
and RE. The Fgf8-expressing ectoderm that is affected by reduced
Fgf8 is also the morphogenic center controlling craniofacial development. Based on these data, we propose that neurogenic defects in the OP of Fgf8 mutants are largely indirect.
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Figure 10. Changes in FGF8, Bmp, Nog expression and neuronal formation in the OP of control and mutant animals. A, C, Summary schematics. Bmp4 expression defines (arrow)
expression of Nog; in Fgf8 hypomorphs (C), changes in Bmp4 expression in the ventromedial developing mesenchyme, secondary to FGF8 changes, alter Nog expression (red) and
therefore the neurogenic potential of progenitors in the OP (green). B, D, Scatter plots showing mesenchymal Nog expression (orange/red/brown) and HuC/D-positive neurons (shades
of green) in serial coronal sections of controls (n ⫽ 3) and Fgf8 hypomorphs (n ⫽ 3) embryos at E11.5. Each data series represents cells plotted on three serial section/embryo. In the Fgf8
mutant, the ventromedial source of Nog was dorsalized and correlated with changes in neurogenesis.

Mesenchymal signals regulate neurogenesis
By contextualizing the expression of Fgf8, Bmp4, and Nog, we
uncovered spatial expression patterns that indicate the neurogenic changes in the OP of Fgf8 mutants are mainly a reflection of
epithelial/mesenchymal cross-talk defects. In fact, the expression
of neuronal stem/progenitor markers (SOX2, PAX6, and
ASCL-1) did not directly correlate with Fgf8 levels or proximity to
the Fgf8-expressing ectoderm but rather with an absence of BMP/
TGF␤ signaling, similar to that proposed by Gokoffski et al.
(2011) for the mature OE. Thus, delineation of epidermal and
neurogenic permissive areas in the developing OP (Fig. 4, schematic) appear to be established by an equilibrium between
sources of BMP and the induction of BMP/Tgf-␤ inhibitors, such
as Nog and/or Follistatin in the nasal mesenchyme (Gazzerro et al.,
1998; Kearns and Demay, 2000; Stottmann et al., 2001; Kawauchi
et al., 2009). Consistent with this idea, Nog transfections in the
OP of chick had been shown to induce neurogenesis in areas that
would normally acquire epidermal fate (Maier et al., 2010, 2011).
Analyzing neurogenesis in relation to Nog and Fgf8 expression
using NogLacZ and Fgf8LacZ embryos, we observed that in physiological conditions neuronal formation did not occur within the

Fgf8-expressing and/or Nog-expressing domains. In the OP, Nog
and Fgf8 were for the most part expressed by epidermal/respiratory cells that were also positive for Bmp4 expression and downstream signals. These data indicate that if FGF8 exerts a
proneurogenic effect in the developing OP, this happens indirectly only in neurogenic permissive areas delineated by mesenchymal sources of BMP/TGF-␤ inhibitors.
In the OP, a direct role for FGF8 in controlling neuronal cell
fate through restriction of BMP4 expression/signaling has been
proposed (Wilson et al., 2000; Pera et al., 2003; Maier et al., 2010).
Our data indicate that autocrine as well as paracrine FGF8
(Kawauchi et al., 2005) is not sufficient to antagonize BMP signaling and protect ectodermal progenitors of the OP from
acquiring “epidermal” cell fate. A primary role played by mesenchymal signals in controlling neurogenesis in the OP and GnRH
neurogenesis (Fig. 9, model) found further support from examination of Fgf8 hypomorphs. Partial loss of FGF8 severely affected
the development of medial nasal process (Kawauchi et al., 2005)
and mesenchymal tissue that later gives rise to the palate roof and
the nasal septum. Analysis of the medial process of Fgf8 mutants revealed changes in Bmp4 expression together with Nog
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expression going from ventral to dorsal areas. These changes
correlated with shifts in the neurogenic pattern (Figs. 7–9).
Notably in the lateral nasal process, where no major changes in
either BMP4 or Nog occurred, the neurogenic pattern remained unaltered. These data indicate that Fgf8 is not the
main neurogenic inducer for the OE and suggest that factors
other than Fgf8 are crucial in controlling morphogenesis of
the lateral nasal process. In Fgf8 conditional KOs and in Fgf8
hypomorphs, changes in neuronal markers and cell proliferation in the ventromedial OP had been previously noticed but
whether or not this effect was direct or indirect had not been
addressed (Chung et al., 2008; Tucker et al., 2010). We observed that changes in SOX2, PAX6, and HuC/D expression in
Fgf8 mutants reflected mesenchymal expression of Nog and
were not in proximity to FGF8 sources (Tucker et al., 2010).
These data are consistent with mesenchymal Bmp expression
and silencing of BMP/TGF␤ signaling being a key element in
defining the proliferative characteristics of OP progenitors.

He et al., 2010), an area where Fgf8 is expressed and increased
apoptosis occurs in Fgf8 mutants (Kawauchi et al., 2005). These
data suggest an important diagnostic value of craniofacial defects
(e.g. cleft palate, cleft lip, dental agenesis, and mandibular and
maxillary abnormalities) seen in human Kallmann cases with
genetic mutations affecting FGF8 signal transduction (Mølsted et
al., 1997; Kawauchi et al., 2005; Riley et al., 2007; Trarbach et al.,
2010). Our data indicate that specific pathological conditions
affecting the FGF8 axis, including autosomal-dominant negative
mutations in the receptors (Kim et al., 2005) or truncated forms
of the ligand, lead to syndromic defects, e.g., Kallmann syndrome, as a result of dysmorphic mesenchymal growth and loss
of neurogenic milieus. A systematic analysis of early vomeronasal
and GnRH development in animal models with defective development of medial nasal process could lead to the identification of
important FGF8 target genes in this area and candidate genes
responsible for the etiology of forms of HH and Kallmann
syndrome.

Reduced FGF8 and Kallmann syndrome
A decrease in Fgf8/FgfR1 signaling has been associated with various forms of HH, including cases of Kallmann (Falardeau et al.,
2008; Trarbach et al., 2010). Moreover, variable penetrance of
craniofacial defects, including cleft palate, which can derive from
interrupted fusion of the maxillary and medial nasal process,
dental agenesis, and cleft lips, have been described in pedigrees of
families carrying Fgf8/FgfR1 mutations and HH (Tompach and
Zeitler, 1995; Mølsted et al., 1997; Dode et al., 2007; Riley et al.,
2007; Falardeau et al., 2008; Bailleul-Forestier et al., 2010). Notably all the affected structures listed above were found to be positive for Fgf8 lineage tracing in this report.
GnRH neurons originate from heterogeneous precursors in a
well defined portion of the ventral OP (Tucker et al., 2010; Forni
et al., 2011a) proximal to FGF8, BMP, and Nog sources. Loss of
function of one Fgf8 allele has previously been proposed to compromise embryonic GnRH neurons onset (Chung et al., 2008;
Sabado et al., 2012). However, our analysis of heterozygous null
Fgf8 null/WT and heterozygous hypomorph Fgf8 neo/WT mice,
where no craniofacial defects occurred, found no differences in
the onset or number of GnRH neurons during embryonic development. This analysis indicates that one functional Fgf8 allele is
sufficient for normal GnRH neuronal development and, therefore, loss of function of one Fgf8 allele is not per se autosomal
dominant. Our data also suggest that Fgf8 point mutations in
heterozygous states, which have been found to correlate with
variable penetrance of craniofacial defects and HH in humans,
are likely to act in a competitive/dominant-negative fashion if not
in association with other genetic mutations (Trarbach et al.,
2010). In fact, in mice, we observed that defects in GnRH development only occurred at subthreshold Fgf8 levels that also affected craniofacial development and neuronal formation in the
ventromedial OP. Though we cannot rule out a priming effect for
Fgf8 in GnRH neuronal formation, expansion, or survival,
(Sabado et al., 2012) or in modulating GnRH peptide synthesis
levels (Falardeau et al., 2008), our data indicate that the absence
of GnRH neurons in Fgf8 hypomorph mutants is one aspect of a
much larger loss of a neurogenic permissive milieu that also includes the VNO rather than the lack of a specification signal.
Altered FGF8 can affect Bmp, Msx1 (Storm et al., 2006), and
consequently BMP antagonist expression pattern. Genetic mutations that directly or indirectly affect Bmp expression have been
shown to affect normal plate fusion and to increase apoptosis in
the fusion lip ectoderm (Heikinheimo et al., 1994; Liu et al., 2005;
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Heikinheimo M, Lawshé A, Shackleford GM, Wilson DB, MacArthur CA
(1994) Fgf-8 expression in the post-gastrulation mouse suggests roles in
the development of the face, limbs and central nervous system. Mech Dev
48:129 –138. Medline
Hemmati-Brivanlou A, Melton D (1997) Vertebrate embryonic cells will
become nerve cells unless told otherwise. Cell 88:13–17. CrossRef
Medline
Hu JS, Doan LT, Currle DS, Paff M, Rheem JY, Schreyer R, Robert B, Monuki
ES (2008) Border formation in a Bmp gradient reduced to single dissociated cells. Proc Natl Acad Sci U S A 105:3398 –3403. CrossRef Medline
Ilagan R, Abu-Issa R, Brown D, Yang YP, Jiao K, Schwartz RJ, Klingensmith J,
Meyers EN (2006) Fgf8 is required for anterior heart field development.
Development 133:2435–2445. CrossRef Medline
Kallmann FJ, Schoenfeld WA, Barrera SE (1944) The genetic aspects of primary eunuchoidism. Am J Mental Deficiency 48:203–236.
Kawauchi S, Beites CL, Crocker CE, Wu HH, Bonnin A, Murray R, Calof AL
(2004) Molecular signals regulating proliferation of stem and progenitor
cells in mouse olfactory epithelium. Dev Neurosci 26:166 –180. CrossRef
Medline
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