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Development/Plasticity/Repair

Foxgl Is Required for Development of the Vertebrate
Olfactory System

Cynthia D. Duggan, Shannon DeMaria, Ariane Baudhuin, David Stafford, and John Ngai
Department of Molecular and Cell Biology, Helen Wills Neuroscience Institute, and Functional Genomics Laboratory, University of California, Berkeley,
California 94720-3200

Iluminating the molecular identity and regulation of early progenitor cells in the olfactory sensory epithelium represents an important
challenge in the field of neural development. We show in both mouse and zebrafish that the winged helix transcription factor Foxgl is
expressed in an early progenitor population of the olfactory placode. In the mouse, Foxgl is first expressed throughout the olfactory
placode but later becomes restricted to the ventrolateral olfactory epithelium. The essential role of Foxgl in olfactory development is
demonstrated by the strikingly severe phenotype of Foxgl knock-out mice: older embryos have no recognizable olfactory structures,
including epithelium, bulb, or vomeronasal organs. Initially, a small number of olfactory progenitors are specified but show defects in
both proliferation and differentiation. Similarly, antisense RNA knockdown of Foxgl expression in the zebrafish shows a reductionin the
number of neurons and mitotic cells in olfactory rosettes, mirroring the phenotype seen in the mouse Foxg!I null mutant. Using mosaic
analysis in the zebrafish, we show that Foxgl is required cell-autonomously for the production of mature olfactory receptor neurons.

Therefore, we identified an evolutionarily conserved requirement for FoxgI in the development of the vertebrate olfactory system.
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Introduction
The sensory epithelium of the vertebrate nose arises from the
olfactory placode during embryogenesis. Placodes form as thick-
enings at the junction of the neural and superficial ectoderm that
give rise to peripheral neurons and sensory structures. All pla-
codal tissue is thought to arise from a common primordium of
cells that undergo migrations, shape changes such as invagination
or delamination, and proliferation to form the nascent sensory
structures (Schlosser, 2005). Within the olfactory placode, the
order and progression of proneural genes regulating olfactory
neurogenesis have been illuminated by genetic analysis of basic
helix-loop-helix (bHLH) family proteins (Guillemot et al., 1993;
Cauetal., 1997, 2002). This has led to the current model in which
a pool of rapidly proliferating transit amplifying cells expressing
Ascll (formerly Mashl) give rise to Ngnl- and NeuroD-positive
immediate neuronal precursors. However, little is known about
the cells that give rise to the Ascll committed neuronal
progenitors.

Forkhead family transcription factors comprise a large group
of winged helix molecules with diverse roles in development,
cancer, aging, and metabolism (Jonsson and Peng, 2005; Wijch-
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ers et al.,, 2006). One forkhead family member, Foxgl, affects
proliferation, differentiation, patterning, and cell fate determina-
tion of telencephalic progenitor cells (Xuan et al., 1995; Ha-
nashima et al., 2002, 2004, 2007; Martynoga et al., 2005; Muzio
and Mallamaci, 2005). Specifically, Foxgl affects the capacity and
timing of cortical neuron production by resetting the progressive
restriction in cortical progenitor potential to produce earlier-
born Cajal-Retzius cells (Hanashima et al., 2004, 2007; Shen et al.,
2006). Loss of Foxg1 also leads to dorsoventral patterning defects
in the eye (Huh et al., 1999) in addition to aberrant projections of
retinal ganglion cell axons at the optic chiasm (Pratt et al., 2004).
Peripherally, Foxgl is a marker of migrating ectodermal placodal
cells (Hatini et al., 1999) and, in the otic placode, Foxgl is re-
quired for the generation of crista neurons (Pauley et al., 2006).
We were therefore interested in determining whether Foxgl is
required for the development of the olfactory placode.

In the present study, we show that Foxgl is expressed in pro-
genitor cells throughout the olfactory placode at early embryonic
stages. In mice harboring a targeted mutation of the FoxgI gene
(Hebert and McConnell, 2000), we observe initial specification of
some olfactory placode cells but a failure of those cells to prolif-
erate and differentiate into mature olfactory neurons. Mice lack-
ing Foxgl ultimately fail to form all olfactory structures, an effect
we ascribe to defects in the early olfactory placode, with a subse-
quent increase in apoptosis. In zebrafish, Foxgl hypomorphs
show a reduction in the number of proliferating cells as well as
olfactory neurons. Using mosaic analysis in zebrafish embryos,
we demonstrate that FoxgI is required cell-autonomously within
the olfactory lineage to produce mature olfactory receptor neu-
rons (ORNs). Together, these results demonstrate a conserved
role of FoxgI in the proliferation and differentiation of cells com-
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prising the olfactory placode, providing insight into the early
steps of olfactory development.

Materials and Methods

Mice. Homozygous Foxgl-Cre mice described by Hebert and McConnell
(2000) resulted in a null mutant phenotype for Foxgl. Foxgl-Cre het-
erozygotes were maintained on a mixed 129/C57BL/6 background re-
sulting from mating with other strains such as Gt(ROSA)26Sor "™25he
(The Jackson Laboratory, Bar Harbor, ME) (Mao et al., 2001). Ascll
heterozygous mice were described previously (Guillemot et al., 1993).
Observation of a vaginal plug was considered embryonic day 0.5 (E0.5).
Genotyping primers used were as follows: Foxgl-F GACCCCTGATTT-
TGATGTGTG, Foxgl-R GGGCAACAACCACTCCTTCTC, CRE-F
GCGGTCTGGCAGTAAAAACTATC, CRE-R GTGAAACAGCATT-
GCTGTCACTT, Asclilwt CTCTTAGCCCAGAGGAAC, Mashmutl
GCAGCGCATCGCCTTCTATC, Mashmut2 CCAGGACTCA-
ATACGCAGGG.

Zebrafish. Tubingen longfin Danio rerio were maintained at 28.5°C
and bred naturally using a timed light cycle. Morpholino (MO) oligonu-
cleotides were injected in 1X Danieau buffer [58 mm NaCl, 0.7 mm KCI,
0.4 mm MgSO,, 0.6 mm Ca (NO;),, 5 mm HEPES, pH 7.6] with 0.1%
phenol red into the yolk of one-cell stage embryos. Morpholino sequence
directed against the transcriptional start site of zebrafish Foxgl was de-
signed by Gene Tools (Philomath, OR): 5'-TCCCATATCCAAC-
ATCACAAGTAAG (Foxgl MO) and mismatch (MM) 5'-
TCCGATATGCAAGATCAGAACTAAG. Using 9.2 ng of Foxgl MO per
injection, we observed defects consistent with those found in mouse such
as reduced telencephalic regions and aberrant projections in the optic
chiasm (Xuan et al., 1995; Pratt et al., 2004). Antibody-labeled zebrafish
were mounted in 1.2% low-melting point agarose and imaged on a Ni-
kon (Tokyo, Japan) confocal microscope. Optical sections were acquired
at 3 wm intervals and collapsed into a maximum projection image for
analysis of phosphohistone H3 (PH3) and terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL)-
positive cells.

Transplantation experiments were performed using standard tech-
niques (Ho and Kane, 1990). Donor embryos were labeled with 10 kDa
lysine-fixable rhodamine dextran at the one-cell stage. Embryos in which
no transplanted cells contributed to the olfactory rosettes were discarded.
Mosaic embryos used in the analysis had an average of nine transplanted
cells per rosette at 48 h postfertilization (hpf; the time of analysis), which
represents a small fraction of the entire cellular composition. Morpho-
lino injection of donor and host embryos was identical to that described
above. Mosaic embryos were processed for calretinin immunohisto-
chemistry at 48 hpfand confocal scanned as described. “Find Edges” was
applied to the green channel in Image]J to outline calretinin-positive cells.
Cell counts were made examining confocal slices throughout rosettes
and were comparable between two independent observers.

RNA insitu hybridization. In situ hybridization of digoxygenin-labeled
probes was performed as described previously (Lin et al., 2004). Anti-
sense RNA probes were generated using the following sequences: Foxgl
(bp 17102321 and 1590-1940 of NM_008241), Sox2 (bp 1882-2260 of
X94127), Ascll and Ngn1 (gift from M. Prasol, University of California,
Berkeley, CA), Fgf8 (full length; gift from R. Fletcher and R. Harland,
University of California, Berkeley, CA), SoxI0 (bp 1253-1588 of
AF047043), Nqgol (bp 720-1224 of Av074850), and zebrafish Foxgl (bp
502—855 of NM_131067), Cxcr4b (bp 648—1001 of NM_131834), olfac-
tory marker protein (OMP) (bp 582-893 of NM_173281), and Fgf8a
(gift from S. Amacher, University of California, Berkeley, CA).

Histological analyses. Immunohistochemistry was performed on 4%
PFA fixed whole zebrafish embryos or mouse tissue cryosectioned at 16
or 20 wm. The following antibodies were used: rabbit anti-green fluores-
cent protein (GFP; 1:200; Invitrogen, San Diego, CA), chicken anti-GFP
(1:200; Abcam, Cambridge, MA), rabbit anti-PH3 (1:1000, or 1:250
when used with TUNEL; Millipore, Billerica, MA), mouse anti-calretinin
(1:1000; Swant, Bellinzona, Switzerland), rabbit anti-Foxgl (1:25, 2-3 d;
Abcam), guinea pig anti-Ascll (1:10,000), rabbit anti-OMACS
(olfactory-specific medium-chain acyl CoA synthetase; 1:250), and
guinea pig anti-OlfCcl directed against the peptide sequence
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[C]-SLVSTDSNTTDPPESVD-[amide]; antibody specificity for OlfCcl
was demonstrated by preadsorption with free peptide (data not shown).
Hoechst (1:5000; Invitrogen) and BOBO3 (1:5000; Invitrogen) were used
to label nuclei. Secondary antibodies labeled with Alexa Fluor 488 or 568
(Invitrogen) were used at 1:200. TUNEL staining was performed accord-
ing to protocol (In Situ Cell Death Detection Kit; Roche Diagnostics,
Indianapolis, IN), except that slides were microwave heated for 1 min in
0.1 M sodium citrate, pH 6, before treatment. Skeleton staining followed
the method of Otto et al. (1997).

Cell quantitation. The olfactory epithelial area was defined morpho-
logically based on nuclear counterstain to identify borders in an unbiased
manner. For mice, all PH3 and TUNEL counts were made focusing
through 16 wm sections at 40X on a Nikon epifluorescence microscope.
Placodes forming left and right nostrils were counted separately, because
the right nostril often appeared more severely hypoplastic. However,
PH3 and TUNEL did not show a left/right bias at early stages, so counts
from each placode were treated separately toward the final n. Whole
placode PH3 values were calculated from four placodes of two heterozy-
gous mice and three placodes of two knock-out mice. Per section counts
were calculated from averaging representative sections throughout the
dorsoventral axis of the animal. PH3 and TUNEL data were taken from
six wild-type and five mutant animals at E10.5 and five wild-type and
seven knock-outs at E11.5. For zebrafish PH3 and TUNEL cell counts,
values from the left and right nostrils were averaged, and n represents the
number of fish analyzed. All values are presented as the mean = SEM and
were analyzed using a Student’s ¢ test.

Results

Foxgl is expressed in early precursors of the olfactory lineage
We used multiple approaches to investigate the expression of
Foxgl and placed it in the lineage of the developing olfactory
epithelium. First, we determined the expression pattern of FoxgI
mRNA during early mouse development using in situ hybridiza-
tion. At E10.5, Foxgl is expressed throughout the invaginating
olfactory placode in a pattern similar to a putative stem cell
marker, Sox2 (Fig. 1A) (Donner et al., 2007). We next localized
Foxgl protein by immunohistochemistry, which revealed two
important findings. First, we observed that from midgestation
onward, Foxgl-positive cells are found basally within the olfac-
tory epithelium (Figs. 1B-D, 2A), which is the site of transit
amplifying progenitors that are responsible for regenerating ol-
factory neurons throughout the life of the animal (Cuschieri and
Bannister, 1975; Graziadei et al., 1978). Second, Foxgl protein is
transiently coexpressed with the bHLH transcription factor Ascll
at E16.5 (Fig. 1B). To date, AsclI is the earliest molecular marker
in the olfactory neuron lineage and is expressed in a proliferative
transit amplifying cell population (Guillemot et al., 1993; Cau et
al., 1997). A null mutation in the AsclI gene results in the absence
of more mature cells in this lineage, as highlighted by the loss of
markers for the immediate neuronal precursors, immature neu-
rons, and mature neurons (Cau et al., 1997, 2002).

We reasoned that if Foxgl can be detected in Ascll mutant
embryos, it must be present in a cell type at the same or previous
developmental commitment as Ascl1-expressing cells. At E16.5 in
the wild-type olfactory epithelium, Foxgl mRNA and protein are
restricted to the basal cell layer (Fig. 1C,D). Foxgl expression is
maintained in the olfactory epithelium of E16.5 AsclI mutants
(Fig. 1C,D), suggesting that Foxgl is upstream of Ascll. As ex-
pected, the Ascll mutant epithelium is thinner (caused by the loss
of neurons and more mature neuronal precursors) and has lost its
laminar structure (Fig. 1C,D) (Murray et al., 2003). Foxgl mRNA
and protein were also present at E13.5 in olfactory epithelium
devoid of Ascll (data not shown). From these experiments, we
conclude that Foxgl is expressed before Ascll, the earliest proneu-
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Foxg1-positive cells are early olfactory lineage precursors. /n situ hybridization (A, €) and immunohistochemistry (B, D) were performed to localize Foxg1 to developing olfactory

structures in the embryonic mouse. 4, Schematic of transverse section from an E10.5 mouse embryo. op, Olfactory placode. The right side is out of the field of view, and anterior is toward the bottom.
Localization of Foxg7 mRNA shows a similar expression pattern in the olfactory placode as that of a probe for Sox2, a putative olfactory progenitor marker. B, Foxg1 protein localizes to the basal cell
layer of E16.5 olfactory epithelium (red), adjacent to and sometimes overlapping with the proneural bHLH transcription factor Ascl1 (green). The inset shows a cell from a different tissue section
expressing both Foxg1 and Ascl1 (yellow asterisk). €, D, In E16.5 Asc/7™ ~ mice, Foxg7 mRNA (€) and protein (D) are expressed in the basal cell layers of the olfactory epithelium. The presence of

Foxg7in Ascl7 ~'~ mice places Foxg7 upstream of Asc/7. Scale bars: A, 100 wm; €, D, 50 wm.

ral transcription factor identified within the olfactory neuron
lineage in the mouse.

Zonal restriction of Foxgl expression in the

olfactory epithelium

The murine olfactory epithelium is patterned along the dorsome-
dial-ventrolateral axis. This organization plays an essential role
in odorant receptor choice as well as in guiding topographic pro-
jections of ORN axons to the olfactory bulb (Miyamichi et al.,
2005; Imai and Sakano, 2007). However, the mechanisms that
generate and maintain this regional identity are not understood.
In general, zones are defined by the expression of odorant recep-
tors confined within one of four nonoverlapping regions (Ressler
et al., 1993; Vassar et al., 1993; Miyamichi et al., 2005). Several

other molecules show zonal restriction patterns in addition to the
odorant receptors. For example, cytoprotective enzymes are
found in the dorsomedial-most zone (zone 1), whereas the guid-
ance molecule Npn2 and transcription factors Msx1 and Eya2
increase in a gradient ventrolaterally through zones 2—4 (Norlin
et al., 2001; Oka et al., 2003; Tietjen et al., 2003; Gussing and
Bohm, 2004).

Whereas Foxgl expression is widespread in the early olfactory
placode (E10.5) (Fig. 1A), at E11.5, cells expressing Foxgl be-
come restricted to ventral regions, distinct from cells expressing
OMACS, a marker for cells of the dorsomedial olfactory epithe-
lium (data not shown) (Oka et al., 2003). As shown in Figure 2 A,
a complementary expression pattern between Foxgl and
OMACS is evident at E13.5. At E16.5, Foxg]l is localized specifi-
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cally to zones 2—4 in the basal cell layers of
the olfactory epithelium (Fig. 2 A). This pat-
tern persists, as shown by immunohisto-
chemistry of postnatal day 15 coronal sec-
tions (Fig. 2A). Therefore, Foxg1 represents
the earliest transcription factor exhibiting a
zonally restricted pattern both during de-
velopment and maintained in a progenitor
population at later stages.

Is Foxgl expressed early in all cells fated
to give rise to olfactory structures, or do
dorsal ORNs arise from a Foxgl-
independent progenitor population? To
address this question, we used lineage trac-
ing to ask whether cells of the dorsal olfac-
tory epithelium arose from FoxglI-
expressing precursors. Knock-in mice
expressing Cre recombinase under the con-
trol of the Foxgl promoter (Foxgl-Cre)
(Hebert and McConnell, 2000) were
crossed to mice containing a lox-STOP-lox-
GEFP transgene at the Rosa26 locus (Rosa-
GFP) (Mao et al., 2001). GFP-labeled de-
scendents of Foxgl-expressing cells are
found in the olfactory placode, surface ec-
toderm, developing telencephalon (but not
diencephalon), lens, and nasal retina at
E10.5 (Fig. 2 B), as expected from published
expression patterns (Tao and Lai, 1992; Ha-
tini et al., 1994; Pratt et al., 2004). At E13.5,
GFP is expressed not only in the ventral but
also in the dorsal olfactory epithelium, as
shown by colocalization with the zone 1
marker OMACS (Fig. 2C). Together with the results of the AsclI
epistasis experiment (Fig. 1C,D), we conclude that Foxgl is ex-
pressed in one of the earliest cell types fated to give rise to olfac-
tory epithelium in mouse but later exhibits a zonally restricted
expression pattern.

E13.5

E16.5

P15

Figure 2.

um; €, 50 pm.

Foxgl is required for establishing the olfactory

neuronal lineage

To investigate the role of Foxg! during development of the olfac-
tory system, we examined knock-out mice homozygous for an
insertion of Cre recombinase into the Foxg! coding region (He-
bert and McConnell, 2000). In the developing neocortex, prema-
ture differentiation has been demonstrated to deplete the neural
progenitor pool in the Foxgl mutant (Xuan et al., 1995; Ha-
nashima et al., 2002). We were therefore interested in whether an
early overproduction of olfactory neurons would result from the
Foxgl null mutation. In wild-type mice at E10.5, the putative
stem cell marker Sox2 labels a large portion of cells in the olfac-
tory placode, whereas the proneural markers Asc/I and Ngnl are
scattered throughout the epithelium (Fig. 3A). Fgf8, which has
been shown to induce an olfactory fate from undifferentiated
ectoderm (Bailey et al., 2006), is found at the tips of invaginating
olfactory placodes. Foxgl mutant tissue displays a severe reduc-
tion in the area comprising Sox2-positive cells (Fig. 3A), but their
presence indicates that at least some cells are in fact specified as
olfactory tissue. Few Ascll- or Ngnl-positive cells (indicative of
differentiation within the neuronal lineage) can be detected at
E10.5, whereas Fgf8 expression in the peripheral ectoderm re-
mains intact. Similar in situ hybridizations performed at E15.5
show the absence of all olfactory markers, arguing against a delay
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Foxg1becomes restricted to ventrolateral regions of the olfactory epithelium during development. 4, Time course
of Foxg1 and OMACS immunohistochemistry. In coronal sections through the olfactory epithelium, there is complementary
expression of the dorsomedial (Z1) marker OMACS and Foxg1in the ventrolateral zones (22— 4). B, Transverse section of an E10.5
Foxg1-Cre;Rosa-GFP mouse demonstrates that cells of the olfactory placode (arrow), telencephalon, nasal retina, lens, and
surface ectoderm are derived from Foxg7-expressing cells. C, Using the same lineage tracing strategy coupled with an anti-
OMACS antibody, it is clear that although Foxg1 becomes downregulated dorsally (4), the dorsal tissue did express Foxg1 atan
earliertime in development. A coronal section at E13.5 with dorsal to the top and medial to the right is shown. Scale bars: B, 100

in neuronal development (Fig. S1, available at www.jneurosci.org
as supplemental material). These findings contrast with a signif-
icant increase in neurons in the dorsal telencephalon of Foxgl
mutant mice (Xuan et al., 1995; Hanashima et al., 2002), suggest-
ing that accelerated differentiation, with a concomitant depletion
of a progenitor pool, does not account for the observed effects of
the Foxgl mutation on olfactory development. Instead, in the
olfactory placode, we observe impaired rather than accelerated
differentiation.

Defects in Foxgl mutant olfactory epithelia are present
throughout the dorsoventral axis

Because Foxgl expression begins to show a dorsoventral bias by
E11.5, we asked whether the phenotype of Foxgl mutant animals
might result from a differential requirement for Foxgl in the
olfactory epithelium zones. An intriguing possibility, one that
would parallel the greater severity of the Foxgl mutation on ven-
tral versus dorsal telencephalon (Xuan et al., 1995; Hanashima et
al., 2002; Martynoga et al., 2005; Muzio and Mallamaci, 2005), is
that the Sox2-positive cells we observe in the E10.5 Foxgl mutants
comprise cells destined to adopt the zone 1 (dorsomedial) fate,
whereas ventrolaterally fated cells are not specified or fail to pro-
liferate altogether. Consistent with this idea, in E12.5-E13.5 mu-
tants, a small number of cells expressing Ascll and Gap43 (a
marker of immature neurons) were found in a dorsomedial loca-
tion (Fig. 3B) (data not shown). To test whether this remaining
tissue represents cells with a zone 1 identity (vs nonzone 1-fated
cells that were simply displaced to a dorsomedial location), we
performed double-label immunohistochemistry for Ascll and
the zone 1 marker OMACS (Oka et al., 2003) (Fig. 2A). Of nine



Duggan et al. ® Foxg7 in Olfactory Development

A Foxg1 Sox2
3 5
>
S
L
@
S
0
$)
>
S
'
B Fo ngcreﬁ Fo Xg qCre/Cre
-
Q g 2
wn
q L}
Figure 3.

Fgf8a

J. Neurosci., May 14, 2008 - 28(20):5229 -5239 « 5233

Ascl1 Ngn1

C Fo ngcreh Fo xg1 Cre/Cre

rostral

.~

O

N

<

(/)]

(&)

<

=

v (@]
caudal

Diminished expression of neuronal lineage markers in Foxg1“® olfactory placode. A, RNA in situ hybridizations of the neuronal lineage markers Sox2, Asc/7, and Ngn7 show little

expression in Foxg 7 null mice at E10.5. However, Fgf8 expression in adjacent non-neural ectoderm persists. B, In the Foxg7 mutant, some Asc/7-positive cells are present in the rostral dorsomedial
nasal cavity at E13.5. Conversely, Asc/T-positive cells were not found in the ventrolateral region of olfactory epithelium in the mutant, where Foxg7 is normally most highly expressed. C, To test
whether the Ascl1-positive cells remaining in Foxg7 mutants represent a dorsal zone fate, we colabeled tissue sections with antibodies directed against Ascl1 and the dorsal marker OMACS. Of nine
mutants, all were negative for OMACS expression, as shown here in a representative section at E13.5. Scale bars: 4, 100 m; B, 200 wm; €, 50 um.

mutants showing Ascl1-positive cells in the olfactory epithelium,
none displayed detectable OMACS expression (Fig. 3C). Similar
results were obtained with another zone 1 marker, Nqol (data
not shown). Therefore, the few remaining cells showing expres-
sion of the proneural gene Ascll do not appear to represent
Foxgl-independent, zone 1 cells. These results suggest that, al-
though zone 1 eventually ceases to express Foxgl later in embry-
ogenesis, Foxgl is required for the earlier development of cells
giving rise to all zones along the dorsoventral axis of the olfactory
epithelium.

Foxgl mutant mice eventually fail to develop olfactory
structures and exhibit craniofacial defects

We next wanted to determine the consequences of the Foxgl null
mutation on the formation of olfactory structures as develop-
ment progresses. In addition to abnormal eye and cortical struc-
tures reported previously (Xuan et al., 1995; Pratt etal., 2004), the
absence of Foxgl results in a dramatic disruption not only of the

olfactory sensory epithelium but to the overall structure of the
nasal cavity and other craniofacial structures (Fig. 4) (Fig. S2,
available at www.jneurosci.org as supplemental material). By
E12.5, Foxgl mutant mice show rostral airways developing asym-
metrically and no stratified olfactory epithelium (Fig. 4A4,A").
The right side was often found to be more severely underdevel-
oped at this stage, similar to the phenotype observed in a DIx5
null mutant (Acampora et al., 1999; Depew et al., 1999). Al-
though the olfactory epithelium, vomeronasal organs, and olfac-
tory bulbs are essentially absent in Foxgl mutants, rostral struc-
tures appear more highly developed at E13.5. (Fig. 4B,B’). To
determine whether these defects simply reflect a developmental
delay, we also examined E15.5 and E18.5 embryos. At these later
stages, cartilage and bone normally found in the septum, turbi-
nates, and cribriform plate are disorganized in the mutant with
increasing severity caudally, resulting in an empty cavity devoid
of all markers of olfactory epithelium (Fig. 4C,C’,D,D") (Fig. S1,
available at www.jneurosci.org as supplemental material) (data
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Figure4.

Foxg1 “"®/“"® mice fail to develop olfactory structures. Coronal sections of wild-type (A-D) and Foxg 7" (A’~D") mice at the indicated embryonic stages were stained with toluidine

blue. Foxg7 mutant mice show asymmetrically developing airways rostrally and no stratified olfactory epithelium (4, arrows), vomeronasal organs (C, arrows), or olfactory bulbs (D, arrows). No
difference was observed between Foxg7™/" and Foxg7“® ™" mice. The right nostril of the animal is in the right half of the image. Scale bars: A-B’, 200 um; C~D’, 400 m.

not shown). These observations reveal a
critical role for Foxgl in the development of
the peripheral olfactory system and cranio-
facial structures more generally. However,
the severity of the Foxgl null phenotype at
late embryonic stages precludes a straight-
forward interpretation of the cellular mech-
anisms underlying these defects. Therefore,
understanding the origin of the observed
phenotype necessitates a more detailed
analysis earlier in embryogenesis.

Olfactory placodes have fewer
proliferating progenitors in

Foxgl mutants

Foxgl has been shown to function in prolif-
eration, differentiation, and cell fate in cor-
tical progenitors as well as cell death in the
neural tube (Xuan et al., 1995; Hanashima
et al, 2002, 2004, 2007; Ahlgren et al,
2003). To examine more closely the basis of
the defects observed in olfactory develop-
ment, we quantitated the number of prolif-
erating cells in olfactory placodes from
Foxgl mutant mice. Using an antibody di-
rected against PH3 to detect mitotic cells, at
E10.5, we found one-third the number of
proliferating cells per olfactory placode of
Foxgl mutants versus wild-type animals
(171 =17 vs 509 = 47; p < 0.001 in two-
tailed ¢ test) (Fig. 5C). To extend these find-
ings, tissue sections were prepared from
E10.5 and E11.5 mice, and the numbers of
PH3-positive cells were counted and nor-
malized per section. Confirming the results
based on counting proliferative cells per
whole placode, we found a similar decrease
in PH3-positive cells per section in E10.5
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Figure 5. Temporal analysis of proliferation and apoptosis in the mouse olfactory placode. PH3 (green) and TUNEL
(red) were used to identify proliferating and apoptotic cells, respectively. Representative transverse sections are shown
from a control E10.5 embryo (A) and Foxg 1/ (B). Olfactory epithelium borders are indicated by dashed white lines. ,
Wild-type mice have threefold more proliferating cells per placode than Foxg 7 mutants ( p = 0.001, Student’s t test;n =
4 wild-type placodes, n = 3 mutant placodes). D, Quantitation of PH3-positive cells per section shows that mitotic cells
increase with time in wild-type mice, whereas mice lacking functional Foxg7 fail to expand the pool of proliferative cells.
There is a threefold difference in the number of proliferating cells at E10.5 ( p = 5 X 10 ~% n = 6 wild-type, 5 mutant
mice) and 5.5-fold difference at E11.5 (p = 4 X 10 ~* n = Swild-type, 7 mutant mice). E, Foxg T homozygous null mice
show a small but significant increase in cell death at E10.5 ( p = 0.009; n = 6 wild-type, 5 mutant mice), although the
increase at E11.5 is not significant ( p = 0.4; n = 5 wild-type, 7 mutant mice). A subsequent wave of apoptosis was
observed at E12.5 (Fig. S2, available at www.jneurosci.org as supplemental material). Asterisks indicate statistical
significance as noted above. Scale bar, 100 wm.



Duggan et al.  FoxgT in Olfactory Development

Mismatch

B

Cxcrdb

T eyefield

OoMP

Foxg1

Calretinin

PH3

Figure 6.

olfactory epithelium. Scale bar, 50 pm.

mutants compared with control (6 + 1vs20 = 1;p = 5 X 10 ~°)
(Fig. 5A,B,D). At E11.5, proliferation increases dramatically in
wild-type placodes (44 = 8 PH3-positive cells per section vs 20 =
1 at E10.5). This developmental increase in proliferative cells was
not observed in the Foxgl mutant placodes, resulting in fivefold
fewer PH3-positive cells in mutant versus control placodes at
E11.5 (8 = 2 vs 44 = 8; p = 0.0004) (Fig. 5D). Consistent with
these results, a decrease in bromodeoxyuridine-positive cells was
also observed in the FoxgI null mutant (data not shown) (Hatini
et al., 1999).

The Foxg1 null mutation causes a secondary increase in cell
death in the olfactory placode

To assess whether cell death might also be playing a role in the
reduction of olfactory neurons, we undertook a temporal analysis
of apoptosis within the frontonasal structures of mouse embryos.
Tissue sections were prepared from E10.5 and E11.5 mice, and
the numbers of TUNEL-positive cells were counted and normal-
ized per section. Using this assay, we measured a modest but
statistically significant increase in cell death in the olfactory pla-
code of Foxgl null compared with wild-type mice at E10.5 (20 =
2vs 13 = 1; p = 0.009) (Fig. 5E). Similarly, there was a slight
increase in apoptosis found in E11.5 mutants compared with
wild-type controls; however, this latter increase was not statisti-
cally significant (20 * 4 vs. 15 = 4; p = 0.4). By E12.5, we ob-
served a dramatic increase in apoptotic cell death extending be-
yond the olfactory epithelial area in the mutant (Fig. S3, available
at www.jneurosci.org as supplemental material). The widespread
cell death observed at this later stage probably underlies the se-

Morpholino knockdown of Foxg in zebrafish results in fewer proliferative cells and olfactory receptor neurons. 4,
Schematic of rostral 16 hpf zebrafish embryo. op, Olfactory placode; dorsal view, anterior to the left. Foxg7 mRNA is predomi-
nantly expressed in the prosencephalon with lighter staining in the olfactory placode (pink dashed outline) and nasal retina.
Cxcr4b indicates the position of the olfactory placode field. B, Embryos were analyzed with multiple markers after injection of
Foxg1 morpholino or a five-base mismatch sequence. In situ hybridization of Cxcr4b mRNA shows that olfactory progenitors are
specified in 16 hpf Foxg7 morpholino-injected fish. However, at 48 hpf, Foxg 7 morphant embryos display a significant reduction
of mature ORN markers (OMPin ciliated neurons and calretinin in microvillous neurons). PH3 labels 1.5-fold fewer mitotic cells
in Foxg7 morphant placodes. Note the reduction of PH3-positive cells in the prosencephalon. Data are summarized in Tables 1
and 2. Fluorescence images represent a maximum projection of confocal stacks from a coronal view. ob, Olfactory bulb; oe,
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vere loss of both olfactory and craniofacial
structures observed in the Foxgl mutant
mouse (Fig. 4).

Notably, we observed an increase in ap-
optosis in the medial and lateral tips of the
E10.5 mouse olfactory pits (Fig. 5B, arrow)
(Fig. S4, available at www.jneurosci.org as
supplemental material). Although it is dif-
ficult to ascertain whether cells in this re-
gion of the mutant are truly olfactory (vs
neighboring non-neural ectoderm), these
observations suggest that Foxgl may play a
role in regulating programmed cell death
early in a restricted region of the olfactory
placode.

4y gt

Jdygy

Conserved pattern of Foxgl expression in
zebrafish embryos

Previous reports of Foxgl expression in
forebrain structures of amphioxus, Xeno-
pus, and medaka (Bourguignon et al., 1998;
Toresson et al., 1998; Kitagawa et al., 2004)
suggest an evolutionarily conserved role for
Foxgl. We therefore asked whether FoxgI is
expressed in the early zebrafish olfactory
placode by localizing Foxgl expression us-
ing RNA in situ hybridization. In the ze-
brafish, Cxcr4b serves as a marker for the
olfactory placode field (Miyasaka et al.,
2007). In embryos at 16 hpf, Cxcr4b-
positive cells migrate anteriorly toward the
presumptive olfactory rosettes (Whitlock
and Westerfield, 2000). As shown in Figure
6A, there is prominent expression of Foxgl
in the developing prosencephalon (the presumptive telencepha-
lon), with a lower level of expression in the adjacent olfactory
placode (pink outline) and nasal retina. Foxgl transcript is also
detected in the otic placodes, which are out of the field of view
(data not shown). Therefore, the expression of Foxgl in the em-
bryonic zebrafish is similar to its expression in the developing
mammalian nervous system (Tao and Lai, 1992; Hatini et al.,
1999).

Foxgl knockdown in zebrafish mirrors defects in
Foxgl-deficient mice

To determine whether the requirement for Foxgl in olfactory
development is conserved across vertebrates, we studied the ef-
fects of reducing Foxgl expression in the developing zebrafish
embryo. Foxgl hypomorphs (morphants) were created by inject-
ing zebrafish embryos with an antisense morpholino oligonucle-
otide directed against the start site of the zebrafish Foxgl gene
(MO) or an MM morpholino oligonucleotide as a control. The
effects of these injections were then assessed at various stages of
development using multiple molecular markers.

Similar to the phenotype observed in Foxgl mutant mice, at 12
and 16 hpf, there was no effect of Foxgl knockdown on the ex-
pression of Fgf8 (Fig. S5, available at www.jneurosci.org as sup-
plemental material). Olfactory placode is specified in morphant
embryos as judged by the number of cells expressing Cxcr4b in
MO and MM morpholino-injected fish (Fig. 6 B). These results
suggest that, if Foxgl is required for the development of the ol-
factory epithelium, it is acting at a stage later than the initial
specification of olfactory placodal cells. We therefore proceeded
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Table 1. Summary of calretinin-positive cells in the olfactory epithelium of 48 hpf
zebrafish embryos injected with Foxg7 and mismatch morpholino oligonucleotides

Average calretinin+

Experiment Morpholino cells/epithelium n p

1 Mismatch 31 7 36x1077
Foxg1 18 24

2 Mismatch 31 8 0.014
Foxg1 23 7

3 Mismatch 30 12 35%x10°°¢
Foxg1 16 20

n, Number of fish assayed; p, p value from two-tailed Student’s ¢ test.

Table 2. Summary of PH3-positive cells in the olfactory epithelium and
telencephalon of 48 hpf zebrafish embryos injected with Foxg7 and mismatch
morpholino oligonudeotides

Average PH3+ PH3+ cells/

Experiment Morpholino cells/epithelium n p telencephalon p

1 Mismatch 8.5 9 0.017 12 0.022
Foxg1 5.6 14 79

2 Mismatch 11 24201077 17 26X 10°°
Foxg1 73 28 9.9

3 Mismatch 12 15 0.007 17 13X 107°
Foxg1 7.7 1 8.6

n, Number of fish assayed; p, p value from two-tailed Student’s ¢ test.

to investigate the effect of Foxgl knockdown on cell proliferation
and differentiation in the olfactory epithelium.

Teleost olfactory rosettes contain two major classes of ORNSs:
the ciliated and microvillous cells (Hansen and Zielinski, 2005).
Ciliated olfactory neurons were monitored using in situ hybrid-
ization of OMP mRNA at 48 hpf (Celik et al., 2002; Sato et al.,
2005). Although the olfactory placodes in Foxgl morpholino-
injected fish appear mostly intact, we nonetheless observed a de-
crease in OMP expression in Foxgl morphants (Fig. 6 B). Using
an anti-calretinin antibody to identify microvillous neurons (Mi-
yasaka et al., 2005), we observed 1.6-fold fewer calretinin-positive
cells in the MO- versus MM-injected embryos at 48 hpf (Fig. 6 B,
Table 1). We also observed a similar reduction of microvillous
neurons expressing OlfCcl, a C family G-protein-coupled recep-
tor that is expressed in a large fraction of microvillous ORNs
(Speca et al., 1999; Alioto and Ngai, 2006) (Fig. S5, available at
www.jneurosci.org as supplemental material). Together, these
observations indicate that knockdown of Foxgl expression causes
a decrease in both ciliated and microvillous olfactory neurons in
the developing zebrafish olfactory epithelium.

We also analyzed cell proliferation in 48 hpf zebrafish olfac-
tory epithelia, which are rapidly expanding at this stage. There
was a 1.5-fold reduction in the number of proliferating cells in
olfactory rosettes of Foxgl morphants (Fig. 6B, Table 2). As ex-
pected from the known role of Foxgl in cell proliferation in the
developing mouse telencephalon (Xuan et al., 1995), in Foxgl
morphants, we also observed a 1.8-fold reduction of PH3-
positive nuclei in the rostral telencephalic region from which the
olfactory bulb neurons arise (Fig. 6 B, Table 2). Therefore, in both
zebrafish and mouse, reduction or elimination of Foxgl causes a
significant decrease in the number of proliferating cells and ma-
ture neurons in the regions that ultimately give rise to olfactory
structures.

We also asked whether apoptosis is altered in zebrafish Foxgl
morphants. Zebrafish embryos injected with Foxgl MO or MM
morpholinos were processed for TUNEL staining at 24, 36, and
48 hpf. However, this analysis did not reveal a difference in the
number of TUNEL-positive cells in the olfactory placodes at any

Duggan et al. e foxgT in Olfactory Development

of these stages (data not shown). Together with the analysis of
proliferation, these observations suggest that the loss of mature
olfactory neurons in zebrafish Foxgl morphants is primarily at-
tributable to a requirement of Foxg! for proliferation and/or dif-
ferentiation of olfactory progenitor cells.

Mosaic analysis in zebrafish demonstrates a cell-autonomous

requirement for Foxgl in olfactory development

The results presented thus far demonstrate a role of Foxgl in the
development of both mouse and zebrafish olfactory epithelium.
Is Foxgl required cell-autonomously by cells in the olfactory pla-
code, or does it exert its effects noncell-autonomously through
the interaction with other cells in the developing embryo? For
example, because the telencephalon and peripheral olfactory sys-
tem develop in close apposition, it is possible that the defects
present in Foxgl mutant brain structures are responsible for the
aberrant olfactory development described above. We therefore
pursued a mosaic analysis in the zebrafish to determine whether
the requirement for Foxgl is cell-autonomous within the olfac-
tory lineage.

We transplanted sphere stage cells from zebrafish embryos
injected with a lineage tracer and Foxgl MO or MM morpholino
to the animal pole of wild-type embryos. Mosaic animals were
analyzed for expression of the ORN marker calretinin by trans-
planted donor cells within the host olfactory rosette at 48 hpf.
Representative rosettes are shown in Figure 7A. The differentia-
tion of donor cells into mature calretinin-positive neurons was
quantitated using two different calculations. First, we determined
the percentage of olfactory placodes containing at least one
calretinin-positive donor cell, a stringent metric for assessing the
capacity of the morphant donor cells to differentiate into mature
ORNs. In MM morpholino controls, 94% of olfactory rosettes
contained at least one transplanted calretinin-positive donor cell
(31 of 34 rosettes over three different transplantation experi-
ments). In contrast, only 53% (18 of 34) of rosettes contained
calretinin-positive cells from Foxgl MO-injected blastomeres
(p = 0.009). Second, we determined the percentage of trans-
planted cells within the olfactory rosettes that differentiated into
calretinin-positive mature ORNs. With MM donor cells, we
found that 33% of the mosaic cells expressed calretinin (n = 28
rosettes). However, in Foxgl MO donors, only 14% of the cells
colabeled with calretinin (# = 34 rosettes; p = 0.001). Therefore,
using both methods of analysis, we found a statistically significant
reduction in mature olfactory neurons in Foxgl MO versus MM
donor cells (Fig. 7A). We conclude that in the presence of wild-
type structures, Foxgl is required cell-autonomously for the pro-
duction of mature ORNSs.

To test whether there is also a noncell-autonomous contribu-
tion, we performed the converse experiment in which wild-type
cells were transplanted to morphant embryos. However, in these
experiments, we observed no difference in the ability of trans-
planted cells to differentiate into mature olfactory neurons by
both of the measures described above (Fig. 7B). A Foxgl defective
embryonic environment, therefore, does not impair develop-
ment of the peripheral olfactory system. Rather, our transplanta-
tion analysis demonstrates that Foxgl is required cell-
autonomously within the olfactory lineage for production of
mature ORNG.

Discussion

Development of the olfactory system requires the careful orches-
tration of a sequence of events, including initial specification,
proliferation, and differentiation. Errors in any of these processes
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Mosaic analysis in zebrafish demonstrates cell-autonomous requirement for Foxg 7 in production of mature olfactory receptor neurons. A, Confocal optical section of olfactory rosettes

from 48 hpf mosaic zebrafish embryos processed for calretinin immunohistochemistry (green outline; see Materials and Methods) and rhodamine dextran lineage tracer (red), indicating the
presence of transplanted cells. Differentiation of donor cells into mature calretinin-positive neurons was quantitated based on the percentage of olfactory placodes containing at least one
calretinin-positive donor cell (bottom left) or the percentage of donor cells that are also calretinin positive (bottom right). Using either method of quantitation, there is a statistically significant
difference between the MM (black bars) and MO (white bars) conditions (asterisks; p = 0.009 for percentage of placodes containing at least one calretinin-positive donor cell; p = 0.001 for
percentage of calretinin-positive donor cells). B, The converse experiment was performed in which wild-type (wt) cells were transplanted to morpholino-injected host zebrafish embryos. There is
no apparent difference in the ability of wild-type cells to differentiate into mature ORNs in host embryos injected with MM or MO (black and white bars, respectively; p = 0.46 for percentage of
placodes containing at least one calretinin-positive donor cell; p = 0.78 for percentage of calretinin-positive donor cells).

can lead to aberrant formation of olfactory tissue. Here, we show
that Foxgl functions in both mouse and zebrafish to ensure
proper proliferation and differentiation of olfactory placode
progenitors.

Role of Foxgl in proliferation and differentiation of olfactory
neuron progenitors

Previous studies have shown that a null mutation in the Foxgl
gene causes a marked decrease in volume of the cerebral hemi-
spheres (Xuan et al., 1995; Hanashima et al., 2002, 2004; Marty-
noga et al., 2005; Muzio and Mallamaci, 2005). This morpholog-
ical defect is caused by the premature onset of neuronal
differentiation in the dorsal telencephalon, coupled with a de-
crease in cell proliferation in both dorsal and ventral structures
(Xuan et al., 1995; Martynoga et al., 2005). In contrast to the
effects of the Foxgl mutation on dorsal cortical development, in
the olfactory placode, we found no evidence for accelerated dif-
ferentiation of olfactory progenitor cells; markers for the olfac-
tory lineage were found to be reduced in Foxgl null animals and
morphant zebrafish embryos.

We show in both species that olfactory progenitors are speci-
fied but have defects in proliferation and differentiation when
Foxgl protein is reduced or absent. Moreover, this effect is cell-
autonomous within the olfactory neuron lineage as assayed by
zebrafish mosaic analysis. We attribute the highly dysmorphic
frontonasal structures in mouse to be the result of apoptotic cell
death following the primary defects described above. Increased
cell death was not observed in zebrafish embryos, and we note
that zebrafish olfactory rosettes maintained their morphological
integrity compared with olfactory structures in mouse. It is likely

that the hypomorphic nature of morpholino knockdown results
in a less severe phenotype than that caused by genetic mutation.

Through what signaling pathways might Foxgl exert its effects
on the proliferation of olfactory progenitors? Previous studies
have shown that TGFB promotes p21Cip1-induced cell cycle ar-
rest, a process negatively regulated by Foxgl (Dou et al., 2000;
Seoane et al., 2004; Siegenthaler et al., 2007). Because TGFf3 sig-
naling is prevalent in the developing olfactory epithelium, an
increase in p21Cipl-mediated G1 cell cycle arrest may be a prox-
imate effect of the Foxgl mutation.

Placing FoxgI in the context of other olfactory placode
development genes

What genes and signaling pathways are required for specification
and progression through the olfactory neuron lineage? A study in
the chick suggests that Fgf8 expressed in the anterior neural ridge
specifies olfactory tissue expressing Foxgl (Bailey et al., 2006). It
is unclear whether neighboring non-neural ectoderm secreting
Fgf8 at the olfactory placode stage continues to specify new pla-
codal cells later in development (Kawauchi et al., 2005), or
whether all existing Foxg1-positive cells are specified at the neural
plate stage and instead rely on Fgf8 for survival in the olfactory
placode (Song et al., 2004). Whatever the case, from the present
data, we propose that Foxgl is required to establish a population
of proliferating progenitor cells in the invaginating olfactory pit.
These early placode progenitors, likely regulated by Foxgl to-
gether with multiple other transcription factor genes (e.g., Pax,
Sox, Dlx, Hes), generate a second population of proliferating cells
committed to the neuronal lineage, the AsclI-positive proneural
transit amplifying cells, which ultimately differentiate into ma-
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ture ORNs (Cauetal., 1997,2002). Our present data demonstrate
that Foxgl plays an important and evolutionarily conserved role
in the proliferation and differentiation of early olfactory progen-
itor cells. Future studies should help identify the transcription
factor combinatorials underlying olfactory neurogenesis.

Regional identity in the olfactory epithelium

The mammalian olfactory epithelium displays a striking spatial
organization, such that odorant receptors and other molecular
markers are restricted to circumscribed zones that radiate along
the dorsomedial-ventrolateral axis (Ressler et al., 1993; Vassar et
al,, 1993; Alenius and Bohm, 1997; Yoshihara et al., 1997; Norlin
etal.,2001; Oka et al., 2003; Gussing and Bohm, 2004; Miyamichi
et al., 2005; Tietjen et al., 2005). Dorsoventral organization
within the olfactory epithelium plays an essential role in odorant
receptor choice as well as in guiding topographic projections of
ORN axons to the olfactory bulb (Miyamichi et al., 2005; Imai
and Sakano, 2007). At a functional level, olfactory neurons of the
dorsomedial epithelium mediate innate responses to odors,
whereas the ventrolateral epithelium appears to subserve learned,
perceptual functions (Imai and Sakano, 2007; Kobayakawa et al.,
2007). However, the mechanisms that establish regionalization
within the olfactory epithelium are mostly unknown.

Here, we show that Foxgl becomes progressively more re-
stricted to ventrolateral regions of the olfactory epithelium dur-
ing development. Indeed, Foxgl is the earliest identified tran-
scription factor exhibiting zonal specificity. In one scenario,
Foxgl is required only for the specification and/or proliferation
of cells fated to occupy the ventrolateral (but not dorsomedial)
zones of the olfactory epithelium. Alternatively, Foxgl could be
required at a time before zonal specification (e.g., for prolifera-
tion of the initial pool of olfactory precursors). Arguing against
the former model, we found that the residual cells in the Foxg!
mutant epithelium do not express OMACS, a molecular marker
of zone 1 cells. Together with the overall severity of the FoxgI null
mutation, these observations strongly suggest that Foxgl is re-
quired for the development of the olfactory placode, before the
appearance of zonal restrictions within the developing olfactory
epithelium. At later stages of embryogenesis (as well as through
postnatal life), FoxgI is expressed ventrolaterally and in the basal
cell layer of the olfactory epithelium, the site of the transit ampli-
fying olfactory progenitor cells. This pattern of expression im-
plies that at these later stages, Foxgl is required for the production
and regeneration of olfactory neurons in the ventrolateral, but
not dorsomedial, olfactory epithelium. Future experiments using
conditional inactivation of Foxgl should clarify the role of this
transcription factor in ventrolateral olfactory progenitor cells.
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