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Development/Plasticity/Repair

A Novel Embryonic Nestin-Expressing Radial Glia-Like
Progenitor Gives Rise to Zonally Restricted Olfactory and
Vomeronasal Neurons

Barbara Murdoch and A. Jane Roskams
Departments of Zoology and Medicine, University of British Columbia, Vancouver, British Columbia, Canada V6T 123

Persistent neurogenesis is maintained throughout development and adulthood in the mouse olfactory epithelium (OE). Despite this, the
identity and origin of different embryonic OE progenitors, their spatiotemporal induction and contribution to patterning during devel-
opment, has yet to be delineated. Here, we show that the embryonic OE contains a novel nestin-expressing radial glia-like progenitor
(RGLP) that is not found in adult OE, which is antigenically distinct from embryonic CNS radial glia. Nestin-cre-mediated lineage tracing
with three different reporters reveals that only a subpopulation of nestin-expressing RGLPs activate “CNS-specific” nestin regulatory
elements, and produce spatially restricted olfactory receptor neurons (ORNs) in zone 1 of the OE, and vomeronasal receptor neurons
restricted to the VR1 zone. This dorsal-medial restriction of transgene-activating cells is also seen in the embryonic OE of Nestin-GFP
transgenic mice, in which green fluorescent protein (GFP) is found in a subpopulation of GFP+Mash1+ neuronal progenitors, despite
the fact that endogenous Nestin expression is found in RGLPs throughout the OE. Embryonic OE progenitors produce three biologically
distinct colony subtypes in vitro, a subpopulation of which include nestin-expressing RGLPs during in vitro colony formation. When
generated from Nestin-cre/ZEG mice, neurogenic colonies also produce GFP+Mash1+ progenitors and ORNs. We thus identify a novel
neurogenic precursor, the RGLP of the OE and vomeronasal organ (VNO), and provide the first evidence for intrinsic differences in the

origin and spatiotemporal potential of distinct progenitors during development of the OE and VNO.
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Introduction

To understand the mechanisms that drive nervous system devel-
opment and regeneration, we need to establish when and where
specific cell types originate, understand the lineage contribution
of each progenitor, and how the interaction of sequentially gen-
erated cells impacts the patterning of different nervous system
regions. In the adult nervous system, regeneration and adult neu-
rogenesis is restricted to exclusive niches, one of which is the
mouse olfactory epithelium (OE) (Graziadei and Graziadei,
1979; Schwob, 2002), in which newly differentiated olfactory re-
ceptor neurons (ORNSs) reintegrate into existing circuitry and
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maintain the sense of smell in the adult organism (Farbman,
1990; Roskams et al., 1996).

ORN precursor activation in adult OE is regulated by LIF
(leukemia inhibitory factor), BMP4 (bone morphogenetic pro-
tein 4), and basic FGF, in which globose basal cells (GBCs) serve
as transit amplifying neuronal precursors for olfactory receptor
neurons that activate Mash1 before neurogeninl in both devel-
opment and regeneration (Cau et al., 1997; Nan et al., 2001; Calof
et al., 2002; Getchell et al., 2002; Bauer et al., 2003). In contrast,
horizontal basal cells (HBCs) are more quiescent than GBCs,
express EGFR (epidermal growth factor receptor), are epidermal
growth factor (EGF)/TGFa-responsive in vitro and in vivo, sim-
ilar to stem cells in many other tissues (Farbman and Buchholz,
1996; Goldstein and Schwob, 1996; Getchell et al., 2000), and a
subpopulation of selected EGF-responsive HBCs form multipo-
tent clonal colonies in vitro (Carter et al., 2004), and demonstrate
limited multipotency in vivo (Leung et al., 2007). The adult OE is
developmentally laminated epithelium, with progenitors at the
basal lamina, and mature neurons in the apical OF (Farbman,
1992). In contrast, the embryonic OE is highly dynamic, with
multilayered highly neurogenic regions located adjacent to two-
cell-layered, preneurogenic regions, containing potentially dif-
ferent classes of progenitor. Our spatial and temporal under-
standing of the interrelationship between different embryonic
OE neuroglial progenitors has been stalled by a paucity of iden-
tifiable genes we can use to distinguish, and assay the potential of,
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individual candidate progenitors, a common problem in stem
cell-bearing tissues (Weissman et al., 2001).

The application of genetic fate mapping with progenitor-
specific promoters driving site-specific recombinases (like Cre)
now allows us to address fundamental questions of progenitor
lineage contribution more definitively than traditional methods
of fate mapping (like retroviral tracing) (Joyner and Zervas,
2006). Although this approach has been valuable in evaluating
progenitor contributions in the adult OE (Leung et al., 2007),
these approaches have yet to be used for testing potential in the
embryonic olfactory system. In the developing CNS, radial glia
serve as both structural scaffolding for migrating neuroblasts and
as embryonic neural progenitors (Anthony et al., 2004). Multi-
potent radial glia are identified by shared expression of a select
group of antigens (Gotz et al., 2005), and lineage tracing using
Cre driven by these radial glial gene promoters and enhancers
[e.g., Nestin, brain lipid binding protein (BLBP)] has revealed
their spatiotemporal lineage contribution during CNS develop-
ment (Anthony et al., 2004; Imayoshi et al., 2006). Here, we test
for the existence of OE-based radial glia progenitors, and rely on
in vivo genetic lineage tracing combined with in vitro progenitor
assays to test the neurogenic potential of embryonic nestin
transgene-activating OE progenitors. We reveal the existence of a
distinct neural progenitor phenotype unique to the embryonic
OE, and demonstrate a previously unappreciated spatial regula-
tion of olfactory receptor neuron and vomeronasal receptor neu-
ron genesis developmentally.

Materials and Methods

Tissue preparation. Adult and postnatal mice were anesthetized with Xy-
laket: 25 mg/ml ketamine HCI (MTC Pharmaceuticals, Cambridge, On-
tario, Canada), 2.5 mg/ml xylazine (Bayer, Tarrytown, NY), 15% etha-
nol, 0.55% NaCl (120 mg/kg ketamine and 12 mg/kg xylazine), perfused
with cold PBS and 4% paraformaldehyde (PFA) in PBS and postfixed in
4% PFA at 4°C (Carter et al. 2004). Embryos were immersion-fixed in 4%
PFA overnight. The day of vaginal plug was defined as embryonic day 0.5
(E0.5). Tissues were cryoprotected in sucrose, embedded in Tissue-Tek
medium (OCT; Sakura Finetek, Torrance, CA), and frozen in liquid
nitrogen. Twelve-micrometer sections were stored at —20°C for subse-
quent analysis (MacDonald et al., 2005; Carson et al., 2006).
Immunohistochemistry. Protocols for immunohistochemistry have
been described previously (Au and Roskams, 2003; MacDonald et al.,
2005; Carson et al., 2006). Sections were postfixed in 4% PFA, perme-
abilized in 0.1% Triton X-100/PBS, and blocked with 4% normal serum
before primary antibody incubation. Secondary antibodies (1:200) used
were biotin, Alexa 594, or Alexa 488 conjugated (Invitrogen, Carlsbad,
CA). Before blocking, Sus4 detection required a 60 s incubation of the
sections with 0.12% trypsin/EDTA (Invitrogen), followed by washing in
PBS (Carson et al., 2006). Colabeling with Sus4 and proliferating cell
nuclear antigen (PCNA) was performed sequentially with fixation in 4%
PFA after the Sus4 primary and secondary antibodies, followed by wash-
ing and reblocking before antigen retrieval (MacDonald et al., 2005) and
the PCNA primary and secondary antibodies. Nestin monoclonal anti-
body (rat 401 clone), but not nestin polyclonal rabbit antibody (Nestin
clone 20), required antigen retrieval in 0.01 M citric acid microwaved for
10 min before blocking. Cre detection required antigen retrieval before
blocking/permeabilization in 10% serum/0.1% Triton X-100/PBS. Cre
antibodies were incubated in blocking solution and washed in 0.1% Tri-
ton X-100/PBS. Cre signals were amplified using the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA) and Amplex Red ELISA kit 2,
horseradish peroxidase conjugate (Invitrogen), following the manufac-
turer’s instructions. For codetection of antigens with Cre, tissues were
reblocked in 10% serum/0.1% Triton X-100/PBS before sequential pri-
mary antibody incubation. Primary antibodies used were as follows: rab-
bit anti-mouse nestin (Nestin clone 20; 1:500), mouse anti-rat BIII-
tubulin [neuron-specific tubulin (NST); TUJ1; 1:500] (both Covance,
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Princeton, NJ); mouse anti-rat nestin (rat 401 clone; 1:100) (used in Fig.
6, K; supplemental Fig. S1C, F, I, K, M, available at www.jneurosci.org as
supplemental material), mouse anti-Mash1 (1:100; BD Pharmingen, San
Diego, CA); mouse anti-rat RC2 (1:100; Developmental Studies Hybrid-
oma Bank, Iowa City, [A) (developed by M. Yamamoto, University of
Tsukuba, Tsukuba, Japan), rabbit anti-Cre (1:5000; EMD Biosciences,
San Diego, CA); mouse anti-PCNA (clone PC10; 1:5000), mouse anti-
S1008 (clone SH-B1; 1:400) (all Sigma-Aldrich, St. Louis, MO); goat
anti-human Doublecortin (Dcx) (C-18; 1:200; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA; Millipore Bioscience Research Reagents, Temecula,
CA), rabbit anti-BLBP (1:2000; Millipore Bioscience Research Reagents),
anti-mouse olfactory cell adhesion molecule (OCAM) (1:400; R&D Sys-
tems, Minneapolis, MN), rabbit anti-green fluorescent protein (GFP)
(1:400; Abcam, Cambridge, MA), or mouse anti-GFP (1:100; Millipore
Bioscience Research Reagents). Note: All GFP panels show anti-GFP
immunofluorescence, with the exception of the GFP-containing panels
in Figure 7, E-N, which indicate endogenous GFP fluorescence, which
was confirmed using immunoperoxidase (VIP) immunohistochemistry
with anti-GFP antibodies. Gift antibodies were as follows: mouse anti-rat
Sus4 (1:100) from Dr. J. Schwob (Tufts University, Boston, MA), rabbit
anti-BLBP (1:2000) from N. Heintz (Howard Hughes Medical Institute,
The Rockefeller University, New York, NY), goat polyclonal olfactory
marker protein (OMP) (1:5000) from Frank L. Margolis (University of
Maryland, Baltimore, MD), and rabbit anti-nGLAST (1:100) from J.
Rothstein (The Johns Hopkins University, Baltimore, MD). Nuclei were
stained with 0.5 ug/ml diaminopyridine imidazole (DAPI) and sections
coverslipped in Vectashield (Vector Laboratories) for fluorescent anti-
gens or Aquapolymount for VIP. All images were visualized with an
Axioskop 2 MOT microscope (Carl Zeiss, Jena, Germany) using a SPOT
camera (Diagnostic Instruments, Sterling Heights, MI) with Northern
Eclipse software (Empix Imaging, Mississauga, Ontario, Canada) and
compiled using Adobe Photoshop 7.0.

Immunocytochemistry. Immunocytochemistry was performed as de-
scribed previously (Au and Roskams, 2003; Carter et al., 2004), with cells
plated onto collagen:laminin (5:2 pg/cm?)-coated glass coverslips and
nuclei stained with DAPL For nuclear antigen detection, cells were fixed
for 3 min in —20°C methanol and washed in PBS before blocking. The
percentage of antigen-positive cells per colony was determined by count-
ing as follows: (number of antigen-positive cells/total number of cells per
colony measured by counting DAPI-stained nuclei) X 100.

Histochemistry. LacZ histochemistry was performed on cryosections
postfixed in 4% PFA, permeabilized in 0.1% Triton X-100, and washed in
PBS before adding staining buffer (2 mm MgCl,, 0.01% deoxycholate,
0.02% Nonidet P-40, and 100 mm NaPO,, pH 7.3) containing 1 mg/ml
X-gal, 5 mm potassium ferrocyanide, and 5 mm potassium ferricyanide.
Staining proceeded at 37°C protected from light for 1-10 h. Negative
controls did not demonstrate B-galactosidase staining and included
CD-1 nontransgenic mice, Nestin-cre or OMP-cre transgenic mice with-
out the ZEG transgene. Results were confirmed using antibodies to 3-ga-
lactosidase; however, the detection level and reproducibility were not as
good as that with histochemistry.

OE and subventricular zone cell isolation. E13.5 OE and subventricular
zone (SVZ) (for controls) were dissected from the same mice and trans-
ferred to serum-free DMEM/F12 or PBS plus 0.6% glucose, respectively
(Reynolds and Weiss, 1992). Pooled OE tissue or E13.5 ganglionic emini
were minced into 1 mm? pieces, triturated 20 times with a polished
Pasteur pipette, washed, filtered (40 um), and rewashed before counting
cells. Cells were counted using a hemocytometer and trypan blue exclu-
sion, resuspended in media (0.7-3 X 107 cells/ml), and centrifuged at
100 X g for 1 min before plating, to pellet tissue aggregates.

In vitro progenitor assays. Cells from both ganglionic emini and OE
were cultured in CNS neurosphere media: Neurocult, 1 X proliferation
supplement (Stem Cell Technologies, Vancouver, British Columbia,
Canada), 20 ng/ml growth factors (GFs) (EGF, basic FGF, or EGF plus
FGF; Sigma-Aldrich), 100 U/ml penicillin, 100 pg/ml streptomycin, 2
mwu L-glutamine (Invitrogen). A single-cell suspension was determined
by inspecting the cells on a hemocytometer at the time of counting and
after plating, by observing the cells directly in each well. OE cells were
plated at clonal density; initially into uncoated 12-well plates (Falcon; BD
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Biosciences Discovery Labware, Bedford, MA) to perform colony counts,
and later onto collagen:laminin-coated coverslips for immunocyto-
chemistry, in 1.5 ml of media with 0.7-2 X 10° cells/ml. SVZ cells were
plated at 10-25 cells/ul, 5000-10,000 cells per well. SVZ cells derived
from the same embryo as the OE cells, served as positive controls for our
culture conditions and growth factor efficacy. Clonal density was first
determined by mixing equal cell numbers from ubiquitous B-actin
driven GFP-expressing mice (Richter et al., 2005) with GFP-
nonexpressing mice to determine the density at which mostly only GFP-
expressing or -nonexpressing colonies were obtained (data not shown).

Primary cultures were grown for 7-10 d in vitro (DIV) before counting
nonadherent neurospheres or semiadherent colonies (OE). A neuro-
sphere was counted if >50 wm in diameter, semiadherent colonies com-
posed of more than eight cells were counted. Pooled OE colonies were
passaged and plated at their primary cell density (or as close as possible
where cell numbers were limiting) using primary culture conditions with
fresh media and growth factors. Self-renewal was assessed by counting
neurospheres or colonies after an additional 7-10 DIV.

Transgenic mice. Nestin-cre mice were obtained from The Jackson Lab-
oratory (Bar Harbor, ME) (C57BL/6) (Tronche et al., 1999) and were
crossed with ZEG reporter mice obtained from C. Lobe (Sunnybrook and
Women’s College Health Science Centre, Toronto, Ontario, Canada)
(Novak et al., 2000). Female ZEG reporters were either C57BL/6 or CD-1
strains. Nestin-cre/ZEG transgenic mice, in which Cre recombinase ex-
pression is under the control of the nestin promoter and second intron
regulatory elements of the rat nestin gene (Zimmerman et al., 1994),
express GFP throughout the CNS. Transgenic reporter lines
Gt(ROSA)26Sor"™FYFP)Cos (The Jackson Laboratory; expressing en-
hanced yellow fluorescent protein from the ROSA26 locus) (Srinivas et
al., 2001), produced a similar reporter expression pattern after Nestin-
cre-mediated excision. An independently derived Nestin-cre line (no.
2472; FVB/N strain) crossed with a reporter, Gtrosa26™™15°" (Soriano et
al,, 1999) (from R. Slack, University of Ottawa, Ottawa Health Research
Institute, Ottawa, Ontario, Canada), showed strong $3-galactosidase ex-
pression in the forebrain and developing CNS (Berube et al., 2005). Mice
were genotyped by PCR for Cre, GFP, and/or LacZ histochemistry. Cre
primers were as follows: NLS CreA, 5'-CCCGGCAAAACAGGTAGTTA-
3';NLS CreS, 5'-CATTTGGGCCAGCTAAACAT-3' (94°Cfor 30s,55°C
for 30 s, 72°C for 90 s; 454 bp product). GFP primers were as follows:
XFPf, 5'-AAGTTCATCTGCACCACCG-3'; XFPr, 5'-TCCTTGA-
AGAAGATGGTGCG-3" (35 cycles of 94°C for 30 s, 60°C for 60 s, 72°C
for 60 s; 173 bp product; each for 35 cycles).

OMP-cre transgenic mice were generated after pronuclear injection of
an 11 kb EcoR1-digested fragment, containing both 5’ and 3’ flanking
regions of the OMP coding sequence (Danciger et al., 1989). The pG-
ROMP plasmid, containing an 11 kb EcoRI genomic rat OMP fragment
(kindly provided by Frank Margolis), was digested with AatIl/Aarl to
remove the OMP gene, and a 1057 bp AatIl/Eco31l fragment from PCR
amplified NLS-Cre (plasmid kindly provided by Dr. Corrine Lobe) was
subcloned into the vector. Expression and efficiency of Cre-lox recom-
bination was verified by the specific colocalization of Cre with OMP and
OMP with GFP proteins in the OE of OMP-cre/ZEG mice.

Nestin-GFP transgenic mice were obtained from Grigori Enikolopov
(Cold Spring Harbor Laboratory, Cold Spring Harbor, NY) (Mignone et
al., 2004) and drive expression of enhanced GFP via an identical nestin
promoter (5.8 kb) and enhancer (1.8 kb second intron) to that of the
Nestin-cre mice used here (Zimmerman et al., 1994; Yaworsky and Kap-
pen, 1999). Mice were geno/phenotyped by PCR for GFP sequences and
by fluorescence microscopy for the detection of GFP in the developing
CNS. Schematics of Nestin-cre, Nestin-GFP, and OMP-cre constructs
are shown in supplemental Figure S3 (available at www.jneurosci.org as
supplemental material).

In vitro progenitor assays, Nestin-cre/ZEG mice. E13.5 embryos were
geno/phenotyped by PCR for Cre, and LacZ histochemistry. All Nestin-
cre/ZEG embryos (but not littermate controls) expressed readily detect-
able endogenous GFP in the CNS. The OE from Nestin-cre/ZEG or an
equal number of littermate control embryos were pooled from each lit-
ter, in which the average number of cells/embryo was 2.6 X 10°. From a
total of four litters assayed, 15 of 44 embryos were Nestin-cre/ZEG.
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Single-cell suspensions were plated at 0.7 X 10 cells/ml into CNS neu-
rosphere media (as above) onto collagen:laminin-coated glass coverslips
in 12-well plates. Cells were processed for immunocytochemistry and
counting of semiadherent colony subtypes after 10 DIV. Immunocyto-
chemistry was performed as described above, with cells fixed in 4% PFA
for 5 min and washed in PBS before blocking. Mouse monoclonal (In-
vitrogen) and rabbit polyclonal antibodies (Millipore Bioscience Re-
search Reagents; both 1:100) reliably detected GFP in vitro, using GFP-
expressing olfactory ensheathing cells (Richter et al., 2005) as positive
controls, and littermate OE cells and secondary antibody only as negative
controls.

Statistics. Values are means = SEM. Variance between groups was
determined using ANOVA and statistical significance using Tukey’s hon-
estly significant difference post hoc test. Correlations were determined
using Pearson’s coefficient.

Results

The OE contains radial glia-like cells present during

early development

The OE experiences three distinct phases of neurogenesis: embry-
onic establishment [E10 to postnatal day 0 (P0)], postnatal ex-
pansion (P1-P30), and adult maintenance (P30 to death). Dur-
ing each phase, the OE undergoes a dynamic reorganization of its
active progenitor subcompartments both in the apical-basal and
rostral-caudal planes. However, it is not known whether distinct
OE zones are produced in different time windows. Understand-
ing the nature of how different progenitors contribute to this
patterning will enable us to test the regulation of these distinct
phases of developmental OE neurogenesis.

During development, the majority of dividing cells are found
in the most apical OE cell layer, and gradually transition to a more
basal site with postnatal to adult OF maturation (Smart, 1971).
This organization is highly reminiscent of the organization of
embryonic CNS ventricular zone progenitors (Gotz et al., 2005),
in which the apical OE would be most similar to the embryonic
ventricular zone. We thus tested whether embryonic OE might
contain progenitors that morphologically or antigenically resem-
ble multipotent CNS radial glia. Nestin, an intermediate filament
protein characteristic of CNS neuroepithelial stem cells (Hock-
field and McKay, 1985), was detected in embryonic OE as early as
E10 (Murdoch and Roskams, 2007), but was more readily de-
tected at E13.5, in cells with a radial glia-like morphology similar
to those found in embryonic olfactory bulb (OB) that were de-
tected in every developing turbinate of the embryonic OE (Fig.
1A). Nestin detection in the embryonic CNS matches the re-
ported radial glial expression pattern (Anthony et al., 2004), and
similar patterns of nestin expression were detected in both the
CNS and the OE using two independent polyclonal and mono-
clonal anti-nestin antibodies (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). These antibodies
were also able to immunoprecipitate a single band corresponding
to nestin from postnatal brain, embryonic OE, and olfactory en-
sheathing cells (supplemental Fig. S1, available at www.jneuro-
sci.org as supplemental material).

At E13.5, the majority of embryonic nestin+ radial glia-like
progenitors (RGLPs) coexpressed PCNA, a protein associated
with the replication fork during S-phase (Fig. 1A-C) (Waseem
and Lane, 1990), and were anchored at the OE basement mem-
brane and apical surface, with nestin-rich processes spanning the
OE (Fig. 1B,C). The most intense accumulation of nuclear
PCNA, indicative of the peak of S-phase, was found in the verti-
cally elongated nuclei of nestin+ RGLPs situated at the base of
the OE (Fig. 1C). In contrast, nestin+ RGLPs undergoing cyto-
kinesis segregated PCNA into their cytoplasm, and were found in
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clusters at the apical OE surface, most fre-
quently located directly across opposing
neurogenic epithelial surfaces (Fig. 1B).
Some nestin+ RGLPs also coexpressed the
glutamate transporter, GLAST (glutamate-
aspartate transporter) (Fig. 1 D) (Furuta et
al,, 1997). RC2, an antigen also detected in
CNS radial glia (Misson et al., 1988), is dis-
tributed throughout a subpopulation of OE
RGLPs, which form a scaffold for immature
Dcx-expressing ORNs within the OE (Fig.
1E). Although Dcx is most highly enriched
in migrating neuroblasts in the CNS, it is
found in nonmitotic immature ORNs and
their axons in the lamina propria (Fig.
1E,G,]), and neuroblast-like cells of un-
known origin, encased by olfactory en-
sheathing cells (OECs) within the olfactory
nerve (Fig. 1 H,I). In contrast to CNS radial
glia, BLBP, a fatty acid-binding protein as-
sociated with CNS neurogenesis (Feng et
al., 1994), was not detected at any develop-
mental stage within the OE. Instead, BLBP
is highly expressed in PCNA+ cells sur-
rounding the olfactory nerve (Fig. 1 F) and
in the OEC ensheathments of Dcx-positive
axons in the lamina propria (Fig. 1G). Ad-
ditional lineage tracing with a BLBP-cre/
Rosa26 cross has revealed that reporter-
positive cells are, indeed, segregated to the
glial lineage of the lamina propria (Mur-
doch and Roskams, 2007).

At P5, the OF contained only rare iso-
lated OE-spanning nestin+ RGLPs that co-
expressed PCNA (Fig. 1 K, L). These nestin-
expressing cells were at no time detectable
in the adult (even during neurogenesis after
OE lesion) (data not shown) and at no time
examined coexpressed Sus4, a marker for
sustentacular cells and Bowman’s glands
and ducts (Fig. 1 M,N). At all stages of de-
velopment tested (including P5), a sub-
population of OECs surrounding axon
bundles in the lamina propria (LP) ex-
pressed nestin (Fig. 1K; supplemental Fig.
S2, available at www.jneurosci.org as sup-
plemental material). Thus, embryonic OE
contains RGLPs that share some similarities
with CNS radial glia, but also unique cells
segregated to the glial lineage in the lamina
propria, that express BLBP and nestin.

E13.5 OE forms novel semiadherent
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Figure1. Radial glia-like progenitorsin E13.5 OE express radial glia antigens. A, Nestin-expressing cells (green) are detected
inthe OBand OE at E13.5. B, C, Processes of nestin-expressing cells span the height of the O and surround PCNA+ nuclei (red)
from the basal (arrows) and apical OE (arrowheads). Cells undergoing cytokinesis in the apical OE (asterisk in B) are detected
across the nasal cavity from each other throughout the OE (inset, arrowheads). D, Nestin is coexpressed with the glutamate
transporter, GLAST (red; arrow), in OE-spanning processes, having similar morphology to RC2+ cells (green; arrow) (E), which
are adjacent to cells expressing the immature neuronal antigen Dcx (red; arrowhead). F, BLBP (green; stubby arrow) is restricted
toimmature proliferating (PCNA +; red) OECs along the olfactory nerve (ON), and surrounding Dcx+ (arrowhead) axon bundles
(G) in the underlying LP in which individual migratory Dox+ cells (H, I) are detected in the ON (arrowheads), ensheathed by
BLBP+ OECs (stubby arrows). J, Dcx+ (arrowheads) neurons do not coexpress nestin (arrows) in the OE or LP. K, L, By P5,
process-bearing nestin-expressing PCNA + (red) cells are infrequent in the OE (arrows), but nestin+ cells in the lamina propria
are predominantly OECs surrounding axon bundles (Ax). M, N, Nestin (arrow) is not coexpressed with Sus4 (red; asterisk) in
sustentacular cells in the OE or Bowman’s gland cells in the LP. The dotted line indicates basal lamina. The boxes outline
magnified area in adjacent picture. Scale bars: 4, 100 wm; (in B) B, D, G, H, M, 25 um; (in ©) G, E, 1, L, N, 10 wm; (in F) F, J, K,
50 wm.

colonies containing unique progenitors in vitro

Because the E13.5 OE contains a high proportion of prolifer-
ating, nestin-expressing RGLPs in vivo compared with later
developmental time windows (data not shown), we used in
vitro assays of progenitor activity to test whether E13.5 OE
would yield multipotent neurosphere- or colony-forming
nestin-expressing cells similar to the SVZ (Mignone et al,,
2004). OE-derived colonies were plated at clonal density and
expanded for 10 d before counting and assay of colony com-
position by immunocytochemistry. The first antigenically dis-

tinguishable adherent cells expressed nestin and PCNA as
early as 2.5 h in vitro, and expanded over 48 h to where most
cells within developing colony cores were mitotic nestin+
cells (Fig. 2A, B). In contrast to the nonadherent neurospheres
commonly obtained from embryonic SVZ, E13.5 OE formed
three-dimensional semiadherent colonies that we classified
into the following three distinct morphological subtypes: fusi-
form, polygonal, and spherical (Fig. 2C-E). Each colony sub-
type had a colony core (20 to >200 wm in diameter) contain-
ing cells of distinct sizes and morphologies, central to a lawn of
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Figure2. E13.50E formsnovel semiadherent colonies in vitro containing subpopulations of dividing nestin+ progenitors. 4,
B, £13.5 OF cultured for 2.5 h using CNS SVZ neurosphere media with EGF, FGF, or both, demonstrated mostly (4, inset) single
nestin+ cells (green) with PCNA-+ nuclei (red), which divide to form larger cell clusters, not detected at 2.5 h, that retain
nestin+/PCNA+ cells after 24 h (4) and 48 h (B) of culture. After 10 d in vitro, E13.5 O produced semiadherent colonies with
morphologies that are fusiform (€), polygonal (D), or spherical (E). F-J, Cores of all colony subtypes contain nestin+/PCNA+
cellsin varying proportions. K, EGF plus FGF produces significantly more E13.5 OE colonies than either GF alone (*p << 0.001;n =
3,3—6 wells per experiment). Error bars indicate SEM. The boxes show regions for higher magnification. The blue nuclear stain
is DAPI. Scale bars: (in 4) A, B, 100 wm; J, 80 um; all others, 50 wm. The same magnifications arein C, F, H,and Gand I. E+F,
EGF plus FGF; eOE, embryonic olfactory epithelium.
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gated bipolar cells (Fig. 2D, H,I). Spheri-
cal colonies contain the most compact
cells in a raised sphere at the core of each
colony, with small blast-like cells emerg-
ing on the surface of the surrounding flat-
tened, adherent cell lawn (Fig. 2E,]).

By 10 d in vitro, >90% of all colonies
contained bipolar, nestin-expressing cells
that morphologically resemble radial glia
either within, or immediately adjacent to,
their colony cores (Fig. 2 F-J). Fusiform
colony cores contained a significantly
higher percentage of nestin-expressing
bipolar cells (85 = 0.7%; p < 0.001) (Fig.
3L) compared with spherical (43 = 2.6%)
or polygonal (31 * 3.6%) cores. In polyg-
onal colonies, nestin-expressing cells
were mostly found circling the core (Fig.
2H,I). Similarly, mitotic (PCNA+) nes-
tin+ cells were the most abundant in fusi-
form, and least abundant in polygonal,
colonies (Fig. 2F-J). The percentage of
PCNA+ cells was significantly greater in
fusiform colony cores (81 * 0.8%) com-
pared with either spherical (41 = 2.8%)
or polygonal (27 £ 3.2%; p < 0.001;
14—40 total colonies assayed per sub-
type). Nestin-expressing cells almost al-
ways coexpressed PCNA at 10 d in vitro
(R*=0.99-0.87).

The frequency of E13.5 OE semiadher-
ent colonies was only 3% of CNS neuro-
spheres, in which 0.35% of cells from
E13.5 ganglionic emini formed neuro-
spheres, similar to previous reports (data
not shown) (Hitoshi et al., 2002). Only
0.02% of E13.5 OE cells yielded colonies,
with EGF and FGF together increasing
colony production by 180% compared
with either EGF or FGF alone (Fig. 2K).
FGF specifically enhanced the production
of spherical colonies (52% of all colonies
in FGF alone), with the remainder of col-
onies equally contributed by fusiform and
polygonal colonies (Table 1). FGF also
enhanced the production of elongated,
nestin+/S1003— radial glia-like cells
from spherical colony cores, depending
on density of plating (shown in Fig. 3G).
Overall, colony yield was less in EGF
alone, which significantly increased the
production of spherical (44% of total),
and polygonal colonies (40%), at the ex-
pense of fusiform colonies (only 16% of
the total) (Table 1) (p < 0.001). Thus,
E13.5 OE contains cells that seed highly
proliferative, semiadherent colonies with
three distinct morphologies and mitogen

surrounding adherent cells of multiple phenotypes. Fusiform
colony cores contained loosely packed, teardrop-shaped clus-
ters of large cells (Fig. 2C,F, G), whereas polygonal colony
cores contained a higher density of compacted smaller cells,
often corralled on their periphery by tightly juxtaposed, elon-

sensitivities that contain nestin+ lineage+/— cells at different
frequencies. None of these colony phenotypes could be ob-
tained, under identical conditions, from the adult OE, which
instead yields slowly dividing adherent colonies (Carter et al.,
2004; Murdoch and Roskams, 2007).
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Cells derived from E13.5 OE colonies
express neuronal, glial, and radial

glial antigens

To test the gliogenic and neurogenic poten-
tial of embryonic OE-derived colonies, we
next tested for the expression of combina-
tions of developmentally regulated neuro-
nal and glial antigens found in vivo, in dif-
ferent colony subtypes. BLBP was primarily
found in cells in the center of fusiform col-
ony cores, and at the edges of polygonal and
spherical colony cores (Fig. 3A-C). The ma-
jority of BLBP-expressing cells at 10 d in
vitro did not coexpress S100[3, a calcium
binding protein found in glia (Au and
Roskams, 2003), which was expressed by
cells immediately adjacent to BLBP-
expressing cells in polygonal and spherical
colonies, and at the edges of fusiform colo-
nies (Fig. 3A-C). A subpopulation of
glioblast-like cells adjacent to spherical col-
onies coexpressed BLBP/S1003 and asym-
metrically distribute BLBP and S1003 in di-
viding cells (Fig. 3D).

Fusiform colonies primarily contain
cells expressing nestin, with rare peripheral
cells expressing the glial and neuronal lin-
eage markers S1003 and BIII NST (Fig.
3E,H). Lower percentages of nestin+ cells
were found in polygonal and spherical col-
onies, compared with fusiform (Fig.
3E-J,L). A large proportion of nestin—/
S100B+ cells appeared to be produced at
the periphery of all colony subtypes (Fig.
3E-G). In comparison, cells radiating out
from some spherical colony cores consist of
nestin+ lineage-negative cells with radial
glia-like morphology that are phenotypi-
cally and antigenically distinct from the un-
derlying S100B8+ cells that are larger and
resemble OECs (Fig. 3G). BIII NST is first
detected in nestin+ precursors, in which it
can be distributed equally or asymmetri-
cally, to daughter cells (Fig. 3K). Typically,
NST+ neuronal cell bodies cluster at the
edges of colony cores, with extensive pro-
cesses that surround and penetrate the col-
ony (Fig. 3H-]). Fusiform colonies contain
two to three times more nestin-expressing
cells and the highest percentage of NST+
cells, compared with spherical or polygonal
cores (Fig. 3L). Concomitant with this,
when we tested for the presence of Mash1-
expressing cells, they were most frequently
associated with fusiform colonies (80.8 =+
5%; three experiments, 77 total colonies

counted) and spherical colonies (70.3 % 3.8%; n = 3, 159 total
colonies assayed) at a higher frequency than polygonal colonies.
These data indicate the highest percentage of proliferating, nes-
tin+ cells and neurons in neurogenic fusiform colony cores,
compared with spherical (neuro/gliogenic, radial gliogenic) or

polygonal (mostly gliogenic) colonies.
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Figure3. Cellsin E13.5 OE colony cores and their progeny express neuronal, glial, and radial glial antigens. A-C, Fusiform,
polygonal, and spherical colony cores contain cells expressing BLBP (green) and/or S1003 (red). D, BLBP and S1003 are
asymmetrically expressed in dividing (arrowheads) and nondividing (arrow) spherical colony progeny cells. E-J, Nestin (green)
is expressed in the cores of each colony subtype, and S1003 (red) expressing cells (E-G) are outside colony cores and clustered
at their edges (E, F, insets). G, Nestin+ cells with radial glia-like morphology (arrowhead) radiate out from a spherical colony,
and are distinct from either nestin+/51003+ (asterisk) or nestin—/51008+ (arrow) cells with glial morphology. Dividing
cells segregate nestin and 100 3 toindividual daughter cells (G, inset). H—J, NST+ (red) nestin-negative neurons (arrowheads)
areatop nestin+ cellsfoundin all colony subtype cores. K, A dividing colony progeny cell coexpresses nestin and perinuclear NST
(arrowhead), which can be distributed to individual daughter cells after division (arrow). L, The percentage of nestin, BLBP,
$10013, or NST-positive cells in cores of individual colony subtypes cultured in EGF plus FGF for 10 DIV. There are significantly
morenestin+ cellsin fusiform colony cores compared with spherical or polygonal cores, and significantly more in spherical cores
than polygonal cores (**p << 0.001, *p << 0.01;n = 3, average of 33 colonies tested per antigen). Error bars indicate SEM. The
blue nuclear stain is DAPI. The dotted line indicates the edge of colony core. Scale bars: (in ) A, (~E, G, H, J, K, insets, 25 um;
(in B) B, 1,50 um; F, 100 um.

A subpopulation of nestin-expressing RGLPs are

ORN precursors

To test whether nestin+ progenitors demonstrate neurogenic
potential in vivo, we crossed Nestin-cre transgenic mice, in which
Cre recombinase is under the control of the “CNS-specific” reg-
ulatory elements of the 5.8 kb rat nestin promoter and 1.8 kb
second intron enhancer (Zimmerman et al., 1994), with a ZEG
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Table 1. Distribution of O E13.5 colony subtypes with FGF or EGF

Colony subtype
GF Spherical (%) Fusiform (%) Polygonal (%)
FGF 52+6 25+5 3+2
EGF 4+ g 16+2 40 + 4*

Values are means = SEM. E13.5 colony subtypes were assessed after 10 d in vitro in serum-free cultures with basic
FGF or EGF. In EGF, spherical and polygonal colonies are significantly greater than fusiform.

*p <0.001; n = 5- 6 independent experiments.

(LacZ/enhanced GFP) reporter line (Novak et al., 2000). ZEG
mice express [-galactosidase until Cre excision removes
B-galactosidase and a STOP transcription signal, allowing for
GFP expression in Cre-expressing cells and their progeny. To
ensure that ORNSs faithfully drive (and not silence) the ZEG
transgene in a temporal or zonal manner, we generated OMP-cre
transgenic mice, in which Cre expression is driven by regulatory
sequences controlling mature ORN-specific expression of the
OMP gene (Danciger et al., 1989). When OMP-cre mice were
crossed with ZEG reporters, Cre expression was only detected in
the mature ORN layer of the OE at both P14 (data not shown)
and adult OF (Fig. 4 A-C), but the level of expression was highly
variable (Fig. 4 B), where Cre was only detected in a subpopula-
tion of OMP+ ORN:Ss at any given time (Fig. 4C). However, ex-
cision by Cre had clearly occurred, resulting in GFP expression
coincident with OMP expression in mature ORNs and vomero-
nasal receptor neurons (VNRNs), and throughout their axon
bundles (Fig. 4D, E) (data not shown).

In contrast, in Nestin-cre/ZEG mouse crosses at P14 and adult,
only a subpopulation of mature OMP+ ORNs expressed GFP in
a spatially restricted pattern. GFP was markedly absent from
many OE zones (Fig. 4F), despite widespread expression in the
CNS (Fig. 4)). Serial reconstruction of adult Nestin-cre/ZEG OE
revealed GFP+ ORNs are mostly restricted to the OE zone most
commonly referred to as zone 1, the most dorsal-medial zone
(Ressler et al., 1993) (Fig. 5B), which also contained some GFP+/
OMP~— cells in the adult basal progenitor and immature ORN
layers (Fig. 4G). GFP was occasionally detected in a subpopula-
tion of immature ORNs, which coexpressed NST (Fig. 4H,I).
GFP expression was not detected in sustentacular cells or hori-
zontal basal cells of the OE, or OECs or Bowman’s glands of the
lamina propria of Nestin-cre/ZEG mice (Fig. 4F-I) (data not
shown). GFP expression was also more readily detected in a dis-
tinct subset of OMP+ and NST+ neurons of the vomeronasal
organ (VNO), restricted to zones consistent with the nGi/V1R
VNO subregion (Fig. 4K,L). This OE and VNO GFP expression
pattern was consistent when C57BL/6 Nestin-cre mice were
crossed with ZEG reporters from either C57BL/6 or CD-1 strains.

To confirm the regional restriction of GFP expressing cells in
the Nestin-cre/ZEG mice, we tested for coexpression with OCAM,
a cell adhesion protein found throughout the OE, but excluded
from zone 1 (Yoshihara et al., 1997). GFP+ ORNs in the dorsal-
medial OE were devoid of OCAM expression (Fig. 5A, B), a pat-
tern that was consistent in crosses of this Nestin-cre line with an
alternative reporter line, Gt(ROSA )26Sor'™ EYFPICOs (Grinivas et
al., 2001), that expresses yellow fluorescent protein (YFP) from
the Rosa26 locus (Fig. 5C,D). These data also clearly demonstrate
a zonal segregation of axons within axon bundles of the OE, in
which some axon bundles appear to derive exclusively from zone
1 (Fig. 5C), whereas others at the interface are mixed, with mes-
axon groups of OCAM+/GFP — axons distinct from each other.
We also crossed an independently derived Nestin-cre line in a
FVB/N strain background that used identical nestin regulatory
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elements (Berube et al., 2005) with a Rosa26 line, and obtained
reporter expression in a subpopulation of ORNs within zone 1
(Fig. 5E, F). Together, these results demonstrate that cells that
can activate nestin transgene expression show a consistent and
restricted pattern of ORN-specific expression in only the dorsal-
medial OE that is not attributable to differences in transgene
integration site, copy number, mouse line, or strain. To ensure
that the ZEG transgene was not silenced in some immature olfac-
tory receptor neurons, or in specific OF zones, B-galactosidase
histochemical staining of Nestin-cre/ZEG mice detected LacZ in
cells of all ORN developmental stages, in basal cells, sustentacular
cells, and Bowman’s glands cells, in all regions devoid of olfactory
receptor neuron GFP expression (supplemental Fig. S3, available
at www.jneurosci.org as supplemental material). In addition,
OMP-cre/ZEG mice showed little LacZ staining in mature ORNs,
in which B-galactosidase excision had occurred, whereas susten-
tacular, basal, and Bowman’s gland cells remained LacZ+ (sup-
plemental Fig. S3, available at www.jneurosci.org as supplemen-
tal material).

These results indicate that, at E13.5, the OE contains regions
(like zone 1) that are induced, committed, and highly neuro-
genic, but also contains other GFP — regions that are also highly
neurogenic, and with some regions still containing multipotent
progenitors that have yet to be committed. To test this, we next
plated OE cells from E13.5 Nestin-cre/ZEG mice at clonal density,
to test whether embryonic progenitors in vitro demonstrate a
similar pattern of neurogenic potential to that observed in vivo
(Fig. 6). Because of the low level of expression of endogenous
GFP in some cells, we used anti-GFP immunodetection to en-
hance GFP detection. After 10 d in vitro, 56% of all colonies
derived from Nestin-cre/ZEG mice contained GFP+ cells (Fig.
6A,B,E,F,L). All fusiform colonies were neurogenic, and all
GFP+ colonies contained NST+/GFP+ cells (Fig. 6 E-G).
Within the GFP+ colonies, ~90% of the cells expressed detect-
able levels of GFP (Fig. 6 A, B, E,F), and occasional cells that ap-
peared to be GFP— (or low) tended to be situated at the colony
core. GFP+ colonies were predominantly neurogenic fusiform,
containing a robust population of GFP+/nestin+ or GFP+/
NST+ cells (Fig. 6 A—H,L). Twenty-nine percent of GFP-negative
colonies were also fusiform and contained nestin+/GFP— bipo-
lar RGLPs (Fig. 6 I-L), but the predominant GFP-negative colony
phenotype (48%), presumably from progenitors situated outside
zone 1, was the more multipotent spherical (Fig. 6L).

These in vitro/vivo results collectively suggest that, as early as
E13.5, a subset of committed neurogenic progenitors is predes-
tined to generate subsets of GFP+ ORNs, with other progenitors
destined to seed other GFP-negative OE regions. They also indi-
cate that the subpopulation of nestin-expressing neurogenic
RGLPs that drive the second intron enhancer elements of the
Nestin-cre transgene, give rise to zonally restricted ORNs and
VNRNSs, and are highly represented when assayed in vitro at
E13.5. Despite the clear contribution of E13.5 OE progenitors to
the production of GFP+ neurons in vitro, the OE of Nestin-cre/
ZEG crosses at E13.5 was negative for GFP (Fig. 7A,B), with
GFP+ cells first detectable at E15.5 (Fig. 7C—E). To test whether
transgene-expressing precursors were present, but that GFP was
not detectable because of a lag between the time taken to activate
Cre and drive excision to produce GFP to a detectable level, we
next used the identical nestin regulatory elements to directly drive
GFP expression, and tested for coexpression and distribution of
nestin+/GFP+ cells (Mignone et al., 2004). In the Nestin-GFP
mice, GFP was detected throughout the E13.5 CNS, as previously
shown (Fig. 7F) (data not shown), but was restricted to the
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OMP-cre / ZEG

Figure 4.  Nestin-Cre/ZEG lineage tracing reveals zonally restricted production of olfactory and vomeronasal receptor neu-
rons. A—E, In adult OMP-cre/ZEG mice, Cre transgene expression (red) is detected in the neuronal layer throughout the OE. Cre is
expressed at variable levels (B) in a subpopulation of OMP+ (green) ORNs (C). D, E, Throughout the OE, GFP reporter expression
overlaps with OMP+ ORNSs. F-L, Nestin-cre/ZEG mice express GFP (green) (F) in a subpopulation of ORNSs in restricted zones.
Most GFP+ ORNs coexpress OMP (red) (F, G), and a smaller subpopulation coexpress NST (red) (H, 1).J, At P14, endogenous GFP

dorsal-medial OE, in which it was found in
a subpopulation of nestin-expressing cells,
although endogenous nestin protein was
evident throughout the rest of the embry-
onic OE (Fig. 7F-I). Because GFP is broken
down inefficiently in neurons (see GEN-
SAT) (Maskos et al., 2002; Gong et al,
2003), its retention allows us to test whether
GFP+ cells that are the progeny of
transgene-expressing precursors, also ex-
press markers characteristic of different
ORN developmental stages. In the Nestin-
GFP E13.5 OE, GFP was also found in di-
viding apical cells (Fig. 7J-L), a subpopula-
tion of Mash1+ neuronal progenitors with
elongated nuclei of a migratory phenotype
(Fig. 7M,N), and ORNs in the dorsal-
medial region. These data indicate that only
a subpopulation of nestin-expressing cells
activate the regulatory elements of this nes-
tin transgene in the OE, and generate at
least some GFP+ ORNs via Mashl-
expressing intermediate precursors.

Discussion

The identity and spatiotemporal regulation
of embryonic OE progenitors at different
ages is not well understood. Here, our
search for a unique embryonic OE progen-
itor has revealed a distinct nestin+/lin-
eage— precursor that shares antigenic and
morphologic characteristics with, but is
molecularly distinct from, multipotent
CNS radial glia. Nestin-cre-mediated lin-
eage analysis demonstrates only a subset of
nestin-expressing precursors of embryonic
OE and VNO drive nestin transgene expres-
sion to produce ORNs and VNRNSs in a
zonally restricted pattern, whose neuronal
restriction is recapitulated in colonies de-
rived from E13.5 OE. These data suggest
common conserved regulatory mecha-
nisms of neurogenesis between different
chemosensory neuron progenitors.

In the embryonic OE, there are distinct
apical and basal subsets of progenitors that
become progressively restricted to only the
basal OE in the adult (Smart, 1971; Mur-
doch and Roskams, 2007) (Fig. 1). The en-
richment of progenitors undergoing cyto-
kinesis at the apical embryonic OE is highly
reminiscent of the early embryonic cortex,
in which apical OE corresponds to the ven-
tricular zone and the basal OE to the corti-

<«

is detected in the OB, OF, and OMP (red) (K) and NST (red) (L) in
neuronal subpopulations in the VNO. The dotted line indicates
the basal lamina. Asterisks indicate ORNs that do not express
GFP. Sus, Sustentacular cells; Sep, septum; Ax, axon bundles;
BC, basal cells. The asterisks indicate dorsal recess. Scale bars:
(inA,F)A,Dand F, H, respectively, 100 wm; (inB) B, C, K, L, 50
wm; (in E) E, G, 1,50 em; J, 50 pem.



Murdoch and Roskams e Novel Embryonic Chemosensory Neuron Progenitors

Nestin-cre / ZEG Nesti__r)_—qre / Rosa YFP

Figure 5.

cal plate (Gotz et al., 2005). Embryonic OE progenitors at differ-
ent mitotic stages could thus be regulated by local cues, in which
mesenchymally derived neural inducers could stimulate mitosis
or differentiation in basal, but not apical, progenitors (LaMantia
et al., 2000), which are more likely to respond to signals within
the apical OE. This highly conserved morphological organization
of progenitors lead us to test whether any molecular similarities
exist between the embryonic ventricular zone and OE. We found
nestin was expressed by a previously unidentified population of
mitotic, lineage-negative, epithelium-spanning embryonic OE
cells that display many of the morphological and antigenic char-
acteristics of CNS radial glia, including coexpression of RC2 and
GLAST. We refer to these as RGLPs. A small population of RGLPs
remain by P5, but are undetectable in the adult OE (Fig. 1).

Although nestin is clearly expressed by CNS progenitors, its
reported expression in the OE [in the endfeet of adult rat susten-
tacular cells in vivo, purified lamina propria-derived OECs, basal
cell lines, and OE-derived neurospheres in vitro (Doyle et al.,
2001; Au and Roskams, 2003; Zhang et al., 2004)] has varied
depending on animal model (rat, mouse), age, or approach used,
and when considered alone, is insufficient to indicate a
progenitor-like activity. In contrast to the CNS, the neurogenic
radial glial protein, BLBP, is expressed only by cells in the OEC
lineage that ensheathe the axons of ORNs (Fig. 1) (Murdoch and
Roskams, 2007). BLBP expression could be induced by Notch 1
activation (in OEC gliogenic precursors) (Carson et al., 2006),
and maintained in axon-ensheathing OECs, a hypothesis sup-
ported by lineage tracing in BLBP-cre/Rosa26 crosses (Anthony
et al., 2004; Murdoch and Roskams, 2007).

Nestin is also the earliest detectable antigen in adherent cells

*Nestin-cre / R26R
OCAM _ B-galactosidase

Nestin regulatory elements direct reporter expression to a subpopulation of cells in the 0CAM-negative dorsal-
medial zone. A, Nestin-cre/ZEG and Nestin-cre/Rosa YFP (C, D) mice express GFP/YFP (green) in the dorsal-medial OE, zone 1
(zones 1-4indicated in B), devoid of 0CAM expression (red) (4, €, D). C’, Inset, ORN axons segregate to form axon bundles (Ax)
that are mostly either 0CAM+ (arrows) or YFP+ (arrowheads), or OCAM+/YFP+. E, F, Identical patterns of reporter expres-
sion (3-galactosidase; blue), in a subpopulation of zone 1 neurons, are seen in an independently derived Nestin-cre line when
crossed with a Rosa26R reporter mouse. Sep, Septum. The asterisks indicate dorsal recess. The dotted lines indicate zone 1 (4),
zones 1- 4 (B), and basal lamina (D, F). Scale bars: 4, 200 wm; C, E, 50 wm; (in D) D, F, 50 wm.
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forming colonies from E13.5 OE, in which
the majority of actively cycling cells after
10 d are bipolar nestin-expressing cells sim-
ilar to the RGLPs found in vivo (Fig. 2), and
may represent the earliest OE progenitor
identified to date. Embryonic OE yields
three distinct colonies of a three-
dimensional (semiadherent) phenotype.
Colony heterogeneity, coupled with dis-
tinct morphological and antigen expression
profiles of progeny after 10 DIV (Figs. 2, 3),
suggests each colony subtype is likely
formed by progenitors at different stages of
induction or commitment. All colonies
contain mitotic nestin+ cells, in which nes-
tin+ cells at a distance from the colony core
assume a more differentiated glial (BLBP or
S100B-expressing) phenotype. Fusiform
colonies contain the highest percentage of
mitotic bipolar PCNA+, nestin+ cells,
NST+ neurons, and Mash1+ mitotic cells
(data not shown). That fusiform colony and
NST+ ORN production is specifically en-
hanced by FGF (Table 1), a known regula-
tor of neurogenesis in both the CNS
(Vescovi et al., 1993) and OE (Calof et al.,
1998), suggests that fusiform colonies con-
tain the highest proportion of transit ampli-
fying neurogenic precursors. Polygonal col-
onies preferentially respond to EGF, which
specifically enhances gliogenesis develop-
mentally (Kuhn et al., 1997; Qian et al,
2000) (Table 1), and contain a high propor-
tion of BLBP+/S100B8— expressing cells, in close proximity to
expansive populations of S1008+ OEC-like cells (Au and
Roskams, 2003; Carson et al., 2006). Polygonal colonies are thus
more likely founded by progenitors committed to (or default
toward) gliogenesis. Finally, bipotential spherical colonies ex-
pand in response to EGF and FGF together (Table 1), in which
FGF specifically enhances the production of radially arrayed bi-
polar nestin+ RGLPs. Spherical colonies contain a high percent-
age of nestin+ mitotic cells, with NST+ neurons and blast-like
cells of both neuronal and glial lineages loosely attached to the
surface of the surrounding adherent cell layer (Figs. 2, 3). Given
that spherical colonies are also mostly absent from P5 cultures,
they may be formed by a population of more primitive embry-
onic multipotent progenitors that do not persist into the adult.
Are the nestin+ RGLPs detected in vivo, and enriched in mul-
tipotent colonies in vitro, the multipotent progenitors of the em-
bryonic OFE? If so, then Nestin-cre/ZEG lineage tracing should
reveal this. Instead, Nestin-cre-expressing cells produce only
ORN s regionally restricted to the OCAM-negative region classi-
cally defined as zone 1 (Ressler et al., 1993), in addition to the
VRI region of the VNO (Figs. 4, 5). This OCAM-negative Nestin
transgene-expressing zone also corresponds to the dorsomedial
D-zone (Oka et al., 2003; Iwema et al., 2004; Miyamichi et al.,
2005; Kobayakawa et al., 2007). Although ZEG transgene silenc-
ing in other OE zones could account for this restriction, it is
unlikely, because many ORNs outside zone 1 continue to express
LacZ, and OMP-cre/ZEG mice demonstrate Cre-mediated exci-
sion in mature ORNs in all OE zones. Also, despite the expression
of endogenous nestin in RGLPs throughout the OF (from as early
as E10), the use of additional reporters and alternative Nestin-cre
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mice lines in a different strains consistently
demonstrate nestin transgene-activating
cells are restricted to the same discrete
zones of the OE and VNO (Figs. 5, 7). In
each of these lines, we also reveal that ORN
axon targeting may have a spatiotemporal
component that parallels the time course of
induction, in which axons derived from
GFP+ ORNSs are bundled together in dis-
crete mesaxons groups. The majority of
axon bundles associated with zone 1 are
composed entirely of GFP+ mesaxons,
and, at the margins between zones, large
axon bundles contain discrete mesaxons
compartments containing axons of either
GFP+ or OCAM +, but rarely both (Fig. 5).

Although GFP is easily detected
throughout the CNS of E13.5 Nestin-cre/
ZEG mice, the earliest time we detected OE
GFP reporter expression was E15.5 (Fig. 7).
This could be attributable to a lag time be-
tween transgene activation and Cre-
mediated excision, followed by sufficient
time for GFP accumulation (Miyoshi and
Fishell, 2006). In support of this, progenitor
assays (Fig. 6) indicate that the E13.5 OE of
Nestin-cre/ZEG mice is highly enriched in
progenitors that produce colonies contain-
ing GFP+/nestin+ progenitors and
GFP+/NST+ neurons. Some neurogenic
colonies from E13.5 OE were devoid of
GFP+ cells and likely represent colonies

derived from progenitors in the rest of the Figureé.
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% GFP+ colony cores

littermate 0% (0/117)
NCZ++ 56% (82/147)

colony distribution
GFP+ GFP negative
fusiform 61% (50/82) 29% (19/65)

spherical 21% (17/82) 48% (31/65)
polygonal 18% (15/82) 23% (15/65)

E13.5 colonies from Nestin-cre/ZEG OE contain predominantly neuronal, GFP-expressing progeny. After 10 d in vitro

GFP-negative OE in vivo (Fig. 7). That some
multipotent spherical colonies derived
from E13.5 OE of Nestin-cre/ZEG mice also
produce a subpopulation of GFP+ neurons
(in addition to GFP-negative non-neuronal
cells) suggests that spherical colonies are
formed by a more hierarchical progenitor,

with FGF, dissociated E13.5 OE cells from Nestin-cre/ZEG (NCZ+ +) mice produced primarily fusiform colonies with cells coex-
pressing Nestin (red) (4, D) and GFP (green; detected with monoclonal anti-GFP) (4, B). E, F, Most cells in fusiform GFP+ colony
cores express GFP (green; detected with a polyclonal anti-GFP) and some coexpress BIII NST (red; arrowhead) (E, G), with cells
negative for either antigen indicated by DAPI-stained (blue) nuclei (E, H). GFP-negative colony cores from N(Z+ + O (I-K) do
notexpress GFP (1,J), but do express Nestin (1, K). L, Only NCZ+ —+ colony cores, and not littermate negative controls, contained
GFP+ cells. The majority of GFP + colonies initiated be E13.5 progenitors were neurogenic fusiform, whereas the GFP-negative
colonies contained a higher proportion of multipotent spherical colonies; n = 3—4, 117 and 147 total colonies for littermates
and NC(Z+ +, respectively. Scale bar: (in €) A-K, 50 pm.

and that even in more multipotent progen-
itors, this nestin transgene is committed to
be driven only in a subpopulation of neuronal precursors. The
parallels between in vivo and in vitro data support a model of
spatiotemporal induction of different OE regions, in which non-
transgene expressing colonies (Fig. 6) represent progenitors that
are already induced to form other zones, or have yet to be
induced.

Although it is also possible that these nestin regulatory ele-
ments are misexpressed by a subpopulation of developing ORNs,
when we use the same elements to directly drive GFP, transgene-
activating GFP+ cells at E13.5 are already segregated to the dor-
somedial OE, some of which are mitotic, and coexpress either
nestin or Mash1. This indicates that the identity of the zones that
produce GFP+ ORNs/VNRNs (Figs. 4, 5) is induced before
E13.5 (Fig. 7) and is distinct from the rest of the OE in terms of
committed, colony-forming progenitors (Fig. 6). Although the
Nestin second intron enhancer is required for CNS-specific ex-
pression, it is not sufficient for full expression in all nestin-
expressing CNS or PNS progenitors (Zimmerman et al., 1994;
Yaworsky and Kappen, 1999; Johansson et al., 2002; Mignone et
al., 2004) and it can be differentially regulated in the CNS by class
III POU domain-containing proteins (Brn 1, 2, 4) (Josephson et

al., 1998). Here, the restricted activation of this nestin transgene
to neuronal precursors in restricted OE/VNO zones suggests that
regional subpopulations of nestin-expressing embryonic ORN/
VNRN precursors may use different transcriptional mechanisms
to regulate nestin expression (and expression of other zonally
restricted proteins, like chemosensory receptors) in different spa-
tiotemporal windows. One of these may be the POU domain
transcription factor Brn-2, which is highly induced in a restricted
manner in the dorsomedial OE from E12.5 to E14.5 (Hagino-
Yamagishi etal., 1998), and may contribute to the transcriptional
activation of nestin intron 2 enhancer in subpopulations of pre-
cursors in the OE and the VNO.

Here, we identify a unique chemosensory progenitor, nestin-
expressing RGLPs, that may represent one of the earliest olfacto-
ry/vomeronasal progenitors identified to date. Progenitors rep-
resenting different stages of neuronal or glial commitment in the
embryonic OE also form self-organizing colonies in vitro in a
novel assay that appears to recapitulate the spatiotemporal devel-
opmental patterning seen in vivo. A combination of transgenic
mouse crosses using the same Nestin enhancer elements reveal
strain-independent distinct spatial and temporal molecular vari-



Murdoch and Roskams e Novel Embryonic Chemosensory Neuron Progenitors

Nestin-cre / ZEG

Figure7. Regional restriction of GFP+ reporter cellsin both embryonic Nestin-cre/ZEG mice and Nestin-GFP transgenic mice.
A, InE13.5 Nestin-cre/ZEG mice, GFP (green) is readily detected in the CNS 0B, but not the OE, in which NST (red) (4, B) is highly
expressed in olfactory receptor neuron axons. G, First detected at E15.5 in the dorsal-medial O and separate from emerging
regions of OCAM expression (indicated by arrowheads), are the progeny of Nestin transgene-activation, GFP+ cells. D, GFP+
cells either coexpress NST (asterisk), or are NST negative, both above (arrow) and below (arrowhead) the NST+ ORNS. E, Rare
GFP+ cells, close to the basal lamina, coexpress nestin (red; arrowhead; inset, nestin alone). F, E13.5 Nestin-GFP embryos highly
express Nestin transgene-activated GFP that is restricted to a subpopulation of cells in the dorsal-medial OE, despite endogenous
Nestin expression throughout the OE. GFP can be detected in a subpopulation of Nestin+ cells and cell processes spanning the
OE (thick and thin arrowheads, respectively) (G-/), surrounding cells undergoing cytokinesis at the apical OE (arrowheads)
(J=L), and in neuronal precursors expressing Mash1 (arrowheads) (M, N). A-D show anti-GFP immunofluorescence, and E-N
show endogenous GFP fluorescence. Ax, Axon bundles; double asterisks indicate dorsal recess. The boxes show regions for higher
magpnification. The dotted lines indicate basal lamina. Scale bars: (in 4, C, F, M) A, (, F, M, N, 50 .m; (in B, D, G) B, D, E, G-L, 25
m.
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