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Introduction
The olfactory epithelium (OE) offers a unique opportunity to study
the postnatal and adult stem cell biology and neural regeneration
as a consequence of the robustness of stem cell activation and
neuronal production throughout the lifespan of the animal (Calof
et al., 2002; Loseva et al., 2009; Murdoch and Roskams, 2007;
Schwob, 2002). Two groups of cells within the basal layer of the
OE function as neuronal precursors, multipotent progenitors and/or
stem cells: the globose basal cells (GBCs) and the horizontal basal
cells (HBCs) (Iwai et al., 2008; Jang et al., 2003; Leung et al.,
2007). Recent studies have shown that HBCs are multipotent and
can generate both neural and non-neural (such as Bowman’s gland
and duct) olfactory cells from early postnatal throughout adulthood
under normal conditions (rarely) or in response to injury,
particularly when GBCs are destroyed (Carter et al., 2004; Iwai et
al., 2008; Leung et al., 2007). However, the niche signals that
control the self-renewal and differentiation of these basal cells are
not well understood.

The morphogenetic Wnt signaling pathway is well known for its
conserved and significant roles in development and disease (Chien
et al., 2009; Clevers, 2006; Grigoryan et al., 2008; Logan and
Nusse, 2004; Moon et al., 2004). In the CNS, evidence is also
accumulating for a role of Wnt signaling in neural development

and neural stem cell function (Ciani and Salinas, 2005; Ille and
Sommer, 2005; Lyu et al., 2008; Michaelidis and Lie, 2008;
Nordstrom et al., 2002; Sommer, 2004). Postnatal and adult
neurogenesis is much more prominent in the OE than in the CNS.
Therefore, we hypothesize that Wnt signaling acts as a niche signal
for the OE stem cells to maintain their self-renewal potential and/or
to promote neurogenesis from OE stem cells during development
and regeneration.

Using Wnt reporter mice (TOPgal and BATgal), we and other
groups have identified a unique subgroup of olfactory ensheathing
cells in the inner olfactory nerve layer of the mouse olfactory bulb,
where Wnt signaling might have important roles in olfactory axonal
connections and regeneration (Booker-Dwyer et al., 2008; Wang et
al., 2008; Zaghetto et al., 2007). However, TOPgal or BATgal
signaling activity is weak or absent in the OE, probably because of
inactivate integration of the reporter gene in the OE of these
transgenic mice. To profile Wnt signaling activity in the OE with
an appropriate reporter, we have now generated and report here a
new transgenic mouse line TOPeGFP (Tcf optimal promoter-driving
enhanced GFP reporter gene), which demonstrates high and specific
signaling activity, particularly in the OE. We show that TOPeGFP+

OE cells are Sox2+ basal cells and that the dynamic expression of
the Wnt signaling components coincides well with the activation
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of the TOPeGFP signal. Particularly, we demonstrate that the
TOPeGFP+;Sox2+ cells are major OE stem cells or progenitors and
that activation of Wnt signaling can promote both self-renewal and
neuronal differentiation in the formation of OE spheres and
differentiation assays. In addition, we demonstrate that the in vivo
administration of modulators of Wnt signaling can significantly
alter the OE regeneration potential in adult mice.

Results
Activation of the TOPeGFP transgene and Wnt signaling
genes in postnatal OE
To detect the Wnt-responsive cells in the olfactory epithelium, we
generated a new transgenic mouse line TOPeGFP, in which eGFP
expression was under the control of six copies of Tcf/Lef1 binding
sites (the Wnt-responsive elements) and a minimal TK promoter
(Fig. 1A). We found that numerous eGFP+ cells were clustered in
the basal layer of entire olfactory epithelium at postnatal day (P)5
(Fig. 1B). To establish how Wnt signaling is activated in OE
progenitors, we examined the relative expression level of several
representative canonical Wnt signaling components by real-time
RT-PCR after fluorescence activated cell sorting (FACS). We found
that the expression levels of Axin2 (a putative common target of
canonical Wnt signaling pathway), Tcf7l2 (previous name Tcf4, a
Wnt signaling transcription factor), Fzd9 (a Wnt signaling receptor)
and Wnt3a (a representative canonical Wnt ligand) in the

TOPeGFP+ OE cells were relatively higher than in the TOPeGFP–

OE cells at P5 (Fig. 1C). We also examined the expression of these
genes by in situ hybridization after taking direct fluorescence
images for TOPeGFP activation (Fig. 1D–H). The expression of
Axin2 was higher in the apical cytoplasm of the clustered HBC-
like cells in the basal layer, where TOPeGFP was also highly
active (arrows in Fig. 1D–F). Axin2 and TOPeGFP colocalized in
GBC-like cells (arrowheads in Fig. 1D–F), but not in olfactory
sensory neurons (OSNs) or in sustentacular cells, which had no
TOPeGFP expression. Tcf7l2 and Fzd9 showed similar expression
patterns to Axin2, and colocalized with TOPeGFP activation in the
clustered HBC-like and GBC-like cells of the basal layer (Fig.
1G,H). Wnt3a expression was broadly scattered in the entire OE,
including basal cells, OSNs and sustentacular cells, as well as in
some non-OE cells beneath the basal lamina (Fig. 1I). In addition,
Wnt2 expression was high in all OE cells except the sustentacular
cells (Fig. 1J). By contrast, the Wnt7b signal was heaviest at the
luminal surface of the sustentacular cells (Fig. 1K). Interestingly,
the expression of a Wnt signaling inhibitor Sfrp1 was extremely
low or undetectable in the basal cells or OSN lineage cells, but was
highly represented in both sustentacular cells and cells of the
lamina propria (Fig. 1L). The expression patterns of positive and
negative Wnt signaling components coincide well with the
activation of canonical Wnt/-catenin signaling revealed by
TOPeGFP in the OE of neonatal mice.
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Fig. 1. The expression of TOPeGFP
reporter transgene and Wnt signaling
components in mouse olfactory
epithelium (OE) at P5. (A)Schematic
illustration of the TOPeGFP transgenic
construct. (B)eGFP+ cells (arrows) extend
throughout the OE in a representative
coronal section of the TOPeGFP
transgenic mice. The dashed rectangle
indicates the septal region of the OE
(roughly equivalent to region shown in
D–L). (C)Real-time RT-PCR for
representative Wnt signaling molecules
Axin2, Tcf7l2, Fzd9 and Wnt3a as well as
GFP in GFP+ and GFP– cells isolated by
FACS from P5 OE tissue of TOPeGFP
mice. The relative mRNA level was
normalized to Gapdh. *P<0.05; **P<0.01.
(D–H) Colocalization of TOPeGFP
(green) with mRNA signals (purple or
brown) of Axin2, Tcf7l2 and Fzd9 in the
basal cells (arrows and arrowheads) of P5
OE. The fluorescence microscopy images
of eGFP were taken directly (without
immunohistochemistry) before the in situ
hybridization and inverted to bright fields
in F–H. (I–L) In situ hybridization
demonstrates dynamic expression patterns
of representative canonical ligands Wnt3a,
Wnt2 and Wnt7b, and an inhibitory ligand
Sfrp1 in the P5 OE. Asterisks in K and L
indicate the pattern of gene expression in
sustentacular cells (Sus). The arrows in L
indicate Sfrp1 expression in the lamina
propria (LP). OSN, olfactory sensory
neurons. Scale bars: 200m (B), 50m
(D–L).
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Lineage and proliferation properties of the Wnt-activated
cells in postnatal OE
To determine the cell identity of the TOPeGFP+ cells in the OE,
we performed double immunofluorescence with antibodies for
eGFP and representative OE lineage markers (Fig. 2). The basal
layer of early postnatal OE consisted of a few GBC cell layers and
a single layer of HBCs adjacent to the basement membrane. An
anti-GBC2 antibody was used to label the GBCs specifically in the
basal layer of OE in adult rats (Jang et al., 2003). However, we
found that the GBC2 antibody not only moderately labeled
TOPeGFP+ basal cells but also intensively labeled the differentiated
OSNs in the upper layer of the mouse OE at P5 (data not shown),
indicating that the rat GBC2 antibody is not a specific lineage
marker for in situ labeling of GBCs in the postnatal mouse OE.
Because Sox2 is a crucial embryonic stem cell regulator that is also
expressed in the olfactory placode and the related germinal zone
during early embryonic development, and has been demonstrated
to have important roles in both neocortical neural stem cells and
development of the olfactory placode and OE (Cavallaro et al.,
2008; Donner et al., 2007), we tested anti-Sox2 antibodies in
immunolabeling of OE basal cells (Fig. 2A). We found intense
Sox2 immunoreactivity in both OE basal cells (including HBCs
and GBCs) and sustentacular cells in the apical layer of the OE,
indicating that Sox2 is an optimal marker for both OE basal cells
and sustentacular cells. We found that about 60.55±6.55% of
TOPeGFP+ basal cells were also positive for Sox2 (Fig. 2A,G).
Inversely, about 56.07±2.66% of Sox2+ basal cells were positive
for TOPeGFP. Using K5 antibodies to immunolabel HBCs, we
found that about 19.06±2.72% of TOPeGFP+ cells were K5+,
whereas 50.91±7.65% of K5+ cells were positive for TOPeGFP
(Fig. 2B,G). From the acute BrdU immunolabeling (cells
incorporated BrdU within 2 hours) for proliferating cells, we found
that about 31.8±2.33% of TOPeGFP cells were positive for BrdU
(Fig. 2C,G). After 8 hours of BrdU incorporation by four successive

administrations of BrdU at 2 hour intervals, the percentage of
BrdU-immunolabeled TOPeGFP+ cells was increased to
57.83±6.84% (about 1.8-fold higher than the percentage with acute
BrdU incorporation) (Fig. 2D,G). These results indicate that the
majority of Wnt-activated OE basal cells are either proliferating or
undergoing rapid differentiation by exiting the cell cycle.

By contrast, about 20.88±2.71% of TOPeGFP+ cells were Dcx+

differentiated neuronal progenitors or immature OSNs (Fig. 2E,G).
Inversely, only 7.51±1.16% of Dcx+ cells were positive for
TOPeGFP. Almost no colocalization was found between TOPeGFP+

cells and Omp+ mature OSNs (Fig. 2F,G). These data further
suggest that Wnt signaling is activated dominantly in both
proliferating OE basal cells and postmitotic progenitors.

Canonical Wnt signaling enhances primary and secondary
OE sphere formation
To address the role of canonical Wnt signaling in the olfactory
basal cells, we used an OE sphere assay, which supports the
expansion of OE cells in vitro. First, using RT-PCR, we examined
whether the Wnt signaling components found in the OE were
expressed in the OE spheres. We detected many representative
Wnt signaling components in the spheres derived from early
postnatal OE; however, Tcf7 and Sfrp1 were barely detectable (Fig.
3A). Because sphere formation is an indirect measure of the
survival and proliferation of the progenitor cell population(s), we
then tested whether manipulation of Wnt signaling can modulate
the formation of spheres and TOPeGFP within them. OE cells
dissociated from TOPeGFP mice at P3 or P5 were seeded at clonal
density and cultured for 7 days under sphere-forming conditions
with or without Wnt activators (Wnt3a, BIO, LiCl) or the Wnt
inhibitor Dkk1. We observed weak eGFP signals in the primary
spheres when no modulators of Wnt signaling were added (Fig.
3B). Stimulation by Wnt3a or BIO or LiCl (with the latter two
acting via the inhibition of Gsk3) dramatically increased
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Fig. 2. Double immunolabeling of TOPeGFP with markers for OE basal cells, proliferation and immature or mature OSNs. (A)eGFP and Sox2 double
immunolabeling. Arrows indicate the colocalization of eGFP and Sox2 (a stem cell marker) immunoreactivity in the HBC layer. Arrowheads indicate the double-
labeled cells in the GBC layer. Asterisk indicates the Sox2+/GFP– sustentacular cell layer. (B)eGFP and K5 double immunolabeling. Arrows indicate the
colocalization of eGFP and K5 (a HBC marker) immunoreactivity in the HBC layer. Arrowheads indicate a basal cell strongly labeled for eGFP and weak or no K5
immunolabeling. (C)Double immunolabeling for eGFP and acute BrdU (2 hour incorporation) in P5 OE. Arrows indicate many double-immunolabeled basal cells.
(D)Double immunolabeling for eGFP and BrdU (8 hour incorporation from four injections) in P5 OE. Arrows indicate more double-immunolabeled cells in the
HBC layer. Arrowheads indicate many double-immunolabeled cells in the GBC and OSN layers. (E)Double immunolabeling for eGFP and Dcx (an immature
neuronal marker). Arrowheads indicate some double-immunolabeled cells in the GBC and immature OSN layers. (F)Most Omp+ mature OSNs are GFP–.
(G)Percentage of OE basal cells or OSNs (red bars) in TOPeGFP+ cells and percentage of Wnt-responsive cells (green bars) in various OE cell groups
immunolabeled with different markers. Cell nuclei were counterstained by DAPI (blue). Data are means ± s.e.m. Scale bars: 50m.
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expression of TOPeGFP in the OE spheres. By contrast, addition
of the Wnt antagonist Dkk1 (which blocks Wnt signaling by
binding to Lrp5/6) markedly inhibited expression of eGFP (Fig.
3B). With regard to number of spheres, primary sphere formation
was increased about 1.4-fold by addition of 5 ng/ml Wnt3a
compared with the no Wnt3a control: a statistically significant
difference (Fig. 3C). By contrast, primary sphere formation was
decreased about 30% upon addition of 400 nM Dkk1, which was
also a statistically significant difference compared with the control.
In addition, 2 mM LiCl or 500 nM BIO increased primary sphere
formation by roughly 1.6-fold compared with their controls (2 mM
NaCl or DMSO, respectively). The size of the primary spheres was
increased in the presence of LiCl or BIO but not significantly
changed by the presence of Wnt3a or Dkk1 compared with their
respective controls (data not shown). Interestingly, Wnt3a has been
shown to reduce the size of CNS neurospheres (Kalani et al.,
2008). These results suggest that Wnt ligands and Gsk3 inhibitors
(BIO and LiCl) act through different pathways in the regulation of
sphere size.

Because the formation of the secondary spheres might be
indicative of the persistence and activation of stem cells, we tested
whether Wnt activators could promote secondary sphere formation.
We found that secondary spheres formed with similar or slightly
higher efficiency when compared with the formation of primary
spheres under our culture conditions. Formation of secondary OE
spheres was significantly promoted by the Wnt activators Wnt3a,

LiCl and BIO, but was repressed by the Wnt antagonist Dkk1 (Fig.
3D).

Canonical Wnt signaling is required, but is not sufficient,
to promote OE sphere formation
To further examine the effects of Wnt signaling activation in OE
sphere formation, we sorted the eGFP+ and eGFP– cells from the
OE of newborn TOPeGFP mice by FACS (Fig. 3E), and cultured
the cells at clonal density with BIO stimulation or DMSO as a
control. We found that BIO significantly increased the formation
of primary spheres in the sorted eGFP+ group, but the number of
spheres formed by the eGFP+ cells (with either BIO or DMSO)
was significantly less than those of the unsorted group (Fig. 3F).
These results suggest that activation of canonical Wnt signaling is
required, but is not fully sufficient, to promote OE sphere formation.
In the sorted eGFP– group, spheres seldom formed, even with BIO
stimulation. However, we could not exclude the possibility that a
nonepithelial multipotent cell niche (Tome et al., 2009) was
contaminated in the eGFP– and unsorted cells to form some spheres.

Canonical Wnt promotes proliferation of dissociated Sox2+

OE sphere cells
To elucidate the cellular mechanisms of the enhanced neural sphere
formation by Wnt signaling activators, we examined the effects of
Wnt stimulation on the proliferation and apoptosis of dissociated OE
sphere cells. Acute BrdU incorporation showed that most BrdU+
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Fig. 3. Wnt signaling promotes primary and secondary OE
sphere formation. (A)RT-PCR analysis of representative Wnt
signaling components in primary OE spheres. The negative
controls omitted the reverse transcription step. (B)TOPeGFP
activation in OE spheres was enhanced by the Wnt activator (Gsk3
inhibitor) BIO and suppressed by the Wnt inhibitory ligand Dkk1
as measured by direct fluorescence microscopy. (C)Activators of
Wnt signaling (Wnt3a, LiCl, and BIO) increased, whereas Dkk1
inhibited primary OE sphere formation. (D)Wnt3a, LiCl and BIO
promoted secondary sphere formation, whereas the inhibitor Dkk1
repressed it. (E)The GFP gate in FL1 was set with reference to the
distribution of unlabeled cells from the wild-type mice for FACS;
about 33.69% of the gated cells were GFP+ in TOPeGFP mice. Cy5
channel (Y axis) was used for compensation. (F)BIO increased OE
sphere formation of both unsorted and GFP+ sorted cells. The
frequency of sphere formation from sorted GFP+ cells was
significantly lower than that obtained from the unsorted OE cells.
Very few OE spheres were found in the sorted GFP– OE cells.
*P<0.05; **P<0.01.
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cells were Sox2+ cells, and they consisted of about 12% and 77%,
respectively, of total dissociated OE sphere cells under the control
culture condition (Fig. 4A,G). With Wnt3a treatment, the percentages
of the BrdU+ or BrdU+Sox2+ double-immunolabeled proliferating
cells significantly increased about twofold compared with the control
(Fig. 4B,G). The percentage of Sox2+ cells was also slightly increased
by Wnt3a treatment. Immunolabeling for cleaved Caspase-3 showed
that about 8% cells were Caspase-3+ apoptotic cells in the control
culture. No significant change in the number of Caspase-3+ cells was
identified in Wnt3a-treated sphere cell cultures (Fig. 4C,D,G). In
addition, the percentage of TUNEL+ apoptotic cells (about 12% in
total under the control culture conditions) did not change significantly
after stimulation of Wnt signaling (Fig. 4E–G). These data suggest
that canonical Wnt signaling promotes OE sphere formation by
increasing proliferation or self-renewal, but not by promoting the
survival of Sox2+ OE basal cells.

OE sphere cells sustain multipotency after stimulation of
Wnt signaling
The multipotent progenitors of the OE differentiate into several
olfactory lineages. We tested whether Wnt signaling activation
could influence the differentiation of OE stem cells or progenitors
in vitro. First, we examined the cell identity of the OE spheres
before their terminal differentiation, and found that the OE
progenitors in all examined undifferentiated adherent spheres were
co-immunolabeled with the OE basal cell markers K5 and GBC2

(Fig. 5A). We then asked whether Wnt activation could sustain the
multipotency of OE stem cells. OE spheres were cultured at high
density with the presence of Wnt3a, LiCl or BIO for 7 days, and
then cultured in differentiation medium with Wnt activators for
another 7 days. We found that a variable number of K5+ cells was
located in the center of the flattened OE sphere, which were
surrounded by numerous GBC2+ cells (Fig. 5B,C). This
arrangement resembles the positional relationship between HBCs
and GBCs in vivo. BLBP (brain lipid binding protein) is found in
OECs and other glial lineage cells. BLBP+ cells with numerous
processes were abundant and intermingled with GBC2+ cells; many
BLBP+ cells formed a shell around the periphery of GBC2+ cells
(Fig. 5D). Tuj1+ (anti-neuron-specific class III -tubulin) neurons
were also located toward the periphery of the flattened sphere (Fig.
5E), and their neurites or axons passed among the BLBP+ cells
(Fig. 5F). The neurotrophin receptor p75 is a specific marker for a
major subgroup of OECs located in the lamina propria and outer
olfactory nerve layer. We found that p75+ OECs were also generated
within the OE spheres and migrated to the margins of the
differentiated colonies (Fig. 5G). A small number of SUS4+ (a
marker for sustentacular cells) or Omp+ (a marker for mature
OSNs) cells were also found in the differentiated spheres (Fig.
5H,I). These results suggest that OE spheres treated with Wnt
activator are able to differentiate into most olfactory lineage cells;
the migration and distribution of these multiple lineage cells
partially mimic their intercellular relationships in vivo.
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Fig. 4. Effects of Wnt3a stimulation on the proliferation and apoptosis of
dissociated OE sphere cells. (A,B,G) The percentage of Sox2+, BrdU+ or
BrdU+Sox2+ OE sphere cells was significantly increased by Wnt3a stimulation
compared with PBS control culture. (C–G) No significant differences of the
percentage of Caspase3+ or TUNEL+ apoptotic cells existed between the
Wnt3a treated and control cultures. P<0.05 is considered statistically
significant.

Fig. 5. Multipotency of OE spheres cultured with Wnt activators. (A)An
undifferentiated adherent OE sphere co-immunolabeled with K5 (for HBCs)
and GBC2 (for the GBC lineage). (B–I) Differentiated adherent sphere cells
immunolabeled with lineage-specific marker antibodies including K5 and
GBC2 (B,C), BLBP (for olfactory glial lineage) in combination with GBC2
(D), BLBP in combination with Tuj1 (olfactory neuronal lineage) (E,F), p75
(OECs) double immunolabeling with Tuj1 (G), SUS4 (for sustentacular cells)
(H) and Omp (for mature OSNs) (I). Cell nuclei were counterstained with
DAPI.
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Canonical Wnt signaling promotes OE neurogenesis
One major feature of OE stem cells is their persistent neurogenesis
in vivo. Conditioned medium containing Wnt3a has been shown to
promote neuronal differentiation in vitro in embryonic neural stem
cells derived from E11.5 mouse telencephalon (Muroyama et al.,
2004). We then explored whether activation of Wnt signaling could
affect neuronal production from the OE stem cells in the
differentiation medium in the presence of Wnt activators. We found
that the treatment with Wnt3a, LiCl and BIO during differentiation
significantly increased the percentage of Tuj1+ neurons by 3.6-,
3.0- and 5.4-fold, respectively, when compared with the control
(Fig. 6A,B). To clarify whether the increased neuronal
differentiation was at the expense of non-neuronal differentiation,
we also analyzed the percentage of BLBP+ cells. We found that the
percentage of BLBP+ cells was reduced significantly in all treatment
groups compared with their controls (Fig. 6C,D). Taken together,
the results suggest that Wnt signaling promotes OE neurogenesis.

Number of TOPeGFP+ basal cells increases upon
methimazole-induced OE regeneration
It is well known that a stem cell or progenitor niche in the adult
OE maintains the high regeneration potential under both
physiological and pathological conditions (Murdoch and
Roskams, 2007; Schwob, 2002). Particularly, the adult OE can be
fully regenerated from the stem cells or progenitors after injury.
To explore the role of canonical Wnt signaling during induced
regeneration, we examined TOPeGFP activities in adult OE with
or without drug treatment. An antithyroid pharmacological agent
methimazole is highly toxic to the OE and is used widely to
induce olfactory regeneration in rodents (Bandyopadhyay et al.,
2002; Bergman et al., 2002; Bergstrom et al., 2003; Booker-
Dwyer et al., 2008; Brittebo, 1995; Genter et al., 1995; Sakamoto
et al., 2007). In the intact or normal control TOPeGFP adult mice
administrated with saline intraperitoneally (i.p.), we found a
relatively small number of TOPeGFP+ OE basal cells unevenly
scattered in all nasal turbinates (Fig. 7A–A�). At 3 days post i.p.

injection of methimazole, the TOPeGFP+ OE basal cells were
increased significantly in the inferior and superior turbinates and
moderately in the middle turbinate and clustered in the septum
(Fig. 7B–B�). The thickness of the injured OE was reduced about
half (Fig. 7B�,B�), in which the mature OSN and sustentacular
cell layers were likely degenerated completely as some residual
tissue mass filled in the nasal cavity (asterisks in Fig. 7B). At 7
days post injection, the number of TOPeGFP+ OE basal cells
expanded further in all turbinates and in the septum (Fig. 7C).
The upper OE layers were partially regenerated with some
TOPeGFP+ cells in the sustentacular cell layer (Fig. 7C�,C�). At
14 days post injection, the number of TOPeGFP+ OE basal cells
reached a peak in the septum but decreased significantly in the
superior and middle turbinates (Fig. 7D). The thickness of the
injured OE was still not fully restored, but the sustentacular cells
and the surface mucous layer were more clearly recovered at this
stage (Fig. 7D�,D�). These results indicate that canonical Wnt
signaling actively responds to OE injury and might be required
for the rapid expansion of the OE stem cells or progenitors during
forced regeneration.

Wnt signaling activation is required for regeneration of
adult OE after injury
To further determine the role of Wnt signaling in forced OE
regeneration, we applied small molecules of Wnt modulators to
the above-described OE regeneration procedure. Quercetin, a
plant-derived flavonoid that is used as a nutritional supplement,
also a well-known anti-tumor agent (Jagtap et al., 2009; Murakami
et al., 2008), is a Wnt inhibitor that acts by disrupting the
transcriptional activity of the -catenin–Tcf complex (Gelebart
et al., 2008; Park et al., 2005; Roman-Gomez et al., 2007).
Intraperitoneal administration of quercetin significantly prevented
the methimazole-induced OE regeneration (Fig. 8A–E). At 2
weeks post methimazole or quercetin treatment, we detected
significant decrease of about 71% in Omp+ OSNs, 65% in BrdU+

progenitors and 39% in TOPeGFP+ basal cells in the septal OE
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Fig. 6. Effects of Wnt stimulation on
differentiation from dissociated OE
sphere cells. (A,B)The percentage of
Tuj1+ OSNs was significantly increased
by treatment with Wnt3a, LiCl and BIO
compared with the controls. (C,D)The
percentage of BLBP+ glial lineage cells
was decreased by treatment with Wnt
signaling activators. *P<0.05; **P<0.01.
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compared with the control animals injected with the vehicle
solution after methimazole treatment. These results suggest that
the activation of canonical Wnt/-catenin signaling is required
for the active regeneration potential in the injured OE. We also
tested the effect of the Wnt activator lithium on methimazole-
induced regeneration. At 7 days post injury, we detected a 1.67-
fold increase (with statistical significance) of Omp+ OSNs, a
1.38-fold increase of TOPeGFP+ basal cells, and a mild increase
of the BrdU+ OE progenitors in the LiCl-treated animals compared
with the control (Fig. 8F,G,J and data not shown). At 3 days post
injury, we detected a 1.78-fold increase (with statistical

significance) of BrdU+ cells in the septal OE of the LiCl-treated
(compared with the NaCl-treated) animals after injury (Fig. 8H–J).
These results suggest an early effect of the Wnt signaling activator
in promoting proliferation of OE stem cells or progenitors for
regeneration.

Discussion
Wnt signaling responsiveness monitored by transgenic
reporters in early postnatal olfactory epithelium
Using our newly generated Wnt signaling reporter TOPeGFP
transgenic mice, the current results demonstrate that TOPeGFP is
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Fig. 7. Dramatic changes in the TOPeGFP+ basal cells and OE morphology during forced OE regeneration in adult mice. (A–A�) Relatively low activity of
TOPeGFP expression (immunolabeled with brown DAB products) in the control animal injected with saline. (B–D�) Robustly increased TOPeGFP expression
during forced OE regeneration at 3 days (B-B�), 1 week (C-C�), and 2 weeks (D-D�) after intraperitoneal administration with methimazole. Dashed rectangles in
A–D indicate respective enlarged regions in A�–D�. Asterisks in B–D indicate the degenerated OE-like tissue. Arrows in A�–D� indicate the surface mucous layer.
Red lines in A�–D� indicate the thickness of the normal OE and the changes of the TOPeGFP+ basal layers. I, superior nasal turbinate; IIa, IIb, branches of the
middle turbinate; III, VI, inferior turbinates; S, septum. Scale bars: 500m.

Fig. 8. In vivo administration of small
molecules of Wnt signaling modulators
altered OE regeneration in adult mice.
(A–E) Intraperitoneal administration of a
Wnt signaling inhibitor Quercetin
significantly reduced the numbers of Omp+

OSNs, BrdU+ proliferating and TOPeGFP+

basal cells in the septal OE after 2 weeks
of methimazole treatment.
(F–J) Intraperitoneal administration of the
Wnt signaling activator lithium
significantly increased the numbers of
Omp+ OSNs and TOPeGFP+ basal cells at
7 days and BrdU+ proliferating OE basal
cells at 3 days, in the septal OE after
methimazole treatment. Dashed lines
indicate the basal membrane dividing OE
and lamina propria. *P<0.05; **P<0.01.
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activated in basal progenitor cells in the neonatal OE, suggesting
an important role of the canonical Wnt/-catenin signaling pathway
in regulating neurogenesis and cell fate in the OE. Our findings
here with TOPeGFP mice encompass the labeling observed by
ourselves and other groups on the two previously available Wnt-
signaling reporter strains, TOPgal and BATgal; all three reporter
strains show Wnt activation in a unique subgroup of OECs in the
olfactory bulb. Likewise, TOPeGFP shows strong labeling of basal
cells in the OE that are weakly labeled or unlabeled by TOPgal or
BATgal activity (Booker-Dwyer et al., 2008; Zaghetto et al., 2007).
The differences between current and previous findings in the OE
across the reporter strains are probably due to differences in the
nature of the different reporter genes (eGFP vs -galactosidase)
and the different integration sites of the transgenic constructs in
these mouse lines.

Wnt signaling components expressed in the developing
OE
Consistent with the activation of Wnt signaling reporters in the early
postnatal OE, the gene expression of multiple Wnts and Fzd receptors
have been selectively determined in the developing OE of mice
(Rodriguez-Gil and Greer, 2008; Wang et al., 2008; Zaghetto et al.,
2007). Zaghetto and colleagues detected ten Wnts (including Wnt2,
Wnt2b, Wnt3, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7b, Wnt9a and Wnt11)
and two Fzd receptors (Fzd3 and Fzd4) from E13.5 OE by RT-PCR
or in situ hybridization (Zaghetto et al., 2007). We have previously
detected Wnt1, Wnt3 and Wnt5a in E16.5 OE by in situ hybridization
(Wang et al., 2008). A more recent study confirmed, in part, the OE
expression of these Wnt signaling components by RT-PCR or
immunohistochemistry; Wnt2 and Wnt3 were not found, but several
additional Wnt signaling components (including Fzd1, Fzd6, Fzd7,
Fzd10, Frzb, Sfrp1 and Sfrp2) were detected in the OE of E13 and
P4 mice (Rodriguez-Gil and Greer, 2008). In the current study, we
demonstrate the expression of several Wnt signaling components in
P5 OE and show that Wnt2, Wnt3a, Fzd3, Fzd9, Tcf7 (previously
Tcf1), Tcf7l1 (previously Tcf3), Tcf7l2 (previously Tcf4) and Axin2
are expressed in OE basal cells or sphere-forming cells, which
makes them potential candidates for the Wnt signaling components
that activate TOPeGFP in the OE basal cells. Axin2 is a direct target
and feedback gene in the canonical Wnt/-catenin signaling pathway
(Jho et al., 2002; Lustig et al., 2002; Yan et al., 2001). The
colocalization of Axin2 mRNA with TOPeGFP in basal cells
demonstrates the activation of canonical Wnt signaling and its
reporter TOPeGFP in the OE basal cells. In particular, the expression
of Wnt3a and Fzd9 throughout most of the OE at P5, suggests a key
ligand–receptor pair of Wnt signaling activators in the basal cell
progenitors. Of four Tcf/Lef transcription factors tested, we showed
that Tcf7l2 is expressed in the entire OE and most densely in the
basal cells, suggesting that it is a downstream effecter of the Wnt/-
catenin signaling pathway in the OE basal cells. Interestingly, we
found high expression of a secreted inhibitory ligand, Sfrp1, in the
sustentacular cells and the lamina mucosa, but no or low expression
in the basal cells, suggesting that a negative regulatory mechanism
exists to restrict the activation of canonical Wnt signaling and its
reporter TOPeGFP in the OE basal cells.

Canonical Wnt signaling is crucial for self-renewal of OE
stem cells
On the basis of sphere formation by the OE in vitro and RT-PCR,
the current study demonstrates the activation of Wnt/-catenin
signaling, as monitored by TOPeGFP, and the expression of several

Wnt signaling components in the OE spheres. In contrast to the
high efficiency of CNS neurosphere formation and expansion
(Deleyrolle and Reynolds, 2009; Reynolds and Weiss, 1996), sphere
formation from P5 OE occurs with a relatively low frequency in
primary cultures, and the P5 spheres or colonies have a very
limited capacity to be passaged (Carter et al., 2004; Murdoch and
Roskams, 2007). In our case, using culture conditions identical to
those for CNS neurospheres, primary spheres from P5 OE are
capable of producing secondary spheres with somewhat better
efficiency, such that primary or secondary sphere formation might
be a measure of the self-renewal potential of OE stem cells.
Importantly, we have demonstrated that activation of Wnt signaling
can promote the formation of both primary and secondary OE
spheres, whereas inhibition represses sphere formation, suggesting
that canonical Wnt/-catenin signaling has a primary role in OE
progenitor cell expansion and/or self-renewal. More significantly,
the current study demonstrates that FACS-isolated TOPeGFP– OE
cells are unable to form spheres, whereas the sorted TOPeGFP+

cells can, albeit with lower efficiency compared with the unsorted
cells. Owing to the lack of specific basal OE markers, the current
study could not directly compare the ability to form neural spheres
between TOPeGFP+ and TOPeGFP– basal cells. Nevertheless, our
findings suggest that canonical Wnt/-catenin signaling is required
for OE sphere formation or OE stem cell expansion in a cell-
autonomous manner, and that Wnts and/or other signaling
molecules secreted by surrounding TOPeGFP– cells enhance
progenitor cell expansion and renewal.

Our proliferation and apoptosis assays showed that Wnt
promoted the proliferation of Sox2+ dissociated OE sphere cells
without influencing cell survival, further demonstrating the
important role of canonical Wnts in promoting the proliferation or
self-renewal of neural stem cells or progenitors. Activation of Wnt
signaling that is restricted to Sox2+ OE basal cells suggests a close
relationship between Sox2 and Wnt signaling. Indeed, it has been
reported that Sox2 might be regulated by Wnt signaling in the
Xenopus retina and that Wnt signaling and Sox2 are involved in
the transition from proliferation to differentiation in neurogenesis
of the Xenopus retina or adult hippocampal (Agathocleous et al.,
2009; Kuwabara et al., 2009; Van Raay et al., 2005). However, it
remains unknown whether similar mechanisms exist in the OE
system.

The role of canonical Wnt signaling in OE neurogenesis
during development and regeneration
The current study on the differentiation of adherent OE spheres
demonstrates that Wnt-treated OE stem cells are able to differentiate
into several neuronal and non-neuronal lineages including GBCs,
OSNs, OECs and sustentacular cells. We showed that K5+ HBCs
are often located near the center of the differentiated OE sphere,
whereas GBC2+ cells are found peripheral to them. From the in
situ study, we found that TOPeGFP is expressed in a subpopulation
of Sox2+ or K5+ HBCs, but in all Sox2+ GBCs of P5 OE. These
basal cells are widely recognized as encompassing the proximate
OSN precursors, as well as multipotent progenitors, suggesting
that Wnt signaling also directly promotes neurogenesis. Indeed, we
observed that the percentage of TuJ1+ OSNs was significantly
increased by Wnt activators; at the same time, the percentage of
BLBP+ cells was significantly decreased. In support of this, Wnt
signaling has been shown to promote neuronal differentiation in
the forebrain through direct upregulation of Ngn1 (Hirabayashi et
al., 2004), a neuronal differentiation transcription factor that is also
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expressed in OE basal progenitors and participates in the initiation
of OE neurogenesis (Cau et al., 2002). These data raise the
possibility that Wnt signaling promotes neuronal differentiation at
least partially by regulating its downstream target, Ngn1, in OE
basal progenitors. The reciprocity between Tuj1+ and BLBP+ cells
as a consequence of Wnt activation suggests a common lineage.

From our regeneration studies in adult OE, we found robust
activation of the Wnt signaling reporter TOPeGFP in basal cells
during the forced OE regeneration process. The dramatic increase
of the TOPeGFP+ basal cells within 3–7 days after injury indicate
that canonical Wnt signaling is required for rapid expansion of the
adult OE stem cells or progenitors towards adult neurogenesis and
OE regeneration. Indeed, the selective small molecule Wnt inhibitor
Quercetin significantly prevented the regeneration potential
demonstrated by the decrease of the TOPeGFP+ cells, proliferating
basal progenitors and differentiated olfactory sensory neurons in
the injured OE. Quercetin showed a maximal inhibitory effect on
Omp expression, suggesting an accumulated consequence of the
inhibited Wnt signaling activity and proliferation of OE progenitors
during the entire 2 week regeneration period. However, we found
an early effect of lithium in promoting Wnt signaling activity,
progenitor proliferation and OE neurogenesis. Together with the
findings for the role of Wnt signaling in other adult stem cell
niches (Fuchs, 2009; Goessling et al., 2009; Li and Clevers, 2010;
Lie et al., 2005; Nusse, 2008; Reya and Clevers, 2005), our results
suggest that canonical Wnt/-catenin signaling has a crucial role
in adult OE stem cells and regeneration under both physiological
and pathological conditions.

Materials and Methods
Transgenic mice
The Wnt signaling reporter TOPeGFP mouse line was generated as follows. The 792
bp eGFP (enhanced green fluorescence protein) cassette excised with BglII and NotI
from the pEGFP-N1 (Clontech, Mountain View, CA) was cloned into the same sites
of the TOPflash construct (Upstate, Temecular, CA) to replace the luciferase gene.
A 3.5 kb fragment was excised at BglI sites of the transgenic construct, which
contains two opposing sets of three copies of the TCF binding site upstream of the
thymidine kinase (TK) minimal promoter and eGFP open reading frame (Fig. 1A).
The transgenic DNA fragment was then purified and pronuclear microinjected into
the FVB embryos. Mice were housed in the vivarium of the UC Davis Medical
School (Sacramento, CA). PCR genotyping was performed with the genomic DNA
from the tails of newborns using primers for eGFP. All animal experiments were
carried out under protocols approved by UC Davis Animal Care and Use Committees
and following NIH guidelines.

Immunohistochemistry and BrdU incorporation
The transgenic pups at postnatal day (P) 3 and P5 were perfused with 4%
paraformaldehyde. After being embedded and frozen in O.C.T. compound, coronal
sections of the head were cut at 10–14 m with a cryostat (Leica CM 1950). After
pre-incubation with a blocking solution of 10% lamb serum for 2 hours at room
temperature, the sections were incubated with one or two of the following primary
antibodies: rabbit anti-GFP (1:50, Chemicon), goat anti-GFP (1:300, Rockland),
rabbit anti--galactosidase (gal) (1:1000, Cappel), rabbit anti-K5 (1:250-500,
Abcam), mouse anti-GBC2 IgM (1:100) and goat anti-Omp (1:1000-2000, Wako).
Acute BrdU incorporation was carried out by intraperitoneal (i.p.) injection of BrdU
(100 g/g body weight) 1 to 2 hours before tissue harvest, as described previously
(Song et al., 2009; Zhou et al., 2006; Zhou et al., 2008; Zhou et al., 2004b).
Successive BrdU incorporation was carried out by four i.p. injections of BrdU by
every 2 hours, for a total of 8 hours before tissue harvest. The cryostat sections were
pretreated with 2 N HCl for 30 minutes at 37°C, blocked with 10% lamb serum, and
incubated with mouse anti-BrdU (1:30, Iowa Hybridoma Bank). The following
secondary antibodies were used as appropriate: Alexa Fluor 488 or Alexa Fluor 568
donkey anti-rabbit IgG, Alexa Fluor 568 donkey anti-goat IgG, Alexa Fluor 594
donkey anti-mouse IgM and Alexa Fluor 594 goat anti-mouse IgG (all from Molecular
Probes, Eugene, OR). The sections were counterstained with DAPI (1 mg/ml) and
mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA)
for confocal microscopy with an Olympus DSU Spinning Disk confocal microscope
(Olympus BX61) and a laser-scanning spectral confocal microscope system (Nikon
Eclipse TE2000-E2).

To count cell numbers on immunolabeled sections, we adopted methods as
described previously (Piper et al., 2010). Briefly, confocal images were taken from
the septum of OE every five successive sections of each animal (n3). The total
numbers of TOPeGFP, Sox2, K5, BrdU, Dcx and Omp single-positive and double-
positive cells were counted. Percentage colocalization was calculated by dividing the
number of double-positive by single-positive cells in each image. Data represent
pooled results from staining of three animals.

In situ hybridization
Nonradioactive in situ hybridization (ISH) was performed using digoxigenin-
labeled riboprobes as described previously (Zhou et al., 2006; Zhou et al.,
2004a; Zhou et al., 2004b). Except for the Wnt3a probe, which was prepared
from an EST clone, all other probes were amplified by RT-PCR from mouse
cDNAs with the following primers: Axin2, CTGCTGACTTAAGAGAGACCAAG,
GAAAGTCCGGAAG AGGTATG; Tcf7l2, AACGGCGGTGGAGGAGATGAC,
CGAACGAGCATCCT TGAGG; Fzd9, GGCATTGGCTACAACCTGAC,
ACGTACTGGAACTTCTCGGG; Wnt2, CACCTGCTGCACATAAGTACAC,
TCTAAGGTGTTGGCTGACAG; Wnt7b, GGAGTCGAGAGGCTGCCTTCAC,
ACGGGCATCCACAAAGCGAC; Sfrp1, ATTGTCCCCAAGAAGAAGAAAC,
AAAAGCCACAACTGTAATGG. After color development, the sections were
counterstained with nuclear fast red (Sigma) for 5–10 minutes at room temperature,
dehydrated, and mounted by coverslipping with mountant. Brightfield digital images
were taken with an Olympus BX61 microscope.

Primary and secondary OE sphere culture and treatment
The OE sphere culture was carried out as previously described (Barraud et al., 2007)
with minor modifications. Briefly, fresh olfactory mucosa from newborn mice (P3–
P5) was dissected into ice-cold phosphate-buffered saline (PBS). Tissues were
digested with 0.125% trypsin at 37°C for 15 minutes and quenched with 0.25 mg/ml
trypsin inhibitor plus 20 g/ml DNaseI for 5 minutes. After mechanical trituration,
the cell suspension was filtered through a 40 m mesh. Cells were then cultured in
the Neurobasal medium (Gibco) with 2% B27, 1% N2, 20 ng/ml EGF, 20 ng/ml
bFGF and 2 mM L-glutamine (all from Invitrogen) in low-attachment six-well plates
(Nunc Brand). All cultures were maintained at 37°C with 5% CO2 balanced air. The
medium was half refreshed, and the growth factors were replenished every other day.
For the primary sphere formation, cells were seeded at 2�104 cells/ml and the
spheres were analyzed at 7 days in vitro (DIV). For secondary sphere formation,
primary spheres were dissociated into a single-cell suspension, seeded at the same
density, and cultured under the same conditions for 7 days before counting. Wnt3a
(5 ng/ml, R&D), BIO (6-bromoindirubin-3�-oxime, 500 nM, Sigma), LiCl (2 mM
Sigma), Dkk-1 (400 ng/ml, R&D), NaCl (2 mM, Sigma) and equal volume of
DMSO (Sigma) or PBS controls were added in the culture medium and replenished
every other day. The concentrations of these Wnt components/modulators were
justified by the literature and our preliminary studies as described below. 1 ng/l
Wnt3a was used to promote the self-renewal of neurospheres derived from the
neocortical subventricular zone (Kalani et al., 2008). We tested the effects of Wnt3a
at different concentrations and found that it had limited effect at 1 ng/l but promoted
OE sphere formation at 5 ng/l and 25 ng/l with similar effects. Thus we used 5
ng/l Wnt3a in the current study. 1 M BIO was used to promote the proliferation
of neonatal cardiomyocytes (Tseng et al., 2006). We tested various concentrations of
BIO and determined a lower concentration of 500 nM for the current study. We
determined a concentration of 2 mM LiCl for the in vitro study as referred to a
proliferation study of cultured hippocampal progenitors (Wexler et al., 2008). We
also determined a concentration of 400 ng/ml Dkk1 to inhibit Wnt signaling, as
described in a previous study (Song et al., 2009).

Proliferation and apoptosis assays in dissociated OE sphere cells
Cultured OE spheres on DIV 7 with or without Wnt3a stimulation were seeded onto
chamber slides (BD Biosciences) for attachment for 48 hours with the same culture
condition. A final concentration of 10 M BrdU was added and incubated for 4
hours, and then proceeded to BrdU immunolabeling. Rabbit anti-cleaved Caspase-3
(1:500, Cell signaling) was incubated with cells for apoptosis assays. In addition,
TUNEL assay was conducted according to the manual of Deadend Flurometric
TUNEL system (Promega).

Cell sorting
Fluorescence-activated cell sorting (FACS) was performed as previously described
(Weeraratne et al., 2006) with minor modifications using a Cytomation Moflo cell
sorter (Dako) and the Summit software package for data acquisition. Single-cell
suspensions were generated from newborn olfactory mucosa as described above.
After centrifugation at 189 g for 5 minutes, GFP-positive cells were sorted using
FL1 channel. Wild-type pups from the same litter (i.e. without GFP reporter
constructs) were used as the negative control for setting the gate. Tissue debris and
dead cells were excluded by forward and side scatter. Sorted cells for qRT-PCR were
collected in PBS. Sorted cells for culture were collected in Neurobasal medium
containing 2% B27, 1% N2 and 2 mM L-glutamine. After sorting, cells were washed
twice with Neurobasal medium containing B27 and N2, and then plated in the same
condition for sphere assays.
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Real-time quantitative RT-PCR and regular RT-PCR
For real-time RT-PCR, total RNA was extracted using Trizol agent from GFP+ and
GFP– cells isolated by FACS from OE tissues collected from 7–10 TOPeGFP
pups at P5. The RNA samples were treated with DNaseI to exclude the
contamination of genomic DNA. After reverse transcription, semiquantitative PCR
was carried out as described previously (Song et al., 2009; Song et al., 2010;
Wang et al., 2011). The mRNA levels of Axin2, Tcf7l2, Fzd9 and Wnt3a were
normalized to the mRNA levels of the housekeeping gene Gapdh to allow comparisons
among different experimental groups using the Ct method. The following primer
pairs were used for qPCR: Gapdh, TGCTGAGTATGTCGTGGAGTCT,
CATATTTCTCGTGGTTCACACC; Axin2, AGTGAGACGCTCTCCCTCACCA,
GAAACGGGCATAGGTTTGGTGGAC; Tcf7l2, GCACACATCGTTCAGAGCC,
GGGTGTAGAAGTGCGGACA; Fzd9, CCAGTACGTGGAGAAGAGTC,
GTGGAGAAGAAACACAACGC; Wnt3a, CTGAGCGACGGAGGGAGAAATG,
CTCGGAATGAACCCTGCTCC; GFP, ATCTTCTTCAAGGACGACGGCAAC,
TGTAGTTGTACTCCAGCTTGTGCC. For RT-PCR, primary OE spheres were
collected by centrifugation at 7 DIV. 1 g RNA was used for reverse transcription.
PCR was done with the same primers used for preparing the various ISH probes.
PCR was conducted with graded annealing temperature from 68°C to 60°C for 25
cycles. Performing PCR on the same amount of RNA without reverse transcription
was the negative control.

Differentiation and immunocytochemistry
Investigation of neural differentiation was carried out as previously described
(Barraud et al., 2007) with modifications. The primary spheres were mechanically
dissociated at 7 DIV. Dissociated cells were plated in Neurobasal medium containing
1% fetal calf serum (FCS, Gibco), 1 g/ml insulin, 20 M dopamine, and 100 M
ascorbic acid (all from Sigma) (Murrell and Hunter, 1999) without EGF and FGF on
the glass coverslips precoated with 25 mg/ml poly-D-lysine (Sigma) and 10 g/ml
mouse laminin (R&D system). Wnt3a, BIO, Dkk1, LiCl and NaCl were added at the
same concentrations to the sphere cultures in the respective groups. Medium was
half refreshed, and factors were replenished every other day. At 7 days of
differentiation, cells were fixed with 4% paraformaldehyde for 20 minutes,
permeabilized with 0.1% Triton X-100 in PBS for 10 minutes, and processed for
immunocytochemistry. Both primary and secondary antibodies were used at one-half
the concentration used for immunohistochemistry, except for the following antibodies:
mouse anti-TuJ1 (1:300, Chemicon), rabbit anti-p75 (1:500, Chemicon), rabbit anti-
BLBP (1:1500, Chemicon), mouse anti-Sus4 (1:100). The cells were incubated with
secondary antibodies for 1 hour at room temperature.

In vitro cell counting and statistical analysis
The number of OE spheres in each well of the six-well plate was counted and
divided by the number of plated cells (40,000 per well). The percentage of
differentiated cells was determined by the number of the cells expressing TuJ1
(sensory neurons), BLBP (ensheathing cells and related glia), or p75 (ensheathing
cells in ten random microscopic fields (at 100� magnification) divided by total
number of DAPI-stained nuclei in the same fields. For each culture condition and
for each marker, a minimum of 1000 cells was counted from three individual
cultures prepared from separate dissections. Differences between culture conditions
were assessed using one-way ANOVA followed by the Bonferroni’s multiple
comparison test. The s.e.m. values were considered significantly different when the
value of the variance was P<0.05.

Adult OE regeneration and treatment
Adult TOPeGFP mice were injected intraperitoneally with 50 g/g body weight of
methimazole (Fluka 63760) in PBS on the first and the fourth day of treatment as
reported (Bergman et al., 2002; Bergstrom et al., 2003; Brittebo, 1995; Genter et al.,
1995). LiCl (Sigma, 254.34 mg/kg) (Greene et al., 2007; Ren et al., 2003), NaCl
(Sigma, 351.1 mg/kg), quercetin (ACROS Organics, 100 mg/kg in Vehicle 1
containing 10% DMSO and 90% corn oil) (Schlachterman et al., 2008), XAV939
(Maybridge, 40 mg/kg in Vehicle 2 containing 10% DMSO, 10% ethanol, and 80%
corn oil) (Huang et al., 2009), and their vehicles were injected i.p. once per day. At
3, 7 and 14 days after treatment, mice were injected with BrdU (i.p.) 1 hour before
sampling. Immunohistochemistry of BrdU, Omp and GFP were performed as
described above. Cell counting was done as described (Cheng and Reed, 2007) with
minor modification. Briefly, GFP-, BrdU- and Omp-positive cells were counted
under the microscope along OE lining the nasal septum from dorsal to ventral in
three sections for each animal. OE length was determined by tracing the outline of
the epithelium basal lamina using Slidebook software. The data is represented as
mean ± s.e.m., and two-tailed Student’s t-test was used for statistical analysis.
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