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ABSTRACT
The olfactory sensory neurons (OSNs) of the olfactory epithelium (OE) are under
constant stress from environmental insults, yet despite damage to and death of these OSNs, the
OE maintains ability to detect and transmit odorant stimuli. Globose basal cells and horizontal
basal cells (GBCs and HBCs)– OE stem and progenitors– are responsible for this functional
maintenance, which involves regeneration of OSNs and other cell types as needed. We have
taken three approaches to understand how GBCs and HBCs accomplish this: (1) global
expression profiling, (2) in vitro analysis and transplantation of olfactory neurospheres, and (3)
characterization of Ascl1 mutant mice displaying widespread neurogenic failure.
Expression profiling of upstream Sox2(+) GBCs, Neurog1(+) GBCs, and OSNs has
revealed a common expression signature, as well as a separate cohort of genes enriched in the
classes of GBCs isolated. The expression of LSD1 and coREST, two proteins enriched in GBCs
and associated with chromatin modification, suggests a role for these proteins in progenitors of
normal and lesion-recovering OE. Expression profiles also reveal a cohort of odorant receptors
showing maximal expression in progenitors, suggesting that a number of these odorant receptors
may be previously unidentified non-functional receptors.
In vitro analysis of neonatal olfactory neurospheres (ONS) indicates that maintaining 3-D
architecture is crucial for the ability of ONS-derived cells to engraft into lesion-recovering host
epithelium. ONS also permits modeling of epithelial-stromal interactions. Conditioned media
from activated, stroma-derived cells influence the cellular composition of ONS. These
influences are also reflected in post-transplantation outcome of ONS-derived cells cultured in
stromal-derived factors.
Examination of the developing OE on a background of neurogenic failure in Ascl1
knockout mice reveals striking interrelationships between progenitor cells. The phenotypes and
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emergence of GBCs and HBCs are dramatically altered. Appearance of HBCs is delayed, while
Notch1-expressing GBCs and cKit-expressing GBCs are undetectable in regions of neurondepleted OE.
The findings described in this dissertation highlight the coordinately regulated genes in
progenitors and neurons, describe factors that influence the in vitro composition and engraftment
capacity of neurogenic progenitors, and reinforce the interactions of these progenitors and the
altered cellular phenotypes resulting from failure of neurogenesis.
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Chapter I

The olfactory epithelium as a model system for stem and
progenitor cells
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Introduction
Two remarkable feats of biology are the successful development of multicellular
organisms and the ability of those organisms to survive in a complex environment. Crucial to
accomplishing these, for animals in particular, is the ability to generate sufficient complexity of
different tissues during embryogenesis, for these tissues to be of benefit to that organism, and the
ability to maintain these tissues in a useful and functional state throughout the lifetime of the
organism.
The olfactory epithelium (OE) is an accessible and dynamic system that allows us to
study both of these feats. The OE is established during embryogenesis as a pseudostratified
columnar epithelium comprised of multiple cell types principal among these cells are neurons
responsible for transmitting odorant stimuli from the outside world to the central nervous system.
Proper establishment of the OE is also critically important for survival, as it is required for
mammalian offspring to locate the mother’s nipple for suckling (Farbman, 1992). Maintenance
of a functioning OE remains important throughout life-in order to find food, avoid noxious
stimuli and communicate threats (Farbman, 1992). This system is established by stem and
progenitor cells in development and then maintained throughout life by populations of adult stem
and progenitor cells with analogous capacity for proliferation and differentiation (Chen et al.,
2004; Cuschieri and Bannister, 1975b; Graziadei and Graziadei, 1979a; Leung et al., 2007). As
such, this epithelium was initially examined anatomically to understand the components, and
subsequently dissected molecularly and functionally to provide insight into its neurogenic
capacity.
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Anatomy and Function of the Olfactory Epithelium
The olfactory epithelium is the principal peripheral sensory tissue responsible for the
sense of smell. In adult mammals, the olfactory epithelium is located in the posterior-dorsal
region of the nasal cavity (Figure 1). It varies in relative surface area for different organisms,
presumably due to evolutionary pressure related to the importance of olfaction for the survival of
different species (Farbman, 1992). The olfactory epithelium (OE) extends over part of the nasal
septum in the midline and parts of the nasal turbinates (or conchae) bilaterally. This complex
architecture of underlying bone structure creates complex airflow patterns that aid in the delivery
of various odorant stimuli throughout the extent of the olfactory epithelium and also serve to
warm air as it flows into the respiratory system (Farbman, 1992; Zhao et al., 2006). Odorant
stimuli are detected by the principal cell type of the OE, the olfactory sensory neurons (OSNs).
OSNs convey the detection of odorant stimuli via their axons to the olfactory bulb, the central
nervous system structure situated as paired bilateral structures on the cranial side of the cribiform
plate (Figure 1). In the olfactory bulb (OB), the axons of OSNs synapse with dendrites of
mitral/tufted cells in structures called glomeruli. The glomeruli, which number on the order of
1,800 in mice, are between 50-120 µm in diameter and further process, integrate, and convey
odor information via mitral cell axons (Royet et al., 1998; Zou et al., 2009). These axons
fasciculate to form the olfactory tract and transmit information to higher order cortical regions,
such as piriform cortex, which is involved in higher order olfactory processing (Farbman, 1992;
Wilson, 2001; Zou et al., 2009).
The OE contains a number of cell types in addition to the OSNs, which are important for
the maintenance, function, and regeneration of this tissue. Five main cell types make up the vast
majority of cells in the OE and will be dealt with in turn: OSNs (both mature and immature),
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sustentacular cells, Bowman’s duct cells, globose basal cells, and horizontal basal cells (Figure
1). In addition to these epithelial cells, there are a variety of cells found in the lamina propria of
the olfactory mucosa including olfactory ensheathing cells (OECs), tissue macrophages, gland
cells (associated with Bowman’s duct cells of the epithelium), capillary endothelial cells, and
other mesenchymal cells.

Olfactory sensory neurons: As mentioned above, olfactory sensory neurons (OSNs) are the
majority cell population found in the OE. They form a thick layer, with their visible nuclei in the
middle of the epithelium. Each neuron elaborates a single apical dendrite at the surface of the
epithelium with an olfactory knob from which about 5-20 cilia splay out into the overlying
mucous layer to detect odorant compounds (Schwob et al., 1992). Odorants are detected by
seven transmembrane-type receptors expressed by OSNs and concentrated at the cilia. A single
OR is expressed, in monoallelic fashion, from the repertoire of over 1,000 mouse odorant
receptor genes (Buck and Axel, 1991; Strotmann et al., 2000; Vassar et al., 1994). The
hypothesis that each OSN expresses one and only one olfactory receptor (OR) and the proposed
mechanisms by which this is accomplished and maintained will be addressed in more detail
below. Examination of the patterns and distribution of ORs have shown that OSNs expressing
the same OR are found in stereotyped patterns that appear to be organized into graded,
concentric domains that overlap with the domains of adjacent ORs and radiate outward from the
cribiform plate (Figure 2) (Iwema et al., 2004; Miyamichi et al., 2005). Axons of developing
OSNs fasciculate with axons of other OSNs expressing the same OR, and these ORs play an
instructive role in the targeting of axons to the bulb (Mombaerts et al., 1996). This fasciculation
and targeting is accomplished by the mosaic and combinatorial expression of numerous axon

4

guidance cues (including Neuropilin-2, Semaphorin-3F, kirrels, ephrins, Robo2, Slit1, and BIG2/contactin-4) as axons travel caudally towards the bulb (Kaneko-Goto et al., 2008; Serizawa et
al., 2006; Takeuchi et al., 2010). This sorting process, which has been shown to utilize gradients
and combinatorial expression of the factors listed above as well as instructive cues from ORs,
contributes to the finely and specifically distributed pattern of the olfactotopic map of glomeruli
in the olfactory bulb. Axons from OSNs expressing the same OR converge on one or two
specific glomeruli per olfactory bulb (Ressler et al., 1994; Strotmann et al., 2000; Vassar et al.,
1994).
The neuronal compartment of the OE can be divided into two very distinct populations,
the mature OSNs introduced above and a population of immature neurons. With respect to
immunohistochemical identification in the OE, mature OSNs express a number of proteins that
are highly specific to these cells. Olfactory marker protein (OMP) is the canonical antigen that
labels mature OSNs (Farbman and Margolis, 1980; Monti-Graziadei et al., 1977). Mature OSNs
also express a high level of a single odorant receptor (OR) per cell. These ORs are G-protein
coupled receptors, therefore signal transduction proteins associated with these receptors are also
present in OSNs including Golf (a GTP-binding protein alpha subunit) and a specialized adenylyl
cyclase (ACIII) (Bakalyar and Reed, 1990; Jones and Reed, 1989). Immature neurons lie just
basal to the mature OSNs and can be distinguished from their mature counterparts by the lack of
a fully elaborated dendrite. They express high levels of GAP43, NCAM, and neurotubulin
(a.k.a. neuron specific tubulin, identified by labeling with the TuJ1 antibody) (Calof and
Chikaraishi, 1989; Roskams et al., 1998; Verhaagen et al., 1989). These immature neurons are
negative for OMP and tend not to have detectable OR expression, although a minority of
immature neurons have been shown to express an OR, especially after the induction of
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persistently elevated neurogenesis in response to removal of the olfactory bulb (Iwema and
Schwob, 2003).

Sustentacular cells: At the apex of the OE, a layer of nuclei corresponding to sustentacular (sus)
cells is seen. They are a supporting cell type and sometimes called the glial cells of the OE
(Weiler and Farbman, 1998). Sus cells form tight junctions at their apical surface, allowing
dendrites from OSNs to pass through, but otherwise serving as a protective permeability barrier
from the outside environment and as electrical insulation preventing cross excitation of adjacent
OSNs. Sus cells span the height of the OE by sending foot processes downward to the basal
lamina, the primary target for attachment of these structures. The foot processes, containing
abundant keratin filaments, add structural support to the OE (Weiler and Farbman, 1998). Sus
cells have a microvillar brush border at their apical surface (Cuschieri and Bannister, 1975a). As
part of their protective function, sus cells aid in the secretion of mucous onto the surface of the
OE, and express high levels of cytochrome P450 enzymes, which are able to metabolize various
toxins (Chen et al., 1992; Dahl et al., 1982; Getchell et al., 1984). Sus cells also serve an
important phagocytic function by clearing dead or dying OSNs after acute or chronic injury
(Suzuki et al., 1996). In addition to their distinct morphology and placement in the OE, sus cells
can be identified by the expression of cytokeratin-8 and -18, Steel factor (also called Kit Ligand
or SCF), and labeling with the monoclonal antibody SUS-4 (Goldstein and Schwob, 1996; Guo
et al., 2010; Murray et al., 2003). Sus cells express the transcription factors Hes1, Sox2, Pax6
(Cau et al., 2002; Cau et al., 1997; Guo et al., 2010; Manglapus et al., 2004).
Related in morphology, but distinct from sus cells based on antigenic profile and
intracellular structures, are a population of microvillar cells. The microvillar cells do not have
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the extensive smooth endoplasmic reticular network that is apparent in sus cells, and they
express an antigen detected by the 1A-6 antibody, which is not found in sus cells (Carr et al.,
1991; Schwob, 2002). Recent data suggest that they may also express the transcription factor
Sox9, which distinguishes them from sus cells (Packard, 2010).

Bowman’s duct and gland cells: These cells are responsible for secreting much of the mucous
layer of the olfactory epithelium which is thought to have two primary functions: serve as
protection and help solubilize odorants that arrive in the nasal cavity (Getchell and Getchell,
1992). The Bowman’s ducts form distinct chords of cells that span the apical to basal aspect of
the OE as they emerge from glands located in the lamina propria and open up onto the surface of
the epithelium (Cuschieri and Bannister, 1975a). Bowman’s duct and gland cells have abundant
intracellular secretory granules for mucous production. These cells are commonly identified by
the expression of CK8/18, labeling with monoclonal antibodies GLA-13, and SUS4, and the
transcription factor Sox9 (Cuschieri and Bannister, 1975a; Goldstein et al., 1997; Packard, 2010;
Schwob et al., 1995).

Globose basal cells: In the basal compartment of the OE, round cells with a high nuclear to
cytoplasmic ratio can be appreciated. These morphologically simple cells are globose basal cells
(GBCs). They are distinguished from adjacent horizontal basal cells (HBCs) by the
predominance of euchromatin and lack of hemidesmosomes (Cuschieri and Bannister, 1975a;
Graziadei and Graziadei, 1979a; Holbrook et al., 1995). They are distinct from the adjacent
immature neurons by their lack of cellular processes and the lack of labeling with markers of
immature neurons (such as NCAM, GAP43, and traditionally TuJ1). GBCs were initially
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appreciated as a proliferative population that resemble embryonic olfactory placodal precursors
and were initially identified as the primary source of neuronal progenitors in the OE (Caggiano
et al., 1994; Cuschieri and Bannister, 1975a; Graziadei and Graziadei, 1979a). GBCs are
primarily identified based on the lack of labeling with various markers of differentiation
associated with adjacent cell types described above. Additionally, they are the principal
proliferative population in the adult OE, labeling with markers of actively cycling cells such as
Ki67, proliferating cell nuclear antigen (PCNA), and phosphorylated histone 3 (Guo et al., 2010;
Huard and Schwob, 1995; Murdoch and Roskams, 2007). GBCs are also marked, though not
exclusively by a series of antibodies, termed GBC-1, GBC-2, and GBC-3, generated in the
Schwob lab (Chen et al., 2004; Goldstein and Schwob, 1996; Jang et al., 2007). GBC-3 binds to
an immature form of the non-integrin laminin receptor precursor protein (iLRP), a cell surface
glycoprotein that dimerizes upon maturation and binds to extracellular matrix (Jang et al., 2007).
Various subsets of GBCs express a cohort of transcription factors including: Sox2, Pax6, Hes1,
Ascl1 (Mash1), Neurog1, and NeuroD1 (Cau et al., 2002; Gordon et al., 1995; Guo, 2008; Guo
et al., 2010; Manglapus et al., 2004).

Horizontal basal cells: Adjacent to GBCs, and more basally situated are a population of
horizontal basal cells (HBCs) which have flattened morphology, sit directly on the basal lamina,
and attach to it via hemidesmosomes (Cuschieri and Bannister, 1975a; Holbrook et al., 1995).
The foot processes of many HBCs surround the axons of OSNs as they fasciculate and exit the
epithelium (Holbrook et al., 1995). HBCs are a mitotically quiescent population with extensive
condensed chromatin. They can be identified immunohistochemically by the expression of the
paired cytokeratins 5 and 14. They express intracellular adhesion molecule (ICAM-1, also
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known as CD54), epidermal growth factor receptor, and label with the Iβ4 lectin produced by
Bandaierea simplicifolia, termed BS-1 (Carter et al., 2004; Holbrook et al., 1995; Krishna et al.,
1996). Additionally, HBCs express a number of transcription factors including Sox2, Pax6, and
p63 (Davis and Reed, 1996; Guo et al., 2010; Packard/Schnittke submitted).

Olfactory ensheathing cells: Of the cells residing in the stroma or lamina propria of the olfactory
mucosa, the most intensely studied have been the olfactory ensheathing cells (OECs). These
cells surround the axons of OSNs as they exit the epithelium and maintain this interaction as the
axons project back to the olfactory bulb (Cuschieri and Bannister, 1975a). OECs are of
particular interest because they support the regeneration of axons and have been used as a source
of transplantable cells with translational implications for the repair of various axonal injuries
including spinal cord injury (Franklin, 2003; Franklin and Barnett, 2000; Lima et al., 2010;
Mackay-Sim, 2005; Sasaki et al., 2006). OECs can be identified by expression of p75NTR,
BLBP, and GFAP (Franklin, 2003; Murdoch and Roskams, 2007).

Development of the olfactory epithelium
The embryological origins of the OE are first appreciated as ectoderm thickenings that
form bilaterally around E8.5-E9.5 of the mouse (Cuschieri and Bannister, 1975a; Cuschieri and
Bannister, 1975b). These olfactory placodes contain OSN cell bodies by E9, but are primarily
made up of proliferating progenitors situated in both the apical and basal compartments of the
placode and epithelium (Cuschieri and Bannister, 1975a; Cuschieri and Bannister, 1975b;
Doucette, 1989; Rodriguez-Gil et al., 2010; Smart, 1971). Axons from newly born OSNs first
contact the developing forebrain around E11.5 and the formation of the olfactory bulb is induced
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(Whitesides and LaMantia, 1996). Signals responsible for the early inductive, morphogenesis
and specification events include retinoic acid, BMPs, Shh, and FGF8, some of which arise from
the mesenchyme (Kawauchi et al., 2005; LaMantia et al., 2000; LaMantia et al., 1993).
Concurrent with the expression of these morphogens, the placode invaginates to form an
olfactory pit and the epithelium further thickens as more OSNs are produced, and additional cells
types appear as they take on characteristic morphology and marker expression. In situ
hybridization and genetic epistasis experiments indicate that the lineage of embryonic olfactory
stem and progenitor cells proceeds through defined stages within the epithelium, beginning with
expression of FGF8 adjacent to and including Sox2-expressing embryonic GBCs. These in turn
give rise to a cascade of more downstream Ascl1, Neurog1, and NeuroD1-expressing GBCs–
classified into these stages based on the progressive expression of basic helix-loop-helix
transcription factors, culminating in the production of OSNs (Cau et al., 2002; Cau et al., 1997;
Kawauchi et al., 2005). Sus cells are identifiable by E15 (Cuschieri and Bannister, 1975b; Noda
and Harada, 1981; Smart, 1971; Weiler and Farbman, 1998), duct/gland cells are apparent by
E17 (Cuschieri and Bannister, 1975b), and horizontal basal cells emerge perinatally after all
other differentiated cell types have been produced (Holbrook et al., 1995). At E11, with respect
to proliferation in the developing OE, the overwhelming majority of mitotic figures are in apical
nuclei (Smart, 1971). The proportion balances out between apical and basal cells in the OE for
other later embryonic ages examined and gradually transitions to a majority of mitosis occurring
in the basal cells postnatally (Smart, 1971). Shortly after birth all the differentiated cell types of
the adult OE are present, and aside from having a higher rate of proliferation, the OE of neonates
largely resembles that of the adult OE (Cuschieri and Bannister, 1975a; Smart, 1971).
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Regeneration in the olfactory epithelium
The usefulness of the olfactory epithelium as a model system for the study of adult stem
cells and neurogenesis is highlighted by its capacity to maintain neurogenesis in the adult
epithelium and regenerate multiple cell types after various forms of massive epithelial injury
(Schwob, 2002). As a result of direct contact that olfactory sensory neurons (OSNs) have with
the outside environment via the nasal mucosa, these cells are vulnerable to injury from various
toxins, infections, and trauma. This vulnerability places a requirement upon the system to
replace dead or damaged neurons as needed throughout life to maintain the sense of smell.
Retroviral labeling has shown that the proliferative and neurogenic activity of GBCs is primarily
responsible for the replacement of neurons in adult epithelium (Caggiano et al., 1994).
Experimentally, various forms of lesion have highlighted the regenerative capacity of the
OE by placing varying demands on the system. Removal of the olfactory bulb (bulbectomy,
OBX), the central nervous system target of OSNs, or transection of the olfactory nerve (made up
of the axons of OSNs projecting to the bulb) results in a specific regenerative response
(Costanzo, 1985; Graziadei and Graziadei, 1979a; Schwartz Levey et al., 1991; Schwob et al.,
1992; Yee and Costanzo, 1998). Both of these manipulations result in massive apoptosis of
mature OSNs within the first three days after the lesion (Graziadei and Graziadei, 1979a;
Schwartz Levey et al., 1991). This is quickly followed by a specific proliferative burst among
the GBC population that results in the generation of a wave of new TuJ1/GAP43(+) immature
OSNs (identified by TuJ1(+) and GAP43 expression), which then begin to differentiate and send
axons back towards the cribiform plate (Graziadei and Graziadei, 1979a; Schwartz Levey et al.,
1991). Neurons generated in response to OBX have a shortened lifespan and die prior to
reaching full maturity, since full maturation and survival of OSNs are dependent on trophic
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support from the bulb (Schwob et al., 1992). As a result, OBX creates an environment of
persistently elevated neurogenesis in the OE, with a greatly expanded population of immature
neurons, increased proliferation, and a greatly reduced number of OMP-expressing cells due to
decreased lifespan of these neurons lacking appropriate trophic support from the absent bulb
(Iwema and Schwob, 2003; Schwob et al., 1992) (Figure 3). Transection of the olfactory nerve
produces a similar response in the acute phase, but the long-term effects are different since the
bulb is left intact and therefore available for newly generated OSNs to reestablish functional
synaptic connections (Costanzo, 1985).
More dramatic and direct experimental injury to the whole epithelium has been
accomplished using a variety of detergents, chemical irritants, inhaled compounds, and injectable
compounds that are toxic upon metabolic activation or conversion (Schwob, 2002). An
important difference from OBX for a number of these reagents is that they damage or destroy
numerous cell types in the epithelium rather than specifically targeting the neuronal population.
Triton-X and zinc sulfate irrigation of the nasal cavity cause extensive damage to the epithelium
causing a combination of respiratory metaplasia (replacement of OE with non-sensory
respiratory epithelium) and olfactory epitheliopoeisis (regeneration of the cell types of the
olfactory epithelium) (Baker et al., 1983; Burd, 1993; Schwob, 2002). These treatments tend to
be harsh and inconsistent, often resulting in poor regeneration, in part due to technical challenges
of being able to control delivery and duration of the agent to the olfactory epithelium (Burd,
1993). As a result, passive exposure to the olfactotoxic gas methyl bromide (MeBr) or injection
with the anti-thyroid drug methimazole have been utilized as more reproducible methods of
experimental injury to the epithelium (Genter et al., 1995; Leung et al., 2007; Schwob et al.,
1995). MeBr gas is metabolized by the cytochrome P450 system in sus cells at the apical aspect
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of the epithelium and results in the production of damaging free-radicals which are toxic to those
cells in closest proximity to their generation-sus cells, mature and immature neurons, some duct
cells, and some basal cells (Hurtt et al., 1987; Schwob et al., 1995; Yang et al., 1995). Shortly
after this damaging stimulus, the spared populations undergo a rapid proliferative response and
by two weeks after exposure, the architecture of the epithelium is largely restored to its prelesion architecture (Schwob et al., 1995) (Figure 4). The levels of proliferation and numbers of
immature neurons are still elevated at this point. By eight weeks, significant functional recovery
has occurred with substantial restoration of the ability of rodents to detect and discriminate odors
(Schwob, 2002; Schwob et al., 1999). Methimazole produces a more slowly evolving lesion as a
result of activation of this compound by the cytochrome system in duct/gland and sus cells
(Bergman and Brittebo, 1999; Bergman et al., 2002). The ability of the epithelium to recover
after these various forms of lesion both highlights and provides additional evidence for the
importance of stem and progenitor populations in the OE

Stem cells and transcription factor-mediated fate specification
As referred to above, the activity of stem and progenitor cells in the OE is crucial for the
establishment and maintenance of this tissue. Functionally defined, stem cells from multiple
tissues are commonly described as having the following set of properties: ability to produce
multiple cell types, proliferative quiescence under normal conditions, activation upon injury or
insult, and self-renewal (Potten and Loeffler, 1990). In general, the study of these functional
characteristics of stem and progenitor cells at various stages of development, and in different
tissues, has been in relation to the activity and expression of certain transcription factors and
more recently the proteins that act as epigenetic modifiers affecting gene expression globally
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(Hsieh et al., 2004; Lei et al., 1996; Ramalho-Santos et al., 2002). These proteins are a logical
choice for study based on their ability to activate or repress the vastly different gene expression
networks needed in stem cells compared to differentiated cells. Functional studies have
identified various types of transcription factors, including those that maintain broad pluripotency
by repressing or activating numerous target genes, and those that are lineage-restricted or
specific transcription factors. A few examples of each will be briefly discussed because they are
relevant to the study of stem and progenitor cells in olfactory epithelium.

Broad multipotency and neurogenesis-Sox2: The HMG-domain Sry-box protein Sox2 has been
implicated in the regulation of various adult stem cell systems, especially those that are
neurogenic. Sox2 expression is detected embryonically as early as 2.5 days post coitus (Avilion
et al., 2003). Cells in the inner cell mass of the blastocyst (and the embryonic stem cells derived
from this structure) express Sox2, as does the developing neuroepithelium, neocortex, retina, and
olfactory epithelium (Avilion et al., 2003; Ellis et al., 2004). The importance of Sox2 as a master
regulator of pluripotency and “stemness” is reflected by its ability, along with 2-3 other genes, to
reprogram adult fibroblasts into induced pluripotent stem cells with characteristics that are very
similar to embryonic stem cells (Takahashi et al., 2007; Takahashi and Yamanaka, 2006).
Additionally, knockout of Sox2 affects epiblast and extraembryonic ectoderm development as
well as the multipotent precursors of all embryonic and trophoblast cell types, causing
developmental arrest early in embryogenesis (Avilion et al., 2003). In the nervous system, Sox2
is expressed in proliferating progenitors in the ventricular zone of the developing nervous system
and appears to regulate proliferation potential in this tissue, with overexpression of Sox2
maintaining a progenitor state and inhibition of Sox2 signaling causing a loss of progenitor
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markers and premature differentiation (Bani-Yaghoub et al., 2006; Graham et al., 2003). In
peripheral sensory systems, Sox2 is known to cooperate with other transcription factors such as
Pax6 and Brn-1 in the induction of sensory placodes and appears to also have a role in cell fate
determination (Kamachi et al., 2000; Kamachi et al., 2001; Tanaka et al., 2004).

Lineage commitment-Ascl1/Neurog1: In contrast to the proliferation and maintenance of
multipotent function associated with Sox2, another family of transcription factors, the basic
helix-loop helix proteins (bHLH), have been shown to strongly drive the differentiation of
various cell types and appear to be important in cell fate determination and lineage commitment
(Guillemot, 1999). Ascl1 (also known as Mash1) expression is a strong neurogenic cue and the
presence of this protein is responsive to Notch signaling, as shown by repression of Ascl1
expression resulting from Notch mediated Hes1 expression (Ishibashi et al., 1995; Ishibashi et
al., 1994; Ohtsuka et al., 1999). Unlike Ascl1 which shows some evidence of giving rise to both
neurons and oligodendrocytes in the CNS, the Neurogenin family of proteins (specifically,
Neurog1 and Neurog2) are expressed downstream of Ascl1 in certain systems and appear to
cooperate with Ascl1 or potentiate its effects (Helms et al., 2005; Henke et al., 2009; Kim et al.,
2007). These proteins then in turn activate a cascade of other bHLH factors that execute a
neuronal differentiation program (Fode et al., 1998; Kim et al., 2008. Ascl1 knockout mice
have varying neuronal defects depending on the portion of the nervous system being examined,
with some of the most dramatic effects being seen in the autonomic nervous system and
olfactory epithelium {Guillemot, 1993 #219; Ma et al., 1998; Wildner et al., 2006). Neurog1
knockout mice exhibit defects in neurogenesis as this protein is necessary for the generation of
some cranial sensory ganglia and these mice die early in the neonatal period (Ma et al., 1998).
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Epigenetics: In addition to the action of transcription factors on cell fate and neurogenesis,
another layer of regulation is placed on gene expression by epigenetic modifiers. The
accessibility of DNA is varied based on differential covalent markings of the histone proteins
making up the nucleosome as well as modification of the DNA itself (Bernstein et al., 2007;
Bird, 1986). These epigenetic modifications can have dramatic effects on the global gene
expression of different cell types and these effects are largely controlled by a number of different
enzymes (Jaenisch and Bird, 2003; Nottke et al., 2009).
With respect to the DNA itself, DNA methyltransferases (DNMTs) covalently mark
DNA at CpG islands, acting as a transcriptional repressive mark (Meehan, 2003). A number of
DNMTs have been identified and play various roles in development, but broadly put– DNA
methylation is essential for vertebrate development and DNMTs are enriched in ES cells
(Bhattacharya et al., 2004; Meehan, 2003). DNMT1 null mice die at mid-gestation, while
mutations in DNMT3b and 3a have varied outcomes–the former being lethal by E9.5, the latter
mutant animals are undersized and die shortly after weaning (Meehan, 2003).
With respect to histones that form the core structure of the nucleosome, histone methyltransferases (HMTs) add methyl groups to, and lysine-demethylases remove methyl groups from
lysine residues of histone tails (Forneris et al., 2009; Rea et al., 2000). Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are responsible for adding and removing
acetyl groups to histone tails, respectively (Turner, 2000). These modifications have varying
effects on nucleosome structure. Therefore, the accessibility of DNA to transcriptional
machinery is a balance between these enzymatic activities, and results in activation or repression
of transcription depending on the location and context of the covalent marks. In general, di- or
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tri-methylation of H3K9 (lysine at position 9 of histone 3) and H3K27 (lysine at position 27 of
histone 3) are associated with repressed or silenced promoters, while the same marks on H3K4
(lysine at position 4 of histone 3) are associated with active enhancers and promoters (Nottke et
al., 2009). Acetylation of histone tails is associated with active transcription and enzymes that
remove these marks (histone deacetylases or HDACs) are associated with transcriptional
repressive complexes (Cunliffe, 2008). The importance of histone modifications is highlighted
by the stringent control over this process in embryonic stem cells, such that pluripotency
associated or differentiation-related genes are active or stably repressed as is appropriate
(Jaenisch and Young, 2008). For example, as part of a co-repressor complex, HDAC1 and
HDAC2 have been shown to function in both neuronal progenitors and non-neuronal
differentiated cells to repress neuronal genes, with varying functional consequences (Cunliffe,
2008). Phenotypes of mutant mice reinforce the importance of HDACs, especially class I
HDACs–which include HDAC1, 2, 3, and 8. These animals are embryonic or early postnatal
lethal with a range of defects including problems with proliferation, gastrulation, cardiac, and
craniofacial malformations (Bhaskara et al., 2008; Haberland et al., 2009; Lagger et al., 2002;
Montgomery et al., 2007; Trivedi et al., 2007). Thus, the expression and activity of various
chromatin-modifying enzymes can act as an additional control on the expression of various
groups of genes in a mechanism separate from the site-specific or lineage-specific activity of the
previously mentioned bHLH transcription factors.

Stem cell candidates in the OE
The study of stem cell function and regulation in other systems, as outlined above,
provides a context and investigative arsenal for studying stem cells in the olfactory epithelium.

17

The finding that the olfactory epithelium retains the capacity to replace dead or damaged neurons
throughout life and its ability to regenerate functional, differentiated cell types after destructive
lesion has prompted the investigation of the cell populations responsible for this capacity. To
date, the majority of evidence points to globose basal cells (GBCs) and horizontal basal cells
(HBCs) as the primary stem cell populations in the OE, with additional indirect evidence
suggesting that other populations of mesenchymal cells exhibit some characteristics of stem
cells.
GBCs: Various lines of evidence, including expression of stem and progenitor-associated
proteins, retroviral lineage-tracing, functional capacity following transplantation, cell cycle
properties of stem cells, and label-retention have implicated GBCs as a stem cell population in
the OE (Chen, 2003; Guo et al., 2010; Huard and Schwob, 1995; Huard et al., 1998). GBCs in
the adult animal resemble, both phenotypically and antigenically, cells found in the olfactory
placode–the embryonic structure that gives rise to all the adult cell types found in the OE
(Cuschieri and Bannister, 1975a; Graziadei and Graziadei, 1979a; Holbrook et al., 1995; Smart,
1971). GBCs arise prior to HBCs in development and all the mature differentiated cell types
found in the adult OE are present and established prior to the first signs of HBC differentiation in
the neonate, pointing to embryonic GBC-like cells as a precursor for these cell types (Cuschieri
and Bannister, 1975a; Holbrook et al., 1995). A subset of GBCs express Sox2 and Pax6,
transcription factors associated with stem and progenitor cells in other neurogenic systems, and
GBCs also displays hallmarks of mitotic quiescence including long term label retention,
reactivation after lesion, and return to quiescence, correlating with the expression of cell cycle
inhibitors such as p27Kip1 (Ashery-Padan and Gruss, 2001; Chen, 2003; Ellis et al., 2004; Guo et
al., 2010).
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The functional capacity and behavior of these cells in a lesioned environment also reveal
stem cell characteristics of GBCs. In areas where CK14(+) HBCs are absent from the rat OE
after lesion, retroviral labeling of proliferating cells (the majority of which are GBCs) results in
complex clones containing numerous cell types including GBCs, HBCs, sus cells, microvillar
cells, and neurons (Huard et al., 1998; Schwob et al., 1995). Additionally, GBCs are spared in
some ventral areas of the OE, which lack CK14(+) HBCs. These areas are capable of
regenerating appropriately as olfactory epithelium, suggesting that GBCs are responsible for this
regeneration of the resulting cell types, which include HBCs (Jang et al., 2003). The function of
GBCs has been tested directly by enrichment using fluorescence-activated cell sorting (FACS)
with the cell surface marker GBC-2 and transplanting this population into 1-day post lesion OE.
The transplanted cells engraft as single cells and therefore resulting colonies of cells arise from
the same common single cell progenitor. Transplantation of GBC-2 sorted cells results in
multipotent colonies containing, in aggregate, GBCs, sus cells, respiratory epithelium, duct/gland
cells, immature neurons and mature neurons (Chen et al., 2004)(Figure 5). In summary, the
data for GBCs outlined above indicate that they fulfill many of the criteria mentioned above that
are used to functionally define stem cells: multipotency (following transplantation), label
retention (in the normal epithelium), quiescence (a subset express the CDKI p27), and activation
after injury (methyl bromide and bulbectomy both activate GBCs).
HBCs: There is also evidence that horizontal basal cells (HBCs) have functional
hallmarks of stem cells. In vivo genetic lineage tracing and in vitro colony forming assays
provide the most compelling arguments for HBCs as a stem cell population in the OE (Carter et
al., 2004; Leung et al., 2007). In the normal OE, the majority of HBCs are mitotically quiescent.
They are the only cell type in the OE that has been shown to express the cytokeratin-5 and
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cytokeratin-14 pair of intermediate filament proteins, which have been demonstrated in other
tissue stem cells (Holbrook et al., 1995; Vasioukhin et al., 1999; Woodward et al., 2005). Using
a lineage tracing strategy involving expression of a conditional Cre-recombinase fused to the
estrogen receptor under the control of the cytokeratin-5 (CK5) promoter, HBCs were shown to
be multipotent upon activation after MeBr lesion (Leung et al., 2007) (Figure 6). This work
demonstrated that when recombination is induced in HBCs prior to lesion with methyl bromide
or methimazole, the progeny of these cells (marked by excision of a stop codon that prevents
constitutive beta-gal expression prior to Cre-mediated recombination) contain sus cells, neurons,
GBCs, duct/glands, and HBCs. Interestingly, HBCs do not appear to act as multipotent stem cells
in the absence of an activating lesion, since the same lineage trace of normal animals resulted in
clones that consisted only of HBCs. Work from another lab, with an independently derived
transgenic animal, utilized a similar strategy. Activation of the epithelium by bulbectomy results
in multipotent colonies derived from CK14-expressing progenitors (Iwai et al., 2008). More
recent transplantation data suggest that HBCs require activation by MeBr lesion to acquire
engraftment capacity and multi-lineage differentiation capacity (Packard, 2010). Separate
indirect data for the multipotency of HBCs comes from an in vitro colony forming assay using
magnetic bead-sorted cells enriched for HBCs using the surface marker CD54 (Carter et al.,
2004). Cells isolated by this method formed colonies that grew large at extended time in vitro,
could be passaged multiple times, and produced cells that express markers of neuronal, glial, and
epithelial differentiation.
Duct/gland and mesenchymal cells: Additional work suggests that mesenchymal cells
may also have multi-lineage differentiation capacity. Retroviral lineage tracing of lesioned OE
results in occasional clones consisting of both duct/gland and sustentacular cells (Huard et al.,
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1998). Since sus cells are eliminated by methyl bromide exposure, duct/gland cells from the
lamina propria are a likely candidate for generating these cell types. Recent in vitro data with
cell isolated from embryonic mouse olfactory mucosa have implicated a mesenchymal origin for
cell types that are able to differentiate into multiple epithelial and mesenchymal lineages (Tome
et al., 2009).

Regulation of cell fate in the OE
In order to understand how stem cell populations in the OE might function to generate the
differentiated cells of this tissue and regenerate these cell types after injury, the inductive and
instructive signals must be considered. The patterning molecule retinoic acid and the morphogen
FGF8 have been placed at critical points in the development of the olfactory epithelium and are
therefore candidates for regulation of the adult stem cells (Kawauchi et al., 2005; LaMantia et
al., 1993). Retinoic acid from the frontonasal mesenchyme (underlying the olfactory placode),
BMP4, and FGF8 appear to establish a hierarchy of progenitor cells expressing different
transcription factors and are thought to guide the early cell fate specification of placodal
precursors (Kawauchi et al., 2005; LaMantia et al., 2000). FGF8 is expressed in a domain of
cells adjacent to Sox2(+) putative embryonic olfactory stem cells, which in turn generate Mash1
and Neurog1(+) progenitors of the neuronal lineage(Kawauchi et al., 2005). Supporting the
importance of FGF8, the phenotype of FGF8 KO animals shows gross morphological defects in
the development of the OE, ranging from subtle to severe (Kawauchi et al., 2005). BMPs and
Fst act as feedback regulators to balance the amount of neurogenesis and proliferation in this
system (Beites et al., 2009; Gordon et al., 1995; Shou et al., 2000; Shou et al., 1999; Wu et al.,
2003)(Figure 7, A).
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These inductive signals are though to act on stem and progenitor cells that have been
largely characterized and classified based on a combination of transcription factor-expression
and the exclusion of markers for neuronal and epithelial differentiation. As mentioned above,
Sox2 and Pax6 are known to be important for stem and progenitor cell activity in the CNS.
These transcription factors are co-expressed in progenitors and play a crucial role in the
development and regeneration of the OE (Beites et al., 2005; Davis and Reed, 1996; Guo et al.,
2010). Pax6 null mice lack both lens and olfactory placodes and Sox2 is expressed early in
olfactory placode development (Collignon et al., 1996; Ellis et al., 2004; Grindley et al., 1995;
Kawauchi et al., 2005). The peripheral to central orientation of cells expressing markers of more
downstream committed neuronal progenitors in development also indicates that Sox2 is
expressed in more peripheral, and more primitive stem cells of the OE (Kawauchi et al., 2005)
(Figure 7, B). The importance of Sox2 and Pax6 apply to the adult animal, as GBCs and HBCs
express these factors, and these Sox2(+)/Pax6(+) cells are expanded in number at early time
points following methyl bromide lesion prior to regeneration of the various downstream cell
types in the OE (Guo et al., 2010). The expression of Sox2 and Pax6 precedes that of the
appearance of downstream fate-restricted bHLH transcription factors and markers of
differentiation (Guo et al., 2010; Manglapus et al., 2004). In Ascl1 mutant mice where the
majority of downstream olfactory neurogenesis is aborted, presence of Sox2 mRNA is robustly
expanded indicating that expression of this transcription factor is upstream of neuronal fate in the
OE (Beites et al., 2005; Kawauchi et al., 2004). Another transcription factor that is required for
development of the olfactory epithelium is Foxg1, a winged helix transcription factor (previously
called BF-1) (Duggan et al., 2008; Hatini et al., 1994; Hebert and McConnell, 2000). It is also
expressed upstream of lineage restricted progenitors and null mutations for this gene have
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dramatic abortive effects on the development of the OE (Duggan et al., 2008). The effects of
Foxg1 null mutations can be rescued to different degrees based on the dosage of GDF-11, a
TGFβ family member that mediates feedback inhibition of neurogenesis on the OE, which
highlights the importance of the balance of stem and progenitor proliferation with the production
of differentiated neurons in the OE (Kawauchi et al., 2009).
Notch signaling is also important for fate decisions and development of the OE(Cau et
al., 2002; Cau et al., 2000; Cau et al., 1997; Guo et al., 2007; Manglapus et al., 2004).
Downstream effectors such as Hes1 and Hes5 have been used as readouts for the presence or
absence of Notch signaling and further refine our understanding of fate choice and differentiation
in the OE (Cau et al., 2000; Manglapus et al., 2004). Hes1 is a bHLH protein expressed in cells
where Notch signaling has been activated in response to ligand binding (Fisher and Caudy, 1998;
Louvi and Artavanis-Tsakonas, 2006). Hes1 has been shown to inhibit the expression of Ascl1
and Neurogenins (Castella et al., 1999; Kageyama et al., 2005). On the basis of timing during
development, reconstitution of the OE following lesion, and gene knockout studies, putative
functional assignments have been made for the various bHLH-expressing GBCs (Cau et al.,
2002; Cau et al., 1997; Guo et al., 2010; Manglapus et al., 2004)(Figure 8). Ascl1 is a
proneural bHLH factor required for most neurogenesis in the OE (Cau et al., 1997; Guillemot et
al., 1993; Murray et al., 2003). In vivo, Ascl1(+) cells, (functionally classified as a transit
amplifying-neuronal population, GBCTA-N) are highly proliferative during postnatal neurogenic
expansion and in response to injury, while in vitro, these cells are limited to a small number of
divisions which give rise to GBCINP (which express Neurog1) and subsequently differentiate into
immature neurons (Cau et al., 2002; Manglapus et al., 2004; Mumm et al., 1996). Upstream of
Ascl1(+) GBCs, placed there because of the same kinds of data, are other GBCs that express
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Sox2 and Notch1, and are likely multipotent progenitors (MPPs) based on retroviral lineage
tracing immediately after MeBr lesion and on the effect of manipulating Notch signaling and
shifting to non-neuronal bHLHs, such as Hes1 (Guo, 2008). This places Notch signaling at the
apex of a cell fate determination model, whereby ligand activated Notch signaling induces the
expression of Hes1, which then inhibits neuronal fate via repression of Ascl1 (Figure 8). The
importance of this cascade of transcription factors in OE neurogenesis has been highlighted by
Ascl1 knockout mice (Guillemot et al., 1993). These mutants have a dramatic, nearly complete
lack of neurons in the OE (Cau et al., 1997; Guillemot et al., 1993; Murray et al., 2003). The
absence of neurons has been shown to alter the molecular phenotype of sus cells in the OE,
highlighting the interconnectedness of these various cell types (Murray et al., 2003).

Epigenetic regulation of cell types in the olfactory epithelium
Considering the evidence for the roles of epigenetic modifications on the expression of
genes in embryonic and other adult stem cell systems, it is surprising how little is known about
the role of chromatin modification, DNA methylation, and histone modification in the
progenitors of the OE. The transcription factors expressed in stem and progenitor cells of the OE
cooperate with and are influenced by epigenetic regulation in other systems (Lee et al., 2006).
Data indicate that DNA methyltransferases (DNMTs) and histone deacetylases (HDACs) are
expressed in distinct populations of cells in various overlapping and exclusive patterns
depending on the protein being studied (MacDonald et al., 2005). HDAC2 is expressed in basal
cells and immature neurons, while HDAC1 appears to be expressed in basal cells and sus cells.
Expression data for DNMTs indicate that they also segregate between proliferating progenitors
(DNMT3b), proliferating basal cells (DNMT3b) and both (DNMT1), though this latter result
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shows DNMT1 protein expression in an exclusively cytoplasmic staining pattern, which is
problematic for assigning a role to this enzyme in the OE based on its previously described
function (MacDonald et al., 2005).
While information regarding the epigenetic controls on gene expression in stem and
progenitor cells in the OE is still limited, there is extensive data relating to global repressive
phenomenon in differentiated neurons. The manner by which this repression is established is
still unclear, but the effects are well described. The extensive genome repression that occurs in
OSNs relates to the singularity of odorant receptor expression (McClintock, 2010). OSNs
express only one OR gene from a family of over 1,000 genes encoding seven-transmembrane Gprotein coupled receptors (Odorant receptors, ORs, also called olfactory receptors) responsible
for the detection of olfactory stimuli (Buck and Axel, 1991; Chess et al., 1994). The expression
of OR protein is detectable in rare immature neurons and is very strongly expressed in mature,
OMP(+) neurons (Chess et al., 1994; Iwema and Schwob, 2003). The expression of a functional
odorant receptor protein has a dramatic repressive effect on other OR loci (Lewcock and Reed,
2004; Lomvardas et al., 2006; Mombaerts, 1999; Serizawa et al., 2003). OR genes initially
undergo allelic inactivation to ensure that only one allele is expressed in a given cell, and then
further repressive elements prevent the expression of additional ORs (Chess et al., 1994;
Serizawa et al., 2003). This repression appears to occur as a result of elements present in the
coding region of the OR itself, since separation of the OR promoter and OR coding region using
the tetracycline inducible system still results in repression (Nguyen et al., 2007). Interestingly,
the repression is dramatically different depending on the timing of expression as it relates to the
maturity of OSNs: when a transgenic OR is precociously expressed in immature cells using the
Gγ8 promoter, that OR is stably expressed and overcomes the repressive effects seen when
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attempting to express the same transgenic OR in more mature cells (Nguyen et al., 2007). Upon
expression of an OR, additional evidence demonstrates the presence of regulatory mechanisms
that stabilize and activate expressed ORs (Serizawa et al., 2000; Serizawa et al., 2003). The Helement, a conserved DNA sequence upstream of a number of OR genes has been shown to
activate one and only one gene, and the H-element has been localized to a chromosomal complex
by fluorescent in situ hybridization, which also includes the expressed OR coding region
(Lomvardas et al., 2006; Serizawa et al., 2003). It is also known that the OR expressed can
switch at a low rate during the lifetime and maturation of OSNs. This switching happens at a
much higher rate for pseudogenes (coding sequences with homology to odorant receptor genes
predicted to be non-functional), which effectively pares down the number of OSNs expressing
pseudogenes throughout the lifetime of a rodent, while functional ORs are stably expressed and
maintained more robustly in the adult animal (Shykind et al., 2004). This led to the suggestion
that the expression of functional ORs establishes a signal that solidifies expression of that OR,
while expression of pseudogenes do not convey that same signal and therefore are more likely to
be switched off (Shykind et al., 2004). These various elements must be inactive during the stem
and progenitor stages and then rapidly and stringently activated as neuronal differentiation
proceeds. How that occurs remains largely unknown.

In vitro assays to study this system
The complexity of cell fate decisions, multiple stem cell populations, as well as the
above-described regulatory phenomena in mature OSNs, has led the field to develop numerous
ways to study these cell populations in vitro. Early work primarily used two dimensional (2-D)
adherent culture methods to understand more about the regulation of neurogenic progenitors
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(Coon et al., 1989; Goldstein et al., 1997; Mumm et al., 1996; Ronnett et al., 1991), while more
recent work has used 3-D models to advance the study of the in vitro biology of olfactory stem
and progenitor cells (Barraud et al., 2007; Khan, 2002; Murrell et al., 2005; Pixley et al., 1994).

2-D adherent culture models
Previous work using dissociated or explanted embryonic or neonatal rodent OE has
yielded very important insights about two regulatory pathways that were subsequently shown to
be relevant for the in vivo biology of olfactory stem and progenitor cells: FGF-signaling, and
TGFβ-signaling. A population of GBCINP-like cells, which migrate out of embryonic OE
explants, undergo a very small number of cell divisions prior to producing NCAM(+) cells
(Calof and Chikaraishi, 1989). Treatment with a panel of growth factors indicated that FGFs,
especially FGF-2, could increase the proliferation of these GBCINPs and also extended the
proliferative capacity of OSN precursors in cultures in a dose dependant manner(DeHamer et al.,
1994). Preceding in vivo work localized FGF family members to the lamina propria of
developing rodent olfactory mucosa (Gonzalez et al., 1990; Mason et al., 1994). Subsequent in
vivo work, described above (Regulation of cell fate in the OE), has strongly implicated another
FGF family member, FGF-8 in the genesis and proliferation of embryonic GBCs (Kawauchi et
al., 2005).
In vitro work has demonstrated that BMPs play a regulatory role by acting in a feedback
loop that influences the amount of proliferation and neurogenesis that occurs in the system, as
well as the stability of Ascl1 protein, the transcription factor required for the vast majority of
neurogenesis in the OE (Cau et al., 1997; Guillemot et al., 1993; Shou et al., 1999). BMP-4 was
found to have inhibitory effects on neurogenesis. Colonies of OE progenitors treated with BMP-
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4 resulted the degradation of Ascl1 protein, decreased proliferation and blocked production of
NCAM(+) OSNs (Shou et al., 1999). Subsequent reports described equivocal and contradictory
effects of BMP-4 on these cultures (Calof et al., 2002; Shou et al., 1999). This resulted in the
description of another TGFβ family member, GDF-11, as a more attractive candidate for some of
the in vivo correlates of these observed effects. GDF-11 is expressed in OSNs in vivo and
induces the expression of the cell cycle inhibitor, p27Kip1 in GBCINPs in vitro, thus creating a
feedback loop whereby OSNs inhibit their own production (Wu et al., 2003). The importance of
this pathway was further reinforced by the phenotypes of two complementary transgenic mice.
GDF-11 knockout mice have a thicker OE with more proliferative cells, while mice lacking
follistatin, a known antagonist of GDF-11, have a thinner, less proliferative OE (Wu et al.,
2003).
The aforementioned work described important regulatory pathways in the neuronal
lineage of the OE, but did not address the upstream fate choices and multipotent stem cell
activity known to exist in the OE. Colony-forming unit assays using ICAM-1 (a.k.a. CD54) to
enrich for HBCs have indicated that these cells form colonies effectively on laminin and collagen
substrates. A small fraction of these colonies isolated from single CD54(+) cells can form large
colonies with many cells in response to EGF stimulation and give rise to cells resembling
neuronal progenitors, neurons, and cells of the glial lineage (Carter et al., 2004). This work
suggested that CD54(+) cells could produce multiple lineages, but it did not explore the presence
or distinctions between HBC-like cells and sustentacular-like cells. Subsequent work indicated
that 2-D culture models, such as the one utilized for this colony-forming assay with HBCs, result
in aberrant molecular phenotypes of epithelial cells (Jang et al., 2008). Cells isolated from the
OE and cultured in 2-D co-express CK14 and CK18, indicative of an aberrant, intermediate
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phenotype, unlike that which is found in the normal adult OE in vivo where CK14 and CK18
expression are restricted to different populations (Jang et al., 2008). CK14 is expressed
exclusively by HBCs, while CK18 is expressed by sus cells and duct/gland cells (Holbrook et al.,
1995; Suzuki and Takeda, 1991). The “muddying” of phenotypes 2-D in vitro models is
problematic for making conclusions about cell lineage and multipotent capacity as it relates to
the in vivo activity of the corresponding cells. Additionally, the limited capacity of most of these
systems to maintain cells in a proliferative and long-term self-renewing state have prompted the
development of additional models for studying stem and progenitor cells from the OE, with the
goal of maintaining this capacity for expansion and renewal.

3-D “micro-noses” and olfactory neurospheres
Studies of stem and progenitor populations in the central nervous system and epithelial
tissues have guided the development of alternative in vitro models for studying the regulation
olfactory stem and progenitors. Specifically, these additional models have focused on allowing
for more complex interactions in vitro that result from varying types of three-dimensional (3-D)
architecture.
Culture of newborn rat OE on a feeder layer of astrocytes results in the formation of
complex 3-D spheres which contained neuron specific tubulin (+) (a.k.a. NST, detected by TuJ1
antibody) cells that orient dendrites towards a central fluid-filled cavity (Pixley et al., 1994).
These “micro-noses” suggested that complex in vitro architecture more accurately reproduces the
cell-cell interactions, resulting in phenotypes expected of cells in the in vivo environment. The
importance of complex architecture was demonstrated by a study that cultured cells from the
adult OE at an air-liquid interface (Jang et al., 2008). Using a method modified from a system
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originally used for airway epithelial cells (Gruenert et al., 1995), Jang and colleagues showed
that this complex architecture maintained cellular phenotypes more in line with those observed in
vivo. Importantly, this work demonstrated that culture in air-liquid interface as spheres
maintained the capacity of the constituent cells to engraft properly into regenerating epithelium,
while cells cultured in adherent culture do not engraft properly (Jang et al., 2008).
Additional methods for culturing OE-derived cells in 3-D follow from work in the CNS.
Pioneering use of cells derived from neurogenic regions of the developing and adult rodent brain
demonstrated the existence of an EGF-responsive stem cell-like population that could form
clonally-derived neurospheres (Reynolds and Weiss, 1996). These neurospheres are freefloating aggregates of cells with the capacity to produce neurons, astrocytes, and
oligodendrocytes (Reynolds and Weiss, 1996). The CNS neurospheres form with variable
efficiency depending on the region of the brain they are isolated from, thought to be a reflection
of the distribution of stem cells in those different regions (Golmohammadi et al., 2008). When
grown in proliferation, rather than differentiation conditions, these neurospheres also express
markers of CNS stem and progenitor cells such as Sox2 in a nearly universal manner(BaniYaghoub et al., 2006). This neurosphere assay represents one widely used and adapted method
of maintaining 3-D complex architecture in vitro for the study of stem and progenitor cells in
numerous fields (Dontu et al., 2003; Messina et al., 2004; Reynolds et al., 1992; Reynolds and
Weiss, 1996).
Neurosphere culture has subsequently been adapted to the study of olfactory stem and
progenitors. Human biopsy-derived tissue can be cultured and propagated as olfactory
neurospheres (ONS). The cell type of origin for these ONS is unknown, but ONS derived from
rodents in a parallel assay show evidence of multilineage differentiation and multipotentcy in
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vitro as well as when transplanted into developing chick (Murrell et al., 2005). These ONS also
express markers indicative of olfactory ensheathing cell differentiation, which has important
translation implications as these cells have the capacity to promote the regeneration of injured
spinal cord axons in transplantation assays (Sasaki et al., 2006). Additional studies of ONS
derived from neonatal mice further characterized the growth factor-responsiveness and antigenic
characteristics of the cells that are present in ONS (Barraud et al., 2007). The cells in these ONS
express markers of neurons, HBCs, sus cells, and GBCs. However, they differ from the human
ONS in that they have not been successfully propagated or passaged extensively, suggesting that
the cues required for their continued growth in vitro are lacking.

Summary and Hypotheses
Long-term maintenance of neurogenesis and the capacity for robust functional
regeneration of multiple cell types makes the OE an attractive model to study stem and
progenitor cell biology and the regulation of neurogenesis. A number of pathways important for
the regulation and regeneration of this tissue have been identified. While this candidate
approach has yielded important insights, a more open-ended and comprehensive description of
the stem and progenitor cells has the potential to complement the existing data and flesh out our
understanding of the important genes and pathways at work during olfactory epithelial
maintenance and regeneration. Additionally, the 2-D in vitro models utilized for a more
controlled examination of OE-derived cells have proven problematic, prompting the field to
establish more complex 3-D models to create an environment more representative of the in vivo
complexity. These nascent models require additional development and validation to be of use
for modeling the function of OE-derived cells. Finally, with the more recently appreciated
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complexity of multiple stem and progenitor cells in the OE, a re-examination of the interactions
and relationships between these cells under conditions that place demands on the system is
warranted. The work described herein will address those three main points in turn.
We hypothesize that different classes of stem, progenitor, committed progenitors, and
neurons will have distinct transcriptional profiles that can be used to identify pathways and genes
involved in, and important for, the maintenance of multipotency and neuronal differentiation
programs. In Chapter 2, we will address this hypothesis as well as the need for a more
comprehensive description of stem and progenitor cells by isolating and examining the
transcriptome of specific stages of GBCs and neurons in the neurogenic progression of
differentiation in the OE. We identify enriched gene ontology classifications and describe the
localization of factors in the OE that may play a role in the epigenetic regulation of these
populations. In addition, we describe a set of uniquely regulated odorant receptors.
We hypothesize that culture in the complex 3-D environment of olfactory neurospheres
(ONS) is a proxy for the engraftment capacity associated with stem and progenitor cells in the
OE, and that the behavior of cells in ONS is reflective of, and informative for, the regulation of
epitheliopoeisis and neurogenesis in the OE. In Chapter 3, we will address this hypothesis by
describing the formation of ONS from different epithelial states. We will describe the
composition of ONS, as well as conditions affecting their composition. We will also directly
compare the engraftment characteristics of these ONS-derived cells with cells cultured in
adherent conditions, as well as other ONS-derived cells cultured in the presence of lamina
propria-derived influences.
Finally, we hypothesize that continued depletion of the neuronal compartment alters the
differentiation and timing of various cell types in the developing OE. In Chapter 4, we will
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address this hypothesis by examining the OE of developing Ascl1 knockout mice compared to
heterozygote littermates. We evaluate the timing, differentiation, and molecular phenotypes of
the principal cell types of the OE and show that the differentiation of HBCs is delayed, while the
molecular phenotype of GBCs is altered in the knockout animals. This work highlights the
interconnection and relationships between different progenitor cells in the developing OE.
In Chapter 5, I summarize the findings described in the preceding chapters, present
general conclusions, and propose future experiments based on the data presented in this
dissertation.
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Figure 2.
Spatial organization of odorant receptor expression in the OE and the olfactory bulb
A. Cartooned depiction of a coronal section through one half of the OE summarizing results of
retrograde labeling OSNs in the OE by application of DiI to the distinct spots on the olfactory
bulb (shown in B). The gradient of the color palette depicts the gradual overlapping expression
of multiple ORs as well as the topography of how the OSNs expressing those ORs project back
to the olfactory bulb in a stereotyped pattern that relates location in the epithelium to projection
on the bulb (with matching colors). Numbering indicates traditionally described “zones” of
odorant receptor expression as a reference point. Figure adapted from (Miyamichi et al., 2005).
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Figure 3.
Persistently elevated neurogenesis at prolonged survival after bulbectomy
A. Low power coronal section of OE from a unilaterally bulb-ablated animal one month
following surgery. The ablated side, right, shows a large upregulation of GAP43, a marker for
immature neurons and a decrease in OMP, a marker for mature neurons. B-D higher power
single channel of merged images depicted the GAP43 (green) and OMP (red) pattern on the
ablated side in more detail. Figure adapted from (Iwema and Schwob, 2003).

38

Figure 4.
Methyl bromide lesion of the olfactory epithelium and subsequent recovery
Left panel is an H&E stain of control rodent OE. Center panel is OE 1 day after methyl bromide
lesion, indicated the loss of most the differentiated cells of the epithelium, leaving behind a thin
layer of basal cells and duct cells. Right panel is OE 2 weeks after methyl bromide
demonstrating the remarkable recovery and return to near normal architecture at this point.
Figure adapted from (Schwob et al., 1995), and kindly provided by James Schwob.
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Figure 5.
GBC-2(+) cells give rise to multipotent colonies upon transplantation
GBC-2(+) cells from a normal constitutively GFP-expressing donor mouse were transplanted
into the regenerating olfactory epithelium of a wild type host mouse. A, B. Sections through
resultant GFP(+) donor-derived colonies indicate that GBCs give rise to multiple cell types
neurons (as seen by co-labeling with TuJ1), duct/gland cells (arrow in A), basal cells (vertical
arrow in B), and sustentacular cells (open arrow in B). Figure adapted from (Chen et al., 2004).
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Figure 6.
HBCs require activation to display multipotent capacity
Upper panel shows that K5-CreER lineage tracing strategy only labels HBCs in unlesioned
reporter mice. Lower panel depicts the same lineage tracing strategy after methyl bromide
lesion. HBC-derived progeny, which include multiple cell types, after activation to multipotency
by methyl bromide lesion. Asterisk depicts labeled duct/gland cells. Figure adapted from
(Leung et al., 2007).
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Figure 7.
Models of inductive cues and progenitor cell hierarchy in developing olfactory epithelium
A. Cartoon of proposed expression domains for various inductive cues and signaling molecules
during development. OP- olfactory placode, FNM- frontonasal mesenchyme. Green lines depict
axons of olfactory sensory neurons. Adapted from (LaMantia et al., 2000). B. Cartoon depicting
the sequential fate commitment of olfactory stem and progenitor cells during development.
Adapted from (Kawauchi et al., 2005).
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Figure 8.
Model of lineage relationships and transcription factor expression during regeneration of
the OE
Sox2 and Pax6 are expressed by GBCs and HBCs. These cells are activated following methyl
bromide lesion and regenerate the differentiated cell types of the OE. Notch signaling influences
the fate choice of upstream progenitors, such that increased Notch signaling induces Hes1
expression, which represses Mash1 (Ascl1) and results in sustentacular cell fate choice. Lack of
Notch signaling results in Mash1 (Ascl1) expression and a neuronal fate choice. This results in
the sequential expression of Mash1, Neurog1 (Ngn1), and NeuroD1, culminating in the
production of neurons. Arrows connecting various cell types depict other proposed lineage
relationships. Model adapted from Z.Guo dissertation and utilizes data from numerous studies
(Chen, 2003; Chen et al., 2004; Guo, 2008; Guo et al., 2010; Huard et al., 1998; Jang et al.,
2003; Leung et al., 2007; Manglapus et al., 2004; Packard, 2010; Schwob et al., 1995).
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Chapter II

Global expression profiling of GBCs and the neurogenic
progression of the olfactory epithelium
Richard Krolewski, Adam Packard, and James Schwob

Note regarding contributions: Adam Packard developed, characterized, and validated the FACS
sorting strategy for obtaining Sox2(+)GBCs, HBCs, and sustentacular cells. He also assisted in
the preparation and isolation of the three cell populations from Sox2eGFP animals.
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ABSTRACT
Neurogenesis is constantly occurring in the olfactory epithelium of mammals, either to
maintain the neuronal population in response to toxic insults from the environment, or to
dramatically regenerate various cellular constituents resulting from a variety of experimental
lesions. We have used FACS to isolate cell populations at different stages in the progression
from multipotent progenitor to differentiated neuron, using transgenic mice that mark these
stages. Global expression profiling of populations enriched for Sox2(+) globose basal cells
(GBCs), Neurog1(+) GBCs and immature neurons, and OMP(+) differentiated neurons indicates
that the stages of this neurogenic progression share a cohort of >2100 genes that are upregulated
compared to sustentacular cells. The GBCs analyzed also share a large number of specifically
co-regulated genes (>1200) that are increased in these populations when compared to
sustentacular cells. We found that, in contrast to OMP(+) neurons, Neurog1(+) GBCs only alter
their transcriptional profile by a very small number of genes in response bulbectomy, a lesion
that results in persistently elevated neurogenesis. Detailed examination of the specific genes
upregulated in the different progenitor populations revealed that the chromatin modifying
complex proteins LSD1 and coREST were expressed sequentially in upstream Sox2(+) GBCs,
and Neurog1(+) GBCs/immature neurons. The expression patterns of these proteins are
dynamically regulated after activation of the epithelium by methyl bromide lesion. We have also
identified a cohort of odorant receptors (ORs) that unexpectedly show peak expression levels in
upstream progenitor populations. The expression level of these “oddly regulated” ORs is low
compared to a control set of ORs that show highest expression in OMP(+) cells. These ORs may
represent a group of non-functional receptors that have not been identified previously as
pseudogenes and warrant further functional evaluation.
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INTRODUCTION
The olfactory epithelium (OE) maintains a population of several million olfactory
sensory neurons, each of which expresses only one of the greater than 1,000 olfactory receptor
genes (Buck and Axel, 1991). Conversely, each odorant receptor is expressed by neurons within
a spatially limited epithelial territory, or zone, which may number in the hundreds (contrary to
conventional wisdom) (Iwema et al., 2004; Miyamichi et al., 2005). Adult stem and progenitor
cells are responsible for the life-long replacement of dead or damaged neurons due to normal
turnover, environmental insults, or various forms of experimental injury (Schwob, 2002). Within
the OE two populations of cells–globose and horizontal basal cells (GBCs and HBCs,
respectively)– are neurocompetent and multipotent depending on conditions. These cells
maintain the tissue throughout the lifetime of the organism and are activated robustly after
various forms of injury to repopulate both the neuronal and non-neuronal cell types of the OE
(Caggiano et al., 1994; Chen et al., 2004; Graziadei and Graziadei, 1979a; Leung et al., 2007;
Schwob et al., 1995). During both development and regeneration, cells of the epithelium
transition from highly proliferative multipotent cells to neurons that choose the one odorant
receptor among the set that is appropriate for, and available to, neurons within that region of the
OE (McClintock, 2010; Schwob, 2002).
The progenitor cells express a defined sequence of transcription factors during
neurogenesis as they progress through a number of stages en route to producing the differentiated
cell types of the olfactory epithelium. This progression has been identified by
immunohistochemical analysis, genetic epistasis in with mutant mice, and the timing of
expression after, and in response to, various types of lesion (Cau et al., 2002; Cau et al., 1997;
Guo et al., 2010; Iwai et al., 2008; Leung et al., 2007; Manglapus et al., 2004). Analysis in
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embryonic and adult rodent epithelium has correlated Sox2 expression by GBCs with far
upstream stem and progenitor cells (Beites et al., 2005; Guo et al., 2010; Kawauchi et al., 2005;
Tucker et al., 2010). Sox2 marks the primitive placodal cells during invagination of the olfactory
pit, and it is broadly expressed after activating lesion of the adult epithelium prior to the
appearance of markers of differentiated or committed cells (Guo et al., 2010; Kawauchi et al.,
2005). The basic helix-loop-helix transcription factors Ascl1 (also known as Mash1), followed
by Neurog1, and NeuroD1 act in sequence downstream of the more multipotent Sox2–GBCs as
GBCs become first fate-committed and then neuron-producing mitotic progenitors and
precursors (Cau et al., 2002; Cau et al., 1997; Manglapus et al., 2004; Murray et al., 2003). That
sequence was revealed by the consequences of targeted gene mutation (Ascl1 KO; Neurog1 KO)
in the embryo and by the timing of gene expression during the reconstitution of the MeBr-injured
OE(Beites et al., 2005; Cau et al., 2002; Cau et al., 1997; Guo et al., 2010; Manglapus et al.,
2004; Murray et al., 2003). The hierarchical relationships among this small set of transcription
factors provides a convenient framework for approximating the different functional capacities of
these cells. However, we lack a comprehensive understanding of the molecular phenotype of
various stages in the neurogenic progression, which is required for understanding how those
differences come about.
Moreover, other stem and progenitor cells, including HBCs, may come to the fore,
responding to epithelial injury by actively proliferating and acquiring multipotency. While their
response may be mediated in part by the activity of these same transcription factors, it is not
known whether more downstream neuronal precursors behave differently or acquire different
characteristics as a consequence of a radically different developmental history (Guo et al., 2010;
Leung et al., 2007; Manglapus et al., 2004)
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Beyond the canonical expression of the aforementioned transcription factors, very little is
known about the epigenetic influences responsible for the vastly different transcriptional profile
of upstream progenitors as compared to differentiating neurons. For example, the choice of
odorant receptor by differentiating neurons looks to be subject to feedback and epigenetic
control. The first sign of OR expression, as monitored by the accumulation of a marker protein
encoded by a bicistronic OR-IRES-marker construct, is seen after the neuron is “born” (has
completed its terminal mitosis) and after some further lag relative to the expression of general
neuronal markers.
The molecular mechanisms that underlie OR choice are not well understood. Enhancer
and repressor elements have been found to activate or repress specific OR gene families, and the
expression of the OR coding region exerts a strong repressive effect on other OR loci (Lewcock
and Reed, 2004; Nguyen et al., 2007; Serizawa et al., 2003). For example, the so–called H–
region enhancer is a very strong driver of ORs found within a specific cluster of OR genes. And
appears to interact physically with the OR loci it regulates, despite its distance from the cluster.
However, the search for similar long distance enhancer elements controlling other OR loci has
not been successful, making it likely that the promoter and enhancer elements are more closely
linked to the coding sequence as has been suggested by other work (Lomvardas et al., 2006;
Qasba and Reed, 1998). The transcription factors Lhx2 and Emx2 have been implicated in the
control of OSN maturation and OR gene expression due to the deficits seen in large cohorts of
OR genes as a result of knockout (Hirota and Mombaerts, 2004; McIntyre et al., 2008).
Moreover, a differentiating neuron can switch expression from a non-functional OR to an
intact one by a poorly understood mechanism. These few examples of inactivating one OR and
substituting another have been elicited when the first receptor is known to be non-functional due
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to a frameshift mutation or premature termination (Lewcock and Reed, 2004; Serizawa et al.,
2003). Beyond the analysis of promoter and enhancer elements outlined above, studies of
epigenetic controls on OR expression are limited to the description of a silenced histone mark in
an OR gene cluster adjacent to the globin gene cluster and the expression of histone deacetylases
(HDACs) and DNA methyltransferases (DMNTs) in different populations of neurons and
neuronal progenitors (MacDonald et al., 2005; Miles et al., 2007). Comparing expression data
from GBCs at different stages in the neurogenic progression, from upstream of stable OR choice
and the repression of the remaining members of the family of OR genes to the differentiated
neuron stage should help to shed light on how an OR is chosen and how repression of the other
ORs is accomplished as well as the more general question of the changes in gene expression that
accompany neuronal differentiation.
To that end, the current experiments have analyzed the global expression profile of
defined stages in the progression of GBCs as they commit, proliferate and differentiate into
neurons with or without lesion-induced activation. Various cell populations can be isolated for
microarray profiling due to the availability of transgenic reporter mice that mark defined stages
in the hierarchy of GBCs as well as the stages of neuronal differentiation; in these mice GFP
expression is linked with that of transcription factors and proteins that have traditionally been
used to define these stages. McClintock and colleagues have already demonstrated the
usefulness of this approach for mature olfactory sensory neurons using ΔOMP–GFP mice
(Sammeta et al., 2007). For this study, we extended that analysis to more upstream progenitors
and focused specifically on the neurogenic progression in the olfactory epithelium. Using a
combination of transgenic reporter mice and fluorescence activated cell sorting, we isolated
populations enriched for upstream multipotent progenitor GBCs (defined by Sox2 expression),
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immediate neuronal precursor GBCs (defined by Neurog1 expression), and olfactory sensory
neurons (defined by OMP expression). Olfactory bulbectomy of transgenic animals was used to
test the hypothesis that lesion–induced activation drastically changes the expression profile of
Neurog1 and OMP-expressing cells. Additionally, we report for the first time expression
profiles for cell populations enriched for two types of GBCs, Sox2(+) GBCs and Neurog1(+)
GBCs. These data shed new light on the pathways involved with and genes important for the
progression from upstream multipotent progenitor to differentiated olfactory sensory neuron.
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MATERIAL AND METHODS
Animals
Wild-type F1 males were bred in house from parental strains (129S1/SvImJ x C57BL/6J)
acquired from The Jackson Laboratory. Neurog1eGFP mice were generously provided by the
GENSAT project (Gong et al., 2003) and maintained as heterozygotes by successive matings to
FVB/NJ mice or 129S1/SvImJ (The Jackson Laboratory). ΔOMP::GFP mice were generously
provided by Dr. Peter Mombaerts (Potter et al., 2001). Heterozygous ΔOMP::GFP animals
generated by outcrosses to CD-1 females were used. ΔSox2eGFP mice were generously
provided by Drs. Mahendra Rao and Larissa Pevny (Ellis et al., 2004) and were maintained as an
inbred colony. P2.ITL mice were generously provided by Dr. Peter Mombaerts (Potter et al.,
2001). Heterozygous offspring of out crosses to FVB/NJ females were used. All animals were
housed in a heat- and humidity-controlled, AALAC-accredited vivarium operating under a
12:12-hour light-dark cycle. All protocols of the use of vertebrate animals was approved by the
Committee for the Humane Use of Animals at Tufts University School of Medicine, where the
animals were housed and experiments were conducted. All mice were maintained on a 12-hour
light/dark cycle with ad libitum access to food and water.

Olfactory bulbectomy
The right olfactory bulb was removed by a technique previously described (Schwob et
al., 1992). Mice were anesthetized by intraperitoneal injection of 0.6 mL/kg of an induction
cocktail (43mg/mL ketamine, 9mg/mL xylazine, 1.5mg/mL acepromazine), and followed as
needed by 0.5mL/kg of a maintenance dose (95mg/mL ketamine, 1.9 mg/mL acepromazine).
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The bulb was exposed by removal of the overlying bone. The dura was lanced with a sterile 27gauge needle and the bulb was removed using a syringe attached to an aspiration pump. The
ablated cavity was filled with Oxycel and the animals were sacrificed 3 weeks after the surgery.

Cell Dissociation and Fluorescence Activated Cell Sorting (FACS)
Detailed FACS protocols have been reported from our lab (Chen et al., 2004). Briefly,
animals were perfused by intracardiac flush with low-Ca2+ Ringer solution (140 mM NaCl, 5
mM KCl, 10 mM HEPES, 1 mM EDTA, 10 mM glucose and 1 mM sodium pyruvate, pH 7.2)
after injection of an overdose of the anesthesia induction cocktail. The olfactory epithelium (OE)
was dissected into the septum and individual turbinate scrolls, and then incubated with 0.05%
trypsin/EDTA (Gibco BRL) in low-Ca2+ Ringer solution for 15 min at 37 °C, followed by
dissociation enzyme cocktail (collagenase/hyaluronidase/trypsin inhibitor/papain; 1 mg/ml, 1.5
mg/ml, 0.1 mg/ml, 15µL/mL, respectively; Worthington Biochemical, Freehold, NJ and Sigma)
in Ringer's solution (140 mM NaCl, 5 mM KCl,10 mM HEPES, 1 mM CaCl2, 1 mM MgCl2, 10
mM glucose and 1 mM sodium pyruvate, pH 7.2) for 30 min at 37 °C with occasional trituration.
Dissociated cells were treated with DNase I (Worthington) and subsequently filtered through 120
µm and 35 µm nylon mesh before staining and FACS.
FACS was performed on a MoFlo cell sorter (Cytomation Inc., Fort Collins, CO) running
Summit software (Dako). Dissociated cells from 2 days post-MeBr OE of wild-type and
transgenic mice were prepared as described above, and resuspended in staining solution
containing HBSS (Ca2+/Mg2+ free; Invitrogen; Aukland, NJ) with 25 mM HEPES and 1 mM
EDTA. An Innova 90 argon plasma laser (Coherent, Inc., Santa Clara, CA) was used to excite
the cells at 488nm and the samples were gated in FL1 to include only the GFP positive cells.
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Additional gating on forward and side scatter and on exclusion of propidium iodide (PI) was
used to limit the sort to live cells (Jang et al., 2007). Cells were collected in
HBSS/HEPES/EDTA solution on ice. After collection, cells were spun for 10 minutes at 200 x g
to pellet the cells.

RNA purification, quality control, labeling and bead array processing
Cell pellets were resuspended in Buffer ZR (Zymo Research Quick RNA Microprep
Cat#R1050) and the manufacturer's instructions were followed exactly. RNA was eluted with
water and DNAse treated for 30 minutes at 37°C. RNA was then purified using the DNA-free
RNA kit from Zymo Research (Cat # R1013). Samples were run on an Agilent 2100
Bioanalyzer to determine quality and select intact, non-degraded samples. Three biological
replicates (2-7 animals per replicate) were sent to the Keck Microarray Facility (Yale University)
for RNA amplification, cRNA production, labeling, and hybridization to Illumina MouseWG-6
v2.0 bead arrays. Illumina Genome Studio software was used to export both raw data and
background corrected, quantile–normalized data.

Microarray Data quality control and analysis
Quality control and processing of microarray data was performed using the BioConductor
packages lumi and limma for R (Du et al., 2008; Gentleman et al., 2004; Smyth, 2004; Smyth et
al., 2005). Fluorescence intensity values were exported to Microsoft Excel in which data were
formatted for subsequent analysis with GenePattern hierarchical clustering modules (Reich et al.,
2006). The limma package was used to generate pairwise comparisons of the biological
comparisons of interest. Gene lists for each comparison were filtered based on an adjusted p-
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value <0.05. When smaller gene lists were required for analysis or study of specific candidates,
an additional criterion of a fold-change greater than 2 was used.
Filtered lists described above were then input into the DAVID functional annotation
clustering tool (Figure 9 and Table 4). DAVID default settings (which include numerous gene
ontology classifications and functional domain classifications for all annotated genes) were used
for this analysis, with the additional inclusion of Biocarta and Panther pathway databases for the
clustering analysis. Upregulated gene lists were input into DAVID separately for each
population analyzed such that the resulting enrichment terms correspond to the first condition
listed in any given comparison. The DAVID analysis tool treats all genes input equally –
magnitude of fold change or expression value from the Illumina array is not taken into account
for this portion of the analysis. Enrichment of a particular annotation cluster indicates that this
annotation is over-represented, or enriched in the gene list for that given population compared to
the background level expected based on the frequency of occurrence of genes with the same
annotation in the mouse genome. Resulting enrichment clusters were considered for further
analysis if the enrichment score was >1.3 (as recommended by the database designers) (Dennis
et al., 2003; Huang da et al., 2009).

Tissue processing and Immunohistochemistry
Animals were deeply anesthetized cocktail and transcardially flushed with PBS, then
perfused with either 4% paraformaldehyde (Fisher Scientific, Suwanee, GA) in 0.05 M sodium
phosphate buffer, pH 7.2, or Zamboni's Fixative The OE was dissected and the tissue blocks
were post-fixed under vacuum for 2 hours. Tissues were then rinsed with PBS, equilibrated with
30% sucrose in PBS, and then frozen in OCT compound (Miles Inc.,Elkhart, IN). The olfactory
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mucosa was sectioned on a cryostat (Leica) in the coronal plane, 8 µm sections were collected on
to "Plus" slides (Fisher Scientific) and stored at -20° C for future applications.
Standard laboratory protocols were used to detect expression pattern of individual protein
in normal OE and transgenic OE. Adequate labeling with a number of the antibodies requires a
set of treatments on the sections prior to incubation with the antibodies. Briefly, frozen sections
were rinsed in PBS for 5 minutes to remove the OCT and then boiled in 0.01 M citric acid buffer
(pH 6.0) for 10 minutes. After cooling, sections were rinsed with PBS briefly before incubating
with block (10% serum + 5% Non fat dry milk + 4% BSA + 0.1% Triton X-100) for 15 minutes
at room temperature. In all cases, the sections were incubated with primary antibodies overnight
at 4° C. Bound primary antibodies were visualized by several fluorescently conjugated
secondary antibodies. Antibodies used are listed in Table 1.

In situ hybridization
Tissue was prepared using DEPC-H2O and DEPC-PBS to make the 4%
paraformaldehyde and 30% sucrose cryoprotection solution, respectively and 12 µm thick
cryosections were collected as described above. Hybridization and detection were performed
according to published protocol (Iwema and Schwob, 2003), with a few modifications depending
on the method of detection required for single labeling or double labeling with
immunohistochemistry. DIG-labeled cRNA probes were produced by in vitro transcription of
gel purified RT-PCR bands. The primers used to generate RT-PCR products were designed to
incorporate a T7 RNA polymerase docking site for the generation of anti-sense probes and an
Sp6 RNA polymerase docking site for the generation of sense probes. The probe sequences are
as follows:
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adh1 (ATT TAG GTG ACA CTA TAG agcactgcgggaaaagtg) and (TAA TAC GAC TCA CTA
TAG G gc tgt gat gtg gct ggt g),
vmo1 (ATT TAG GTG ACA CTA TAG GGC CTG AGA TGT GTC CTG AT) and (TAA TAC
GAC TCA CTA TAG GGG TAA AAG ACA GTA CTG GCA GAG C),
bpil3 (ATT TAG GTG ACA CTA TAG ctg agg ttg ggc atg gac) and (TAA TAC GAC TCA CTA
TAG Ggc cca tct ggc tca cat c),
olfr1188 (ATT TAG GTG ACA CTA TAG cct gag atg ccc aac agc) and (TAA TAC GAC TCA
CTA TAG Ggc acc att gca agc aac ca),
olfr116(ATT TAG GTG ACA CTA TAG GGG CTC AGC AGG GAA CTT) and (TAA TAC
GAC TCA CTA TAG GGT GGG GCA GGC AAG TAG AG),
olfr1508(ATT TAG GTG ACA CTA TAG tca tcc ttg ggt ctg aaa gg) and (TAA TAC GAC TCA
CTA TAG Ggt cag tgc aag cca gtt tga),
olfr282(ATT TAG GTG ACA CTA TAG CTC CCA CCT CCA CAC ACC) and (TAA TAC
GAC TCA CTA TAG GGC AGA AGG CGG CAT GAG AT) .

Briefly, sections were dried quickly with a hair-drier, rehydrated in PBS, permeabilized
with 1% Triton-X in PBS followed by Proteinase K digestion (0.05mg/mL, Roche 03115887001)
in 1x PK buffer for 4 minutes at room temperature. Slides were rinsed in PBS twice, rinsed once
quickly in water, and air-dried for 15 minutes. DIG-labeled RNA probes were heated to 65° C
for 5 minutes in hybridization solution (Sigma H7782-6ML) and applied to sections for
hybridization for 16 hours at 55° C in a humid box containing 5x SSC/50% formamide. Slides
were washed twice with 2x SSC at room temperature and twice with 0.1x SSC at 60° C for 30
minutes per wash. Sections were equilibrated in Tris Wash buffer, blocked for 30 minutes a 37°
C (1% blocking reagent in maleic acid buffer, Roche 11096176001). Depending on the
visualization method required, the sections were incubated for two hours at room temperature
with either anti-DIG-AP or anti-DIG-POD. Sections were washed three times with Tris Wash
buffer for 10 minutes each, and equilibrated in AP buffer prior to chromagen reaction with
0.45% NBT/ 0.35% BCIP in AP buffer overnight at room temperature. Slides were then washed
once in AP buffer and three times in H2O for 10 minutes each prior to de-colorization with 95%
ethanol overnight. For in situ hybridizations that were combined with immunohistochemistry,
anti-DIG-POD incubation was followed by PBS washing and incubation with biotinyl-tyramide
for 7 minutes in amplification diluent (Perkin Elmer). Slides were then washed with PBS and
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incubated with either Alexa 488 or Alexa 594 conjugated to streptavidin for 45 minutes at room
temperature. Sections were blocked and stained according to immunohistochemical protocols
described above.
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RESULTS
Each of the following cell populations were isolated from the normal OE via FACS by
utilizing a combination of endogenous GFP expression from various transgenic lines and cell
surface markers: multipotent progenitor GBCs (GBCMPP), immediate neuronal precursor GBCs
(GBCINP) and immature neurons, and mature neurons. Sustentacular cells (sus), horizontal basal
cells, and normal olfactory mucosa were also isolated and utilized as needed as control
populations. We also isolated GBCINP/immature neurons and mature neurons from epithelium
activated by removal of one olfactory bulb (bulbectomy or OBX) three weeks prior to harvest.
The global transcriptional profile for each population was compared to control and to one
another in biologically meaningful ways. As a consequence, we have identified a set of genes
that differentiates it from other cell types, as well as the different stages within the neurogenic
progression. A subset of the pathways and genes identified by transcriptional profiling is
highlighted and examined in more detail to validate and expand upon genes that inform the
regulation of this neurogenic process.

Distinct Stages of Neurogenic Progression
The three populations– GBCMPP GBCINP and immature neurons, and mature neurons– are
differently labeled by the expression of three distinct stage-specific genes and their
corresponding transgenic marker lines.
Differentiated OSNs were isolated on the basis of GFP expression from the ΔOMP–GFP
mouse line, which has been used for this purpose elsewhere (Potter et al., 2001; Sammeta et al.,
2007). The onset of OMP expression is conventionally used as a marker of full neuronal maturity
and corresponds with the elaboration of cilia. OMP labeling is reciprocal with markers of
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neuronal immaturity such as GAP43. We worked with heterozygote animals to avoid the
confounding functional consequence of deleting functional OMP protein (Kwon et al., 2009).
GFP(+) cells are mature neurons, as shown by their co-expression of endogenous OMP protein
(Figure 1). Indeed, few if any of the GFP(+) neurons are not also co-labeled with OMP which
indicates that expression of GFP is confined to mature neurons and is not expressed in advance
of maturation. As expected, GFP is excluded from the vast majority of immature neurons, which
are identified by high levels of NCAM expression. OMP protein is complementary to immature
neuronal markers. Animals that were analyzed three weeks after bulbectomy show the
stratification of immature neurons (marked by NCAM) and maturing OSNs (marked by OMP
and GFP). Post hoc analysis of GFP(+) cells isolated by FACS indicates that this is a highly
enriched population, as only 3% are contaminating sus cells as seen by staining for CK18.
Immature postmitotic neurons and the population of GBCINPs were isolated on the basis
of GFP expression from the Neurog1-eGFP BAC transgenic line (Gong et al., 2003). Neurog1 is
known to be downstream of Ascl1 and likely marks the GBCs whose daughter cell(s) become
postmitotic neurons on temporal grounds (Cau et al., 2002; Manglapus et al., 2004). In this case,
there is a discrete line of GFP(+) cells in the basal region of the OE in Neurog1-eGFP mice.
Because GFP potentially perdures beyond the lifetime of Neurog1 protein, we analyzed the
population of GFP-labeled cells by comparison with both Neurog1 itself, and markers of
immature neurons. When compared to endogenous Neurog1 protein, we find that GFP is
expressed in the majority of proliferative Neurog1(+) cells (Figure 2). However, GFP is also
expressed in many downstream immature neurons, marked by NCAM expression, due to its
perdurance relative to Neurog1 (Figure 3). GFP is not detectable beyond the immature neuronal
stage, i.e. OMP(+) cells do not express GFP. The population of Neurog1-GFP(+) and OMP(+)
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cells remain discrete and reciprocal even when neurogenesis is accelerated by ablation of the
olfactory bulb. Thus, little or no overlap is seen with GFP and OMP labeling, and the two
populations tend to remain basal and apical, respectively, even though the OE of the lesioned
mice is thinner, the population of immature neurons is expanded, and the number of mature
neurons is smaller (Figure 3). Another feature expected in response to bulbectomy and observed
here as well, includes a higher rate of proliferation (Carr and Farbman, 1992). Furthermore,
accelerated neurogenesis accentuates differences at the initial stages of neuronal differentiation,
as shown by stratification of NCAM(+) post-mitotic neurons as a distinct layer apical to some
TuJ1(+) progenitors (betaIII tubulin, a.k.a neuron specific tubulin) (Figure 4). GFP(+) cells
isolated by FACS from Neurog1–GFP are also highly enriched, as only 5% of the cells are
contaminating sus cells seen by staining for CK18. In addition to the two aforementioned
populations from the normal OE, we also used the same FACS strategy to isolate and compare
Neurog1GFP(+) GBCINPs and immature neurons with mature OMP(+) neurons from the
epithelium of unilaterally bulbectomized mice. Thus, the impact of accelerated neurogenesis
will also be addressed.
The population of GBCMPP was enriched by FACS on the basis of GFP expression and
cell surface antigen labeling in the ΔSox2–eGFP mice. The ΔSox2–eGFP transgenic line
expresses GFP under control of the endogenous Sox2 locus via ES cell knock-in that faithfully
reproduces the expression pattern of Sox2 protein (Ellis et al., 2004). However, GFP expression
in the ΔSox2–eGFP animals is complex as is endogenous protein. Globose basal cells (GBCs),
horizontal basal cells (HBCs), and sustentacular cells (Sus) all express Sox2 protein, albeit at
different levels (Guo et al., 2010). Thus, the most heavily GFP-labeled cells are sus cells at the
apex of the epithelium, which are also most heavily labeled for Sox2 protein. HBCs and GBCs
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are less strongly labeled either by anti-Sox2 antibodies or by GFP expression. Confocal
microscopy highlights these three distinct populations of GFP(+) cells (Figure 5). ΔSox2–
eGFP(+) GBCs are those basal cells that are CK14(–) and Ki67(+).
The three distinct cohorts of cells that express GFP can be identified and enriched by
FACS following staining with E-cadherin and CD54 (Figure 6, contribution of Adam Packard).
E-cadherin strongly labels sus cells, but not GBCs, while CD54 strongly labels HBCs, but not
GBCs (Carter et al., 2004; Guo et al., 2010). The combination of dissociation protocol, marker
staining, scatter gate criteria, and GFP intensity allows for the resolution and isolation of these
three populations by FACS (Figure 6 and Table 2). Post sort analysis of cells demonstrates the
expected enrichment in each of the Sox2GFP(+) populations: >95% of cells in the GFP(+high)
are CK18(+), >95% of cells in the CD54(+) population are CK14(+) (Adam Packard,
unpublished data). Thus, the sus cells and HBCs are isolated very specifically by their
corresponding surface antigens, leaving the other GFP(+) population–GBCs, as the unstained,
GFP(+low) cells. The GFP(+ low) sort is not as pure. CK18(+) sus cells are a significant
contaminating population (~70%), because no additional surface marker can select for the
Sox2(+) GBCs. By virtue of the fact that the CK18(+) cells were only weakly GFP(+) suggests
that they were damaged during dissociation causing GFP to leak out as well as other constituents,
such as mRNA, and decreased its contribution to the transcriptional profile.
Taken together, the cells isolated by FACS from these transgenic animals under normal
and bulbectomized conditions represent a five step neurogenic progression from: 1) upstream
ΔSox2–eGFP(+) GBCMPP, to 2) Neurog1eGFP(+) GBCINP and immature neurons from normal
epithelium to 3) activated Neurog1eGFP(+) GBCINP and immature neurons from bulbectomized
epithelium, to 4) newly differentiating mature OMP-GFP(+) neurons from bulbectomized
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epithelium, to 5) the fully mature pool of ΔOMP–GFP(+) mature neurons (Figure 7). The
conditions and sorting criteria used to isolate each cell population in the neurogenic progression
is listed in Table 2. In addition to the described populations, RNA from four additional
populations of cells were available as controls and comparisons: Normal olfactory mucosa,
ΔSox2-eGFP(+)/CD54(+) HBCs, ΔSox2-eGFP(+high) sustentacular cells, and mouse reference
RNA (Stratagene Cat#740100). HBCs were isolated as a highly pure population (>95% CK14–
positive on post hoc analysis) by using both ΔSox2-GFP(+) and CD54(+) as sorting criteria. Sus
cells were also isolated as a highly pure population (>95% CK18–positive on post hoc analysis)
using their optical complexity, size, and high level of GFP expression in ΔSox2-eGFP mice.

Global analysis of isolated populations
As a first step towards understanding the global transcriptional differences among the
stages in the neurogenic progression, the general quality of the dataset and relationships between
the samples were evaluated, lists of significantly regulated targets were generated for a variety of
pair–wise comparisons, and the significantly regulated genes were evaluated by functional
annotation clustering (Note on terminology: due to partial redundancy intentionally built into the
Illumina Bead array technology, the same gene may have multiple beads with different target
sequences for different regions of a specific mRNA. In the foregoing analysis, “targets” refers
to the number of beads directed against annotated genes, while “genes” refers to actual unique
genes. As a consequence, the number of targets overrepresents the number of actual unique
genes by a small percentage). Sample relations hierarchical clustering was applied to >7000 of
the most highly regulated targets across the datasets to cluster all the samples into a dendrogram.
Most of the replicates clustered together as expected. In contrast to that general rule, the samples

68

from the Neurog1 control and Neurog1 OBX samples (Ngn1Ctrl and NgnOBX, respectively),
were intermingled (Figure 8). The intermingling was unexpected and suggested that the
differences in gene expression between biological replicates were more significant than the
differences between treatments. In contrast, the OMP-GFP control samples and OMP-GFP OBX
samples clustered according to treatment conditions, suggesting that the between–treatment
differences were more significant than the between–replicate differences. Other results included
a close clustering of all the ΔOMP–GFP enriched conditions with the normal olfactory mucosa
(Normal OM), which is most likely because more than half of the cells in the normal olfactory
mucosa are OMP(+) olfactory sensory neurons. In addition, the GBC-containing samples
(Neurog1Ctrl, Neurog1OBX, and Sox2–GBC) all clustered more closely together with each
other than with any of the other cell types profiled. The clustering of the GBC–containing
populations is particularly relevant to the analysis of the Sox2-GBC profile as it shows that
sustentacular cell contamination was not a significant factor in the overall transcriptional profile
of the Sox2–GBC population. If contamination were an issue, the Sox2-GBC population would
have clustered more closely with the sus population than with any of the other samples.
In order to determine which genes and pathways are upregulated or downregulated in
specific populations, a series of pair-wise comparisons between biological replicates of the
different cell populations were generated by linear modeling of the microarray data (Smyth,
2004). Three replicates for each cell populations were used to generate fold changes with
corresponding adjusted p-values (accounting for multiple hypothesis testing in a microarray
experiment). The number of significantly regulated targets in comparisons selected for
biological meaning are listed in Table 3. The size of the regulated gene pool for the various
pair-wise comparisons parallels the distance observed on the dendrogram and provides more
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detailed information on the differences between specific data sets. The pair-wise comparisons
also offer insight into a number of important questions related to the gene expression changes
that occur during the transitions from multipotent progenitor to differentiated neurons.
The most striking pairwise comparison, which was predicted by the clustering on the
dendrogram, is that contrasting Neurog1–OBX vs. Neurog1–Ctrl. In this case, only an extremely
small number of genes are significantly regulated (65 significantly regulated bead sets, compared
to >1,500 for all other pairwise comparisons). These data indicate that Neurog1GFP(+) cells
respond to activation by changing the expression of few genes. In contrast, the OMPGFP vs.
OMPOBX comparison indicates that newly maturing OMP(+) neurons differ from the stable
population by >1,500 targets (Table 3). The large number of differences may reflect the
abbreviated lifespan and the transient nature of the OMP population in the absence of the bulb as
compared to control (lack of trophic support from the ablated olfactory bulb results in death
shortly after the transition to expression of OMP) (Schwob et al., 1992). Another comparison
that was remarkable for its relatively low number of regulated targets was Sox2–GBC vs.
Neurog1Ctrl. Echoing the relationships illustrated in the sample relations dendrogram, both
GBC-enriched populations share a relatively similar transcriptome (3,143 significantly regulated
targets between them, compared to 6,976 for Neurog1Ctrl vs. OMPGFP or 10,640 for Sox2–
GBC vs. Sus).
At this point, the analysis followed two divergent paths were followed for the analysis.
In one, we took an open–ended approach using functional annotation clustering to classify
differentially regulated genes and to tease out specific pathways that are key to the several cell
types. In the second, we used conventional clustered heatmap analysis at high and low
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stringency to reveal patterns of expression indicative of the different stages in the neurogenic
progression.

Significantly enriched annotation clusters in the neurogenic progression
The strategy that depended upon annotation clustering provided an open-ended approach
to characterizing the different types of genes that were differentially expressed during the several
transitions from multipotent GBC to mature OSN. Thus, the comparisons used for the
annotation clustering of the regulated genes include comparisons to normal mucosa, comparisons
to sus cells and comparisons to one another. The normal mucosa is dominated by mature OSNs,
so the sus cell population is a good control because it is highly enriched, largely quiescent and
biologically distinct from the neuronal lineage from an early stage. Normal OM is the least
manipulated population, least subject to experimental artifact, and is an important validator for
the gene clusters that emerge.
Significantly regulated gene identifiers were input into DAVID Bioinformatics database
for functional annotation clustering (http://david.abcc.ncifcrf.gov/home.jsp) (Dennis et al., 2003;
Huang da et al., 2009). This tool compares the gene ontology classifications for all of the gene
identifiers entered. It then returns annotation clusters based on groups of associated genes within
the list of upregulated genes entered into the tool. These annotation clusters are compared to the
chances of identifying that annotation cluster in a randomly chosen list of genes in the mouse
genome, by which analysis a p–value is derived and used to generate an enrichment score for
that particular set of annotations. Higher enrichment scores are usually more biologically
relevant and meaningful for a given list of genes. The designers of the database recommend
using an enrichment score (ES) cutoff of >1.3 as a way to filter the results for terms that yield
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biologically meaningful insights into the datasets (Huang da et al., 2009). The most highly
enriched annotation clusters for a number of biologically relevant comparisons in the
neurogenic progression are listed in Table 3.
Our accumulated understanding of the biology of neurogenesis in the olfactory
epithelium suggests that GBCs should be proliferating and expressing genes characteristic of
neuronal progenitors, while immature neurons should be expressing genes associated with
forming cellular projections and neurogenesis, and mature neurons should be expressing
numerous odorant receptor genes and genes associated with the olfactory signal transduction
cascade, but not genes related to progenitor cell biology or mitotic activity. In keeping with
prediction, annotation clusters related to mitosis, cell division, neuron development, neurogenesis
are highly enriched in the several GBC populations (Sox2-GBC, Neurog1-Ctrl, Neurog1-OBX)
when compared to normal mucosa, sus cells or more differentiated cell types. The comparison of
the Sox2–GBC and the Neurog1–Ctrl populations with normal mucosa produces a highly similar
set of enriched terms for these two separate comparisons. For example, neuron
development/nervous system development, organelle biogenesis/cellular component biogenesis
shows up in these GBC–containing populations (Table 3). When Neurog1–Ctrl or Sox2–GBCs
are compared to sus cells, protein kinase inhibitor is one of the most highly enriched terms and
two of the genes in this annotation cluster are p21 (CKDN1A) and p57 (CDKN1C), two cyclin–
dependant kinase inhibitors (CDKIs) known to play a role in inhibiting neuronal cell migration,
inducing cell cycle exit, and acting as an anti-apoptotic factors for neurons (Harms et al., 2007;
Itoh et al., 2007). The finding that CDKIs are enriched in these populations alongside terms
relating to mitosis and cell division appears contradictory. The opposing enrichments likely
reflect complexity and heterogeneity within the sorted populations that requires more refined
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analysis and additional subdivision of the data sets, as will be described later using Venn
diagram analysis.
The finding that many of the terms enriched in Neurog1–Ctrl and Sox2–GBC are
identical when both are compared to sus cells provided further evidence that these two
populations are highly similar and would require additional data mining and analysis to resolve
differences between the two datasets. When these two populations are compared to one another
directly, terms such as blood vessel morphogenesis are enriched, and within the set of genes that
contribute to this annotation cluster is FGFR2, a receptor for FGF ligands, which are expressed
in the OE and have proliferation–inducing effects on GBCs (Barraud et al., 2007; DeHamer et
al., 1994; Hsu et al., 2001). Lung development is another term associated with Sox2–GBCs. In
this cluster are transcription factors such as Gata6, Foxa1, Id1, and growth factor–related genes
BmprII and Pdgf-alpha. Gata6 has been shown to be involved in responding to retinoic acid
signaling, and Id1 has been shown to affect the stability of tissue specific bHLH factors, making
these two proteins candidates for studies of whether or not they play analogous roles in the OE
(Capo-Chichi et al., 2005; Vinals et al., 2004). The importance of TFGβ/BMP-signaling is
already firmly established in the OE by work from the Calof lab with the use of transgenic mice
and in vitro models (Shou et al., 2000; Shou et al., 1999; Wu et al., 2003).
Differences in the annotation terms from other comparisons may highlight biologically
interesting differences between these populations. The Neurog1Ctrl vs. OMPGFP comparison
provides a direct comparison between an immature neuron-enriched population (Neurog1Ctrl)
and a mature neuron population (OMPGFP). Ribosome was the most highly enriched term in the
Neurog1Ctrl vs. OMPGFP comparison suggesting that the population of GBCINPs and immature
neurons is committing significant cellular resources to protein synthesis. Mitosis was also highly
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enriched in the Neurog1Ctrl population as would be expected for the comparison with an entirely
post–mitotic mature neuron population. Chromatin assembly or disassembly was also enriched in
Neurog1 populations vs. OMPGFP. The complex regulation of expression of OR genes and
other key proteins related to axon targeting in the OE makes it likely that epigenetic processes
are critical during the transitions from progenitor cell to mature neuron. Thus, it has been
suggested that epigenetic mechanisms are thought to be involved in the global repression of all
but the single receptor gene to ensure the singularity of OR expression (McClintock, 2010).
Some of the upregulated genes (or targets) known to be involved in epigenetic regulation of gene
expression were investigated further and will be described in detail below.

Subdividing the genes in defined stages of the neurogenic progression
That the Sox2–GBC and Neurog1Ctrl data sets show extensive similarity prompted us to
refine the lists of upregulated genes with reference to their overlap with or exclusivity from the
OMPGFP dataset. The goals of this analysis were to: (1) identify genes that are exclusive to
certain cell populations as a way to identify potential unique markers for that population and (2)
to identify genes and pathways that are common to distinct stages of the neurogenic progression.
The Sox2–GBC, Neurog1Ctrl, and OMPGFP data sets were each compared to sustentacular
cells. Significantly upregulated genes from those comparisons were used to generate a 3-way
Venn diagram, which indicates the number of unique and shared genes for each population
(Figure 9). The area of each region of the Venn diagram is roughly proportional to the number
of genes there. The area colored in red represents the 817 genes specific to Sox2–GBCs, the area
in green represents the 979 genes specific to Neurog1Ctrl and the area in light blue represents the
1686 genes specific to OMPGFP. There is an extensive overlapping population (2168-purple)
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for these populations (by comparison with sustentacular cells) reflecting the clustering observed
on the dendrogram (Figure 8).
To address the functional significance of the differentially regulated genes among the 3
populations, the lists were input into DAVID as described above to identify the functional
annotation clusters within each comparison (Figure 9). A number of the DAVID terms match
the biology expected for each of the various cell types. For example, GBC–specific genes
(1256–orange), which would include those genes found in the Sox2 and Neurog1 datasets and
excluded from the OMP one, are enriched for terms such as mRNA processing and transcription
regulation. Moreover, genes expressed in a more downstream population and found in both
Neurog1 and OMP gene lists (1128–yellow) are significantly enriched for the functional
annotation clusters expected of maturing olfactory neurons: olfactory receptor and integral to
membrane. All three populations (2168–purple) contained clusters that included olfactory
transduction, neuron development, and cilium morphogenesis. Interestingly, it is worth noting
that neither the genes that were exclusive to the Sox2–GBC set, nor the ones exclusive to the
Neurog1Ctrl sets had particularly high enrichment scores for functional annotation clusters (all
<3). Nonetheless, the clusters that were significantly upregulated in Sox2–GBC included:
negative regulation of cell migration, blood vessel morphogenesis, insulin-like growth factor
binding; and for Neurog1Ctrl included ribosome, nuclear lumen, and RNA biosynthetic process.
The list of exclusive OMPGFP genes was highly enriched for olfactory receptor activity and
intrinsic to membrane–two annotation terms that reflect the large number of odorant receptor
genes in this list.

Expression of LSD1 and coREST in GBCs and immature neurons
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The enrichment of chromatin modifying genes within the GBC populations prompted us
to examine this functional annotation cluster in detail to nominate specific genes for expression
analysis that may be important functionally in olfactory neurogenesis. Examination of the gene
lists highlighted expected and unexpected results. For example, six components of the coREST
corepressor complex were differentially regulated across the datasets. The expression pattern of
a third component, HDAC2, has been described previously by immunohistochemistry in OE
(MacDonald et al., 2005) and appears in a pattern that is consistent with the microarray data
reported here. The average expression value for these genes plotted for each condition clearly
shows that these components are expressed at a high level in more primitive progenitor cell types
than in maturing OSNs (Figure 10). The coREST complex, which includes, coREST, HDAC2,
LSD1 and a number of additional proteins, is known to function to repress neuronal
differentiation genes in non-neuronal and neuronal progenitor cell types (Andres et al., 1999; Shi
et al., 2005). One of the components, LSD1, been shown to affect the global methylation
patterns, cell-specific gene expression, and the proliferative status of neuronal progenitor cells as
a result of its demethylase activity (Sun et al., 2010; Wang et al., 2009a; Wang et al., 2007).
However, in the neurogenic progression dataset the components of the coREST complex are not
precisely co-regulated. For example, LSD1 was higher in Sox2 in this setting while coREST
was higher in Neurog1.
As a consequence, we examined the expression of LSD1 and coREST more closely. We
used two strategies: co–labeling with a standard panel of cell-type specific antibodies and co–
expression with GFP in transgenic marked mice. Expression of LSD1 was examined by
immunohistochemistry in control epithelium and in the epithelium of bulbectomized mice.
LSD1(+) cells are concentrated in the basal region of the normal olfactory epithelium but are
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CK14(–), and the vast majority are also NCAM(–). On occasion, a LSD1(+)/NCAM(+) cell will
be apical to the rest (Figure 11). We compared anti-LSD1 staining to GFP labeling in the
Neurog1eGFP mice (Figure 12). In control transgenic mice, a number of the LSD1(+) basal
cells and the rare apical cells do not co-express Neurog1eGFP. A significant population of
LSD1(+) basal cells do not express detectable levels of GFP, as predicted by the level of LSD1
expression in the Sox2–GBC array data. Similarly, we looked at its expression relative to OMP
in the ΔOMP–GFP mice. None of the LSD1(+) cells overlap with GFP(+) cells in this
transgenic strain. After bulbectomy, the number of LSD1(+) cells increases but remains within
the basal layer of the epithelium below the immature neurons, with an occasional ΔOMP–GFP(–
) apical cell expressing the protein.
The expression of coREST protein was slightly different. coREST labels a population of
cells about 1-2 cell layers above the basal lamina with the strongest staining in more basally
situated cells and decreasing intensity in more apically located cells. In normal transgenic
Neurog1–eGFP mice, coREST labels a set of basal cells strongly and then appears to label
immature neurons very weakly (Figure 12). The expression pattern of coREST closely mimics
that of HDAC2 (MacDonald et al., 2005; and data not shown). The majority of Neurog1GFP(+)
cells but not all, are also coREST(+). In response to bulbectomy, the number of coREST(+) cells
dramatically expands in concert with the expansion of Neurog1GFP(+) population. Most of the
coREST(+) cells after bulbectomy are ΔOMP–GFP(–), with the exception of a small overlapping
double positive population.
The foregoing analysis of LSD1 and coREST suggest that LSD1 anticipates but overlaps
with the expression of coREST. Thus, the majority of coREST–expressing cells are immature
neurons, some of which are also labeled by LSD1. However, the more basally situated LSD1–
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expressing cells are likely to be upstream GBCs. Indeed by comparing with Sox2 and Ascl1,
markers that identify subsets of upstream GBCs (Cau et al., 2002; Guo et al., 2010; Manglapus et
al., 2004), the overwhelming majority of LSD1(+) basal cells were found to be Sox2(+) or
Ascl1(+), indicating that LSD1 is expressed in many GBCs upstream of GBC at the INP stage of
their progression (Figure 13).

LSD1 and coREST expression after methyl bromide lesion
The co-expression of LSD1 in GBCs suggests that this demethylase may play a role
during normal epithelial maintenance. In contrast to the normal or bulbectomized setting, direct
injury to the OE has a more complex effect on the stem and progenitor populations as all of the
different cell types need to be regenerated during the reconstitution of the epithelium (Schwob,
2002; Schwob et al., 1995). For example, Sox2 becomes universal after methyl bromide lesion,
and the sequential expression of Ascl1, Neurog1 and NeuroD1 heralds the appearance of more
differentiated neuronal progenitors and eventually neurons. As a consequence, time after lesion
can be used to ferret out the particular stages at which LSD1 is being expressed. Given extensive
co-expression of Ascl1 and LSD1 we predicted that LSD1 expression should closely mirror that
of Ascl1 after epithelial injury, caused by the inhalation of methyl bromide gas. However, the
temporal pattern of LSD1 expression was substantially more complicated than that of Ascl1
(Figure 14). The day after lesion, LSD1 expression was largely undetectable. In tissue
harvested 2–4 days post lesion, LSD1 stains the nuclei of horizontal basal cells (HBCs), a cell
population of the normal epithelium where LSD1 is not found. In this case, double labeling with
LSD1 and CK14, a marker of HBCs clearly shows LSD1(+) nuclei surrounded by cytoplasmic
CK14 staining in cells directly opposed to the basal lamina as well as CK14(+) cells that have
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accumulated suprabasally (Figure 14, insets B–D). This staining pattern shifts dramatically
back toward the normal pattern at later time points following lesion. At 5 days post lesion,
LSD1 first begins to emerge in CK14(–) cells but has not disappeared from CK14(+) cells at this
time point. At 7d, the balance has shifted further—there are more CK14(–)/LSD1(+) cells. By
14 days post lesion, the expression of LSD1 is found almost exclusively in GBCs, reminiscent of
the pattern from normal epithelium, though in a larger number of cells.
In contrast, coREST label is very light and homogenous for the first three days following
methyl bromide lesion (Figure 15). At 4 days after lesion a few cells express coREST strongly.
The intensely coREST(+) cells are CK14(–). At 5 days after lesion the contrast between
coREST(+) and coREST(–) populations becomes sharper, and coREST labels primarily in
suprabasal and apical cells. The rare CK14(+)/coREST(+) cells are less common than CK14(–)/
coREST(+) cells. At 7 days after lesion, the overwhelming majority of coREST(+) cells are
CK14(–) and have begun to stratify into the middle layer of epithelial cells. By 14 days after
lesion, the pattern of coREST labeling is similar to that of the normal epithelium: a band of
coREST(+) cells roughly a 1–2 cell layers above the basal lamina and decreasing intensity of
labeling as cells shift to more apical positions in the epithelium.

Expression patterns of Sox2–GBC genes
The unexpected segregation of LSD1 into the Sox2-GBC-only cohort of genes led us to
examine that dataset in more detail. A number of potentially interesting genes were identified in
this Sox2-GBC-only part of the Venn diagram. In addition, other genes that were upregulated in
the Sox2–GBC dataset by comparisons with the HBC and the Neurog1Ctrl datasets were also
investigated. The genes were chosen primarily by the magnitude of fold-change compared to

79

control and were analyzed further by in situ hybridization and immunohistochemistry. In
addition, some of the genes were a priori candidates for functioning during olfactory
neurogenesis.
Cytokeratin–17 (CK17) was found to be upregulated 2.9–fold in Sox2–GBC compared to
Neurog1Ctrl and CK17 plays an important role in wound healing by activated keratinocytes, and
its expression is altered in response to aberrant Notch signaling (Estrach et al., 2008; Moll et al.,
2008). Immunohistochemical detection of CK17 localization indicated extensive staining of
HBCs with occasional CK17(+)/CK14(–), cells that are not HBCs on that basis (Figure 16). The
CK17(+)/CK14(–) cells were more frequent at two weeks after methyl bromide lesion when the
architecture of olfactory epithelium has largely been restored, but has a higher percentage of
proliferative and immature cells (Schwob et al., 1995).
Alcohol dehydrogenase–1 (adh1) was upregulated 5.1–fold in Sox2–GBC vs.
Neurog1Ctrl and is involved in retinol metabolism (Molotkov and Duester, 2003). Adh1
message is detected by in situ hybridization in rare basal cells of the OE that sit above the HBC
layer and it is also strongly expressed in many cells of the lamina propria (Figure 17). Vitelline
membrane outer leaflet (vmo1) was upregulated 4.0–fold in Sox2–GBC vs. HBCs and is
expressed in Reissner’s membrane, an epithelial sheet of the inner ear (Peters et al., 2007). Vmo1
message is detected much more frequently than adh1 in basal cells. These basal cells sit just
above the layer of CK14(+) HBCs. Vmo1 message is also detected in numerous cells in the
superficial lamina propria (Figure 17). Bacterial permeability increasing–like 3 (bpil3) is
upregulated 24.3–fold expressed in the trachea and tonsils (Mulero et al., 2002). Bpil3 message
is mainly detected in the lamina propria with only an occasional basal cell with detectable signal
(Figure 17).
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Hierarchical clustering of significantly regulated genes reveals distinct expression patterns
Pair–wise comparisons establish the number of regulated genes in various comparisons
and can be used to identify candidates upregulated in a single comparison, however patterns that
emerge with reference to multiple stages in a progression such as neurogenesis are better
visualized in a different manner. For the multiple comparisons, heatmaps were prepared to
illuminate potential patterns of gene expression relative to the stages of neurogenesis (Reich et
al., 2006). For example, genes involved in, and important for, proliferation and maintenance of
progenitor status amongst different sets of GBCs are expected to show high expression (red
blocks) in the Sox2–GBC and Neurog1 datasets and then decrease rapidly to low levels in OMP–
GFP populations. Conversely, genes involved in and important for sensory function by mature
olfactory sensory neurons (including the family of odorant receptors) ought to be expressed at
low or negligible levels in the Sox2–GBC and Neurog1 datasets and reach high expression levels
in the OMPGFP populations. Two heatmaps were created–one for illustrative purposes that uses
only the most highly regulated genes, i.e. log2 fold change >4 in any comparison (Figure 18) and
the second, one with a less stringent filter i.e. log2 fold change >1 in any comparison (Figure
19). The latter was primarily used to guide further investigation because it highlights more
subtle changes in gene expression (as might be expected for transcription factors or other low
abundance messages).

Differential Expression of odorant receptor genes
The results from functional annotation clustering of the OMPGFP and OMPOBX
populations as well as the timing of OR expression in relative to OMP led us to expect peak OR

81

gene expression in the heatmaps in the OMPOBX and OMPGFP dataset with lower, and perhaps
detectable levels in the Neurog1Ctrl and NeurogOBX samples. Indeed, the high stringency
heatmap demonstrates that many high abundance odorant receptor genes fit the expected pattern
of high expression in OMP–GFP populations and negligible expression in the progenitor
populations (for example Olfr672, Olfr6, Olfr711, and Olfr1508, Figure 18—green boxes with
arrows). However not all ORs followed that expected pattern. The lower stringency heatmap
revealed that some ORs were expressed in progenitor populations and in unexpected patterns
across the dataset (orange boxes with arrows).
The occurrence of the unexpected pattern in the lower stringency heatmap prompted us to
examine the OR genes in more detail using a clustered heatmap. First we determined the number
of significantly regulated OR genes, i.e. those with an adjusted p–value < 0.05 for any dataset.
By that criterion, fold change ranged from as little as 1.14 to higher than 20-fold upregulation in
at least one of the 5 neurogenic datasets as compared to the sus cell control dataset. On these
grounds, 683 targets representing 614 OR genes were significantly regulated by comparison to
sus in at least one of the datasets encompassing the neurogenic progression.
The vast majority of OR genes followed the expected pattern of expression (524/614,
85%). However, we were surprised to find a cohort of significantly upregulated OR genes that
peaked not in the OMP dataset but in a population upstream of the mature neurons–either Sox2GBC, Neurog1Ctrl or NeurogOBX samples (90/614, 15%). To illustrate the differences in
expression pattern, all OR genes that had a log2 fold change of 1.5 or greater (2.83 fold change)
were compiled into a clustered heatmap (Figure 20).
Analysis of the heatmap clearly shows a node of OR genes that do not behave according
to the expected pattern (Figure 20). The “oddly regulated” node (highlighted in red) and two
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other nodes whose regulation that was more inline with our prediction (highlighted in green and
blue) were also plotted as line graphs of normalized expression values. This transformation was
used because the heatmap normalizes the expression level for each gene individually across the
dataset and therefore does not reflect differences in absolute expression that might exist across
the different nodes of ORs (Figure 20). Indeed, the oddly regulated ORs were expressed at a
lower level on average compared to one of the normal nodes (7.62 and 9.57, respectively,
significantly different t(two tailed), p <0.0001). That low expression level was not unique to the
oddly regulated ORs, as another node of normally regulated ORs did not have a significantly
different average expression level from the oddly regulated node (7.62 and 7.48, respectively,
not significant by two tailed t–test, p = 0.15). To determine whether the trend observed visually
was significant, the OR genes in each highlighted node were tested for significant variance
across the different populations of the neurogenic progression. The expression values for each
replicate of each condition for each OR sampled from the heatmap were tested separately for
each node by two-way ANOVA. The three separate ANOVA tests (one for the set of ORs in
each node) were all significant (p < 0.001). Additionally, each node contained numerous OR
genes that varied significantly in pair-wise Bonferroni post tests (12/19 for red, 6/17 for green,
and 6/8 for blue) (Figure 20).
The expression pattern of the oddly regulated OR genes although it does not fit with what
is expected of functioning OR genes, does correspond to the pattern expected for ORs that are
pseudogenes. As noted in the Introduction, expression of a non–functional OR gene or
pseudogene can be “switched-off/out” and that of another OR that produces a functional protein
product can be “switched on/in” (Lewcock and Reed, 2004; Lomvardas et al., 2006). A
switching off of a non-functional OR comports with the pattern observed in the” oddly
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regulated” node of the heatmap. Indeed, amongst the ORs of the oddly regulated node, 3 of the
18 have been previously classified as pseudogenes, i.e., non-functional ORs (Godfrey et al.,
2004; Zhang and Firestein, 2002). By comparison, about 20% of the whole OR gene family has
been recognized as pseudogenes. The other 15 ORs in the oddly regulated node have not been
previously designated as pseudogenes. One of these 15 (Olfr669) is a Class I OR, the other 14
are Class II ORs. These 15 genes represent 13 OR receptor gene families.
Since the majority of these “oddly regulated” OR genes were not previously recognized
as pseudogenes, we conducted an in silico analysis of the amino acid sequence. Sequence
alignment of these ORs did not reveal any apparent frameshift mutations that would result in a
grossly abnormal protein product. A number of these ORs have single amino acid changes in
one or more of the canonical OR motifs, but we cannot say whether these mutations would
render the protein non-functional (Mombaerts, 1999) (Figure 21). Members of mouse OR
family 135 and 114 were chosen for further alignment analysis with ClustalW2 because
members from the two families were found within the oddly regulated node and the normally
regulated nodes. In OR family 135, Olfr 378 and 380 were in the oddly regulated node, while
Olfr381, Olfr390, and Olfr395 were in normally regulated nodes. In OR family 114, Olfr770
and Olfr772 were in the oddly regulated node, while Olfr771 and Olfr791 were found in the
normally regulated nodes. Independent alignment the two gene families does not reveal an
increase in non–consensus amino acids in the oddly regulated members as compared to the
normally regulated members (Figure 22). Non-consensus amino acids that are common to the
oddly regulated genes in family 114 (residues 140, 141, and 165) were not unique, as other intact
family members (e.g., Olfr773 and Olfr780) have identical amino acids here. Likewise, the non–
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consensus amino acid at position 25 of Olfr378 and Olfr380 was not unique to the “odd”
members of the family, being also found in “normal” members (e.g. Olfr1 and Olfr20).
We next looked at the expression of oddly regulated and normally regulated ORs within
the epithelium itself. Olfr17, also known as P2, was located in one of the normal nodes (Figure
20). The expression of this gene was examined on the unoperated and operated sides of P2.ITL
transgenic animals three weeks after bulbectomy (Figure 23). As reported previously (Iwema
and Schwob, 2003), P2 neurons, identified by LacZ(+), are found throughout the layer of mature
neurons, with the rare basally-located immature LacZ(+) neuron. On the bulbectomized side, P2
neurons are concentrated at the level where immature neurons are transitioning to short-lived
OMP(+) mature neurons. This location relative to NCAM(+) cells validates the microarray data
which shows an increase in Olfr17 (P2) expression in the OMPOBX population and a maximum
level of expression in the OMPGFP population.
In contrast, the oddly regulated OR genes that were analyzed by in situ hybridization,
show a variable pattern of expression with respect to the number of cells labeled and location in
the epithelium. By microarray, Olfr1188 and 116 were most prominent in the Neurog1Ctrl
population, while Olfr282 was highest in the Sox2-GBC dataset. Olfr1508 is included as an
additional control since it was detected in OMP–OBX population and had a similar pattern as P2
(Figure 23 and Figure 24, C). Upon examination of the labeling pattern by in situ hybridization
for the oddly regulated ORs, labeled cell bodies were primarily located in the basal portion of the
epithelium and were infrequent (Figure 24). Their primarily basal location is expected from the
heatmap analysis in which they were detected in immature neurons and/or undifferentiated GBC
populations.
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Regulation of additional genes of interest
The low stringency heatmap conforms to a number of our other predictions. Specifically,
selected progenitor–associated transcription factors and cell cycle related proteins are expressed
at high levels in progenitors and lower or undetectable levels in the more differentiated
populations (Figure 19, green boxes). A few examples include Foxg1, and Notch1–both
expressed in olfactory progenitor cells (Duggan et al., 2008; Guo et al., 2007), and the cell cycle
associated genes Cdk2, Cdc20 and Cdca2. Runx1, a gene expressed in basal cells of the
developing OE, is highest in the progenitor populations and then decreases in OMP–GFP
populations (Theriault et al., 2005). Crabp2 is also expressed at higher levels in Sox2–GBC and
Neurog1 populations than the downstream neurons. Its expression pattern has been previously
described in the Schwob lab by in situ hybridization; the localization by ISH and predicted by the
microarray data are in alignment (Carolyn Peluso, PhD dissertation). Another gene that shows
this pattern of having a high level of expression in the GBC populations and then decreasing in
mature neurons is the bHLH transcription factor Hes6, again coinciding with previously
described expression data from embryonic and postnatal tissue sections (Suzuki et al., 2003).
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DISCUSSION
We have isolated each of the major cell types of the epithelium as well as different stages
in the differentiation of neurons from the GBC progenitors and analyzed the transcriptomes for
these various populations. Five major findings emerge from the work described above. First, all
stages in the neurogenic progression, from GBCMPP to differentiated neuron share a substantial
portion of their transcriptomes and express >2,100 genes in common. Second, the GBCMPP sort
and the GBCINP-immature neuron sort share >1,200 genes that are unique to these progenitor
cells. Third, the transcriptional profiles of Neurog1–eGFP(+) cells are essentially identical
whether isolated from the normal epithelium or during the response to bulbectomy. Fourth,
components of the transcriptional corepressor and chromatin modifying coREST complex, which
are expressed in the GBC populations, are dynamically regulated after bulbectomy and
methylbromide lesion. LSD1 is expressed in upstream GBCs, while coREST appears to be
expressed in more downstream GBCs and immature neurons. Fifth, the vast majority of
olfactory receptors (OR) are expressed in OMP(+) populations as expected, however a subset of
these genes show peak expression levels in more primitive cells types. These oddly regulated
OR genes are expressed at a lower level by comparison with ORs that have peak expression
levels in OMP(+) cells and may represent a novel population of pseudogenes that had not been
previously identified by sequence analysis.
The findings reported above and conclusions derived from the resulting expression data
depend primarily on: (1) the ability to identify and purify the populations of interest
reproducibly, (2) establishing meaningful and interpretable comparisons of those datasets, and
(3) validating the genes identified as regulated in these various comparisons. With regard to
purification, three different transgenic mice–that we and others have shown faithfully express the
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reporter in the appropriate cell types–were used (Agustsson et al., 2009; Guo et al., 2010;
McClintock; Potter et al., 2001). As with all transgenic mice in which the endogenous gene
locus includes a separate cistron encoding GFP rather than fusion of the reporter protein to the
targeted protein, perdurance (a.k.a. lingering expression) of GFP, into more downstream cell
types becomes an issue (Aubert et al., 2003). This is potentially a problem when studying each
population in isolation. However, we have minimized that concern by studying a progression of
cell types as they transition successively through the various stages we have obtained
(Manglapus et al., 2004; Packard, 2010). Thus, we used analysis of overlapping and non–
overlapping genes upregulated in each step of the progression as a means to identifying
interesting targets for further validation and analysis. With regard to issues of interpretation, the
conceptual framework established by previous genetic, functional, and expression studies
mentioned above (including the characterization described here) has assigned unique and varied
biological roles for the various cells populations examined in this study. As a result, the genes
upregulated in these comparisons can be interpreted according to the proposed functional
capacity of the various cells. For example, previous studies have placed Sox2–expressing GBCs
upstream of Neurog1–expressing GBCs with OMP(+) neurons as the terminal stage in the
differentiation of the post-mitotic progeny of this lineage. As a consequence meaningful
hypotheses can be developed that are based on the genes identified in the different types of
progenitors (by comparison with each other) and in the progenitors as compared to differentiated
neurons. With regard to validation, a combination of published work in the field, our global
analysis of the datasets, and the expression patterns of genes not previously examined in the OE,
illustrates the usefulness of the microarray expression data. In contrast to previously described
global expression data for OSNs (Sammeta et al., 2007), we have performed all isolations and

88

comparisons using three separate preparations of greater than four animals per replicate in an
effort to highlight average population differences between given cell types that will be less
susceptible to differences among animals or subtle differences in methodology. Beyond that, we
also confirmed expected upregulation of numerous genes in several populations based on the
literature (i.e. hundreds of ORs in the OMP populations, cell–type specific transcription factors
in the progenitor populations, and axon guidance, growth and sorting factors in immature
neurons).
The finding that a large cohort of genes are common to the neurogenic lineage when all
the different stages are compared to sustentacular cells suggests that these cell types may be
using common pathways in slightly different ways to effect functional differences or that posttranscriptional regulation plays a significant role in functionally differentiating these cells from
one another. This finding actually parallels data findings described for a comprehensive analysis
of the transcriptomes of various stages in the development and differentiation of the
spermatocyte lineage (Johnston et al., 2008). This study described between 7,812 and 9,888
genes expressed at each of ten distinct stages. The total number of unique genes expressed in the
testes as a whole was 11,699–implying a significant amount of overlap in the cohort of genes
expressed in the spermatocyte lineage. Our data, though not involving as many distinct stages,
reveals a similar trend of lineage-specific overlap of upregulated genes. The shared genes for the
neurogenic lineage also reinforce the data that describe Neurog1(+), and Ascl1(+) GBCs (which
are included in the Sox2–GBC population based on the co–expression of Sox2 in all Ascl1(+)
cells) as increasingly fate–committed neuronal progenitors (Guo et al., 2010; Murray et al.,
2003). One would expect that an upstream fate choice would result in a large cohort of genes
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that are exclusively expressed in more downstream committed precursors for that lineage and
distinguishes these cells from the non–neuronal lineage.
Within the neurogenic lineage, we also found that populations enriched for two classes of
GBCs, Sox2–GBCs and Neurog1Ctrl, share >1,400 significantly upregulated genes. Many cells
among the GBC population share the properties of a highly activated, highly mitotic population
(Caggiano et al., 1994; Guo et al., 2010; Huard and Schwob, 1995). Although there are well–
established transcription factors that mark distinct stages as the GBCs advance toward terminal
mitosis, it is possible that other genes show more graded differences in transcription or alternate
methods of regulation as compared with the sharper differences seen in the stage–specific
transcription factors. Nonetheless, analysis in the embryo and adult has suggested that GBCs
which express Sox2 vs. Neurog1 (the subdivisions of progenitors used here) represent two
functionally distinct populations (Cau et al., 2002; Cau et al., 1997; Guo et al., 2010; Kawauchi
et al., 2005; Manglapus et al., 2004). For example, the lack of Neurog1 expression in the OE of
Ascl1 null mice does not dramatically affect Sox2 and that these Neurog1–expressing cells are
downstream of Sox2 expressing GBCs (which include Ascl1(+) GBCs) (Beites et al., 2005; Cau
et al., 2002). The current microarray data suggest that the apparent diversity of function does not
manifest as dramatic transcriptional differences. The extensive transcriptional overlap could be
explained in part by related findings comparing embryonic stem cells with tissue specific
progenitor and differentiated cell types (Golan-Mashiach et al., 2005). In this case ES cells and
adult stem cells express a general set of genes representative of the different cell types, which
these progenitors are capable of differentiating into, and then gradually decrease the expression
of “stemness” genes as they differentiate. An analogous kind of regulation in the olfactory
epithelium could explain the large number of commonly upregulated genes found throughout the
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neurogenic progression, while the uniquely expressed genes for the upstream GBCs could be
those that are being turned off as these cells differentiate.
The use of bulbectomy to activate and upregulate Neurog1–GFP(+) cells also highlights a
characteristic that would be expected of neuronal-committed, fate-restricted proliferating
progenitors. The extremely small number of genes that differ between this cell type in normal
OE vs. bulbectomy indicates that their transcriptional profiles are essentially identical. Thus, the
Neurog1(+) cells are acting as an “effector” population that is not responding to the lesion
environment per se, but rather increases neuronal numbers in the same manner as during normal
maintenance of the OE. In contrast, a much greater degree of transcriptional diversity was
observed between OMP–GFP(+) cells harvested three weeks after bulbectomy and those from
the normal epithelium. That the OMP(+) neurons in the bulbectomized setting have more
recently transitioned to maturity and have a more abbreviated lifespan by comparison with the
OMP(+) neurons in the normal epithelium is key to the interpretation of that heterogeneity. Two
explanations emerge from the differences in the history of the OMP(+) neurons in these two
settings. Either the differences in transcriptional profile indicate that OMP expression
encompasses different stages of differentiation i.e. young OMP(+) neurons are functionally
different from old OMP(+) neurons. Some evidence can be adduced for that notion (Schwarting
et al., 1992; Ukhanov et al., ). Alternatively, the difference in transcriptome in the OMP(+)
neurons with bulbectomy reflect their failure to contact their olfactory bulb target and acquire
trophic support, and are preparing to die on account of that failure. Additional analysis will be
needed to discriminate between the two possibilities.
How do the transcriptional differences between the different stages in the neurogenic
progression come about? Obviously, differential expression of major transcription factors, such
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as Sox2, Ascl1, Neurog1 and NeuroD1, will have major consequences for the pattern of gene
expression at each of these stages. However, epigenetic regulators and chromatin modifications
are likely to be responsible for an additional layer of control by modulating the accessibility of
genes involved in maintaining a progenitor phenotype or initiating a neuronal differentiation
program in concert with the canonical neurogenic transcription factors. We show in this work
that two known regulators of chromatin accessibility, histone and DNA methylation are
expressed in GBCs and immature neurons and are dynamically regulated in response to methyl
bromide lesion (Cunliffe, 2008; Wang et al., 2009a; Wang et al., 2007). Although coREST and
LSD1 are commonly found in the same complex, the expression data shown here indicate that
their expression need not be tightly linked; LSD1 is prominent in stem and progenitor cells,
while coREST is primarily found in immature neurons. Another component of the complex,
HDAC2, and its distribution have previously been described in adult OE (MacDonald et al.,
2005). The published data along with the findings reported here for coREST suggest that
coREST and HDAC2 is expressed in the OE in a primarily LSD1–independent complex. Other
studies of pituitary organogenesis and regulation global demethylation have suggested functions
for LSD1 independent of coREST-containing complexes (Wang et al., 2009a; Wang et al.,
2007). Likewise, the finding that LSD1 expression is dynamically expressed in activated HBCs
early after methylbromide lesion and then restricted to GBCs at later time points after lesion (and
in normal OE) places the demethylase at crucial regulatory points for the proliferation and
possibly cell fate choice of HBCs and GBCs.
Finally, our examination of genes more characteristic of differentiated neurons gave rise
to an unexpected finding. A not insignificant number of ORs are expressed in progenitor
populations, but some of them then decline as neurons are born and differentiate. However, the
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"odd" regulation of these OR loci suggests that they may not encode a functional receptor and
are switched off as a consequence. If so, our approach may be a novel way of assessing receptor
functionality, in the absence of gross sequence abnormalities like premature termination or
frame-shift mutation. Among the group of “oddly regulated” ORs are many that had not
previously been categorized as pseudogenes. Previous sequence analysis of the OR gene family
has used mutations in canonical OR motifs as criteria for labeling these genes pseudogenes
(Mombaerts, 1999; Zhang and Firestein, 2002). The current findings complement recent work
from the Greer lab indicating that pseudogenes are expressed in embryogenesis alongside
canonical OR genes (Rodriguez-Gil et al.). While functional studies are still lacking, the data
from this study and the Rodriquez-Gil study suggest that sequence data are not sufficient to
determine with certainty whether a given OR is functional or not.

93

Figure 1
OMP-GFP(+) cells label the pool of mature neurons in normal epithelium and a population
of maturing neurons in bulbectomy-lesioned epithelium.
A. Tissue sections co-stained with GFP and NCAM show the strongly NCAM(+)/GFP(-) cells
that lie just basal to the GFP(+) mature neurons. B. Co-labeling of OMP and GFP show that the
vast majority of OMP(+) mature neurons are GFP(+). C. OMP-GFP(+) cells take up an apical
position during regeneration following bulbectomy, with NCAM(+) immature neurons situated
more basally. The strongly NCAM-labeled immature neurons make up a thicker layer after
bulbectomy compared to control epithelium. The dotted line approximates the border between
the NCAM(+) immature neurons and the GFP(+) maturing neurons. D. Co-staining of GFP
with OMP indicates that the transgene maintains fidelity to OMP(+) neurons after bulbectomy.
Arrowheads indicate basal lamina. Scale bar in D is 25 microns and applies to all panels.
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Figure 2
Neurog1–eGFP mice express GFP in Neurog1(+) cells.
Immunostaining of adult olfactory epithelium from normal (A-C) and 3 weeks after bulbectomy
(D-F) was co-stained for GFP and Neurog1. For both upper and lower panels, the left panels are
single channel green images, the right panels are single channel red images and the center panel
is the merged image with co-stained with Hoechst 33258 to label nuclei. Arrowheads indicate
basal lamina. A-C. Stained tissue sections from normal adult Neurog1-GFP animals show that
GFP is expressed in basal cells and immature neurons. The asterisk illustrates an example of a
Neurog1(+)/GFP(+) cell. 78% of Neurog1(+) cells are also GFP(+) in unoperated OE. The
arrow illustrates an example of a Neurog1(+)/GFP(-) cell. These latter cell types are a minority,
but can be found with regularity, presumably due to the fact that GFP has not accumulated to
detectable levels yet in these cells. Many of the GFP(+) cells are immature neurons, seen by
their lack of Neurog1 expression, more apical position in the epithelium, and the apical dendrite
extending from the cell body. D-F. Transgenic animals 3 weeks after unilateral bulbectomy
show a dramatic increase in GFP expression and an expansion of the Neurog1(+) cells. In this
epithelium, 70% of Neurog1(+) cells are GFP(+). The band of GFP(+) cells extends more
apically into the epithelium in this state of persistently elevated neurogenesis. Scale bar in F is
25 microns and applies to all panels.
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Figure 3
Neurog1-GFP(+) cells include the immediate neuronal precursor population and immature
neurons.
A-C. Immunostaining of tissue sections from unoperated side of Neurog1-GFP adult OE.
NCAM was used to identify immature neurons. OMP was used to label mature neurons. Panel A
shows co-staining of GFP and NCAM. Panel B is the merged image of GFP, NCAM, and OMP.
Panel C shows the single channel blue image. The majority of GFP(+) cells are OMP(-) and a
number of GFP(+) cells are immature neurons as defined by NCAM(+) and OMP(-). D-F.
Immunostaining of tissue sections from a Neurog1-GFP animal three weeks after bulbectomy.
As above, panel D shows co-staining of GFP and NCAM, panel E shows the merged image, and
panel F shows the blue single channel image (OMP). The stratification of three
immunophenotypes of cells is more apparent after bulbectomy: GBCs defined as
GFP(+)/NCAM(-), immature neurons defined as GFP(+)/NCAM(+), and maturing neurons
defined as GFP(-)/OMP(+). Dotted line depicts the border between these latter two cell types.
Arrowheads indicate basal lamina. Scale bar in F is 25 µm and applies to all panels.
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Figure 4
Olfactory epithelium from a Neurog1-eGFP adult three weeks after bulbectomy reveals
additional immunophenotypes in the neurogenic progression.
A-C, and F. Single channel images for tissue sections triple stained with NCAM (A), GFP (B),
and TuJ1 (C) and the merged image (F) shows that the combination of these three antigens
identify distinct populations of GBCs and immature neurons. D and E, G and H. Higher
magnification of areas from two-color merged images identified by arrows in I and K identify
GFP(+)/NCAM(-)/TuJ1(+) cells. I-K. Two color merged images for each combination of stains
to illustrate the relationships between cells expression each combination of the antigens. TuJ1(+)
include basal cells that extend below the level of NCAM(+) cells. Many of these
GFP(+)/TuJ1(+) cells are NCAM(-). Scale bar in K is 25 microns and applies to A-C, F, I-J.
Scale bar in H is 10 microns and applies to D-E, G-H.
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Figure 5

Δ Sox2–eGFP mice express GFP in GBCs, HBCs, and sus cells.
Coronal sections of OE were stained to demonstrate the cell types expressing GFP. A-C. GFP is
expressed in two distinct populations of basal cells, HBCs as shown by co-labeling with CK14
(arrowheads), and GBCs based on exclusion from CK14 (arrows). D-F. GBCs make up the vast
majority of proliferating basal cells, and GFP co-localizes with Ki67, a marker of proliferation,
in these cells (arrows). G-I. GFP is expressed in GBCs but not the immature neurons
downstream as shown by exclusion from NCAM(+) cells. Scale bar in I is 25 microns and
applies to all panels.
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Figure 6
Enrichment of Δ Sox2–eGFP(+) GBCs by FACS.

ΔSox2–eGFP animals were dissociated according to two different protocols to enrich for either
HBCs and sus cells or GBCs. The first protocol was the standard dissociation described for all
other FACS purification and was used to isolate, at high purity, HBCs using anti–CD54 and sus
cells using the property of high GFP intensity. To isolate a population enriched for GBCs, a
mechanically disruptive protocol was used to exploit the complex architecture and more rigid,
adhesion–based characteristics of Sus cells and HBCs compared to the small round GBCs
(Cuschieri and Bannister, 1975a; Graziadei and Graziadei, 1979a; Holbrook et al., 1995). A
Scatter gating was used to separate larger and more optically complex cells (B–E)–properties of
sus cells and HBCs, from small, optically simple cells (F–I)–properties of GBCs. B, F
Unstained populations from wild type control animals. C, G Wild type animals stained for the
surface markers CD54 (labeling HBCs) and E-cadherin (labeling sus cells), detected with two
separate secondary antibodies, both of which were labeled for sorting with allophycocyanin
(APC). D, H Unstained cells from ΔSox2–eGFP animals shows that among GFP(+) cells, the
optically simple population (H) is enriched for low intensity GFP fluorescence. E, I ΔSox2–
eGFP stained for both CD54 and E-cadherin, detected with APC as above. I The GFP(+) low
intensity, enriched for ΔSox2–eGFP(+) GBCs was isolated based on CD54 (–) and E-cadherin (–
) and being optically simple (area outline in green). This is in contrast to the populations
depicted in E, which are enriched for HBCs (area outlined in blue) and sus cells (areas outlined
in orange). Note: the mechanical dissociation protocol results in a large percentage of the sus
cells showing up with decreased GFP intensity (orange box), presumably because these cells
have leaked some soluble GFP as a result of the dissociation.
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Figure 7
Tissue expression and FACS profiles in the neurogenic progression.
Tissue harvested from normal Neurog1eGFP (A-B, E-F) and ΔOMP–GFP (C-D, G-H) and
other euthanized three weeks post-bulbectomy mice was stained with NCAM and GFP to
demonstrate the different conditions in the neurogenic progression from which RNA was
collected for microarray analysis. Upper panels (A-D) are coronal sections, lower panels (E-H)
are FL1 (GFP) vs. FL4 (no stain) FACS profiles of dissociated cells from the corresponding
above condition. A. In normal Neurog1eGFP BAC transgenic animals, GFP stains GBCINPs and
some immature neurons, as shown by co-labeling with NCAM. B. Three weeks after
bulbectomy, neurogenesis is persistently elevated as seen by an expanded domain of GFP
expression in the Neurog1eGFP mice, and increased percentage of GFP(+) cells (lower panel).
C. ΔOMP–GFP mice three weeks after bulbectomy permit isolation of the next stage of the
neurogenic progression, newly differentiation mature neurons, as seen by the onset of GFP
expression coincident with decreasing NCAM labeling. D. Normal ΔOMP–GFP mice show
GFP labeling in mature neurons. Arrowheads depict basal lamina. Scale bar in D is 25 µm and
applies to A–D E-H. Areas outlined in green identify the GFP(+) populations isolated from
each animal and condition. The percentage of GFP(+) cells in each condition is listed in or near
the outlined region. The percentages reflect the increase or decrease of GFP(+) cells observed in
the tissue for each animal in response to bulbectomy.
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Figure 8
Dendrogram of Sample Relations.
Signal intensity values from each bead array replicate was normalized and background corrected
in Illumina Genome Studio. Sample relations based on >7000 of the most highly regulated were
determined using the lumi package for R (Du et al., 2008). The samples enriched for different
types of GBCs clustered together (blue and purple), while the samples enriched for olfactory
sensory neurons clustered together (red and black). The control cell type from the olfactory
epithelium that is not part of the neurogenic progression, sustentacular cells (SUS), did not
cluster closely with any of the samples from the neurogenic progression. For Neurog1 samples,
the variation between replicates was greater than the variation between control and bulb ablated
samples. All other replicates clustered such that replicates were more similar to one another than
any other sample. Abbreviations: mREF= mouse reference RNA (Stratagene), SUS =
sustentacular cells, NgnCtrl= Neurog1 control, NgnOBX = Neurog1 3 weeks post bulbectomy,
OMP = OMPGFP control, OMPGFP_OBX = OMPGFP 3 weeks post bulbectomy, Normal_OM
= whole normal mucosa.
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Figure 9
Overlapping and distinct upregulated genes in the neurogenic progression.
Sox2–GBC, Neurog1–Ctrl, and OMPGFP–Ctrl expression data were compared to control cells
(sustentacular cells). The lists of significantly upregulated genes in each comparison were used
to generate a Venn diagram that depicts the exact number of genes unique to, or shared among,
the various conditions. The area for each region is roughly proportional to the number of genes
in that area to give a representation of the overlap between different data sets. The red area
represents genes uniquely upregulated in Sox2–GBCs but not upregulated in Neurog1–Ctrl or
OMPGFP–Ctrl. Green represents those unique to Neurog1–Ctrl, light blue represents those
unique to OMPGFP–Ctrl. Overlapping gene sets are depicted as areas of different colors: orange
represents the number of genes that are upregulated in both Sox2–GBC and Neurog1–Ctrl,
yellow represents those upregulated in both Neuro1–Ctrl and OMP–Ctrl, dark blue represents
those upregulated in both Sox2–GBC and OMP–Ctrl. The central purple area represents those
genes upregulated in all three conditions.
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Figure 10
coREST complex components are regulated as differentiation proceeds.
A list of proteins known to interact with or participate in the coREST corepressor complex was
compiled from the literature (Cunliffe, 2008; Lee et al., 2005; Metzger et al., 2005; Saleque et
al., 2007; Shi et al., 2005; Wang et al., 2009a; Wang et al., 2007; Wang et al., 2009b). This list
was filtered on those genes that were significantly regulated when samples in the neurogenic
progression were compared to sustentacular cells. Six of these genes were significantly
upregulated in Sox2–GBC, Neurog1Ctrl, or Neurog1OBX samples. These genes were visualized
with the hierarchical clustering tool for GenePattern and the normalized expression values for
sample in the neurogenic progression were grouped by gene and plotted as a bar graph. Both
methods clearly show that the coREST complex components are upregulated in progenitor cells
and decrease in expression as differentiation proceeds.
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Figure 11
LSD1 is expressed in GBCs.
Tissue sections from normal adult olfactory epithelium were examined by triple label
immunohistochemistry. A LSD1 expression is detected in the nuclei of basal cells (white
arrows) and occasional apical cells (outlined black arrows). B Single channel image of the same
section stained for CK14, a marker of HBCs. These form a thin layer along the basal lamina,
which is indicated by arrowheads. C Single channel image of the same section stained for
NCAM indicates numerous neurons occupying a thick layer in the middle of the epithelium.
NCAM also strongly labels axon fascicles in the lamina propria. D Merged image of all three
colors indicates that LSD1(+) cells near the basal lamina are NCAM(–) and CK14(–), indicating
that these are GBCs. Scale bar in D is 25 µm and applies to all panels.
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Figure 12
LSD1 is expressed in more immature cells than coREST.
LSD1 and coREST proteins are expressed in Neurog1-GFP(+) cells. A-B Many Neurog1eGFP(+) cells are also coREST(+) in control (A) and 3 week post bulbectomy (B) epithelium.
The expression of coREST is dramatically expanded along with Neurog1-eGFP in response to
bulbectomy (B). C. The majority of OMP-GFP(+) cells after bulbectomy are coREST(-). D.
LSD1 is expressed in a subset of Neurog1-eGFP(+) cells, but is also expressed in GFP(-) basal
cells. E. LSD1 expression is mutually exclusive from OMP-GFP. Scale bar in E is 25 microns
and applies to all panels. Arrowheads indicate basal lamina.
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Figure 13
LSD1 is co–expressed with Ascl1 and Sox2 in GBCs.
LSD1 is expressed in GBCs. Tissue sections from normal animals were stained for LSD1 and
Ascl1 (A–C) or LSD1 and Sox2 (D-F). A-C The vast majority of Mash1(+) (a.k.a. Ascl1) cells
are also LSD1(+) as seen by the merged image (B) of LSD1 and Ascl1. Arrows indicate co–
localization. D–F Many LSD1(+) GBCs are also Sox2(+) as seen by the merged image (E).
Arrows indicate co–localization. Arrowheads indicate basal lamina. Scale bar in F is 25 µm and
applies to all panels.
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Figure 14
LSD1 is sequentially expressed in HBCs then GBCs following MeBr lesion.
Tissue sections from animals sacrificed at increasing times after methyl bromide lesion were
stained for LSD1 to determine the dynamics of the expression in relationship to HBCs, identified
by CK14 staining. All panels are co–stained with Hoechst 33258 and insets show areas at higher
magnification without the nuclear stain. A Very few LSD1(+) cells are present at 1 day after
lesion. B–D At 2, 3, and 4 days after lesion, LSD1 is expressed in many CK14(+) cells.
Asterisks indicate CK14(–)/LSD1(–) cells. E, F At later time points after lesion, CK14(–
)/LSD1(+) GBCs can be appreciated (arrows) and the majority of CK14(+) cells are LSD1(–)
(brackets and insets). Outlined arrowheads indicate basal lamina, white arrowheads indicate
CK14(+)/LSD1(+) cells, arrows indicate CK14(–)/LSD1(+) GBCs. Curved arrow shows an
apically situated LSD1(+) cell. Brackets show CK14(+)/LSD1(–) cells. Scale bar in F is 25 µm
and applies to all panels. Scale bar in inset of F is 10 µm and applies to all insets.
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Figure 15
coREST is strongly expressed at later timepoints after MeBr lesion.
Tissue sections from animals sacrificed at increasing times after methyl bromide lesion were
stained for coREST to determine the dynamics of the expression in relationship to HBCs,
identified by CK14 staining. All panels are co–stained with Hoechst 33258. A–C coREST(+)
cells are very rare at early time points after lesion, and where expressed, the intensity of staining
is weak. D At 4 days after lesion, CK14(+) cells are very lightly labeled by anti-coREST
antibody and some strongly coREST(+) cells are present above the basal lamina. E, F At 5 and
14 days after lesion, the majority of strongly labeled coREST(+) cells are CK14(–). Arrowheads
indicate basal lamina. Scale bar in F is 25 µm and applies to all panels.
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Figure 16
A subset of CK17(+) cells are CK14(–) cells in activated epithelium.
Sections from normal animals and animals two weeks following methyl bromide lesion were co–
stained for cytokeratin 17 (CK17) and cytokeratin-14 (CK14), which label HBCs. A The vast
majority of CK17(+) cells in the normal epithelium co–stain for CK14, with only rare cells
appearing to be CK17(+)/CK14(–). B The more proliferative epithelium 2 weeks after methyl
bromide indicates the presence of many CK17(+)/CK14(–) cells. Some of these are basal cells
(arrow), others appear to be sustentacular cells based on their apical location and morphology
(asterisk). C A number of CK17(+) cells are also Ki67(+) at 2 weeks following methyl bromide
lesion (arrow).

Scale bar in C is 25 µm and applies to all panels.
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Figure 17
In situ hybridization of genes exclusively upregulated in the Sox2–GBC dataset.
In situ hybridization indicates that a number of genes specifically upregulated in Sox2–GBCs are
expressed in rare populations of basal cells in the OE. Arrowheads indicate basal lamina and
insets show probe–positive basal cells at higher magnification. A Anti-sense probe for alcohol
dehydrogenase (adh1) labels rare basal cells in the olfactory epithelium of normal mice and
strongly labels numerous cells in the lamina propria. B Vitelline membrane outer leaflet-1
(vmo1) antisense probe labels occasional basal cells and cellular processes extending apically in
the OE. The probe also strongly labels a subset of cells in the lamina propria. Anti-CK14
immunostaining indicates that the vmo1(+) cells are CK14(–). C Bacterial permeability
increasing-like 3 (bpil3) antisense probe labels very rare basal cells as well as a population of
cells deep within in the lamina propria. Hybridization was performed on a ΔSox2–eGFP animal
and the section was co–stained with anti-GFP to show overlapping expression of bpil3 message
with GFP protein. Scale bar in A is 25 µm. Scale bar in C is 25 µm and applies to B and C.
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Figure 18
High stringency heatmap of regulated genes.
To visualize patterns of differentially regulated genes, a hierarchical clustered heatmap of the
normalized expression values for genes that had an average log2 fold change of 4 or greater for
any of the conditions compared to sustentacular cells was made using GenePattern (Broad
Institute). Each column represents a different replicate while each row represents a unique bead
set (labeled with both the Illumina identifier—ILMN, and the target gene name for that specific
bead set). The color range is normalized for each row and does not reflect relative expression
levels between different rows. Blue indicates low expression, red indicates high expression.
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Figure 19
Low stringency heatmap of regulated genes.
This heatmap was generated by the same means as the above heatmap, except a less stringent
average log2 fold change cutoff of 1 was used as the criteria for inclusion. Note: this figure spans
multiple pages to print the genes names in legible format. Examples of odorant receptors (ORs)
regulated in expected patterns are highlighted with green boxes and black arrows. Examples of
ORs regulated in unexpected patterns are highlighted with orange boxes and black arrows.
Examples of specific cell cycle related genes as well as those with previously described
expression in progenitor populations are highlighted by green boxes.
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Figure 20
A subset of ORs genes are expressed in progenitor populations.
Significantly regulated olfactory receptor (OR) genes for each comparison vs. control
(sustentacular cells) that had a log2 fold change >1.5 were compiled. A These ORs were used to
generate a clustered heatmap with GenePattern. A number of nodes were explored in more
detail. These are highlighted in red, green, and blue outlines. Neurog1 is abbreviated as Ngn for
the heatmap. B–D The average expression value (log2 units–y axis) for all the ORs in the red
node and a sampling of the ORs for the green and blue nodes were plotted for each different
population in the neurogenic progression (x axis). Two way ANOVA was significant for each
node (p < 0.0001). Bonferroni post-tests were performed for each set of ORs in the different
nodes. B The ORs in the red node tend to have the highest expression level of expression in the
GBC and immature neuron enriched populations (Sox2–GBC, Neurog1–Ctrl, Neurog1–OBX).
The red node shows 12 of 19 are significant by post–tests. C The ORs in green node tend to
have the highest level of expression in the OMP–OBX and OMPGFP populations. The green
node shows 6 of 17 are significant by post–tests. D The ORs in the blue node tend to have the
highest level of expression in the OMPGFP population, but also have an increased level of
expression in the Neurog1–Ctrl. The blue node shows 6 of 8 are significant by post–tests.
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Figure 21
Alignment of ORs in the oddly regulated node.
The ClustalW2 protein sequence alignment tool (Larkin et al., 2007) was used to align the
protein sequences for all members of the oddly regulated node from Figure 20. Transmembrane
domains (TM) domains are indicated by red bars and labels above the alignment.
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Figure 22
Alignment of oddly regulated and normally regulated members from two mouse OR
families.
The ClustalW2 protein sequence alignment tool was used to align the protein sequences for
members of the mouse OR families 135 and 114, both of which had members in the oddly
regulated node and the normally regulated nodes from Figure 20. Transmembrane domains
(TM) domains are indicated by red bars and labels above the alignment.
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Figure 23
The expression of the P2 odorant receptor after bulbectomy.
Sections of P2.ITL transgenic mice 3 weeks after unilateral bulbectomy (OBX). Frozen sections
were stained for beta gal to indicate P2 neurons, NCAM to indicate all neurons and
counterstained with Hoechst 33528 to label nuclei. Expression pattern of P2.ITL (Olfr17)
transgene on unoperated control side (A) and operated side (3 week post OBX) (B). The pattern
shows β-gal(+) neurons in the apical portion of the OE after bulbectomy, reflecting the onset of
Olfr17 RNA based on the microarray data. Arrowheads indicate basal lamina. Scale bar in B is
25µm and applies to both panels.
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Figure 24
In situ hybridization of oddly regulated ORs.
Sections from control mice and Neurog1–eGFP mice 3 weeks after unilateral bulbectomy were
probed for expression of a subset of OR genes with peak expression in distinct populations as
indicated by microarray data. Sections from Neurog1–eGFP mice were co–stained with anti–
GFP antibody. A–C Expression pattern of Olfr1188, 116 and 1508 on unoperated side detected
by in situ hybridization followed by visualization with alkaline phosphatase conversion of
NBT/BCIP (purple precipitate). Arrows in A and B indicate rare, basally situated neurons
positive for Olfr1188 and Olfr116, respectively. Asterisks in C highlight the numerous
Olfr1508(+) cells found throughout the apical to basal extent of the neuronal layer in control
epithelium D–F Expression pattern of Olfr1188, 116, and 282 on OBX side. Arrows highlight
the rare, predominately basally situated cells positive for Olfr1188, 116 and 282. In all panels,
arrowheads indicate basal lamina. Scale bar in C is 25 µm and applies to all panels. Thin dotted
line in C outlines the apical and basal borders of the epithelium.
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Table 1
Antibodies used in this study
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Primary antibody

Immunogen and
preparation
Recombinant full-length
protein. This anti-GFP
antibody recognizes the
enhanced form of GFP, and
all of the fluorescent
proteins made by this algae,
including yellow FP.

Specificity

Chicken α-GFP

Source and catalog
number
AbCam ab13970

Rabbit α-GFP

AbCam ab6556

Highly purified
recombinant full length
GFP made in Escherichia
coli

Rat α-NCAM

AbCam ab19782 (H28123)

Glycoprotein fraction from
neonatal mouse brain

Antibody stains various
transgenic reporter mice
bearing a GFP transgene,
it does not stain wild type
littermates.
Recognizes at the neural
cell surface a triplet of
glycoproteins neural
BSP2, which is identical to
NCAM (AbCam
datasheet)

Goat α-OMP

Wako 544-10001

Mouse α-Ngn1

Santa Cruz,
sc-19231

Multiple immunizations of
rodent olfactory marker
protein
20mer peptide sequence of
mouse Ngn1 (ARLQPLASTSGLSVPARRSAK)

Mouse α- TuJ1

Covance MMS-435P

Microtubules derived from
rat brain.

Mouse α-Ki67

BD-Biosciences,
556003
(clone B56)

22 aa Ki-67 repeat motif
(APKEKAQPLEDLASFQ
ELSQ)

Mouse α-CK14

Vector #VP-C410

Synthetic peptide
corresponding to Cterminus region of human
keratin 14
(GKVVSTHEQVLRTKN)
conjugated to
thryoglobulin.

Rabbit α-CK14

LabVision #RB-9020-

A synthetic peptide of 15
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Antibody stains various
transgenic reporter mice
bearing a GFP transgene,
it does not stain wild type
littermates.

26kDa protein. Single
band of ~19kDA
recognized on mouse brain
extract sample
Highly reactive to neuron
specific Class III ß-tubulin
(ßIII). Does not identify ßtubulin found in glial cells.
Reacts with 345/395 kDa
doublet on WB
corresponding to Ki-67
Ag; B56 binding to cells
blocked by clone MIB 1,
the canonical α-Ki67
antibody
Selectively labels basal
cells in skin, with a
cytoplasmic distribution
(Vector Labs Datasheet)

Identical staining as above

P1

amino acid residues from
the C-terminus of human
keratin 14.

Mouse α-CK14. Stains
A431 cells and skin or
squamous cell carcinoma
(Lab vision data sheet)

Rat α-E-cadherin

Sigma U 3254

Goat α-CD54

R&D systems,
AF583

It blocks both the
aggregation
of mouse embryonal
carcinoma cells and the
compaction of preimplantation embryos. The
antibody
disrupts confluent
monolayers of MDCK
epithelial cells. (Sigma
Datasheet)
Blocks adhesion to ICAM1, WB confirmed

Rabbit α-LSD1
(a.k.a. KDM1)

AbCam 62582

Rat embryonal carcinoma
line PCC4 AZA R1 was
used as immunogen. The
antibody is a monoclonal
IgG1 provided in rat ascites
fluid from the DECMA-1
hybridoma line.
Monoclonal Anti-ECadherin was selected
against the mouse
E-Cadherin.
Recombinant extracellular
domain from rat, affinitypurified (Accession
Q00238, Gln 28 - Thr 493)
Synthetic 16 amino acid
peptide from near the centre
of human KDM1 / LSD1.

Rabbit α-coREST

Millipore Cat #07-455

GST fusion of human
coREST aa 109-293

Mouse α-Mash1
(a.k.a. Ascl1)

BD-Biosciences,
556604
(clone 24B72D11.1; Lo
et al, 1991)
Santa Cruz,
sc-17320

Recombinant-full length rat
MASH1/ASCL1 protein,
affinity chromatographypurified
Amino acids 277-293 of
human Sox2 affinitypurified.
YLPGAEVPEPAAPSRLH

Rabbit α-CK17

AbCam ab53707

affinity purified from rabbit
antiserum by affinity
chromatography using
epitope specific
immunogen. Immunogen
sequence is between 410aa430aa of human
Cytokeratin 17

Rabbit α-beta gal

Cappel #200-4136

Full length native Beta
Galactosidase isolated from
E.coli

Goat α-Sox2
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Detects a single band at
105 kDa on Western blot
of P815 cell lysate

Monospecific 34 kDa band
on WB of fetal rat brain
Monospecific, reacting
with a 34 kDa band in WB
of mouse and human ES
cell lysates

Table 2
Sorting strategy and cell types isolated for Illumina Bead array profiling.
Cell types isolated for expression profiling with Illumina Bead Chips (Mouse Whole Genome-6)
are listed. The source tissue, FACS sorting logic for isolation and post-hoc analysis of cytospun
cells from the sorting conditions are listed.
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Normal Neurog1eGFP hets

Neurog1eGFP hets 3wks post OBX GFP(+), PI(–), FSC/SSC low

GBCINP/Immature Neurons
Activated GBCINP

GFP(+), PI(–), FSC/SSC low
GFP(+), PI(–), FSC/SSC low

Sorting Logic
PI(–)
GFP(+high), PI(–), CD54(–)

Newly Differentiating Mature Neurons OMP.GFP hets 3wks post OBX
Normal OMP.GFP hets

Mature Neurons

DIFFERENTIATED CELL DATASET
Population of Interest
Condition
Normal Olfactory Mucosa
Normal Adults
Sustentacular Cells
Normal Sox2eGFP hets

GFP(+), PI(–), FSC/SSC low

Sox2eGFP hets

Sorting Logic
GFP(+low), Ecad/CD54(–),
PI(–), FSC/SSC low

GBCMPPs

NEUROGENIC PROGRESSION DATASET
Population of Interest
Condition/Transgenic Line

Purity/Enrichment
N/A
95%+ CK18(+)

3% CK18+ contamination

–

–

5% CK18+ contamination

Purity/Enrichment
<1% CK14 contamination,
significant CK18(+) contamination

Table 3
Number of bead sets significantly regulated in pairwise comparisons.
Pairwise comparisons between each set of biologically meaningful replicates were made using
the limma package for R (Smyth, 2004). The number of bead sets that were significantly
regulated with an adjusted p-value of <0.05 for each comparison are listed. “Upregulated” refers
to the number of bead sets with a significantly higher expression level in the first listed sample in
each row, while “Downregulated” refers to the number of bead sets with a significantly higher
expression level in the second listed sample in each row. The numbers slightly over represent
the number of actual genes for each comparison because some genes have more than one bead
set designed to detect expression on the bead array.
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Comparison
Sox2GBC
Neurog1
OMP
Neurog1
Neurog1
Neurog1OBX
OMPOBX
Sox2GBC
Sox2GBC

Upregulated Downregulated
vs Normal
3133
2749
vs Normal
3607
2932
vs Normal
1384
1582
vs OMP
3628
3348
vs Neurog1OBX
38
25
vs OMPOBX
2394
2342
vs OMP
743
844
vs Neurog1
1285
1858
vs Sus
5299
5341
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Figure 1.
The olfactory epithelium
A. Sagittal diagram depicting the location of the main olfactory epithelium (MOE) and its
central nervous system target the main olfactory bulb (MOB). The vomeronasal organ (VNO)
and its central nervous system target (the accessory olfactory bulb, AOB) are depicted in orange.
The cribiform plate separates the MOE from the MOB. Panel adapted from (Mombaerts, 2004).
B. Cartoon depicting the major cell types of the olfactory epithelium: sus and microvillar cells
(green and teal, respectively), mature olfactory sensory neurons (red), immature olfactory
sensory neurons (orange), globose basal cells (yellow), horizontal basal cells (blue), and
Bowman’s duct and gland cells (green). Panel kindly provided by James Schwob.
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Table 4
Functional annotation clusters upregulated in the neurogenic progression
For each listed pairing, upregulated bead sets in the first sample listed were input into the
DAVID functional annotation clustering tool at high stringency
(http://david.abcc.ncifcrf.gov/home.jsp) (Dennis et al., 2003; Huang da et al., 2009). A
representative term for each cluster was chosen for the top functional annotation clusters and is
listed along with the corresponding enrichment scores for the biologically meaningful
comparisons.
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Chapter III
Olfactory neurospheres are generated from progenitor cells of
the olfactory epithelium and serve as a biomarker for
engraftment capacity

Richard Krolewski, Woochan Jang, and James Schwob

Note regarding contributions: Woochan Jang derived and characterized the immortalized lamina propriaderived cell line.
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ABSTRACT
The olfactory epithelium contains stem and progenitor cells that maintain the tissue and
facilitate its functional recovery after various forms of injury. We have utilized olfactory
neurospheres – free floating spherical aggregates of cells derived from the olfactory mucosa – to
study the factors influencing proliferation, differentiation, and engraftment capacity of these cells
as a prerequisite for the translational implications of using olfactory-derived cells for
regenerative therapy. Olfactory neurospheres (ONS) form and proliferate with variable
efficiency based on the status of the epithelium at the time of isolation and they express cell-type
specific markers of intact epithelium including cytokeratins, neuronal markers, E-cadherin, Sox2,
and Sox9. Cells resembling globose basal cells are also prominent in ONS, based on
characterization of ONS generated from ΔSox2eGFP and Neurog1eGFP transgenic mice.
Furthermore, conditioned media (CM) from an immortalized lamina propria-derived cell line
(LPImm) significantly increases the percentage of Neurog1eGFP(+) cells present in ONS when
the cell line is activated by phorbol ester (PMA) treatment. The cell types capable of producing
spheres were defined using enrichment and isolation by FACS. GFP(+) cells from
Neurog1eGFP neonates, enriched for Neurog1(+) GBCs and immature neurons, formed ONS
very poorly. In contrast, the low intensity GFP(+) cells from ΔSox2eGFP neonates, enriched for
Sox2(+) basal cells, formed ONS very efficiently. This finding prompted us to compare ONSderived cells with adherent culture-derived cells in a transplantation assay that assesses
engraftment capacity and multipotency. The ONS-derived cells engrafted and produced colonies
with multiple cell types resembling adjacent host epithelium. Finally, we compared the
composition of colonies resulting from ONS-derived cells that were cultured in CM from LPImm
cells activated with PMA to control CM and found that the number of neurons in these colonies
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was significantly increased. These findings identify ONS as biomarkers for engraftment
capacity whose in vitro phenotypes correlate with outcome after transplantation.
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INTRODUCTION
The olfactory epithelium (OE), the peripheral sensory tissue responsible for the sense of
smell, has the remarkable capacity to generate neurons throughout life and reconstitute itself,
including a near normal population of neurons, in response to injury (Graziadei and Graziadei,
1979b). The epithelium's regenerative capacity is thought to reside within a heterogeneous
population of stem and progenitor cells. Two types of basal cells, horizontal basal cells (HBCs)
and globose basal cells (GBCs), function as multipotent progenitor and stem cells under a variety
of conditions including normal maintenance and regeneration of the olfactory epithelium (Carter
et al., 2004; Chen et al., 2004; Huard et al., 1998; Iwai et al., 2008; Leung et al., 2007). A
number of transcription factors are known to be expressed in a hierarchical manner in these basal
cells. This hierarchy is best described for GBCs and involves the sequential expression of Sox2
in upstream proliferative multipotent progenitors, Ascl1 (also known as Mash1) expression in
transit-amplifying neuronal precursors, followed by Neurog1 expression in a transit amplifying
mitotic population which then exit the cell cycle and produce neurons (Cau et al., 2002; Cau et
al., 2000; Cau et al., 1997; Manglapus et al., 2004; Wu et al., 2003).
The presence of multiple putative stem and progenitor cell populations and the
production of a variable cohort of differentiated cell types at different times driven by the needs
of the process of tissue repair introduces many levels of complexity into this system. For
example, the neonatal olfactory mucosa is highly proliferative (mainly GBCs), in keeping with
the substantial expansion in the surface area of the olfactory epithelium over that period
(Meisami et al., 1990; Smart, 1971; Weiler and Farbman, 1997). In contrast, adult olfactory
mucosa in a protected environment requires maintenance rather than expansion, and a basal level
of proliferation and neurogenesis (mainly GBCs) is required to replace apoptotic or damaged
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cells (Caggiano et al., 1994; Carr and Farbman, 1993; Schwob et al., 1995). Perhaps the most
striking example of matching stem and progenitor cell activity to needs of the tissue is the
reconstitution of the OE after direct injury. Thus, the injured olfactory mucosa two days after
methyl bromide inhalation is highly proliferative and represents an activation to multipotency of
the stem and progenitor compartment (a combination of HBCs and GBCs) in order to regenerate
the various differentiated cells of the recovering OE (Jang et al., 2003; Leung et al., 2007;
Schwob et al., 1995). These dynamic modes of tissue homeostasis have prompted a number of
investigators, including ourselves, to pursue in vitro models of olfactory stem and progenitor
activity in order to study the functional capacity and regulation of these cells in more depth
(Barraud et al., 2007; Carter et al., 2004; Goldstein et al., 1997; Jang et al., 2008; Pixley et al.,
1994; Tome et al., 2009).
Traditional in vitro models have focused on adherent cultures, which have provided a
number of important insights into the regulation of neuronal progenitors (e.g. by BMPs and
follistatin) in the olfactory epithelium and have been used to discover a rare colony forming
capacity for a subset of ICAM-1(+) cells (Carter et al., 2004; DeHamer et al., 1994; Gordon et
al., 1995; Mumm et al., 1996; Shou et al., 2000; Shou et al., 1999). Though informative, these
adherent culture models lack what is increasingly appreciated as a critical aspect of stem and
progenitor biology: complex three–dimensional interactions of cultured cells designed to mimic
in vivo architecture. Data from other neurogenic and epithelial tissues have shown that free–
floating spheroids which form from isolated cells (e.g. neurospheres from the subventricular
zone and mammospheres from the mammary epithelium) illuminate various characteristics of
stem and progenitor cells (Dontu et al., 2003; Reynolds and Weiss, 1992; Reynolds and Weiss,
1996; Woodward et al., 2005). Pioneering work with neurospheres derived from the CNS
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demonstrated the existence of an EGF–responsive stem cell like population that could, from a
single cell, form neurospheres with the capacity to produce neurons, astrocytes, and
oligodendrocytes (Reynolds and Weiss, 1996). An analogous assay using human mammary
epithelial cells, cultured in anchorage independent conditions, has demonstrated that a small
subpopulation of isolated epithelial cells can expand in culture as spheres (termed
mammospheres), can extensively self–renew, and generate epithelial, myoepithelial, and alveolar
lineages upon appropriate stimulation (Dontu et al., 2003). The utilization of free floating
cultures has been adapted to the olfactory system, and recent data suggest that cells present in
these olfactory neurospheres (ONS) express markers of various progenitor cells and may have
multi–lineage differentiation capacity (Barraud et al., 2007; Tome et al., 2009; Mona Lisa Khan,
2002, unpublished PhD thesis, University of New South Wales). These studies demonstrated
that olfactory neurospheres can be generated from tissues at different developmental timepoints,
but the work did not explore sphere formation or expansion as it relates to, or correlates with,
differences in the source tissue.
Traditional adherent culture confers a radically abnormal architecture on another
important interaction: the mesenchymal or lamina propria interaction with the olfactory
epithelium. Cells in the mesenchyme or lamina propria of various tissues, including the
olfactory epithelium, play an important role in the development and differentiation of those
tissues (LaMantia et al., 2000; Rawson et al., 2010). Again, much of the work has been
restricted to adherent cell culture models. The olfactory neurosphere (ONS) culture model
provides two methods for studying the regulation of epithelial cells by the mesenchymal
compartment: (1) the incorporation of some lamina propria–derived cells in the ONS (Barraud et
al., 2007), which allows these cells to exert their effects and interact with the epithelial–derived
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cells directly within the spheres, and (2) the growth of ONS in conditioned media from a variety
of mesenchymal cells types. With respect to mesenchymal cells and their activation, phorbol 12myristate 13-acetate (PMA) is a potent activator of PKC and has been shown to stimulate the
release of numerous growth factors or activate growth factor receptor pathways for a variety of
cell types, including fibroblasts (Amos et al., 2005; Montero et al., 2000). Activation of lamina
propria-derived cells has the potential to reveal aspects of the functional regulation of olfactory
stem and progenitor cells by modeling activation of the lamina propria (such as during
development or after injury), in a controlled in vitro environment.
We describe experiments that relate the formation of olfactory neurospheres to the
proliferative status of the epithelium and identify the cells responsible for this proliferation and
ONS-forming capacity. We investigate the effects of conditioned media from lamina propria–
derived cells on cell fate within ONS. We also describe experiments that seek to correlate
findings in the ONS system with outcome in a transplantation assay. Studies of various stem and
progenitor systems (hematopoietic, epidermal, mammary, and olfactory) have used
transplantation as an exacting assay of cellular functional capacity (Chen et al., 2004; Goldstein
et al., 1998; Krause et al., 2001; Purton and Scadden, 2007; Shackleton et al., 2006). We utilize
a similar transplantation assay as a stringent test of ONS-derived cells.
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MATERIAL AND METHODS:
Animals
B6.129F1 mice that were used as transplantation hosts or the source for normal and
lesioned adult cells were obtained from the Jackson Laboratory. ΔSox2eGFP mice are an EScell knock-in line and have been described previously (Ellis et al., 2004). These mice produce
GFP in all Sox2-expressing cells of the olfactory epithelium—GBCs, HBCs, and sus cells.
Neurog1eGFP is a BAC transgenic line generated by the GENSAT project (Gong et al., 2003).
Constitutively expressing GFP mice (C57BL/6-Tg(CAG-EGFP)1Osb/S) have been utilized
previously for transplantation assays and have been described (Chen et al., 2004; Okabe et al.,
1997). For all cases involving GFP reporter mice, heterozygote mice were used exclusively. All
animals were housed in a heat- and humidity-controlled, AALAC-accredited vivarium operating
under a 12:12-hour light-dark cycle. All protocols of the use of vertebrate animals was approved
by the Committee for the Humane Use of Animals at Tufts University School of Medicine,
where the animals were housed and experiments were conducted.

Isolation of cells for Olfactory Neurosphere Cultures (ONS)
Cells isolated from neonatal, normal adult, and methyl bromide–lesioned olfactory
epithelium were dissociated according to the same protocol. Postnatal day (PND) 0-3 mice were
anesthetized by intraperitoneal injection of sodium pentobarbital (200 mg/kg), while adult mice
were anesthetized by intraperitoneal injection of 0.6 mL/kg of an induction cocktail (43 mg/mL
ketamine, 9 mg/mL xylazine, 1.5 mg/mL acepromazine) and then both were perfused with ice
cold Ringers solution. Olfactory turbinate blocks and septum were dissected in Ringers solution.
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For adult lesioned animals, the mucosa remained on the bone for subsequent dissociation. For
normal adult animals, the mucosa was detached from the underlying turbinate and septal bones
and minced prior to dissociation. Olfactory mucosa was dissociated using collagenase
(1.0mg/mL) and DNAse (0.05mg/mL) for 30 minutes at 37° C with trituration every 10 minutes
using a fire polished pipette. After enzymatic dissociation, cells and tissue were centrifuged for
5 minutes at 250 x g. The solution was aspirated and the cells and remaining tissue were washed
with DMEM + 10% fetal bovine serum (FBS). The samples were centrifuged again. Excess
media was aspirated, cells were resuspended in the appropriate media, syringe-filtered through a
35 µm nylon mesh and counted by hemocytometer. Cells were plated on ultra low adhesion
plates (Corning) at 7.2 x 104 cells/mL in base growth media (DMEM:F12 1:3, 2% B27, 20
ng/mL EGF, 20 ng/mL FGF-2, 50 Units/mL penicillin, 50 µg/mL streptomycin, and 1.25 µg/mL
amphotericin B) or other media supplemented with EGF and FGF-2 as described. Every third
day in vitro the cultures were fed by collecting the media and spheres into a conical tube, gently
spinning the samples at 250 x g for 5 minutes, aspirating half of the old media, replacing with
new media containing fresh EGF and FGF-2.

ONS size, number, and mass quantitation
At 7 DIV, ONS were collected into 20 mL plastic sample cups. Immediately prior to
measuring with a Beckman Coulter Multisizer 3, a filtered and degassed solution of glycerol and
Isoton II (40% glycerol, 60% Isoton II) was added to the samples to a volume of 20 mL. Six
runs of 3 seconds each using a 560 µm aperture attached to the Multisizer 3 were used to collect
size, number, and mass data for the ONS cultures. 13 mL of the glycerol/Isoton II solution was
added to the cup to replenish the sample volume after every 2 runs. One important point for
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interpreting the size data is that the solution used to suspend the ONS and input them into the
Multisizer is not perfectly isotonic (it contains 40% glycerol to increase the viscosity of the
solution and the accuracy of the size measurements) and may result in subtle shrinking of the
ONS. The sheath solution was used for all samples and is added immediately prior to size
measurements to prevent any long-term effects of the solution on ONS structure. The density of
the samples was set at a standard of 1 g/mL for all experiments in order to calculate the mass of
ONS. Size, number, and mass data were exported into Microsoft Excel for further analysis and
graphing. The programs InStat and Prism 5 (both from GraphPad) were used for statistical
analysis and additional graphing. For the majority of the assays described below, most of the
small debris, single cells, and noise were eliminated by analyzing only those particles measured
by the Multisizer to be larger than 50 µm in diameter. This cutoff also complements the
dissociation protocol nicely, as a 35 µm mesh is used to filter the cell suspension prior to the
original plating for formation of the ONS. For the kinetic assay six parallel ONS cultures of
182,000 cells each were established from the same litter and total mass was measured for each
parallel culture as a function of increased time in vitro.

166

ONS immunocytochemistry
ONS were immunostained by two different methods– as whole mounts and as frozen
sections. For both methods, ONS were fixed in suspension with 10% buffered formalin, 4%
paraformaldehyde, Bouins fluid, or 70% ice cold ethanol depending on the antigen being
detected. For whole mount staining all steps were carried out in 5 mL polypropylene tubes with
short 150 x g centrifugation steps between all antibody incubations and washes. Primary
incubation was carried out at 4° C for 2-3 days. ONS were washed in PBS 0.05% Tween-20
three times for 1 hour between primary, secondary and tertiary reagents. Bound primary
antibodies were visualized by several fluorescently conjugated secondary antibodies. At the end
of the whole mount staining protocol, Hoechst 33258 was added to the final wash (1 µg/mL) to
label nuclei. ONS were cytospun (Shandon) onto slides, and mounted with p-phenylenediamine
(PPD) for imaging. For frozen sections, ONS were cryoprotected with 30% sucrose in PBS
overnight. ONS were gently pelleted by centrifugation at 200 x g for 3 minutes, the solution was
aspirated and the ONS in residual solution were transferred into OCT compound (Miles Inc.,
Elkhart, IN). The ONS were sectioned on a cryostat (Leica), 10 µm sections were collected on
to "Plus" slides (Fisher Scientific) and stored at -20° C until staining. For sections of ONS, all
primary antibodies were incubated overnight at 4° C, visualized with fluorescently conjugated
secondaries and mounted with PPD as above. EdU was added to ONS cultures 12 hours prior to
fixation by adding a stock solution of EdU to the culture media for a final concentration of 20
µM. Detection was carried out as described by the manufacturer’s instructions (Invitrogen Cat
no. C10339) prior to immunostaining. Primary antibodies used for detection of antigens in ONS
are listed in Table 1.
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Tissue processing and immunohistochemistry
Animals were deeply anesthetized by injection of sodium pentobarbital as above and
were transcardially flushed with PBS, then perfused with either 4% paraformaldehyde (Fisher
Scientific, Suwanee, GA) in 0.05 M sodium phosphate buffer, pH 7.2, or Zamboni's Fixative.
The OE was dissected and the tissue block was post-fixed under vacuum for 2 hours. Tissues
were then rinsed with PBS, equilibrated through a gradient of sucrose in PBS (15% followed by
30% for 24 hours each), and then frozen in OCT compound (Miles Inc., Elkhart, IN). The
olfactory mucosa was sectioned as described above for ONS.
Standard laboratory protocols were used to detect expression pattern of individual protein
in normal OE. Adequate labeling with a number of the antibodies requires a set of treatments on
the sections prior to incubation with the antibodies. Briefly, frozen sections were rinsed in PBS
for 5 minutes to remove the OCT and then boiled in 0.01 M citric acid buffer (pH 6.0) for 10
minutes. After cooling, sections were rinsed with PBS briefly before incubating with block
(10% serum + 5% Non fat dry milk + 4% BSA + 0.1% Triton X-100) for 15 minutes at room
temperature. In all cases, the sections were incubated with primary antibodies overnight at 4° C.
Bound primary antibodies were visualized by several fluorescently conjugated secondary
antibodies (Invitrogen and Jackson ImmunoResearch). Primary antibodies used for detection of
antigens are listed in Table 1. Pixel intensity measurements for GFP staining on sections of
∆Sox2eGFP neonates were performed using the brush selection tool in ImageJ. The average
pixel intensity over the entire area measured is reported.
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LPImm cells and conditioned media
The LPImm cell line was derived from the lamina propria of adult mice. The olfactory
mucosa was dissected into 1 mm2 pieces and the epithelium was dissociated according to
standard dissociation protocols (Jang et al., 2008). The remaining tissue (enriched for lamina
propria cells) was placed in 2D culture with serum containing media. Cells were allowed to
migrate out of the mucosal tissue over a period of days. After the primary cells were established,
the cultures were overlain with a 104 infectious particles per mL final concentration of MMLVderived, replication incompetent pBABE retroviral vector encoding the SV40 long T antigenNeoR as insert (Addgene, Inc., Cambridge, MA). After growth and selection in neomycincontaining media, early passages of the immortalized cells were frozen as stocks and named
LPImm. The cell line in not clonal, but greater than 90% of cells contain immunodetectable T
antigen; all are resistant to concentrations of neomycin (that kill all uninfected cells). The cells
express high levels of vimentin and do not express detectable levels of cytokeratins (Figure 1).
Conditioned media was generated from LPImm cells after a 48 hour incubation of DMEM + 10%
FBS + 50 Units/mL penicillin, 50 µg/mL streptomycin, starting when the cells were 70-80%
confluent. This media is called LP CM. The same procedure was used for the generation of
conditioned media from LPImm cells that were stimulated by incubation in 100 nM phorbol 12myristate 13-acetate (PMA) in DMSO at the beginning of the 48-hour period. This media is
called LP PMA. In both cases, the conditioned media was collected, centrifuged at 500 x g to
remove debris and then filtered through a 0.45 µm Millex-HV Durapore PVDF syringe filter
(Millipore). Conditioned media kept at 4° C was used within 2 weeks. Otherwise it was
aliquoted and kept at -20° C until use.
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GFP quantitation using FACS
At 7 DIV, spheres were collected into 5mL polypropylene tubes and spun at 150 x g for 5
minutes at 15° C. Excess solution is aspirated and spheres are resuspended in 350 µL 0.25%
Trypsin EDTA (Invitrogen). The spheres were incubated at 37° C for 10 minutes. Trypsin
inhibitor (10 µL of 5 mg/mL, Worthington) was then added to each sample. Samples were
triturated 20 times with a 200 µL pipette, spun again, and aspirated to approximately 200 µL.
Propidium iodide was added to a final concentration of 1 µg/mL prior to flow cytometric
measurement of GFP+ cells using the MoFlo cell sorter described above. Data were analyzed
using FCS version 3 to set gates and determine the percent of GFP(+) and GFP(–) cells for each
sample. Values were exported to Microsoft Excel for graphing and analysis purposes. Statistical
tests were performed using InStat and Prism 5 (Graph Pad).

Transplantation
Cells were dissociated from constitutive GFP–expressing neonatal mice and cultured in
ONS–forming conditions or on laminin coated culture flasks. After 8 DIV, spheres were
dissociated with collagenase and DNAse as above and filtered through a 35 µm mesh prior to
infusion into the nasal cavity of a host mouse. An equal number of cells from parallel adherent
cultures were trypsinized and transplanted into lesioned littermates of the host animals used for
ONS transplantation. The protocol for transplantation into the MeBr-lesioned OE has been
described in detail (Chen et al., 2004) (Figure 2). In brief, host F1 B6.129SvImJ mice were
exposed to 170 ppm x 8 hours of MeBr gas 18–24 h before transplantation. On the day of
transplantation, the host mice were anesthetized with intramuscular (IM) injection of 0.6 mL/kg
of an induction cocktail (43mg/mL ketamine, 9mg/mL xylazine, 1.5mg/mL acepromazine). The

170

GFP-expressing donor cells were resuspended in DMEM and infused into one naris of
trachetomized hosts via PE10 tubing inserted to a depth of 7 mm (Becton Dickinson). The
procedure was terminated after 3 hours, at which point the fluid was aspirated, the tracheotomy
was sutured, and the animals were allowed to recover. Transplant recipients were sacrificed 14
days after the procedure. As indicated, host animals were injected with 40 mg/kg of BrdU (5
mg/mL in PBS) eight days after transplantation. Animals were perfused and fixed with 4%
paraformaldehyde for histological and immunocytochemical examination.

Sorting neonatal olfactory mucosa
Detailed FACS-based protocols for cell isolation have been reported from our lab (Chen
et al., 2004; Jang et al., 2007; Jang et al., 2008). Neonatal animals were dissected and cells were
dissociated as described above. Fluorescence-activated cell sorting (FACS) was performed on a
MoFlo cell sorter (Cytomation Inc., Fort Collins, CO) running Summit software (Dako). An
Innova 90 argon plasma laser (Coherent, Inc., Santa Clara, CA) was used to excite the cells at
488nm and the samples were gated in FL1 to include only the GFP positive cells. Additional
gating on forward and side scatter and on exclusion of propidium iodide (PI) at a concentration
of 1 µg/mL was used to limit the sort to live cells (Jang et al., 2007). Cells were collected in
DMEM + 10% FBS solution on ice. After collection, cells were spun for 10 minutes at 200 x g
to pellet the cells. Excess media was removed, and cells were resuspended in base growth media
(DMEM:F12 1:3, 2% B27, 20 ng/mL FGF-2, 20 ng/mL EGF, 50 Units/mL penicillin, 50 µg/mL
streptomycin, and 1.25 µg/mL amphotericin B). After 7 DIV, sphere size, mass, and number
were quantified with a Beckman Coulter Multisizer 3.
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RESULTS:
Previous work has demonstrated that the olfactory mucosa of embryonic and neonatal
rodents as well as nasal mucosa from adult humans has the capacity to produce free floating
spheres when cultured under the proper conditions (Barraud et al., 2007; Murrell et al., 2005;
Othman et al., 2003; Tome et al., 2009). Our work explores the fundamental features of
formation, expansion, and composition of spheres derived from mouse OE by varying the
sources of the tissue for culture and in vitro conditions. In addition, we assess the capacity of
cultured ONS to engraft and participate in the regeneration of a host-lesioned mouse OE
following transplantation.

Growth characteristics of olfactory neurospheres
We compared the growth characteristics of cells harvested from: neonatal olfactory
mucosa (PND0-PND3)– when proliferation and neurogenesis are robust and expansive, normal
adult olfactory mucosa (11-13 weeks old– when neurogenesis is at maintenance levels, and adult
mucosa two days after epithelial injury by inhalation of methyl bromide (180ppm for 8 hours)–
when multiple cell types are being generated from an activated proliferative matrix. The size and
appearance of the ONS that form differ as a function of the starting material.
When neonatal tissue is harvested and cultured, the ONS that form tend to be similar,
although there is some heterogeneity among the population of ONS in a culture as well as with
respect to the appearance of cells distributed within individual ONS. In general, the ONS that
form under basal conditions– on low adhesion plastic in basal conditions (serum free media with
B27 supplement, EGF and FGF-2)– are roughly spherical cellular aggregates and range in
composition from 10-15 cells in the smallest spheres, to hundreds of cells for the largest spheres,
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which arise as a result of extended time in vitro. On brightfield examination, the majority of the
spheres appear to be solid, with a slightly more opaque center as they increase in diameter. The
larger ONS often have small subdomains, that appear to be “budding” out from the main body of
the ONS. The buds tend to be composed of a single cell type that is morphologically distinct by
comparison with the rest of the sphere (Figure 3). The outer border of the buds is very sharply
demarcated and seems to form by the close apical association of the cells. On occasion ONS
have a very different morphology. These rare ONS appear to be hollow or cyst–like and are
relatively translucent on brightfield examination. They also tend to be oval in shape and made
up of cells with a flattened, cobblestone morphology reminiscent of simple squamous epithelium.
The ONS derived from lesioned adult epithelium appear smaller and subdomains are less
apparent than in their neonatal counterparts. ONS derived from normal epithelium are extremely
rare and small at the 7 DIV timepoint. Most are formed of only a few cells, which are not as
cohesive and spherical as ONS from neonates. At extended times in vitro (>15–20 DIV) ONS
derived from normal adult OE can in rare cases, exceed 100 µm in diameter.
Quantitative analysis of the sphere-forming capacity of the three tissue types confirms the
results of visual inspection. For purposes of our quantitative analysis, we used a Beckman–
Coulter Multisizer 3 to determine the mass within the culture. We used a size cutoff to eliminate
debris. ONS were defined for this assay as particles detected by the Multisizer 3 with a diameter
greater than 50 µm. The use of a stringent, conservative cutoff is an effort to increase the
specificity of the counts and mass readings obtained. A 50 µm cutoff requires association,
proliferation, and growth of resulting ONS, in order for them to be included into the final mass
determination. The average mass was greatest for the growth of cells that derived from neonatal
olfactory mucosa (6.5 x 10–5 g) followed by those from two-day post methylbromide olfactory
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mucosa (2.6 x 10–5 g) (Figure 3). Normal olfactory mucosa produced spheres, but they were
very rare and their mass was least among the three groups (6.0 x 10–6 g). The variation in masses
across the columns was significant by ANOVA (p = 0.0085) and Tukey–Kramer Multiple
comparisons test was significant for neonatal compared to normal (p <0.01).

Dynamics of sphere formation
The robust capacity of cells derived from neonatal OM led us to investigate the
proliferative capacity and dynamics of sphere formation from the neonatal starting material.
Parallel cultures were assayed for total mass as a function of days in vitro (from 3 to 11 DIV) as
compared with the mass at the day of plating (Figure 3). The data demonstrate a rapid increase
in mass during the early culture period–from an average mass of 2.4 x 10–5 g at 3 DIV to an
average mass of 7.7 x 10–5 g at 7 DIV (repeated measures ANOVA, p = 0.0193), when the mass
readings plateau and remain static from that time onward. ONS at 7 DIV have the following
distribution on average: 64% of ONS are between 25-50 µm in diameter, 20% are between 50-75
µm, 9% are between 75-100 µm, and 7% are > 150 µm in diameter.
The demonstration that the growth of ONS plateaus at about 7 DIV reveals an inherent
restriction on expansion and growth. An obvious potential means of reactivating expansive
growth is by passaging the ONS. Accordingly, ONS were passaged (by enzymatic dissociation)
at varying timepoints in vitro. In one set of cultures ONS were passaged at 4 DIV and then again
at 9 DIV before assaying at 14 DIV; under these conditions there was no increase in total mass as
compared to control non–passaged cultures. ONS passaged on a less aggressive time scale (at 8
DIV and 16 DIV) yielded similar results. Additional attempts at passage used a variety of
methods including trypsin digestion, dissociation with Accutase (Millipore), acid-base
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dissociation (Sen et al., 2004), and mechanical trituration with a fire polished glass pipette, but
no expansion of mass was seen, and attempt at passage could even disrupt secondary sphere
formation. A number of additional factors (FGF8, LIF, SCF/Steel, Rho Kinase inhibitor Y27632—(Sato et al., 2009)) and conditioned media from various cell types (ONS, NIH3T3
fibroblasts, mouse embryonic fibroblasts, glioblastoma neurospheres, and immortalized cells
from the lamina propria of olfactory mucosa–LPImm) were also evaluated; none were able to
increase secondary sphere formation or produced a significant increase in the mass of a passaged
culture compared to an undisturbed parallel culture of ONS.

Cellular composition of olfactory neurospheres
Compositional analysis was performed on intact and on cryosectioned spheres using a
standard panel of immunological reagents that are specific for individual cell types in the OE.
Intact spheres stained as whole mounts retain architecture of the sphere throughout the staining
process, facilitate an understanding of the relationships of cells to one another in the ONS and
allows for the appreciation of domains visualized on brightfield examination. Cryosections of
pelleted spheres used standard immunohistochemical methods to detect antigens of interest,
which facilitated a more complete assessment of cells within the interior of the spheres and
visualization of antigens that are challenging to detect.
Cells within ONS express all of the standard cell–type specific markers found in
olfactory epithelium, indicating that the spheres recapitulate the differentiation programs of all
the cell types of the intact tissue (Figure 4). Evidence of neuronal differentiation is
demonstrated by expression of the neural cell adhesion molecule (NCAM) and neuron specific
beta III tubulin (NST), as seen by staining with monoclonal antibody TuJ1. Most ONS
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contained numerous marker-positive neurons. The NCAM and TuJ1(+) cells tend to be found
within the body of the ONS, rather than on the surface. Thin cellular processes project multiple
cell diameters beyond the TuJ1(+) and NCAM(+) cells of origin and label strongly with the
aforementioned neuronal markers. We classify them as neuritis based on their strong
resemblance to axons and dendrites in vivo (Figure 4, panel C, insets). Sustentacular cell or
Bowman’s duct and gland differentiation is demonstrated by staining for cytokeratin-18 (CK18)
and E-cadherin. Whole mount staining of spheres with these two antibodies demonstrates that
many of the “buds”(which resemble the tight associations characteristic of sus cells in vivo)
identified on brightfield microscopy are composed almost entirely of compacted CK18(+) cells
(Figure 4, panels A/B arrows). CK18(+) cells are less frequent outside of the “budding”
subdomains, but individual CK18(+) cells are found on occasion elsewhere in the spheres.
Horizontal basal cell (HBC) differentiation was assessed with cytokeratin-14 (CK14). CK14(+)
cells are present in ONS, but appear to be much less numerous than CK18(+) cells and
TuJ1/NCAM (+) cells. Some CK14(+) cells resemble closely the HBCs found in vivo (Figure 4,
panel A, inset). Sox9, a transcription factor expressed in Bowman's duct and gland structures of
the OE is also detected in ONS.
The other olfactory cell type found in the intact epithelium is the population of GBCs. In
vivo, GBCs are the primary proliferative cell type found in the olfactory epithelium, whether
neonatal or adult. GBCs do not label with CK14 or CK18, but express a variety of transcription
factors including Ascl1, Neurog1, and Sox2. For purposes of the in vitro analysis here, GBCs
are defined by a combination of the following criteria: staining for markers of proliferation
(Ki67), ability to incorporate thymidine analogs, expression of Sox2 protein, and a lack of CK14
and CK18 expression. A number of the cells in the ONS are proliferating and are labeled by the
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incorporation of EdU or the expression of Ki67 (Figure 4). Some of these Ki67(+) cells are also
Sox2(+). Direct evidence for the existence of GBC-like cells in ONS comes from a co-stain for
Sox2 protein and CK14 and CK18 showing that there are CK14(–)/CK18(–) /Sox2(+) cells
present in the ONS (Figure 4, panel E arrowheads).
We also used another approach to assay for some of the transcription factors expressed by
GBCs. Transgenic mouse reporter lines for the SRY-family transcription factor Sox2 and for the
bHLH transcription factor Neurog1 were used because immunohistochemical visualization of
transcription factors tends to be problematic in whole mounts of the ONS, most likely due to
issues of relatively high background and low abundance of the antigen. The expression of GFP
in the two lines was analyzed in vivo in neonatal animals in order to validate their use as markers
in spheres.
The pattern of GFP labeling in the OE of neonatal ΔSox2eGFP animals matches the
results from adult OE (Figure 5). Our lab has previously reported that sustentacular cells
produce a high level of Sox2 protein, while HBCs and GBCs produce a lower level of Sox2 (Guo
et al., 2010). The levels of GFP in ΔSox2eGFP animals follow suit. In contrast with the adult
setting, there is clearly some carryover of GFP into the neuronal population, perhaps because the
high rate of neuronal production in the neonate accelerates the passage from progenitor to neuron
by comparison to the adult.
In the OM of Neurog1GFP mice, GFP marks GBCs that are stained by anti-Neurog1 but
it perdures into downstream NCAM(+) immature neurons as a likely consequence of the long
half-life of GFP (Figure 6). Indeed, the majority of cells that stain with anti–Neurog1 antibody
also stain for GFP (approximately 75–85%), indicating that expression of the transgene begins at
the same time as the endogenous locus. The GFP(+) basal cells are proliferative as seen by
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incorporation of BrdU and are distinct from horizontal basal cells as seen by exclusion from
CK14(+) staining.
Both transgenic lines were used in vitro as reporters for the expression of their respective
transcription factors (Figure 7). Cells isolated from ΔSox2eGFP mice and cultured as ONS
contained numerous GFP(+) cells. Staining of spheres with markers of HBC and sus cells
(CK14 and CK18, respectively), demonstrate that the majority of Sox2eGFP(+) cells do not label
with markers of HBCs and sus cells. By analogy to the in vivo pattern of expression
GFP(+)/CK14(–)/CK18(–) cells, the presence of GFP(+)/CK14(–)/CK18(–) cells indicates that
the ONS contain or did, at one time, contain Sox2(+) GBCs. That most of the GFP(+)/CK14(–
)/CK18(–) cells are proliferating progenitors at the time of analysis and hence GBCs was
demonstrated by combining the cytokeratin markers with EdU labeling. In spheres assayed in
this manner, most of the EdU(+) cells are CK14(–) and CK18(–) and were directly shown to be
GFP(+) instead. Indeed, few CK14(+) or CK18(+) cells incorporated EdU.
Cells isolated from Neurog1eGFP mice and cultured as ONS also contained GFP(+)
cells. By analogy to the cell types that express Neurog1eGFP in vivo, the GFP(+) cells in ONS
correspond to a more downstream GBC–namely the immediate neuronal precursor (GBCINP) as
opposed to the GBCs that function as multipotent progenitors or transit-amplifying cells (Figure
7). A number of the GFP(+) cells also express markers of immature neurons (PGP9.5 and
TuJ1), which is also seen in vivo and reflects perdurance of the GFP protein into the progeny of
GBCINP cells.

Effects of conditioned media from Lamina propria–derived cells on ONS
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The identification of several subtypes of GBCs as well as other stem and progenitor cell
candidates (HBCs and Bowman’s duct/gland cells) within ONS suggests that the cells capable of
extensive proliferation and self–renewal are present, but are missing the necessary signals or
cues to do so. In contrast to the intact tissue, mesenchymal/stromal cells are not a prominent
component of the spheres and may be an under–represented influence in ONS cultures that may
modulate or shift the behavior of the epithelial cells within ONS. Certainly data from other
systems, by analogy, suggest that regulatory signals from the lamina propria are critical to the
development of the tissue.
ONS derived from Neurog1eGFP animals were used to assay for growth factor effects
on sphere size and composition because the number of GFP(+) cells present in ONS provides a
straightforward readout of neurogenesis in response to different conditions. To that end we used
an immortalized lamina propria cell line (LPImm) as a source of potentially relevant signals that
may influence cell growth and differentiation in ONS. The LPImm cells have proven effective at
stimulating sphere growth in an air–liquid interface model of olfactory epitheliopoeisis
(Woochan Jang and James Schwob, unpublished data). In addition to standard conditioned
media (CM) from LPImm cells, a parallel culture of these cells were treated with phorbol ester
(PMA), which is known to stimulate the release of multiple growth factors from a variety of cell
types.
The effects of LPImm conditioned media (LP CM) and conditioned media from PMA–
treated LP cells (LP PMA) on the growth and composition of ONS was compared with control
media (control #1: DMEM 10% FBS and control #2 DMEM 10% FBS + 100 nM PMA). Direct
observation by fluorescence microscopy suggested that LP PMA was increasing the number of
GFP(+) cells in culture, but as the number of GFP(+) cells was small, FACS was used to
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quantify the percent of GFP(+) cells in each condition at 7 DIV (Figure 8). The graph shows the
percentages of GFP(+)/PI(–) cells from each experimental condition normalized to the control
condition (DMEM 10% FBS). The data indicate that spheres grown in LP PMA contained more
than 2.5x as many GFP(+) cells as in any of the other conditions (Figure 8). Repeated-measures
ANOVA of the raw values for percent of GFP(+) cells in each condition indicate that there is
significant variation across the conditions (p = 0.0014). Tukey-Kramer post tests indicate that
LP PMA is significantly different from both LP CM (p < 0.05) and the DMEM 10% FBS + 100
nM PMA control (p < 0.001). These data suggest that PMA activates the LP cells to release a
factor or factors that increases the percentage of GFP(+) cells, and this effect cannot be attributed
to PMA acting on the ONS directly. The increase in GFP(+) cells in the LP PMA condition may
be due to either increased neurogenesis, increased survival of Neurog1(+) GBC and their GFP(+)
progeny, or a combination of both.

Defining ONS forming capacity of specific cell types
The availability of transgenic lines in which GFP is tied to the expression of a
transcription factor also permits isolation of specific populations by FACS. These populations
can then be assayed for their ability to form ONS in isolation from other cell types. We would
anticipate that amongst the Neurog1eGFP(+) cells are proliferative GBCs and amongst the
ΔSox2eGFP (+) cells are also proliferative GBCs, although biased towards a place “upstream” in
the GBC hierarchy, both of which might be capable of producing ONS, given the composition
described above and the presence of proliferative GBCs in ONS derived from whole mucosa.
As mentioned above, Neurog1eGFP(+) cells represent immediate neuronal precursor
type GBCs (GBCINP) and their immediate downstream progeny (i.e. immature neurons). Based
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on the pattern of GFP(+) expression in vivo (see Figure 6), FACS on the basis of GFP
expression will isolate two populations: first, GFP(+) GBCINP cells and downstream immature
neurons, second, the GFP(–) population which will be a complex and heterogeneous mixture of
other GBCs, HBCs and additional differentiated cell types of the olfactory mucosa. GFP(+) cells
were purified and isolated from GFP(–) cells by FACS (Figure 9). Of the PI(–) cells 34% are
GFP(+) and 62% are GFP(–). Equal numbers of GFP(+) and GFP(–) cells were placed on ultra
low adhesion plates and cultured for 7 DIV. At the end of the culture period, size of ONS in
each of the cultures was measured using a Multisizer 3 (Beckman Coulter). GFP(–) cells formed
spheres very well, with the mass of this culture being more than four times the mass of the
GFP(+) population (p=0.0078, Wilcoxon matched–pairs signed–ranks test). These data suggest
that Neurog1(+) cells are not able to produce ONS on their own and are unlikely to be solely
responsible for the formation and proliferation of ONS seen in unsorted cultures. Control
cultures of both GFP(+) and GFP(–) cells plated on laminin-coated standard tissue culture slides
demonstrated that cells from both fractions are viable in adherent culture, indicating that
differential viability is not the reason for the difference in ONS forming capacity (Figure 10). It
is important to note that Neurog1eGFP(+) can integrate into ONS and participate in their growth,
as seen in cultures of ONS from unsorted Neurog1eGFP neonates, just not on their own.
In contrast to the exclusively neuronal lineage represented by Neurog1eGFP(+) cells, the
GFP(+) fraction from ΔSox2eGFP(+) mice encompass a wider variety of cell types and allows
for the functional testing of specific groups of these cells, sorted on the strength of GFP signal in
the olfactory neurosphere–forming assay. Based on the in vivo expression of Sox2 protein (and
therefore GFP), three distinct populations are expected to be GFP(+): sustentacular cells, GBCs
and HBCs. In order to inform the sorting protocol for fractionating the populations of GFP(+)
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cells intensity of GFP expression was measured on tissue sections by image analysis. On that
basis, the sustentacular cells are characterized by higher average pixel intensity than the basal
cells by about 2-fold. As a consequence, the sus cells are likely to be among the brightest cells
when intensity of GFP fluorescence is assayed by the FACS. In contrast, the less intensely
GFP(+) population in the FACS histogram will include HBCs, GBCs and a few downstream
immature neurons that retain GFP at a low level. Additional characterization of the dissociated
cells from these neonates supports this assertion. The cells stained by anti–CD54 primarily
resides within the less intensely GFP(+) population and staining with this antibody does not shift
the cells in the most intensely GFP(+) population (Figure 11). This is in line with sus cells
being enriched in the brightly GFP(+) population because they are CD54(–) in the tissue (Carter
et al., 2004; Packard, 2010) (Figure 11). Post hoc analysis of cytospun cells from each of the
three populations of the FACS profile is confirmatory: more than 75% of cells in the GFP(+high)
population are CK18(+); <2% of cells in the GFP(–) population are CK18(+), <1% are CK14(+);
<4% of cells in the GFP(+low) population are CK18(+), approximately 12% are CK14(+). The
GFP(–) population from these animals is expected to contain mature neurons, Bowman’s duct
and gland cells, and any cells released from the lamina propria during dissociation.
Accordingly, ΔSox2eGFP neonatal mucosa was dissociated and FACS sorted into a
sustentacular cell enriched high GFP(+) fraction, a basal cell low GFP(+) enriched fraction, and
a neuron/duct/gland/lamina propria GFP(–) enriched population (Figure 9). The GFP(+ high)
sus cell enriched fraction does not produce many ONS (average mass = 2.5 x 10–6 g), while the
GFP(+ low) and the GFP(–) fractions make ONS robustly, i.e. by nearly an order of magnitude
(average mass = 1.8 x 10–5 g and 1.75 x 10–5 g , respectively). The masses of the different
fractions vary significantly across the dataset (Kruskal–Wallis p= 0.0009) and a Dunns multiple
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comparisons post test indicates that GFP(+ high) and GFP(+ low) are significantly different from
one another. As with the Neurog1eGFP-sorted fractions, each ΔSox2eGFP-sorted population
was cultured on laminin–coated glass slides as an additional control for viability. All three
populations contained viable cells that attached to the laminin coated slides (Figure 10).

Transplantation of olfactory neurospheres
Based on the foregoing results, the capacity for forming ONS resides within progenitors
that are known to be multipotent in vivo. Conversely, ONS formation may be a biomarker for
that multipotency. Previous work has demonstrated that a stringent assay for the retention of
appropriate epitheliopoeitic potency is the capacity for cultured cells to engraft and participate in
regeneration of the OE after transplantation (Jang et al., 2008).
ONS were tested for epitheliopoeitic potency following dissociation and transplantation
after an eight–day culture period. The capacity of cells in adherent culture grown in parallel, in
the same serum-free base media, served as the control. In general, ONS-derived cells when
transplanted into 1-day post methyl bromide lesioned host mice engraft and formed colonies that
incorporated into the epithelium. When the host tissue was examined 14 days after
transplantation, the ONS-derived colonies are in the same focal plane as the adjacent host OE,
which fits with the appearance of well-integrated colonies in other settings (previous
transplantation results, RV labeling of OE after lesion—(Chen et al., 2004; Goldstein et al.,
1998; Huard et al., 1998; Jang et al., 2008)). These colonies are classified as “properly
incorporated” (Figure 12). Rarely, the transplant ONS-derived cells formed a mass on top of
and attached to epithelium that was large and sprawling. Transplantation of ONS–derived cells
from three hosts resulted in 75 colonies, 55 of which were properly incorporated into the
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olfactory epithelium, 12 of which appeared to have not engrafted into the epithelium properly,
and 8 of which could not be classified on the basis of their appearance on whole mount.
In contrast, transplanted cells derived from adherent cultures usually formed “nonincorporated”, excrescent colonies (Figure 12). The colonies described as “not incorporated”
had irregular and ill-defined borders and plastered across the surface of the epithelium at a
distinctly more superficial focal plane. Often, adherent cell-derived colonies formed within
synechiae that form a bridge across the cavity between opposing regions of olfactory mucosa.
Transplantation of adherent culture–derived cells into 3 hosts resulted in 27 colonies, 1 of which
was properly incorporated into the olfactory epithelium, 20 of which had not engrafted properly,
and 6 of which could not be classified on the basis of their appearance on whole mount. Chisquare analysis of these data indicate that the distribution of the ONS-derived and adherent cellderived colonies have significantly different morphologies (Yates Chi-square = 36.999, Yates p–
value = 1 x 10-8 ).
Colonies from both types of transplantation conditions were sectioned for more detailed
analysis of cellular composition. ONS-derived colonies that had integrated into the epithelium
(“properly incorporated”), indeed resembled the colonies that form when donor cells are
transplanted acutely into a host without an intervening culture period (Chen et al., 2004). Such
colonies were composed of cells that closely resembled the normal cell types found in the
surrounding epithelium (apical nuclei and cytoplasmic foot processes of sus cells, or apical
dendrites of olfactory sensory neurons) and displayed an antigenic profile that confirms the
morphological characterization: PGP9.5(+)/GFP(+) donor–derived neurons and apically situated
PGP9.5(–)/GFP(+) donor–derived sustentacular cells (Figure 13). With the exception of GFP
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expression, the engrafted cells are indistinguishable morphologically and antigenically from
endogenous host olfactory epithelial cells.
In stark contrast with the colonies derived from ONS–derived cells, the donor-derived
cells in the “not incorporated”, excrescent colonies, the predominant type of colony that forms
after transplantation of cells grown in adherent culture, consist of cells with a mesenchymal
morphology. Rarely, if ever do the cells in these excrescent colonies resemble the constituent
found in the host epithelium (Figure 13).

ONS culture conditions and the outcome of transplantation
The substitution of LP PMA media provided a significant boost to the percentage of
GFP(+) cells in ONS that form from the olfactory epithelium of neonatal Neurog1-eGFP mice.
The availability of the transplant assay allows us to assess whether there is a correlation between
composition of the ONS and the outcome of transplantation. Since the LP PMA had a
significant effect on the composition of spheres that formed as compared to control, we tested
whether aspects of the colonies that form after engraftment – size of the donor-derived colonies
or the distribution of cell types within them – varied as a function of the condition under which
the ONS were cultured.
As before, cells were isolated from constitutively expressing GFP mice and cultured in
the presence of EGF and FGF–2 on ultra–low adhesion plastic in either LP CM or LP PMA
(collected from culture of LPImm cells grown in DMEM +10% FBS +/– PMA). After 8 DIV, the
ONS were dissociated, filtered and transplanted. A measure of enhanced neuronal production in
the transplants, and its maintenance over the intermediate to long-term was needed. To that end,
we used a BrdU pulse-chase approach to define the capacity for production of neurons at a mid
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point in the post transplantation period. Those progeny that exit the cell cycle immediately after
the BrdU pulse or after only 1 or 2 more rounds of DNA synthesis and mitosis will retain
detectable levels of BrdU for the interval between BrdU injection and tissue harvest.
BrdU was administered to the host animals 8 days after transplantation to take advantage
of the robust neurogenesis ongoing in the olfactory epithelium at that time (Schwob et al., 1995).
Host animals were euthanized 14 days post-transplantation. Examination of whole mounts
indicated that both LP PMA and LP CM cultured ONS gave rise to numerous GFP(+) colonies.
Indeed, some of these colonies appeared to contain hundreds of cells. As a result some of the LP
CM or LP PMA treated colonies gave rise to GFP-labeled axon bundles that extended more than
400 µm back towards the olfactory bulb, a finding that was never seen with ONS from base
media cultures (Figure 14).
The composition of the colonies was determined in more detail following sectioning with
respect to total cell number and the number of various cell types present. The cell types present
within each colony were determined based on morphologic criteria. The average number of cells
in a colony was not significantly different between the LP CM and LP PMA conditions.
However, the composition of the colonies was biased toward the production of neurons in the LP
PMA condition, and statistical analysis of the cell type distribution was significantly different
between the two conditions (Chi-square = 681, p = 0.0001) (Figure 14). When the Chi-square
analysis is performed with the hypothesis that OSNs are responsible for the difference, the data
are highly significant (Chi-square = 459.9, p = 0.001).
Given the large number of neurons present in the colonies derived from LP PMA–
cultured ONS, BrdU incorporation into the progenitors within the colony was used to
demonstrate directly that transplant derived cells were capable of neurogenesis. Sections
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through the donor-derived colonies were stained for GFP (to mark transplant derived cells),
PGP9.5 (to mark neurons), and BrdU (to identify cells that were in S–phase when pulsed at 8
days after transplantation) (Figure 14). Our examination revealed numerous triple-labeled cells,
GFP(+)/PGP9.5(+)/BrdU(+) neurons, which indicates clearly that neurogenesis is occurring in
transplant–derived colonies. The BrdU(+) neurons were found at all apical-to-basal levels
throughout the neuronal layer of the OE. In some colonies, about a third to a half of the GFP(+)
neurons are BrdU(+) (Figure 14). Few if any BrdU(+)/GFP(+)/PGP9.5(–) basal cells were
found–as would be expected based on the timing of BrdU treatment. Many of the proliferating
cells that incorporate BrdU at the time of the pulse are GBCs responsible for neurogenic
production and either generate a PGP9.5(+) neuron by the end point of experiment (14 days) or
have divided numerous times, effectively diluting out any incorporated BrdU.
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DISCUSSION
We have shown that ONS form with variable efficiency based on the tissue of origin.
GBC-like cells are present and proliferative in ONS. Populations enriched for Sox2eGFP
expressing basal cells form ONS well, while populations enriched for more differentiated cells
(sus cells and GBCINP) do not. Immunocytochemical characterization of the ONS is in
agreement with previous work using neonatal olfactory mucosa (Barraud et al., 2007) and
expands upon the transcription factor repertoire known to be expressed in ONS. Treatment of
lamina propria-derived cells by phorbol ester (PMA) changes the composition of the media in a
way that stimulates ONS to produce or retain a greater number of Neurog1eGFP(+) cells.
Culturing as ONS creates an environment for cells that allows them to maintain the capacity to
engraft appropriately, a quality shared with a previously described in vitro three-dimensional
culture model of adult olfactory epithelium (Jang et al., 2008). As the basis of colony forming
unit transplantation assay, spheres cultured in LP conditioned media give rise to large colonies
with many neurons. The neuronal component of the engrafted colonies is larger when the ONS
are cultured in conditioned media from PMA-treated lamina propria-derived cells.
The quantitative data reported in this work for mass and size of ONS is very precise due
to the use of a Beckman Coulter Multisizer 3, eliminating any inconsistency due to sampling
(entire cultures were measured) or manual counting and measuring based on image analysis.
The antibodies used for detection of differentiated cell types and transcription factors are
standard in the field. Our lab has extensive experience with these reagents and they have been
verified by identical staining with different antibodies generated against different peptides and
with different methods. Cross species validation has also proven useful, as many of the reagents
used in this study are known to stain analogous cells types in rat and human olfactory epithelium

188

(Guo et al., 2010) (Eric Holbrook personal communication). With respect to the transplantation
assay, the chief technical issue that influences the interpretation of the data is whether or not the
colonies that result from transplantation are also clonally derived. The dissociated ONS are
filtered through a 35 µm mesh prior to transplantation, which will prevent the engraftment of
large aggregates of cells, but does not guarantee a single cell suspension. Despite this, previous
work from the lab with an analogous transplantation assay as well as an extensive
characterization of clones derived from retrovirus-infected cells argue strongly for colonies being
clonally derived (Chen et al., 2004; Goldstein et al., 1998). The work by Chen et al. specifically
showed that when cells from two different reporter animals (B6;129S-Gt(ROSA)26Sor and
C57BL/6-Tg(CAG-EGFP)1Osb/S) are mixed prior to transplantation, colonies containing both
GFP(+) and LacZ(+) cells are never seen, suggesting that colonies are clonally derived.

Composition and implications
The analysis of various antigens and markers of differentiation or proliferation in ONS
indicates that spheres are composed of a mixture of both differentiated cells – HBCs,
Duct/Gland, sus cells, neurons, and cells with GBC-like progenitor characteristics. The
composition appears to be biased against HBCs as CK14(+) cells are rare by comparison with
the aggregate population of Sox2(+), Sox2eGFP(+) or EdU/Ki67(+) cells, all of which are GBClike. It may be the case that HBCs are disadvantaged during the early assembly and growth of
the spheres because they usually adhere to the basal lamina (Holbrook 1995). More specifically,
HBCs are known to express integrins, and various cells types have been shown to undergo
anoikis after loss of integrin mediated adhesion (Carter et al., 2004; Frisch and Ruoslahti, 1997).
It is also of interest to note the differences between the expression of Sox2 protein and GFP
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driven from the Sox2 locus in ONS. Sox2 protein is expressed in a small percentage of cells in
many ONS, but GFP is present in an overwhelming majority of cells in the ONS. In this case,
the extended half life of GFP acts in like fashion as a short–term lineage tracer, suggesting that
most cells in the ONS expressed Sox2, but have either differentiated down a neuronal pathway or
ceased expression from the locus due to a lack of proper signals (or presence of inhibitors) that
would maintain Sox2 expression and therefore an expansive progenitor state. The presence of
cells with markers of neuronal differentiation (neuron specific tubulin and NCAM) at the time
points examined (7-11 DIV) suggests that neurogenesis is ongoing in the ONS because olfactory
sensory neurons normally undergo apoptosis within three days of denervation (Michel et al.,
1994; Schwartz Levey et al., 1991; Schwob et al., 1992). Therefore, any TuJ1(+) or NCAM(+)
cells likely arose during the culture period or were presented with a unique set of survival signals
in ONS culture.

Sphere forming capacity
The results presented here have defined ONS-forming capacity as a function of the
proliferative status of the epithelium from which it is derived and of the specific cell types used
to initiate ONS generation. The finding that most ONS are heterogeneous and complex suggests
the formation of an ONS may require such complexity, echoing the results seen in air-liquid
interface cultures (Jang et al., 2008). Indeed, the cultures of sorted cells are very consistent with
that interpretation. Immediate neuronal precursors (GBCINP) produce only a homogenous
population: neurons. Multipotent progenitors (GBCMPP) are able to produce multiple cell types
and thus, give rise to heterogeneity. It follows that Neurog1eGFP(+) cells (which include
GBCINP cells), a more differentiated and homogenous population, are effectively unable to
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generate the necessary complexity in vitro and form ONS. In contrast to this, Sox2eGFP(+low)
cells (which include GBCMPP and some HBCs) are capable of producing ONS – presumably
because they retain the capacity to generate the appropriate complexity and heterogeneity. When
the data on ONS formation from sorted cells are taken together with the retained capacity for
engraftment and multi-lineage differentiation after transplantation then the formation of spheres
in non-adherent cultures seems to be a useful marker for multipotency in this system.

Inability to passage
Given the dramatic expansive growth early in the culture period of ONS and the
remarkable capacity of cells derived from ONS to generate colonies containing many hundreds
of cells after transplantation, it is perhaps surprising that we and the field have been unsuccessful
in passaging neonatal ONS (Barraud et al., 2007). The observed plateau of mass expansion
during the later time points suggests a few obvious possibilities: 1) the growth of ONS and the
cellular milieu created by the increased diameter of the ONS results in a loss of signals needed to
stimulate further proliferation, 2) the proliferative capacity of cells in ONS is exhausted by
progression or reaches equilibrium with cell death around 7 DIV. Attempts at passaging spheres
to reinvigorate growth were unsuccessful suggesting that the first possibility is unlikely to be
responsible. However, if exhaustion of progenitor capacity prevents attempts at passage, the
signals that maintain or reactivate expansive growth in vivo will need to be uncovered.
The restriction in ONS growth and passaging contrasts with the apparent lack of such
limitations when culturing neurospheres from CNS. In the central nervous system, sphere
formation and extensive passage have been shown to correlate with multilineage differentiation
capacity and stem cell characteristics (Louis et al., 2008; Reynolds et al., 1992; Reynolds and
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Weiss, 1996). The data for ONS presented here show that some cells which have characteristics
of multipotent progenitors and stem cells in vivo are present in the ONS, but it is also apparent
that these cells are not receiving the proper cues in vitro required to recapitulate the remarkable
capacity of these cells in vivo.
It is of interest that other groups have reported the ability to passage free floating spheres
from human nasal mucosa (Murrell et al., 2005) and mouse embryonic mucosa (Tome et al.,
2009). The reported ability to passage these spheres suggests that there may be some intrinsic
differences in the cell types present or signals required to maintain these cells in an expansive
and proliferative state. The article by Tome and colleagues which was published while this work
was in progress describes two morphologic types of spheres from embryonic olfactory mucosa:
Type I, which they describe as spherical, resembling CNS neurospheres, that expressed nestin;
and Type II, which they described as more irregular, with limited proliferative and expansive
capacity, and extensive cytokeratin positivity (Tome et al., 2009). In contrast, we find that the
majority of ONS derived from neonates appear to be solid, with a slightly more opaque center as
they increase in diameter. These match the description of, and look like, Type I spheres
described by Tome et al, but have the some of the antigenic properties of Type II spheres. The
rare ONS described above may correspond to the Type II spheres described by Tome et. al from
the embryonic olfactory mucosa. Ultimately, the different time of origin may be responsible for
the qualitative and functional differences seen in the two models.

Influences of the lamina propria
The current work contributes additional data to an ever-increasing body of literature that
demonstrates the importance of reciprocal signals between epithelium and stroma in various
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tissues. Much of the work describing these effects in the olfactory mucosa has been performed
in embryonic animals and explants of embryonic tissue (LaMantia et al., 2000; Rawson et al.,
2010; Tucker et al., 2010). Our work demonstrates that an immortalized cell line generated from
adult lamina propria has a significant impact on ONS composition. Our lab is actively
investigating the factors produced by the LPImm cells, with and without stimulation by PMA. It is
of special interest that neuregulin – a prominent component of many stroma-derived media – is
known to be expressed in the OE and PMA has been shown to stimulate the release of neuregulin
from 3T3 fibroblasts, making this factor a likely candidate for the effects we are observing
(Montero et al., 2000; Salehi-Ashtiani and Farbman, 1996). Likewise, studies in lung have
shown that neuregulin mediates interactions between stroma and epithelium (Dammann et al.,
2003). The enhanced population of GFP(+) cells in ONS when cultured with LP PMA media
suggests another possible factor that could be acting on the neuronal progenitors or immature
neurons in ONS, namely hepatocyte growth factor (HGF). HGF is released in response to PMA
treatment of fibroblasts, is known to inhibit anoikis in epithelial–derived cells, and is also
expressed in the lamina propria of the olfactory mucosa (Gohda et al., 1992; Thewke and Seeds,
1996; Zeng et al., 2002). The demonstration that the LPImm cells retain the capacity to secrete
factors that direct cell fate or neuronal survival suggests that cells in the lamina propria of the
normal adult may be releasing factors in vivo that influence neuronal differentiation or survival.

Translational prospects
The transplant assay allows us to test ONS and assess whether there is a correlation
between composition of the ONS and the outcome of transplantation. The fact that in vitro
influences on cell fate and differentiation, such as the enhancing effects of LP PMA, are
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reflected in the outcome following transplantation suggests that in vitro manipulations of ONS
can have dramatic effects on engraftment and that ONS act as a biomarker for that capacity. Our
results have translational implications. The feasibility of using any transplantation as a
therapeutic moiety necessitates control over expansion, cell fate, and differentiation, such that
the donor cells are primed to perform the desired biological function upon transplantation. That
manipulating a particular cell population in vitro carries over and is perpetuated in the resultant
colony demonstrates clearly that studies affecting sphere formation has the potential to inform
and predict the behavior of these cells after transplantation.
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Figure 1. The immortalized LPImm cell line
Cells isolated from the lamina propria of the olfactory epithelium were infected with virus
carrying a constitutively active large T antigen. Transduced cells were selected for by neomycin
resistance (encoded as part of viral DNA). These cells (LPImm) are positive for the mesenchymal
marker vimentin (B, C) and the majority are also immunoreactive for T antigen (D–E). Scale
bar in A is 200 µm. Scale bar in F is 100 µm and applies to B–F. They do not express
detectable levels of cytokeratin 14 and cytokeratin 18. Cells were isolated, derived, selected, and
characterized by Woochan Jang and virus was grown and concentrated by Adam Packard.
Figure provided by Woochan Jang.
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Figure 2. Schematic of Transplantation Assay
Constitutively expressing GFP donor mice (Okabe et al., 1997) were used to generate parallel
cultures of ONS and adherent cultures, that were grown for 8 DIV. For transplantation,
B6.129SvIMJ wild type host mice were lesioned with methyl bromide at 170ppm x 8 hours one
day prior to transplant to render the olfactory epithelium receptive to engraftment. On the day of
transplantation (8 DIV), adherent cultures were lifted by short trypsinization and ONS were
dissociated with collagenase and DNAse and subsequently filtered through a 35 µm filter to
prevent clumping of cells. Equal numbers of cells from both conditions were suspended in
DMEM and infused into the nasal cavity of anesthetized and tracheotomized host mice for 3
hours. A cohort of mice were injected with the thymidine analog EdU (40 mg/kg) eight days
after transplantation to label dividing cells and all host mice were euthanized at 2 weeks post
transplant for analysis.
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Figure 3. Neonatal OM forms spheres most efficiently
A-C. ONS were generated from three different source tissues: neonates (A), adult animals 2 days
after methyl bromide lesion (B), and normal adult animals (C). All three conditions result in
detectable sphere formation as seen by representative bright field images (A-C). D. At 7 DIV,
the average mass of ONS derived from neonates is greatest, followed by ONS derived from
MeBr–lesioned adults. Normal epithelium produces very few ONS. ANOVA indicates
significant variation across the columns (p = 0.0085) and a Tukey–Kramer Multiple
Comparisons Test indicates that neonatal ONS were significantly different from normal adult
ONS (p < 0.01). Error bars are SEM. E. Neonatal ONS undergo rapid expansion early in vitro
and mass expansion plateaus around 7–9 DIV. Parallel aliquots of cells were established and
mass was measured at the indicated time points to establish a growth curve for neonatal ONS.
Error bars are SEM. F. The percent of ONS in progressively larger size bins was plotted as a
function of time in vitro. The data show that ONS increase in size and the size distribution
changes over the culture period. Scale bar in C is 100 µm and applies to A–C.
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Figure 4. ONS express markers of intact olfactory epithelium
ONS were stained as whole mounts (A-D) or cryosectioned and stained as described (E–F). A.
Occaisonal CK14(+) cells can be found in ONS. The appear with less frequency than any other
differentiated cell type examined. Some of the CK14(+) cells have morphology highly
reminiscent of the in vivo HBC counterparts (inset). CK18(+) cells are also present in the
spheres and are distinct from CK14(+) cells. These often occur in subdomains which appear as
"buds" of morphologically homogeneous cells (arrow). B. Staining for E-cadherin, a marker of
sus and Bowman's Duct and Gland structures in vivo, also labels these subdomains (arrow).
Numerous Sox9(+) cells, a marker of Bowman's Duct and Gland cells in the OE, are present in
ONS. C. TuJ(+) cells are found throughout ONS. Often, these cells have visible cellular
projections (arrows–shown at higher power in insets) that resemble axons (left inset) or apical
dendrites (right inset). D. NCAM(+) also labels a neuronal population present in ONS. EdU(+)
cells indicate that DNA synthesis is actively occuring in ONS. E. Sox2(+)/CK14(–)/CK18(–)
cells (arrowheads) and Sox2(+)/CK14(+)/CK18(+) cells (arrow) are found in ONS. F. A number
of Sox2(+) cells are Ki67(+) (arrowheads). Additional cells in the ONS are also Ki67(+)
(asterisk). Scale bar in A is 50 µm. Scale bar in the inset of A is 10 µm. Scale bar in D is 50 µm
and applies to C and D. Scale bar in F is 25 µm and applies to B, E, and F.
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Figure 5. Neonatal ΔSox2eGFP in GBCs, HBCs, and sus cells
Sections from PND3 ΔSox2eGFP mice were stained for GFP in combination with a variety of
antigens to characterize the olfactory epithelium. For all rows, the center panel is a merged
image of GFP, the specific co-stain and the nuclear dye Hoechst 33528. The left panel is the
green channel only, the right panel is the red channel only. A–C. GFP(+) basal cells include both
CK14(+) HBCs (arrows), and CK14(–) GBCs (arrowheads). D–F. Double positive
GFP(+)/Ki67(+) cells (arrows) provide additional evidence for GFP expression in GBCs of the
neonate. G–I. GFP(+) cells are present in the basal layer but not the immature neuronal layer.
NCAM(+) immature neurons form a distinct layer in the PND3 epithelium (large upper bracket),
which is situated on a more apical plane compared to basal cells (lower bracket). GFP(+) foot
processes of sustentacular cells do run through the neuronal layer and account for the
filamentous GFP immunoreactivity seen in this layer. J–L. Apical GFP(+) cells are sustentacular
cells as seen by co-localization with CK18(+). GFP is excluded from CK18(+) Bowman’s duct
and gland cells (arrow), as has been reported for Sox2 protein (Guo et al., 2010). Scale bar in L
is 25 µm and applies to all panels.
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Figure 6. Neurog1eGFP mice accurately report Neurog1 protein expression
Sections from PND3 Neurog1eGFP mice were stained for GFP in combination with a variety of
antigens to characterize the olfactory epithelium. For all rows, the center panel is a merged
image of GFP, the specific co-stain and the nuclear dye Hoechst 33528. The left panel is the
green channel only, the right panel is the red channel only. A–C. GFP(+) is expressed in
Neurog1(+) cells. Confocal microscopy of sections stained for Neurog1 protein and GFP
indicated that the majority of Neurog1(+) cells express GFP (arrows). GFP perdures into
downstream immature neurons as seen by more apically situated GFP(+) cells that co-labeling
with NCAM (D–F). D–F. GFP(+) cells are present in both the basal layer and the immature
neuronal layer. NCAM(+) immature neurons form a distinct layer in the PND3 epithelium (large
square bracket), which lies apical to the basal cell layer (small bracket). The basal cell layer is
less intensely stained with GFP. G–I. GFP(+) cells also have functional characteristics of
immediate neuronal precursor GBCs, namely BrdU incorporation. Animals were pulsed with
BrdU for 2 hours prior to sacrifice. Arrows highlight BrdU(+)/GFP(+) cells. J–L. GFP is not
detected in CK14(+) HBCs. Asterisk highlights a GFP(+) cells that is nestled in between two
CK14(+) HBCs. Scale bar in C is 25 µm and applies to panels in A–C. Scale bar in L is 50 µm
and applies to panels of D–L.

205

Figure 7. ΔSox2eGFP(+) and Neurog1eGFP(+) cells are present in ONS
ONS derived from ΔSox2eGFP (A, B) and Neurog1eGFP (C, D) neonates were whole mount
stained to define the cell types expressing GFP in each condition. A. The vast majority of cells
in ONS derived from ΔSox2eGFP animals are GFP(+). These include both cytokeratin 14/18(+)
cells (arrow) found in subdomains and TuJ1(+) cells stretching throughout the ONS (arrowhead).
B. Many of the GFP(+) cells are also EdU(+) and cytokeratin 14/18 (–) (arrowheads). These
criteria define GBCs in vivo and indicate their presence in ONS. Separate CK14 and CK18
antibodies were visualized with secondary antibodies conjugated to the same flourophore to
allow for detection of additional antigens (TuJ in A, EdU in B). C, D. A number of cells in ONS
derived from Neurog1eGFP animals are GFP(+) and many of these are TuJ1 (+) and/or
PGP9.5(+) (arrowheads). Scale bar in D is 50 µm and applies to all panels.
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Figure 8. Culturing in LP PMA media increases the percentage of GFP(+) cells in ONS
derived from Neurog1eGFP neonates
Cells derived from Neurog1eGFP neonates and cultured as ONS for 7 DIV show increased
GFP(+) cells after culture in conditioned media from phorbol ester–treated LPImm cells (LP
PMA). Dissociated ONS at 7 DIV were assayed for the percentage of GFP(+) cells by flow
cytometry. A, B Representative FACS profiles of dissociated cells from ONS cultured in control
conditioned media (LP CM, panel A) and LP PMA (panel B). ONS cultured in LP PMA
consistently and reproducibly showed an increased percentage of GFP(+) cells by flow
cytometry. GFP(+) cells are depicted as red spots on the FACS profiles. Both profiles were
equivalently gated for single cells and exclusion of propidium iodide. C. The number of
GFP(+) cells from base media (DMEM10%), base media treated with phorbol ester (DMEM10%
+ 100 nM PMA), conditioned media from LPImm cells (LP CM), and conditioned media from
phorbol ester treated (100 nM) LPImm cells (LP PMA) were normalized to base media for each
replicate and the average normalized number of GFP(+) cells was plotted for each condition.
Raw percentage values for each group varied significantly across the conditions (p = 0.0014,
repeated measures ANOVA) and LP PMA was significantly different from LP CM and
DMEM10% + 100 nM PMA by Tukey-Kramer post tests.
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Figure 9. Neurog1eGFP(+) cells do not form ONS, while a subset of ΔSox2eGFP(+) cells do
form ONS
A. Neurog1eGFP neonatal OE was dissociated and sorted into GFP(–) and GFP(+) fractions
(62% and 34% of cells, respectively). Cells were gated on forward scatter/side scatter and pulse
width to restrict the sort to single cells. Cells were also gated as propidium iodide negative (PI–)
for viability. The cells were then cultured under ONS–forming conditions. B. Brightfield
examination of the two different sorted populations from Neurog1eGFP neonates at 7 DIV
demonstrates ONS formation in the GFP(–) population and negligible ONS formation in the
GFP(+) population. C. Quantitative analysis of the two different Neurog1eGFP sorted
populations at 7 DIV indicates that the mass of the GFP(–) population is more than four–fold
greater than the mass of the GFP(+) population (p=0.0313, Wilcoxon matched–pairs signed–
ranks test). D. ΔSox2eGFP neonatal OE was dissociated and sorted into GFP(–), GFP(+low),
and GFP(+high) populations (20%, 31%, and 33% of PI(–) cells, respectively). E. Brightfield
examination of the three different sorted populations at 7 DIV demonstrates robust ONS
formation in the GFP(+low) and GFP(–) populations, but poor ONS formation in the
GFP(+high) population. F. Quantitative analysis of the three different ΔSox2eGFP sorted
populations at 7 DIV indicates that the mass of the GFP(+low) population is approximately four–
fold greater than the mass of the GFP(+high) population (p = 0.0009, Kruskal–Wallis ANOVA,
Dunns multiple comparisons test for GFP(+high) vs. GFP(+low) p < 0.05).
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Figure 10. All fractions of Neurog1eGFP(+) and ΔSox2eGFP(+) cells are viable in adherent
culture
As an additional control for in vitro viability, cells from each of the sorted conditions described
in Figure 9 were also placed in adhesive culture conditions (laminin–coated, cell culture treated
plastic). A, B. Cells from both Neurog1eGFP(+) and (–) populations adhere to the culture dish
and are viable. C–E Cells from all three ΔSox2eGFP populations: GFP(–), GFP(+low), and
GFP(+high) adhere to the culture dish and are viable. Scale bar in E is 50 µm and applies to all
panels.
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Figure 11. Characterization of ΔSox2eGFP dissociated neonatal cells
Dissociated cells from ΔSox2eGFP neonates have a complex GFP fluorescence profile.
Numerous populations of GFP(+) cells exist. For simplicity and reproducibility, the cells were
sorted into GFP(+low), GFP(+high), and GFP(–) cells (lower right panel). Staining with anti–
CD54 confirms that the majority of GFP(+)/CD54(+) cells reside in the GFP(+low) population
(upper right panel), providing further evidence that the GFP(+high) population is enriched for
sustentacular cells and the GFP(+low) population is enriched for basal cells. Control cells from
wild type neonates (lower left) were stained with CD54 for comparison with ΔSox2eGFP
neonates.
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Figure 12. ONS-derived cells engraft appropriately into the lesioned recovering epithelium
Cells derived from 8 DIV ONS were compared to cells derived from 8 DIV adherent culture in a
transplantation model that tests engraftment capacity. A, B. 2 weeks after transplantation, cells
derived from ONS cultures formed primarily smaller colonies that have incorporated and
integrated into the regenerating epithelium (asterisks). C, D. In contrast, cells derived from
adherent cultures formed primarily large, sprawling colonies (arrows) that have not incorporated
into the OE of methylbromide lesioned host animals. The colonies appear to sit above the
epithelium or bridge adjacent areas of epithelium via synechiae. E. Inset of boxed region in A
shows more detailed morphology of an ONS–derived colony. The GFP(+) cells intercalate
extensively with host cells as seen by the punctate GFP signal intermixed with GFP(–) host cells,
suggesting appropriate incorporation into the epithelium. F. Inset of boxed region in C shows
more detailed morphology of an adherent culture–derived colony. The GFP(+) cells do not
intercalate extensively with host cells G. Engrafted colonies from three host animals for each
transplant condition were classified into three categories: (1) incorporated (resembling the
colonies identified by asterisks)–depicted in yellow; (2) not incorporated (resembling the
colonies identified by arrows)–depicted in blue; or (3) undefined (unable to definitively
classify)–depicted in plum. The graph clearly shows that colonies resulting from ONS–derived
cells result in a higher percentage of incorporated colonies. Yates Chi-square analysis of the raw
data indicates a significant difference between the two conditions (Yates Chi-square = 36.999,
Yates p–value = 1 x 10-8 ) Scale bar in D is 200 µm and applies to A–D.
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Figure 13. ONS-derived colonies produce cell types that resemble adjacent host OE
A-F . Coronal sections of ONS–derived colonies confirm whole mount observations that these
cells intergrate into the regenerating epithelium. Neurons (arrows) and sustentacular cells
(asterisks) are identified based on morphology and immunostaining. GFP(+)/PGP9.5(+) neurons
with an apical dendrite (upper arrow in A-C) are seen in the transplant–derived colonies.
Transplant–derived sustentacular cells (asterisks) are identified as GFP(+)/PGP9.5(–) cells with
apically positioned nuclei and footprocesses extending toward the basal lamina (wide arrow).
Scale bar in C is 25 µm and applies to A–C. Scale bar in F is 25 µm and applies to D-F. G-I.
Coronal sections of adherent culture–derived colonies confirm whole mount observations that
these cells do not incorporate appropriately into regenerating epithelium. Endogenous GFP was
co–stained with Hoechst 33258. The colonies resultling from adherent culture–derived cells are
distinct morphologically from the normal differentiated cell types found in olfactory epithelium.
The basal lamina is designated by an black arrowhead, the apical surface of the epithelium is
designated by a white arrowhead. Scale bar in H is 25 µm and applies to G. Scale bar in I is 25
µm.
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Figure 14. Engrafted cells from ONS cultured in LP PMA have an increased number of
neurons in transplant-derived colonies
ONS derived from constitutively expressing GFP donor neonates were cultured in LP CM or LP
PMA for 8 DIV, then dissociated and transplanted into 1 day post methyl bromide lesioned host
animals. Animals were sacrificed 2 weeks after transplantation and screened for GFP(+) donor
derived colonies. A. Large colonies were seen in both conditions (LP CM shown here), with
some having visible axons projecting back towards the olfactory bulb (arrow). Scale bar is 100
µm. B. All colonies from LP CM and LP PMA hosts (n=3 per condition), were counted and the
cell types present were documented. Chi–square analysis indicates that the two distributions are
significantly different from one another (Chi–square = 681, p = 0.0001) and neurons
significantly contribute to this difference (Chi–square = 459.9, p = 0.001). C–F. A cohort of
transplant hosts were pulsed with 30 mg/kg BrdU 8 days after transplantation to label cells in Sphase at this point. Animals were sacrificed at 2 weeks after transplantation, as before. Many
neurons arise in vivo from transplant–derived cells (arrows) as shown by co–labeling with GFP
to identify donor–derived cells, PGP9.5 to identify neurons, and BrdU to identify cells labeled
during the pulse. Scale bar in F is 25 µm applies to C–F.
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Table 1
Antibodies used in this study
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Primary
antibody
Chicken α-GFP

Source and catalog
number
AbCam ab13970

Immunogen and
preparation
Recombinant full-length
protein. This anti-GFP
antibody recognizes the
enhanced form of GFP,
and all of the fluorescent
proteins made by this
algae, including yellow
FP.

Specificity

Rabbit α-GFP

AbCam ab6556

Highly purified
recombinant full length
GFP made in Escherichia
coli

Goat α-Sox2

Santa Cruz,
sc-17320

Amino acids 277-293 of
human Sox2 affinitypurified.
YLPGAEVPEPAAPSRL
H

Antibody stains various
transgenic reporter mice
bearing a GFP
transgene, it does not
stain wild type
littermates.
Monospecific, reacting
with a 34 kDa band in
WB of mouse and
human ES cell lysates

Rabbit α-Sox9

Chemicon (Millipore) Synthetic peptide from
AB5535
human Sox9, affinity
purified

Rat α-E-cadherin

Sigma U 3254

Goat α-CD54

R&D systems,
AF583

Antibody stains various
transgenic reporter mice
bearing a GFP
transgene, it does not
stain wild type
littermates.

Recognizes 60-65 kDa
band corresponding to
Sox9 on Western blot of
fetal mouse brain lysate
Rat embryonal carcinoma It blocks both the
line PCC4 AZA R1 was
aggregation
used as immunogen. The of mouse embryonal
antibody is a monoclonal carcinoma cells and the
IgG1 provided in rat
compaction of preascites fluid from the
implantation embryos.
DECMΑ-1 hybridoma
The antibody
line. Monoclonal Anti-E- disrupts confluent
Cadherin was selected
monolayers of MDCK
against the mouse
epithelial cells. (Sigma
E-Cadherin.
Datasheet)
Recombinant
Blocks adhesion to
extracellular domain
ICAM-1, WB confirmed
from rat, affinitypurified (Accession
Q00238, Gln 28 - Thr
493)
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Rabbit α-PGP9.5

Cedarlane/Ultraclone
RA95101

Human PGP9.5 protein
purified from pathogen
free human brain

Cross-reacts with all
mammalian species
tested. (Wilson et al.,
1988)

Rabbit α-CK18

AbCam 52948

Mouse α-CK14

Vector #VP-C410

A synthetic peptide
corresponding to residues
on the C-terminus of
human Cytokeratin 18
Synthetic peptide
corresponding to Cterminus region of
human keratin 14
(GKVVSTHEQVLRTK
N) conjugated to
thryoglobulin.

Detects a band of
approximately 48 kDa
on WB. (AbCam
datasheet)
Selectively labels basal
cells in skin, with a
cytoplasmic distribution
(Vector Labs Datasheet)

Rabbit α-CK14

LabVision #RB9020-P1

A synthetic peptide of 15
amino acid residues from
the C-terminus of human
keratin 14.

Identical staining as
above Mouse a-CK14.
Stains A431 cells and
skin or squamous cell
carcinoma (Lab vision
data sheet)

Mouse α-Ki67

BD-Biosciences,
556003
(clone B56)

22 aa Ki-67 repeat motif
(APKEKAQPLEDLASF
QELSQ)

Rat α-NCAM

AbCam ab19782
(H28-123)

Glycoprotein fraction
from neonatal mouse
brain

Mouse α-TuJ1

Covance MMS-435P

Microtubules derived
from rat brain.

Reacts with 345/395
kDa doublet on WB
corresponding to Ki-67
Ag; B56 binding to cells
blocked by clone MIB 1,
the canonical α-Ki67
antibody
Recognizes at the neural
cell surface a triplet of
glycoproteins neural
BSP2, which is identical
to NCAM (AbCam
datasheet)
Highly reactive to
neuron specific Class III
ß-tubulin (ßIII). Does
not identify ß-tubulin
found in glial cells.

Rabbit α-PCNA

AbCam ab2426-1

Synthetic peptide:
DMGHLKYYLAPKIED
EEGS, corresponding to
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Detects a band of
approximately 29 kDa
(predicted molecular

C terminal amino acids
243-261 of Human
PCNA.
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weight: 29 kDa) which
can be blocked with
PCNA peptide (ab2427)
(AbCam datasheet)
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ABSTRACT
The embryonic olfactory epithelium (OE) is largely incapable of generating olfactory
sensory neurons when the basic helix–loop–helix transcription factor, Ascl1 (previously known
as Mash1) is eliminated by gene mutation. We have closely examined the structure and
composition of the OE of knockout mice and found that the absence of neurons dramatically
affects the differentiation of multiple other epithelial cell types as well. While sustentacular cells
are produced, they express a markedly lower level of Hes1 protein in these Ascl1 mutants.
Horizontal basal cells, a multipotent progenitor population in the adult epithelium, are delayed in
their appearance in the Ascl1 knockout mice. Duct/gland development appears normal. The
differentiation of globose basal cells, another multipotent progenitor population in the adult OE
is also aberrant. All of the remaining globose basal cells are marked by Sox2 expression,
suggesting a prominent role for Sox2 in progenitors upstream of Ascl1. Notch1–expressing
basal cells are absent from the knockout, a likely reflection of the neurogenic failure, since
Notch1 signaling drives sus cell differentiation. Finally, the expression of cKit by basal cells is
also undetectable, except in those small patches where neurogenesis escapes the effects of Ascl1
knockout and neurons are born. Thus, persistent neurogenic failure and the attempt to overcome
it have consequences, distorting the differentiation of multiple other cell types in the olfactory
epithelium.
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INTRODUCTION
The main olfactory epithelium (OE), the primary sensory tissue responsible for olfaction,
contains two or more stem and progenitor cell populations that establish, maintain, and
reconstitute this tissue throughout the lifetime of an animal (Chen et al., 2004; Cuschieri and
Bannister, 1975a; Cuschieri and Bannister, 1975b; Graziadei and Graziadei, 1979a; Leung et al.,
2007; Schwob, 2002; Smart, 1971; Weiler and Farbman, 1997). The cascade of neurogenic
basic–helix–loop–helix transcription factor triggered by Ascl1 expression (also known as Mash1)
and the canonical Notch signaling pathway that directly or indirectly regulates that cascade play
a key role in the development and regeneration of the OE (Cau et al., 2002; Cau et al., 2000; Guo
et al., 2007; Manglapus et al., 2004; Murray et al., 2003). Targeted knockout animals,
overexpression studies, and the changes in expression patterns of multiple components of the
pathway downstream of Notch following injury emphasize its importance in regulating olfactory
epithelial cell fate–for example, the choice between generation of OSNs vs. other cell types.
(Cau et al., 2002; Cau et al., 2000; Guo et al., 2007; Manglapus et al., 2004). In addition, the
effects of removing the bHLH transcription factor Ascl1 on the neuronal progenitor population
have been studied extensively (Cau et al., 2002; Cau et al., 1997; Murray et al., 2003). The
previous work puts Ascl1 at a crucial choice point in olfactory neurogenesis, setting in motion a
cascade of transcription factors that culminates in the production of OSNs. For example,
Neurog1 and NeuroD1 are downstream of Ascl1 on the basis of timing of expression and genetic
epistasis. In contrast, activation of Notch, in multipotent progenitors upstream of Ascl1, the
resulting expression of Hes1, and concomitant repression of Ascl1 shifts the balance away from
neurogenesis and towards a non–neuronal cell fate (Cau et al., 2002; Cau et al., 2000; Cau et al.,
1997; Manglapus et al., 2004; Murray et al., 2003). As a consequence, the production of neurons
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by the OE is blocked almost completely by null mutations of Ascl1 from the time of their usual
appearance in the embryo onward. Because Ascl1KO mice survive to the perinatal period, and
because the other non-neuronal cell types are evident by birth, the development and
differentiation of each individual cell type can be examined in response to depletion of a specific
population of neuronal progenitors (Cuschieri and Bannister, 1975b; Noda and Harada, 1981;
Smart, 1971; Weiler and Farbman, 1998; Holbrook et al., 1995).
We find that blocking olfactory neurogenesis by null mutation of Ascl1 dramatically
alters the status of other differentiated cell types established and maintained by the OE. By
comparison with heterozygote littermates, the Ascl1KO epithelium exhibits a profound delay in
the development of horizontal basal cells, and an alteration of gene regulatory pathways in the
remaining cell types, consistent with a diversion of cellular resources in an attempt to make
neurons. This study highlights the interdependence of various cell types within the olfactory
epithelium and documents the shifting balance of cell fate when the population of neurons and
neuronal committed progenitors remains depleted.
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MATERIALS AND METHODS
Animals:
∆Ascl1-GFP animals have already been described (Wildner et al., 2006) and were
maintained on ad libitum rodent chow and water. All animals were housed in a heat- and
humidity-controlled, AALAC-accredited vivarium operating under a 12:12-hour light-dark
cycle. Male and female heterozygous transgenic animals were mated and the morning of vaginal
plug detection was taken as E0.5. Crown-rump length and Theiler staging was used to confirm
embryo ages. All protocols governing the use of vertebrate animals were approved by the
Committee for the Humane Use of Animals at Tufts University School of Medicine, where the
animals were housed and experiments were conducted.

Tissue Harvesting and Genotyping:
Data reported herein has been compiled from the examination of multiple embryonic
and perinatal time points for wild type, heterozygote and knockout animals. Four animals (2
HET, 2 KO) were examined at E12.5. Six animals (3 HET, 3 KO) were examined at E14.5. Six
animals from two litters were examined at E16.5. Three animals (1 HET, 2 KO) were examined
at E18.5. Fourteen animals (4 WT, 3 HET, 7 KO) from five litters were examined at E19.5 and
PND0. For the isolation of embryonic tissue, pregnant dams were euthanized by injection of a
cocktail of Ketamine (37.5 mg/kg), xylazine (7.5 mg/kg) and Acepromazine (1.25 mg/kg) and
the uteri were removed into Petri dishes containing PBS. Embryos were dissected out of the
uterus and amniotic sac. Tissue samples were taken for genotyping and embryos were
immersion fixed with either 4% paraformaldehyde (Fisher Scientific, Suwanee, GA) in 0.05 M
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sodium phosphate buffer, pH 7.2, Zamboni's Fixative (Stefanini et al., 1967), or Carnoy's
Fixative, as indicated, for 4-6 hours. For the isolation of perinatal tissue, pups were deeply
anesthetized shortly after birth with the above cocktail. Tail tissue was taken for genotyping
and the pups were transcardially flushed with PBS, and perfused with above fixatives. The
animal carcasses were decapitated and post-fixed under vacuum for 2 hours. Tissues were
rinsed with PBS, cryoprotected by progression through increasing concentrations of sucrose in
PBS (10% to 20% to 30% every 12 hours), and then frozen in OCT compound (Miles
Inc.,Elkhart, IN). The olfactory mucosa was sectioned on a cryostat (Leica) in the coronal or
sagittal plane; 8 µm sections were collected on to "Plus" slides (Fisher Scientific) and stored at 20º C for future applications. Tissue harvested for genotyping was digested in 300 µL of 50
mM NaOH for one hour at 95ºC, vortexed, and 16.7 µL of 1 M Tris-HCl pH 8 was added. The
samples were vortexed and spun down at 13,000 x g for 6 minutes. 3 µL of the DNA prep was
used in separate reactions to identify a 664 bp wild type allele and a 466 bp transgenic allele
(WT forward: GGGTTCTCCGGTCTCGTCCTACT, WT reverse:
GCCCACCCCTGTTTGCTGAGAA, Tg forward: AAACCTCCCACACCTC CCCCTGAA, Tg
reverse:ATGCCTCACCTCGACCTTCTGCTC) (Wildner et al., 2006).

Immunohistochemistry:
Antibodies used for study are listed in Table 1. Standard laboratory protocols were used
to detect expression pattern of individual protein in normal OE and mutant OE . Adequate
labeling with a number of the antibodies requires a set of treatments on the sections prior to
incubation with the antibodies. Briefly, frozen sections were rinsed in PBS for 5 minutes to
remove the OCT and then boiled in 0.01M citric acid buffer (pH 6.0) for 10 minutes using a
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standard kitchen food steamer. After cooling, sections were rinsed with PBS briefly before
incubating with block (10% serum + 5% Non fat dry milk + 4% BSA + 0.01% Triton X-100) for
30 minutes at room temperature. The analyses conducted here depended on a number of double
and triple-immunohistochemical staining approaches. In all cases, the sections were incubated
with primary antibodies overnight at 4 ºC. The visualization of bound primary antibodies varied
depending on the nature of the staining. Methods included biotinylated secondary antibody
followed by avidin-bHRP conjugate (Elite ABC Kit, Vector Laboratory, Burlingame, CA) and
3,3'-Diaminobenzidine (DAB) as chromagen, or in the case of co-localization studies with one of
several fluorescently conjugated secondary antibodies. On occasion, tyramide signal
amplification was used to enhance a weak signal or permit staining with two antibodies from the
same species, and used according to kit instructions (Perkin-Elmer).

Photography:
Sections were imaged with a Spot RT2 color digital camera mounted on a Nikon E800
microscope. Image preparation, assembly and analysis were performed in Photoshop CS2 and
CS3. In all cases, only balance, contrast and evenness of the illumination were altered.

Image Analysis:
For all pixel intensity measurements, original raw TIFF files were opened in ImageJ
(NIH). For quantitation of Hes1 immunoreactivity, an image of the nasal mucosa was acquired
such that both olfactory and respiratory epithelium were visible and enough Hes1—
immunoreactive cells were present such that pixel intensity could be measured from 50 single
pixel spots per section in the OE and 50 single pixel spots per section from the RE. A ratio of
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pixel intensity was calculated for each genotype and developmental time point by dividing the
average pixel intensity of 50 spots in the olfactory epithelium by the average pixel intensity for
50 spots in the respiratory epithelium on that same section.
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RESULTS:
The Ascl1 knockout (KO) animals used in this work are an independently derived line
(Wildner et al., 2006), but they closely resemble the published description of other targeted
Ascl1 knockout animals (Cau et al., 1997; Guillemot et al., 1993; Murray et al., 2003). The OE
is thinner in the homozygous mutants, and the OE is largely, but not completely aneuronal by the
later stages of embryogenesis, both of which are expected results (Figure 1). Olfactory sensory
neurons were identified by labeling with TuJ1 (to stain neuron specific tubulin) and anti–PGP9.5
from the earliest stages in their differentiation. Both markers demonstrate the dramatic depletion
of neurons in the OE of knockout mice from E12.5 onward, but they also mark a small subset of
neurons situated in the part of the mutant OE adjacent to respiratory epithelium, as was reported
previously (Cau et al., 1997).
We have extended the previous findings by assessing the differentiation of other cell
types and progenitor populations in a setting where neurogenic failure is ongoing.

Sustentacular Cell Differentiation in the Olfactory Epithelium
Previous reports suggest that levels of Hes1 mRNA are markedly diminished in the
olfactory epithelium of Ascl1KO mice at E12.5 (Cau et al., 2000). Later in development
sustentacular (sus) cells exhibit an altered molecular phenotype (Murray et al., 2003).
Nonetheless, we see no evidence of aberrant morphological development of Sus cells by direct
visual examination using DIC microscopy. The apical surface of the olfactory epithelium at
E14.5, microvilli line both HET and KO, suggesting that the differentiation of sustentacular cells
is progressing at a normal pace (data not shown). Nonetheless, we investigated the expression of
Hes1 protein from E12.5 onward through the immediate postnatal period by comparing
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immunohistochemical labeling with anti-Hes1 antibody (Ito et al., 2000) and an anti-K18
antibody to mark sustentacular cells and duct/gland cells. Although Hes1 protein is detectable in
apically located cells of the developing olfactory epithelium independent of genotype, the pattern
of staining is strikingly different in the epithelium of the knockout mice in two ways (Figure 2).
First, the intensity of Hes1 antibody labeling detected protein is distinctly less, and second the
layer of Hes1(+) cells is more disorganized.
In the heterozygote, Hes1(+) sustentacular cells form a compact layer superficial to the
neuronal strata, while in the knockout OE Hes1(+) cells are poorly laminated at all ages
examined. Thus, at E12.5 a distinct layer of Hes1(+ )sustentacular cells is evident in the HET,
while the KO OE already appears more disorganized and thinner, and strongly Hes1(+) cells are
rare in the knockout OE from this point onward. At E14.5, the difference in the laminar structure
of the Hes1(+) sus cells between the HET and KO becomes more striking, as does the difference
in overall thickness of the OE. Some Hes1(+) nuclei are detectable in the KO OE at this stage
and are found both at the apex as well as deeper in the OE. Over the next several days to E18.5,
the pattern of Hes1/K18 staining has remained largely the same. In the HET, the OE
progressively thickens with a highly organized layer of Hes1(+)/K18(+) co-labeled in sus cells.
In addition, the Hes1 antibody now labels other OE cell types, namely duct/gland cells and a
population of globose basal cells. In the KO, the OE contains some Hes1(+)/K18(+) cells that
are presumably sus cells although they are less tightly arranged than in the HET. The
Hes1(+)/K18(–) cells are also found throughout the OE.
With regard to the level of Hes1 expression in the KO OE, some apically located K18(+)
cells, which are presumptive sustentacular cells, lack detectable Hes1 immunoreactivity, and the
Hes1 labeling is lighter in the remaining cells as compared to the HET. The reduced expression
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is evident by two measures, 1) by comparing visually the relative fall–off in Hes1 labeling along
the traverse from RE to OE, which is more pronounced in the KO than in the HET, 2) by
analyzing the pixel intensity of images of Hes1 staining on a cell by cell basis. With regard to
the image analysis, measures of staining intensity, even when limited to those cells in which
Hes1 expression is detectable (i.e. negating the K18(+) cells that lack staining). The Hes1
labeling in the KO is less intense on a per–cell basis compared to HET, when Hes1 signal
intensity is normalized to the expression level in the lamina propria and respiratory epithelium
(RE) (Table 2). Normalizing to RE, a tissue in which Ascl1 is normally absent, minimizes
technical differences in staining between multiple samples.
At all time points examined, the ratio of OE to RE Hes1 pixel intensity was greater in the
HET compared to KO (Table 2). At E12.5 there is little or no difference in the pixel intensity
ratio (HET – KO = 0.039), but by E14.5 onward to birth, there is a larger difference between the
pixel intensity ratios of the HET and KO (0.595, 0.169, and 0.315 for E14.5, E16.5, and E18.5,
respectively).

Delayed Horizontal Basal Cell Development
Horizontal basal cells (HBCs) have recently been shown to function as a reserve
population of multipotent progenitor cells in the adult olfactory epithelium that is activated to
participate in reconstitution of the OE following injury (Leung et al., 2007). We find that the
emergence of HBCs during development as marked by expression of cytokeratin–14 (K14) is
delayed as a result of the Ascl1KO. Published work shows that the K14(+) basal cells of the RE
emerges before birth well in advance of the HBCs of the OE (Holbrook et al., 1995). For
example even at late prenatal stages in rat OE, K14(+) HBCs are evident only near the boundary

237

with RE, and the population gradually expands and forms a monolayer apposed to the basal
lamina throughout the OE by two weeks of age (Holbrook et al., 1995).
The assessment of HBC development as a consequence of Ascl1 null mutation presented
here also taken into account the topography of the nasal epithelium. In this case, we have used
complementary labeling with PGP9.5 to mark neurons of the OE and/or βIV tubulin to label the
ciliated brush border of the RE to define the OE–RE boundary between them. In the KO
especially, βIV tubulin clearly delimits the territory of the RE (Figure 3). As the development of
the HBC progenitors has not been analyzed in mouse OE to date with any detail, the first part of
our analysis focuses on the wild type/heterozygote OE.
In the WT and HET, K14(+) and βIV(+) areas are more-or-less co-extensive from E14.5
to E19.5 with both of them stopping at or very near the RE/OE border. K14(+) cells are not seen
more than a few cell diameters beyond the end of the βIV(+) RE during this period, with the rare
exception of weakly K14(+) cells that are scattered in the OE and are often situated at a remove
from the basal lamina. At E19.5, K14(+) cells become more prominent and are present in larger
numbers, extending as a continuous layer to a greater distance from the OE/RE boundary
throughout the expanse of the OE. A relationship seems to exist between the extent to which
HBCs are evident and the anterior-posterior location within the epithelium (Figure 4). At both
rostral and caudal levels of the OE, the continuous band of K14(+) basal cells in the RE crosses
the boundary into the OE, but rostrally the HBCs extend further dorsally through most of the
dorsal recess of the OE than at more caudal levels (red arrow, Fig2 A, B). In addition, isolated
K14(+) HBCs are found scattered across the dorsal expanse of the OE at all rostrocaudal levels
(Figure 5). Thus, HBCs seem to emerge perinatally via two different patterns– as a population
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extending upward from the RE–OE boundary, and as individual, scattered cells throughout the
OE without reference to that boundary.
The distribution of K14(+) cells in the KO OE at E19.5 is starkly different with respect to
both patterns. First, HBCs extend only a very short way into the OE from the OE/RE boundary,
a distance which is distinctly less than in the HET at all levels along the anteroposterior axis of
the tissue (red arrows, Figure 4). Second, there are only a very few K14(+) cells in dorsal
regions of OE at a distance from the boundary (Figure 5). That some K14(+) basal cells are
seen near and far from the OE/RE boundary demonstrate that null mutations of Ascl1 does not
prevent the differentiation of HBCs.

Normal Duct/gland development
In contrast to the aberrant delay in differentiation of HBCs, the timing of development of
Bowman’s glands and ducts is not detectably different in the KO mice as compared to HETs.
However, the architecture of the duct/gland unit in the KO epithelium does appear more
disorganized than in the HET (Figure 6). Nascent duct/gland structures are identified by a
combination of staining with anti–K18 and their characteristic morphology. With regard to the
latter, ducts, which develop first, can be distinguished from sus cells by their arrangement into
chains of spindle–shaped K18(+) cells whose nuclei are oriented perpendicular to the basal
lamina and are found deep to the apical layer of sus cell nuclei. More mature duct/gland units
are easily identified by the clusters of K18(+) cells that extend into the lamina propria and form
acini. Neither HET nor KO OE have identifiable K18+ duct gland structures at E12.5. At E14.5,
occasional epithelial–spanning K18(+) putative ducts can be seen in the OE of the HET and KO.
By E16.5, the ducts frequently penetrate the basal lamina and terminate in small round glandular
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acini in both HET and KO, which fits with previously published light microscopic and electron
microscopic descriptions of their development (Cuschieri and Bannister, 1975a; Cuschieri and
Bannister, 1975b). Over the next few days, the number of duct/gland units increase in both HET
and KO OE without any substantial differences in number between the two, when the epithelium
is sampled and assayed through its anteroposterior extent (data not shown).
Although αK18 labeling in KO littermates allows duct and gland cells to be identified in
the mutant OE, nonetheless, the duct/gland units appear poorly organized by comparison with
HET. The strands of K18(+) duct cells appear poorly aligned and are shorter (in keeping with
the thinner OE in the KO). The glands also have abnormal morphology. The acini do not extend
as deeply into the lamina propria of the KO and the glands appear smaller and irregular in shape.

Alterations in the population of GBCs as a consequence of Ascl1KO
The remaining major epithelial cell type to consider is the population of GBCs. A
definitive population of GBCs can be said to have emerged during the normal development of
the OE when proliferating neuronal progenitors complete their translocation from an apical (
characteristic of the pit stage in its development from the olfactory placode) to a basal position.
The population of GBCs can be subdivided on the basis of basic helix–loop–helix expression.
Additional subsets of GBCs can be identified by other markers, in particular, by the expression
of Notch1 on their surface, by cKit, and by the expression of the transcription factors Sox2 and
Pax6 (Guo et al., 2007; Guo et al., 2010; unpublished data and below).
We examined the expression of Sox2 protein in heterozygote and Ascl1KO animals
during embryonic development. Sox2 labels GBCs and sustentacular cells in the HET
epithelium, as expected based on previous findings in adult OE (Guo et al., 2010) (Figure 7). As
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described above, we used K18 as a marker of sustentacular cells. K18(–)/Sox2(+) cells are
found among the basal cells, below the neuronal layer. In the Ascl1KO epithelium, Sox2 labels
the vast majority of cells in the epithelium, which consist of both K18(+) sus cells and K18(–)
GBCs. The exception to this pan–epithelial Sox2(+) pattern is the duct cells present in the OE of
embryos at E16.5 and beyond, which are Sox2(–) (data not shown).
In the adult OE, Notch1 marks two populations of GBCs- ones that co-express Sox2, but
not Ascl1 and are more “upstream”, and others that co–express Neurog1, are likely to be
producing neurons, and are “downstream” of Ascl1. Consistent with the prior observations in
the adult, a population of basal cells in the embryonic OE of WT and HET express Notch1, as
shown by staining with two different anti-Notch1 antibodies,. As expected, the vast majority of
Notch1(+) cells are NCAM(–), since NCAM expression marks the onset of neuronal
differentiation in the adult OE. Additionally many Notch1(+) basal cells are Ki67(+), a marker
of mitotic cycling (Figure 8). Both features are typical of globose basal cells (GBCs).
Given the aberrant differentiation of sus cells shown here and by others, and the usual
role of Hes1 as the downstream effector of the canonical Notch signaling pathway, we compared
the expression of the Notch1 receptor in Ascl1KO vs. HETs. In HET, Notch1(+) cells are seen
amongst the basal cells at all stages examined—as early as E12.5 and extending into the early
postnatal period (Figure 9). In KO littermates, αNotch1 labeling of the olfactory epithelium is
eliminated at these same stages. In both HET and KO littermates αNotch1 stains cellular
processes in the lamina propria to a roughly equivalent intensity at all time points examined,
serving as a positive control for the absence of Notch1 reactivity in the KO OE.
Because Notch1 is expressed by GBCs that express Neurog1 and are downstream of
Ascl1 in the adult, one might anticipate that the number of Notch1-expressing cells is less in the
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mutant OE, however their complete absence indicates that more upstream GBCs–specifically the
GBCs that co-express SOX2 and Notch1, are also eliminated from the OE as a consequence of
Ascl1KO.
The expression of cKit also marks a subset of GBCs in the adult OE, but the receptor is
absent from those GBCs that are functioning as multipotent progenitors at the earliest stage in
the regeneration of the adult epithelium after injury. In addition, expression of Steel (a.k.a stem
cell factor, SCF or kit-ligand), is markedly increased in the sustentacular cells of the Ascl1KO
(Murray et al., 2003). Accordingly, we assayed for expression of cKit in olfactory epithelium of
heterozygote and Ascl1 KO animals. At E14.5, cKit expression in the OE of Ascl1
heterozygotes is limited mainly to basal cells that lie just deep to the band of TuJ1(+) cells. In
the embryonic and adult mouse OE, TuJ1 marks immature olfactory neurons. But it also stains
some GBCs that are identified as such by their co-labeling with proliferating cell nuclear antigen
(PCNA) or phospho-Histone 3 (pH3) (Figure 10). Based on comparisons with the expression of
Neurog1, the TuJ1(+) GBCs are classified as an immediate neuronal precursor stage far along
the trajectory toward neuronal differentiation. On that basis, cKit expression in the embryonic
OE looks to be characteristic of GBCs that are slightly upstream of the terminal mitotic stage of
neurogenesis, which is also true of the adult epithelium. Throughout embryonic development
into the immediate postnatal period, the cKit(+) GBCs are found extend throughout the anterior–
posterior and medial–lateral extent of the olfactory epithelial sheet (Figure 11). From E14.5 to
PND0, their numbers increase. In contrast to their frequency in and breadth across the HET OE,
the number and pattern of cKit(+) basal cells is markedly abnormal in the KO OE, but the
differences are complex. Overall, there are fewer cKit(+) basal cells in the KO. Moreover, their
distribution is much less even and much more focal in the KO OE. Swaths of the OE at E14.5
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and PND0 lack cKit(+) cells but there are also foci in which cKit(+) cells form clusters. These
foci are found in consistent association with the scattered groupings of TuJ1(+) neurons (with
axons and dendrites) that develop despite the null mutation of Ascl1. For example, the co–
clusters of cKit and TuJ1 are seen in the part of the OE lining the dorsal recess (D1) and at points
near the fusion of endoturbinates with the cribiform plate (D2), but not elsewhere (D3).
Conversely, areas that lack TuJ1(+) neurons also lack cKit(+) basal cells. Thus, cKit(+) GBCs
are largely absent, but where present may be generating those neurons that form despite the null
mutation of Ascl1.
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DISCUSSION
This work has extended the characterization of the Ascl1KO olfactory epithelium by
describing the development and differentiation of the other, non-neuronal cell types. Sus cells
are present but label more lightly for Hes1, which is not suppressing the Ascl1 locus since Hes1
is no longer needed to suppress the mutated, non-functional version of Ascl1. The production of
horizontal basal cells (HBCs) is delayed and possibly incomplete in the olfactory epithelium of
Ascl1KO mice, while duct/gland development occurs normally with respect to timing and
number of duct/gland units. Abnormalities of the GBC population are also seen. Notch1 is no
longer detectable in the either upstream basal cells as well as GBC that act as immediate
neuronal precursors as a result of Ascl1KO. cKit expression appears to be largely downstream
of Ascl1, but can also be activated in an Ascl1–independent manner in apparent association with
a limited capacity for olfactory neuron differentiation.
The identification of the various cell types found within the olfactory epithelium depends
upon immunophenotyping and morphologic characterization. The reagents used for detection of
the differentiated cell types of the OE-including TuJ1, PGP9.5, K18, and K14, are widely used
for studying both neuronal and epithelial tissues (Chen et al., 2004; Leung et al., 2007; Murdoch
and Roskams, 2008; Wang et al., 2008). For a number of these differentiated cell antigens,
multiple antibodies raised in various species result in the same staining pattern (Chen et al.,
2004; Holbrook et al., 1995) and multiple antibodies raised against different epitopes (e.g. the
pattern generated by different Notch1 antibodies described here) result in the same labeling
pattern. The extensive use of these reagents, as well as their cross–species validation in mouse,
rat, and human increases the confidence with which we can interpret the molecular
characterization of the cell types labeled by the antibodies.
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The results reported here offer insight into how different cell types are produced during
the ongoing stress of persistent neurogenic failure that occurs in the setting of Ascl1 deletion. A
unique and remarkable finding described here is abnormal production of HBCs as a result of
aborting the neuronal lineage. The deviations from the normal course of development with
respect to HBCs suggest a more tightly integrated and interdependent epitheliopoeitic process
than had been previously appreciated (Cuschieri and Bannister, 1975a; Cuschieri and Bannister,
1975b; Smart, 1971). One would expect downstream cells to be affected, but HBCs are clearly
not exclusively downstream of Ascl1 expression since they eventually appear, albeit fewer in
number than age- matched OE.
It is of interest that HBCs are specifically delayed in the Ascl1KO, while other cell types
such as duct/gland units and sustentacular cells are generated at the usual time and to the usual
extent, even though some aspects of their differentiation may be altered. HBCs eventually
become a reserve population of multipotent progenitors in the adult olfactory epithelium (Leung
et al., 2007), but in the embryo, the delay in their development in the Ascl1KO suggests that the
flow within the cellular economy is diverted away from the production of this reserve population
under circumstances where neurons have failed to differentiate. Thus, the flow in and out of the
HBC reserve population is a complex process. This complexity is apparent when the data here
are taken together with results showing that when olfactory epithelium is depleted of neurons by
directed expression of an oncogene in mature neurons, the neurogenic ability of the olfactory
epithelium is exhausted, but the horizontal basal cells remain quiescent (Largent et al., 1993).
This suggests that the cellular milieu of the olfactory epithelium is regulated differently, and
diverts progenitor cell compartments for differentiation of specific cell types depending on the
cell types present and active at a given time.
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The other major cell type affected is the GBC population. We see altered patterns of
expression of components of two critical regulatory pathways: Notch1 and cKit. In the case of
Notch1, the results of Ascl1 deletion indicate a reciprocity of Notch1 and its canonical
downstream effector Hes1 on the one hand, and a downstream target Ascl1 on the other (Orita et
al., 2006; Schwarting et al., 2007). The elimination of Notch1(+) cells reflects that reciprocity,
but also the identity of some of the Notch1–expressing cells, which looks to be immediate
neuronal precursors (GBCINP) as they are Neurog1(+). Reciprocity of Ascl1 and Notch in the
opposite direction (i.e. enhanced expression of Ascl1) has been shown by its upregulation in
response to Foxg1–CRE driven deletion of a floxed Notch2 allele (Rodriguez et al., 2008).
However, left unexplained is the residual, albeit reduced, expression of Hes1 even with
downregulation of Notch1. In other settings, Hes1 may respond to other pathways: for example
Hes1 has been shown to be activated by the Hedgehog pathway, independent of Notch1
activation in MNS–70 cells, a neural stem cell line (Ingram et al., 2008).
In the case of cKit, the results suggest that cKit is downstream of Ascl1 and may play a
crucial role in the late stages of neurogenesis. Evidence for this includes the spatial coincidence
of neuronal production with cKit expression (this work) as well as enhanced expression of kitligand (stem cell factor, SCF/Steel) by sus cells when neuron production is globally disrupted
(Murray et al., 2003). While the occasional production of neurons in the Ascl1KO has been
described before (Cau et al.), in these breakthrough areas, we believe the neurogenic pathways
converge again to use conserved regulatory machinery to execute subsequent aspects of the
differentiation program involving cKit which would explain why the cKit and TuJ1(+) cells
commingle and are coextensive and patchy in their distribution across the epithelial sheet.
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The current data expand the existing knowledge and show a rich web of signaling
interactions that try to compensate for, and react to, specific stresses and demands on the
developing olfactory epithelium. It reveals additional epistasis for proteins affected by Ascl1KO
and the resulting continuous depletion of the neuronal lineage.
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Figure 1. Ascl1KO produces an extensive neuronal deficit in the olfactory epithelium
Sections harvested from various embryonic ages points from HET and Ascl1 KO were stained
for PGP9.5 to label neurons. Ascl1 KO embryos show an extensive deficit of PGP9.5 staining
at all time points examined compared to heterozygote littermates. Some neuronal differentiation
is seen in limited regions of the Ascl1 KO epithelium (arrows), in agreement with previously
published data (Cau et al., 1997). Scale bar in I (50 µm) applies to all panels.

248

Figure 2. Sustentacular cells differentiate on schedule, but lack robust Hes1 expression in
the Ascl1KO OE
Sections harvested at various embryonic timepoints were stained with K18 (to designate sus cell
differentiation), Hes1, and Hoechst 33258 (to label nuclei). Boxed areas in A–D, I–L are shown
at higher magnification beneath each image as the green channel (left image for Hes1 staining)
and three channel merged images (right image). White lines overlaying the basal lamina in B–D,
J–L highlight the transitional area from respiratory epithelium situated ventrally to olfactory
epithelium situated dorsally. Arrows in B–D, K, L show developing duct/gland units.
Arrowheads in high magnification panels (E–H and M–P) indicate basal lamina. In
heterozygote (HET), Hes1–expressing differentiating sus cells coalesce to form a tight apical
layer by E14.5 and maintain this pattern throughout subsequent development, with the exception
of rare scattered cells deep in the OE. In contrast, in Ascl1 knockout (Ascl1KO) some apical
nuclei lack detectable labeling with Hes1 antibody. This layer of differentiated sus cells is less
compact and the relative overall reduction in Hes1 expression is indicated by comparison with
respiratory epithelium; there is a sharper drop–off of RE to OE in the Ascl1KO. Scale bar in L
(50 µm) applies to A–D, I–L ; scale bar in P (20 µm) applies to E–H, M–P.
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Figure 3. βIV tubulin strongly labels respiratory epithelium
Sections were harvested from E14.5 HET animals and stained for PGP9.5, a marker of neuronal
differentiation, and βIV tubulin, which strongly labels respiratory epithelium. Dotted lines
identify the olfactory/respiratory border. Boxed region in left panel is shown at higher
magnification in right panel. Note that the βIV tubulin labeling is strictly limited to ventral
epithelium and has minimal overlap with the PGP9.5(+) olfactory epithelium, substantiating its
usefulness as a respiratory epithelial marker. Scale bar in left panel is 100 µm. Scale bar in right
panel is 25 µm.
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Figure 4. Horizontal Basal Cells are largely absent from Ascl1KO olfactory epithelium at
E19.5
Sections of OE at E19.5 were stained for βIV tubulin and K14. K14 marks horizontal basal cells
(HBCs) and βIV tubulin marks respiratory epithelium (A–D). Open white arrows designate
boundary between respiratory epithelium (RE) and olfactory (OE). Open red arrows designate
the limits of the dorsal extent of K14 staining in OE. In HET, the extent differs between rostral
(A) and caudal (B). At rostral levels, K14(+) HBCs extend a number of cell diameters beyond
the respiratory/olfactory boundary into the olfactory epithelium. HET and Ascl1KO appear to
have a similar extension of K14(+) HBCs at rostral levels (red arrows in A and C) . In contrast,
in caudal epithelium (B and D), K14 immunoreactivity is found extensively along the dorsal
septum, which is in stark contrast to Ascl1KO, where K14 immunoreactivity (red arrows) is
rarely found more than a few cell diameters beyond the RE/OE boundary (white arrows). Scale
bar in D (50 µm) applies to all panels.
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Figure 5. HBC Emergence is delayed but not prevented as a consequence of Ascl1KO
Matched sections from E19.5 HET and Ascl1 KO were stained for K14 to mark HBCs and βIV
tubulin to mark respiratory epithelium. K14 staining was cartooned in black and βIV tubulin
was cartooned in red. Representative sections were arranged from Rostral to Caudal levels (top
to bottom, matched levels numbered 1 to 5). In general, olfactory areas are in the dorsal region
of each section, while respiratory areas are ventral. Coincident black and red indicate regions of
respiratory epithelium, while areas of black only represent the emergence of K14(+) HBCs in
olfactory epithelium. The HET (left side) shows extensive emergence of HBCs in the caudal
olfactory areas, while the Ascl1 KO (right side) has deficient HBC emergence in the olfactory
epithelium.
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Figure 6. Bowman's Duct and Gland development appears normal in the Ascl1KO OE
Sections harvested at various ages were stained for K18 to mark sustentacular cells and
developing Bowman's duct and gland units. In sections harvested from E16.5 and later,
examples of developing duct/gland units and gland acini are indicated by arrows and shown at
higher magnification in insets. At E12.5 and E14.5, ducts are not yet distinct. However,
occasional intensely stained cells that are indicated by arrowheads extend toward the basal
lamina, and are presumably developing ducts (B). By E16.5, epithelial spanning ducts in the
lamina propria are seen in both HET and Ascl1 KO (arrows in C, D, H, I, J). Insets show the
duct/gland structures identified by arrows. Scale bar in J (50 µm) applies to A–J. Scale bar in
the inset of panel J (25 µm) applies to all insets.
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Figure 7. Sox2 is universally expressed in the Ascl1KO epithelium
Sections harvested from E14.5 and E18.5 were stained for Sox2 and K18. Single channel green
images of Sox2 staining are on the left, merged images of Sox2 (green) and K18 (red) are on the
right. HET epithelium shows Sox2 labeling in two major populations, apical sustentacular cells
(shown by co-labeling with K18), and basal GBCs (A–D). Ascl1KO epithelium (E–H) shows
extensive Sox2 staining throughout the entire apical to basal extent of the epithelium. Scale bar
in H is 25 µm and applies to all panels.
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Figure 8. Notch1(+) cells are proliferating and upstream of differentiated neurons
Sections from E16.5 wild type embryos were stained for Notch1 and costained with Ki67, a
marker of proliferating cells, and NCAM, a marker of neuronal differentiation. A. Many
Notch1(+) cells are Ki67(+) (vertical arrows). B. The vast majority Notch1(+) cells are
NCAM(–). Horizontal arrows in B illustrate the border between Notch1(+) basal cells and the
NCAM(+) neuronal layer. Scale bar in B (20 µm) applies to both panels.
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Figure 9. Notch1-labeled cells are absent from the Ascl1KO epithelium
Sections harvested at various embryonic ages were stained for Notch1. Boxed regions are shown
at higher magnification in the insets. Dotted lines in insets depict basal lamina. Notch1 is
expressed throughout the developing heterozygote OE in basal cells, (A–D) while it is largely
absent from the Ascl1 KO OE (E–H). Higher magnification of the tissue on either side of the
basal lamina (insets B–D, F–H) demonstrates that Notch1 staining in the Ascl1 KO is found
within the lamina propria and not the epithelium. Scale bar in lower magnification image of H
(10 µm) applies to all panels. Scale bar for the high magnification inset in H is 25 µm and
applies to all insets.
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Figure 10. A subset of TuJ1(+) cells are proliferating
Sections harvested from E16.5 wild type animals were stained with TuJ1 and co-stained with
phospho-histone 3 (pH3, A–F) or proliferating cell nuclear antigen (PCNA, G–I) and Hoechst
33258 to label nuclei. Left panels (A, D, E) are the red channels only, middle panels are merged
images including Hoechst nuclear stain (blue), and right panels are the green channels only.
Arrows indicate double positive cells. Scale bar in I is 25 µm and applies to all panels.
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Figure 11. cKit(+) basal cells are markedly reduced in Ascl1 KO epithelium
Sections from E14.5 and PND0 Ascl1 HET and KO animals were stained for TuJ1 (which
marks immature neurons heavily and also lightly stains GBCs) and cKit. Low power images (A–
D) provide an overview of the distribution of cKit relative to the neuronal epithelium. Boxes are
shown at higher magnification in panels to the right of each low magnification image (upper–
green channel, middle–merged image, lower–red channel). A, B. In the HET, cKit(+) basal cells
are distinct from neurotubulin (TuJ1) positive cells at both E14.5 and PND0. Intensity of cKit
staining appears to increase from E14.5 to PND0. C, D. In contrast, much of the tangential
extent of the Ascl1 KO olfactory epithelium lacks detectable cKit expression. The exception to
this is found in domains of epithelium that are adjacent to or part of the areas that show neuronal
sparing or overlap (D1, D2). Scale bar in C is 50 µm and applies only to C. Scale bar in D is 50
µm and applies to A, B, and D. Scale bar in D3 (lower) is 50 µm and applies to all high
magnification panels.
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Table 1. Antibodies used in this Study
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Primary antibody
Rabbit α-PGP9.5

Source and catalog
number
Cedarlane/UltracloneR
A95101

Immunogen and
preparation
Human PGP9.5 protein
purified from pathogen free
human brain
C-terminal peptide of Hes1
(SPSSGSSLTSDSMWRP
WRN) coupled to keyhole
limpet hemocyanin

Specificity
Cross-reacts with all
mammalian species tested.
(Wilson et al., 1988)
Recognizes in vitro translated Hes-1 protein
and the native Hes-1
antigen in the nuclei of
transfected NIH-3T3 cells.
In mice lacking Hes-1, no
expression was found in
either the mucosal or
antral stomach of Hes1-/embryos, as well as the
intestinal villi (Jensen et
al., 2000)
Detects a band of
approximately 48 kDa on
WB. (AbCam datasheet)

Rabbit α-Hes1

Gift of T. Sudo

Rabbit α-CK18

AbCam 52948

Mouse α-βIV
Tubulin

Sigma T7941. Ascites
fluid ONS.1A6

Mouse α-CK14

Vector #VP-C410

Synthetic peptide
corresponding to Cterminus region of human
keratin 14
(GKVVSTHEQVLRTKN)
conjugated to
thryoglobulin.

Rabbit α-CK14

LabVision #RB-9020P1

A synthetic peptide of 15
amino acid residues from
the C-terminus of human
keratin 14.

Goat α-Sox2

Santa Cruz,
sc-17320

Amino acids 277-293 of
human Sox2 affinitypurified.
YLPGAEVPEPAAPSRLH

Identical staining as above
Mouse a-CK14. Stains
A431 cells and skin or
squamous cell carcinoma
(Lab vision data sheet)
Monospecific, reacting
with a 34 kDa band in WB
of mouse and human ES
cell lysates

Rabbit α-Notch1

AbCam ab27526

Synthetic peptide
(AASGHLGRSFLSGEPSQ
ADV) from C-terminal of
human notch-1.

ab27526 recognizes
NOTCH-1 in breast
carcinoma. (AbCam
datasheet)

A synthetic peptide
corresponding to residues
on the C-terminus of human
Cytokeratin 18
Synthetic peptide
corresponding to the Cterminal sequence of βtubulin isotype IV,
conjugated to BSA.
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Recognizes an epitope
located in the C-terminal
sequence of β-tubulin
isotype IV. No reactivity
with other tubulin isotypes
is observed.
Selectively labels basal
cells in skin, with a
cytoplasmic distribution
(Vector Labs Datasheet)

Rabbit α-Notch1

Cell Signaling
Technology, #3608

Synthetic peptide
corresponding to residues
surrounding Pro2439 of
human Notch1.

Mouse α-Ki67

BD-Biosciences,
556003
(clone B56)

22 aa Ki-67 repeat motif
(APKEKAQPLEDLASFQ
ELSQ)

Rat α-NCAM

AbCam ab19782 (H28123)

Glycoprotein fraction from
neonatal mouse brain

Mouse α- TuJ1

Covance MMS-435P

Microtubules derived from
rat brain.

Rabbit α-PhosphoHistone H3
(Ser10)

Millipore 06-570

Linear peptide
corresponding to human
Histone H3 at Ser10.

Rabbit α-PCNA

AbCam ab2426-1

Synthetic peptide:
DMGHLKYYLAPKIEDE
EGS, corresponding to C
terminal amino acids 243261 of Human PCNA.

Rabbit α-cKit

Cell Signaling
Technology, #3074

Synthetic peptide
corresponding
to the residues surrounding
Tyr703 of human c-Kit.
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recognizes both the fulllength (~300 kDa) and the
cleaved
transmembrane/
intracellular region NTM
(~120 kDa) on WB of
HBP–ALL, MOLT4, and
TALL–1 cell lysates.
Reacts with 345/395 kDa
doublet on WB
corresponding to Ki-67
Ag; B56 binding to cells
blocked by clone MIB 1,
the canonical a-Ki67
antibody
Recognizes at the neural
cell surface a triplet of
glycoproteins neural
BSP2, which is identical to
NCAM (AbCam
datasheet)
Highly reactive to neuron
specific Class III ß-tubulin
(ßIII). Does not identify ßtubulin found in glial cells.
Evaluated by Western Blot
in Colcemid treated HeLa
acid extract.
Western Blot Analysis: 0.5
– 1 µg/ml of this antibody
detected Histone H3 on 10
µg of Colcemid treated
HeLa acid extract
(Millipore Datasheet).
Detects a band of
approximately 29 kDa
(predicted molecular
weight: 29 kDa) which can
be blocked with PCNA
peptide (ab2427) (AbCam
datasheet)
WB of the NCI-H526 cells
detects bands at 120 and
145 kDa corresponding to
cKit and not other receptor
tyrosine kinases. ICC of
NCI-H526 shows staining
not present in control
Jurkat cells.

Table 2. The labeling intensity of Hes1 is reduced in Ascl1KO compared to HET
Multiple sections from various ages were stained for Hes1 and imaged. The intensity of nuclear
labeling was sampled from 50 consecutive nuclei and pixel intensity for 50 single–pixel intensity
readings were measured for Hes1(+) consecutive nuclei in the olfactory domain and the
respiratory domain using ImageJ (in other words, unstained cells were not measured). A ratio of
intensity values was calculated for olfactory epithelium to respiratory epithelium for each
genotype at each embryonic time point described. At all time points examined the calculated
OE/RE intensity ratio is less for Ascl1KO than HET.
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Embryonic Stage Genotype
HET

E12.5

KO
HET

E14.5

KO
HET

E16.5

KO
HET

E18.5

KO

Region
OE
RE
OE
RE
OE
RE
OE
RE
OE
RE
OE
RE
OE
RE
OE
RE

Avg Pixel Standard
Intensity Deviation
76.3
100.48
57.98
80.54
78.26
85.96
23.4
74.28
144.47
143.69
98.43
117.78
50.98
83.98
32.02
109.64

17.10
21.93
16.36
19.99
24.40
29.95
11.75
26.70
29.55
33.53
28.52
29.31
20.16
34.12
10.03
40.29

Range
35–116
48–154
33–122
37–140
35–163
38–215
9–62
28–135
84–222
74–227
56–200
79–234
17–146
28–181
11–64
41–253

OE/RE
Pixel
Intensity
Ratio
0.759
0.720
0.910
0.315
1.005
0.836
0.607
0.292

CHAPTER V

General Discussion and Future Directions
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General Discussion
The multiple stem and progenitor cells types, complexity of cell fate regulation, and
requirement for specific controls on neurogenesis in the OE prompted us to undertake a
multifaceted approach to studying this system. We have utilized global gene expression
profiling, a 3–D in vitro model of neurogenesis and engraftment capacity, and detailed
characterization of a knockout mouse with an extensive deficit of olfactory neurogenesis as three
independent, but complementary ways to learn more about the regulation of neurogenesis and
progenitor cells in the OE.
Global gene expression profiling indicated that GBCs, which are defined as distinct
classes of progenitors, with presumed functional differences, have a remarkable number of coregulated and co-expressed transcripts (>3,000 unique genes). Additionally, membership of cells
in any stage in the neurogenic progression– from upstream Sox2(+) GBCs, to differentiated
OMP(+) neurons – carries with it a rather large subset (>2,000 unique genes) of enriched genes
in common. This overlap in the neurogenic lineage, and the large number of transcriptional
differences between these populations share when compared to the sustentacular cell lineage
highlight the remarkable plasticity of the upstream, common progenitors for both these lineages
(Murdoch et al., 2010). The dataset derived from transcriptional profiling of the neurogenic
progression has produced a wealth of expression data, only a fraction of which has been
examined in detail as described in this work. Of the targets pursued in detail, the expression of
LSD1 in separate progenitor cells differing based on the state of the OE is possibly the most
significant and amenable to in-depth functional testing. The additional finding that a specific
subset of ORs is expressed in progenitor populations was unexpected and preliminary analysis of
the peptide sequence has not provided evidence that would suggest a grossly abnormal protein
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product based on the available sequence data. More detailed and sophisticated predictive
structural modeling of these protein sequences as well as functional testing of the proteins in
vitro could further query the activity of these ORs and potentially reveal functional deficits that
could be responsible for their aberrant expression.
The importance of complex cellular interactions in 3-D has been reinforced by
characterization and functional testing of olfactory neurospheres (ONS). The sphere
environment promotes proper engraftment after transplantation and permits testing of the
influences of lamina propria-derived cells on epithelial cells in the ONS. The former finding that
cells in ONS retain engraftment capacity is an important independent validation that 3-D
complexity is required for the maintenance of engraftment capacity, which had been described
previously in our lab (Jang et al., 2008). It is interesting that this maintenance of engraftment
capacity appears to be strongly driven by the 3-D complexity of the models, rather than as a
result of differences between source material (neonate vs. adult) or media conditions (serum free,
EGF/FGF-2 containing vs. air-liquid interface of DMEM + 10% FBS). The difference in sphere
forming capacity of FACS-isolated cell types also establishes an additional functional test for
various populations of interest. The inability of Neurog1(+) GBCs to form ONS taken with the
ability of Sox2(+) GBCs to generate ONS, establishes these populations as negative and positive
controls for the formation of ONS, respectively. This provides a framework for additional
purified cell populations from other sources, other reporter mice, and of varying composition to
be assayed in this same manner. The increased percentage of GFP(+) cells in ONS cultured in
LP PMA media derived from Neurog1eGFP neonates indicates that adult-derived LPImm cells
maintain the capacity to affect epithelial cell fate and differentiation and informs epithelialstromal interactions. This finding serves as an entrée for the combined use of LPImm cells and
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ONS as an in vitro model of epithelial-stromal interactions in the olfactory mucosa. Previous
work has relied on recombination experiments of acutely derived epithelial and stromal tissue
and is limited to exogenous growth factor addition to the explants or electroporation to add or
remove factors from the system (LaMantia et al., 2000; Tucker et al., 2010). Our use of
conditioned media from immortalized cells has two distinct advantages over previous methods:
first, the media can be manipulated (i.e. blocking antibodies or competitive inhibitors can be
added prior to ONS culture); second, the LPImm cell line provides us with an opportunity for
direct manipulation by transfection of constructs that alter the production of specific candidate
proteins (i.e. overexpression or siRNA).
Finally, our characterization of Ascl1KO mice has demonstrated interrelationships of
GBCs and HBCs during persistent neurogenic failure. Our finding that HBC differentiation is
delayed and that GBCs upstream of Ascl1 have an altered molecular phenotype demonstrates
how the OE responds to a specific deficit. The delayed HBC emergence suggests that the
olfactory epithelium prioritizes the production of neurons over that of an accessory cell type.
The dramatic decrease of Notch1 labeling in the Ascl1KO epithelium indicates that these
Notch1(+) GBCs are responsive to the loss of Ascl1 function, a finding that is in line with
additional data presented here and reported previously– namely that Notch pathway components
are altered in this mutant (Cau et al., 2002; Cau et al., 2000; Cau et al., 1997). The
characterization of Ascl1KO mice has also established epistasis for cKit, a marker used for the
identification of stem cells in other systems, but expressed downstream of Ascl1 and in the late
stages of neurogenesis in the OE (Metcalf et al., 2009). The association of rare cKit(+) cells in
areas of breakthrough neurogenesis in the Ascl1KO suggests that cKit is part of a conserved
pathway for neurogenesis that can be activated independently of Ascl1.
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Based on the findings described in this dissertation, we propose the following future
directions and experiments to expand upon this work.

Future Directions
Expression profiles of Sox2(+) GBCs after activation
The extremely low number of genes regulated after activation of Neurog1(+) cells by
bulbectomy suggests that this population is transcriptionally unresponsive to that lesion. As a
downstream, fate-committed GBC population, this not surprising. Given that data, and the
extensive transcriptional overlap with Sox2(+) GBCs, it would be interesting to know how
extensively Sox2(+) GBCs change their transcriptional profile in response to activation. The
proposed experiment would involve the collection of two additional Sox2(+) GBC populations
and would further inform the transcriptional regulation of various subsets of GBCs. Sox2(+)
GBCs would be purified as described for the studies above, but the source material would be
varied by two different experimental manipulations of the animals prior to harvest: bulbectomy
and methyl bromide lesion. The first group of Sox2eGFP animals would be subjected to
unilateral bulbectomy and Sox2(+) GBCs would be isolated 3 weeks following the surgery. This
would allow comparison with the dataset obtained from Neurog1eGFP mice 3 weeks after
bulbectomy. A second group of Sox2eGFP animals would be backcrossed to 129SvIMJ mice.
The resulting animals would be crossed with C57Bl/6 mice to generate Sox2eGFP transgenic
mice on an F1 background, which is amenable to activation of progenitor cells via pan-epithelial
lesion from methyl bromide inhalation. Five days after methyl bromide lesion, dissociated cells
from these mice would be subjected to the same sorting protocol described above to isolate an
enriched population of Sox2(+) GBCs.
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These datasets would address a number of questions that would further inform the
biology of GBCs and their activation in the tissue: (1) Do Sox2(+) GBCs respond analogously to
Neurog1(+) GBCs when activated by bulbectomy (i.e. by minimally changing their expression
profile)? (2) Do Sox2(+) GBCs activate a distinct transcriptional repertoire in a setting where a
more complex regenerative response – stimulated by methyl bromide – is required of the
progenitor population to replenish epithelial cell types in addition to neurons? (3) Do methyl
bromide-activated Sox2(+) GBCs and Sox2(+) HBCs utilize similar pathways for multipotency?
This final question would use data that is already in hand for the latter population which was
obtained by profiling of methyl bromide activated HBCs.

A comprehensive transcriptome of GBCs
Three distinct functional classifications have been proposed for GBCs: (1) multipotent
progenitors, designated by upstream Sox2 expression, (2) transit amplifying neuronal
progenitors, designated by Ascl1 expression, and (3) immediate neuronal precursors, designated
by Neurog1 or NeuroD1 expression. This work describes the isolation and expression profile for
two of those. The other cell type, Ascl1(+) GBCs, could be obtained in a number of ways. A
reporter line generated by homologous recombination of GFP into the Ascl1 locus in ES cells
has been described in the literature and could be used to isolate these cells (Leung et al., 2007).
An additional, and perhaps preferable method for isolating Ascl1(+) cells more specifically
would be to generate an ES cell knock-in line by an analogous method to the one described,
though with the substitution of a red fluorescent reporter (i.e. mCherry, tdTomato) instead of
GFP. This line would then be crossed with Neurog1eGFP mice, allowing for the isolation of
Ascl1(+) cells (red on FACS) independent of the more downstream Neurog1(+) cells (yellow
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and green on FACS). This latter method would address issues of perdurance by using the
contrast between different fluorescent reporters as a means of purification. Transcriptional
profiling of Ascl1(+) GBCs would further refine the existing data by providing an intermediate
stage between Sox2(+) GBCs and Neurog1(+) GBCs. The Ascl1(+) GBC transcriptome would
further subdivide the set of overlapping and uniquely enriched genes in Sox2-GBC and Neurog1GBC, providing additional insight on the neurogenic progression.

Epigenetic influences on cell fate and multipotency
The finding that LSD1 is expressed in Sox2(+) and Ascl1(+) GBCs in the normal
epithelium taken with the dynamics of LSD1 expression in HBC and then subsequently GBCs
after methyl bromide lesion makes functional testing of this demethylase an appealing next step.
LSD1 is an enzyme with homology to monamine oxidases and therefore can be inhibited by
tranylcypromine and pargyline, which are monoamine oxidase inhibitors that inhibit the
demethylase activity of LSD1 decreases proliferation in LSD1-expressing cells as a result (Sun
et al., 2010). Four major experiments would test the role of LSD1 in the post methyl bromide
setting in general as well as in specific cell types.
In the first experiment, these drugs would be administered to adult mice on a daily dosing
schedule to inhibit the activity of LSD1 for 3 days leading up to, and 5 days following, methyl
bromide lesion. At the end of the dosing schedule, treated animals and vehicle-injected control
animals would be acutely pulsed with EdU to label proliferating cells prior to sacrifice for tissue
sectioning.
The second experiment would utilize retroviral transduction with a construct engineered
to express LSD1 upstream of an E2A-GFP reporter, resulting in constitutive equimolar
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expression of LSD1 and GFP. Host mice lesioned with methyl bromide one-day prior would be
intranasally infused with engineered or control virus. Host animals would be sacrificed at two
time points (8 days after infusion and 21 days after infusion) and compared to control. The
earlier time point permits evaluation of clones as a part of the activated epithelium (which will
include numerous activated and proliferating GBCs) and the later time point would permit
analysis of differentiated cell types derived from infected progenitor cells.
The third and fourth experiments are variations on the theme of cell-type specific
knockout of LSD1, and would require the use of four transgenic mouse lines: A mouse harboring
a floxed allele of LSD1 (Wang et al., 2007), two mice harboring inducible Cre-recombinases
fused to the estrogen receptor under the control of: (1) the keratin-5 promoter (to drive
expression of Cre in HBCs), and (2) the Ascl1 promoter (to drive expression of Cre in GBCs)
(Kim et al., 2007) (Leung et al., 2007). Both lines of Cre-expressing mice would be crossed
independently with ROSA26-Flox-Stop-Flox-LacZ mice so that all cells in which Cre-mediated
recombination occurred could be marked. These mice would be used to generate triple
transgenic lines (Floxed LSD1/K5-CreER/ROSA26-stop-flox-stop LacZ and Floxed
LSD1/Ascl1-CreER/ROSA-stop-flox-stop LacZ) that will be tamoxifen treated two weeks prior
to MeBr lesion according to the schedule outlined by previous work (Leung et al., 2007).
Lesioned mice from both experiments would be sacrificed at 8 days following lesion and at three
weeks following lesion. The Ascl1-CreER mice would require additional validation by lineage
tracing prior to the definitive experiment, since the expression of Cre in these mice has only been
described in the CNS. The dosing schedule of tamoxifen would be adjusted to appropriately
label Ascl1 progeny after lesion. For example, it had not been shown definitively whether
Ascl1(+) cells present after lesion arise from previous Ascl1-expressing cells or if the existing
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Ascl1(+) cells are killed by methyl bromide exposure and are generated from more upstream
progenitors after lesion, though the current data suggest that the latter is the case (Guo et al.,
2010; Manglapus et al., 2004; Packard, 2010).
The experiments outlined above would address the following questions about the
function of LSD1 in the OE: (1) How does inhibition of LSD1 after methyl bromide lesion affect
the proliferative and regenerative capacity of the tissue and how does it influence the expression
of neurogenic transcription factors? (2) Does sustained overexpression of LSD1 increase
proliferation or expression of neurogenic transcription factors after short-term (8 days) recovery
from methyl bromide lesion? (3) Does sustained overexpression of LSD1 alter cell fate after
long-term (3 weeks) recovery from lesion? (4) Is LSD1 required for survival and/or multipotency
of HBCs after lesion? (5) Is LSD1 required for survival of Ascl1(+) cells and/or neurogenesis of
the downstream progeny of Ascl1 cells?

Kinetic differences between Sox2(+) GBCs and Neurog1(+) GBCs
The extensive transcriptional similarity between Sox2(+) GBCs and Neurog1(+) GBCs
warrants additional experiments to test their differences functionally. Two subsets of Sox2(+)
GBCs have been identified in the OE by co-expression with markers that suggest dramatically
different cell cycle properties- those that co-express Ki67 (a marker of proliferation) and those
that co-express p27Kip1 (a marker of quiescence and cell cycle exit) (Guo et al., 2010). In
contrast, Neurog1(+) cells are thought to be exclusively proliferative. Experiments designed to
evaluate the cell cycle properties of Sox2(+) and Neurog1(+) GBC would address possible
differences in the cell cycle kinetics of these cell types. These experiments would parallel those
used previously to evaluate the cell cycle of the GBC population as a whole (Huard and Schwob,
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1995). At the time, reagents were not available to subdivide the population of GBCs based on
transcription factor expression. Experiments utilizing different thymidine analogs for a variety
of pulse-chase experiments would be combined with antibody labeling for Sox2 and Neurog1
separately. EdU and BrdU are two thymidine analogs that can be distinguished from one another
for the purposes of multiple pulses and are compatible with antibody detection of Sox2 and
Neurog1. The proposed experiments will address the following questions: (1) Do the pools of
Sox2(+) and Neurog1(+) GBCs differ in their cell cycle time? (2) Are a larger proportion of
Sox2 or Neurog1 GBCs proliferating acutely in normal adult OE? (3) What is the half-life of a
labeled Sox2 or Neurog1 GBC? The second question could be addressed without needing
thymidine analogs by using mice harboring fluorescent reporters fused to proteins that are
rapidly degraded at different points in the cell cycle (Geminin and Cdt1) (Sakaue-Sawano et al.,
2008). That transgenic line could even be used to determine the levels of Sox2 and Neurog1
protein present in the acutely cycling populations (and at different phases of the cycle) by
permitting isolation of all the cycling cells (the vast majority of which are GBCs) by FACS and
subsequent western blotting with Sox2 and Neurog1 antibodies.

Functional testing of ORs expressed in progenitor populations
The finding that a number of ORs show maximal expression in progenitor cell types
rather than OSNs suggests that these ORs may be non-functional and therefore downregulated in
OSNs. Analysis of peptide sequence does not reveal any dramatic alterations or mutations that
are shared between these oddly regulated genes, nor does it suggest any obviously abnormal
protein product for these genes. As a result, a more in depth functional analysis of these ORs
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could be undertaken. Two approaches, each with distinct advantages could be utilized: (1) The
coding region for these oddly regulated OR genes could be cloned into an expression vector and
expressed in heterologous cells (Wetzel et al., 1999) or (2) a number of candidate ORs from the
oddly regulated node could be cloned into the transgenic system that allows widespread
expression of a single OR in >90% of OSNs by using a combination of a tetracycline inducible
transactivator system and the upstream placement of the H element in the transgenic construct
bearing the OR of interest (Fleischmann et al., 2008; Nguyen et al., 2007; Serizawa et al., 2003)
Both of these systems would permit testing of the responsiveness to odorants by cells
expressing the various ORs. The heterologous culture system and the transgenic mice could be
used for patch clamp recordings of transfected cells or isolated OSNs in response to a complex
panel of odorant mixtures to determine whether the oddly regulated odorant receptors are
responsive to odorants. The response to odorant ligands can be measured on a number of levels,
including expression of c-fos and the activation of calcium channels (Guthrie et al., 1993; Wetzel
et al., 1999).

Proteomics analysis of LP CM vs. LP PMA
The finding that culture in LP PMA increased the percent of GFP(+) cells in ONS
derived from Neurog1eGFP mice indicates that the LP cells are likely secreting a factor or
factors into the media that are having this influence. The identity of this factor is currently
unknown. An approach utilized by the Schwob lab to identify proteins secreted by LP cells into
the media could be applied to this situation to identify candidate proteins that may be responsible
for the increase in GFP(+) cells (Woochan Jang and James Schwob, unpublished data). In short,
newly synthesized proteins that are secreted into the media would be metabolically labeled using
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a methionine analog which has a functional side group that can be detected using copper-based
“Click-it” chemistry (the same chemistry utilized by the EdU system). The labeled and
concentrated proteins from LP PMA conditioned media would be compared to parallel samples
prepared from LP CM (untreated with PMA) via 2-D SDS-PAGE gels. Spots unique to or
dramatically more prominent in the LP PMA sample would be identified by mass spectrometry.
Proteins identified in this manner would be tested directly in the Neurog1eGFP sphere assay for
their ability to increase the percentage of GFP(+) cells in ONS and assayed for expression in the
lamina propria of the neonatal and adult olfactory epithelium.

Ascl1-GFP as a reporter in the ONS assay
The functional differences attributed to Ascl1- and Neurog1-expressing GBCs as a result
of epistasis experiments and in vitro analysis of progenitor cell activity (Cau et al., 2002; Cau et
al., 1997; DeHamer et al., 1994; Mumm et al., 1996) makes the use of the Ascl1-eGFP reporter
mouse an attractive candidate for a parallel set of experiments to complement the described
results using LP PMA and other factors in the Neurog1eGFP FACS quantitation assay (Chapter
3, Figure 8) (Leung et al., 2007). The ability to use both of these mouse lines as readouts of
different steps in olfactory neurogenesis could help to identify factors that regulate Ascl1(+) and
Neurog1(+) cells differentially or congruently.

Combinatorial approaches for ONS growth and passaging
A number of growth factors and conditioned media have been tested for the ability to
increase sphere mass acutely as well as in a passage assay. The vast majority of factors tested
have shown inconsistent or insignificant effects on mass expansion and the ability to passage.
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Two possible exceptions come from preliminary data with conditioned media from Wnt3a
producer cells and the Rho kinase inhibitor Y-27632 suggesting that these factors result in a
subtle increase in ONS mass and possibly ability to propagate by passage when used in concert
(data not shown). This effect is reminiscent of data reported in a culture model of the intestinal
crypt (Sato et al., 2009). That group reported that supplementation with three factors (one of
which was Y-27632) was necessary for the continued growth and propagation of clonal cryptvillus-like structures in vitro. It is possible that a similar situation with slightly different factors
is required for expansion and passaging of ONS. The identification of these factors would
require a more high throughput screen of a larger library of compounds and growth factors as has
been utilized to identify relevant factors in other in vitro systems (Chen et al., 2009; Ichida et al.,
2009).

Conditional immortalization of cells present in ONS
An additional approach that could take advantage of the beneficial 3-D environment
created by culture as ONS – while avoiding the limitations imposed by the plateau in growth and
current inability to expand ONS beyond the initial culture period – would be to conditionally
immortalize cells present in the ONS. Cells present in the early phase of ONS growth (3-5 DIV)
in spheres from wild type and reporter mouse lines (Neurog1eGFP, Sox2eGFP, Ascl1eGFP)
would be infected with a temperature sensitive version of the large T antigen with a neomycin
resistance cassette. Infected cells would be selected for using neomycin. Resulting ONS could
be expanded at the permissive temperature to generate many ONS and then switched to the
restrictive temperature when the T antigen is inactive for high throughput studies of the growth
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factor effects on expansion (using wild type spheres) and composition of the ONS (using reporter
animal-derived spheres).

Response of the OE to depletion of other cell types
A complement to the finding that HBC differentiation is delayed in Ascl1KO mice would
be to eliminate cell populations distinct from the Ascl1 to Neurog1 to OSN neurogenic lineage
during embryogenesis and evaluate the effects on the other cell types. The ability to create
deficits in other specific cell types, such as sustentacular cells, is less clear. Cytokeratin-18, a
marker of sus cells is present in the olfactory epithelium from the earliest points examined and is
thought to play an important structural role in the architecture of the OE and therefore
elimination of this protein might severely compromise the structural integrity of the OE, rather
then simply deplete a cell population. Additional data from knockout studies (both constitutive
and conditional) of Hes1 and Sox2, transcription factors expressed in sus cells, do not suggest
that either are required for the differentiation or survival of these cells. The most obvious and
straightforward experiment would be to eliminate HBCs. Significant progress on this project has
already been made (Nikolai Schnittke and Adam Packard). Characterization of mutant mice
indicates that loss of the transcription factor p63 prevents HBC differentiation in development,
but does not appear to have any effects on the neuronal lineage, though does have some
structural and morphological consequences for the population of duct/gland cells (Packard and
Schnittke, submitted).
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