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Abstract
The adult olfactory epithelium (OE) has the remarkable capacity to regenerate
fully both neurosensory and non-neuronal cell types after severe epithelial injury. Lifelong persistence of two stem cell populations brings about OE regeneration when
damaged: the horizontal basal cells (HBCs), which are quiescent and held in reserve, and
mitotically active globose basal cells (GBCs). Both populations regenerate all cell types
of the OE after injury, but the mechanisms underlying HBC activation, neuronal vs. nonneuronal lineage commitment after recruitment of the stem cell pools, and the role of
Notch in neuronal maturation all remain unknown.
In the first set of experiments (Chapter 3), I first provide a thorough
immunohistochemical characterization of Notch in the adult OE and a thorough analysis
of the differential Notch gene regulation in the setting of various lesion types. I first
performed cell-population specific ablations using either surgical olfactory bulbectomy
(OBX) to selectively deplete the mature neuron layer or a transgenic mouse to selectively
deplete Sustentacular support cells using Sus-cell specific expression of diphtheria toxin
subunit A. We show for the first time that Sus cell ablation is sufficient for HBC
activation to multipotency. Through genetic manipulation of Notch receptors, the data
also suggest that Notch signaling contributes to maintenance of HBC quiescence through
a positive regulation of p63, the master regulator of HBC quiescence. Additionally,
Notch1 plays a critical role in maintaining quiescence in the presence of severe neural
injury or increased neurogenesis. Importantly, this study reveals that Notch1 and Notch2
do not play redundant roles in HBCs and the impact of Notch-ON on maintaining p63
levels is not Notch receptor dose-dependent.
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In Chapter 4, I show that once HBCs are activated, Notch signaling determines
progenitor cell fate. We utilized both retroviral transduction and mouse lines that permit
conditional cell-specific genetic manipulation as well as the tracing of progeny to study
the role of canonical vs. non-canonical Notch signaling in the determination of neuronal
vs. non-neuronal lineages in the regenerating adult OE. Excision of either Notch1 or
Notch2 genes alone in HBCs did not alter progenitor fate during recovery from epithelial
injury, while conditional knockout of both Notch1 and Notch2 together, retroviral
transduction of progenitors with a dominant-negative form of MAML, or excision of the
downstream cofactor RBPJ caused progeny to adopt a neuronal fate exclusively.
Conversely, we show that overexpressing the Notch1-intracellular domain (N1ICD)
either genetically or by transduction blocks neuronal differentiation completely.
However, N1ICD overexpression requires both alleles of the canonical cofactor RBPJ to
specify downstream lineage. Taken together, our results suggest that canonical RBPJdependent Notch signaling through redundant Notch1 and Notch2 receptors is both
necessary and sufficient for determining neuronal vs. non-neuronal differentiation in the
regenerating adult OE.
Finally, in Chapter 5, using drivers specific for neuronally committed progenitors
(Ascl1 and Neurog1), I determined the role of Notch signaling in neural progenitors after
lineage had been determined. In the uninjured epithelium, a low level of neurogenesis
occurs throughout adult life. In neuronally committed progenitors, RBPJ is required for
neuronal maturation. In fact, RBPJ haploinsufficiency is sufficient to prevent neuronal
maturation. However, upon loss of mature neurons by OBX or loss of all differentiated
cells by chemical lesion, RBPJ is no longer required for neuronal maturation.
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CHAPTER 1 : INTRODUCTION

1.1 Introduction to Olfactory Biology
Olfaction, or sensing of the surrounding chemical environment, is critical for survival
of all animals. It plays a significant role in suckling, feeding, mating, and detection of
predators (Bakker and Leinders-Zufall, 2016). Sensing the chemical environment
ultimately drives animal behaviors. The olfactory epithelium (OE) is the robust sensory
organ that contains the olfactory sensory neuron (OSN) as its functional unit for detecting
chemicals in the surrounding environment. Each OSN expresses one odorant receptor
(OR) of a gene family of more than 1,000 ORs in the mouse, for example, to detect one
chemical or chemical family (Buck and Axel, 1991; Malnic et al., 1999; Zhang and
Firestein, 2002). Mature OR-expressing OSNs project their axons to a few specific
glomeruli of about 1,800 choices in the olfactory bulb (OB) (Royet et al., 1988; Ressler et
al., 1994; Vassar et al., 1994; Mombaerts et al., 1996) to establish a functional chemical
sensory unit.
The sense of smell, unlike other senses, is unique in that it is in direct contact with
the sometimes-harsh environment. The dendrites of the OR protrude through the apicalmost layer of the OE, as they must be in physical contact with the external environment
to detect odors. This physical contact with the environment leaves them vulnerable to
both chronic and acute damage (Rawson, 2006). To overcome this challenge, the OE
must have a robust repair mechanism in place to continually generate new neurons
throughout life (Graziadei and Graziadei, 1979; Graziadei and Monti Graziadei, 1979).
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Tissue turnover and replacement by tissue-specific stem cells is a common
phenomenon outside of the nervous system. For example, the gut, hematopoietic system,
and skin are frequently replaced by tissue stem cells. Within the nervous system
neurogenesis takes place predominantly during embryonic development, with four
exceptions: the subgranular zone (SGZ) in the hippocampus, the subventricular zone
(SVZ) in the lateral ventricle, the olfactory bulb, and the olfactory epithelium (Eriksson
et al., 1998; Schwob, 2002; Göritz and Frisén, 2012). However, the robust
neuroregenerative capacity of the olfactory epithelium after severe injury is unmatched
by any other nervous tissue, as the OE is completely reconstituted two weeks after acute
wholesale loss of all cell types except for the stem cells (Schwob et al., 1995). To possess
this remarkable capability, the OE has evolved to harbor a tightly controlled set of
neurocompetent stem and progenitor cells that can replace the OE throughout adulthood
(Chen et al., 2004; Leung et al., 2007). These stem cells are responsible for the
epithelium’s ability to adapt to sensing new environments and undergo tissue repair after
environmental injury in the adult animal.
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1.1.1

Cell types that constitute the normal adult OE
Before describing the regenerative capacity of the OE, it is imperative that we

first describe the OE tissue on a histological, cellular, and molecular level. Anatomically,
the OE resides in the posterodorsal aspect of the mucosal lining of the rodent nasal cavity
(Figure 1.1, left panels). It is a pseudostratified neuroepithelium that contains several cell
types that will each be discussed in detail below in an apical-to-basal fashion (Figure 1.1,
right panel).

Figure 1.1. The anatomic location and cellular components of the OE. A schematic
representation of the olfactory area on the lateral nasal wall and nasal septum as indicated
by the teal olfactory nerve fibers. The major cellular components of the olfactory
epithelium (OE), a pseudostratified neuroepithelium, are shown in a coronal section of
the tissue to the right. Adapted with permission from “Schwob JE, Jang W, Holbrook EH,
Lin B, Herrick DB, Peterson JN, Hewitt Coleman J. (2017) Stem and progenitor cells of
the mammalian olfactory epithelium: Taking poietic license. J Comp Neurol 525:10341054.” Changes include cropping.

1.1.1.1

Supporting Cells: Sustentacular and Microvillar Cells
The most apical portion of the OE is comprised of a heterogeneous cell layer

containing Sustentacular (Sus) support cells and microvillar (MV) cells. The majority of
the cells in this apical-most layer are Sus cells. Histologically, Sus cells are goblet shaped
cells with a large apical cell body that contains, on the apical surface, microvillar brush
borders protruding into the nasal cavity and, on the basal surface, a thin tapered process
3

that extends down to contact the basal lamina (Cuschieri and Bannister, 1975; Weiler and
Farbman, 1998) and horizontal basal cells (HBCs) (Holbrook et al., 1995).
Immunohistochemically, Sus cells can be identified by a number of markers (Table 1.1).
Structural markers include cytokeratins 8/18 and E-Cadherin (Suzuki and Takeda, 1991;
Akins et al., 2007). Characteristic transcription factors (TFs) include high levels of Hes1,
high levels of Sox2, and moderate levels of Pax6 (Cau et al., 2000; Manglapus et al.,
2004; Guo et al., 2010). Notable enzymes studied to date include cytochrome p450
isoforms and glutathione S-transferase (Hadley and Dahl, 1982; Yu et al., 2005).
Functionally, the Sus cell layer serves two purposes: tissue defense and tissue
maintenance. The Sus cell component of the apical cell layer serves as a first line of
defense in two ways: (1) it provides a physical barrier by which foreign particulate matter
and chemicals must pass before reaching and harming the functional unit of the OE, the
neurons, and (2) it provides biochemical defense against toxic chemicals. To provide the
physical barrier, the Sus cells are arranged side-by-side and form tight adherens junctions
via E-Cadherin (Akins et al., 2007). To provide biochemical defense against foreign
chemicals, Sus cells express members of the cytochrome p450 family and glutathione Stransferases (Dahl et al., 1982; Hadley and Dahl, 1982; Getchell et al., 1984; Yu et al.,
2005), which allows them to degrade toxic chemicals before they reach the more basal
part of the OE. Sus cell function is not limited to epithelial protection, however. They
also have phagocytic capabilities and can clear debris from dying cells within the
epithelium. For example, Suzuki et al. demonstrated that Sus cells phagocytize dead and
dying neurons after olfactory bulbectomy (OBX) (Suzuki et al., 1996). It has been
thought that, given the protective and tissue maintenance functions of Sus cells in the OE,
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Sus cells are analogous to the glial cells in the mammalian nervous system. Recent
evidence points to glia having an integral cell-cell signaling role in the CNS (for review
see (Fields et al., 2015)). However, their role in cell-cell communication with other cells
of the OE, particularly the globose basal cells (GBCs) and horizontal basal cells (HBCs),
has yet to be determined and will be a topic of study in this dissertation.
In contrast to Sus cells, the role of microvillar cells in OE function is not well
understood. Microvillar cells make up the small minority of the apical cell layer and are a
heterogeneous population made up of several classes (Moran et al., 1982; Asan and
Drenckhahn, 2005). They are thought to constitute approximately 5% of all olfactory
cells. One class of microvillar cell utilizes inositol-triphosphate (IP3)-mediated signal
transduction and they selectively express neuroproliferative factor neuropeptide Y (NPY)
(Elsaesser et al., 2005; Montani et al., 2006). Release of NPY induces a
neuroproliferative response suggesting they may control the proliferative response of
neuronally committed GBCs (Jia and Hegg, 2010, 2012). Other classes of microvillar
cells express Krt8/18 and E-Cadherin, Trpm5 (Hansen and Finger, 2008; Lin et al.,
2008), Na(+)/K(+) ATPase, Ankryn, and Villin (Asan and Drenckhahn, 2005). However,
microvillar cells as a class of OE cell type lack complete morphological and functional
characterization. This is currently an active area of research.

1.1.1.2

Olfactory Sensory Neurons (OSNs)
The olfactory sensory neuron (OSN) is the functional unit of the OE, and,

collectively, OSNs comprise approximately 80% of the tissue. The anatomical location of
the OSNs within the OE has been well characterized. They are located just basal to the
apical Sus/microvillar cell layer and abut the globose basal cells basally. OSNs can be
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further categorized into mature olfactory marker protein (OMP)-expressing OSNs
(Graziadei et al., 1980) and immature Tuj1/GAP43-expressing OSNs. The mature OSNs
lie just basal to the apical Sus/microvillar layer, and the immature OSNs are located just
basal to the mature OSNs and apical to the stem cell (GBC/HBC) compartment
(Graziadei and Graziadei, 1979; Graziadei and Monti Graziadei, 1979).
OSNs are bipolar neurons with a variable yet finite life span that are continuously
generated from the mitotically active GBC stem cell population throughout adult life
(Kondo et al., 2010). Each OSN of the OE extends a dendritic process apically adjacent
to the Sus cells to the epithelial-air interface and forms a dendritic knob for interaction
with the external environment (Cuschieri and Bannister, 1975). The axons extend from
the neuronal cell body basally under the arches of the HBCs and the basal lamina
(Holbrook et al., 1995) where they fasciculate to travel through the basal lamina and
lamina propria toward the CNS (Treloar et al., 2002). The axons in the fascicles finally
traverse through the cribiform plate, the bone separating the OE from the CNS, to
synapse with the dendrites of mitral-tufted cells within the glomeruli of the olfactory bulb
(OB) (Ronnett and Moon, 2002). From this point forward, higher order synapses process
information and relay it to higher order cortical regions such as the olfactory tubercle,
anterior olfactory nucleus, the entorhinal and piriform cortices, and the amygdala (Zou et
al., 2005; Sosulski et al., 2011).
The OR is the biochemical unit through which odor is detected. The first OR
family was cloned in 1991, and subsequent work demonstrated that each mature OSN
chooses to express only one of more than 1,000 OR genes in a monoallelic fashion (Buck
and Axel, 1991; Chess et al., 1994; Mombaerts, 2004; Shykind et al., 2004; Magklara et
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al., 2011). The neuron limits its OR expression to the product of one gene and to only
one allele of this gene (Chess et al., 1994; Shykind et al., 2004; Magklara et al., 2011).
Additionally, it is highly unlikely, if not impossible, for an OSN to switch the OR it
expresses once one OR has been chosen. The timing of when the OR is chosen—as an
upstream progenitor, differentiating neuron, or maturing neuron—remains under
investigation.
The OR genes makeup a superfamily of G-protein coupled receptors (GPCRs).
Like all GPCRs, seven hydrophobic membrane-spanning domains characterize ORs.
They are further are categorized into three classes—Class A, B, or C—based on their
primary sequence (Jacoby et al., 2006). A single OR gene will be expressed by several
thousand OSNs, which are spatially organized within zones of the OE (Ressler et al.,
1993; Vassar et al., 1993; Iwema et al., 2004; Miyamichi et al., 2005). Of note, the OR
expressions are symmetrical bilaterally. While ORs are primarily responsible for odor
detection, they are also involved in the fasciculation of OSNs as they leave the OE and
targeting to the proper glomerulus in the OB (Mombaerts, 2006). Targeting of the OB is
not fully understood, but it is thought to be partially determined by expression of axon
guidance molecules along the dorsal-ventral axis of the epithelium (Mori and Sakano,
2011). Further, the expression of the axon guidance molecules is graded to reflect the
chosen OR of a particular OSN (Takeuchi et al., 2010; Mori and Sakano, 2011). It has
also been shown that bulb targeting depends on the OR amino acid sequence (Feinstein
and Mombaerts, 2004; Feinstein et al., 2004).
Although maturation of OSNs and the timing of OR choice is poorly understood,
the field has characterized the stages of OSN development from upstream GBC to
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maturation in the adult using various IHC markers. Initial pulse-chase experiments with
bromodeoxyuridine (BrdU), a thymidine analogue that labels dividing cells, showed that
neurogenesis is ongoing in adult mice (Graziadei and Graziadei, 1979; Mackay-Sim and
Kittel, 1991a, 1991b). The entirety of OSN maturation—cells at all stages of neuronal
maturation from progenitor cell to functioning neuron—can be visualized in one OE
tissue section via immunohistochemical analysis. This is one of several reasons the OE is
an excellent model for studying adult neurogenesis.
The OSN lineage is thought to be initiated by Mash1 expression in the GBC
population in adult mice (Cau et al., 1997, 2002). In Mash1 mutant mice, Notch signaling
pathway (to be discussed later) fails to activate and neural progenitors are not generated.
This demonstrated that the Mash1 gene determines the lineage of OSNs. Neurogenin1
(Neurog1) is expressed after Mash1 expression, and, compared to the Mash1 mutant
mice, Neurogenin1 mutant mice generate olfactory neural progenitors but terminal
differentiation to OSNs is blocked (Cau et al., 2002). Following Mash1 expression and
subsequent Neurog1 expression, NeuroD is the third gene to be expressed, and NeuroD is
expressed in immediate OSN precursors (Cau et al., 1997). After the NeuroD stage, the
early differentiating immature neurons that begin extending newly formed axons and
dendrites begin to express Tuj1 (Roskams et al., 1998), PGP9.5 (Kent and Rowe, 1992),
NCAM and Gap43 (Calof and Chikaraishi, 1989; Verhaagen et al., 1989). As such, the
markers Tuj1 and Gap43 are routinely used to identify immature neurons. As the neuron
matures it migrates apically and expresses the OSN-selective OMP when the axons and
dendritic processes are fully formed. At some point during the maturation process which
has yet to be fully elaborated, the developing OSN will commit to the expression of one
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OR (Iwema and Schwob, 2003). The expression of components of the GPCR signaling
pathway, such as GTP-binding protein alpha subunit and adenylyl cyclase III, are thought
to indicate a fully functioning neuron (Farbman and Margolis, 1980; Miragall and
Graziadei, 1982; Baker et al., 1989; Jones and Reed, 1989; Bakalyar and Reed, 1990).
Fully matured neurons express one OR and it densely populates the dendritic knob at the
IN OSN
THE PERIPHERAL
OLFACTORY
PATHWAY
OE/air interface. Figure 1.2 summarizes theNEURONS
stages of
lineage and
maturation.
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Figure 1.2. The process of OSN maturation as defined by transcription factor expression.
The process by which GBCs differentiate into neurons is stereotyped based on
transcription factor expression. Sox2(+) progenitors initiate the neurogenic bHLH
transcription factor cascade. This begins with induction of Ascl1 (Mash1) and progresses
through the immediate neuronal precursor (INP) markers Ngn1 (Neurog1) and NeuroD.
Differentiated OSNs express NCAM/Gap43 in the immature state, and begin to form a
dendritic knob. Mature OSNs express OMP and have functional components of a bipolar
neuron, including an elaborated dendritic knob and elongated axon. Adapted with
permission from “Balmer CW, LaMania AS (2005) Noses and neurons: Induction,
morphogenesis, and neuronal differentiation in the peripheral olfactory pathway. Dev
Dyn 234:464-481.” Changes include cropping.

1.1.1.3

Bowman’s Duct and Gland (D/G) Cells
Duct and gland cells, making up duct/gland units, are found throughout the OE

and span the entire apical-basal width of the epithelium. The acinar gland cells reside
below the basal lamina, while the duct cells create a lumen that is situated within the OE
Fig. 8. Top panel: A summary of current data on the association of molecular markers with distinct populations of olfactory receptor neuron (ORN)
precursors. Bottom panels: Essential molecular characteristics of olfactory epithelium (OE) precursors and ORNs are preserved in Gli3 (Xtj) and shh
null mutants. MASH1, NGN1, and neural cell adhesion molecule (NCAM) are associated with early precursors, transit amplifying precursors, early
neuroblasts, and immature ORNs, respectively. The olfactory marker protein OMP and the ORN-selective adenylate cyclase ACIII characterize mature
ORNs, and the low affinity nerve growth factor receptor P75 is associated with the olfactory ensheathing cells that migrate from the OE in association
with ORN axons within the olfactory nerve.

and extends to the apical surface (Cuschieri and Bannister, 1975) (Figure 1.1). The

purpose of the D/G units is twofold: (1) to produce mucous elements to hydrate the apical

bryos indicate that there may be dissurface
and facilitate
odorant
tinct
signaling
and transcriptional
mechanisms that mediate the early
assembly of the olfactory pathway.
These mechanisms operate in parallel
with those in the limbs, face, and
heart; however, it is not clear to what
extent phenotypic change at each site
represents equivalent functions of
Pax6, Gli3, or Shh. Appropriate pat-

subsequent phase of epithelial/mesen-

long-range signals. Such disruptions
in
which ORN axons, ensheathing cells
and other epithelial-derived migratory cells respond to mesenchymal
cues and modify the local organization
of ECM to define the trajectory of the
nascent nerve. Although these interactions may not be strictly inductive,
they nevertheless depend upon the in-

diffusion
to the OSN
and (2)
to provide
an
chymal interaction.
When dendrites,
the axons may
compromise
interactions
are not present, as is the case in
Pax6Sey/Sey embryos, there is no subsequent patterning of ECM as well as
related molecules in the remaining
9
frontonasal mesenchyme.
Mutations
in Gli3 and Shh also disrupt this aspect of olfactory pathway development, perhaps due to an altered mes-

immunological barrier via secretion of antibacterial elements (i.e. immunoglobulin,
lysozymes) (Cuschieri and Bannister, 1975; Getchell and Getchell, 1991; Mellert et al.,
1992). Upon immunohistochemical analysis, D/G cells share many markers with Sus
cells, including cytochrome p450, CK8/18, the transcription factor Pax6, and E-Cadherin.
However, they do not label with Sox2 and they are positive for Sox9, GLA-13, and Sus4
(Table 1.1) (Hempstead and Morgan, 1985; Getchell and Getchell, 1992; Chen et al.,
2004; Guo et al., 2010).
While the D/G cell population has been well-characterized
immunohistochemically, questions remain about their potential as a stem cell population
in the OE. After severe tissue injury by MeBr, portions of the D/G unit are spared and
become proliferative in the acute period following injury. It has been suggested that they
can directly give rise to Sus cells after injury (Schwob et al., 1995; Huard et al., 1998).
However, their capabilities as a stem cell population and their identification as a putative
stem cell population in the OE is an ongoing area of research in our lab.

1.1.1.4

Basal Stem Cells
Two distinct populations of basal stem cells are present in the OE, the GBCs and

HBCs. The HBCs form a monolayer along the basal lamina while the GBCs are nestled
between the immature neuron layer and the HBCs. Significant strides have been made in
first the discovery and later the characterization of the two stem cell populations.
Broadly, the GBCs are an active heterogeneous stem cell population that gives rise to
neurons throughout adult life, whereas HBCs are a reserve stem cell population that
contributes to tissue regeneration only after severe injury. I will address the two resident
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OE stem cell populations in detail later after a broader discussion on tissue stem cells and
how we can study them.

1.1.2

OE Lesion Models and the Study of Neurogenesis
A number of animal lesion models have been employed to study stem cell

contribution to tissue regeneration and neurogenesis in the OE. Stereotyped lesions allow
for investigators to study stem cell behavior in a reproducible in vivo setting. In the
studies at hand in this dissertation, I employ three well-characterized lesion models to
study both GBC and HBC populations in the OE: methyl bromide (MeBr) gas lesion,
methimazole (Mz) chemical lesion, and olfactory bulbectomy (OBX). The details of the
procedures are described in detail in Chapter 2: Materials and Methods, but I will
describe the lesions here.

1.1.2.1

Methyl Bromide (MeBr) Gas Lesion
The MeBr gas inhalation lesion is a well-characterized lesion whereby mice are

exposed to a specified concentration of MeBr gas and passively inhale the gas over a
specified period of time (Schwob et al., 1995). The Sus cells metabolize the gas, which
produces toxic bromide free radicals that go on to ablate the terminally differentiated
cells of the OE (Hurtt et al., 1988; Yang et al., 1995). The gas dose and time can be
titrated to optimize ablation of Sus cells, OSNs, Bowman’s ducts, and some GBCs,
sparing the HBCs, glands, and some GBCs (Schwob et al., 1995). The differentiated cells
are completely ablated by one day following gas exposure, and the tissue is fully
reconstituted two weeks following gas exposure (Figure 1.3). The regeneration of the OE
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after MeBr gas exposure is well characterized and can be divided into five distinct stages
of recovery. The stages are summarized as follows:
Stage 1 (0-1 days post lesion [dpl]): Differentiated cell death, degradation, and removal
from nasal cavity (Schwob et al., 1995)
Stage 2 (1-2 dpl): Proliferation of basal cells (Schwob et al., 1995; Leung et al., 2007)
Stage 3 (3-7 dpl): Formation of apical CK18(+) cells that eventually differentiate into Sus
cells (Schwob et al., 1995)
Stage 4 (4-21 dpl): OSNs differentiate and mature, expressing OMP and projecting axons
and dendrites (Schwob et al., 1995)
Stage 5 (14-28 dpl): OSNs target OB to make functional connection (Schwob et al.,
1999)
The regenerative time period when HBCs and GBCs are activated to reconstitute
the OE is between 0-21 days after injury, with the acute activation of HBCs and required
loss of p63 occurring in the first 18 hours after injury (Schnittke et al., 2015).
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Figure 1.3. Regenerative capacity of the rat OE after acute MeBr gas lesion. The left
panel depicts H&E staining of normal uninjured adult OE. The center panel shows the
adult OE one day following MeBr gas exposure. The extent of the lesion is shown, as the
neurons and Sus cells have been depleted and only the basal cell compartment remains.
The right panel illustrates the robust regenerative capacity of the OE, as the OE is fully
regenerated two weeks after MeBr gas injury. Adapted with permission from “Schwob
JE, Youngentob SL, Mezza RC (1995( Reconstitution of the rat olfactory epithelium after
methyl bromide-indeuced lesion. J Comp Neurol 359:15-37.” Changes include cropping.
1.1.2.2

Methimazole (Mz) Chemical Lesion
Methimazole (Mz) is both an antithyroid and olfactotoxic drug that is

administered via intraperitoneal (IP) injection. Administration of the methimazole results
in a dose-dependent lesion that closely resembles the MeBr gas lesion (Brittebo, 1995;
Bergström et al., 2003). While the Mz lesion results in ablation of the differentiated cells
similar to that of the MeBr gas lesion, the major pitfall of the Mz lesion is that it takes 2-3
days for the lesion to finish. The timing of this lesion makes it an inferior lesion model to
MeBr gas when studying the activation and immediate proliferation events of HBCs and
GBCs after injury.
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1.1.2.3

Olfactory Bulbectomy (OBX) Lesion

Olfactory bulbectomy (OBX) is a surgical procedure that results in the surgical removal
of one or both olfactory bulbs in the mouse or rat. Initially, removal of the olfactory bulb
results in degeneration of mature OSN axons and eventual loss of the mature neuronal
population. The OE GBC compartment becomes more mitotically active, with peak
mitotic activity at 7 days following OBX, and up-regulates neurogenesis to replace the
mature OSN population (Schwartz Levey et al., 1991; Carr and Farbman, 1992). While
neurogenesis is up-regulated after OBX, the lesion is permanent, as newly formed
neurons cannot synapse with the olfactory bulb and eventually degenerate (Carr and
Farbman, 1992; Holcomb et al., 1995). Therefore, there is continuous neurogenesis
followed by eventual neuron death in the absence of the OB. OBX can be used to
challenge the stem cell compartment without wholesale loss of neurons and Sus cells as
seen with MeBr gas lesion or Mz lesion. The lesion can be performed in a unilateral
manner in order to use the contralateral side as an internal control for comparison.
Table 1.1. Commonly used cell markers in the OE.
Cell Type
Sustentacular (Sus)
Microvillar
Mature OSN
Immature OSN

Commonly Used Markers
Krt18, E-Cadherinlo, Sox2, Pax6, Hes1
Krt18, Sox9, TrpM5
OMP, PGP9.5, Tuj1
Gap43, Tuj1, PGP9.5, NCAM
GBC-1,2,3, Ascl1, Sox2, Pax6, Exclusion
of OSN and HBC markers
Krt5/14, CD54, EGFR, p63
BLBP, S100β, p75NTR, GFAP
E-Cadherinhi, Sox9, Pax6, Sox2(-)
ThyI, Vimentin

Globose Basal Cell (GBC)
Horizontal Basal Cell (HBC)
Olfactory Ensheathing Cell (OEC)
Bowman’s Duct/Gland (D/G)
Lamina Propria Fibroblast (LP)
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1.2 Introduction to Tissue Stem Cells
The primary focus of this dissertation will be on the resident tissue stem cells of the
olfactory epithelium. Before one can perform and in-depth analysis of stem cell biology
and tissue regeneration, it is important to 1) define what a stem cell is, and 2) understand
strategies used to study stem cells. The subsequent sections will explore these topics.

1.2.1

Tissue Stem Cells
All mammalian tissues are subject to injury throughout life. For example, physical

harm by external stimuli (e.g. skin lesions), internal toxicity (e.g. gut exposure to fecal
matter), and tissue inflammation can all cause cell death and require tissue repair to
sustain functionality of the organ. Repair of a tissue by resident tissue stem cells is robust
in some organ systems, such as the gut (Barker et al., 2008), while it is less effective in
others, such as the heart (Jackson et al., 2001) and central nervous system (Okano et al.,
2007; Ramón Y Cajal et al., 2012). A stem cell is defined as a cell that can give rise to all
cell types of its resident tissue (multipotency) while maintaining its own undifferentiated
population (self-renewal) in the process of differentiation (Potten and Loeffler, 1990).
The processes of differentiation and self-renewal are tightly regulated (Kuang et al.,
2008; Yeung et al., 2011) and must be tightly regulated to maintain tissue function
(Orford and Scadden, 2008). However, the process of self-renewal can be either
aberrantly enhanced, which results in cancer (Reya et al., 2001; Jordan et al., 2006), or it
can be diminished, which results in aging and tissue degeneration (Rando, 2006; Rossi et
al., 2008). The latter of these is a current topic of research in our laboratory.
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1.2.2

Strategies to Study Stem Cells
Identifying and studying stem cells is not trivial. Clearly, the first step in studying

any stem cell population is to identify the population of interest. To identify a stem cell, it
must demonstrate the capacity for multipotency and self-renewal (Snippert and Clevers,
2011). Three methods of study are traditionally employed to identify and study stem
cells: in vitro differentiation assay, transplantation, and lineage tracing. I will briefly
describe the in vitro and transplantation assays, and I will go into more detail on the
method I am using in the studies at hand, lineage tracing.
Transplantation of isolated stem cells has been a mainstay of the studies involved
in analysis of stem cell behavior. The transplantation tests both self-renewal and
multipotency, as the cells must be long-lived and also give rise to other cell types in the
recipient tissue. The first transplant of tissue stem cells in the clinical setting was
performed using bone marrow stem cells in 1957 (Thomas et al., 1957). Later, in 1996, a
single hematopoietic stem cell was transplanted, which resulted in repopulation of the
hematopoietic system (Osawa et al., 1996). This identified the mouse CD34(lo/-), Sca1(+), lineage negative (lin(-)) cell as a self-renewing multipotent stem cell of the
hematopoietic system. The ability to isolate homogeneous stem cell populations via
fluorescence-activated cell sorting (FACS)-purification has greatly increased the power
of the transplantation assay for studying stem cell characteristics.
Similarly, in vitro assays are usually performed using isolated adult stem cells.
The ability of the cells to proliferate and differentiate can be studied with and without
growth factors. This shows that one isolated cell type can give rise to another under
certain conditions. For example, Doetsch et al. show that SVZ cells exposed to epidermal
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growth factor (EGF) in culture become highly proliferative and invasive, and that transitamplifying cells retain stem cell competence under these conditions (Doetsch et al.,
2002). The drawback to this approach is the loss of the stem cell niche when the cells
leave their environment in the resident tissue. Cell-cell contact is lost and the myriad
growth factor and soluble ligand gradients cannot be perfectly reproduced in vitro.
The studies in this dissertation use genetic lineage tracing to study stem cells in
vivo. Permanent genetic marking of specific suspected stem cell populations has enabled
scientists to trace all daughter populations that result from the initially labeled cell(s)
(Kretzschmar and Watt, 2012). Labeling of cells and their progeny can be performed
using either a viral vector that genomically incorporates into the host cell DNA or with a
transgenically specified marker (Price et al., 1987; Indra et al., 1999; Soriano, 1999).
Because it cannot be shown definitively which cell populations the virus infects, as viral
infection specificity is not generally reliable spatially or temporally, we use conditional
expression of cell-specific markers. In the studies below, we use the site-specific
recombination system Cre-loxP adapted from the bacteriophage P1. The expression of
Cre recombinase under the control of a cell-specific promoter enables spatial control of
transgene expression. When Cre mice are bred to a reporter strain, such as loxP-STOPloxP-LacZ, Cre recombinase excises the STOP codon between the loxP sites and
permanently permits LacZ expression in the Cre-expressing cell and all daughter cells
arising from that stem cell.
While cell-specific constitutive Cre expression is effective for developmental
studies, this method of lineage tracing lacks temporal control of labeling stem cell
populations or floxing genes in adult animals. Recently, in 2007, Barker et al. designed
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the CreERT2 construct, whereby Cre recombinase is fused to a mutated tamoxifeninducible estrogen receptor (ER) along with green fluorescent protein (GFP) which
enables visualization of Cre expression (Barker et al., 2007). Upon 4OH-tamoxifen
administration (4OHT), 4OHT binds the mutated ER and enables CreERT2 to enter the
cell nucleus and act on the loxP sites for conditional removal of a gene or removal of a
STOP codon to enable reporter expression (Figure 1.4). Once cells are permanently
labeled with a reporter by permanent excision of the STOP codon, their progeny can be
traced over time with and without tissue injury. Characterization of the progeny can allow
scientists to draw conclusions about multipotency in the targeted cell population.

Figure 1.4. CreER and genetic lineage tracing. CreER is expressed in a cell-specific
manner under a driver of choice along with GFP to identify CreER-expressing cells.
After tamoxifen administration, CreER acts to excise the STOP cassette and permit
expression of the reporter (LacZ). Adapted with permission from “Kretzschmar K, Watt
FM (2012) Lineage tracing. Cell 148:33-45.” Changes include cropping.
While transplantation, in vitro culture and differentiation of stem cells, and viral
and genetic lineage tracing are all viable methods for studying multipotency, identifying
a stem cell population as self-renewing presents significant challenges. One of the initial
strategies for studying self-renewal of putative stem cell populations was to demonstrate
a long cell cycle relative to other cells in the tissue (Potten, 1986). The putative stem cell
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often has a relatively long cell cycle to protect it from accumulation of genetic damage
from increased cell division, which could then further propagate this acquired damage
through daughter cells. The majority of hematopoietic stem cells, for example, are in the
G1 or G0 phase (Cheshier et al., 1999), and slow cycling is thought to prevent stem cell
exhaustion (Arai and Suda, 2007; Orford and Scadden, 2008). By comparison, the transitamplifying cells exhibit rapid proliferation with a shorter cell cycle and more frequent
terminal differentiation.
Two types of study commonly differentiate quiescent cells, or slow-cycling cells,
and proliferating cells. In the first, the tissue is exposed to a pulse of a DNA analogue,
such as bromodeoxyuridine (BrdU) or ethynyldeoxyuridine (EdU), which incorporates
into DNA during S-phase. This provides a snapshot of actively dividing cells (Barker et
al., 2007). In the second type of study, chromatin is first labeled via pulsatile transgenic
expression of GFP-tagged histone 2B in all cells (Tumbar et al., 2004). Once GFP
expression ceases, the actively proliferating cells will dilute the GFP label as they divide,
whereas quiescent cells will retain the label for a longer period of time. The cells that
retain the label are termed “label retaining cells,” or LRCs. Quiescent LRCs can be found
in several tissues such as the hematopoietic stem cell niche, skin, and the hair follicle
bulge, for example (Cotsarelis et al., 1990; Tumbar et al., 2004). While it is not a frequent
occurrence to find rapidly proliferating stem cells, these active stem cell populations have
been found in the intestinal epithelium (Barker et al., 2007) and other tissues that have
high turnover rates. Identification of slow-cycling cells is one method for identifying
candidate stem cell populations, however it is not without its disadvantages (Cotsarelis et
al., 1990; Doetsch et al., 1999; Johansson et al., 1999). For example, it is unclear what the
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appropriate chase time is, whether terminally differentiated cells have exited the cell
cycle, and, perhaps most important, if label-retention is required for self-renewal.
More recently, a genetic means to test self-renewal was introduced to biologists
called “Brainbow,” whereby a Cre-lox recombination system is used to create a
stochastic choice of expression among fluorescent proteins that results in unique color
marking of cells with multiple distinct colors (Cai et al., 2013). Each stem cell, for
example, can be labeled a unique color, and all progeny from that one cell can be
identified in a clonal analysis. While it is trivial to determine self-renewal by
immunohistochemical (IHC) identification of the original parent cell, demonstrating a
lack of self-renewal by the inability to identify the parent cell by IHC is difficult to prove.
However, Brainbow has provided a valuable tool for studying stem cell self-renewal.

1.2.3

Two Stem Cell Populations, One Tissue
The stem cell hierarchies in different tissues show that there is no single one stem

cell hierarchy design in mammals—each tissue has different stem cell needs that are met
by a tissue-specific stem cell hierarchy. The intestinal epithelium is perhaps one of the
most rapidly self-renewing tissues in mammals and it has its own two-stem cell hierarchy
to meet the demands of the high turnover seen in the tissue (Figure 1.5). The crypt base
columnar (CBC) Lgr5(+) cells, located at the base of the crypts alternating with Paneth
cells, have been shown to be bona fide actively dividing, long-lived, stem cells that
generate all lineages of the gut epithelium (Barker et al., 2007). A stem cell in the +4
position relative to the CBC cells has also been identified as a slow-cycling quiescent
Bmi1(+) stem cell (Sangiorgi and Capecchi, 2008). The Lgr5(+) CBC cells are sensitive
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to irradiation while the more quiescent Bmi1(+) cells are not, and it was found that the
Bmi1(+) cells can assist in repopulating the intestinal crypts after severe injury in the
absence of the CBC cells (Yan et al., 2012).
Several tissues are known to have multiple stem cell populations in addition to the
gut, including the hematopoietic system (Eaves, 2015), mammary epithelium (Visvader
and Stingl, 2014), prostate (Peng et al., 2013), and epidermis (Blanpain and Fuchs, 2006).

1.2.3.1.1

Figure 1.5. Stem cell hierarchy of the
intestinal crypt. (A) The intestinal
epithelium consists of villi (top) and
crypts (bottom). The crypt base
columnar (CBC) Lrg5(+) stem cells are
located at the base of the crypt (blue)
between Paneth cells. The Bmi1(+)/LRC
cells are located in the +4 position
relative to the CBC cells. (B) Current
model of the intestinal epithelium stem
cell hierarchy. The actively cycling
Lgr5(+) CBC stem cell is at the top of
the hierarchy and can give rise to
absorptive and secretory progenitors.
The non-cycling +4 LRC cells are
downstream of CBC cells and serve as
an intermediate secretory precursor cell.
Adapted with permission from
“Visvader JE, Clevers H (2016) Tissuespecific designs of stem cell hierarchies.
Nat Cell Biol 18:349-355.” Changes
include cropping and addition of “A”
and “B” lettering.

Globose Basal Cells (GBCs)

While development will not be a focus of this dissertation, it is important to put
the two stem cell populations into context based on their origin in OE development.
Morphologically, GBCs appear round with a light appearance on electron micrograph
(Cuschieri and Bannister, 1975), and occasionally make contact with the basal lamina
between HBCs (Holbrook et al., 1995). The GBCs represent a heterogeneous stem cell
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population with regard to transcription factor identification and mitotic activity. The GBC
heterogeneity can first be visualized by IHC labeling with various transcription factors
that indicate where the cell falls on the spectrum of lineage commitment. Ascl1 (Mash1)
has been shown to label the most upstream neuronally committed GBCs, which act as
transit-amplifying cells (Cau et al., 1997; Manglapus et al., 2004). The GBCs then
proceed to label with Neurog1 and NeuroD, which identify them at immediate neuronal
progenitors (INPs), as described above. Another upstream Hes1(+) GBC population coexists alongside the Ascle1(+) population, and these GBCs are non-neuronally committed
as Hes1 is known to antagonize Ascl1 expression (Cau et al., 2000; Manglapus et al.,
2004). While Ascl1 and Hes1 dichotomize the neuronally and non-neuronally committed
GBCs, most GBCs also co-label with Sox2 and Pax6 (Guo et al., 2010). The role of Sox2
and Pax6 in GBCs, along with other cell types, such as HBCs and Sus cells, has yet to be
determined.
Regarding the cell cycle, the GBC population houses both mitotically active and
quiescent label-retaining cells (Mackay-Sim and Kittel, 1991b; Schwartz Levey et al.,
1991; Jang et al., 2014). The actively dividing cells are Ki67(+), and the label-retaining
cells retain BrdU, a thymidine analogue, over time after an initial pulse and a long chase
period (Guo et al., 2010; Jang et al., 2014).
The GBCs maintain tissue homeostasis and replenish all cell populations
throughout adulthood as required by the OE (Graziadei and Graziadei, 1979; Schwartz
Levey et al., 1991; Chen et al., 2004). Labeling of dividing GBCs after tissue injury with
a retrovirus expressing an inheritable marker showed that GBCs can give rise to both
simple (one cell type) and complex (multiple cell types) clones, which indicates their
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status as a multipotent stem cell population in the OE (Caggiano et al., 1994; Schwob et
al., 1994; Huard et al., 1998). A similar experiment was performed whereby GBCs were
isolated ex vivo and labeled with retroviral vectors expressing an inheritable label and
then transplanted into a lesioned host. After transplant, similar results were obtained
where GBCs were able to give rise to all OE cell types (Goldstein et al., 1998). A
significant limitation to these two approaches for identifying GBCs as a stem cell
populations is the uncertainty that accompanies the supposed infection of a putative GBC
population. To correct for this, a later set of experiments by Chen et al. isolated GBCs
using a GBC-specific marker, a GBC2 antibody, and FACS-purified the population
before lineage labeling and subsequent transplantation. Similar results were obtained as
previously, demonstrating that purified GBCs can give rise to all cell types of the OE and
assist in reconstituting the tissue (Chen et al., 2004).

1.2.3.1.2

Horizontal Basal Cells (HBCs)

In contrast to GBCs, HBCs do not appear until around E16.5 during
embryogenesis and do not form a complete monolayer until approximately P14
(Holbrook et al., 1995). They are a product of placodal progenitor cell differentiation
around E16 when the HBCs markers CK5/14 are first observed. While CK5/14
anticipates the mature HBC population, the initial CK5/14(+) population is apical to the
basal lamina and resembles the basally migrating OPPs/GBCs. Eventually by P14, the
HBCs flatten out and form a monolayer along the basal lamina (Holbrook et al., 1995).
Upon full maturation, HBCs express the transcription factor p63, which is required for
HBC differentiation (Packard et al., 2011).
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The adult HBCs are flat electron-dense cells with little cytoplasm when viewed
under electron micrograph (Cuschieri and Bannister, 1975). They are located in a
monolayer along the basal lamina, the basal-most portion of the OE, and attach to the
basal lamina via hemidesmosomes (Holbrook et al., 1995). The hemidesmosome
attachments permit the HBCs to take on an arch-shaped appearance, forming a space
between the basal lamina and the basal aspect of the HBC cell membrane. Bundles of
axons traverse this arch, and this is thought to represent the first step in OSN axon
organization and exit from the epithelium to the lamina propria (Holbrook et al., 1995).
In contrast to the GBC population, our current understanding holds that HBCs represent a
homogeneous population of slow-cycling label retaining cells (Schwartz Levey et al.,
1991; Huard and Schwob, 1995; Leung et al., 2007). IHC analysis reveals HBCs are
marked with traditional stratified epithelial stem cell markers including cytokeratins
CK5/14, intercellular cell adhesion molecule (ICAMI/CD54), epidermal growth factor
receptor (EGFR), and the transcription factors p63 and Sox2 (Suzuki and Takeda, 1991;
Holbrook et al., 1995; Carter et al., 2004; Guo et al., 2010; Packard et al., 2011; Schnittke
et al., 2015; Herrick et al., 2017).
The role of the HBC population was unknown until more recently when Leung et
al. performed the first genetic lineage trace of HBCs using the inducible K5.CreER driver
with a LacZ reporter in the setting of injury (Leung et al., 2007). Tamoxifen
administration to the adult mouse permitted nuclear entry of the Cre recombinase protein,
which floxed a stop codon in front of the LacZ construct in the ROSA locus and labeled
HBCs. In the normal uninjured OE, the HBCs did not contribute to tissue maintenance.
However, OE lesion with MeBr gas after labeling HBCs and their progeny revealed
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HBCs could reconstitute the OE. This study and subsequent studies showed that the HBC
population serves as a reserve stem cell population that is quiescent in the normal
uninjured OE but activated to multipotency after severe epithelial injury (Leung et al.,
2007; Schnittke et al., 2015). Importantly, it has recently been shown that p63 is required
for regulating HBC reserve status in the adult OE (Schnittke et al., 2015).
Leung et al. also examined HBC activation to multipotency in the setting of
mature neuron loss only rather than wholesale loss of the neurons and Sus cells with
MeBr gas injury. In the setting of neuronal loss by OBX, HBCs remain dormant and fail
to activate and regenerate the missing neuronal population (Leung et al., 2007). Iwai et al.
replicated this experimental design using the K5.CrePR transgene, whereby a
progesterone-inducible Cre recombinase was expressed under the K5 promoter (Iwai et
al., 2008). In contrast to the report by Leung et al., they found that genetically labeled
HBCs activate at a low rate (<20 activation events per animal) to repopulate the injured
tissue after OBX. However, it should be noted that the K5.CrePR transgene is expressed
and active in the absence of progesterone (leaky) beginning at P3 when K5(+) anticipates
GBC differentiation to HBC lineage, but does not guarantee it, making it possible that
GBCs were genetically labeled with this K5.CrePR construct at an early age. While
Leung and Iwai examined the status of HBCs after MeBr and selective mature neuron
ablation, HBC activation in the setting of Sus cell ablation only has yet to be performed.
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Table 1.2. Comparison of GBCs and HBCs
Characteristic
Morphology
Electron Micrograph
Markers
Label Retention
Location in OE
Role in Tissue Repair

Globose Basal Cells (GBCs)
[Active]
Round
Light
Sox2, Pax6, GBC-3
LRC and NLRC
Suprabasal Layer
Replenish all cell populations
throughout adulthood

Horizontal Basal Cells
(HBCs) [Quiescent]
Flat
Dark
CK5/14, CD54, p63, Sox2
Slow-Cycling LRC
Basal Layer
Reconstitutes OE only after
severe injury

1.3 Introduction to Notch Signaling
We will now turn our attention to Notch signaling, the evolutionarily conserved cellcell signaling pathway that is the signaling pathway to be assessed in this dissertation.
The Notch signaling pathway is a very well studied pathway, although there is still
immense room for discovery. Below, I will provide the background that is relevant to the
work at hand.

1.3.1

A Brief History
An introduction to Notch signaling would be cursory without mention of its

discovery in Drosophila. In 1926, T. H. Morgan first described the serrate wing mutation
in Drosophila they termed Notch. At this time, the relationship between genes and
embryogenesis was uncertain, if not doubted. Don Poulson, during his doctoral work in
the 1930’s at Caltech under Morgan, established a genetic link between genetic deletion
of the X-linked Notch1 locus and embryonic lethality in male flies. Morgan’s lab
characterized several Notch alleles, and they drew connections between Notch mutations
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and embryogenesis, speculating on the exact mechanism of Notch genes in development.
However, the biochemical analysis was lacking during this period of discovery in Notch.
Other pioneers in the field during the 1950’s and 1960’s devoted their scientific
careers to studying the 3C7 region of the X chromosome that contains the Notch locus.
They were able to generate intralocus genetic maps and found that Notch mutations
affected more than just wing morphology in flies—mutations were observed in the eyes
and bristles as well. Enough data had accumulated in the first half of the twentieth
century that the Notch signaling pathway was first reviewed by Ted Wright in 1970.
Eventually, a breakpoint in the Notch gene was cloned in 1983 (Artavanis-Tsakonas et
al., 1983; Kidd et al., 1983), which enabled scientists to study the molecular mechanisms
of Notch. Subsequent to cloning the breakpoint in Notch in Drosophila, the Notch
proteins were cloned in C. elegans (Austin and Kimble, 1987; Greenwald et al., 1987;
Priess et al., 1987) and Xenopus (Coffman et al., 1990). While strides in identification
and characterization of the Notch gene were slow in the first few decades, the seminal
discoveries between 1930 and 1990 paved the way to taking genetic and biochemical
approaches to studying Notch in the final years of the twentieth century and the first part
of the twenty-first century. The first review after the cloning of the Notch gene was
published in 1988, 18 years after the first review (Artavanis-Tsakonas, 1988). The rate of
discovery in the Notch field has been exponential in the last two decades, and the seminal
discoveries that pertain to the work in this dissertation will be discussed below in the
context of background information.
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1.3.2

The Notch Signaling Pathway: A Simplification
As a broad overview, the Notch signaling pathway is an evolutionarily conserved

cell-cell signaling pathway whereby one cell, the signal sending cell, expresses a Notchrelated ligand (Jag1-2, Dll1-4), and the signal receiving cell expresses a Notch receptor
(Notch1-4). The ligand binds to the receptor and this induces proteolytic cleavage of the
Notch intracellular domain (NICD), which translocates to the nucleus and has a multitude
of potential nuclear effects. In the canonical pathway, NICD binds recombining binding
protein suppressor of hairless (RBPJ) and forms a complex with Maml (Jarriault et al.,
1995). This drives the expression of canonical target genes, such as the well-studied Hes
and Hey family of genes (Ohtsuka et al., 1999). The Notch signaling pathway serves as
an integral cell-cell signaling pathway for embryogenesis, tissue homeostasis, and stem
cell dynamics through its ability to regulate cellular proliferation, differentiation, and
apoptosis (Gridley, 1997, 2003; Artavanis-Tsakonas, 1999; Bray, 2006; Fiúza and Arias,
2007). The details of the Notch ligands, receptors, targets, and signaling mechanisms are
described in the subsequent sections.

1.3.3

Notch Ligands
The Notch ligands can be divided into two categories: (1) the canonical ligands,

responsible for the majority of Notch signaling based on our current understanding, and
(2) the noncanonical Notch ligands. The canonical ligands are comprised of the Delta,
Serrate, Lag2 (DSL) family of ligands, as they contain a defining DSL domain
(Henderson et al., 1994, 1997; Tax et al., 1994). The nomenclature of the mammalian
ligands is based on their homology with the Drosophila ligands. They are either Delta-
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like (Dll1, Dll3, Dll4) or Serrate-like, which has been termed Jagged in mammals. The
Serrate-like ligands in mammals consist of Jagged1 and Jagged2.
The structure of DSL ligands is shown in Figure 1.6. Structurally, the DSL
ligands are type-1 transmembrane proteins. The extracellular Notch-binding domain
(ECD) is composed of a stereotypical N-terminal (NT) domain followed by a DSL
domain and a varying number of tandem epidermal growth factor (EGF) repeats. The NT
domains are conserved among the canonical ligands, and they can be characterized based
on cysteine content. The N1 domain is cysteine-rich, and the N2 domain lacks cysteine
(Parks et al., 2006). Adjacent to the NT domain, the DSL is a degenerate EGF-like repeat
that is necessary but not sufficient for ligand-receptor binding (Shimizu et al., 1999). On
the C-terminal side of the NT-DSL domains lie the EGF repeats. The EGF repeat regions
are heterogeneous, as they are comprised of both calcium binding and non-calcium
binding EGF motifs and vary in the number of repeats depending on the ligand. The
intracellular domain (ICD), in contrast to the ECDs, have a significantly lower level of
sequence homology between the ligands (Pintar et al., 2007). Importantly, the ICD of the
ligands contains a C-terminal PDZ (PSD-95/Dlg/ZO-1)-ligand motif that has been shown
to interact with the actin cytoskeleton and can have Notch-independent effects (Pintar et
al., 2007). This is important to consider when knocking out ligands to ablate and study
the ligand-receptor interaction. For a review of the Notch ligands and their detailed
biochemistry, see the review by D’Souza et al. (D’Souza et al., 2010).

29

type 1 transmembrane proteins that share a common modular arrangement
in their extracellular domains (ECDs)comprising an N-terminal (NT)
domain followed by the DSL domain and multiple tandemly arrayed
epidermal growth factor (EGF)-like repeats (both calcium binding and
noncalcium binding, see Fig. 3.2).
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1.3.4

The Notch Receptors
Vertebrates have four single-pass transmembrane Notch receptors, Notch1-4, that

contain a Notch extracellular domain (NECD) that protrudes outward from the external
surface of the cell, and a Notch intracellular domain (NICD) that extends into the cell
cytoplasm (Figure 1.7). The stereotyped Notch receptor NECD contains a varying
number of N-terminal EGF-like repeats depending on the receptor subtype, and the EGFlike repeats are responsible for ligand binding. Adjacent to the EGF-like repeats is the
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negative regulatory region (NRR), which is composed of the Lin12-Notch Repeats (LNR)
and the heterodimerization domain (HD) (D’Souza et al., 2010) (Figure 1.7). The NRR is
responsible for ensuring ligand-independent Notch activation does not occur (Greenwald
and Seydoux, 1990). The receptor then makes a single pass through the cell membrane.
The NICD, starting most proximal to the transmembrane-spanning segment, contains an
RBPJ Associated Molecule (RAM) and ankryn repeats (ANK) (Tamura et al., 1995). The
RAM and ANK domains are required for interaction with the canonical transcriptional
cofactor RBPJ in the nucleus to drive transcription of canonical targets (discussed in the
next section). Importantly, the ANK domain is flanked by two nuclear localization
sequences (NLS). At the C-terminal, NICD contains a transcriptional activation domain
(TAD) and a PEST domain (proline, glutamate, serine, and threonine). These terminal
domains are responsible for transcriptional activation and NICD degradation, respectively
(Rechsteiner and Rogers, 1996; Fryer et al., 2004). For a more in-depth review of Notch
receptor structure and function, see the review by Kovall and Blacklow (Kovall and
Blacklow, 2010).
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been shown for Notch1 to bind Dll1 or Jag1, in vivo biochemical studies have shown that
Notch1 can bind with Dll1 (Hambleton et al., 2004; Cordle et al., 2008). Previous in vitro
data suggested through Notch1-expressing and Delta-expressing or Serrate-expressing
cell aggregation assays that EGF repeats 11-12 are necessary for the Notch1-Delta or
Notch1-Serrate aggregation (Fehon et al., 1990; Rebay et al., 1991). Based on sequence
and structural homology between Notch1 and the other Notch receptors, it is assumed
that similar ligand interactions are possible between Notch2-4 and Delta and Jagged
ligands. One study by Shimizu et al. demonstrated that the Notch2 EGF repeats 1-15
physically interact with and had a strong binding affinity to Jagged1 (Shimizu et al.,
1999). However, research in the area of specific ligand/receptor preferences is limited,
and this remains an area of active research.
Once the ligands and receptors bind in a trans fashion between two adjacent cells,
Notch receptor activation leads to a complex sequence of downstream proteolytic events
detailed below. Figure 1.7 shows the three protease cleavage sites on the Notch receptor,
S1, S2, and S3. Ligand binding leads to cleavage of Notch extracellular domain (NECD)
at the S2 site by ADAM metalloprotease. Cleavage of the NECD by S2 generates a
membrane-bound intermediate called Notch extracellular truncation (NEXT), which
serves as a substrate for the proteolytic enzyme γ-secretase. Finally, γ-secretase cleaves
NEXT at S3, which then releases the NICD into the cytoplasm to translocate to the
nucleus.

1.3.6

RBPJ Binding and Notch Targets
Arguably the most important aspect of Notch signaling is its regulation of the

target genes. Where does RBPJ bind for gene transcription? Does RBPJ always act as a
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transcriptional repressor in the absence of Notch signaling? Does NICD binding to RBPJ
simply remove the repressive role of RBPJ (permission) or is an intact NICD-RBPJ
complex bound to DNA required for target gene transcription (instruction)? DNAbinding RBPJ protein, also known as CSL (CBF-1 [mammalian], Supressor of Hairless
[Drosophila], Lag-2 [Caenorhabditis elegans]), is highly conserved and plays an integral
role in cell fate decisions in metazoans. RBPJ binds the consensus sequence
(C/T)GTGGGAA with high affinity as a monomer in both Drosophila and mammals
(Henkel et al., 1994; Tun et al., 1994; Bailey and Posakony, 1995; Lecourtois and
Schweisguth, 1995; Barolo et al., 2000). Once in the nucleus, the RAM domain of NICD
interacts with the DNA-binding protein RBPJ, and the ANK domain helps recruit coactivator Mastermind-like (MAML), which subsequently recruits MED8. Together, it is
conventionally thought that this complex can induce up-regulation of downstream Notch
target genes (reviewed in (Kovall, 2008)). The pathway is unique in that it does not have
an enzymatic amplification process to amplify the signaling pathway.
An area of ongoing investigation focuses on whether RBPJ-NICD binding acts in
a permissive manner or an instructive manner. For example, if removal of RBPJ is merely
permissive, NICD binding RBPJ would remove the RBPJ repression and permit
transcription factor access to the gene. In an experimental model, knockout of RBPJ in a
cell would turn canonical Notch signaling “on”. Conversely, if the RBPJ-NICD complex
acts in an instructive manner, then the RBPJ-NICD complex, along with the other
recruited co-activators like MAML, would be required to bind DNA for target gene
transcription rather than simply allowing access to them by de-repression (Figure 1.8). In
an experimental model of instructive RBPJ signaling, knockout of RBPJ in a cell would
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turn Notch signaling “off”. In theory, this would mimic a Notch1-4 receptor panknockout.

Figure 1.8. Repressive and Instructive Roles of RBPJ-NICD. NICD binding relieves
repression. However, depending on the co-activators present (vertical ovals), NICD can
be required for and ‘instruct’ activation (above), or NICD cannot be required for
activation but ‘permit’ activation to take place (below). Adapted with permission from
“Bray S, Furriols M (2001) Notch pathway: Making sense of suppressor of hairless. Curr
Biol 11:R217-21.” Changes include cropping.
Initial studies in cultured mammalian cells demonstrated that RBPJ has repressive
capabilities (Dou et al., 1994; Hsieh and Hayward, 1995). Additional studies in vitro
around the same time found that presence of truncated active NICD converted RBPJ from
a repressor to a transcriptional activator (Hsieh et al., 1996). However, studies in both
Drosophila and mammals have been very informative in determining whether RBPJ is
instructive, permissive, or both. In the Drosophila eye, it has been shown that removal of
Su(H), the Drosophila RBPJ homolog, proneural enhancement (Notch-ON) became
constitutive (Li and Baker, 2001). In mammalian tumors, it was found that RBPJ
deficiency mimics a Notch-on gene signature where the canonical target Hey is upregulated due to de-repression (Kulic et al., 2015). This suggests that RBPJ can have a
permissive function, whereby its removal alone permits gene transcription, without
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having an instructive function where the NICD-RBPJ complex would be required for
gene transcription. In contrast to the permissive role RBPJ plays, RBPJ loss-of-function
studies in the CNS show that RBPJ-mediated Notch signaling induces NFI and Sox9,
which are indispensable for glial development (Taylor et al., 2007). Whether RBPJ is
permissive or instructive appears to be tissue and cell-type dependent and requires further
investigation in the olfactory epithelium.
The best-characterized canonical Notch target is the Hes family of genes, for
example, The Hes family of genes is comprised of seven members Hes1-7, all of which
are present in the mouse except for Hes4. Hes genes encode nuclear bHLH transcription
factors that are known to repress transcription. It is characteristic for most bHLH
transcription factors to bind the E Box consensus sequence (CANNTG) present within
the promoter region of bHLH target genes. However, unlike other bHLH transcription
factors, the Hes family binds with the most affinity to the N box region or the Class C site
(Akazawa et al., 1992; Sasai et al., 1992; Ohsako et al., 1994) and forms homodimers or
heterodimers with Hes-related bHLH factors (Bae et al., 2000). The C-terminal WRPW
domain acts to repress transcription and also serves as a polyubiquitylation signal (Seon
et al., 2005), resulting in Hes family members having very short half-lives of about 20
minutes (Hirata et al., 2002). In the CNS, Hes expression represses neurogenesis in both
Notch-dependent and –independent fashion (Ishibashi et al., 1995; Ohtsuka et al., 1999)
by directly repressing proneural Ascl1 or Neurog2 expression.
Several other genes are directly regulated by Notch in both vertebrates and
invertebrates (Figure 1.9). Importantly, Notch has been found to regulate genes
responsible for proliferation (i.e. Myc gene (Klinakis et al., 2006) and CyclinD (Ling et
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al., 2010)) and apoptosis (Yang et al., 2004; Mo et al., 2013). Notch also targets Notch
pathway genes in vertebrates, such as Deltex (Matsuno et al., 1995; Kishi et al., 2001)
and NRARP (Krebs et al., 2001; Lamar et al., 2001; Pirot et al., 2004) leading to a
feedback mechanism. Deltex and NRARP both modulate Notch signaling: Deltex is a
ubiquitin ligase that regulates Notch trafficking and is positively regulated by Notch
signaling (Kishi et al., 2001), whereas NRARP is a Notch signaling inhibitor (Krebs et
al., 2001; Lamar et al., 2001; Pirot et al., 2004).
While Notch can regulate its own identified target genes and its own genes, the
complexity of the Notch target genes is revealed through its regulation of other signaling
pathway components. For example, perhaps the most simple interaction is between the
Notch and Wnt pathways and has been named the “Wntch” axis (Hayward et al., 2008).
In some epithelia, such as gut and epidermis, Wnt acts to maintain the stem cell
population while Notch promotes differentiation (Hayward et al., 2008). The two
pathways can act antagonistically, where Wnt promotes expansion of neural stem cells
and induces neurogenesis, while Notch ligands are expressed in neuronally committed
cells to induce Notch signaling in neighboring cells to inhibit neuronal fate (Chenn and
Walsh, 2002; Lie et al., 2005; Louvi and Artavanis-Tsakonas, 2006). Notch also exhibits
crosstalk with p63 (Dotto, 2009), a p53-family transcription factor mentioned previously
that is found in the HBCs of the OE (Packard et al., 2011; Schnittke et al., 2015). This
will be discussed in further detail later.
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1.3.7

Notch-Independent Functions of RBPJ
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Cheng et al. (2003, 2007)]. In addition Notch autoregulates its own expression in some mammalian (Weng et al., 2006; Yashiro-Ohtani et al., 2009)
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more severe phenotype of endocrine and exocrine pancreatic hypoplasia (Fujikura et al.,
2006, 2007).
Two-hybrid screening for novel RBPJ binding molecules found that RBPJ
interacts with pancreas transcription factor 1 subunit alpha (Ptf1a/p48), which is
indispensible for pancreatic and cerebellar development (Obata et al., 2001; Sellick et al.,
2004). Ptf1a interacts with the same domain of RBPJ that interacts with the NICD RAM
domain, making binding of Ptf1a and NICD to RBPJ mutually exclusive (Beres et al.,
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oligodendroglial progenitors is decreased at E11.5 (Yang et al., 2006),
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whereas a neural progenitor-specific RBP-J deficiency has no effect on
the number of Olig2þ cells in the E11.5 spinal cord, but enhances the

1.4 Notch Signaling in Neural Stem Cell Maintenance/Quiescence
The stem cell niche, a specialized local microenvironment that anatomically houses
tissue stem cells (Schofield, 1978), largely regulates the maintenance and activation of
the tissue stem cells. When the niche is altered, homeostasis can be lost, as is observed in
aging and cancer (Morrison and Spradling, 2008). Progress has been made in identifying
the niche signals involved in stem cell activation and differentiation in endothelial cells,
ependymal cells, and astrocytes (Lim and Alvarez-Buylla, 1999; Lim et al., 2000;
Kokovay et al., 2010). A critical player in contributing to the stem cell niche in several
tissues is the Notch signaling pathway (Liu et al., 2010a). Notch signaling is highly active
in quiescent neural stems cells of the adult SGZ and SVZ, and it has been demonstrated
that Notch-ON RBPJ-dependent signaling maintains the undifferentiated and quiescent
state of neural stems cells in vivo (Andreu-Agulló et al., 2009; Ehm et al., 2010;
Imayoshi et al., 2010). Further, upon neural stem cell differentiation, Notch is required
for self-renewal (Aguirre et al., 2010; Veeraraghavalu et al., 2010). More recently, it has
been shown that Dll1 resides in proximity to the quiescent neural stem cells (NSCs) of
the SVZ in adult mice. Dll1 cKO in cells adjacent to the NSC population results in a
decrease in the number of quiescent NSCs with an accompanying increase in activated
NSCs and transit-amplifying cells (Kawaguchi et al., 2013). While HBCs that reside in
the OE are neurocompetent stem cells, they, unlike NSCs of the CNS, are keratinocytes
in which p63 acts as the master regulator of quiescence (Schnittke et al., 2015). Thus, in
determining whether Notch regulates neural stem cell quiescence in the OE, a careful
analysis of the relationship between Notch and p63 must be explored.
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1.4.1

Notch and p63
p63 is a p53-family transcription factor which has two alternate N-terminal

isoforms, a full-length TAp63 and truncated ΔNp63, which has a shorter transactivation
domain. ΔNp63 is the most abundant form in the OE and will be referred to as p63 from
here forward. p63 is found in the basal layer of several epithelia, namely the epidermis,
prostate, mammary glands, vagina, and thymus (Crum and McKeon, 2010). It has been
established that p63 is required for both the establishment (Mills et al., 1999) and
maintenance (Yang et al., 1999) of epithelial stem cell populations. Recently, it has been
demonstrated that p63 is a cell-autonomous master regulatory switch for HBC
dormancy/quiescence (Fletcher et al., 2011; Schnittke et al., 2015). p63 expression
maintains HBC dormancy, while down-regulation of p63 after injury or by conditional
knockout (cKO) of the gene leads to HBC activation. Since experimental overexpression
of p63 prevents activation, p63 down-regulation is both necessary and sufficient for
physiological activation of HBCs (Bakkers et al., 2005).
shRNA knockdown and overexpression studies in other tissues have revealed that
p63 has a multitude of transcriptional targets which are involved in cell adhesion, cell
cycle, and cross-talk with various signaling pathways. Interestingly, p63 has been shown
to regulate expression of basal cell markers (K5/14) (Candi et al., 2006) and cell adhesion
in mammary epithelial cells and keratinocytes (Carroll et al., 2006) while also
participating in a variety of signaling pathways including Notch, Wnt, Bmp, and FGF
(Laurikkala et al., 2006). From this, we can conclude that p63 likely serves as central
point at which many signals can converge to regulate basal cell physiology.
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Cross-talk between Notch and p63 has been well characterized in keratinocytes:
Notch signaling antagonizes p63 by inhibiting p63 expression, while p63 inhibits
expression of Notch receptors and effector genes (Nguyen et al., 2006). Similarly, Notch2
KO in the mammalian lens increases p63 transcript levels (Saravanamuthu et al., 2012).
Contrary to these reports of Notch-p63 antagonism, however, Notch and p63 can also
positively regulate each other, suggesting the Notch-p63 cross-talk is cell-type specific.
In NIH 3T3 cells, KO of p63 inhibits Notch-mediated transcription of Jagged (Ross and
Kadesch, 2004). In mammary epithelial cells, activation of Notch3 is the principle
positive regulator of p63-induced quiescence (Kent et al., 2011). Conversely, Notch-p63
activity is subject to feedback regulation, as p63 can activate Notch pathway gene
expression in some tissues (Ma et al., 2010; Yalcin-Ozuysal et al., 2010; Tadeu and
Horsley, 2013). The role of Notch signaling in HBC maintenance and activation in the
OE has yet to be systematically explored.

1.5 Notch Signaling and Cell Fate
Notch signaling has been shown to play a role in determining progenitor fate in
several adult tissues, notably in bone marrow (Han et al., 2002; Hozumi et al., 2003; de
La Coste et al., 2005; Mercher et al., 2008), intestine (van Es et al., 2005; Riccio et al.,
2008), and the CNS (Ishibashi et al., 1994; Sakamoto et al., 2003). In the CNS, it is
known that expression of the Hes genes suppress the expression of proneural genes such
as Ascl1 (Pierfelice et al., 2011) and pushes progenitor cells towards the non-neuronal
cell fate.
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Figure 1.11. A schematic summarizing Notch signaling and its effect on cell fate
decisions in the vertebrate CNS. A self-renewing stem cell can give rise to neural
progenitors. Notch signaling activation inhibits neuron formation. In the glial progenitors,
Notch signaling activation promotes astrocyte formation, while Notch signaling
activation inhibits oligodendrocyte precursor formation and differentiation to
oligodendrocyte fate. Adapted with permission from “Louvi A, Artavanis-Tsakonas S
(2006) Notch signaling in vertebrate neural development. Nat Rev Neurosci 7:93-102.”
Changes include cropping.
Strides have been made recently in characterizing the spatiotemporal pattern of
Notch receptors and the roles Notch receptors play in the developing OE (Carson et al.,
2006; Rodriguez et al., 2008). Previous reports have suggested that the Notch signaling
pathway plays a role in cell-type specification in the developing OE (Carson et al., 2006;
Rodriguez et al., 2008). Notch has been demonstrated to promote progenitor proliferation
and inhibit neurogenesis in the developing OE (Cau et al., 2002; Schwarting et al., 2007;
Maier et al., 2011).
Severe tissue injury to the neurons and support cells by passive inhalation of
MeBr gas is capable of activating HBCs to multipotency through down-regulation of p63
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(Schnittke et al., 2015), and HBCs give rise to all cell types in the OE during tissue
regeneration (Leung et al., 2007; Schnittke et al., 2015). After MeBr injury, some but not
all HBCs give rise to Neurog1- or Mash1-positive GBCs, which are transit-amplifying
cells that subsequently give rise to neurons (Leung et al., 2007). However, the
mechanism by which neuronal versus non-neuronal cell lineage is determined in the
activated HBC in the regenerating adult OE has yet to be determined. Importantly, in
vivo lineage tracing of OE progenitors using temporal and cell-specific control of cKO
and overexpression of Notch signaling components in the regenerating adult OE as not
been performed.

1.6 Notch Signaling and Neuronal Function
Maturation of both OSNs and neurons in the mammalian CNS is a carefully
regulated process. Neurons must have proper neurite outgrowth and express a precise set
of receptors, while axons must project to the appropriate targets to ensure accurate
synaptogenesis and propagation of sensory information. The Notch signaling pathway
has been implicated in the maturation of both neural stem cell progenitors (Komine et al.,
2011) and immature neurons (Fujimoto et al., 2009) in the CNS. During Notch/RBPJ
signaling, a notch ligand binds to the Notch receptor, which causes proteolytic cleavage
of NICD and its translocation to the nucleus where it complexes with DNA-binding
protein RBPJ to relieve the repressive effects of RBPJ (Tamura et al., 1995). In the CNS,
Notch signaling maintains neurocompetent stem cell pools and inhibits neuronal
differentiation of neurocompetent stem cells (de la Pompa et al., 1997; Ohtsuka et al.,
2001; Androutsellis-Theotokis et al., 2006). Once a neuronal lineage is determined,
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Notch signaling and Notch-independent RBPJ activity can affect neuronal maturation and
migration.
Previous studies show the Notch modulator Numb can regulate granule cell
maturation in the cerebellum (Klein et al., 2004). In Drosophila, canonical Notch
signaling by Delta ligand is required for neuronal survival and axon guidance. More
recently, Neurogenin2, a neuronal differentiation transcription factor, was shown to be a
direct target of a Notch-independent RBPJ-Ptf1a transcriptional complex (Henke et al.,
2009), where Ptf1a competes with NICD for binding to RBPJ in a mutually exclusive
fashion (Beres et al., 2006). This suggests Notch-independent roles of RBPJ can
contribute to the early states of neuronal maturation. Perhaps the most striking effect of
RBPJ loss has been shown in the olfactory bulb of Drosophila. In the absence of RBPJ,
neuronal maturation is affected, presumably by de-repression and ectopic expression of
Olig2 (Fujimoto et al., 2009) (Figure 1.12). In the OE, it has recently has it been found
that Apaf-1/caspase-9-mediated nonapoptotic caspase signaling is required for OSN
maturation and axon guidance during development (Ohsawa et al., 2010). However,
molecular mechanisms responsible for maturation of newly born OSNs in the adult
mammalian OE are poorly understood and are an area of research in this dissertation.
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Figure 1.12. Notch-independent RBPJ repression in neurons. RBPJ is responsible for
repressive activity at the Olig2 promoter by binding the E box and RBPJ binding site.
Loss of RBPJ in olfactory bulb interneurons results in ectopic expression of Olig2.
Adapted with permission from “Tanigaki K, Honjo T (2010) Two opposing roles of RBPJ in Notch signaling. Curr Top Dev Biol 92:231-52.” Changes include cropping.
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5. Regulation of Mammalian Hematopoietic
Cell Development by RBP-J
The lymphoid developmental process also shares many similarities
with the SOP development in Drosophila. As in neuronal development, a
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transcriptional network consisting of Notch,
RBP-J, MINT, and E2A plays
pivotal roles in several binary cell-lineage commitments in lymphoid cell

Figure 1.13. Chapter 3 Hypothesis: Notch positively regulates p63 and loss of Notch
signaling lowers the HBC threshold for activation. I propose that loss of Sus cells will
lead to HBC activation. Mechanistically, I propose that Notch signaling positively
regulates p63 expression and contributes as an input to the p63 rheostat that regulates
HBC quiescence. Loss of Notch signaling will result in increased probability of HBC
activation.
1.7.2

Chapter 4: Notch and Progenitor Lineage Commitment
In Chapter 4 of this dissertation, I will show through in vivo lineage tracing in

adult mammals that canonical Notch signaling determines neuronal versus non-neuronal
progenitor cell fate in the regenerating adult OE. Specifically, Notch1 and Notch2 play
redundant RBPJ-dependent roles in determining lineage fate, while Notch2 but not
Notch1 is required for Sustentacular (non-neuronal) cell survival after fate determination.
We do not expect N1ICD to determine cell lineage in a non-canonical RBPJ-independent
fashion, and long-term N1ICD overexpression in HBCs after injury will likely result in
increased cell proliferation and tumor formation. Exploration of Notch and cell fate in the

47

OE will enable us to direct HBC cell fate both in vivo and in vitro for transplantation of
HBCs in the setting of neuronal injury.

1.7.3

Chapter 5: RBPJ and Neuronal Function
The last topic I focus on in this body of work is the role RBPJ plays in the

neuronal maturation process. I will demonstrate by conditional knockout of RBPJ in
Neurog1(+) neuronal precursor cells that Notch-independent RBPJ activity is required for
OSN maturation in the resting adult epithelium but not after severe tissue injury. In
contrast to studies in the CNS, I show that loss of RBPJ does not alter Olig2 expression.
Additionally, RBPJ haploinsufficiency phenocopies complete RBPJ loss, demonstrating
for the first time that RBPJ has dose-dependent effects in neuronal maturation.
Unexpectedly, Neurog1(+) progenitors do not require RBPJ for maturation after severe
OE injury. These results suggest that two different molecular mechanisms dictate
neuronal maturation in the resting and injured adult OE.
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CHAPTER 2 : MATERIALS AND METHODS

2.1 Animals and Breeding
Wild-type F1 mice used in MeBr lesion and OBX lesion studies were bred from
C57/B6J and 129S1/Sv1MJ mice in house or ordered from the Jackson Laboratory as
needed (Stock #101043). K5CreERT2 mice have been described elsewhere (Indra et al.,
1999) and were provided by P. Chambon via R. Reed. The floxed Notch1
[Notch1tm2Rko/GridJ, Stock #006951], floxed Notch2 [B6.129S-Notch2tm3Grid/J, Stock
#010525], and floxed-stop Notch1-ICD [Gt(ROSA)26Sortm1(Notch1)Dam/J, Stock #008159]
mice were purchased from Jackson Laboratories and were bred in house (Yang et al.,
2004)(McCright et al., 2006)(Murtaugh et al., 2003). The floxed RBPJ mouse was
provided by W. Cardoso and has been described elsewhere (Han et al., 2002). The Cre
reporter mice R26R(TdTomato)[B6.Cg-Gt(ROSA)26Sortm9(CAG-TdTomato)Hze/J, stock
#007909] were purchased from Jackson Laboratories and have been described elsewhere
(Madisen et al., 2010). The Cyp2g1-rtTA mice were a generous gift of Andrew Lane at
Johns Hopkins University and have been described previously (Lane et al., 2010) and the
tetO-diptheria toxin A (DTA) mice were purchased from Jackson Laboratory.
Neurogenin1-CreER mice were purchased from Jackson Laboratories and have been
described elsewhere (Koundakjian et al., 2007). Mouse lines are summarized in Table
2.1. All animals were housed in a heat- and humidity-controlled AALAC-accredited
vivarium operating under a 12:12-hour light:dark cycle, and animals were maintained on
an ad libitum rodent chow and water. The Committee for the Humane Use of Animals at
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Tufts University School of Medicine, where the animals were housed and the
experiments conducted, approved all protocols using vertebrate animals.
Table 2.1. Transgenic mouse lines used for in vivo and in vitro experimentation
Mouse
Cell Target

Driver

Transgene 2

Reporter or

(or Driver 2)

lineage trace

Transgene 1

Line
1

HBC

Krt5-CreERT2

-

-

R26[(fl(stop)TdT]

2

HBC

Krt5-CreERT2

fl(Notch1)

-

R26[(fl(stop)TdT]

3

HBC

Krt5-CreERT2

fl(Notch2)

-

R26[(fl(stop)TdT]

4

HBC

Krt5-CreERT2

fl(Notch1)

fl (Notch2)

R26[(fl(stop)TdT]

5

HBC

Krt5-CreERT2

fl(RBPJk)

-

R26[(fl(stop)TdT]

6

HBC

Krt5-CreERT2

fl(stop)N1ICD

-

R26[(fl(stop)TdT]

7

HBC

Krt5-CreERT2

fl(RBPJk)

fl(stop)N1ICD

R26[(fl(stop)TdT]

8

Ngn(+)

Ngn1- CreERT2

fl(RBPJk)

-

R26[(fl(stop)TdT]

Ngn1- CreERT2

fl(stop)N1ICD

-

R26[(fl(stop)TdT]

Ngn1- CreERT2

fl(RBPJk)

fl(stop)N1ICD

R26[(fl(stop)TdT]

GBC
9

Ngn(+)
GBC

10

Ngn(+)
GBC

11

Ngn(+)

Ngn1

eGFP

GBC
12

Sus/DG

Cyp2g1-rtTA

-

-

tetO-GFP/LacZ

13

Sus/DG

Cyp2g1-rtTA

tetO-DTA

Krt5-CreERT2

R26[(fl(stop)TdT]
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2.2 MeBr, Methimazole, and Olfactory Bulb Ablation Lesions
MeBr Lesions. Animals were passively exposed to MeBr gas for 8 hours as described
previously (Schwob et al., 1995). 12 wk old B6.129 F1 mice were exposed to 180 ppm
MeBr in pure air, while all transgenic mouse lines were exposed to 175 ppm MeBr in
pure air at 8 wk of age. Unilateral MeBr lesions were performed by inserting a 5-mm
piece of PE10 tubing in the right naris of the mouse, and the lumen of the tube was
occluded using a knotted 7.0 suture thread and superglue.
Methimazole (Mz) Administration. Methimazole was made up as a stock solution at a
concentration of 10mg/mL and is administered to mice at 6 weeks of age at 50 mg/kg i.p.
Mice are placed on heat pads for one day following administration, given the anti-thyroid
effects of the drug. Postoperative care is provided when necessary.
Olfactory Bulb Ablation (OBX): OBX was performed as previously described (Schwob
et al., 1992). Eight-week-old F1 and transgenic animals were anesthetized with an
induction cocktail (37.5 mg/kg ketamine, 7.5 mg/kg xylazine, and 1.25 mg/kg
acepromazine) and supplemented with maintenance cocktail (47.5 mg/kg ketamine, 0.9
mg/kg acepromazine) as needed to maintain an anesthetic plane. In brief, and incision
was made over the dorsal aspect of the frontal bone, the periosteum was removed, and the
frontal bone was removed using a high-speed electric rotary drill.

2.3 Drug Preparation and Administration
Drug Preparation and Administration. Tamxoifen (Sigma, T5648) was dissolved in sterile
corn oil at 30mg/ml at 37 degrees C for 20 minutes. This solution was injected i.p. at 150-
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300mg/kg as indicated. EdU (Invitrogen, A10044) was dissolved in sterile PBS at 5
mg/ml and injected s.c. under the back skin at 50 mg/kg two hours prior to sacrifice.

2.4 Tissue Processing
Animals were anesthetized using induction cocktail and transcardially flushed
with PBS and perfused with 40 ml 1% PLP (1% paraformaldehyde, 0.01M monobasic
and dibasic phosphates, 90 mM lysine, 0.1 M sodium periodate). After dissection of the
OE turbinates and olfactory bulb, tissue was post-fixed in 1% PLP for one hour under
vacuum. Tissue was washed with PBS and decalcified with saturated EDTA overnight.
Tissue was cryoprotected in 30% (wt/vol) sucrose in PBS overnight, embedded in
optimal cutting temperature (OCT) compound (Miles Inc.), and frozen in liquid nitrogen.
Coronal sections (10 µm) were cut using a Leica cryostat, mounted on “Plus” slides
(Fischer Scientific), and stored at -20 degrees C until used for immunohistochemistry.

2.5 Tissue Dissociation
Donor animals were anaesthetized with IP injection of a triple cocktail of
ketamine (37.5 mg/kg), xylazine (7.5 mg/kg), and acepromazine (1.25 mg/kg) and
perfused with cold Low Ca2+ Ringer solution (140mM NaCl, 5mM KCl, 10mM HEPES,
1mM EDTA, 10mM glucose, 1mM sodium pyruvate, pH7.2). The nose was dissected
and placed in cold Low Ca2+ Ringer on ice. After fine mincing the tissue was incubated
in 0.05% Trypsin-EDTA for 15 minutes at 37°C until it formed a sticky ball. The
Trypsin-EDTA solution was decanted and replaced with an enzyme cocktail containing
(100 U/ml collagenase, 250 U/ml hyaluronidase, 75 U/ml DNase I, 0.1 mg/ml trypsin
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inhibitor, 2.5 U/ml Dispase II, 5U/ml papain; from Worthington Biochemical, Roche, and
Sigma) in Ringer (140mM NaCl, 5mM KCl, 10mM HEPES, 1mM EDTA, 10mM
glucose, 1mM sodium pyruvate, 1mM CaCl2, 1mM MgCl2, pH7.2). The tissue was
incubated in enzyme cocktail at 37°C for 30 minutes with light vortexing every 10
minutes followed by filtration through a 125 µm mesh, pelleting the cells, and filtration
through a 35 µm mesh. The cells were resuspended in DMEM + 2% FBS + 1%
penicillin/streptomycin.

2.6 FACS Purification
The OE was dissected and dissociated as described above in Section 2.7. Cells
were resuspended in HBSS buffer instead of DMEM+ 2% FBS + 1%
penicillin/streptomycin. For isolation of HBCs from F1 mice (post MeBr and OBX
analysis), cells were incubated with goat anti-mouse CD54 primary antibody (R&D) at a
concentration of 1:100 for 30 minutes on ice. The cells were washed, pelleted, and
resuspended in HBSS. The cells were pelleted again and resuspended in biotinylated
donkey anti-goat IgG secondary antibody at a concentration of 1:400 for 20 minutes on
ice. The cells were washed, pelleted, and resuspended in HBSS. The cells were pelleted
again and resuspended in Alexa 647-strepavidin at a concentration of 1:400 for 20
minutes on ice. The cells were washed, pelleted, and resuspended in HBSS. The cells
were pelleted again and resuspended in HBSS for FACS analysis. For analysis of reporter
mice, no cell staining was necessary, as the TdTomato reporter was used for sorting. A
BD Biosciences FACSCalibur sorter was used with a 670-nm long-pass filter with a 635nm red diode laser and a 515- to 545-nm band-pass filter with a 488-nm argon laser.
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Detector voltages, gains, and collector modes were held constant across samples after
calibration for positive and negative controls.

2.7 qRT-PCR Analysis
Cells of the olfactory mucosa were dissociated and FACS-sorted for viability on
the basis of propidium iodide exclusion (Chen et al., 2004). RNA was isolated from 106
viable cells using the ZymoResearch DNA-free RNA purification kit. To generate cDNA,
50 ng of RNA were reverse transcribed using SuperScript III reverse transcriptase
(Invitrogen). A no-RT control was also performed with 50 ng RNA. cDNA was subjected
to PCR using primers and conditions as described (Nakamuta and Kobayashi, 2007).
Primers used for qRT-PCR are listed in Table 2.2.

54

Table 2.2. List of qRT-PCR Primers

IRF3F

GAG AGC CGA ACG AGG TTC AG

IRF3R

CTT CCA GGT TGA CAC GTC CG

Primer

Sequence

IRF7-1F

GAG ACT GGC TAT TGG GGG AG

Notch1F

GAT GGC CTC AAT GGG TAC AAG

IRF7-1R

GAC CGA AAT GCT TCC AGG G

Notch1R

TCG TTG TTG TTG ATG TCA CAG T

IRF7-2F

CCC CAG CCG GTG ATC TTT C

Hes1F

CCA GCC AGT GTC AAC ACG A

IRF7-2R

CAC AGT GAC GGT CCT CGA AG

Hes1R

AAT GCC GGG AGC TAT CTT TCT

WISP2F

CGC TGT GAT GAC GGT GGT TT

Hes5F

AGT CCC AAG GAG AAA AAC CGA

WISP2R

CCT GGC ACC TGT ATT CTC CTG

Hes5R

GCT GTG TTT CAG GTA GCT GAC

Sp5F

TGG GTT CAC CCT CCA GAC TTT

Hey1F

CCG ACG AGA CCG AAT CAA TAA C

Sp5R

CCG GCG AGA ACT CGT AAG G

Hey1R

TCA GGT GAT CCA CAG TCA TCT G

FSTF

TGC TGC TAC TCT GCC AGT TC

p63F

CCT GGA AAA CAA TGC CCA GAC

FSTR

GTG CTG CAA CAC TCT TCC TTG

p63R

GAG GAG CCG TTC TGA ATC TGC

VCANF

TTT TAC CCG AGT TAC CAG ACT CA

Hey2F

AAG CGC CCT TGT GAG GAA AC

VCANR

GGA GTA GTT GTT ACA TCC GTT GC

Hey2R

GGT AGT TGT CGG TGA ATT GGA C

CDKN1AF

CCT GGT GAT GTC CGA CCT G

HeyLF

CAG CCC TTC GCA GAT GCA A

CDKN1AR

CCA TGA GCG CAT CGC AAT C

HeyLR

CCA ATC GTC GCA ATT CAG AAA G

CCND1F

GCG TAC CCT GAC ACC AAT CTC

Bcl2-1F

GCT ACC GTC GTG ACT TCG C

CCND1R

CTC CTC TTC GCA CTT CTG CTC

Bcl2-1R

CCC CAC CGA ACT CAA AGA AGG

TLE1F

CCA GTA CCT CTC ACG CCT CA

Bcl2-2F

ATG CCT TTG TGG AAC TAT ATG GC

TLE1R

GCC CAC TCA GAG CAC TAG AC

Bcl2-2R

GGT ATG CAC CCA GAG TGA TGC

Myc-1F

ATG CCC CTC AAC GTG AAC TTC

Nfkb2-1F

GGC CGG AAG ACC TAT CCT ACT

Myc-1R

GTC GCA GAT GAA ATA GGG CTG

Nfkb2-1R

CTA CAG ACA CAG CGC ACA CT

Myc-2F

ATG CCC CTC AAC GTG AAC TTC

Nfkb2-2F

AGT GTG CGC TGT GTC TGT AG

Myc-2R

CGC AAC ATA GGA TGG AGA GCA

Nfkb2-2R

GTT CTT CTT GGT TAC ATG CAG GA

Ramp3F

GTG AGT GTG CCC AGG TAT GC

Dtx1F

ATC AGT TCC GGC AAG ACA CAG

Ramp3R

CGA CAG GTT GCA CCA CTT C

Dtx1R

CGA TGA GAG GTC GAG CCA C

VEGFAF

GCA CAT AGA GAG AAT GAG CTT CC

Hes6F

ACC ACC TGC TAG AAT CCA TGC

VEGFAR

CTC CGC TCT GAA CAA GGC T

Hes6R

GCA CCC GGT TTA GTT CAG C

WISP3F

TGG AGG TGT ATC AGC GTA CAG

NRARPF

TTC AAC GTG AAC TCG TTC GGG

WISP3R

GCC GTC CCT CAC CAA ACT C

NRARPR

TTG CCG TCG ATG ACT GAC TG

2.8 EdU Administration and Processing
80 mg/g EdU (Invitrogen) was administered by subcutaneous injection to animals
or pregnant dams. Two hours after injection tissue was processed as above. For
visualization of EdU incorporation, sections were permeabilized with 0.5% Triton X-100
in PBS, and treated with azide-594 containing Click-iT reaction cocktail (Invitrogen) for
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30 minutes. After 3 washes in 3% BSA in PBS, sections were steamed and stained for
additional IHC markers.

2.9 Immunohistochemistry
In order to visualize β-galactosidase expression tissue sections were incubated in
a staining solution containing 5- bromo-4-chloro-3-indolyl-d-D-galactopyranoside (Xgal, Sigma) overnight as described previously (Huard et al., 1998). After X-gal staining
the slides were subjected to the appropriate pretreatments and processed for
immunoflourescent staining. The primary antibody dilutions and the details of their
working conditions and detection are listed in Table 2.2. Before immunostaining, tissue
sections were rinsed in PBS to remove OCT and subjected to antibody-specific
pretreatments. The pretreatments include: steaming in 0.01M citrate buffer (pH 6.0) for
10 minutes in a commercial food steamer and/or incubation in 3% hydrogen peroxide in
MeOH for 5 minutes. Sections were blocked with 10% donkey serum/5% non-fat dry
milk/4% BSA/0.1% TritonX-100 in PBS and incubated for one hour at room temperature
in primary antibody. Subsequently, staining was visualized using an array of methods as
indicated in the table. Unless otherwise indicated, blue represents the nuclear counterstain
4’,6-diamidino-2-phenylindole (DAPI).

Primary
Antibody

Source/Vendor

Rb α-activated
Casp-3

Cell Signaling Technology
(Danvers, MA)

M α-βIV
Tubulin

Sigma Aldrich (St. Louis,
MO)

Rb α-CK14

Protein Tech (Rosemont, IL)

Gt α-CK14

Santa Cruz Biotechnology

Immunogen
Large fragment of activated caspase-3
resulting from cleavage adjacent to
Asp175
Synthetic peptide mouse C-terminal
sequence of βIV Tubulin
Recombinant human CK14, aa. 262472
C-terminus of CK14 of human origin
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Protocol
(1:100) à
fluor-DaRb
(1:100) à
fluor-DaM
(1:500) à
fluor-DαRb
(1:50) à fluor-

(Santa Cruz, CA)

DαGt
(1:300) à
fluor-DαRb

Rb α-CK18

Abcam (Cambridge, MA)

C-terminus of human CK18

Gt α-mouse
CD54

R&D (Minneapolis, MN)

Mouse myeloma cell line NS0-derived
recombinant mouse ICAM-1/CD54,
Gln28-Asn485

(1:50) à fluorDαGt

Rb α-dsRed

Rockland Immunochemicals
(Limerick, PA)

Recombinant protein

(1:100) à
fluor-DαRb

Rb α-GAP43

Synthetic peptide conjugated to KLH
Epitomics (Burlingame, CA) derived from within residues 200 to the
C-terminus of Rat GAP43

Rb α-GFP
Rb α-Hes1
Rb α-Jag1
M α-Ki67
Gt α-mCherry
Rb α-Notch1
Rb α-Notch2
Rb α-Olig2
Gt α-OMP
Mo α-OMP
Mo α-p63
Rb α-PGP9.5
(UCHL1)
Rb α-RBPJ
Rt α-RBPJ
Gt α-Sox2
Rb α-Sox9
Mo α-Tuj1

(1:100) à
fluor-DaRb

(1:1,000) à
fluor-DaRb
Cell Signaling Technology Recombinant protein specific to human (1:50) à TSA
(Danvers, MA)
Hes1 protein
à fluor-SA
(1:50) à b
Rockland Immunochemicals
Recombinant peptide aa. 110-125 of
DαRb à fluor(Limerick, PA)
human Jag1 protein
SA
BD Biosciences (San Jose,
(1:100) à
Human Ki67
CA)
fluor-DaMo
SicGen (Cantanhede,
Purified recombinant peptide produced
(1:100) à
Portugal)
in E. Coli
fluor-DaGt
Cell Signaling Technology
Residues around Pro2438 of human
(1:75) à TSA
(Danvers, MA)
Notch1 protein
à fluor-SA
Cell Signaling Technology
Residues around Ala2378 of human
(1:150) à TSA
(Danvers, MA)
Notch2 protein
à fluor-SA
(1:100) à
Protein Tech (Rosemont, IL) Recombinant human Olig2, aa. 1-323
fluor-DaRb
Raised against a peptide mapping
Santa Cruz Biotechnology
(1:75) à fluorwithin an internal region of OMP of
(Santa Cruz, CA)
DαGt
human origin
Santa Cruz Biotechnology Raised against aa 1-163 OMP of
(1:100) à
(Santa Cruz, CA)
human origin
fluor-DαMo
Nordic BioSite (Plymouth
Recombinant fragment corresponding
(1:200) à
Meeting, PA)
to human p63 aa. 1-205
fluor-DαMo
Recombinant human UCHL1, aa. 1(1:100) à
Protein Tech (Rosemont, IL)
223
fluor-DαRb
Cell Signaling Technology
Residues around Gln110 of human
(1:500) à TSA
(Danvers, MA)
RBPJ protein
à fluor-SA
(1:25) à TSA
Cosmo Bio (Tokyo, Japan)
Clone T6709
à fluor-SA
(1:80) à b
Santa Cruz Biotechnology
Epitope mapping near the C-terminus
DαGt à fluor(Santa Cruz, CA)
of Sox-2 of human origin
SA
KLH-conjugated linear peptide
EMD Millipore (Billerica,
(1:500) à
corresponding to the C-terminal
MA)
fluor-DαRb
sequence of human Sox9
(1:100) à
Biolegend (San Diego, CA)
Microtubules derived from rat brain
fluor-DαMo
Abcam (Cambridge, MA)

Recombinant Protein
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Table 2.3. Antibodies used and their working conditions. Several fluorophores (fluors)
were used. Green: Alexa-488. Red: Alexa-594 (epifluorescence) or Cy3 (confocal). Blue:
AMCA. Alexa conjugated secondary Abs were used at 1:250. Cy3 conjugated reagents
were used at 1:150 for directly conjugated secondary antibodies or 1:750 for TSA.
AMCA was used at 1:100. Rb – Rabbit. Mo – Mouse. Gt – Goat. TSA – Tyramide Signal
Amplification Kit from Perkin Elmer. b – Biotinylated secondary antibody.
2.10 in vitro Modeling
The current HBC in vitro culture protocol was developed by Jesse Peterson, a
graduate student in the Schwob Lab. See Appendix A for full protocol details. Cells were
first dissociated as described in section 2.7 and subjected to the in vitro cell culture
protocol.

2.11 Imaging and Quantification
Stained sections were imaged on a Zeiss 510 Confocal microscope in multitracking mode or on a Nikon 800E epifluorescent microscope with a Spot RT2 digital
camera. Image preparation, assembly and analysis were performed in Photoshop CS2. In
all photos, only balance, contrast and evenness of the illumination were altered.
In order to quantify fluorescence coronal sections were sampled through the
antero-posterior axis at each time point and stained for p63, K14, and DAPI. An image
that contained both the lesioned and unlesioned sides was taken using the 40x objective.
All of the DAPI-stained nuclei in an image that were surrounded by K14 staining were
outlined in ImageJ for pixel intensity measurements. The average value on the lesioned
side was then normalized to the average value on the normal side of each section to
correct for staining quality and exposure time. These normalized values were averaged
across all the sections in each animal and analyzed in Graphpad Prism.
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Cluster size, composition, and cell types were counted by direct observation with
the epifluorescent microscope. At least three animals were counted per condition
examined, and the data were analyzed by using Graphpad Prism software, with the
appropriate statistical test as indicated in the text. In all graphs mean values and standard
error of the mean (s.e.m.) are reported.

2.12 RNA-seq Analysis
RNA was harvested from FACS isolated HBCs on the basis of TdTomato
expression from K5-CreER;Ai9 fl(Stop)TdTomato transgenic reporter lines which had
previously been given a 300 mg/kg dose of Tamoxifen, delivered IP suspended in corn
oil. For 18HPL samples, male, 12 week old mice were then exposed to methyl bromide
gas at 180 ppm for 8 hours and allowed to progress for an additional 18 hours before
harvesting. Cells were lysed and total RNA purified using Zymo Research Quick-RNA
MicroPrep kits (Cat#: R1050), with the additional DNAse treatment included. RNA from
individual mice were pooled until a minimum of 1 ug of RNA was harvested per
replicate. cDNA was generated using the NuGEN Ovation V2 kit (Cat#:7102), prior to
paired end, 100 basepair next generation sequencing on the Illumina HiSeq 2500 at a read
depth of 100 million reads per sample. Raw reads were aligned and processed using
standard Tuxedo suite tools at default settings to the MM9 annotated build for the mouse
transcriptome (Kim et al., 2013). Further data analysis after Cuffdiff outputs such as
tSNE visualization, clustering, and differential gene expression were done in R using
standard packages as well as DESeq2 and Rtsne (van der Maaten, 2013; Love et al.,
2014). Due to results generated from quality control and clustering, further analysis of the
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dataset were performed without samples Nml3 and 18HPL3, as well as the following
gene cutoffs: genes must be expressed at greater than 5 FPKM in at least one sample,
they must be expressed at less than 50,000 FPKM, and finally, exhibit more than 1
FPKM standard deviation across experimental conditions. Finally, pathway analysis was
performed using output from DESeq2 into QIAGEN’s Ingenuity Pathway Analysis (IPA,
QIAGEN Redwood City, qiagen.com/ingenuity).

2.13 Statistical Analysis
All studies performed used a minimum of three biological replicates. If more than
three biological replicates were analyzed, it is denoted in the text. The student’s t-test was
used for comparison of data with normal distributions. The Kruskal-Wallis one-way
analysis of variance was used for comparison of non-normal distributions. The corrected
total cell fluorescence (CTCF) for Olig2 was calculated on tissue sections co-stained for
Olig2, TdTomato, and OMP using ImageJ software. Olig2 CTCF values were
standardized by conversion to a Z-score. Z-scores were compared using the two-sample
Kolmogorov-Smirnov test. A one-way ANOVA was used to determine whether there
were significant differences between the means of multiple groups. Dunnett’s test was
used for multiple comparisons.
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CHAPTER 3 : NOTCH SIGNALING CONTRIBUTES TO MAINTENANCE OF HBC
QUIESCENCE

3.1 Cell-specific ablation of neurons and Sus cells in the OE suggests Sus cell injury is
both necessary and sufficient for HBC activation to multipotency
It has been well established that wholesale loss of both neurons and Sus cells after
severe OE injury by MeBr gas results in activation of HBCs to aid in regenerating the
tissue components (Leung et al., 2007; Schnittke et al., 2015). It is not known whether
injury to the neurons or Sus cells alone or in combination is required for HBC activation.
I first sought to determine whether HBC activation was dependent on either neuron-only
or Sus-only injury. Considering what is known about aging, the development of an
aneuronal OE (Holbrook et al., 2011), and lack of HBC activity in the aged animal
(unpublished data), I hypothesize that neuronal loss alone is not sufficient to activate
HBCs to multipotency. To answer this question, I used both a genetic means and surgical
means to systematically ablate specific cell populations in the OE. I first performed a
surgical ablation of the olfactory bulb (olfactory bulbectomy, OBX) to deplete the mature
neuronal population. Conflicting results regarding activation of HBCs in the setting of
OBX have been published (Leung et al., 2007; Iwai et al., 2008), so I first sought to
perform OBX on our colony of KT mice. The genetically labeled HBCs in the KT animal
remained dormant despite severe mature neuronal loss (Figure 3.1B) compared to the
uninjured control side (Figure 3.1A). These findings confirm previous findings by Leung
et al., where they demonstrated HBC quiescence in the setting of bulb ablation(Leung et
al., 2007). While the results from the OBX lineage trace experiment demonstrate that it
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is clear neuronal loss alone is not sufficient to activate HBCs to multipotency, I sought to
determine whether loss of Sus cells specifically was sufficient for HBC activation. To
answer this question, I utilized a genetic cell-specific Sus cell ablation approach with
HBC lineage trace. I bred a mouse with a Cyp2g1-rtTA driver, which is Sus cell and duct
cell specific, to a mouse with a tetO-diptheria toxin A (DTA) response element. In the
presence of doxycycline (Dox), the rtTA will bind the tetO and drive DTA expression,
thereby killing the Sus and duct cells in the OE. It was necessary to have a simultaneous
lineage trace during the ablation to evaluate the HBC activation response. To evaluate the
HBC response, I bred a KT to the Cyp2g1-rtTA;tetO-DTA mouse to generate a lineage
trace-Sus cell ablation quadrigenic mouse (Figure 3.1E). For a proper negative control, I
bred the same animal but replaced the tetO-DTA element with a tetO-GFP element to
label the cells that had exposure to Dox.
To perform the experiment, I first administered tamoxifen to all animals at 6
weeks of age to genetically label the HBC population with TdTomato. Two weeks after
labeling, I started animals on 2g/kg doxycycline chow ad libitum for one month. An
experimental timeline is shown in Figure 3.1F. After one month, I sacrificed the animals
and harvested the OE for analysis.
Upon immunohistochemical evaluation of the OE, I found that there was a sizable
population of Sus cells labeled with GFP as expected after Dox administration. The
HBCs, labeled with TdTomato, did not activate in the presence of Dox without the TetODTA response element (Figure 3.1G). However, upon doxycycline treatment to the
animals with Cyp2g1-rtTA driving the tetO-DTA construct, there was considerable
activation of the HBC population (Figure 3.1H, I). This indicated that selective ablation
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Figure 3.1. HBC activate in response to selective Sus cell depletion but not neuron
depletion. (A) Immunohistochemical characterization of uninjured OE shows a large
mature neuron population by OMP(+) staining and a small immature neuron population
(Tuj1+). HBCs remain quiescent and do not activate as demonstrated by a negative
lineage trace (TdTomato). (B) HBCs do not leave the basal cell layer one two weeks after
OBX, while Tuj1(+) immature neurons increase in number. (C) All TdTomato(+) cells
are CK14(+) in the uninjured and two weeks post OBX OE (D). (E) Breeding schematic
of quadrigenic lineage tracing Sus cell ablation animal. (F) Experimental timeline. (G)
Administration of doxycycline results in GFP expression in reporter animals without
concomitant activation of HBCs. (H) Global view of increased HBC activation in the
setting of Sus cell depletion. (I) High magnification picture of clones derived from HBCs
in the setting of Sus cell ablation. Adapted with permission from “Herrick DB, Lin B,
Peterson J, Schnittke N, Schwob JE (2017) Notch1 maintains dormancy of olfactory
horizontal basal cells, a reserve neural stem cell. Proc Natl Acad Sci 114:E5589–E5598.”
Changes include combining images from two figures to make one composite figure. All
annotations were removed from the original figure and replaced.
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of the Sus cells was sufficient to activate HBCs to multipotency and that Sus cells may
communicate with HBCs biochemically to signal to them that tissue integrity has been
compromised.

3.2 Post-lesion RNA-seq analysis reveals the Notch pathway is a candidate pathway
It was previously shown that the foot processes of the Sus cells make contact with
the HBCs upon analysis by electron microscopy (Holbrook et al., 1995). This provides
direct evidence that there is cell-cell contact between the Sus cells and HBCs, which
could result in cell-cell signaling mechanisms. One of the best-characterized cell-cell
signaling pathways, the Notch signaling pathway, was a candidate pathway for analysis
for HBC activation.
To evaluate changes in signaling pathways between normal and post-injury
HBCs, we performed an RNA-seq analysis of FACS-purified HBCs without injury and
18 hours after MeBr injury. We labeled HBCs by administering tamoxifen to KT mice at
6 weeks of age followed by MeBr injury at 8 weeks of age. The OE was harvested 18
hours after injury or without injury and HBCs were FACS-purified using the TdTomato
marker. RNA was isolated and converted to cDNA for RNA-seq analysis. Three animals
were used in the normal group and three animals were used in the post-injury group.
Cells from each animal were pooled into one sample each.
I first generated a dendrogram showing how the control and post-lesion samples
cluster (Figure 3.2A). The dendrogram suggested that one sample in the lesion group did
not fully lesion, as it resembled the wild-type controls, and p63 was not lowered. This
sample was re-identified as a normal control sample. Additionally, one wild-type sample
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did not cluster with the others, and I moved to perform the analysis on four samples, two
of which clustered well in each group. This is demonstrated in the subsequent
dendrogram analysis (Figure 3.2B). I then performed a t-SNE dimension reduction
analysis to show that the re-identified wild-type sample along with the other wild-type
samples clustered tightly together at a significant distance from the post-lesion samples
(Figure 3.2C). A volcano plot of these data shows that both p63 and Hes1 are
significantly down-regulated following lesion (Figure 3.2D). A subsequent MA plot of
the bulk data shows that the fold change is not related to the overall gene abundance
(Figure 3.2E). Pathway analysis shows that a significant portion of the Notch signaling
pathway is down-regulated 18 hours following MeBr gas lesion (Figure 3.2F).
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Figure 3.2. RNA-seq analysis of 18hpl FACS-purified HBCs. (A) Dendrogram showing
one 18hpl sample clusters closer to the uninjured samples, requiring its removal from
analysis. (B) Dendrogram comparing two injured and two uninjured samples. (C) t-SNE
plot shows the normal and 18hpl bulk samples cluster together, and the 18hpl outlier also
clusters with the uninjured samples. (D) Volcano plot showing Hes1 and p63 are
significantly down regulated after injury. (E) MA plot of bulk mRNAseq demonstrating
fold change is not related to overall abundance. (F) Notch signaling pathway map
demonstrating down regulation of Notch components and target genes. Adapted with
permission from “Herrick DB, Lin B, Peterson J, Schnittke N, Schwob JE (2017) Notch1
maintains dormancy of olfactory horizontal basal cells, a reserve neural stem cell. Proc
Natl Acad Sci 114:E5589–E5598.” Changes include combining images from two figures
to make one composite figure. All annotations were removed from the original figure and
replaced.
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3.3 Canonical Notch signaling components are present in wild-type OE
Taking the RNA-seq data into consideration, I wanted to verify that the Notch
signaling component protein was present in the OE. I performed IHC with various colabels of Notch-related antibodies to verify the presence and distribution of the Notch
signaling components in the OE. Specifically, I co-labeled all Notch-related stains with
HBC markers CK14 or CD54 depending on the antibody species requirements to
determine the Notch status of HBCs in the OE. The canonical Notch co-factor RBPJ
labeled all cells of the OE, with non-HBC basal cells labeling with the most intensity
(Figure 3.3A). Hes1, the canonical downstream target of NICD-RBPJ Notch signaling,
faintly co-labeled all HBCs with the HBC marker CK14. Co-labeling of CK18 and Hes1
demonstrated that all Sus and duct cells are Hes1(+), with the Sus cells labeling with the
highest intensity (Figure 3.3B).
To receive a Notch signal, a cell must have a Notch receptor present on its
surface. From the RNA-seq data, it was evident that HBCs express Notch1/2, but do not
express Notch3/4. Immunostaining with Notch1 antibody and p63/CK14 co-stain
demonstrated that HBCs are Notch1(+). Additionally, ducts stain for Notch1 (arrows), as
well as a small GBC population that is adjacent to the HBCs apically (asterisks) (Figure
3.3C). Notch2, in comparison to Notch1, shows a strictly apical-basal distribution with
the basal HBCs and apical Sus cells labeling with Notch2 (Figure 3.3D). Interestingly,
although the HBCs are double positive for Notch1 and Notch2, GBCs do not label with
Notch2.
I next turned my attention to the presence of Notch ligands in the OE. Upon
staining for Jag1 in the OE, I found that it intensely exclusively labels the Sus cell
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population and does not label the HBCs (Figure 3.3E). While I was unable to use an
antibody for labeling of Dll1 in the OE, I used a Dll1-Lacz mouse, generously provided
by Tom Gridley, to evaluate expression of Dll1 in the OE. Using co-labeling of X-gal and
CK14, I found that Dll1 exclusively labels HBCs in the adult OE (Figure 3.3F).
Importantly, I was not able to detect positive staining for Notch3, Notch4, or Jag2 in the
OE.

Figure 3.3. Notch signaling
components in the adult mouse OE.
(A) RBPJ, the canonical Notch
transcriptional co-activator, is present
in all cells of the OE, including HBCs
(co-labeled with CK14). (B) Hes1 is
found in basal HBCs (co-labeled with
CK14), apical Sus cells (co-labeled
with CK18), and duct cells that span
the apico-basal length of the OE (colabeled with CK18). (C) Notch1 is
present in HBCs (p63+), a subset of
GBCs just apical to the HBCs (*),
duct cells (white arrows), and Sus
cells (very low levels). (D) Notch2 is
present in apical Sus cells and basal
HBCs (p63+). (E) Jag1 is exclusively
found in Sus cells, as it does not colabel with Tuj1 or CD54. (F) Dll1
expression by LacZ reporter is found
exclusively in basal HBCs. Reprinted
with permission from “Herrick DB,
Lin B, Peterson J, Schnittke N,
Schwob JE (2017) Notch1 maintains
dormancy of olfactory horizontal
basal cells, a reserve neural stem cell.
Proc Natl Acad Sci 114:E5589–
E5598.”
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3.4 IHC of Notch pathway components with and without acute MeBr injury
I previously described the RNA-seq results above (Section 3.2), which identified
the Notch signaling pathway as a candidate for participating in the post-injury activation
process of HBCs. To verify changes in the Notch signaling pathway after injury, I
examined changes in both protein levels by IHC and mRNA levels by qPCR 18 hours
after unilateral MeBr gas injury. I used the contralateral side as an internal control. The
examination of tissue 18 hours after injury revealed changes in signaling pathway
components and targets. The Notch1 receptor was more abundant after lesion, while the
Notch2 receptor did not change significantly (Figure 3.4A, B). In agreement with the
RNA-seq data, Hes1, the downstream effector of canonical Notch signaling, was lower
compared to the uninjured side of the OE (Figure 3.4C). The canonical co-activator,
RBPJ, was increased after injury compared to the control side (Figure 3.4D).
Quantification of these changes in IHC intensity is demonstrated in Figure 3.4A1-D1.
Up-regulation of the receptor Notch1 and downstream co-activator RBPJ is likely a
feedback mechanism in response to a loss of Notch ligand from dying neighboring cells
after injury.
I also sought to verify the RNA-seq results with qPCR analysis of Notch using
FACS-purified HBCs without injury and 18 hours after injury. As expected from the
RNA-seq analysis, nearly all Notch signaling components and targets were significantly
down-regulated following injury (Figure 3.4E). However, the mRNA changes after injury
did not match the IHC analysis when examining Notch1 and RBPJ (up via IHC, down via
qPCR). Presumably this difference between mRNA levels and protein levels can be
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accounted for by the acute nature of the injury and protein regulation (i.e. degradation or
lack thereof) not being coupled to mRNA expression.
To better understand how mRNA changes evolve over time after the MeBr gas
injury, I performed qPCR on Notch genes and targets, as well as p63, the marker of HBC
quiescence, at 0, 12, 18, and 24 hours after injury. Interestingly, Notch1/2 both increased
significantly immediately after injury before they fell to a nadir at 18 hours after injury.
Hes1 and p63 continued to decrease after 18 hours following injury (Figure 3.4F).

Figure 3.4. Notch signaling components and targets change following MeBr injury. (A)
Notch1, (B) Notch2, (C) Hes1, (D) and RBPJ levels 18 hours after MeBr gas injury.
Pictures are taken from opposite sides of the same tissue section for direct comparison of
fluorescence intensity. Fluorescence is quantified in A’-D’. (E) Relative fold change in
mRNA expression in FACS-purified HBCs by qRT-PCR analysis 18 hours after MeBr
injury. (F) Time course of mRNA changes by qRT-PCR analysis in Notch receptors,
Hes1, and p63 in HBCs at 0, 12, 18, and 24 hours following MeBr injury. Reprinted with
permission from “Herrick DB, Lin B, Peterson J, Schnittke N, Schwob JE (2017) Notch1
maintains dormancy of olfactory horizontal basal cells, a reserve neural stem cell. Proc
Natl Acad Sci 114:E5589–E5598.”
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3.5 Notch1 helps maintain p63 and HBC quiescence in the uninjured OE
The relationship between Notch and p63 in epithelial cells is tissue-specific. The
RNA-seq and IHC data from HBCs after injury suggests that Notch signaling declines
after injury in parallel with the decline in p63 mRNA and protein. I hypothesize that
Notch signaling exhibits a positive upstream regulation of p63 transcription, and ablation
of the Notch signaling pathway will decrease the threshold to HBC activation in the
uninjured OE. As a first step in determining the relationship between Notch and p63 in
HBCs, I analyzed mRNA transcript levels by qPCR analysis in FACS-purified HBCs
with varying levels of Notch1 expression. I used the K5CreER driver to conditionally
overexpress NICD or conditionally knockout the Notch1 gene while simultaneously
expressing a TdTomato reporter. Compared to wild-type FACS-purified HBCs, Notch
overexpression resulted in increased Notch1 (FC 3.9, t=7.7, P=0.008) and Hes1 (FC 3.1,
t=3.9, P=0.029) as expected, in addition to increased p63 expression (FC 3.4, t=5.4,
P=0.016) (Figure 3.5A). Conversely, in Notch1 cKO HBCs, Notch1 trended toward
lower levels (FC 0.49, t=-1.8, P=0.10), Hes1 remained at normal levels (FC 1.2, t=0.5,
P=0.320), but p63 was significantly decreased (FC 0.39, t=-4.5, P=0.022) (Figure 3.5A).
While modulation of Notch1 levels altered p63 transcription, I sought to determine
whether knocking out all of Notch signaling via deletion of its downstream effector RBPJ
would lead to a complete loss of p63 in HBCs.
Unexpectedly, upon conditional deletion of RBPJ from HBCs using the
K5.CreER promoter and a TdTomato reporter, I found that Hes1 was elevated and p63
trended towards being up-regulated (Figure 3.5B). This result was initially surprising, as
the RBPJ cKO animal has traditionally been used as an animal for studying a Notch-OFF
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state. However, the RBPJ cKO mouse does not ablate all of Notch signaling, rather, the
flox sites flank the DNA binding domain (DBD) of RBPJ and deletion of Exons 6 and 7
between the flox sites permits RBPJ protein translation, minus the DBD. This results in a
Notch de-repression state, whereby the repressive function of RBPJ has been removed
but RBPJ is presumably available for binding some co-factors. The increase in Hes1 and
p63 after ablation of the RBPJ DBD indicate that RBPJ has a repressive function at the
Hes1 and p63 gene loci, but RBPJ is not instructive, as Hes1 and p63 can be transcribed
in the absence of functional RBPJ. Loss of Hes1 is a common result after ablation of
RBPJ, however, I demonstrate that Hes1 protein persists long after loss of RBPJ DBD in
HBCs (Figure 3.5D).
While a statistically significant decrease in p63 expression in Notch1 cKO HBCs
was encouraging, a physiological response, such as HBC activation, would confirm
Notch1 protein acts to help maintain HBC quiescence. To test whether deletion of Notch1
altered p63 transcription enough to lower the threshold to activation of HBCs, I lineage
traced Notch1flox/flox HBCs for 3 months after tamoxifen administration. Compared to
both wild-type animals with only an HBC lineage trace (K5.CreER;fl(stop)TdTomato)
and animals with deletion of the RBPJ DBD, animals with HBC-specific deletion of
Notch1 demonstrated increased activation of HBCs by lineage trace (Figure 3.5C). I gave
a high dose of tamoxifen to ensure sufficient recombination at both Notch1 alleles, and
this prevented convenient clonal analysis of HBC activation. As such, I quantified the
number of cell clusters in addition to the overall number of TdTomato(+)/CK14(-) HBCs
that had transitioned from HBC to another cell type. Representative images are shown in
Figure 3.5D. Importantly, it is demonstrated by IHC that not all TdTomato(+) HBCs had
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Figure 3.5. Notch signaling modulates p63 expression and decreases the threshold for
HBC activation. (A) qRT-PCR of Notch1, Hes1, and p63 in FACS-purified HBCs
overexpressing and deficient in Notch1. (B) qRT-PCR of RBPJ cKO HBCs for RBPJ,
Hes1, and p63. (C) Quantification of activated HBCs in Notch-modulated HBCs. (D)
RBPJ cKO and Hes1 co-labeling in the RBPJ cKO HBCs. (E) Representative sample of
HBC activation in the setting of Notch1 cKO. Adapted with permission from “Herrick
DB, Lin B, Peterson J, Schnittke N, Schwob JE (2017) Notch1 maintains dormancy of
olfactory horizontal basal cells, a reserve neural stem cell. Proc Natl Acad Sci
114:E5589–E5598.” Changes include combining images from two figures to make one
composite figure. All annotations were removed from the original figure and replaced.
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efficient deletion of Notch1 (white arrow, Figure 3.5E1). A large percentage of HBCs did
have efficient recombination, as evident by negative Notch1 staining (black arrows,
Figure 3.5E1). This is a possible explanation in the variability in activation of HBCs
observed between biological replicates.

3.6 Notch1, not Notch2, maintains HBC quiescence in the setting of severe neuronal
injury
Other groups have demonstrated either no activation or very little activation of
HBCs to multipotency upon OBX (Leung et al., 2007; Iwai et al., 2008) depending on the
genetic lineage tracing model used. Based on studies from the CNS and my conditional
knockout studies of Notch in HBCs, Notch seems to play a role in helping to maintain
quiescence of neural stem cells and HBCs, respectively. In light of this, I sought to study
if OBX perturbs Notch signaling in HBCs. I first determined the changes in Notch
mRNA expression in uninjured and 7-day post OBX HBCs by qPCR analysis (Figure
3.6A). In stark contrast to my previous studies of Notch mRNA changes following
wholesale Sus and neuron loss following MeBr gas lesion, I observed a marked increase
in nearly all Notch-related genes that were analyzed (Figure 3.6A). Indeed, upon analysis
of sectioned tissue using IHC, I found that overall abundance of Hes1, p63, and Notch1
in HBCs on the OBX injured side was higher when compared to the uninjured control
side of the tissue (Figure 3.6B, C; Quantified in Figure 3.6D-F). This indicated that Notch
signaling responds to severe neuronal injury in the tissue, despite HBCs maintaining
quiescence in the setting of such injury.
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The marked mRNA and protein increases by qPCR and IHC, respectively, after
injury prompted me to determine the role of the Notch1 receptor in maintaining HBC
quiescence in the setting of severe neuronal injury. To perform this study, I first
conditionally knocked out the Notch1 gene in HBCs and simultaneously genetically
labeled HBCs with a TdTomato lineage tracer. I used a K5CreER, HBC-specific driver,
with addition of tamoxifen to conditionally knock out the Notch1 alleles and also a STOP
codon upstream of a TdTomato reporter in the ROSA locus. The olfactory bulbs were
surgically ablated two weeks after tamoxifen administration and mice survived for two
weeks following surgery. The uninjured side was used as an internal control and did not
show activation of HBCs after OBX of the contralateral side (Figure 3.6G). Further, in
litter matched controls that were heterozygous for the Notch1 floxed allele, OBX failed to
activate HBCs to multipotency and exhibit a positive lineage trace (Figure 3.6H).
However, two weeks after OBX injury in Notch1flox/flox animals, HBCs were activated
and repopulated both neuronal and support cells in the OE (Figure 3.6I).
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Figure 3.6. Notch signaling contributes to HBC quiescence in the setting of neuronal
injury. (A) Fold-change in mRNA expression by qRT-PCR of Notch signaling
components and targets following OBX. (B) IHC of Hes1 and p63 following unilateral
OBX. (C) Notch1 IHC on the septum of a unilateral OBX animal. Decreased OMP on the
OBX side demonstrates the completeness of the lesion. (D-F) Quantification of IHC
fluorescence levels of Hes1, p63, and Notch1 on normal and OBX sides. Images for
quantification were taken from the same tissue section. (G, H) HBCs do not activate in
the normal or post-OBX OE. (I) Lineage trace of HBC activation after OBX of Notch1
cKO HBCs. Adapted with permission from “Herrick DB, Lin B, Peterson J, Schnittke N,
Schwob JE (2017) Notch1 maintains dormancy of olfactory horizontal basal cells, a
reserve neural stem cell. Proc Natl Acad Sci 114:E5589–E5598.” Changes include
combining images from two figures to make one composite figure. All annotations were
removed from the original figure and replaced.

We previously showed that both Notch1 and Notch2 receptors reside in HBCs (Figure
3.2C, D). It is possible that HBC activation in the setting of OBX with loss of Notch1
alone results in a Notch dose-response phenotype where HBCs are sensitive to a loss of
some amount of Notch receptor. If Notch1 and Notch2 contribute equally to maintaining
HBC quiescence, loss of Notch2 alone would be expected to phenocopy loss of Notch1
alone. To test whether Notch1 and Notch2 contribute to HBC quiescence equally, I
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performed the OBX experiment above in Notch2 cKO mice with the same experimental
paradigm. Unexpectedly, the Notch2 cKO HBCs did not activate to multipotency in the
setting of OBX similar to those of the Notch1 cKO (Figure 3.7). This suggests that
Notch1 plays a more predominant role in maintaining HBC quiescence compared to
Notch2.
Figure 3.7. Notch2 is dispensable for
HBC quiescence in the setting of OBX.
Left column: Notch2 is present in Sus
cells and not present in TdTomato(+)
HBCs that have had Notch2 excised by
Cre-mediated recombination. HBCs do
not spontaneously activate in the absence
of Notch2. OMP(+) cells are abundant,
indicating a healthy uninjured OE. Right
column: Following OBX, HBCs remain
on the basal layer and do not activate in
the setting of decreased OMP(+) mature
neurons. Reprinted with permission from
“Herrick DB, Lin B, Peterson J,
Schnittke N, Schwob JE (2017) Notch1
maintains dormancy of olfactory
horizontal basal cells, a reserve neural
stem cell. Proc Natl Acad Sci
114:E5589–E5598.”
Surgical ablation of the olfactory bulb is an imperfect technique for bulk removal
of mature neurons in the OE. It is possible that the initial injury to the olfactory bulb
(bleeding, inflammation, etc.) incites the response seen by Notch1flox/flox HBCs. We
performed two analyses to uncouple the initial injury and inflammatory response from
HBC activation. First, we examined the entire length of the OE, anterior to posterior, to
verify that HBC activation had occurred in all areas of the OE, not just those adjacent to
the cribiform plate and OB near where the OBX occurred. This ensures that the surgical
procedure did not result in blood products entering the OE via the cribiform plate. We
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would expect the anterior OE to not exhibit the same activation phenotype as the
posterior OE in this case. Second, I changed the experimental timeline to ensure the
initial inflammatory response of the OBX did not act on Notch1flox/flox HBCs. As
compared to the previous experimental timeline and results of activation (Figure 3.8 AD), I performed the OBX prior to administering tamoxifen to the animals. I allowed the
animals to recover for 10 days after OBX, a period beyond when it is thought that the
inflammatory response as subsided, and then administered tamoxifen to delete Notch1
from the HBC population. I allowed the animals to survive for seven days after tamoxifen
administration and then sacrificed the animals on Day 7 post tamoxifen administration
(Figure 3.8E).
The experiment in which tamoxifen was administered after OBX resulted in
significant HBC activation when compared to the opposite uninjured side of the OE.
Various stages of HBC activation and HBC-derived tissue recovery were observed by
lineage trace analysis. HBCs were dividing at a higher than normal rate. It is common to
observe approximately 2 HBCs dividing per tissue section, however I was able to identify
3 HBCs dividing by Ki67/TdTomato/p63 immunostaining in one high-power 63x field
(Figure 3.8I). I also observed cells that had moved apically from the HBC layer after
activation (Figure 3.8F) and several putative GBCs by PGP9.5/CK14 exclusion
immunostaining (Figure 3.8G). In some areas, neurons had begun to move apically and
sprout dendritic processes (Figure 3.8H). Results were quantified showing robust HBC
activation (Figure 3.8J).
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Figure 3.8. Notch1 maintains HBC quiescence in a neurogenic OE. (A) Experimental
timeline whereby Notch is excised in advance of the OBX as previously described. (B)
HBCs do not activated in the absence of mature neurons. (C) HBCs activate after
Notch1 deletion followed by OBX. (D) Quantification of activation after the
experimental paradigm described in A. (E)Experimental timeline whereby OBX was
performed prior to Notch1 deletion to ensure the initial OBX injury did not result in
HBC activation. (F-H) HBCs have lost CK14 and are migrating apically. (I) HBCs are
Ki67+ after injury and Notch1 cKO. (J) Counts of activated clusters and individual nonHBC/TdT+ cells. *P<005. Reprinted with permission from “Herrick DB, Lin B,
Peterson J, Schnittke N, Schwob JE (2017) Notch1 maintains dormancy of olfactory
horizontal basal cells, a reserve neural stem cell. Proc Natl Acad Sci 114:E5589–
E5598.”
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CHAPTER 4 : NOTCH SIGNALING DETERMINES PROGENITOR LINEAGE
COMMITMENT IN THE REGENERATING OE

4.1 Analysis of Notch receptors and targets in normal and injured OE
We first sought to study tissue-wide changes in expression of components of the
canonical Notch signaling pathway and its targets following acute injury to the OE. We
evaluated changes in the pattern of immunohistochemical staining for the canonical
Notch target, Hes1, and the two Notch receptors, Notch1 and Notch2. In the uninjured
epithelium, Hes1 and Notch2 label both Sus cells, whose somata occupy the most apical
zone of the epithelium, and HBCs, while Notch1 labels HBCs as well as a small
population of GBCs (solid arrowhead, Figure 4.1C1). Jag1 and Dll1 – the canonical
Notch ligands – label Sus cells and HBCs, respectively, by immunohistochemistry (data
not shown). Upon immunohistochemical analysis, and in agreement with a previous
microarray analysis of gene expression (Krolewski et al., 2013), we cannot detect any
evidence of Notch1/2 receptors or Hes1 expression in neurons of the uninjured
epithelium, nor did we detect Notch3/4 in the OE either with or without injury. In the
acute phase of epithelial recovery at 2 days post lesion (dpl) we show that there is a
heterogeneous population of GBCs, identified as p63(-) of which some are Notch1(+),
Notch2(+), and/or Hes1(+). We are unable to co-stain these antibodies. By 4 dpl, most
Hes1(+) (high) cells have migrated to the apical cell layer, and the Hes1(+) (low) cells have
settled back onto the basal lamina as HBCs. Notch1 and Notch2 do not demonstrate any
obvious patterning or organization. However, five to six dpl, Notch1 is more prominent
in the basal layer and Notch2 is more prominent in the apical layer. By 7 dpl, Hes1
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segregation into apical Sus cells and basal HBCs is complete. Additionally, by 7 days,
Notch2 intensely stains Sus cells and faintly labels HBCs, while Notch1 now intensely
labels the basal HBCs along with p63 and faintly labels the Sus cells.
In order to examine more closely the transition of HBCs to Sus cells after injury,
we assessed the pattern of CK14 and CK18 immunostaining after injury in combination
with Hes1, the canonical downstream target of Notch signaling. At 1 dpl, Hes1 intensely
labels the vast majority of CK14 (+) basal cells, and many of the same basal cells contain
immunodetectable CK18 as well (Figure 1.4E). At 2dpl, CK14 and CK18 begin to
segregate into predominantly basal and apical subsets of cells, respectively (Figure 4.1F).
However, a subset of cells lacks detectable Hes1, but is labeled for CK14 or CK18 in
addition to the population of CK14(+)/Hes1(+) and CK18(+)/Hes1(+) cells. The coexpression of CK14 and CK18, in contrast to their segregation in the normal epithelium,
may be characteristic of cells that are now poised to go in either of two directions: back
to CK14(+) basal cells or forward to CK18(+) duct/gland or Sus cells. A similar result is
obtained in vitro (Jang et al., 2008).
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Figure 4.1. Immunohistochemical labeling of Notch receptors and downstream targets
during OE regeneration. Uninjured and 2-7 days post MeBr injury IHC pattern of Hes1
(A, B), Notch1 (white arrow head identifying Notch1(+) GBC)(C), and Notch2 (D). Hes1
undergoes apical-basal segregation as the OE regenerates, while Notch1 and Notch2 do
not display an obvious staining pattern. (E) Hes1, CK14, and CK18 co-label the majority
of basal cells 1 dpl. (F) CK14 and CK18 begin to segregate at 2 dpl.
4.2 Constitutive overexpression of Notch in HBCs in the inured mouse OE
Because of the uncertainty in the cell of origin for the different types of clones
observed with retroviral transduction, we used a genetic approach to manipulate N1ICD
expression in a cell-type specific manner by taking advantage of a K5CreERT2 driver to
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excise the stop moieties inhibiting expression of Notch1-ICD (N1ICD) and of TdTomato
(K5Cre;fl(stop)N1ICD-GFP; fl(stop)TdTomato) selectively in HBCs (Leung et al., 2007;
Fletcher et al., 2011; Schnittke et al., 2015). Tamoxifen-induced recombination in and
expression of N1ICD by HBCs had no discernable effect on the behavior of the
TdTomato (+) HBCs in the unlesioned OE, for the most part. The labeled HBCs
remained flat cells, tightly adherent to the basal lamina, and part of the existing
monolayer of HBCs, i.e., they were persistently quiescent. Thus, we assessed the fate of
HBCs and the cells they give rise to after injury in a Notch-ON state (Figure 4.2A). Two
weeks following administration of tamoxifen, the mice were lesioned by exposure to
MeBr (Figure 4.2B). Mice were sacrificed four weeks after injury when the epithelium is
substantially recovered in wild-type animals (Schwob et al., 1995). The vast majority of
HBC-derived TdTomato(+) cells stain for the Sus cell markers Notch1, Hes1, Sox2, and
CK18 and do not label with PGP9.5 (Figures 4.2C-G). The N1ICD-expressing HBCderived cells closely resembled the Type I clones in the retroviral infusion: columnar in
shape and forming a contiguous layer of cells at the apical surface of the epithelium. The
TdTomato (+) cells did not label with βIV-tubulin, a marker of respiratory epithelium
(Figures 4.2H-I). In contrast, the majority of the cells observed in K5Cre;
fl(stop)TdTomato mice after injury were marker identified neurons (77.7±5.4% vs.
0.4±0.7% neurons, for wild-type vs. N1ICD expression, respectively, P<0.001) (Figure
4.3J). The few neurons observed in the K5Cre;fl(stop)N1ICD; fl(stop)TdTomato mice
may reflect a failure of recombination at the N1ICD allele; however, we were not able to
detect the N1ICD or GFP proteins by IHC in any cell and could not rule in or rule out
that supposition. Indeed, the N1ICD and TdTomato reporter are in the same Rosa26
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Figure 4.2. HBC-specific N1ICD overexpression and lineage trace in the regenerating mouse OE.
(A) Schematic of the mouse transgenes. K5.CreER is HBC-specific. Administration of 200mg/kg
tamoxifen at 6 weeks of age (B) permits permanent expression of N1ICD and TdTomato by Cremediated excision of the STOP codons. Animals were MeBr lesioned two weeks after tamoxifen
administration, and animals survived for four weeks following injury, allowing for full OE
regeneration. Clones derived from HBCs overexpressing N1ICD after MeBr lesion are PGP9.5()(C), Noch1(+)(D), Hes1(+)(E), Sox2(+)(F), and CK18(+). They are all identified as sustentacular
cells. The HBC-derived cells are βIV-tubulin(-), a marker of respiratory epithelium (H, I).
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locus leading to an expectation that recombination efficiency would be similar at the two
alleles.

4.3.1 Selective Notch1, selective Notch2, and combined Notch1/2 knockouts and the
effect on cell fate after injury
The determination of cell fate by N1ICD expression leads to an obvious question
of whether Notch1 or Notch2 receptors or both are integral and necessary for lineage
specification after MeBr injury. Elimination of Notch1 by itself prevents the generation
of hematopoetic stem cells from endothelial cells in the embryo (Kumano et al., 2003).
Likewise, Notch2 deficiency in isolation inhibits formation of proximal fate in the
mammalian nephron (Cheng et al., 2007). Thus, the roles of Notch receptors in other
tissues provide precedents for whether either or both Notch1 and Notch2 are involved.
Accordingly, we used several conditional knockout lines to investigate the respective
roles of Notch1, Notch2, and Notch1/2 deficiency in the setting of OE injury. In other
words, are the two Notch receptors redundant in driving cells to a non-neuronal fate? Or
does lineage depend on Notch dose?
The several conditional knockout lines, which were used to study the effects of
isolated loss of Notch receptors on cell fate after injury, all use the K5CreERT2 driver to
accomplish recombination (Fig. 4.3). Mice of the appropriate genotype were treated with
tamoxifen at 6 weeks of age, lesioned by exposure to MeBr at 8 weeks, and euthanized at
1 or 4 weeks after injury. At the 1-week time point, which is soon after lineage
commitment is determined, loss of Notch1 alone did not alter lineage commitment in
activated HBCs after injury (Figure 4.3C), and more specifically did not prevent the
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formation of Sus cells. The proportion of neurons in the N1-deficient clones was similar
to that of the wild-type control (63.8±2.4% vs. 60.0±2.6%, respectively; p = 0.07,
Student’s t-test)(Figure 4.3B). Similarly, we did not detect a difference in the percent of
neurons between the Notch2-deficient and wild-type clones at one week post injury
(59.3±5.6% vs. 60.2±2.6%, respectively; P=0.95, student’s t-test). However, in mice
bred to undergo Notch1/Notch2 double-knockout in HBCs, HBCs gave rise to neurons
almost exclusively, which is a marked and statistically significant shift as compared to
wild-type animals (98.8±1.5% vs. 60.0±2.6%; P<0.001, student’s t-test) (Figure 4.3D,
D1). Thus, both Notch1 and Notch2 must be eliminated in order for a strictly neuronal
fate to be adopted by activated HBCs after injury. It is likely that a failure to efficiently
knockout both loxP sites for both alleles of Notch1 and Notch2 explains why a few of the
HBC progeny were able to adopt a non-neuronal fate.
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Figure 4.3. Conditional deletion of Notch1 and Notch2 in HBCs in the regenerating adult
OE. (A) Schematics of mouse transgenes used in the study. (B) Wild-type (KT) HBCderived clones consist of both neurons and Sus cells. (C) Deletion of Notch1 in HBC
does not alter progenitor fate in the regenerating OE. (D) Deletion of Notch1/2 in HBCs
results in predominantly neuronal clones after injury. (E,F) Deletion of Notch2 results in
premature Sus cell death by activated Caspase-3 IHC one week after injury. (G) Notch2
deletion results in predominantly HBC-derived neuronal clones, and TdTomato(+) Sus
cells did not have both alleles of Notch2 excised as evident by IHC. (H) Quantification of
wild-type, Notch1, Notch2, Notch1/2 cKO clone composition (neuronal vs. nonneuronal) one week following injury.
4.3.2 Notch2 is required for sustentacular cell survival after OE regeneration
Sus cell survival has previously been shown to be disrupted in mice in which
Notch2 is conditionally deleted using the Foxg1-Cre driver (Rodriguez et al., 2008). In
this case, the phenotype was evident in the developing OE. Sus cell origin in the embryo
is poorly understood, but is definitely not derived from HBCs, as they are late to
differentiate and appear perinatally. The effects of conditional Notch2 deletion in HBCs
have not been determined, and the different origin or the adult setting could potentially
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alter the sensitivity of Sus cells to Notch2 deletion. As we showed above, deletion of
Notch2 in HBCs does not prevent the formation of immature Sus cells, which are evident
7 days after MeBr lesion. However, we do find, in the adult post-lesion setting, that
Notch2 is required for Sus cell survival in the fully regenerated OE. The death of
immature Sus cells as a consequence of N2 absence is indicated by activated-caspase 3
staining in TdT (+)/N2 (-)/K18 (+) cells at the apex of the epithelium in the regenerating
OE one week after injury (Figure 4.3E, F). At 4 weeks after lesion, some TdT (+) Sus
cells are evident and situated apically as is typical. However, the surviving TdTomatopositive Sus cells had not undergone complete elimination of N2, i.e., both of the alleles
were not excised following CreERT2 activation, as Notch2 is still present by IHC (Figure
4.3G). Quantification of the short- and long-term results shows that loss of both Notch1
and Notch2 in early progenitors determines a neuronal fate (Figure 4.3H), but Notch2 is
required for Sus cell survival.

4.4 RBPJ haploinsufficiency in the presence of NICD overexpression in HBCs results in
normal lineage distribution after injury
As described above, retroviral transduction with the dominant negative MAML prevented
the formation of Sus cells, suggesting that lineage specification by Notch activation
occurs via the canonical pathway. Mutation by excision of the required canonical
cofactor RBPJ provides an additional test of canonical involvement. Accordingly, we
tested for canonical pathway engagement in the fate shift from neurons to Sus cells
following conditionally driven N1ICD overexpression in HBCs. As a first step we
defined the pattern of RBPJ protein expression in the adult OE, which has not previously
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been described. Immunohistochemical staining with anti-RBPJ marks all of the cells of
the OE, and it intensely labels immature neurons (data not shown). Therefore, excision of
RBPJ in HBCs has the effect of eliminating its participation at all stages in the
differentiation of epithelial cells from the activated HBCs. To that end, we bred mice
with the following genotype: K5CreERT2;RBPJfl/fl;stopfl/+N1ICD;stopfl/+TdTomato (Fig.
4.4A), in which tamoxifen administration lead to the excision of RBPJ and released the
expression of TdTomato as well as its effect on N1ICD levels. Wild-type –
(stop)fllN1ICD;RBPJ+/+ – and heterozygous – (stop)flN1ICD;RBPJfl/+ – siblings also
resulted from the breeding strategy (Materials and Methods). As before, consequences of
the gene mutations became evident in the context of the recovery of the epithelium
following MeBr injury. The overexpression of N1ICD in HBCs of mice that are also
wild-type for RBPJ led to a strictly non-neuronal fate (Figure 4.4C). However, in mice
homozygous for the floxed RBPJ allele and the N1ICD transgene present, tamoxifendriven recombination in HBCs leads to the formation of neurons predominantly
compared to wild-type animals (90.2±8.6% vs. 77.7± 5.4%, respectively; P=0.02,
student’s t-test) or compared to N1ICD overexpression animals with RBPJ intact
(90.2±8.6% vs. 0.4±0.7%; P<0.001, student’s t-test) (Figure 4.4D). Thus, knocking out
RBPJ while simultaneously overexpressing N1ICD reversed the lineage phenotype from
purely non-neuronal in N1ICD overexpressing animals to predominantly neuronal,
demonstrating that RBPJ and thus canonical notch signaling are required for N1ICD to
drive lineage commitment.
In analyzing the results of the homozygous floxed RBPJ animals, we sought to
verify the status of RBPJ by using immunostaining with an antibody specific to the DNA
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binding site of RBPJ to verify its knockout, as has been done previously (Basch et al.,
2011). Indeed, we verified that some TdTomato-positive neurons were RBPJ(-) (Figure
4.4D1A, 4.4D1B), but also found that a larger percentage of TdTomato(+) neurons
remained immunopositive for the presence of RBPJ (Figure 4.4D2A, 4.4D2B). The
result suggests that CreERT2-mediated recombination at the RBPJ allele is inefficient.
Nonetheless, that RBPJ(-)/TdTomato(+) cells that also overexpressed N1ICD were
exclusively neuronal suggests strongly that RBPJ is required for N1ICD to determine
non-neuronal lineage (Figure 4.4D3). Despite giving mice a very high dose of tamoxifen
in an attempt to achieve complete recombination at the two alleles, recombination was
still incomplete, preventing a strictly clonal analysis.

4.5 Long-term effects of NICD overexpression
Studies in other tissues have demonstrated that Notch can act as either an
oncogene (Ellisen et al., 1991; Zagouras et al., 1995; Pear et al., 1996; Weijzen et al.,
2002) or tumor suppressor (Talora et al., 2002; Nicolas et al., 2003; Radtke and Raj,
2003). To determine whether a Notch-ON state results in aberrant proliferation of
N1ICD-overexpressing cells and invasion into the lamina propria, K5CreERT2;
stopfl/+N1ICD;stopfl/+TdTomato mice were treated with tamoxifen, exposed to MeBr 2
weeks later and then euthanized either 4 or 12 weeks after injury. At the shorter
timepoint, the TdTomato-labeled cells were exclusively non-neuronal, as expected
(Figure 4.5A). Notably, many of the TdTomato-positive Sus cells were also labeled by
the incorporation of EdU, a marker of proliferation (Figure 4.5A, C). At twelve weeks
after injury, some TdTomato-positive clusters were extremely large in the OE and also
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extended below the basal lamina; EdU incorporation by the TdTomato (+) cells was also
prevalent at this time (Figure 4.5B). The substantial enhancement in the proliferation rate
of TdTomato (+) cells in the fl(stop)N1ICD mice (Fig. 4.5C) is a likely cause for the
large size of the cell clusters (Figure 4.5C). In clones that extend below the basal lamina,
we find that the basal HBC layer of the OE has been significantly disrupted or depleted
altogether, as seen by scant p63 staining (Figure 4.5D).
Similar phenomena were observed in the rats that had been infused with the
N1ICD-encoding retrovirus (Figure 4.5E-G). In many instances, the labeled clones
completely broke through (Figure 4.5E) or distorted (Figure 4.5F, G) the HBC layer and
breached the basal lamina to expand into the lamina propria layer as demonstrated by
interruptions in the CD54 labeling of the HBC monolayer, similar to what we observed in
the transgenic N1ICD mice after injury. In other clones, the transduced cells actually
regressed toward the appearance of Sus cells in the normal OE or Sus cells that had been
transduced with empty vector, suggesting that N1ICD expression may have been silenced
several weeks post-infection (Figure 4.5H).
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Figure 4.4. Conditional exogenous expression of N1ICD with and without functional
RBPJ. (A) Schematic of transgenic mice used in RBPJ/NICD lineage experiments. (B)
Experimental timeline. (C) Notch1-ICD overexpression in HBCs restricts HBCs to a Sus
cell fate in the regenerating OE. (D) RBPJ cKO + NICD results in a primarily neuronal
fate. (E, F) RBPJfl/+ + NICD mitigates Sus cell restriction of NICD overexpression alone
and results in mixed neuron/non-neuron cell types. (G) Quantification of neuron versus
non-neuron cell types in HBC-specific RBPJ/NICD transgenic mice in the regenerating
OE.
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Figure 4.5. Long-term exogenous N1ICD expression after MeBr injury in the mouse and
rat. (A) NICD-expressing HBCs 4 weeks post injury are restricted to Sus cell lineage and
are EdU(+). (B) NICD-expressing HBCs 12 weeks post injury are restricted to Sus cell
lineage, are dividing at an increased rate, and HBCs migrate below the basal lamina
(white dashed line). (C) Quantification of EdU(+) wild-type and NICD(+) Sus cells. (D)
The HBC layer is disrupted in areas where NICD-expressing HBC-derived clones have
migrated below the basal lamina. (E-G) Overexpression of NICD by retroviral infection
in the rat OE. (H) Long-term expression of NICD expressing retrovirus results in
silencing of NICD retrovirus and formation of mixed clones.
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CHAPTER 5 : MATURATION OF OLFACTORY SENSORY NEURONS IS NOTCHINDEPENDENT BUT RBPJ-DEPENDENT IN THE UNINJURED OE

5.1 Neuronally-committed progenitors and immature neurons highly express RBPJ,
however it is not participating in canonical Notch signaling
Previous studies in other organ systems have demonstrated that RBPJ plays a role
in stem cell maintenance and neuronal maturation. I hypothesize that RBPJ is playing a
role in neuronal maturation in the OE. We first sought to characterize the IHC staining
pattern of RBPJ in combination with that of neuronally committed progenitors and
immature neurons in the OE. We confirm, as previously demonstrated (See Chapter 4),
that RBPJ labels all cells of the OE. When RBPJ is co-labeled with Tuj1, a marker of
immature neurons, RBPJ-high cells predominate (Figure 5.1B). Similarly, when RBPJ is
co-labeled with GFP in a Neurog1-eGFP BAC reporter mouse, which is a neural
progenitor marker, we show that RBPJ-high cells again predominate (Figure 5.1A).
Merging RBPJ, Tuj1, and GFP together, we reveal that RBPJ-high labels the Neurog1(+)
and Tuj1(+) cells. In other words, RBPJ protein is highest during the time when
neuronally committed progenitors are transitioning to immature neurons.
To better understand how RBPJ responds to increased neurogenesis in the OE, we
challenged the OE by OBX. Loss of the OB depletes the source of trophic support for
neurons resulting in retrograde death of mature OSNs as well as a large induction of
neurogenesis. Under these conditions, the Neurog1(+) and Tuj1(+) populations are
greatly increased (Figure 5.1A1-C1). Co-staining of RBPJ with these markers after OBX
show a direct correlation, suggesting RBPJ is important in neurogenesis. The number of
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RBPJ-high/Tuj1(+)/GFP(+) triple-positive cells is greatly increased compared to the
uninjured side (Figure 5.1D), although the quantity of RBPJ protein is not increased
compared to the controlled side by IHC quantification (Figure 5.1E). This increased
number of triple-positive cells suggested that RBPJ could play an integral role in
neurogenesis and/or neuronal development. We tested to see if the canonical Notch target
Hes1 was present in the RBPJ-high cells by IHC, and we were unable to detect Hes1
protein in any neuronal cell type (Figure 5.1F). This indicates that RBPJ might have
repressive-only function be involved in Notch-independent transcription.
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Figure 5.1. RBPJ expression in uninjured and post-OBX adult OE. (A) Neurog1 co-labels
Tuj1(+) cells in both uninjured and post-OBX (A1) OE. (B) RBPJ-high cells are all
Tuj1(+). (C) Tuj1(+) neurons are Neurog1-GFP(+) and RBPJ-high(+). (D) Quantification
of the number of RBPJ-high cells per hpf in uninjured and post-OBX OE (student’s t-test,
P<0.001). (E) Quantification of the RBPJ staining intensity in uninjured and post-OBX
RBPJ-high cells (student’s t-test, P=0.58). (F) Tuj1(+) neurons do not express Hes1
despite the high levels of RBPJ.

96

5.2 Overexpression of NICD delays neuronal maturation in a canonical Notchindependent mechanism
I hypothesize that RBPJ has Notch-independent functions in immature neurons
given the lack of Hes1 immunostaining and Notch receptor staining in this population of
cells. To investigate whether or not Notch1-mediated canonical Notch signaling could
play a role in OSN maturation, we bred a flox(stop) NICD-IRES-eGFP expressing
transgene under the endogenous ROSA26 locus promoter with a Neurog1-CreER driver
and Ai9 flox(stop)TdTomato reporter animal to allow lineage tracing after induction of
exogenous NICD expression. We confirmed that the NICD expression was occurring in
TdTomato marked clones by performing simultaneous TdTomato immunohistochemistry
with single molecule in-situ hybridization to the eGFP sequence to exclude detection of
endogenous Notch receptor NICD sequence (data not shown).
Our studies lineage tracing wild-type Neurog1-CreER;flox(stop)TdTomato after
tamoxifen administration show that labeled neurons move apically and express OMP, a
marker of a mature neuron, approximately 6-9 days after tamoxifen administration. Using
littermate controls, we find that exogenous expression of NICD delays OSN maturation,
as there are very few TdTomato(+) cells expressing OMP 8 days after tamoxifen
administration in the NICD transgenic animals (Figure 5.2B) as compared to wild-types
(Figure 5.2A). Quantification reveals that 27% of NICD-overexpressing neurons are
OMP(+) compared to 91% of wild-type neurons 8 days after tamoxifen administration to
induce gene expression (P<0.001)(Figure 5.2C). However, exogenous NICD
overexpression does not prevent OSN maturation, as seen by comparison to wild-type
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animals 8 days post Tamoxifen with 4 weeks post Tamoxifen. All NICD-expressing
neurons are able to mature at 4 weeks post Tamoxifen.
Interestingly, even with overexpression of NICD, the constitutively active
canonical Notch signal, in the presence of RBPJ, the canonical Notch transcriptional cofactor, OSNs are incapable of transducing downstream canonical Notch targets such as
Hes1 (Figure 5.2D). This suggests that the delay in maturation is not due to canonical
Notch signaling and is instead through an alternative mechanism whereby NICD could
compete with other proteins for binding to RBPJ in a Notch-independent fashion.
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Figure 5.2. NICD overexpression in Neurog1(+) progenitors delays maturation. (A)
Wild-type neurons are mostly OMP(+) 8 days after tamoxifen administration. (B)
Neurons resulting from Neurog1.CreER-fl-stop-NICD progenitors do not mature by 8
days. (C) Quantification of OMP(+) lineage traced neurons at 8 days following tamoxifen
administration. (D) NICD-overexpressing neurons do not express Hes1.
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5.3 RBPJ is required for neuronal maturation
Since Neurog1(+) and Tuj1(+) cells express high levels of RBPJ, we investigated
whether or not the maturation phenotype from NICD overexpression was due to a NICDRBPJ interaction or a non-canonical NICD mechanism. We bred a conditional RBPJ
knockout under control of the Neurog1-CreER driver with an Ai9
flox(stop)TdTomato reporter. We expected that, if delayed neuronal maturation with
NICD overexpression is RBPJ-dependent presumably by enhancing the expression of
canonical Notch target genes, RBPJ knockout should abrogate the phenotype. However,
we found that conditional knockout of RBPJ in Neurog1(+) progenitors results in a
dramatically enhanced phenotype when compared to the NICD overexpression whereby
no neurons are able to mature even after two months. Instead of transitioning to mature
marker OMP(+) and moving apically, knockout cells are consistently immature marker
Tuj1(+) and sit basally under the mature cell layer (Figure 5.3A).
As immature neurons generally do not persist for as long as two months
without apoptosing or maturing, we tested to see if labeled progenitors persisted. Costains using NeuroD1, a GBC marker, and Ki67 show no co-labeled cells, suggesting that
these immature neurons were generated from the initial labeling, and in fact perdure past
their expected lifetime (Figure 5.3B, C).
It is possible that the functional RBPJ protein persisted after the RBPJ alleles had
been floxed, allowing the Neurog1(+) progenitor to progress to NeuroD1 and immature
neuron under normal RBPJ function when it might not if RBPJ were not present. To
address this possibility, we performed the two-month labeling experiment as described
above using an Ascl1-CreER driver in place of the Neurog1-CreER driver. The
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maturation phenotype was recapitulated when RBPJ was knocked out at a more upstream
progenitor stage using the Ascl1-CreER driver, indicating RBPJ is not required for
progression from Neurog1(+) state to NeuroD1(+) and eventually immature differentiated
neuron (data not shown).
We confirmed knockout of RBPJ in TdTomato(+) cells using RBPJ
immunohistochemistry on tissue sections. Additionally, we tested for the presence of
Hes1 mRNA, for the possibility that while IHC shows lack of Hes1 protein, mRNA
protein may still be produced, indicating that canonical Notch signaling is occurring but
is being translationally repressed. Upon staining for RBPJ protein in the knockout
TdTomato(+) cells, it was evident that only a small percentage of cells was RBPJdeficient two months after tamoxifen administration. However, nearly all cells, regardless
of whether they were completely RBPJ deficient or not, failed to mature to the OMP(+)
state.
In light of these findings and also our result of NICD overexpression slowing
maturation, we sought to determine if neuronal maturation was RBPJ dose-dependent.
Strikingly, the persistent immature neuron phenotype exists due to a haploinsufficiency in
RBPJ, as experiments using heterozygotes results in an identical phenotype to
homozygotes.
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Figure 5.3. Neurog1-CreER RBPJ cKO in the uninjured adult OE. (A) Mosaic image
demonstrating tissue-wide maturation of wild-type neurons and lack of maturation of
RBPJ cKO neurons. TdTomato(+) lineage traced cells do not label for the downstream
progenitor marker NeuroD1 (B) and are not actively dividing as assessed by Ki67
expression (C).
5.4 RBPJ-mediated Olig2 regulation is not responsible for the inability for neurons to
mature
It has been demonstrated in the CNS that C-cell specific RBPJ knockout prevents
neuronal maturation and the phenotype could be rescued through knockdown of Olig2, a
bHLH transcription factor (Fujimoto et al., 2009). Considering the previous report that
RBPJ represses Olig2 in C-cells, the active proliferating intermediate cells of the CNS,
we first looked at Olig2 expression in the adult OE. Immunohistochemistry of Olig2
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reveals that Olig2 is present in immature Tuj(+) neurons in the normal OE (Figure 5.4A)
where RBPJ labels most intensely (Figure 5.1A). We next examined the Olig2 expression
state of the immature neurons resulting from Neurog1-CreER RBPJ knockout. We found
that some, but not all, immature neurons were positive for Olig2 (Figure 5.4B), and
quantification of staining intensity shows that RBPJ knockout neurons incapable of
maturing possess a wide range of Olig2 expression levels (Figure 5.4C). When compared
to populations of wild-type OMP(-) immature neurons with RBPJ intact, the distributions
of Olig2 intensities were not statistically different. This suggests that neither Olig2
repression by RBPJ nor Olig2 presence effect neuronal maturation.
Figure 5.4. RBPJ cKO and Olig2
expression in immature neurons.
(A) Olig2 is expressed basally in
Tuj1(+) neurons. (B) RBPJ cKO
does not result in the selective
gain or loss of Olig2 expression.
Some RBPJ cKO neurons are
negative for Olig2, while others
are positive. All RBPJ cKO
neurons are Tuj1(+). (C)
Distribution of normalized (ZScore) Olig2 levels in wild-type
Tuj1(+) neurons and RBPJ cKO
Tuj(+) neurons. Samples were
compared using the two-sample
Kolmogorov-Smirnov test.
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5.5 Ablation of the existing mature cell layers and regenerating neurons de-novo allows
RBPJ knockout neurons to mature
It is possible that the immature RBPJ cKO neurons do not mature because they
are unfit to compete with wild-type neurons for synapse at the olfactory bulb. To test this
hypothesis, we ablated all mature cell types, including mature neurons, to give neuronal
progenitors, either with or without RBPJ present, and equal chance to synapse at the bulb
after injury. Regenerating neurons after epithelial lesion by Methimazole renders these
neurons capable of maturing, characterized by OMP expression as well as apical
movement. A large-scale view of RBPJ knockout tissue without injury compared to two
weeks post-Methimazole injury shows a dramatic rescue of the maturation phenotype,
one that is highlighted in the higher magnification confocal image (Figure 5.5A). In the
wild-type animals, TdTomato(+) lineage traced neurons mature to OMP(+) neurons that
reside in the apical cell layers in both the uninjured and post-injury setting. By
comparison, the RBPJ cKO neurons are not capable of OMP expression or apical
movement without injury, but nearly all RBPJ cKO neurons express OMP and migrate
apically after injury. Two weeks following injury, the wild-type and RBPJ cKO neurons
express OMP and move apically (Figure 5.5A). Quantitatively, we see a significant
rescue of the maturation phenotype after injury, with over 90.8±9.5% of RBPJ cKO cells
becoming capable of expressing OMP compared to 6.9±2.6% in the uninjured knockout
(P<0.001;Figure 5.5B).
While it is unequivocally clear that RBPJ cKO neurons to not express OMP or
migrate apically in the absence of injury, we sought to determine whether RBPJ hindered
olfactory receptor selection in the immature neurons. We utilized immunohistochemistry
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to determine whether mouse olfactory receptor 28 (mOR-28) expression was different
between wild-type and RBPJ cKO lineage traced neurons. We found that mOR-28 was
expressed in a significant number (13.8±3.7%) of wild-type lineage traced neurons.
When compared to wild-type lineage traced neurons, the number of mOR-28-expressing
RBPJ cKO neurons is significantly reduced (2.1±1.5%, P<0.001) (Figure 5.5C, D).
However, with the rescue of the maturation phenotype in RBPJ cKO animals after injury,
mOR-28 expression is also rescued. After injury, a similar percent of wild type and RBPJ
cKO neurons express mOR-28 (14.7±3.8% vs. 14.7%, P=0.64) (Figure 5.5C, D).

105

Figure 5.5. Methimazole injury in Neurog1.CreER-RBPJ cKO mice permits maturation.
(A) Comparison of the uninjured and post-injury epithelium in wild-type animals and
RBPJ cKO animals. RBPJ cKO neurons promote apically and express the mature
neuronal marker OMP following injury but not without injury. (B) Quantification of
OMP(+) cells in wild-type and RBPJ cKO cells with and without injury. (C) Some wildtype neurons express the OR mOR-28, while there is a significant reduction in mOR-28
expression in RBPJ cKO neurons in the uninjured OE. Post-injury, RBPJ cKO neurons
express mOR-28 similar to the wild-type neurons (Quantified in (D)).
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5.6 Selectively removing adult neurons through olfactory bulbectomy allows maturation
of RBPJ knockout neurons
The rescue of the maturation phenotype after methimazole injury prompted us to
see if it required the wholesale regeneration of the tissue, or whether simply accelerated
neurogenesis or depletion of the mature neurons was sufficient. We utilized the wellcharacterized olfactory bulbectomy (OBX) surgical technique to ablate the synaptic target
of the mature OSNs, resulting in the loss of trophic support and
continuous retrograde death of mature neurons. As neurogenesis ensues under these
circumstances, new neurons are formed, they migrate apically and express OMP, soon
after which they die from lack of trophic support from the bulb. To test whether depletion
of mature neurons was sufficient to permit RBPJ cKO neurons to mature, we first OBX’d
animals and administered tamoxifen two weeks after OBX to delete the RBPJ allele.
Animals survived for three weeks after tamoxifen (5 weeks after OBX). Under these
circumstances, RBPJ knockout neurons are also able to mature, demonstrating that the
loss of neurons is sufficient to rescue the maturation phenotype. Indeed, a large
percentage of neurons are capable of maturing after OBX (Figure 5.6). We also find that
the mature RBPJ cKO neurons are capable of surviving for at least three weeks after their
generation from Neurog1(+) progenitors, indicating that, unlike mature wild-type
neurons, they do not require neurotrophic support from the olfactory bulb for their
survival.
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Figure 5.6. Neurog1.CreER-RBPJ cKO three weeks following unilateral OBX. (A)
Mosaic image showing an entire coronal section of the OE with (bottom) and without
(top) OBX injury. OSNs (green) are depleted on the OBX side compared to the uninjured
side. RBPJ cKO neurons are able to mature on both sides of the OE. (B) RBPJ cKO
neurons mature (OMP+) and live beyond three weeks in the OBX animal, demonstrating
that RBPJ cKO permits a trophic-independent state.
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CHAPTER 6: DISCUSSION, FUTURE DIRECTIONS, AND CONCLUSIONS
The body of work presented here provides significant evidence that Notch
signaling plays an integral role in 1) maintaining HBC quiescence, 2) determining cell
fate choice in the regenerating OE, and 3) permitting OSNs to mature in the uninjured,
but not injured, OE. This work provides insight into the critical roles Notch signaling
plays in neurogenic systems.

6.1 Notch Signaling helps maintain HBC quiescence
This study first serves as a complete immunohistochemical characterization of
Notch components in the adult OE and a thorough analysis of the differential Notch gene
regulation in the setting of various lesion types. The results in this study suggest that
Notch signaling contributes to maintenance of HBC quiescence through a positive
regulation of p63, the master regulator of HBC quiescence. Our findings also demonstrate
that Notch1 plays a critical role in maintaining quiescence in the presence of severe
neural injury or increased neurogenesis. Importantly, this study reveals that Notch1 and
Notch2 do not play redundant roles in HBCs and the impact of Notch-ON on maintaining
p63 levels is not Notch receptor dose-dependent. Additionally, the loss of functional
RBPJ does not lead to pan-Notch knockout, but rather plays a permissive role in target
transcription as it merely relieves repression of the canonical target Hes1.

6.1.1

Sus cell ablation, but not OSN ablation, results in increased HBC activation
Activation of HBCs in the setting of OBX is controversial, as Leung et al. found

no HBC activation using the K5.CreER driver with a conditional reporter (Leung et al.,
2007) while Iwai et al. found some HBC activation using the K5.CrePR driver with a

109

conditional reporter (Iwai et al., 2008). Our results, using the K5.CreER driver, align with
the results of Leung et al. providing evidence that HBCs do not activate after OBX. We
verified that OBX was complete by demonstrating a near-complete absence of an
OMP(+) mature neuron layer on the injured side, and all HBCs are unequivocally
CK14(+) and have not departed from the basal layer. However, we do demonstrate that
HBCs activate in the setting of selective low levels of Sus cell depletion by expression of
DTA. This suggests that tissue integrity, as signaled by Sus cell status, provides critical
signaling to HBCs to maintain or relieve their quiescent status.
These data provide powerful insight into how quiescent tissue stem cells respond
to neighboring cell injury. Specifically, we show that HBCs respond differently to
invasive (e.g. stab wound, cerebral ischemia, wholesale tissue loss) versus noninvasive
injury conditions (induced neuronal loss, amyloidosis, OBX). It has recently been shown
in the CNS that reactive glia respond differently to invasive injury compared to
noninvasive injury (Sirko et al., 2013). In the CNS, sonic hedgehog (Shh) signaling is
increased after stab wound injury but not after induced neuronal loss. Shh acts directly on
the astrocytes to activate them after severe tissue injury. In activating astrocytes, Shh is
both necessary and sufficient to elicit an astrocyte stem cell-like response after severe
CNS injury, which includes self-renewal and neurosphere formation in vitro (Sirko et al.,
2013). In a similar vein, our data suggest an already established quiescent population,
HBCs, respond to signals after invasive injury but not following induced neuronal loss.
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6.1.2

Notch signaling in HBCs responds to both tissue-wide injury (MeBr) and neuronspecific depletion (OBX)
To elucidate potential molecular mechanisms governing HBC activation after

MeBr gas injury, we looked to microarray and RNA-seq analyses of HBCs with and
without injury. Not surprising, Notch signaling, a cell-cell signaling pathway, was downregulated after MeBr OE injury. This is an expected outcome, as a cell with Notch
activity relies on a neighboring signal-sending cell to provide ligand to elicit the Notch
activity. After MeBr lesion, nearly cells neighboring HBCs, with the exception of some
GBCs and the neighboring HBCs, are depleted (Schwob et al., 1995). Notch signaling
response to tissue damage is, however, tissue specific. In the lung, Notch signaling
activity is up-regulated in tissue harvested from an acute lung injury mouse model (Han
et al., 2013). In contrast, in the CNS, Hes1, a Notch signaling downstream target, is
down-regulated following traumatic brain injury and permits adult hippocampal
neurogenesis (Zhang et al., 2014). Importantly, our data in the OE lay the foundation for
future studies that will examine molecular mechanisms governing p63 regulation and,
more broadly, the niche signals that regulate quiescent stem cell populations.
In stark contrast to the analysis of Notch signaling in HBCs after MeBr lesion, we
found almost the opposite response of the Notch signaling pathway in HBCs after OBX.
These data suggest that HBCs respond differently to wholesale loss of differentiated cells
compared to selective loss of mature neurons. As we discussed previously, experiments
in the CNS demonstrate that astrocytes react differently to whole tissue damage by stab
wound compared to selective neuronal loss. We observe the same phenomenon in HBCs,
as they respond physiologically to different types of tissue injury. After MeBr lesion,
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Notch signaling decreases in HBCs activate. Conversely, after OBX injury, Notch
signaling increases and HBCs remain quiescent. This implies that Notch could serve as a
protective mechanism for HBCs, whereby activation is prevented by Notch signaling
when tissue integrity is intact and only neurons are lost. When Sus cells are damaged and
tissue integrity is compromised, HBCs activate to reconstitute the epithelium.

6.1.3

Notch1 contributes to HBC quiescence in the uninjured OE
The next logical experimental step after identifying the Notch signaling pathway

as a potential modulator of HBC activation by microarray and RNA-seq analysis was to
genetically modulate Notch signaling in HBCs in vivo. To this end, we bred conditional
Notch1 knockout mice, whereby HBC-specific deletion of Notch1 was carried out using
a K5.CreER transgene and a flox(stop)TdTomato reporter. Deleting Notch1 in HBCs and
allowing these animals to survive three months resulted in increased HBC activation by
evidence of lineage trace. This provided clear evidence that Notch1 perturbation resulted
in a lower threshold or increased probability for activation by decreasing p63
transcription. However, the mechanism by which Notch1 deletion results in decreased
p63 mRNA levels remains unknown.
We tested whether canonical Notch signaling played a permissive role in p63
transcriptional regulation by conditional deletion of RBPJ, the canonical transcriptional
co-factor. RBPJ deletion in HBCs did result in an increase in both p63 and Hes1
expression, demonstrating that RBPJ exhibits a permissive, not instructive, function on
p63 and Hes1 gene transcription. However, in the absence of putative ChIP data that
would provide evidence that RBPJ directly binds to the p63 promoter or within the p63
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loci, it is unknown whether p63 is a direct target of RBPJ. Notch signaling could alter
p63 transcription through a separate signaling pathway. For example, Notch and Wnt are
known to have an antagonistic relationship (Hayward et al., 2008), and it is possible that
Notch1 or RBPJ deletion alters Wnt signaling which in turns alters p63 expression.
While deletion of Notch1 likely permits RBPJ to bind DNA that plays a role in
p63 transcription, it is absolutely evident that the Notch signaling pathway does not serve
as a master regulator of p63 as it does in other tissues such as the skin (Nguyen et al.,
2006). Instead, p63 in quiescent HBCs likely acts as an upstream rheostat that sums
different niche cues to determine whether the HBC should activate or remain quiescent.
In the instance of Notch1 deletion, alteration of p63 transcription alters the rheostat input
enough to alter the probability of HBCs activating.

6.1.4

Notch1, but not Notch2, is required for maintenance of HBC quiescence in the
setting of severe neuronal injury
While we observed a significant increase in HBC activation in Notch1-deleted

HBCs compared to wild-type HBCs, robust activation of all HBCs was not achieved
three months after Notch1 deletion. As mentioned above, Notch1 deletion did not provide
an all-or-none signal for HBC activation. Rather, it likely altered niche signals to alter the
probability of activation of certain HBCs. With evidence that Notch1 contributes to HBC
quiescence, I sought to determine if Notch1 plays a significant role in maintaining HBC
quiescence in the setting of neuronal loss by OBX. With the initial characterization of
OBX tissue revealing that Notch1 is significantly elevated after neuronal injury, we
wanted to explore the role Notch1 is playing in maintaining HBC quiescence when OE
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neurogenesis is increased. Indeed, in the setting of neuronal injury, Notch1 maintains
HBC quiescence. In comparison to Notch1 deletion in HBCs without injury, Notch1
deletion in HBCs in the neurogenic OE resulted in robust tissue-wide neurogenesis on the
injured side of the epithelium. Notch1 signaling perhaps serves as a checkpoint to ensure
HBCs do not activate after expected neuronal loss due to environmental exposure.
While it is evident that Notch2 protein is present in HBCs by IHC and RNA-seq
analysis, Notch1 and Notch2 do not play redundant roles in maintaining HBC quiescence
in the setting of neuronal injury. Our comparison of Notch1 or Notch2 deletion in HBCs
either before or after OBX reveal that only Notch1 expression is required for maintaining
HBC quiescence in the bulb ablated animal. While the morphology of Notch2-deleted
HBCs is changed after OBX, the lineage trace remains negative, both when Notch2 is
knockout out before or after the OBX injury.
Interestingly, preliminary data (not shown) suggest that N1/2-double knockout
HBCs in the setting of OBX do not activate. More than simply not playing redundant
roles in HBCs, it is possible that Notch1 and Notch2 have opposite effects on HBC
activation in the OBX setting. Notch1 and Notch2 playing opposite roles in oncogenesis
and cancer prognostication has been well documented (Fan et al., 2004; Graziani et al.,
2008; Chu et al., 2011). This warrants further and closer examination in the laboratory.
Together, these data demonstrate the significant role Notch1, but not Notch2,
plays in maintaining HBC quiescence, especially in the setting of neuronal injury. This
indicates that a persistent Notch-ON state is contributing to the maintenance of p63
expression. Given the distribution of ligands in the OE, it is reasonable to suspect that the
Jag1 ligand, present exclusively in Sus cells, provides the ligand for Notch signaling in
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HBCs (Figure 6.1). This would signal to HBCs that tissue integrity is intact based on the
presence of Sus cells and their processes extending with Jag1 to the HBC layer.

Figure 6.1. Summary of Notch signaling and HBC activation. I propose that Notch
ligands expressed on Sus cells bind Notch receptors on HBCs to provide a continuous
positive signal that positively regulates p63 levels in the uninjured OE. Loss of the ligand
by Sus cell death results in decreased NICD and decreased p63 levels, resulting in HBC
activation. Reprinted with permission from “Schwob JE, Jang W, Holbrook EH, Lin B,
Herrick DB, Peterson JN, Hewitt Coleman J (2017) Stem and progenitor cells of the
mammalian olfactory epithelium: Taking poietic license. J Comp Neurol 525:1034–
1054.”

6.2 Notch Signaling determines cell fate specification after OE injury
The present results suggest that canonical Notch signaling is responsible for
differentiation of non-neuronal progenitor cells during the reconstitution of the OE after
MeBr-mediated injury. Our findings demonstrate that Notch pathway signaling drives
stem and progenitor cell descendants to differentiate into Sus cell-like and duct/gland-like
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non-neuronal cells exclusively, and conversely that blocking canonical Notch signaling is
sufficient to divert the progeny away from those fates and toward neuronal differentiation
in many cases. The results with conditional manipulation of gene expression in HBCs
specifically further dissect the role that the Notch1 and Notch2 receptors play in
determining cell fate. With this approach we show that fate does not appear to shift from
its usual course until both Notch1 and Notch2 receptors are excised, at which point all
progeny of the HBCs adopt neuronal fate. Thus, the commitment to a non-neuronal fate
is neither Notch receptor dose-dependent nor Notch receptor type-dependent, but rather
appears to be an all-or-none phenomenon. However, while we did not find any Notch
receptor dose-dependency, we did find that the fate-shifting effect of overexpressing
N1ICD depends on the presence of some level of RBPJ, since the loss of RBPJ is
sufficient to militate against the purely non-neuronal lineage that usually accompanies
N1ICD overexpression. After lineage commitment has been determined and the progeny
mature, we find that Notch2, but not Notch1, is required for the survival of Sus cells,
which has also been demonstrated to be true of Sus cells that derive from a different type
of progenitor in the embryo.

6.2.1

Notch1 and Notch2 are redundant and not dose-dependent in determining
progenitor lineage
We conditionally deleted Notch1 while leaving Notch2 intact and vice-versa in

HBCs in the setting of the regenerating OE. We found that lineage commitment was not
altered in either of these experiments. These data suggest that loss of either Notch1 or
Notch2 alone in HBCs leaves enough Notch receptor signaling capacity to generate
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sufficient ICD after cleavage to participate with RBPJ in fate determination. Thus, it
appears that Notch1 and Notch2 proteins are functionally redundant during cell fate
determination. Furthermore, we see no evidence for a Notch dose-effect in lineage
commitment. Rather there appears to be an all-or-none response to the presence of some
quantity of Notch receptor (assuming functional RBPJ is present) vs. complete absence of
Notch receptor signaling.
Elsewhere in mammals, Notch receptor redundancy is not universal but limited to
some specific tissues. For example, Notch1 and Notch2 exhibit functional redundancy
when regulating left-right asymmetry via the Nodal gene in the developing mouse (Krebs
et al., 2003). Conversely, Notch1 and Notch2 are known to have distinct (non-redundant)
roles in some tissue. For example, both Notch1 and Notch2 are present and co-label in
the early renal vesicle. However, in the setting of activated Notch1 in the nucleus, Notch2
is still required for differentiation of the proximal nephron (Cheng et al., 2007). In the
OE, both Notch1 and Notch2 are present in HBCs, a neurocompetent stem cell
population, and play redundant roles in fate specification.
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Figure 6.2. Summary of Notch signaling and progenitor cell lineage commitment. I
propose that Notch signaling, in addition to helping maintain HBC quiescence, also
determines the Sus cell versus neuronal lineage in the regenerating OE (red text).
Increased Notch signaling dictates the non-neuronal (Sus) fate, while loss of Notch
signaling or Notch signaling blockade results in a neuronal fate. Reprinted with
permission from “Schwob JE, Jang W, Holbrook EH, Lin B, Herrick DB, Peterson JN,
Hewitt Coleman J (2017) Stem and progenitor cells of the mammalian olfactory
epithelium: Taking poietic license. J Comp Neurol 525:1034–1054.”

Although the data indicate that Notch1 and Notch2 are functionally redundant
with respect to driving HBC progeny toward a Sus cell fate and away from neuronal
differentiation, we found that Notch2 is absolutely required for Sus cell survival after
they have differentiated. Notch2-deficient mice could still be directed towards a Sus cell
fate, but a significant proportion of them were activated-caspase(+) at 7 days after injury.
This supports a previous finding that Notch2 is required for Sus cell function and survival
in the developing OE, although the previous study examined Sus cells that were of a
different origin, as Sus cells in the developing OE are absolutely not derived from HBCs
in an adult given the perinatal timing of HBC development (Rodriguez et al., 2008).
Given that Notch1 is also present in Sus cells at low levels compared to HBCs and duct
cells, either there is a non-redundant, Notch receptor-specific role in a tissue that
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expresses multiple receptors or the level of Notch signaling is key. That cell type
specification requires but a single copy of a Notch gene, tends of favor non-redundancy.
However a more definitive testing of these alternative explanations requires additional
manipulation of Notch signaling, for example by constitutively expressing N1ICD in the
context of Notch2 knockout. Nonetheless, we find it striking that within the same tissue,
Notch1 and Notch2 receptors have functional redundancy in one cell type (HBCs after
injury), but have specific roles in an adjacent cell type (Sus cells).

6.2.2

Long-term exogenous Notch1-ICD expression leads to increased cell proliferation
and tumor-like clone expansion

The overexpression of N1ICD in HBCs after injury resulted in the expected Sus cell
lineage when we examined the tissue after it was fully regenerated at four weeks post
injury. We decided to allow a subset of animals have a longer survival after injury to
determine whether the N1ICD Sus cells generated after injury settled into a baseline
homeostatic state or if N1ICD had proliferative and/or migratory effects on the cells. We
found that the Sus cells divided at a significantly higher rate than the adjacent Sus cells
that did not express N1ICD. While we are unable to differentiate between an activated
HBC migrating through the basal lamina or Sus cells migrating below the basal lamina, it
is evident that N1ICD overexpressing cells have the capacity to invade the lamina
propria.
We acknowledge there are limitations to these studies. The first limitation pertains to
the use of an inducible Cre system, as most of our studies rely on the inducible CreER
systems with tamoxifen injections. There are several factors to consider regarding both
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the temporal and spatial control of Cre-loxP recombination in vivo. A recent report
described the “leakiness”, or activity of CreER in the absence of tamoxifen, varied
depending on the driver (Liu et al., 2010b). Additionally, although we were unable to
detect off-target Cre expression in our experiments, it has been reported to happen in
other systems and must be considered (Wicksteed et al., 2010). Lastly, the ability of Cre
recombinase to target sometimes sterically hindered loxP alleles can impact the
recombination efficiency (Badea et al., 2009; Long and Rossi, 2009). We cannot be
certain that recombination of reporter alleles reflect efficient recombination at the other
target alleles(Liu et al., 2010b).
Second, because we are working exclusively in an in vivo system and attempting
to enable CreER to act on several flox sites, we had to give large doses of tamoxifen to
induce the most effective recombination possible. Because of this, we were unable to
perform clonal analyses in our tissue samples. We analyzed clusters of cells, but we were
unable to prove clonal expansion of one progenitor cell. While it is difficult to analyze
the effects of Notch signaling on clone size, we do not think this detracts from our
conclusions regarding Notch overexpression and knockout and how they relate to lineage
commitment after injury.
Lastly, we utilized the RBPJ conditional knockout to study the effects of a “panNotch” knockout, as all receptors (Notch1-4) converge on RBPJ to exert their canonical
effect. We did observe a similar phenotype between the Notch1/2 double knockout HBCs
and the RBPJ knockout HBCs, but it is important to consider the possibility of RBPJ
having Notch-independent effects on stem cell dynamics. Indeed, knockout out RBPJ
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removes all transcriptional repressive activities of RBPJ and has been shown to have
Notch-independent effects(Barolo et al., 2000; Koelzer, 2003; Fujimoto et al., 2009).
In summary, these data show that canonical Notch signaling determines neuronal
versus non-neuronal fate in the regenerating olfactory epithelium. Importantly, we
suggest that fate is independent of Notch receptor dose, but a sufficient dose of RBPJ is
required for N1ICD to have the proper stoichiometry for binding and leading to a
completely efficient determination of non-neuronal fate. Notch also behaves as an
oncogene in the Sus cells, increasing rates of cell division and enabling cells to invade
adjacent tissues.

6.3 RBPJ is required for maturation of OSNs in the uninjured OE
Our results indicate that RBPJ is required for neuronal maturation in the uninjured
OE but not in the setting of neuron loss (OBX) or wholesale loss of mature cell layers
(methimazole lesion).

6.3.1

RBPJ is expressed highly in GBCs
This is the first study to examine the differential expression of RBPJ across all

cell types of the OE. RBPJ intensely labels all Neurog1(+) GBCs and Tuj1(+) immature
neurons, alluding to its significant role in OE neurogenesis. Unexpectedly, the cells that
label most intensely for RBPJ do not express the canonical downstream Notch target
Hes1. Furthermore, it has been shown that immature neurons do not express a Notch
receptor (Notch1-4) (Herrick et al. in preparation). This suggests that RBPJ is likely
elevated in these cells for one of two reasons. First, RBPJ is could be up-regulated in
response to a feedback mechanism whereby an absent Notch signal results in increased
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transcriptional co-factor (RBPJ) production. In the hematopoietic system, it has been
shown that RBPJ, although present in HSCs, is dispensable for maintenance of HSC
homeostasis (Maillard et al., 2008). Second, it is possible that RBPJ is involved in Notchindependent RBPJ-dependent transcription, such as when RBPJ complexes with Ptf1a
independently of NICD in the pancreas (Obata et al., 2001) to induce target gene
transcription.

6.3.2

RBPJ is required for OSN maturation in the uninjured OE

We have previously shown that Notch receptors (Notch1/2) and the canonical
downstream effector, Hes1, are not present in immature neurons upon
immunohistochemical analysis of OE tissue. However, the intense immunohistochemical
staining pattern of RBPJ in immature neurons prompted us to determine the role of RBPJ
in neuronal homeostasis by conditionally deleting RBPJ from Neurog1(+) neural
progenitors immediately prior to their terminal differentiation to immature neurons.
Disparities between phenotypes in Notch1/2 double knockouts and RBPJ knockouts first
provided evidence that RBPJ could function in a Notch-independent manner. Although
Notch receptors are not present in immature neurons, deletion of RBPJ in Neurog1(+)
progenitor cells prevented their progeny from fully maturing into OMP(+) neurons and
stunted their maturation at the Tuj(+)/OMP(-) stage. The lack of Notch receptors and
downstream effectors in immature neurons in addition to the RBPJ cKO maturation
phenotype suggest that RBPJ plays a Notch-independent role in neuronal maturation in
the uninjured OE.
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The only non-Notch pathway transcriptional activator that has been shown to
complex with RBPJ in mammals to date is Ptf1a (Sellick et al., 2004). In the CNS, Ptf1a
complexes with RBPJ to determine GABAergic neuron specification (Hori et al., 2008a).
It is possible that Ptf1a is binding RBPJ in immature neurons to prime them genetically
for neuronal maturation. However, our attempts to demonstrate Ptf1a protein is present in
the OE by immunohistochemistry have not been successful thus far.

6.3.3

Exogenous NICD delays maturation of OSNs
The lack of neuronal maturation in the RBPJ cKO cells is likeley a result of one

of two mechanisms. First, RBPJ can complex with another transcription factor, either
Notch-dependent (MAML/NICD) or Notch-independent (Ptf1a), to drive transcription of
target genes in an instructive manner. Second, deletion of RBPJ can lead to a permissive
state, whereby loss of RBPJ relieves the repressive role of RBPJ binding to DNA and
permits transcription. The domain of RBPJ that interacts with Notch RAM also interacts
with Ptf1a, resulting in NICD and Ptf1a competing for RBPJ binding in a mutually
exclusive fashion (Beres et al., 2006). We overexpressed exogenous NICD in Neurog1(+)
cells and their progeny (immature neurons) to determine (1) whether RBPJ/NICD could
drive Hes1 in a Hes1(-) cell type under steady state conditions, and (2) to determine
whether exogenous NICD expression would change the rate of neuronal maturation.
If Hes1 expression was merely repressed by RBPJ binding to its promoter region,
RBPJ cKO would result in Hes1 expression. However, if RBPJ required NICD binding to
have an instructive rather than permissive role in Hes1 transcription, we would expect to
observe Hes1 protein in the setting of NICD overexpression in cells with high levels of
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RBPJ. Our inability to observe Hes1 protein in neural progenitors and immature neurons
overexpressing NICD in the presence of RBPJ and with RBPJ cKO suggest that the Hes1
gene is highly regulated and repressed in these cells.

6.3.4

RBPJ is not required for OSN maturation in the setting of OE injury
We determined that RBPJ is not required for OSN maturation in the regenerating

OE. This suggests that the RBPJ requirement for maturation is context-dependent and
different signaling pathways and molecular cues are at play in the uninjured versus
injured epithelium. In the zebra fish, perineurial glia require Notch signaling during
motor nerve development but not during the post-injury regenerative process, implying
that these glia are formed by two different signaling mechanisms which are contextdependent (injury vs. no injury) (Binari et al., 2013). Our data, along with other studies of
Notch in regeneration, suggest that the mechanisms that regulate neuronal development
and maintenance are not always the same mechanisms responsible for regeneration after
injury. RBPJ is required for the tight control of neurogenesis throughout adult life in the
OE, but alternate signaling mechanisms are responsible for neurogenesis in the setting of
complete tissue regeneration.
Several possible mechanisms could regulate the different requirements for RBPJ
in different tissue states (injury versus no injury). The most obvious mechanisms at play
involve changes to the stem cell niche. First, an injured environment could change cellcell ligands and soluble factors available for signaling to the Neurog1(+) progenitor
population. For example, if canonical Notch is playing a role in the RBPJ phenotype in
the uninjured OE, it is conceivable that changes in the Notch ligand that is usually present
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around these cells, such as Jag1 expressed by Sus cells, alters how the progenitor
population senses the niche. Second, it is possible that injury completely changes the
Neurog1(+) progenitor cells epigenetically and unlocks a regenerative program that is
RBPJ-independent. It is known from unpublished data in our lab that inhibition of Ezh2
increases dedifferentiation in Neurog1(+) progenitors after injury, suggesting that
epigenetic reprogramming occurs in these cells after injury.

6.3.5

RBPJ-deficient neurons in the post-OBX OE mature and do not require trophic
support for survival

While it was evident that wholesale loss of differentiated cells (severe tissue injury)
permitted RBPJ cKO neurons to mature, we sought to determine whether RBPJ cKO
prevented neuronal maturation due to competition for synaptic connection at the bulb,
competition for gaining access to axon bundles that project to the bulb, or not being able
to migrate into a mature neuron cell layer. We performed OBX to conditionally ablate the
mature OSNs to determine whether loss of mature neurons alone would permit
maturation of RBPJ cKO neurons. Our data from the unilateral OBX experiments are
complex. The ability of neurons to mature in the setting of massive neuron loss and
increased neurogenesis in the OE indicates that it is possible that RBPJ cKO makes
immature neurons less competitive than wild-type neurons when attempting to synapse at
the olfactory bulb, enter an axonal bundle, or push through a mature neuron cell layer. It
is well established that competition is at play in nearly all biological systems and
promotes selection of the fittest competitors. In the CNS, eligible neurons are selected to
participate in memory formation based on their CREB (adenosine 3’,5’-monophosphate
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response element-binding protein) activity (Han et al., 2007). It is possible that RBPJ
cKO makes neurons unfit for selection for maturation when other better biologically
suited neurons are present to synapse the olfactory bulb. In the absence of all other
neurons, RBPJ cKO neurons could be next in line to mature and attempt to synapse at the
olfactory bulb.
While the maturation of RBPJ cKO neurons on the OBX side of the OE was not
unexpected, examination of the contralateral side of the OE (“uninjured side”) showed a
provocative phenotype. We found that RBPJ cKO neurons on the side contralateral to the
OBX also matured to express OMP. While it is possible that part of the olfactory bulb on
that side was “nicked” during surgery to the contralateral side, it is inconceivable that a
significant proportion of synapses was destroyed during the initial surgery. However, it is
known that the contralateral side to OBX experiences an approximately 1.7 fold increase
in GBC proliferation compared to uninjured animals (Carr and Farbman, 1992; Schwob
et al., 1992; Sultan-Styne et al., 2009). This implies that the contralateral side senses the
contralateral bulb injury. This sensing of nearby injury could be sufficient to permit OSN
maturation to occur in an RBPJ-independent manner. The maturation of RBPJ cKO
neurons on the contralateral side to OBX provides evidence that it is not competition at
the bulb that prevents these immature RBPJ cKO neurons from maturing. Rather, given
these data, it is more likely that RBPJ cKO neuron detection of injury or exposure to an
injured niche unlocks an injury response program that permits neuronal maturation in an
RBPJ-independent manner.
Lastly, this experiment provided us with an unexpected result where mature RBPJ
cKO neurons appear to be resistance to apoptosis and exhibit a prolonged life-span when

126

they are subjected to neurotrophic deprivation. It has previously been shown that after
OBX, nearly 90% of newly formed neurons die within two weeks of their birth and the
mature OSN population is shortly depleted altogether (Carr and Farbman, 1992; Schwob
et al., 1992). It has been suggested that trophic factor deprivation mechanisms limit the
survival of OSNs in the setting of OBX (Allsopp et al., 1993; Cowan et al., 2001;
Robinson et al., 2003; Hayward et al., 2004). For example, exogenous expression of the
proto-oncogene bcl-2 selectively rescues neurotrophic factor-dependent olfactory sensory
neurons from apoptosis in the setting of OBX (Allsopp et al., 1993). After OBX of the
RBPJ cKO animals, the RBPJ cKO neurons mature and survive well beyond the two
weeks when nearly all newly born neurons have died. We examined the tissue at three
weeks following OBX injury and found a substantial layer of TdTomato(+)/OMP(+)
RBPJ cKO neurons. It appears that loss of RBPJ in neurons permits their survival in the
setting of neurotrphic deprivation by OBX. Studies in cancers have revealed that a
significant number of cancers have RBPJ loss, which promotes tumorigenesis and
prevents apoptosis (Kulic et al., 2015). It is suggested that RBPJ loss derepresses target
gene promoters, allowing Notch-independent activation by alternate transcription factors.
It is likely that RBPJ cKO in mature neurons relieves repressive functions at multiple
gene loci, permitting their transcription. Further studies are warranted to better
understand how RBPJ cKO assists in transcriptional derepression to prolong neuron
survival in a neurotrophic deprived OE.

6.4 Future Directions
Broadly, the future directions as they relate to the studies at hand should focus on
genetically profiling HBCs and GBCs with and without injury to determine whether (1)
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developmental pathways are also responsible for the regenerative pathways in these stem
cell populations and to determine (2) how HBCs and GBCs respond to different niches.

6.4.1

The role of Notch1 versus Notch2 in HBCs
My preliminary experiments in the Notch1/2 double knockout animals suggests

that Notch1 and Notch2 are non-redundant and may, in fact, play opposing roles in HBC
activation and quiescence. I have evaluated two animals in which OBX was performed
and Notch1 and Notch2 were conditionally deleted from HBCs. These animals did not
show evidence of HBC activation in the setting of OBX, similar to Notch2 cKO mice.
This suggests that Notch2 may need to be present for the activation response of HBCs to
occur in the setting of OBX. If Notch1 and Notch2 had redundant roles, then I would
expect the activation of HBCs to be Notch receptor dose-dependent. This is not the case
upon analysis of the first experiments in these mice. I also do not observe significant
activation of HBCs without injury in the N1/2 cKO mice to the same extent that I do in
the Notch1 cKO mice.
It is known that Notch1 and Notch2 can play opposing roles in the same cell and
tissue, especially in tumorigenesis (Fan et al., 2004; Graziani et al., 2008; Chu et al.,
2011). It would be feasible to FACS-purify Notch1 and Notch2 cKO cells, along with
Notch1/2 double cKO cells, and perform RNA-seq analysis to identify which targets are
differentially regulated in the setting of Notch receptor absence.

6.4.2

Notch and p63: Is RBPJ bound to the p63 promoter or within the gene?
My data have demonstrated that loss of Notch signaling by Notch1 receptor cKO

or exogenous Notch signaling by NICD overexpression can modulate p63 levels.
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However, it is unknown whether the RBPJ protein binds directly to the p63 promoter or
within the p63 gene locus. Upon analysis of the deltaNp63 gene using Serial Cloner, the
RBPJ consensus site TGTGGGAA is found at 16 locations when looking at both the
positive and negative strands. This provides evidence that RBPJ has the potential to bind
directly to the p63 locus. The lab should perform a ChIP-seq on HBCs (and also OMP(-)
neurons with and without injury) using the RBPJ antibody from CST to determine
whether RBPJ binds directly to p63. This will also determine other binding sites for
RBPJ in these cells.

6.4.3

What role does RBPJ play in the HBC-to-GBC transition in the regenerating OE?
My initial experiments studying the regeneration of the OE in RBPJ cKO mice

with and without concomitant NICD expression resulted in very few lineage traced cells
actually demonstrating full RBPJ cKO by immunostaining. Some cells with NICD
expression and RBPJ cKO were identified as RBPJ(-), but animals that did not have
NICD in addition to the RBPJ cKO failed to show cells surviving after lesion that lacked
RBPJ. It is possible that efficiency of Cre at the RBPJ flox sites was inefficient.
However, upon analysis of the HBC population, it was clear that more than half of the
HBCs were RBPJ(-) after tamoxifen administration. This suggests that RBPJ could be
required for cell survival during the transition from HBC to GBC after injury. Our RBPJ
cKO results using the Neurog1-CreER driver demonstrated that immature neurons could
survive without RBPJ, albeit a low number of cells that actually stained RBPJ(-). Taking
these experiments into consideration, it is probable that deletion of RBPJ results in cell
death during the stages between HBC activation and the Neurog1(+) GBC progenitor.
One needs to look at the short time points after MeBr lesion in the HBCs RBPJ cKO
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animals. If RBPJ is required for HBC transition into a GBC state, it is expected that the
RBPJ cKO HBCs would die after injury and stain positively for cell death markers.

6.4.4

Why is RBPJ only required for neuronal maturation in the uninjured OE?
Future studies should focus on the epigenetic changes in Neurog1(+) progenitors

after injury as compared to those that reside in the uninjured OE. Furthermore, two
experiments would help to identify whether injury is reprogramming Neurog1(+)
progenitors. First, we would use a transplantation assay to transplant FACS-purified
Neurog1(+) progenitors into a lesioned host. We would transplant Neurog1(+)
progenitors that have RBPJ either present or deleted with and without injury. We would
transplant these cells along with Neurog1.CreER-fl(stop)LacZ labeled cells that do not
have RBPJ cKO as a positive control for transplantation and tracing. A comparison
between LacZ cells and TdTomato cells could be made within the same animal that
underwent the same lesion conditions and same transplantation conditions. This would
test whether the environmental cues play a role in the requirement for RBPJ in neuronal
maturation of uninjured Neurog1(+) progenitors.
Second, we would lesion the Neurog1(+)-RBPJ cKO and wild-type animals prior
to tamoxifen administration and allow the animals to recover for six weeks. We would
then administer tamoxifen after the tissue has recovered to delete RBPJ from Neurog1(+)
progenitors. If the progenitors were permanently epigenetically changed due to the prior
injury and RBPJ-dependent maturation was not niche-specific, Neurog1(+) progenitors
should form mature neurons. If neurons remain immature after injury followed by
deletion of RBPJ, then RBPJ is required for maturation in the OE when a mature cell
layer is present and no inciting injury is detected.
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We should also do RNA-seq and an epigenetic ChIP-seq to determine whether
these cells with and without RBPJ are poised to follow different cellular programs in the
setting of injury. It is likely that gene transcription programs are not as tightly regulated
in the injured OE, as the tissue wants to regenerate and is willing to forgo some targeting
specificity.

6.4.5

Notch1/2 cKO after DCBN lesion: Can Notch modulation rescue the respiratory
metaplasia phenotype?
It is well established that DCBN lesion causes HBC-derived respiratory

metaplasia in the dorsal recess of the adult OE (Xie et al., 2013). Additionally, it is
known, from experiments in our lab, that the aged OE leads to a respiratory metaplasia
phenotype. The goal of a significant portion of the ageing OE research in our lab focuses
on enabling HBCs to activate in the aged OE to regenerate neurons. It is possible that the
changes in environmental cues in the aged OE will not permit HBC-derived
neurogenesis. However, it is possible that simple modulations of the Notch signaling
pathway, such as gamma-secretase inhibition during regeneration, could provide a more
favorable environment for generating neurons from HBCs in this setting. I am in the
process now of sectioning tissue from 2-year old mice that I have lesioned with
methimazole and allowed to recover for 6 weeks. This will test whether the stem cell
compartment of the aged OE is capable of neurogenesis.
To study this phenomenon of respiratory metaplasia without using aged animals,
it is feasible to use the DCBN lesion model, which always generates respiratory
epithelium in the dorsal recess. These lesion experiments should be performed in mice in
which Notch signaling has been genetically modulated (knockout, overexpression) in
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HBCs. Because respiratory metaplasia is seen in the dorsal recess of every mouse after
DCBN lesion, it would be trivial to observe a shift in neurogenesis over respiratory
metaplasia in transgenic animals in this area.

6.4.6

In vitro analysis of Notch modulation in HBCs
During my research on the role Notch plays in maintaining HBC quiescence, I

turned to an in vitro model whereby I could study both chemical and genetic
manipulations of the Notch pathway on a two-dimensional HBC system. Interestingly,
my findings in vitro and in vivo did not corroborate one another. In vitro, I found that
loss of RBPJ in HBCs significantly reduced the the levels of p63 protein (Figure X), even
in the setting of NICD overexpression. However, my results above in Chapter 3 suggest
that RBPJ cKO in HBCs in vivo do not lose p63 or Hes1 and do not spontaneously
activate at a higher than normal rate. The current work of Jesse Peterson is focusing on
characterizing the HBCs we are able to isolate in vitro and his initial work shows that it is
possible that our culture system transforms GBCs into HBCs. For example Mash1 GBCs
become HBCs in vitro by lineage trace analysis. Further, all HBCs are dividing in the
culture system. It is unlikely that the HBCs in culture truly represent the HBCs in the
animal, and it would be interesting to find out what factors or niche signals are missing
that permit p63 to drop substantially in the absence of RBPJ in the culture model. This
could be accomplished by culturing HBCs in the setting of different growth factors or no
different gel matrices/ligand combinations. One could also attempt to develop an
HBC/GBC co-culture whereby the GBCs provide a more realistic niche for the HBCs in
vitro.
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Figure 6.3. Notch signaling in an in vitro model of HBC dynamics. (A) the rt-RBPJ
antibody does not label RBPJ cKO HBCs in vitro. 4OHT was administered to RBPJfl/fl
(B) or RBPJfl/flNICD (C) cells and immunostained for p63. (D) Quantification of RBPJ
levels in RBPJ cKO HBCs. (E,F) p63 levels in the conditional knockout HBCs were
quantified by immunostaining intensity.

6.4.7

Primary Cilia and Notch Signaling
Previous studies by Joiner et al. have shown that the primary cilia plays an

important regulatory role in HBCs during OE regeneration (Joiner et al., 2015).
Specifically, while maintenance of the HBC did not seem altered in the setting of HBC
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cilia loss, the loss of HBC cilia did impair regeneration of the OSNs following tissue
injury in adults. Our lab has recently shown that the primary cilia on HBCs serve an
important role in maintaining HBC quiescence through lineage tracing experiments.
When genes required for maintenance of the primary cilia are selectively deleted, HBCs
activate to multipotency and differentiate. It has also been shown in the cornea that the
primary cilia on basal cells is required to maintain basal cell quiescence through
modulation of Notch signaling (Grisanti et al. 2016). Thus, the studies that have been
performed today suggest that Notch signaling might be regulated through a primary HBC
cilia or vis-à-vis.
Using our mice in-house where IFT88 can be deleted in HBCs with a lineage
trace, I propose that we examine the status of active Notch signaling with and without the
cilia in HBCs. Similarly, we can analyze existing Notch1 and Notch2 HBC cKO tissue
for IFT88 and determine whether loss of the Notch receptors alters the cilia morphology
or presence in HBCs. Using FACS sorting, we can purify IFT88 cKO mice and determine
whether canonical Notch signaling is up- or down-regulated by qRT-PCR analysis of
mRNA levels. I have offered speculation as to how the Sus cells interact with HBCs via
the Sus cell foot process with Jag1 ligand, and it is possible that the Sus cell interacts
directly with the primary cilia on HBCs to initiate signaling.

6.5 Conclusions
These studies have significant implications for the role Notch signaling plays in
maintaining HBC quiescence, determining OE cell fate in the regenerating tissue, and
participating in neuronal maturation. While Notch in the developing OE has been studied
to some extent in the OE, this is the first time Notch has been shown to play a significant
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role in signaling for nearly every cell type of the adult OE, whether it is uninjured or
regenerating. Importantly, Notch plays a significant role in maintaining HBC quiescence
in the setting of severe neuronal injury. This has potential for being translated to clinical
medicine, as activation of a neural stem cell population in the setting of severe neuronal
injury could be enhanced by modulation of the Notch signaling pathway.
More broadly, these data also help to progress the Notch field. This is one of few
examples that RBPJ haploinsufficiency can result in a phenotype. I demonstrate this in
two settings and two cell types. First, RBPJ heterozygosity is sufficient to mitigate the
effect of NICD overexpression in the determination of Sus cell fate in the regenerating
OE. Second, RBPJ heterozygosity is sufficient to prevent neurons from maturing in the
uninjured OE. These are both striking phenotypes that are rarely observed, or have not
been looked for, in other tissues. The OE is clearly very sensitive to Notch signaling.
Additionally, I suggest but do not definitely prove, that Notch1 and Notch2 have different
non-redundant functions in HBCs. This, too, is not commonly found in adult tissues, and
requires further study. Finally, I show, as one of only a handful of examples, that RBPJ
serves only a repressive and not an instructive role in the transcription of its canonical
target Hes1. Loss of RBPJ in HBCs results in a Notch-ON state rather than Notch-OFF,
suggesting that RBPJ conditional deletion is not in fact an efficient mechanism to study
pan-Notch signaling knockout.
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APPENDIX A—IN VITRO CULTURE PROTOCOL COURTESY OF JESSE
PETERSON
Pneumacult EX Olfactory Epithelium Culture Protocol (Defined culture)
Updated 4/28/15
Preparing Complete PneumaEx Media (Stemcell Tech #05008)
Add one of each of the following aliquots (stored at -80C) to 5.7 mL of Pneuma EX base
media:
Pneumacult EX supplement (50X) - 120µL aliquots
Gem21 Neuroplex Supplement (50X, without retinoic Acid, Gemini-bio through Fisher,
#400-161) - 120µL aliquots
N2 Neuroplex Supplement (100X, Gemini-bio through Fisher, #400-163) - 60µL aliquots
Growth factors (added fresh when growing cells, not used during dissociation until final
resuspension):
This is PneumaEx -/-/- media.
P-D-L + Laminin Plate coating protocol (non-insert culture):
Thaw Poly-D-Lysine (100µg/mL, MP Biomedicals # 27964-99-4) 3 hours to overnight in
4C on ice. 6mL of is enough for: 6-well plate, 3 50mm dishes, 1 T-75, 1 10cm dish, ½
24 well plate, ½ 12 well plate, 3 chamber slides) Dispense PDL onto slides/plates as
quickly as possible on ice.
Incubate 2 hours at 37C or overnight at 4C, during this time thaw 100X laminin 10µL
or(10X laminin (100µg/mL in 100µL aliquots or , Sigma #L2020)
Dispense laminin onto slides/plates as quickly as possible on ice.
Incubate 2 hours at 37C or overnight at 4C.
Wash w/PBS
OE Dissociation
Note: 1-2 animals (pure septum OE) are enough for 4 wells of a 12 well plate.
1. Sac animal, decapitate and spray head with 70% ethanol.
2. Remove turbinates to isolate septum- make sure to cut off ventral/anterior septum
(respiratory).
3. Place dissected tissue into 2.7 mls PneumaEx-/-/- media (without RSPO1/Rock/Noggin).
4. Thoroughly chop up OE or RE with spring scissors
_______________FROM THIS POINT ON USE ASEPTIC TECHNIQUE
_____________
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5. Using a transfer pipet (use razor to cut if wider opening needed), transfer tissue and
media to 15mL conical tube, add 300 µL 10X collagenase/hyaluronidase cocktail
(Stemcell tech #07912, 3000U/mL collagenase, 1000U/mL hyaluronidase), vortex, place
on rotator in 37C incubator for 1 hour. Near end of hour start warming trypsin for step 8.
7. Spin for 30 seconds @ 80 x g (700rpm, but use 1000rpm on Centra), carefully aspirate
supernatant.
8. Add 5 mL of pre-warmed Trypsin-EDTA (Stemcell tech #07901, 0.25%) to each
sample, pipet up and down a few times to further dissociate.
9. Add 10mL cold HBSS/Hepes/EDTA with 10µL 1000X trypsin inhibitor (MP
Biomedicals #101113, 0.1mg/mL), spin for 5 mins @ 350 x g (1600rpm on Centra).
During this time warm 1mL Dispase (Stemcell tech #07913, 5mg/mL) and 100µL
DNase1 (Stemcell tech #07900, 1mg/mL) for step 10.
10. Carefully aspirate supernatant, add 1mL Dispase and 100µL DNase1 to each pellet,
pipet up and down a few times.
11. Add 10mL cold HBSS/Hepes/EDTA with 10µL trypsin inhibitor, filter through 40
micron mesh cell strainer into 50mL conical tube
12. Spin for 5 mins @ 350 x g (1600rpm on Centra). Prepare PneumaEx+/+/+ as shown
below:
When seeding add the following to 6mL PneumaEx-/-/-:
6µL mouse recombinant Noggin (1000X stock, 100µg/mL) for final concentration of
50ng/mL
30µL human recombinant R-spondin (200X stock, 100µg/mL) for final concentration of
100ng/mL
6µL Rock Inhibitor Y27632 (1000X stock, 10mM) for final concentration of 10µM
This is PneumaEx +/+/+.
13. Carefully aspirate supernatant, resuspend in complete PneumaEx+/+/+ for plating.
Maintenance and Expansion of basal cells
Maintenance
Change growth medium one day after first seeding without Y27632 and then every other
day after.
Passaging
Make sure you have prepared PDL/Laminin coated dishes/flasks
Thaw 5mg/mL Dispase aliquots to room temp
warm PneumaEx -/-/- and prepare PneumaEx+/+/+
Aspirate growth media
Rinse with PBS (volume equivalent to growth media), aspirate PBS.
Cover cells with 1:5 dispase: PneumaEx-/-/- (volume equivalent to ½ of growth media)
Incubate 3-5min @ 37C.
Aspirate and wash with PBS x 3. Add PneumaEx-/-/- to cells and use scraper to
resuspend.
Transfer cells to a 15mL or 50mL centrifuge tube, rinse flask/plates with a few mLs of
PBS and transfer to same tube to collect leftover cells.
Centrifuge cells for 5 mins @ 350 x g (1600rpm on Centra).
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Resuspend cells by pipetting up and down a few times to a final volume of 2-3mL +/+/+,
count cells using hemacytometer and trypan blue for viability (see Appendix A)
Seed 3,500 cells/cm2
100mm dish (growth area 60cm2)= 210,000 cells in 15 mL BEGM media
60mm dish (growth area 20cm2)= 70,000 cells in 5 mL BEGM media
35mm dish (growth area 10cm2)= 35,000 cells in 2 mL BEGM media
24 well plate (growth area 2cm2)= 7,000 cells per well in 500 µL BEGM media
12 well plate (growth area 4cm2)= 14,000 cells per well in 1mL BEGM media
6 well plate (growth area 10cm2)= 35,000 cells per well in 2mL BEGM media
T150 flask (growth area 150cm2)= 525,000 cells in 40 mL BEGM media
T75 flask (growth area 75cm2)= 262,500 cells in 20 mL BEGM media
T25 flask (growth area 25cm2)= 87,500 cells in 5 mL BEGM media (recommended)
4 well chamber slide (growth area 1.7 cm2)= 6,000 cells in 0.5mL BEGM media
8 well chamber slide (growth area 0.7 cm2)= 2,500 cells in 0.25mL BEGM media
Grow to 60-80% confluency
Calculate # of flasks for split = (Total # of viable cells)/(Growth area x recommended
density)
Add complete PneumaEx growth medium to new culture flasks/plates/dishes, mix diluted
cells to ensure even suspension, dispense equally to new culture flasks/plates/dishes.
IF USING NON-VENTED FLASKS (i.e. Corning orange caps) MAKE SURE THAT
CAPS ARE LOOSENED
Place new cultures in incubator.
Differentiation
For neural differentiation, use BEGM-/-/- media with 2µM Retinoic Acid. Tuj1+ neurons
will appear ~2 weeks. For respiratory differentiation, use PneumaCult-ALI system.
PneumaCult-ALI System for Air Liquid Interface Cultures
Preparation of PneumaCult-ALI Complete Base Medium
Thaw PneumaCult-ALI 10X Supplement overnight at 4C
Add 50mL PneumaCult-ALI 10X Supplement to 450mL of PneumaCult-ALI Basal
Medium. Complete medium is stable for 2 weeks at 4C or can be aliquoted and frozen at
-20C for up to 12 months. Avoid freeze-thaw.
Preparation of 200X Hydrocortisone Stock Solution
Weigh 2.4mg hydrocortisone and dissolve in 1mL ddH2O
Weigh 100mg sodium chloride and dissolve in 5mL ddH2O. Bring to 10mL with ddH2O.
Prepare the 200X (96µg/mL) stock solution (makes 5mL):
- 200µL hydrocortisone solution
- 4.25mL chloride solution
- 540µL ddH2O
- 10µL absolute EtOH
Filter solution through 0.22µm filter to sterilize
Aliquot solution (e.g. 125µL/tube) and store at -20C.
Preparation of Collagen-coated Inserts
Coat each insert with 125µL of a 0.03mg/mL Collagen type 1 solution in sterile water or
Ca2+/Mg2+ free PBS
Incubate at 37C overnight
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Expansion Phase
Wash each T-25 flask for submerged culture 2mL of warm Ca2+/Mg2+-free PBS
Add 2mL of warm 0.025% Trypsin-EDTA, incubate at 37C until cells can be dislodged
Neutralize trypsin by adding an equivalent volume of 1mg/mL Trypsin inhibitor in HBSS
to each flask
Collect suspension into 15mL conical tube and centrifuge at 350 x g (1.5 x 1000 on
centrifuge in culture room) for 5 mins
Remove supernatant and resuspend pellet in 1-2mL of warm BEGM
Perform cell and viability count
Prepare cells at a concentration of 180,000 cells/mL in BEGM
Remove excess collagen from inserts and rinse twice with 100µL of Ca2+/Mg2+ free PBS,
aspirate, and add 500µL of warm BEGM to basal chamber, do not allow inserts to dry
out.
Plate 250µL of cell suspension per apical chamber
Incubate at 37C until confluent
Replace media in basal (500µL) and apical (250µL) chamber with BEGM every two days
Maintenance Phase
Prepare PneumaCult-ALI Maintenance Medium (prepare fresh) by adding following
components per 1 mL of PneumaCult-ALI Complete Base Medium
- 10µL PneumaCult-ALI Maintenance Supplement (100X)
- 2µL heparin (of a 2 mg/mL stock solution
- 5µL hydrocortisone (of a 96µg/mL stock solution)
Remove media from both basal and apical chambers. Add 500µL warm PneumaCultALI maintenance media to basal chamber only and return to incubator
Replace media in basal chamber every 2 days
Two weeks after maintenance phase, start removing excess mucus from apical surface by
GENTLY flushing with 500µL warm Ca2+/Mg2+-free PBS, repeating as required.
Hemacytometer and Trypan Blue Viability count
Add 25µL cell suspension to a 0.5mL tube
Add 25µL 0.4% Trypan blue solution (does not enter viable cells)
Mix thoroughly and allow to stand for 3-5 mins
Transfer 10µL of cells into chamber of hemacytometer
Count all cells (keep separate counts of blue (dead) and clear (alive) cells in 1mm center
square and four corner squares. Note that count should be between 50 and 200, if too
high then add PBS to cells/trypan blue solution and adjust for dilution factor.
Repeat count on other hemacytometer chamber
Calculations:
Cells per mL = average count per square x dilution factor x 10,000
Total cells = Cells per mL x original volume of media from which cell sample
was taken
Total viable cells = (Total cells x percent viability)/100
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Reagents Needed
BEGM Bullitkit Base Media (Lonza #CC-3170)
B27 supplement (Life Tech #12587010, without retinoic acid)
N-2 supplement (Life Tech #17502048)
Matrigel (Corning, cat # 354230, growth factor reduced prepare 0.5mg, 1mg, and 2mg
aliquots, store @-80C)
Human R-spondin1 (Sinobiological #11083-HNAS prepare 200X stock, 100µg/mL in
30µL aliquots store @-80C)
Mouse Noggin (Sinobiological #50688-M02H prepare 1000X stock, 100µg/mL in 15µL
aliquots store @-80C)
Rock Inhibitor Y27632 (Fisher #BDB562822 prepare 1000X stock, 20mM store @-80C)
10X collagenase/hyaluronidase cocktail (Stemcell tech #07912, 3000U/mL collagenase,
1000U/mL hyaluronidase, prepare 300µL aliquots store @-80C),
Trypsin-EDTA (Stemcell tech #07901, 0.25%, prepare 10mL aliquots store @-80C)
HBSS/Hepes/EDTA
Trypsin Inhibitor (MP Biomedicals #101113, 0.1mg/mL prepare 10µL aliquots store @80C)
Dispase (Stemcell tech #07913, 5mg/mL, prepare 1mL aliquots store @-80C)
DNase1 (Stemcell tech #07900, 1mg/mL prepare 50µL aliquots store @-80C)
Retinoic Acid (Sigma R2625-500mg prepare 250X stock, 500µM in 200µL aliquots store
@-80C)
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