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ABSTRACT

The ability of the mesenchyme to produce soluble factors that influence epithelial growth
and differentiation is a concept that has been well-studied in multiple tissue systems.
This cross-talk between different cellular compartments is a fundamental requirement of
development, and one that is often exploited in disease, such as cancer. The olfactory
epithelium (OE) is a neuroepithelial tissue that is appealing to study both because of the
ease of tissue accessibility and the persistent replenishment, and thus active stem cell
niche, of all cell types throughout adult life. As with most tissues, the OE contains an
underlying mesenchymal compartment, the lamina propria (LP), which, together with the
OE, comprise the full olfactory mucosa (OM). Although some effort has been directed at
understanding the role of the LP in the repair of both olfactory sensory neurons (OSNs)
and support cells of the OE after injury, the secretome of this mesenchyme and its effect
on the OE are largely unknown.

A goal of this project was to use an in vitro, 3-D sphere model to study the effects of
LP-derived soluble factors on OE progenitor differentiation. We focused on Neuregulin1
(Nrg1), a protein that exists in multiple isoforms and that has been studied in many other
tissues. Nrg1 is a ligand that functions by binding to and activating ErbB receptors,
initiating signaling cascades that are crucial for development. Although Nrg1 has been
identified as a component of the LP, its function remains elusive. To better understand
the effect Nrg1 exerts on the OE, we addressed 2 major questions–1) What is the
expression pattern of Nrg1 isoforms and ErbB receptors in the OM? and 2) What are the
functional consequences of Nrg1 during OE regeneration?
i

Using a combination of RT-qPCR, FACS, and immunohistochemistry (IHC), we
meticulously identified both the repertoire of Nrg1 isoforms present in the OM, as well
as their cell type-specific expression patterns. These analyses confirmed the presence of
8-9 Nrg1 isoforms–with structure variability that support both juxtacrine and paracrine
signaling mechanisms. Additionally, we confirmed the presence of 3 ErbB receptors
in the OE and provided IHC evidence that ErbB receptors are in a position to respond
to a soluble isoform of Nrg1 during OE regeneration. We looked at the functional
consequence of Nrg1 signaling by utilizing a 3-D in vitro sphere model developed in our
lab to assay the differentiation of OE progenitor cells upon growth factor(s) stimulation.
We found that stimulation by a recombinant form of soluble Nrg1 (rNrg1) alone is
capable of inducing sphere growth. Using RT-qPCR and IHC, we further showed that OE
progenitor cells stimulated with rNrg1 develop into spheres that are highly enriched for
duct/gland (D/G) cells, a support cell of the OE. These data suggest that Nrg1 is capable
of directing OE progenitor cells towards a specific, D/G cell lineage.

Ultimately, this project thoroughly interrogates the expression pattern of Nrg1 isoforms
and ErbB receptors, defining specific cell populations that express these proteins and
providing a framework to further study the biochemical significance of Nrg1/ErbB
signaling in the OE. Moreover, these data highlight the ability of a single factor to
influence stem cell fate. By confirming the validity of our 3-D culture system as a
method to effectively model the in vivo environment, these results support a method to
study the secretome of the LP and the effect of other growth factors on OE progenitors.
Finally, these data highlight a previously unappreciated function of D/G cells in OE
regeneration by uncovering a role for Nrg1 in D/G cell expansion.
ii
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Chapter 1:
THE OLFACTORY EPITHELIUM AND ITS
UNDERLYING MESENCHYME

1

I. GENERAL INTRODUCTION

The olfactory epithelium (OE) is responsible for encoding odorant signals from the
environment and relaying chemosensory information to the brain. As a consequence of
its contact with the external environment, the OE is vulnerable to a range of potential
insults, and neurogenesis is ongoing and robust. A unique characteristic of this
neuroepithelium is its ability to regenerate all cell types after injury. Regeneration is
achieved by 3 populations of progenitor cells– horizontal basal cells (HBCs), globose
basal cells (GBCs), and Bowman’s duct/gland (D/G) cells. Architecturally, these
progenitor cells lie adjacent to, or beneath, a basal lamina, separating the olfactory
mucosa (OM) into an epithelial compartment (apical) and a mesenchymal compartment
(basal), termed the lamina propria (LP). By analogy to other tissues, soluble factors
released from the mesenchymal LP likely have an effect on cells situated in the
epithelium, providing a wide range of possible secretory factors capable of influencing
growth and differentiation.

Here, I aim to introduce this tissue, both in its cellular composition, and its generation,
during development and after injury. After developing an understanding of the intricate
architecture and function of the OM, I will provide an overview on the influence of the
LP in OE regeneration and the putative role of Neuregulin1 (Nrg1)/ErbB signaling in this
process.
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II. CELL TYPES OF THE UNINJURED ADULT OLFACTORY SYSTEM

The OE and its underlying mesenchyme, the LP, together form the OM, which is situated
in the posterodorsal aspect of the nasal cavity (Figure 1). The rich cellular composition
of the OM necessitates a comprehensive overview to establish the fundamental
morphological and immunohistochemical methods used to study this tissue (summarized
in Figure 2).

Figure 1. Schematic of the mouse nasal cavity. Inhalation of an odor is perceived by
the olfactory epithelium (OE) and transmitted to the olfactory bulb (OB). Adapted from
Dugue and Mainen, 2009.

Supporting cells: sustentacular (sus) cells and microvillar cells (MVCs)

Sus cells are tall, columnar epithelial cells spanning the entire breadth of the epithelium.
At their apical end, they are broader, housing their nuclei and exposing multiple cilia
on the cell surface, while thin foot processes extending to the basal lamina result in an
overall “goblet” shape (Morrison and Costanzo 1990). In addition to providing structural
support, sus cells protect the OE both by maintaining a physical barrier to the external
environment through expression of E-Cadherin (ECAD) adherins junctions, and by
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Figure 2. Schematic of OE cell types and immunohistochemical characterization.
Left, from apical to basal: Sustentacular (sus) cells, microvillar cells (MVCs), Bowman’s
duct/gland (D/G) cells, mature olfactory sensory neurons (OSN)s, immature OSNs,
globose basal cells (GBCs), horizontal basal cells (HBCs), LP fibroblasts, and olfactory
ensheathing cells (OECs). Right, table of commonly used cell type markers.
expressing 2 enzymes, cytochrome p-450 and glutathione s-transferase, which function to
metabolize foreign compounds (Dahl, Hadley et al. 1982; Hadley and Dahl 1982; Banger,
Foster et al. 1994; Thornton-Manning, Nikula et al. 1997; Akins, Benson et al. 2007).
In addition to its protective role, sus cells also have a functional role in maintaining an
equilibrium between cell death and proliferation, displaying phagocytic activity upon
neuronal death (Suzuki, Takeda et al. 1996).

Sus cells are marked by high expression of cytokeratins 8 and 18 (CK8/18), as well as
expression of the transcription factors (TFs) Sox2, Pax6, and Hes1 (Suzuki and Takeda
1991; Pixley 1992b; Cau, Gradwohl et al. 2000; Manglapus, Youngentob et al. 2004;
Guo, Packard et al. 2010). To a lesser degree, sus cells can be identified by ECAD,
glutathione S-transferase, and cytochrome p-450 (Thornton-Manning, Nikula et al. 1997;
Akins, Benson et al. 2007).
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A second class of support cells, MVCs, are much less understood, however recent data
have begun to characterize these cells and provide insight into potential functionality.
MVCs are flask-shaped cells that are superficially-located amongst sus cells. Although
most MVCs have both a microvilli tuft extending apically and the presence of slender
foot processes extending towards the basal lamina, no observation of these processes
penetrating the LP have been observed (Asan and Drenckhahn 2005; Hansen and Finger
2008; Hegg, Jia et al. 2010). This cell type represents roughly 5% of all OE cells,
and they have recently been classified into 2 subpopulations on the basis of molecular
markers.

CD73-MVCs show positivity for ecto-5´-nucleotidase (CD73) and are comprised of
MVCs expressing type-3 inositol-triphosphate receptors (IP3R3), phospholipase C beta
2 (PLC-β2), and transient receptor potential channels 6 (TRPC6) (Elsaesser, Montani et
al. 2005; Pfister, Dietrich et al. 2012). TRPM5-MVCs express both transient receptor
potential cation channel subfamily M member 5 (TRPM5) and choline acetyltransferase
(ChAT) (Lin, Margolskee et al. 2007; Lin, Ezekwe et al. 2008; Ogura, Szebenyi et al.
2011). Although there is evidence that a third subtype of MVCs expresses Na+,K+ATPase, recent work has not been able to confirm these results, and the presence of this
variant is undetermined (Menco, Birrell et al. 1998; Asan and Drenckhahn 2005; Pfister,
Dietrich et al. 2012). In addition to subtype-specific expression markers, other markers
have been shown to be expressed in nearly all types of MVCs, including: ankyrin, CK18,
villin, and espin (Asan and Drenckhahn 2005; Hansen and Finger 2008).
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Although no direct functional role for these cells has been observed, molecular marker
characterization has intimated at various putative functions for different MVC subtypes.
CD73-MVCs are hypothesized to influence neuroproliferation through the selective
release of neuropeptide Y (NPY) (Hansel, Eipper et al. 2001; Montani, Tonelli et al.
2006; Jia and Hegg 2012; Pfister, Dietrich et al. 2012). The TRPM5-MVCs have been
suggested to modify or act on neighboring cells through acetylcholine (ACh) release
(Ogura, Szebenyi et al. 2011). By analogy to TRPM5 expression in taste cells, it is also
possible that this MVC subset could be activated upon Ca2+ to participate in response
to semiochemicals, or pheromones, although without functional axons the mechanism
behind such signaling is unclear (Kaske, Krasteva et al. 2007; Zhang, Zhao et al. 2007).
Confirming these hypotheses remains an area of continued research.

Olfactory sensory neurons (OSNs)

OSNs represent the bulk of the OE and express G protein-coupled receptors that sense
and transmit chemical sensory information (Bronshtein and Minor 1977; Pace, Hanski et
al. 1985; Sklar, Anholt et al. 1986; Jones and Reed 1989; Boekhoff, Tareilus et al. 1990;
Breer, Boekhoff et al. 1990). OSNs are bipolar in shape, extending a dendrite through
the apical surface of the epithelium for odorant detection, and axons through the LP to
transmit signals to the olfactory bulb (OB) for higher level processing by the central
nervous system (Graziadei and Graziadei 1979a; Graziadei and Graziadei 1979b). The
spatial arrangement of basally-located immature neurons to apically-located mature
neurons is responsible for the pseudostratified nature of the OE (Graziadei and Graziadei
1979b).
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Higher level olfactory processing depends upon a combinatorial code, whereby the
unique patterning of glomerular activation through odorant stimulation provides a type
of topological map to discriminate between odors (Adrian 1950; Stewart, Kauer et al.
1979; Kauer 1991). Each OSN, expressing a single odorant receptor (OR) of the 1000
loci in the gene family, is expressed in a zonal pattern along specific dorsal-ventral and
medial-lateral axes, displaying a highly conserved degree of spatial expression and
bilateral symmetry (Buck and Axel 1991; Buck 1992a; Buck 1992b; Ressler, Sullivan
et al. 1993; Vassar, Ngai et al. 1993). Upon monoallelic OR selection, all other ORs are
epigenetically silenced in each OSN, ensuring discrete odorant binding, with axons from
OSNs encoding the same ORs targeting the same glomeruli in the OB (Chess, Simon
et al. 1994; Ressler, Sullivan et al. 1994; Mombaerts 2004; Shykind 2005; Magklara,
Yen et al. 2011). Thus, specific combinations of odorants lead to a specific patterning
of activated glomeruli, and result in a highly discriminatory means of odorant detection
(Malnic, Hirono et al. 1999).

Various markers are used to identify OSNs. The youngest immature OSNs can be
detected by neuron-specific tubulin (Tuj1), PGP9.5, NCAM, and GAP43 (Verhaagen,
Oestreicher et al. 1989; Kent and Rowe 1992; Roskams, Cai et al. 1998). Additionally,
these OSNs can be identified morphologically by their more basal location and
underdeveloped dendrites that terminate before reaching the epithelial surface. As
neurons mature, they become more apically-located, and acquire more elaborate
dendritic processes as well as axons that penetrate through the LP and are protected by
olfactory ensheathing cells (discussed further below) (Schwob, Szumowski et al. 1992).
In addition to the markers listed above, which are expressed at lower levels in mature
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neurons, they also express olfactory marker protein (OMP), olfactory GTP-binding
protein alpha-subunit (GOLF), and adenyl cyclase III (Farbman and Margolis 1980;
Jones and Reed 1989; Bakalyar and Reed 1990).

Basal cells: GBCs and HBCs

The OE contains 2 types of basal cells that were originally identified on the basis of
ultrastructural characteristics and have since been shown to have divergent progenitor
capacities.

GBC. GBCs were originally characterized by electron microscopy to be electron-light
and positioned just above the basal lamina (Graziadei and Metcalf 1971; Graziadei and
Graziadei 1979a; Holbrook, Szumowski et al. 1995). These cells were soon characterized
as a stem/progenitor cell, based on tritiated thymidine retention and mitotic activity,
with functions in both repair and maintenance of the OE (Moulton 1974; Graziadei
and Graziadei 1979a; Hinds, Hinds et al. 1984; Mackay-Sim and Kittel 1991). The
heterogeneity of the quiescent, thymidine-retaining cells and the actively dividing cells is
made apparent by the cascade of TFs that identify different stages of GBC cycling.

Actively dividing, multipotent progenitor GBCs (GBCMPP) are recognized on the basis of
the cell cycling markers Ki67, PCNA, and TF Sox2, and Pax6 positivity (Guo, Packard
et al. 2010). In addition, a population of dormant GBCs can be labeled by the cell
cycle arrest marker p27KIP (Jang, Chen et al. 2013). As GBCs divide and commit to a
neuronal lineage, they go through various levels of TF activation: GBC transit amplifying
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(GBCTA) cells express
Mash1 (aka Ascl1), and
GBC immediate neuronal
precursors (GBCINP) express
Neurogenin1 (Neurog1) and
NeuroD1 (Gordon, Mumm
et al. 1995; Manglapus,
Youngentob et al. 2004;
Packard, Giel-Moloney
et al. 2011) (Figure 3).
In addition to neuronal
differentiation, GBCs can

Figure 3. Schematic of TF expression of neuronallineage GBCs. Color-coded TF progression from
multipotent (left) to mature neuron (right) for GBC
maturation. Relevant markers are listed to the left with
corresponding temporal expression indicated to the right.
Adapted from Julie Hewitt (unpublished).

also commit to the sus cell
lineage (GBCTA-SUS) by expressing Hes1 immediately following differentiation of GBCTA
cells (Cau, Gradwohl et al. 2000; Manglapus, Youngentob et al. 2004). In addition
to TFs, most GBCs are also recognized by the monoclonal antibodies GBC1, 2, and
3, which identify immature laminin receptor precursor protein (iRLP) (Goldstein and
Schwob 1996; Goldstein, Wolozin et al. 1997; Jang, Youngentob et al. 2003).

HBC. Like GBCs, HBCs were also originally characterized on ultrastructural grounds,
where they were shown to be electron-dark and positioned immediately adjacent, and
usually adherent to, the basal lamina (Graziadei and Metcalf 1971; Graziadei and
Graziadei 1979a; Holbrook, Szumowski et al. 1995). Importantly, contacts made
between HBCs and the basal lamina, through hemidesmosomes, appear to surround
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axonal bundles penetrating into the LP, although it is unknown if and how there
is communication between these 2 cell types (Holbrook, Szumowski et al. 1995).
Originally thought to be completely quiescent, these cells were shown to have the
capacity to become activated upon injury and participate in reconstitution of all OE cell
types, thereby representing a reserve stem cell population (Schwartz Levey, Chikaraishi
et al. 1991; Huard and Schwob 1995; Leung, Coulombe et al. 2007; Packard, Schnittke et
al. 2011). These cells show strong expression of CK5, CK14, intracellular cell adhesion
molecule (ICAM1/CD54), EGFR, p63, and the Iβ4 lectin produced by Bandeiraea
simplicifolia (BS-1) (Suzuki and Takeda 1991; Holbrook, Szumowski et al. 1995; Carter,
MacDonald et al. 2004). They additionally show some overlap with the GBC markers,
Sox2 and Pax6, although this expression is less intense than what is seen in GBCs (Guo,
Packard et al. 2010). Our lab (unpublished data) and others have shown that HBC
activation is dependent on an immediate and transient downregulation of p63, which
releases HBCs from their dormancy and allows for differentiation (Fletcher, Prasol et al.
2011).

Bowman’s D/G cells

Bowman’s glands are tubular cells residing in the LP, from which acini of Bowman’s
ducts extend vertically through the basal lamina to span the full width of the OE
(Cuschieri and Bannister 1974; Cuschieri and Bannister 1975; Brittebo 1997). These
cells are highly polarized, containing apically-situated granules that are responsible for
secreting mucopolysaccarides onto the surface of the OE (Cuschieri and Bannister 1974).
The mucous-secreting function of D/G cells is multifaceted, playing roles in both odor
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diffusion as well as providing a barrier from environmental toxins through the secretion
of antibacterial and antimicrobial immune and defense factors, including lactoferrin,
lysozymes, and immunoglobulins (Cuschieri and Bannister 1974; Getchell and Getchell
1991). Like sus cells, D/G cells have also been shown to express cytochrome p-450,
which likely represents a detoxification mechanism for inhaled contaminants, and
which can be exploited for regenerative studies, as discussed later (Dahl, Hadley et
al. 1982; Hadley and Dahl 1982; Brittebo 1997; Thornton-Manning, Nikula et al.
1997). In addition to their secretory function, D/G cells have also been shown to have
a progenitor capacity, although it is far less extensive than basal cells. D/G cells, which
are spared upon harsh injury, have been shown to give rise to non-neuronal cells of the
OE (duct, gland, and sus cells) (Huard, Youngentob et al. 1998). As mentioned above,
D/G cells can be recognized by their expression of cytochrome p-450, additionally they
express CK8 and CK18, ECAD, the TFs Sox9, and to a lesser extent Pax6, and are also
recognized by 2 monoclonal antibodies, GLA-13 and Sus4 (Hempstead and Morgan
1985; Voigt, Guengerich et al. 1985; Getchell and Getchell 1992; Goldstein and Schwob
1996; Guo, Packard et al. 2010).

Cell types of the LP

The LP is highly cellular and heterogeneous, encompassing multiple different cell
types with miscellaneous functions. As mentioned above, both Bowman’s glands and
axon fascicles of OSNs reside in the LP (Cuschieri and Bannister 1974; Graziadei and
Graziadei 1979a). Olfactory ensheathing cells (OECs) are a unique glial cell of the LP,
which interact directly with axon fascicles and have important roles in insulation, axonal
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guidance after injury, and phagocytosis of axonal debris (Doucette 1984; Doucette 1991;
Chuah, Tennent et al. 1995). More recently, their role after injury has been exploited
in spinal cord research, where they have been shown to strongly promote repair and
increase function of damaged spinal cords (Ramon-Cueto and Nieto-Sampedro 1994;
Li, Field et al. 1998). Their promise in spinal cord repair is substantial, already in stage
I clinical trials in humans, and current studies have aimed at optimizing purification and
in vitro expansion to obtain quantities necessary for therapeutic use (Barnett, Hutchins
et al. 1993; Kawaja, Boyd et al. 2009; Mackay-Sim and St John 2011). OECs express a
large variety of immunohistochemical markers and are typically characterized by their
expression of the glial cell marker, S100β, the astrocytic marker, glial fibrillary acidic
protein (GFAP), and the Schwann cell marker, p75NTR, however they additionally express
CD44, β1 integrin, P200, Notch 3, NG2, vascular endothelial growth factor (VEGF),
pituitary adenylate cyclase activating polypeptide (PACAP), and CREB binding protein
(CBP) (Barber and Dahl 1987; Pixley 1992a; Au and Roskams 2003).

Additional cell types of the LP have less well-characterized functions. A population of
cells with a stem-like capacity, olfactory ecto-mesenchymal stem cells (OE-MSCs),
has been identified and shown to have neural differentiative properties (Murrell, Feron et
al. 2005; Delorme, Nivet et al. 2010). Other miscellaneous cell types in the LP include
macrophages, which have a role in debris-clearing and may communicate with neurons
to promote neuronal survival, lymphocytes, mast cells, and fibroblasts, all of which are
suspended in a rich extracellular matrix (Getchell and Getchell 1991; Mellert, Getchell
et al. 1992; Suzuki, Schafer et al. 1995; Borders, Hersh et al. 2007; Blomster, Vukovic et
al. 2011). The architecture of this surrounding connective tissue is abundant in laminin,
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heparin sulfate proteoglycans (HSPGs), collagen IV, fibronectin, and chondroitin sulfate
proteoglycans (CSPGs), and evidence exists that OECs function to secrete various matrix
constituents (Katoh-Semba and Oohira 1993; Doucette 1996; Treloar, Nurcombe et al.
1996; Whitesides and LaMantia 1996; Tisay and Key 1999).

Although LP fibroblasts have been recognized for their ability to secrete growth factors
that likely influence epithelial differentiation, surprisingly little attention has been paid to
the physiological consequence of their secretome (Mumm, Shou et al. 1996; LaMantia,
Bhasin et al. 2000). Studies conducted thus far in vitro have not taken into account the
3-D architecture of the LP, which is known to secrete factor that can influence growth.
(Mahanthappa and Schwarting 1993; DeHamer, Guevara et al. 1994; Goldstein, Wolozin
et al. 1997; Shou, Rim et al. 1999; Getchell, Narla et al. 2000; Shou, Murray et al. 2000).
LP fibroblasts can be recognized immunohistochemically by expression of Thy1.2
(Krolewski, Jang et al. 2011).
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III. EMBRYONIC DEVELOPMENT AND POST-NATAL MAINTENANCE OF THE OE

Embryonic development

In order to fully appreciate the regenerative capacity of the OE into adulthood, it first
helps to consider the events leading to its initial development. Indeed, regeneration in the
adult mimics many aspects of early tissue establishment, and these similarities will help
develop a foundation to understand de novo reconstitution.

The OE derives from the olfactory placode
and is first recognized as an epithelial
thickening of non-neuronal ectoderm in
rostrolateral regions of the head as early
as embryonic day 9 (E9) in the mouse
(Cuschieri and Bannister 1975) (Figure 4).
A series of observations from knock-out
mice have implicated the TFs Pax6, Sox2,
and Oct-1 in placode induction (Donner,
Episkopou et al. 2007; Bhattacharyya
and Bronner-Fraser 2008). By E10, the
thickened olfactory placode begins to
Figure 4. Schematic of olfactory placode
induction during embryonic development.
The olfactory placode derives from the
what will become the nasal cavity. During
ectoderm at E9 through an epithelial
thickening, evolving into the olfactory pit.
nasal cavity development, a wide range
Adapted from Feinberg and Mallatt, 2013.
invaginate, producing an olfactory pit, and
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of secreted factors from the mesenchyme have been shown to specify polarity and axes
delineation, with the most-studied being retinoic acid (RA), fibroblast growth factors
(FGFs), and bone morphogenetic proteins (BMPS). Specifically, establishment of the
lateral axis has been shown to involve RA, the medial axis requires both FGF8 and sonic
hedgehog (Shh), and institution of the posterior axis is mediated by BMP4 signaling
(LaMantia, Bhasin et al. 2000; Bhasin, Maynard et al. 2003; Kawauchi, Shou et al. 2005).

Development of the OB, unlike the OE, derives from the germinal zone of the neural
tube and does not begin to form until after generation of the nascent OE and growth
of olfactory axons (Valverde, Santacana et al. 1992; Lopez-Mascaraque, De Carlos et
al. 1996). OSN axons grow through the mesenchyme after piercing the basal lamina
and navigate to the telencephalon, where the OB will develop. This axon growth is
augmented by a mass of non-neuronal cells, likely OEC precursors, among others, that
provide molecular guidance cues to direct axons down a highly standardized path to
a predetermined region of the rostral telencephalon (Valverde, Santacana et al. 1992).
Although a thorough understanding of molecular signaling here is not complete, studies
have shown an importance in extracellular matrix (ECM) proteins, with laminin, NCAM,
and HSPGs being permissive to migration and CSPGs being inhibitory (Gong and
Shipley 1996; Treloar, Nurcombe et al. 1996; Whitesides and LaMantia 1996). Upon
contact with the rostral-most tip of the telencephalon at E11.5, initial development of
the OB is initiated (Marin-Padilla and Amieva 1989; Treloar, Purcell et al. 1999). By
E12, a primary olfactory nerve layer is formed and the beginning of glomerulogenesis
commences (Hinds 1968; Marin-Padilla and Amieva 1989; Treloar, Purcell et al. 1999).
Again, as with OE development, various TFs and secreted factors regulate the patterned
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axes development: the rostral-caudal axis by FGFs, the dorsoventral axis by Wnts and
BMPs, and the medial-lateral axis by the TFs Emx2, Pax6, and COUP-TF (Furuta, Piston
et al. 1997; Rubenstein, Anderson et al. 1999; Bishop, Goudreau et al. 2000; Cecchi,
Mallamaci et al. 2000; Fukuchi-Shimogori and Grove 2001; Zhou, Tsai et al. 2001;
Hebert, Mishina et al. 2002; Gunhaga, Marklund et al. 2003).

Generation of mitral/tufted (M/T) cells, necessary to bridge connections from OSNs to
cortical regions of the central nervous system (CNS), begins around the same time as
OB formation, with new cells migrating radially as OSNs arrive and extending multiple
dendrites (E11-E16) (Sugisaki, Hirata et al. 1996; Blanchart, De Carlos et al. 2006).
From E17 through early postnatal, these cells undergo significant pruning to reach
maturity and express a single dendrite (Malun and Brunjes 1996; Blanchart, De Carlos
et al. 2006). OSNs begin to associate with the immature M/T cells immediately before
birth, although full synaptogenesis continues postnatally (Hinds and Hinds 1976a; Hinds
and Hinds 1976b; Hwang and Cohen 1985) (Figure 5).

Unlike the mature OE, the developing OE contains an apically-located progenitor
population that begins to give rise to OSNs in the medial regions of the OE by
E11.5-E12.5, which is shortly after the olfactory pit stage has been defined (Smart 1971).
Sus cells and D/G cells develop by E14.5-E17, at which point the progenitor cells migrate
from the apical to the basal margin (Cuschieri and Bannister 1975). HBCs are the last
cell type generated, and their development is anticipated by p63 expression in olfactory
placode progenitors that are GBC-like, expressing Sox2 and, to a lesser extent, Mash1/
Ascl1 and Hes1 (Packard, Schnittke et al. 2011). Fully mature HBCs, p63(+)/ CK14(+),
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Figure 5. Development of axonal connections from the OE to the CNS. (A)
Embryonic schematic of OE axon extension to the OB. M/T cells in the OB have
multiple dendritic extensions and do not make connections with the axons from the
OE. (B) Postnatal schematic of OE axons converging in organized glomeruli. M/T cell
pruning results in a single dendrite that extends and connects with OE axons in each
glomerulus. nc-nasal cavity, oe-olfactory epithelium, onl-olfactory nerve layer, glglomerular layer, mcl-mitral cell layer. Adapted from Treloar et al, 2010.
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are present by E17.5 and continue to mature to full confluency up to P10 (Holbrook,
Szumowski et al. 1995; Packard, Schnittke et al. 2011).

Lesion models to study OE regeneration

Of crucial importance to the OE is its capacity to handle cell turnover and regenerate
all cell types when faced with normal exposure to environmental toxins, or more severe
injury. This ability, combined with an easily accessible anatomical position, makes the
OE an ideal system in which to study neuroepithelial regeneration. In order to exploit
this regenerative capacity, various injury models exist that result in OE depletion and
provide a mechanism to trigger and study the in vivo effects of OE reconstitution and
neurogenesis.

Olfactory bulbectomy (OBX). Axotomy, or removal of one (or both) OBs, results in
rapid neuronal death on the ipsilateral side through apoptosis (Costanzo and Graziadei
1983). Activated stem cells are able to replenish the neuronal population, but only
partially and with decreased thickness overall (Schwartz Levey, Chikaraishi et al. 1991;
Carr and Farbman 1992). These new neurons express high levels of the immature OSN
marker, GAP43, and low levels of the mature OSN marker, OMP, resulting in a constant
state of neurogenesis in the OE, and revealing a trophic dependence of OSNs on the OB
to fully mature (Chuah and Farbman 1983; Verhaagen, Oestreicher et al. 1990; Schwob,
Szumowski et al. 1992; Holcomb, Mumm et al. 1995). This injury model is useful in
studying the expansion of neuronal progenitors, but, since it does not affect other cell
types, it cannot provide insight into the dynamics of support cell regeneration.
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Figure 6. Regeneration of the OE following MeBr lesion in the rat. The left
panel shows normal H&E staining of uninjured rat OE. The center panel shows the
depletion of the full width of the OE 1 day post-MeBr lesion. The right panel shows OE
reconstitution 2 weeks post-lesion. Adapted from Schwob et al, 1995.

Methyl Bromide (MeBr). MeBr is an olfactotoxic gas that is thought to be metabolized
into damaging free radicals by the cytochrome p-450 enzyme found in both sus and D/G
cells, and is capable of depleting the OE of all mature cell types and sparing a progenitor
population of GBCs, HBCs, and Bowman’s duct, but not gland, cells (Eustis, Haber et
al. 1988; Hurtt, Thomas et al. 1988; Schwob, Youngentob et al. 1995). Severity of lesion
can be manipulated by modulating the dosage, and can be optimized for each mouse
strain. Recovery is highly standardized, both by temporal emergence of cell type and
molecular markers, and is achieved relatively quickly after depletion. Immediate cell
death occurs within 24 hours after exposure, followed by an increase in proliferation
of the GBC, HBC, and Bowman’s duct cells (Schwob, Youngentob et al. 1995; Leung,
Coulombe et al. 2007). By 3 days post lesion (dpl), sus cells can be recognized on the
basis of CK18 positivity, and continue to mature up to 14 dpl (Schwob, Youngentob et al.
1995). The emergence of the first immature OSNs, characterized by GAP43 expression,
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Figure 7. Temporal regulation of OE recovery by TFs after MeBr lesion. The
regenerative capacity of HBCs, GBCs, and D/G cells following MeBr lesion is shown
with cell type-specific regeneration highlighted both temporally and by TF expression.
Legend refers to days post-MeBr lesion. Adapted from Krolweski, 2010.

is seen at 3-4 dpl (Schwob, Youngentob et al. 1995). By 2-6 weeks after lesion, full
neuronal reconstitution is achieved and axonal projections have reached the OB, with
functional restoration of odorant perception acquired within 1-3 months (Youngentob,
Schwob et al. 1997; Schwob, Youngentob et al. 1999) (Figure 6).

For clarity, the contribution of each progenitor cell population will be summarized
individually below, as the mechanism by which each cell type contributes to regeneration
varies (Figure 7).

20

GBC. GBCs undergo a highly characterized cascade of differential TF expression
as they develop into both sus cells and neurons, mimicking what is seen during
development. Within 24 hours after lesion, proliferation of GBCMPP cells,
expressing Sox2 and Pax6, is initiated (Guo, Packard et al. 2010). By 3 dpl, 		
GBCs adopting a sus cell fate, GBCTA-SUS, express Hes1 (Cau, Gradwohl et al. 		
2000; Manglapus, Youngentob et al. 2004). Conversely, GBCs adopting a
neuronal fate, GBCTA-OSN, express Ascl1/Mash1 by 2-3dpl, and progress to 			
GBCINP by 3-4 dpl with expression of Neurog1 and NeuroD1 (Cau, Gradwohl
et al. 1997; Cau, Casarosa et al. 2002; Manglapus, Youngentob et al. 2004; Pack		
ard, Giel-Moloney et al. 2011).

HBC. Activation of the HBC reserve stem cell population occurs through
the downregulation of p63 and consequent release of HBCs from proliferative 		
inhibition (Fletcher, Prasol et al. 2011; Packard, Schnittke et al. 2011). By 3 dpl 		
and continuing to 5 dpl, dual CK14/p63 positivity is restricted to the basalmost HBCs, with apical, differentiating HBCs expressing only CK14 (Fletcher, 		
Prasol et al. 2011; Packard, Schnittke et al. 2011). By 5 dpl, p63(-)/CK14(+) cells
are minimal, and a basal sheet of p63(+)/CK14(+) HBCs is restored.

Bowman’s duct cells. At 2 dpl, proliferation of Bowman’s duct cells is
increased, and by 3 dpl sus cell differentiation is recognized by CK18 positivity 		
(Schwob, Youngentob et al. 1995). Sus cells derived from Bowman’s 			
ducts appear as a superficial apical sheet expressing CK18, from 3-14 dpl.
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This injury model is capable of providing insight on the regeneration of all OE cell
types and the progenitor capacity of GBCs, HBCs, and D/G cells alike. The capability
of enhancing lesion severity through MeBr dosage further allows for the study of
regenerative programs stemming from different levels of injury, and helped identify D/G
cells as a contributor to differentiation of support cells.

Olfactotoxic Drugs. Olfactotoxic drugs emerged as an initial means to induce OE
cell death before the advent of MeBr. Regardless, given the requirements needed to
administer MeBr gas reproducibly, these drugs are still currently being used to model
OE regeneration. Methimazole, a drug used in the treatment of thyroid cancer, is
administered intraperitoneally and results in a cytochrome p-450-mediated cell death
that spares basal, and to a lesser extent, D/G cells, similar to MeBr lesion (Bergman,
Ostergren et al. 2002). Reconstitution of the neuroepithelium, however, takes twice as
long as MeBr lesion, and requires 3-4 days to fully activate basal cells, resulting in a
non-uniform recruitment and regeneration (Brittebo 1995; Bergman, Ostergren et al.
2002). Similarly, exposure to the drug ZnSO4 via nasal irrigation results in regeneration
and reorganization of the OE over 42 days, again however, the time course and
reproducibility is quite variable, and axons fail to reconnect with the OB (Matulionis
1975; Burd 1993). For these reasons, it is used mainly as a model of anosmia (Alberts
and Galef 1971; McBride, Slotnick et al. 2003).

One last drug, dichlobenil, is also administered intraperitoneally and, unlike the apoptotic
response seen with MeBr or methimazole, results in necrosis throughout the dorsomedial
OE with little recovery even after 6 months (Brandt, Brittebo et al. 1990; Bergman,
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Ostergren et al. 2002). The widespread damage induced by this drug injures both the
LP and the OE, with almost full elimination of D/G cells and a sloughing off of both
HBCs and GBCs from the basal lamina (Xie, Fang et al. 2013). Despite a population
of proliferating, keratin(+) basal cells that are activated after injection, these cells are
incapable of giving rise to neurons and develop a respiratory epithelium phenotype
(Bergman, Ostergren et al. 2002). These observations offer an interesting perspective
into the role of both D/G cells and the LP on regeneration. Areas where glands are
hardest hit are more atypical and are associated with more fibrotic LP, suggesting that
either crosstalk between D/G and basal cells, and/or LP-secreted factors, are necessary to
direct regeneration (Brandt, Brittebo et al. 1990; Brittebo 1995; Bergman, Ostergren et al.
2002; Xie, Fang et al. 2013).
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IV. MODELING THE OE IN VITRO

In order to study cellular events accurately in vitro, a culture system must mimic the
in vivo environment. Given the intricate architecture provided by cell and matrix
interactions, the task of defining an ideal model proves to be difficult. Ultimately, the
model must conform to 3 principles: 1) it must be able to maintain stem cell integrity, 2)
it must be able to expand and proliferate, and 3) it must be able to differentiate.

Insights from adherent cultures

Early experiments using adherent cultures brought to light a number of issues that would
prove to be important in optimizing permissive in vitro conditions for cultivating and
sustaining differentiation of olfactory stem cells. First, cells need a substrate source
to stimulate proliferation. Research looking to culture pure populations of OSNs was
immediately thwarted by the observation that cells were unable to continue dividing
beyond 24 hours in culture (Calof and Chikaraishi 1989). By culturing purified
populations on a layer of astrocytes or laminin, growth was supported for up to 6 days
in vitro (DIV), and bipolar neurite outgrowth could be observed (Noble, Mallaburn et al.
1984; Chuah, David et al. 1991; Ronnett, Hester et al. 1991). Although studies were able
to show that these neurons were capable of firing an action potential and increasing levels
of intracellular cAMP upon odorant stimulation, this functional competency was offset by
the inability to culture beyond 1 week and the need for many animals (up to 45 pups) for
individual experiments (Ronnett, Hester et al. 1991; Cunningham, Manis et al. 1999).
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A similar result was seen from groups trying to differentiate olfactory progenitors in
culture, where either OE-derived stromal cells or conditioned media (CM) from nasal
fibroblasts were necessary to culture keratin(+) basal cells and neuronal precursors
(Pixley 1992a; Mumm, Shou et al. 1996). These experiments soon uncovered a second
issue with adherent cultures: they have a limited capacity for differentiation. Although
these progenitor cells were able to survive longer in culture (up to 2 weeks), attempts
to differentiate these cells with a variety of factors, including RA, retinal, retinol,
transforming growth factor α (TGF-α), and nerve growth factor, was unsuccessful (Pixley
1992b).

A final issue with adherent cultures is that they are unable to engraft following
reintroduction into a host animal, implying a functional disconnect between in vitro and
in vivo systems, and limiting the in situ validation of signaling programs discovered in
culture. Conversely, isolated progenitors transplanted from one animal directly into a
MeBr-lesioned host lead to the generation of all OE cell types from the transplanted cells
and functional reconstitution (Goldstein, Fang et al. 1998; Chen, Fang et al. 2004). The
observation that progenitor cells extracted from animals, and cultured for 1-2 weeks
using adherent cultures, show a complete failure to integrate into a host animal following
transplantation, emphasizes the fact that these cells are molecularly and morphologically
divergent from progenitors found in situ (Jang, Lambropoulos et al. 2008). This
disconnect weakens conclusions made using these cells in vitro since they are not
characteristic of what is found in the animal. Indeed, the ability of isolated progenitors to
repopulate tissue after transplantation is a criteria used in many other systems, including
the hematapoietic and mammary systems, and demonstrates that the functional capacity
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of the stem cell must be maintained if it is to be studied in vitro (Kordon and Smith 1998;
Krause, Theise et al. 2001; Shackleton, Vaillant et al. 2006).

Despite these limitations, adherent cultures have offered insight into both the lineage
differentiation of neuronal precursors and factors that modulate progenitor differentiation.
For the latter, the use of explant cultures identified and characterized GBCTA cells as
Ascl1/Mash1(+) cells that are capable of symmetrical division, and proposed that a
gap between onset of NCAM expression and loss of Ascl1/Mash1 expression in these
cultures implied the existence of a GBCINP stage of differentiation before full neuronal
maturity (DeHamer, Guevara et al. 1994; Gordon, Mumm et al. 1995). These studies
also identified FGFs, specifically FGF2, as promoters of progenitor proliferation, a
result confirmed using a neuroblast cell line that contains a mix of GBCINP and mature
OSNs (Coon, Curcio et al. 1989; DeHamer, Guevara et al. 1994; Goldstein, Wolozin et
al. 1997). Multiple groups interested in culturing HBCs, which express the epidermal
growth factor receptor (EGFR), identified the differentiative capability of the EGFR
ligands EGF and TGF-α (Mahanthappa and Schwarting 1993; Holbrook, Szumowski
et al. 1995; Goldstein, Wolozin et al. 1997; Carter, MacDonald et al. 2004). This effect
was later confirmed in vivo where stimulation of HBCs was achieved using a transgenic
mouse overexpressing TGF-α driven by the HBC-specific CK14 promoter (Vassar,
Rosenberg et al. 1989; Getchell, Narla et al. 2000).

Lastly, one group showed a concentration-dependent effect of BMPs, specifically BMP2,
4, and 7, on modulation of neurogenesis using a neuronal colony-forming assay (Shou,
Rim et al. 1999; Shou, Murray et al. 2000). Importantly, this work introduced the
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significance of the stroma as a conveyor of secretory signals. Although it had previously
been known that adherent cultures were augmented by the use of astrocyte, fibroblast, or
ECM-component feeder layers, this group identified BMP transcripts in the embryonic
LP and determined that BMPs were effectively secreted from these cells by analyzing
CM (Shou, Murray et al. 2000).

This concept that contextual cell interactions and signaling were necessary to drive
differentiation, in conjunction with the shortcomings of adherent culture, led to a new
paradigm of in vitro studies focused on the importance of the 3-D architecture and
inherent signaling to more precisely model the in situ environment. In order to make
valuable discoveries in vitro, a proper system that accurately reproduces the in vivo
environment becomes necessary.

Progress with 3-D cultures

In 1992, Reynolds et al reported on the ability to culture progenitor cells of the adult
CNS under non-adherent conditions that allowed for both differentiation and the ability
to be passaged (Reynolds and Weiss 1992). The resultant neurospheres were soon shown
to have multi-lineage potential– giving rise to neurons, astrocytes, and oligodendrocytes,
and providing a more accurate phenotypic re-creation of events occurring in vivo
(Pixley, Bage et al. 1994; Reynolds and Weiss 1996). These neurospheres were unique
for a number of reasons. First, they represented the first time that cells from the adult
striatum were shown to possess a proliferative and stem-like capacity. Second, the ability
to passage these cells met the intrinsic requirement of a stem cell for self-renewal, a
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property that had been lost in 2-D cultures. In meeting this criterion, this system allows
for the study of factors directing lineage-specific differentiation. Third, although its 2-D
predecessors had noted increased migration by culturing cells under low Ca2+ conditions,
through interruption of adherens junctions between cells, the conditions supporting
neurosphere growth validated that migration was necessary to allow for differentiation
and that stem cell quiescence may be regulated by adhesion (Calof and Chikaraishi 1989;
Rietze and Reynolds 2006).

The success of neurosphere culture in providing a permissive environment in which to
study progenitor and differentiative properties propelled the adoption of this model by
other systems. Mammospheres were generated to show the ability of mammary stem
cells to differentiate into all 3 mammary gland lineages: myoepithelial, ductal epithelial,
and alveolar epithelial (Dontu, Abdallah et al. 2003). The first report on the generation
of olfactory neurospheres (ONSs) showed that these spheres were capable of giving
rise to all cell types of the OE, and lineage-specificity was shown to be modulated by
growth factors (Barraud, He et al. 2007). Building on these findings, the culture of
neurospheres from embryonic rat showed that 2 types of spheres could be classified,
both morphologically and molecularly, to arise from either the mesenchymal OM or the
epithelial OM (Tome, Lindsay et al. 2009). Work from our lab has shown that ONSs
derived from neonate mice, and cultured for 8 DIV, are capable of engrafting and giving
rise to all OE cell types following transplantation into MeBr-lesioned hosts (Krolewski,
Jang et al. 2011). This key experiment demonstrates the functional capacity of these
free-floating neurospheres, confirming that in vitro culture of these ONSs does not
compromise their in vivo integrity.
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With a model in place that is capable of translating to the in situ environment, it now
becomes possible to assess the various signals that direct lineage-specific differentiation
of progenitors. An outcome from work done in adherent cultures was the discovery
that the LP enhances and maintains in vitro viability, leading to the hypothesis that this
underlying mesenchyme is capable of dictating OE cell fate (Mumm, Shou et al. 1996;
LaMantia, Bhasin et al. 2000). Indeed, a number of potential LP-derived factors had
already been shown to have differing degrees of differentiative capacities in adherent
cultures, as described above. In an attempt to understand the effect of secreted factors
from the LP, our lab generated a LP-derived cell line enriched for LP cells and showed
that CM from this cell line was capable of enhancing sphere growth and differentiation
of free-floating ONSs (Krolewski, Jang et al. 2011). Specifically, culturing in LP CM
resulted in an increase in the population of GBCINP.

A second method of obtaining ONSs in culture utilizes an air-media interface and was
originally proposed as a mechanism to enhance aerobic respiration of epithelial cells that
are normally exposed to the air in an attempt to mimic the in situ environment (Gruenert,
Finkbeiner et al. 1995). This system requires seeding a population of OE progenitor
cells on the top/“air” side of a Matrigel®-coated insert, and coating a fibroblastic feeder
layer of cells on the bottom/“media” side of the insert (Figure 8). Using this model,
our lab showed that spheres grown from progenitor cells harvested from MeBr-lesioned
adult mice, and cultured using the 3T3 cell line as a feeder cell layer, were capable of
engrafting and repopulating MeBr-lesioned host animals (Jang, Lambropoulos et al.
2008).
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Although somewhat similar to freefloating ONSs, this system provides 3
main advantages. First, these spheres
are able to maintain their cellular identity
and expand through multiple rounds of
passaging (assayed up to 5 passages)
(Jang, Lambropoulos et al. 2008). This
is a feat that no other culture system has
been able to model in the OE. Second, it
favors the study of cellular and secretory

Figure 8. Schematic of air-media interface
insert. Sphere insert showing the “air” side,
containing a cell droplet of OE progenitor
cells, separated from the “media” side,
containing either conditioned media or a
cell feeder layer, by a Matrigel®-coated
membrane. Adapted from Jang et al, 2008.

interactions by isolating the OE from the LP. Although free-floating ONSs, which use
a heterogeneous mixture of LP and OE cells, have been shown to respond to LP CM,
the presence of LP cells in these spheres raises questions about what inherent factors are
being secreted and could interfere with downstream conclusions. In studying the effect
of specific growth factors, or combinations of growth factors, manual control over growth
factor supplementation may be preferred. Thirdly, this model allows for the study of
the OE in the context of regeneration. Although cells dissociated from MeBr-lesioned
animals are able to form free-floating ONSs, the capacity for sphere growth of cells from
neonates is far higher (Krolewski, Jang et al. 2011). The study of regeneration focuses on
how the OE is replenished, and is more applicable to potential downstream therapeutics
addressing issues with OE regeneration, such as anosmia.

Given the ability of the air-media 3-D cultures to maintain their cellular integrity after
transplantation and expansion, differentiate into all the cell types of the OE, and provide
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a model that allows for the study of regeneration, this system fulfills the stringent criteria
necessary to preserve and study in vivo potency in culture.
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V. NEUREGULIN1 (NRG1) AND SIGNALING THROUGH THE ERBB RECEPTOR FAMILY

The Neuregulin (Nrg) family consists of 4 genes that are indispensible for vertebrate
development, Nrg1, 2, 3, and 4. All 4 genes encode proteins that function by activating
ErbB receptors, yet all are strikingly different from each other, displaying divergent
temporal and spatial expression patterns both during and after development. The ErbB
receptors are a family of 4 proteins that interact in dimeric complexes and bind ligands
containing EGF-like domains to initiate signaling pathways through phosphorylation of
their intracellular tyrosine kinase domain. A more detailed description of ErbB receptors
will be provided after first introducing the Nrg proteins. Nrg1, the most characterized of
these genes, is the focus of this work, however Nrgs 2, 3, and 4 will be briefly reviewed
first.

The Nrg siblings

Nrg2. This gene is also known as divergent of Nrg (Don-1) and neural- and thymusderived activator for ErbB kinases (NTAK) (Busfield, Michnick et al. 1997; Higashiyama,
Horikawa et al. 1997). As is common with Nrgs, the Nrg2 gene undergoes alternative
splicing to yield between 6-8 protein variants, and can be proteolytically processed to
produce a secreted ligand (Ring, Chang et al. 1999; Yamada, Ichino et al. 2000; Longart,
Liu et al. 2004). Like its siblings, Nrg2 contains an EGF-domain for ErbB receptor
binding, and shows a high degree of structural similarity to Nrg1 (36%) (Busfield,
Michnick et al. 1997; Carraway, Weber et al. 1997; Chang, Riese et al. 1997). Nrg2 binds
ErbB3 and ErbB4 receptors and actively recruits EGFR as a heterodimerization partner,
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or participates in ErbB4 homodimers (Busfield, Michnick et al. 1997; Carraway, Weber
et al. 1997; Chang, Riese et al. 1997; Crovello, Lai et al. 1998; Sweeney, Lai et al. 2000).
Developmentally, Nrg2 is expressed throughout the granule and Purkinje cells of the
cerebellum, granule cells of the dentate gyrus, and in the atrium and lower ventricles of
the heart, showing no overlap with other Nrgs, and thus suggesting separate functional
roles (Carraway, Weber et al. 1997; Chang, Riese et al. 1997; Longart, Liu et al. 2004).
Although little is known about a functional role for Nrg2, a Nrg2 knock-out mouse shows
that these mice survive embryogenesis without heart defects, but show some early growth
retardation and a reduced capacity for reproduction, suggesting that Nrg2 is non-essential
during development (Britto, Lukehurst et al. 2004).

Nrg3. Nrg3 binds specifically to Erbb4, and to date, 2 isoforms resulting from alternative
splicing have been identified, which can be cleaved and shed as soluble factors
(Zhang, Sliwkowski et al. 1997; Carteron, Ferrer-Montiel et al. 2006). It shows highly
restricted neuronal expression, and has been implicated in linkage association studies to
Alzheimer’s disease, schizophrenia, and bipolar disorder (Zhang, Sliwkowski et al. 1997;
Meier, Strohmaier et al. 2013; Wang, Xu et al. 2013).

Nrg4. Nrg4 also binds specifically to ErbB4, and the Nrg4 gene encodes at least 5 splice
variants (Harari, Tzahar et al. 1999; Hayes, Blackburn et al. 2011). Nrg4 is expressed
almost exclusively in the pancreas, where it has been shown to stimulate the development
of somatostatin-expressing δ cells in the embryonic pancreas (Hinds and Hinds 1976b;
Huotari, Miettinen et al. 2002). Recently, it has been shown to be expressed in prostate
cancers (Hayes, Blackburn et al. 2011).
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Nrg1: one gene, many isoforms

Nrg1 is a massive gene, stretching over 1.1 Mb and 100 Kb of chromosome 8 in human
and mouse, respectively. It is known by a variety of alternative names, including
heregulin (HRG), Neu differentiation factor (NDF), glial growth factor (GGF),
acetylcholine receptor-inducing activity (ARIA), and sensor and motor neuron-derived
factor (SMDF). This wide range of names and massive size of the Nrg1 gene are a direct
reflection of the large degree of isoform variance and tissue/functional specificity that
arise from its many protein products. Nrg1 itself was discovered in 1992 separately by 4
different groups, each searching to identify a protein responsible for a specific function.
Two groups sought to identify a ligand for the receptor tyrosine kinase, ErbB2, one group
sought a factor that could stimulate Schwann cell proliferation, and one group sought
a factor that could stimulate the synthesis of muscle acetylcholine receptors (Holmes,
Sliwkowski et al. 1992; Peles, Bacus et al. 1992; Falls, Rosen et al. 1993; Goodearl,
Davis et al. 1993). Soon after, reports of alternative splicing of Nrg1 surfaced, and
currently the number of isoforms varies widely from 15 to greater than 20 (Wen, Peles et
al. 1992; Marchionni, Goodearl et al. 1993).

Alternative splicing occurs in 3 main regions of the Nrg1 gene, and a summary of the
consequences of protein products arising from alternative splicing in these regions is
described below. Although human Nrg1 expresses the same variable regions as mouse,
3 additional promoters have been identified in human to date and will not be discussed.
Nrg1 splice variants are summarized in Figure 9.
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Figure 9. Schematic of the mouse Nrg1 gene. The Nrg1 gene is subject to rich alternative splicing in the N-terminus (green), EGF
domain (pink/blue), and C-terminus (red), resulting in 15-20+ protein isoforms.
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N-Terminal variants.
There are 3 N-Terminal
variable regions, and
they can be grouped
into 2 structurally and
functionally distinct
categories: CRD-Nrgs
and Ig-Nrgs (Figure
10). Type I and Type
II Nrg1 are Ig-Nrgs,
representing singlepass transmembrane
proteins, containing an
immunoglobulin-like
(Ig) domain on their

Figure 10. Schematic of protein products resulting from
the 3 Nrg1 N-terminal variants. Type I is a single-pass
transmembrane protein containing Ig-like domains (light
brown). The N-terminal fragment is effectively shed from
the membrane after proteolytic cleavage, releasing a soluble
ligand. Type II is also a single pass transmembrane protein
containing Ig-like domains (light brown), and is capable of
the same cleavage and shedding as Type I. Type III is a dual
pass transmembrane protein, containing a cysteine-rich domain
(dark brown) that results in an intracellular N-terminus.
Proteolytic cleavage exposes in a membrane-tethered ligand.
Common to all isoforms is an EGF domain (blue), and a
C-terminal transmembrane domain (red). Adapted from Mei
and Xiong, 2008.

extracellular N-terminus.
The Ig domain contains a series of positively charged residues that conform to the
consensus sequence for heparin-binding, suggesting that these protein products interact
with the ECM (Loeb and Fischbach 1995; Li and Loeb 2001). This structural feature
highlights the main functional attribute of Ig-Nrgs– they are shed as soluble factors.
Unlike proteins that are packaged in the Golgi apparatus for secretion, these proteins
contain cell-surface trafficking information on either their C-terminal intracellular
domain (Type I) or their N-terminus (Type II), resulting in membrane localization. An
extracellular proteolysis domain allows for shedding of a soluble factor rather than
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release of a secreted factor (Wen, Peles et al. 1992; Peles and Yarden 1993; Burgess,
Ross et al. 1995; Liu, Hwang et al. 1998a; Liu, Hwang et al. 1998b; Montero, Yuste et al.
2000).

The heparin-binding domain has been shown to have 2 main functions: 1) to increase
distance of travel by the diffusible signal and 2) to increase accumulation of the secreted
protein in a specific area (Loeb and Fischbach 1995; Li and Loeb 2001). Heparinregulated temporal release of Nrg1is a functional hallmark of soluble Nrg1 signaling, and
was initially identified as being indispensable for muscle synapse development (Loeb
and Fischbach 1995; Loeb, Khurana et al. 1999). Type II differs slightly from Type I
by containing a Kringle domain, thought to be important in protein-protein interactions
(Marchionni, Goodearl et al. 1993).

Type III is the only CRD-Nrg expressed in mouse, and represents a double-pass
transmembrane protein. Unlike the Ig-Nrgs, Type III contains a cysteine-rich domain
(CRD), and this N-terminal region of hydrophobicity results in an Nin/Cin protein
structure (Wang, Miller et al. 2001). Like the Ig-Nrgs, Type III undergoes extracellular
proteolytic processing, however due to the Nin/Cin structure, this processing exposes a
membrane-tethered ligand that is capable of juxtacrine signaling with receptors located
on neighboring cells (Wang, Miller et al. 2001). Although recent studies have shown
that Type III can be processed to release a soluble protein through the cooperation of
multiple sheddases, a functional role for a soluble Type III has not yet been identified
(Fleck, van Bebber et al. 2013). A second unique property of Type III Nrg1 pertains
to its ability to participate in bidirectional signaling. After proteolytic processing to
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expose the membrane-tethered ligand, research has shown that the remaining C-terminal
fragment (CTF) can act as a receptor to ErbB dimers and activate a γ secretase-mediated
proteolysis event, resulting in nuclear translocation of the CTF (Bao, Wolpowitz
et al. 2003). This process has been shown to occur only in neurons, with neuronal
depolarization offering a second method of stimulation in lieu of ErbB binding (Bao,
Wolpowitz et al. 2003). Although few in vivo examples exist, this CTF has been shown
to act as a TF to mediate anti-apoptotic pathways, upregulate a scaffolding protein
necessary in post-synaptic structures, and promote growth and branching of cortical
dendrites (Bao, Wolpowitz et al. 2003; Bao, Lin et al. 2004; Chen, Hancock et al. 2010).
To date, bidirectional activity has been shown to be dependent on the presence of the “a”
C-terminal domain (discussed below).

In summary, Type I and Type II Nrg1 are soluble ligands capable of paracrine signaling,
while Type III Nrg1 is a membrane-tethered ligand suitable for juxtacrine signaling. Due
in part to their structural features, Type I has been primarily found in mesenchymal cell
populations due to its affinity for heparin and the basal lamina, while Type III expression
is strongly favored in neurons (Loeb and Fischbach 1995; Yang, Kuo et al. 1998; Loeb,
Khurana et al. 1999; Wolpowitz, Mason et al. 2000).

EGF-domain variants. The EGF domain of all Nrg1 isoforms is necessary and
sufficient to bind and activate ErbB receptors (Holmes, Sliwkowski et al. 1992; Wen,
Suggs et al. 1994). The entire structure of this domain consists of a canonical region
(cEGF) spliced to a variant carboxy termini– α, β, or γ (Wen, Suggs et al. 1994). Despite
a subtle difference in length of 10 nucleotides between the α and β variants, these 2
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isoforms have been shown to have considerable differences in binding and activation
efficiency, with β variants having significantly greater affinity over α variants (Wen,
Suggs et al. 1994; Marikovsky, Lavi et al. 1995; Baek and Kim 1998). Interestingly,
a study showed that α-EGF was incapable of substituting for β-EGF in stimulating
migration of malignant peripheral nerve sheath tumors in vitro, providing evidence that
the structural differences between these domains translates directly to function (Eckert,
Byer et al. 2009). Additionally, the β-EGF domain has been shown to primarily exist in
neurons while the α-EGF domain shows predominant expression in mesenchymal cells
(Wen, Suggs et al. 1994). The γ variant is quite unlike α and β, and is a truncated protein
lacking 2 cysteine residues that are necessary for ErbB receptor activation, and the cell
surface trafficking information necessary for Type I isoforms (Falls 2003). For these
reasons it is unlikely to be bioactive with any N-termini, and no examples of signaling
through Nrg1 isoforms containing the γ variant have been identified.

The EGF domain is either spliced directly to the canonical transmembrane domain
(TMC) or bridged to the TMC by the inclusion of a “stalk” region, “1”. It has been
shown that presence of stalk “1”, a short, 24 nucleotide, region allows for increased
proteolytic processing of Nrg1 (Montero, Yuste et al. 2000). It is possible that inclusion
or absence of this stalk region could provide a method of tissue-specific protease
targeting, however studies looking at distinct proteolytic processing have not yet been
done.

A second stalk, “3” has been reported to exist only with β variants, and results in
a truncated protein that functions as a single-pass membrane-tethered ligand when
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paired with the Type III N-terminus and is likely degraded when paired with the Type
I N-terminus since it lacks a C-terminus containing membrane trafficking information
(Marchionni, Goodearl et al. 1993; Falls 2003). Indeed, studies have shown that Type I
β3 isoforms are found only in the cell lysate and not the conditioned media of transfected
cells (Wen, Suggs et al. 1994). One report has found that rather than resulting in a nonfunctional protein, the cytosolic Type I-β3 isoform is translocated to the nucleolus where
it may participate in gene regulation through ribosome synthesis, although little else has
been reported on this finding to date (Golding, Ruhrberg et al. 2004).

C-Terminal variants. The C-terminal domain (CTD) contains 3 splice variants– a,
b, and c. Both the “a” and “b” variants encode long, >150 amino acid, exons, and are
effectively processed–resulting in functional proteins expressed on the cellular membrane
(Wen, Suggs et al. 1994). It has been hypothesized that this effective processing is due
to the presence of either a valine or a leucine near the carboxy end of each variant that
could be critical for regulated release (Wen, Suggs et al. 1994). The “c” variant, however,
is truncated immediately following the transmembrane domain. When paired with the
Type I N-terminus, this isoform is likely non-functional due to the lack of proper cellular
trafficking, and when paired with the Type II or Type III isoforms may not be favored if
the regions in the C-terminus are necessary for proper processing and maturation (Liu,
Hwang et al. 1998a). Although specific differences between the “a” and the “b” CTDs
have not been identified, it is worth it to note that bidirectional signaling seen with the
Type III N-terminus has only been shown to occur with the “a” tail.
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Characterizing the full scope of Nrg1 isoforms is an evolving field of research. Although
Nrg1 was initially identified in 1992, new exons have been discovered as recently as
2007 (Tan, Wang et al. 2007). In addition, the many proposed roles for different isoforms
in intracellular regulation of both transcription and protein synthesis suggests that our
understanding of Nrg1 signaling is far from complete (Bao, Wolpowitz et al. 2003; Bao,
Lin et al. 2004; Golding, Ruhrberg et al. 2004; Chen, Hancock et al. 2010).

Proteolytic processing and ligand release

A description of the vast functional roles of Nrg1 during development would first benefit
from a quick overview of how Nrg1 activation is achieved. Proteolysis of Nrg1 occurs
through beta-site amyloid precursor protein-cleaving enzymes (BACE) and a disintegrin
and metalloprotease (ADAM) cleavage events. Studies using ADAM knock-out mice
originally proposed a role for ADAM-regulated proteolysis from the observation that
they were defective in cleavage of Nrg1 (Montero, Yuste et al. 2000). Overall ADAMs
10, 17, and 19 have been implicated in proteolytic processing of various Nrg1 isoforms
(Shirakabe, Wakatsuki et al. 2001; Horiuchi, Zhou et al. 2005; La Marca, Cerri et al.
2011; Luo, Prior et al. 2011; Fleck, van Bebber et al. 2013). Interestingly, ADAM19 was
shown to preferentially cleave the stalk region “4” (found only in humans), supporting
the idea proposed above that variation in EGF domain and stalk region may reflect
protease-specific regulation (Shirakabe, Wakatsuki et al. 2001).

As with ADAM-regulated Nrg1 cleavage, studies using BACE1 knock-out mice first
identified a role for these metalloproteases by showing a reduction in the Nrg1 cleavage
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product and an increase in the membrane-bound full-length Nrg1 (Hu, Hicks et al. 2006;
Willem, Garratt et al. 2006). Interestingly, a study found opposing functional effects of
Nrg1 proteolysis by BACE1 and ADAM10, showing that BACE1, but not ADAM10,
inhibition affected Nrg1 regulation of myelination (Luo, Prior et al. 2011). Again, this
could speak to protease-regulated activation of Nrg1.

The most recent study regarding Nrg1 proteases mapped both a BACE1 and an ADAM17
cleavage site on the N-terminal side of the extracellular EGF domain of Type III Nrg1,
providing evidence for the effective release of a soluble EGF-domain ligand of Type
III (Fleck, van Bebber et al. 2013). Although they showed that this soluble ligand was
capable of rescuing hypomyelination in a BACE1 mutant zebrafish model, the presence
of this secreted variant in vivo has not yet been reported.

As with Nrg1 isoform identification and analysis, research involving protease regulation
of Nrg1 is ongoing, and it can be postulated that, in the future, we could generate an
isoform-specific proteolysis map of Nrg1 cleavage events.

ErbB receptors: transmitting the signal

The erythroblastoma virus B (ErbB) family of receptors consists of 4 members that are
similar in their capacity to bind ligands containing EGF-like domains (Olayioye, Neve
et al. 2000). These receptors include EGFR/ErbB1/Her1, ErbB2/Her2, ErbB3/Her3, and
ErbB4/Her4. All of these receptors are structurally-related, containing an extracellular
ligand-binding domain, a single pass transmembrane domain, and a cytoplasmic tyrosine
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kinase domain (Figure 11).
Upon ligand-binding, ErbB
receptors participate in homoor heterodimerization to initiate
auto- and trans-phosphorylation
of intracellular tyrosine kinase
residues, recruitment of
adaptor proteins and kinases,
and subsequent activation of
downstream signaling (Mei and
Xiong 2008). Phosphorylation
at different tyrosine residues
determines which signaling
cascade will be triggered,
with phosphorylation events
dependent on the identity
of the ligand, the resultant
dimerization duo, and tissue
specificity. Overall, ErbB

Figure 11. Structure of the ErbB receptors.
Schematic showing the structure of monomeric
(left) and dimeric (right) ErbB receptors. All ErbB
receptors are single-pass proteins containing tyrosine
kinase domains on their intracellular C-terminus. The
extracellular domain of EGFR, ErbB3, and ErbB4
contains a ligand binding site. Binding of a ligand
induces a conformational change (center) resulting
in dimerization partner recruitment and intracellular
tyrosine phosphorylation (right). TM-transmembrane
domain. Adapted from Iwakura and Nawa, 2013.

signaling is indispensible during development and is often deregulated in cancer,
playing important roles in a wide range of biological processes, including proliferation,
migration, adhesion, and apoptosis (Yarden and Sliwkowski 2001).
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Distinct differences between these receptors partially account for divergent signaling
events upon stimulation. EGFR and ErbB4 are the only 2 ErbB receptors that are
capable of both ligand-binding and auto-kinase activity (Yarden and Sliwkowski
2001). ErbB2 does not have a corresponding ligand, and must participate through
heterodimerization to relay a signal (Klapper, Glathe et al. 1999). Likewise, although
ErbB3 is capable of ligand-binding, it exhibits impaired tyrosine kinase activity and relies
on heterodimerization to become catalytically active (Guy, Platko et al. 1994). ErbB2
has been recognized as the preferred dimerization partner for all other ErbB receptors,
resulting in the most potent downstream signaling and allowing for signal potentiation
(Beerli, Graus-Porta et al. 1995; Graus-Porta, Beerli et al. 1995; Tzahar, Waterman et al.
1996; Graus-Porta, Beerli et al. 1997).

Divergent signaling is also the result of differential docking sites for adaptor proteins and
kinases, which are recruited to specific residues of tyrosine phosphorylation to initiate
signaling cascades. As mentioned, each receptor contains a unique pattern of C-terminal
phosphorylation sites, and consequently functions through preferential signaling
pathways. This phosphorylation pathway and resultant selection of downstream signaling
is partially dependent on dimerization partner. All ErbB receptors are capable of
activating the mitogen-activated protein kinase (MAPK) pathway through coupling with
the adaptor proteins Shc and Grb2 (Yarden and Sliwkowski 2001). However ErbB3 and
ErbB4 are the only ErbB receptors containing p85 docking sites, and thus the capacity to
activate phosphoinositide 3-kinase (PI3K) signaling, with ErbB3 containing 6-fold more
sites than ErbB4 (Prigent and Gullick 1994; Soltoff, Carraway et al. 1994) (Figure 12).
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The final mechanism through
which ErbB signaling is
diversified is by ligand
specificity. To date, 11 ErbB
ligands have been identified
and each exhibits a specific
preference for 1 or many ErbB
receptors. EGFR and ErbB4
display the most promiscuity
towards ligand binding, with
EGFR activation stimulated
by epidermal growth factor
(EGF), amphiregulin (AR),
TGF-α, betacellulin (BTC),
heparin-binding EGF (HB-

Figure 12. ErbB3 signaling pathways. Schematic
showing the most common downstream signaling
pathways involving ErbB2:ErbB3 heterodimers. These
include recruitment of adaptor proteins and kinases
involved in PI3K (green) and MAPK (purple) pathways.
Signaling cascades result in nuclear translocation of
proteins involved in transcriptional regulation of target
genes. “X” on the ErbB2 extracellular domain indicates
inability for ligand binding, and “X” on the ErbB3
intracellular domain indicates limited autophosphorylation
capacity. Adapted from Mei and Xiong, 2008.

EGF), epigen, and epiregulin
(EPR) and ErbB4 activation by BTC, HB-EGF, EPR, epigen, Nrg1, Nrg2, Nrg3, and
Nrg4 (Olayioye, Neve et al. 2000). ErbB3 is only activated by Nrg1 and Nrg2, and
ErbB2 activation is achieved upon heterodimerization (Klapper, Glathe et al. 1999). Not
surprisingly, tissue-specific expression of these ligands is a mechanism of regulating
ErbB signaling.

Overall, ErbB signaling is the result of complex regulation, dependent on ligand, receptor
choice, heterodimerization partner, phosphorylation patterning, and adaptor protein
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recruitment. The seemingly redundant usage of ligands, receptors, and phosphorylation
sites is a mechanism to allow for the intricacies of ErbB signaling during development,
and is regulated through spatial and temporal patterning. As with Nrg1, this is reflected
in knock-out mice where loss of specific ErbB receptors, although all lethal, result in
different developmental deregulation. EGFR knock-out mice die primarily from brain,
skin, lung, and gastrointestinal abnormalities soon after birth (Miettinen, Berger et al.
1995; Sibilia and Wagner 1995; Threadgill, Dlugosz et al. 1995; Sibilia, Steinbach et al.
1998). Similar to pan-Nrg1 knock-out mice (discussed below), both ErbB2 and ErbB4
knock-out mice die at E10.5 due to trabeculae malformation in the heart (Gassmann,
Casagranda et al. 1995; Lee, Simon et al. 1995). Finally, ErbB3 knock-out mice die at
E13.5 due to defective valve formation, and a neural crest defect that heavily impacts
the number of Schwann cell precursors (Erickson, O’Shea et al. 1997; Riethmacher,
Sonnenberg-Riethmacher et al. 1997). These developmental differences illuminate the
need for redundant signaling and enhanced regulation of the ErbB receptors.

Roles of Nrg1 in vitro: isoform variability reflects function

A comprehensive review of all the biological functions of Nrg1 is nearly impossible.
Systems that rely on Nrg1 for proper development include nervous (both central and
peripheral), muscle, heart, respiratory, reproductive, digestive, and mammary [for a
review see (Falls 2003)]. Here, we will focus on the foremost role of Nrg1 in the breast,
lung, and nervous system.
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Nervous System. The role of Nrg1 in the nervous system is widespread. Overall,
Nrg1 is necessary for neuronal migration, axon guidance, glial cell development and
maintenance, and synapse formation. This all-encompassing role for Nrg1 is illustrated
by pan-Nrg1 knock-out mice, that are generated from a deletion of the cEGF domain and
all EGF carboxy-termini, which are embryonic lethal at E10.5 (Meyer and Birchmeier
1995). Although these mice die from a cardiac defect, they have a severe reduction in
cells derived from the neural crest lineage, including Schwann cell precursors, cranial
ganglion, and glial cells. Furthermore, studies using isoform-specific knock-out mouse
models of Nrg1 determined that α-EGF knock-out mice resulted in normal nervous
system development, suggesting that β-EGF is highly restricted to neuronal function (Li,
Cleary et al. 2002).

Since then, Nrg1 has been shown to be a requirement for proper migration of neural
crest cells, both for cortical neurons traveling along radial glia, and in the tangential
migration of GABA-ergic neurons within the CNS (Golding, Trainor et al. 2000; Maroof
and Anderson 2006; Mei and Xiong 2008). For radial glial migration, this process is
regulated by neuronal expression of Nrg1 and glial expression of ErbB3/ErbB2, with
inhibition of ErbB receptors in glial cells blocking this process (Rio, Rieff et al. 1997).
For tangential migration, this process appears to be regulated by ErbB4 expression
in migrating interneurons (Yau, Wang et al. 2003; Flames, Long et al. 2004). Both
soluble and membrane-tethered Nrg1 ligands, in cooperation, appear to have a role in
this process, providing both a permissive substrate (Type III) and a gradient (Type I) to
promote GABA-ergic migration (Flames, Long et al. 2004).
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After migration, Nrg1 continues to affect proper neuronal development by stimulating
axonal projections in hippocampal, retinal, and thalamic neurons as well as cerebellar
granule cells (Bermingham-McDonogh, McCabe et al. 1996; Rieff, Raetzman et al. 1999;
Gerecke, Wyss et al. 2004; Lopez-Bendito, Cautinat et al. 2006). At least for thalamic
neurons, this process is regulated by ErbB4 expression on neurons and, again, the dual
contribution of Type III Nrg1 acting as a permissive substrate allowing for guidance of
thalamo-cortical axons and soluble Nrg1 functioning as a long-range attractant (LopezBendito, Cautinat et al. 2006; Maroof and Anderson 2006).

Myelination of axons is a critical process to promote increased conduction of action
potentials, and is a consequence of glial cell function– Schwann cells in the peripheral
nervous system (PNS) and oligodendrocytes in the CNS. This process has been studied
to a greater extent in Schwann cells, and to avoid redundancy, will be described in
this context. Type III Nrg1 has been implicated in all stages of glial Schwann cell
development, from neural crest commitment to glia, proliferation, and migration, as
described above, and this continues during myelination. Pan-Nrg1 knock-out mice show
a deficiency in myelination, while mice designed specifically to knock-out only Ig-Nrg1
(Type I/II) display normal Schwann cell development, and mice designed specifically
to knock-out all CRD-Nrg1 (Type III) have a Schwann cell deficiency (Meyer and
Birchmeier 1995; Kramer, Bucay et al. 1996; Meyer, Yamaai et al. 1997; Wolpowitz,
Mason et al. 2000; Michailov, Sereda et al. 2004). During this process, the level of Nrg1
Type III expressed on the axons is directly proportional to the degree of myelination
provided by the ErbB2/ErbB3-expressing Schwann cells (Schmid, McGrath et al. 2003;
Michailov, Sereda et al. 2004; Taveggia, Zanazzi et al. 2005; Nave and Salzer 2006).
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The last well-characterized role for Nrg1 in the nervous system to be considered is
its function in neuromuscular synapse development, which was first realized by the
observation that soluble Nrg1 was responsible for acetylcholine receptor (AChR)
synthesis (Jessell, Siegel et al. 1979; Falls, Rosen et al. 1993). It was subsequently shown
that Ig Nrg1-specific knock-out mice have a 50% reduction in the number of AChRs
present at neuromuscular synapses, and that Nrg1 functions through ErbB2/ErbB3
expression in muscles, with conditional knock-out of ErbB2 leading to neuromuscular
junction (NMJ) abnormalities (Moscoso, Chu et al. 1995; Sandrock, Dryer et al. 1997;
Leu, Bellmunt et al. 2003). Characterization here found that Nrg1 is transcribed by
motor neurons, transported along motor axons, and accumulates in motor nerve terminals
(Falls, Rosen et al. 1993; Chen, Bermingham-McDonogh et al. 1994; Goodearl, Yee et
al. 1995; Jo, Zhu et al. 1995; Moscoso, Chu et al. 1995; Sandrock, Goodearl et al. 1995;
Bermingham-McDonogh, Xu et al. 1997; Loeb, Khurana et al. 1999). Function in NMJs
is dependent on the Ig-domain of Nrg1 Type I, which associates with the HSPG, agrin, to
stimulate AChR synthesis (Rimer, Cohen et al. 1998; Ngo, Cole et al. 2012).

It should be noted that Nrg1 Type II has been recognized as a schizophreniasusceptibility gene by whole-genome linkage scans and fine-mapping in an Icelandic
population (Stefansson, Sarginson et al. 2003). Given the influence of Nrg1 in neuronal
development, this would appear to be a valid risk association, however the mechanism of
action has not yet been identified.

Lung. Soluble Nrg1 Type I governs lung development through activation of all 4 ErbB
receptors by functioning in 3 discrete pathways (Zscheppang, Korenbaum et al. 2006).
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Mice with a targeted deletion of ErbB4 die embryonically due to cardiac dysfunction,
however rescue of this defect through selective expression of ErbB4 in the heart via a
cardiac-specific myosin promoter, results in mice with lung defects, including hyperactive
airway system, alveolar simplification and a decrease in surfactant synthesis– a finding
that was confirmed by ErbB4 siRNA targeting (Tidcombe, Jackson-Fisher et al. 2003;
Zscheppang, Liu et al. 2007; Purevdorj, Zscheppang et al. 2008; Liu, Purevdorj et al.
2010). Much work has been done in regard to surfactant synthesis, where it has been
realized that Nrg1expression and shedding from mature fetal lung fibroblasts functions to
initiate fetal surfactant synthesis in Type II alveolar epithelial cells (Dammann, Nielsen et
al. 2003). This process was further characterized to be regulated by the β1-EGF domain
of soluble Nrg1 through ErbB2:ErbB3 and/or ErbB2:ErbB4 heterodimers (Dammann,
Nielsen et al. 2003; Zscheppang, Korenbaum et al. 2006). Importantly, this function
illustrates a biological example of mesenchymal/epithelial communication between ErbB
receptors and soluble Nrg1.

A second role for Nrg1 in the developing lung comes from work using EGFR knockout mice that show lung defects, and the in vitro observation using embryonic lung
cultures, that EGFR ligands were capable of stimulating branching and proliferation
(Sibilia and Wagner 1995; Nielsen, Martin et al. 1997). Although these results support
a role for EGFR in branching morphogenesis, further studies determined that the
expression of Nrg1 Type I, ErbB2, and ErbB3 in epithelial cells stimulated ErbB2:ErbB3
heterodimerization in an auto-paracrine fashion resulting in increased branching of
fetal lung explants (Patel, Acarregui et al. 2000; Liu, Nethery et al. 2004). Despite this,
EGFR:ErbB4 heterodimerization was found to be required to regulate the stretch-induced
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differentiation of fetal lung cells, a process necessary to respond to the mechanical forces
that impact lung development (Huang, Wang et al. 2012). Thus a combinatorial effort
of ErbB2:ErbB3 and EGFR:ErbB4 heterodimers result in a tissue specific, temporallyregulated means of directing soluble Nrg1 Type I-induced lung development.

This complexity of receptor usage is further explained by the divergent recruitment
of signaling pathways. Studies have shown that ErbB2:ErbB3 heterodimerization in
branching morphogenesis functions solely through the PI3K pathway (Liu, Nethery et al.
2004). Conversely, EGFR:ErbB4 heterodimerization (in stretch-induced differentiation
of fetal lung cells) was shown to induce MAPK signaling (Huang, Wang et al. 2012).
Furthermore, recent studies have focused on the Nrg1-binding, γ secretase-dependent
release of the ErbB4 ICD and subsequent nuclear translocation, where it has been
shown to function in transcriptional regulation of genes relating to surfactant synthesis,
suggesting that our understanding of Nrg1-ErbB signaling in the lung is still evolving and
remains a very active field (Zscheppang, Giese et al. 2013).

Thus Nrg1/ErbB signaling in the lung provides a view into the very diverse multiplicity
of roles carried out by this signaling team. Although only soluble Nrg1 is found to play
a role in this tissue, it is found in multiple cell types, participating in both paracrine
and auto-paracrine signaling, and stimulating the dimerization of ErbB2:ErbB3,
ErbB2:ErbB4, and EGFR:ErbB4 pairings. The resultant signaling is observed by cellspecific upregulation of the MAPK and PI3K pathways, as well as the TF functional
activity of the ErbB4 ICD. All together, these functions underscore the potential of Nrg1
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to participate in numerous biological processes through the tissue-specific regulation of
isoform-specificity, dimerization, and downstream signaling.

Mammary. Much of the current research concerning Nrg1 and ErbB expression in the
breast revolves around its overexpression in cancer. However, we do know that Nrg1
and ErbB signaling play an important role in mammary development. Early work done
in vitro and in vivo showed that Nrg1 had an effect on lobuloalveolar development and
lactogenesis (Yang, Spitzer et al. 1995; Jones, Jerry et al. 1996). This work provided
evidence that mesenchymal expression of the α-EGF isoform induced this epithelial
proliferation and differentiation, a finding that was further confirmed by α-EGF-specific
knock-out mice that displayed severe defects in lobuloalveolar development due to an
impaired proliferation of luminal mammary epithelial cells during pregnancy (Yang,
Spitzer et al. 1995; Li, Cleary et al. 2002). 3-D in vitro cultures of mammary epithelial
cells show that Nrg1 stimulation results in the production of the milk protein, β-casein,
providing a functional effect from impaired lobulalveolar development.

Identification of ErbB2 and ErbB4 in the same developmental processes was determined
through the use of knock-out mice. ErbB4 knock-out mice which have cardiac-specific
ErbB4 expression to bypass embryonic lethality, display an identical phenotype to
α-EGF-specific knock-out mice (Tidcombe, Jackson-Fisher et al. 2003). This defect
confers a functional deficiency, with post-partum mice unable to produce sufficient levels
of the primary milk proteins, β-casein, α-lactalbumin, and whey acidic protein (WAP),
resulting in an 82% perinatality rate due to emaciation. An independent study looking
at the effects of mammary-specific, dominant-negative ErbB2 also showed a loss of

52

lobuloalveolar maturation during pregnancy and a resultant decrease in β-casein (Jones
and Stern 1999). Additionally, recent evidence shows that, similar to what is seen in
the lung, the production of milk proteins is partially reliant on nuclear translocation of
the ErbB4 ICD after Nrg1-binding and the subsequent binding of a second transcription
factor, Stat5A, to modulate β-casein transcription and production (Long, Wagner et al.
2003; Tidcombe, Jackson-Fisher et al. 2003; Williams, Allison et al. 2004).

Participation in the important biological processes regulating breast, lung, and nervous
system development exemplifies the diverse functional roles of Nrg1. Ignoring the
diversity allowed for by receptor heterodimerization, these studies emphasize the
importance of the dual-capacity for both membrane-tethered and soluble ligands.
Through the ability to function both in a juxtacrine and a paracrine manner, Nrg1 is
capable of influencing both mesenchymal/epithelial crosstalk as well as intimate cell-cell
interactions- fundamental features of development, regeneration, and tissue maintenance.
The existence of multiple isoforms separate from those that dictate ligand solubility
further enhance the breadth of signaling conveyed by this protein, allowing for an
intricate regulatory capacity. These qualities, and the prevalence of Nrg1 in many tissue
types, show that Nrg1 has a multifaceted and widespread biological function.

Nrg1 as a stem cell regulator

The functional roles of Nrg1 highlighted in the previous section have offered numerous
examples of Nrg1 regulating progenitor cells– from providing guidance cues to migrating
neural crest cells and GABA-ergic neurons (Golding, Trainor et al. 2000; Maroof and

53

Anderson 2006; Mei and Xiong 2008), to initiating stretch-induced differentiation of
fetal lung cells (Huang, Wang et al. 2012). However many other examples exist of Nrg1
driving the differentiative fate of known stem cells.

Nrg1 is an inducer of cardiomyocyte differentiation of stem cell embryoid bodies via
PI3K signaling in vitro (Wang, Xu et al. 2009). Additionally, the expression of various
isoforms of Nrg1 have been shown in a clonal CNS cell line to have an apparent role in
progenitor cell proliferation (Edwards and Bottenstein 2006). To this end, Nrg1 has been
identified as an autocrine signal necessary for the self-renewal of breast cancer tumorinitiating cells (TICs) in a 3-D mammosphere model (Lee, Lin et al. 2013). This study
also confirmed the presence, albeit at lower levels, of Nrg1 in normal mammary stem
cells, suggesting that the TIC function could be an exploitation of normal mammary cell
regulation. Similarly, a group is currently exploring the finding that Nrg1 expression in
a differentiating secretory epithelial cell of the intestines, Paneth cells, regulates Lgr5(+)
intestinal stem cells via ErbB2:ErbB3 heterodimerization using a 3-D organoid crypt
culture model (Jarde 2013). Finally, using an in vitro clonogenic assay, a group showed
that Nrg1 inhibits Mash1 expression in multipotent neural crest cells, and directs cells
towards a glial fate (Shah, Marchionni et al. 1994).

From these studies, it is clear that Nrg1 is capable of affecting stem cell fate. The
mechanism through which Nrg1 exerts its stimulatory capacity is multifaceted, stretching
from autocrine induction of stem cell proliferation and differentiation to guidance of stem
cells to proper biological environments.
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Evidence for Nrg1 and ErbBs in the OM

Given the architecture of the OM, consisting of a neuroepithelium superficial to an
underlying mesenchyme, the importance of Nrg1 signaling in this environment has
previously been postulated. Nrg1 has been shown to exist in the rat OE, along with
ErbB2, however cell-type localization and isoform-specific expression remain largely
unknown (Salehi-Ashtiani and Farbman 1996). Additionally, our lab has verified the
presence of EGFR in HBCs and sus cells of the OE, and work from another lab has
verified the absence of ErbB4 in the OM (Holbrook, Szumowski et al. 1995; Vullhorst,
Neddens et al. 2009). This expression work, however, is largely incomplete, providing
no information on signaling patterns in the context of regeneration, as well as offering no
insight into the possible expression patterns of the fourth ErbB receptor, ErbB3.

Our lab has shown that Nrg1 is expressed in the CM of a LP-derived cell line, supporting
the possibility of a soluble form of Nrg1 in the LP (unpublished data). Additionally, our
lab recently conducted a microarray experiment, comparing the molecular signature of
normal OE with OE following MeBr injury or OBX (Krolewski, Packard et al. 2013).
These results indicate an elevated level of Nrg1 expression in both immature and mature
OSNs, and show that these levels are increased following OBX. Of the 11 known ErbB
ligands, only 4 are expressed in the OE based on our microarray results, including Nrg1.
Of the other three, 2 are present in HBCs and elevated in this cell population after lesion
(HB-EGF and AR), and 1 is present in a variety of cell types, but is unaffected following
lesion (TGF-α). Of all 4 ligands, only Nrg1 is capable of binding ErbB3, suggesting that
Nrg1 expression in the OE, shown by both our group and others, is required as a non-
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redundant signaling ligand, which further supports our hypothesis that Nrg1 has a specific
role in the OE.
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VI. SUMMARY AND HYPOTHESES

By taking advantage of the capacity for regeneration of the OE, this thesis addresses 2
questions:

Chapter 2. What are the expression patterns of Nrg1 and the ErbB receptors in
the OM? Here, we focus on characterizing the isoform specific expression pattern of
all possible Nrg1 variants throughout the OM. By overlaying this with ErbB expression
patterns following MeBr injury, we provide evidence that soluble, Nrg1 Type I interacts
with ErbB3:ErbB2 heterodimers in the recovering epithelium.

Chapter 3. How does Nrg1 affect the differentiative capacity of the OE following
injury? For this, we use a 3-D air-media interface tissue culture model to identify
lineage-specific differentiation of Nrg1-stimulated OE progenitor cells. We show
that Nrg1 activates the differentiation and proliferation of a less-understood class of
progenitor cells with limited stem capacity, namely the D/G cells. This establishes a
functional role for soluble Nrg1 in OE recovery.

Chapter 4. Discussion and Future Directions. After summarizing the results from
Chapters 2 and 3, we will explore experiments that will enhance our understanding
of Nrg1/ErbB signaling in the OE. These include–determining a role for membranetethered Nrg1 in neurons, investigating Nrg1 regulatory mechanisms, extending current
understanding of the differentiative capacity of D/G cells, and identifying signaling
events occurring downstream of ErbB receptors.
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Chapter 2:
CHARACTERIZING NRG1 AND ERBB
EXPRESSION IN THE OLFACTORY
MUCOSA
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ABSTRACT

The lamina propria (LP) is the underlying mesenchyme of the olfactory mucosa (OM),
and as such, likely harbors a wide array of soluble factors that can interact with the
olfactory epithelium (OE). Neuregulin1 (Nrg1), a protein involved in signaling through
the ErbB receptors, has been shown to exist in the OM, however, the functional capacity
for Nrg1 in the OE remains elusive. The Nrg1 gene is subject to extensive alternative
splicing, resulting in the generation of numerous protein products with crucial roles in
the development of multiple organ systems. These numerous protein products display a
wide range of divergent functional roles, making the characterization of tissue-specific
isoforms critical to understanding signaling. Here, we thoroughly examine the expression
of Nrg1 in the OM using a combination of RT-qPCR, FACS, and immunohistochemistry
(IHC) to meticulously define isoform-specific and cell type-specific expression patterns.
To supplement this information, we analyze the cell type-specific expression patterns
of the ErbB receptors, using IHC. We find that, in the context of OE injury, a specific
isoform of Nrg1 is upregulated proximal to cells expressing both ErbB2 and ErbB3,
which may confer a functional role for Nrg1 during regeneration.
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INTRODUCTION

Nrg1 signaling, through the ErbB receptor family, is a process that is fundamental to the
development of multiple organ systems (lung, cardiac, nervous, and breast) in vertebrates
(Meyer and Birchmeier 1995; Meyer, Yamaai et al. 1997; Britsch, Li et al. 1998;
Wolpowitz, Mason et al. 2000; Li, Cleary et al. 2002; Zscheppang, Korenbaum et al.
2006). In order to oversee the diverse developmental roles requiring Nrg1 signaling, the
Nrg1 gene is subject to rich alternative splicing resulting in numerous (15-20) tissue- and
functionally-specific protein products (Figure 1). Although all of the protein products
signal through ErbB receptors, the process by which this occurs is dramatically different
for splice variants and heavily impacts cellular output. Here, we identify the Nrg1
isoforms that are specific to the OM to provide insight on how Nrg1 may be influencing
OE maintenance/regeneration.

Two discrete functions arise from alternative splicing of the N-terminal domain of the
protein encoded by Nrg1:

1) The protein is secreted. The protein products of Type I and Type II Nrg1 are singlepass transmembrane proteins containing cell surface trafficking information on either
their C-terminal intracellular domain (Wen, Peles et al. 1992; Liu, Hwang et al. 1998a;
Liu, Hwang et al. 1998b), or their N-terminus (Peles and Yarden 1993; Burgess, Ross et
al. 1995), respectively, in addition to an extracellular proteolysis domain that allows for
secretion (Montero, Yuste et al. 2000). These proteins are capable of paracrine signaling
with receptors expressed on distant cell surfaces when they are released as diffusible
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Figure 1. Schematic of Nrg1 splice variants. The splice variants of the mouse Nrg1 gene are shown with alternative transcriptional
initiation exons in green, alternative EGF domains in pink and blue, and alternative stop exons in red. Arrows are color-coded to indicate isoform-specific primers used for RT-qPCR, corresponding to Table 1A. Asterisks indicate α (purple) or β (pink)-specific primers
for stalk 1 (blue) identification.
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signals. For example, in heart development, release of the bioactive ectodomain of Type
I from the endocardium is necessary to induce myocardial differentiation (Kramer, Bucay
et al. 1996; Wadugu and Kuhn 2012).

2) The protein is membrane-bound. The protein product of Type III Nrg1 is a doublepass transmembrane protein that undergoes extracellular proteolytic processing to expose
a membrane-tethered ligand that is capable of juxtacrine signaling with receptors located
on neighboring cells (Wang, Miller et al. 2001). This contact-dependent signaling has
been studied at length in the nervous system, where Type III Nrg1 expressed on neuronal
axons interacts with ErbB3 expressed on Schwann cells to promote Schwann cell
formation and maintenance (Shah, Marchionni et al. 1994; Dong, Brennan et al. 1995;
Garratt, Britsch et al. 2000). In addition to canonical receptor signaling, Type III Nrg1
isoforms containing an “a” tail domain are also capable of acting as a receptor (Bao,
Wolpowitz et al. 2003), although few biological examples of this bidirectional signaling
exist (Bao, Lin et al. 2004).

Along with these distinct functional differences that arise from N-terminal isoforms of
Nrg1, there are 2 other variable regions that are susceptible to rich alternative splicing
and can influence downstream function– the EGF domain and the C-terminal intracellular
domain (ICD). The EGF domain is necessary and sufficient to bind and activate ErbB
receptors, and a complete EGF domain consists of a canonical region (cEGF) spliced to 1
of 3 variant carboxy termini– α, β, or γ (Holmes, Sliwkowski et al. 1992). Differences in
the carboxy-terminus relate to binding and activation efficiency, with β isoforms reigning
superior (Wen, Suggs et al. 1994; Pinkas-Kramarski, Shelly et al. 1996). Addition of
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a short “stalk” region immediately following the EGF domain allows for increased
proteolytic processing and release of soluble Type I or membrane-tethered Type III
ligands (Montero, Yuste et al. 2000). Finally, differences in the C-terminal ICD have an
apparent difference in their capacity for bidirectional signaling, as discussed above with
the Type III isoform.

The architecture of the OM supports the possibility for both secreted and/or membranebound forms of Nrg1. The OM contains an underlying mesenchyme, the LP, that could
dictate the growth of the OE through secretion of signaling molecules, similar to what
is seen with Nrg1 Type I guidance of heart formation (Kramer, Bucay et al. 1996;
Wadugu and Kuhn 2012). Additionally, the OE is richly populated with neurons, and
the LP contains a population of olfactory ensheathing cells (OECs) that bundle neurons
together much like Schwann cells in the nervous system. Indeed, there is physical
evidence for both types of signaling as well. Our lab has generated data suggesting that
Nrg1 is expressed in conditioned media (CM) from a LP-derived cell line, supporting
the possibility of a secreted form of Nrg1 in the LP (unpublished data). Additionally,
Nrg1 has been shown to exist in the rat OE, although the isoform-specificity and cellular
localization remain largely unknown (Salehi-Ashtiani and Farbman 1996). Finally,
early experiments to identify ErbB expression in the OM have verified the presence of
EGFR and ErbB2 as well as the absence of ErbB4, but this work is largely incomplete,
providing little information on cell type-specification and expression patterns following
injury and no information on the expression of ErbB3 (Holbrook, Szumowski et al. 1995;
Salehi-Ashtiani and Farbman 1996; Vullhorst, Neddens et al. 2009).
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Here, we characterize for the first time, the isoform-specific profile of Nrg1 in the OM,
identifying the presence of both secreted and membrane-bound proteins. Using FACSpurified OM cell types, we expand this profile to encompass cell specificity. Finally, we
determine an expression pattern for Nrg1 and the ErbB family members in the OM, both
in uninjured epithelium and in an environment of regeneration following methyl bromide
(MeBr) lesion using IHC. Ultimately, this provides a framework that supports the notion
that Nrg1/ErbB signaling may have an important role in OE regeneration.
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MATERIALS AND METHODS

Animals and breeding

Wildtype F1 mice used for MeBr-lesion, tissue harvest for RNA analysis, and all IHC
(unless otherwise indicated), were bred from C57/BJ6 and 129S1/Sv1MKJ mice in
house or ordered from Jackson Labs (#101043). ΔSox2egfp mice have been previously
described, and are an embryonic stem (ES)-cell knock-in mouse strain (Ellis, Fagan
et al. 2004). These mice generate GFP in all cell types that pass through a Sox2expressing stage, including globose basal cells (GBCs), horizontal basal cells (HBCs),
and sustentacular (sus) cells. Neurog1eGFP and Hes5::GFP mice have previously
been described by the GENSAT project and are BAC transgenic lines (Gong, Zheng
et al. 2003; Tomishima, Hadjantonakis et al. 2007). These mice produce GFP in
immature olfactory sensory neurons (Neurog1eGFP) and OECs (Hes5::GFP) of the OE.
Conventional transgenic K5creERT2 mice have been described elsewhere (Indra, Warot et
al. 1999) and were provided by P. Chambon and R. Reed. K5creERT2 mice were crossed
with a cre-inducible Tdtomato mouse from Jackson Laboratory (# 007909) to produce a
K5creERT2:Tdtomato reporter line, which expresses Tdtomato in HBCs after tamoxifen
administration. ΔOMP-eGFP have previously been described, and were provided by P.
Mombaerts (Potter, Zheng et al. 2001). These mice were produced by insertion of GFP
into the OMP locus and result in GFP expression in mature olfactory sensory neurons
(OSNs) of the OE.
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All mice were housed at Tufts University in a heat- and humidity-controlled, AALACaccredited room running under a 12:12-hour light/dark cycle and maintained on ad
libitum rodent chow and water. All animal protocols are approved by the Committee for
the Humane Use of Animals at Tufts University School of Medicine.

MeBr lesion

C57/BJ6.129 (F1) mice were exposed to 175 ppm MeBr diluted in air at 10 L/min for
8 hours at 12 weeks of age as previously described (Schwob, Youngentob et al. 1995).
Unilateral lesions were performed by inserting a plug consisting of a 5mm piece of PE10
tubing occluded by a knotted 7.0 suture into the right naris of the mouse, and sealing the
naris with superglue.

Drug administration

Tamoxifen (Sigma) was prepared as a 30 mg/mL stock in corn oil and administered to
mice at 4 weeks of age. K5creERT2:Tdtomato mice were injected intraperitoneally (IP)
with 275 mg/kg and sacrificed 2 weeks post-injection.

Tissue harvesting for RNA analysis

Mice were anesthetized with a lethal dose of the triple cocktail of ketamine (37.5 mg/
kg), xylazine (7.5 mg/kg), and acepromazine (1.25 mg/kg) via IP injection. Following
anesthetization, mice were transcardially perfused with 10 mL cold PBS followed by 10
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mL Low Ca2+ Ringer Solution (140 mM NaCl, 5mM KCl, 10 mM HEPES, 1mM EDTA,
10 mM glucose, 1mM sodium pyruvate, pH7.2). The turbinates were then removed from
the septum and discarded. The OM consists of OE sitting on a basal lamina proximal
to the deeper mesenchymal tissue of the LP. These were separated as follows. For
unlesioned mice, starting at the dorsal region, the OE was peeled away from the septum
leaving the LP attached to the bone. Separated tissue was flash frozen on dry ice. Tissue
from 5 animals was combined for each replicate. For lesioned mice, animals were
euthanized at 2 days post-lesion and subjected to en bloc proteolytic digestion in order to
dissociate OE cells while leaving the LP relatively undisturbed.

For proteolytic digestion, the septum was incubated for 5 minutes in 0.05% TrypsinEDTA in a 37°C waterbath. Solution was drained off and replaced with an enzyme
cocktail (100 U/mL collagenase, 250 U/mL hyaluronidase, 75 U/mL DNase I, 0.1 mg/
mL trypsin inhibitor, 5 U/mL papain; from Worthington Biochemical, Roche, and Sigma)
for 30 minutes at 37°C with light agitation every 10 minutes. Tissue was then filtered
through 120 μM mesh to separate the OE (filtrate) from the LP (unfiltered tissue). The LP
was washed 1x with regular Ringer Solution (140 mM NaCl, 5 mM KCl, 10 mM HEPES,
1 mM EDTA, 10 mM glucose, 1 mM sodium pyruvate, 1 mM CaCl, 1 mM MgCl2,
pH7.2) and then flash frozen on dry ice for RNA extraction. The OE was washed 1x with
regular Ringer Solution and filtered through a 35 μM mesh before flash freezing for RNA
extraction. Tissue from 3 animals was combined for each replicate.
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Tissue harvesting for FACS

For LP fibroblasts, OECs, HBCs, immature OSNs, and mature OSNs, respective mouse
strains were anesthetized with a lethal dose of the triple cocktail of ketamine (37.5 mg/
kg), xylazine (7.5 mg/kg), and acepromazine (1.25 mg/kg) via IP injection. Following
anesthetization, mice were transcardially perfused with 10 mL cold PBS followed by
10 mL Low Ca2+ Ringer Solution (140 mM NaCl, 5mM KCl, 10 mM HEPES, 1mM
EDTA, 10 mM glucose, 1mM sodium pyruvate, pH7.2). After dissection, the septum
and turbinates were finely minced and incubated for 5 minutes in 0.05% Trypsin-EDTA
in a 37°C waterbath. The solution was drained off and replaced with an enzyme cocktail
(100 U/mL collagenase, 250 U/mL hyaluronidase, 75 U/mL DNase I, 0.1 mg/mL trypsin
inhibitor, 5 U/mL papain; from Worthington Biochemical, Roche, and Sigma) for 30
minutes at 37°C with light agitation every 10 minutes. Tissue was then filtered through
120 μM mesh followed by 35 μM mesh before being washed in Staining Solution (25
mM HEPES, 10 mM EDTA in 1x HBSS). For duct/gland (D/G) cells, GBCs, and sus
cells, ΔSox2egfp mouse tissue was dissociated identically, except for 2 changes: 1) after
mincing, the cells are placed directly in the enzyme cocktail, and 2) the enzyme cocktail
is slightly changed (500 U/mL collagenase, 250 U/mL hyaluronidase, 75 U/mL DNase I,
5 U/mL papain; from Worthington Biochemical, Roche, and Sigma).

Tissue processing for IHC

Mice were anesthetized with a lethal dose of the triple cocktail of ketamine (37.5 mg/
kg), xylazine (7.5 mg/kg), and acepromazine (1.25 mg/kg) via IP injection. Following
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anesthetization, mice were transcardially perfused with 10 mL cold PBS followed by 1%
PLP (1% PFA, 0.01 M monobasic and dibasic phosphates, 90 mM lysine, 0.1 M sodium
periodate). After dissection, tissue was post-fixed for 1 hour in 1% PLP under vacuum
pressure and decalcified overnight in saturated EDTA. Tissue was then cryoprotected in
30% sucrose in PBS, embedded in OCT (Miles Inc., Elkhard, IN), and frozen in liquid
nitrogen. A Leica cryostat was used to obtain 9 μM coronal sections mounted on “Plus”
slides (Fischer Scientific) and tissue sections were stored at -20°C.

RNA isolation, qPCR, and TOPO sequencing

RNA was extracted using TRI Reagent® (Ambion) according to the manufacturers
instructions. Briefly, frozen tissue was homogenized in TRI Reagent (500 uL for LP and
OE from unlesioned animals, 50 uL for OE and 100 uL for LP from lesioned animals),
and following the addition of chloroform, RNA was separated into the aqueous phase
of the homogenate after centrifugation. RNA was precipitated with isopropanol and
resuspended in DEPC-H2O. To generate cDNA, 500 ng of RNA was reverse-transcribed
using SuperScript III RT (Invitrogen). Primers for RT-qPCR are listed in Table 1A, and
all samples were amplified using SYBR® Green RT-PCR Master Mix (Ambion) and run
on a BioRad CFX96 Real-Time PCR machine. Primers for PCR and gel electrophoresis
of single-splice variants of Nrg1 are listed in Table 1B. To determine full-length Nrg1
isoforms, primers listed in Table 1C were used to amplify Nrg1 from OE and LP
samples, and the entire PCR product was cloned into the TOPO® vector (Invitrogen).
The M13R primer (Table 1D) was used to sequence 10 samples per PCR product.
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FACS

All staining of LP fibroblasts, D/G cells, GBCs, and sus cells, was done in suspension in
2mL glass conical tubes with antibody dilutions prepared in Staining Solution (25 mM
HEPES, 10 mM EDTA in 1X HBSS). Primary antibody incubation was for 20 minutes
on ice with mixing by pipetting every 10 minutes. Secondary and tertiary antibodies
were added for 10 minutes apiece. Cells were washed between incubations with Staining
Solution. Antibodies used are listed in Table 2. Each biological replicate contains
pooled mouse samples based on target cell type abundance (OEC-8 mice; LP Fibroblast-5
mice; D/G/GBC/sus-5 mice; HBC-3-5 mice; immature OSNs-4 mice; mature OSNs-2
mice).

Immunohistochemistry

Primary antibodies and their respective protocols are listed in Table 3. Prior to
immunostaining, tissue sections were rinsed in PBS and subjected to one of multiple
pretreatments: 1) ethanol dehydration/rehydration involved 1 minute incubations in the
following ethanol baths: 50%>90%>100%>90%>50%, 2) incubating slides in 0.01 M
citrate buffer (pH6.0) in a commercial steamer for 5 or 10 minutes, 3) incubating slides

71

in 0.01 M citrate buffer (pH6.0) at 60°C for 30 minutes, 4) DNase-treating slides at room
temperature for 10 minutes in 500 U/mL DNaseI in DNaseI Buffer (40 mM Tris-HCl, 10
mM NaCl, 6 mM MgCl2, 10 mM CaCl2, pH7.9), 5) 5 minute incubation in 3% H2O2 in
MeOH, 6) 5 minute incubation in MeOH. Following all pretreatments, slides were rinsed
in PBS and blocked for 1 hour at room temperature in Normal Donkey Block (10%
donkey serum, 5% non-fat dry milk, 4% BSA, 0.1% TritonX-100; in PBS). Slides were
incubated in primary antibody overnight and on the second day were visualized using a
variety of techniques described in Table 3.

Imaging

Slides were imaged on a Nikon 800E epifluorescent microscope using a SPOT RT2
digital camera. All images were prepared in Photoshop CS2.
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Key for Table 3.
Antibody Hosts:
Fluorophores (fluors):		
D: Donkey		
Green: Alexa-488			
GP: Guinea Pig
Red: Alexa-594			
Gt: Goat		
*all used at 1:125			
Mo: Mouse							
Rb: Rabbit							
Rt: Rat								
Shp: Sheep							
						

Pretreatments:
A: 3% H2O2
B: EtOH
C: 5 min. steam with citrate
D: 10 min. steam with citrate
E: 1/2 hour citrate buffer
F: MeOH
G: DNase

TSA: Tyramide Signal Amplification Kit (Perkin Elmer)
b: Biotinylated secondary antibody
All pretreatments done in succession as indicated in Table 3. Detailed description of
pretreatments provided in Materials and Methods.
In some instances, different pretreatments and/or protocols are necessary to accomodate
antibodies for co-staining. These instances are indicated under Protocol with the specific
antibody(ies) used for co-staining in bold.
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RESULTS

Characterization of Nrg1 isoform expression in the uninjured OM

Nrg1 exists in multiple isoforms that can be alternatively spliced to encode numerous
protein products with various downstream functions [for review, see (Falls 2003)].
Overall, alternative exon selection occurs in 3 broad regions of the Nrg1 gene: the
transcriptional start site (green), the EGF domain (pink and blue), and the transcriptional
termination site (red), with each region containing multiple exon and splice variant
options [for review, see (Buonanno and Fischbach 2001)] (Figure 1). Using primers
specific for each variable exon that were designed to cross intron boundaries to mitigate
genomic contamination, we first used RT-qPCR to identify the repertoire and prevalence
of exons that are expressed in the uninjured mouse OM (Figure 1 and Table 1a).
The results of the analysis indicate that multiple isoforms are expressed in complex
associations across tissue and cell type within the OM. The discussion of the post-injury
results will be deferred until after we describe the expression pattern in the normal
mucosa in some detail.

With respect to the 5´ region, which determines the mechanism by which Nrg1 associates
with the receptor, i.e. via a soluble or membrane-tethered ligand, RNA isolated from both
the LP and the OE of adult mice show a strong preference for the Type III transcriptional
start exon, with reduced preference for the Type I and no selection for the Type II exons
(Figure 2A,C, green). Specifically, the OE shows the strongest preference for Type III,
at 93% abundance, while the LP shows a slightly increased preference for Type I over the
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Figure 2. Major Nrg1 isoforms present in the mouse OM. RNA extracted from mouse
(A,B) LP or (C,D) OE was analyzed to determine the primary isoform variants of Nrg1 in
both (A,C) uninjured and (B,D) MeBr-lesioned (2 dpl) tissue. Primers were designed to
target each variable region (Table 1A) and color-coding references the schematic in Figure 1. For the N-terminus: light green (Type I), dark green (Type III); for the EGF domain: pink/blue stripes (β1-EGF), pink (β-EGF), blue (β3-EGF), purple (α-EGF); for the
C-terminus: dark red (a), maroon (b), light red (c). All samples are normalized to β-actin
and are shown as percent abundance per variability region (N-terminus, EGF domain, or
C-terminus). Error bars calculated based on SEM. n=3.
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OE, with Type I representing 19% of the total Nrg1 in the LP versus 7% in the OE.
These results indicate a preference for juxtacrine signaling in the OE and a capacity for
paracrine signaling in the LP.

With respect to the domain that is responsible for binding to and activating the receptor,
the EGF domain shows increased regional and environmental isoform diversity. Overall,
the β-EGF isoform is the most common variant present in all of the samples, while
the γ-EGF isoform is not expressed (Figure 2A,C, pink/blue). Despite this, there is a
trend towards an increased abundancy of the β-EGF isoforms in the OE compared to
the LP (92% versus 71%). This trend is similar to the difference in Type I versus Type
III predominance in the LP versus the OE and could suggest that Type I is preferentially
spliced to α-EGF variants while Type III is preferentially spliced to β-EGF variants.
Additionally, there are some differences in stalk domain preference between the LP and
the OE. The LP preferentially expresses the β1-EGF (45%) and β-EGF (21%) variants
while the OE preferentially expresses the β1-EGF (57%) and β3-EGF (26%) variants.
Conversely to β-EGF variants, all α-EGF variants are present without a stalk domain in
both the LP and the OE.

With respect to the C-terminal domain, responsible for intracellular trafficking and
bidirectional signaling, the 3 transcriptional termination exons show very little difference
among all conditions, with a slight predominance of the “a” isoform over the “b” isoform
and very little expression of the “c” isoform (Figure 2A,C, red).
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Figure 3. β1 is the predominant EGF domain variant. (A) Gel electrophoresis
showing presence or absence of products amplified using Type I/Type III-specific 5'
with a/b-specific 3' primers (Table 1C). (B-D) Resultant identification of EGF domain
predominance from sequencing colonies obtained by TOPO® cloning of products from
(A) and sequencing using the M13R primer (Table 1D). Color-coding references the
schematic in Figure 1: pink/blue stripes (β1-EGF), pink (β-EGF), purple (α-EGF). Dark
gray represents direct splicing of cEGF to the transmembrane domain (B). 10 colonies
were sequenced from Type Ia (B), Type IIIa (C), and Type IIIb (D), each.

These data provide a catalog of exons that are expressed in the uninjured OM that we
then used to identify fully-spliced isoforms. LP and OE cDNA samples from uninjured
adult mice were PCR-amplified using primers specific to either the Type I or Type III
start exon in conjunction with primers specific to either the “a” or “b” ICD, resulting in
4 possible PCR products (Table 1C, Figure 3A). Given the low abundance of the Type
II, γ-EGF, and “c” isoforms, we excluded them from this analysis. The resulting PCR
products were cloned into the TOPO® vector and 10 positive colonies were sequenced
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from each reaction to determine the identity of the corresponding internal EGF domain
using M13R sequencing primers (Table 1D). Variants containing Type I and the “b” ICD
did not exist in either LP or OE samples. Variants containing Type I and the “a” ICD
existed only in LP samples, while variants containing a Type III “a” or “b” ICD existed
in both LP and OE samples (Figure 3). Regardless of the primer set, the predominant
internal sequence was overwhelmingly β1-EGF, which corresponds with the previous
observation that LP and OE contain predominantly β1-EGF (Figure 2A,B). Type Ia,
which was only found in the LP, contained 60% β1-, 20% α-, and interestingly, 20%
of neither β- nor α-EGF, but rather the EGF domain spliced directly to the canonical
transmembrane (TMC) domain (Figure 3B, gray). This particular splice variant has not
been reported in the literature, however, due to the need for a complete EGF domain for
ErbB binding and activation, it is unlikely that this represents a functional isoform (Wen,
Suggs et al. 1994; Marikovsky, Lavi et al. 1995; Baek and Kim 1998). Type IIIa and
IIIb display similar patterns in the LP, with an increased prevalence of the β1-EGF splice
variant (90% and 70%, respectively) over Type Ia (60%). These observations agree with
our hypothesis formed from Figure 2 that Type I and α-EGF may be associated since we
see reduced β1-EGF and increased or stable α-EGF splice variants with Type I over Type
III (Figure 2A,B, pink/purple).

The β1-EGF splice variant is almost solely linked with Type III regardless of ICD, with
90% of “a” variants and 100% of “b” variants containing the β1-EGF domain (Figure
3C,D). We had previously shown a moderately high amount of β3-EGF in the uninjured
OE, however that is not seen here because the β3-EGF variants are truncated immediately
following the stalk domain and therefore would not have been observed using this
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analysis (Figure 2C, blue). In
addition, although results from
Figure 2C (green) show
that there are low levels of Type I
(7%), we were unable to amplify
enough product with the “a” or
“b” reverse primers to acquire
positive clones after TOPO®
cloning.

Figure 4. Type I-α-EGF is present in the uninjured
OE. (A) Primers specific to either Ia or Ib were used to
amplify the entire TOPO® cloned product from miniprepped samples of the OE in Figure 3A. Type IIIa
served as a positive control. (B) cDNA from mouse OE
was amplified using primers to identify whether Type
I was spliced with the β-EGF or α-EGF variant. Type
III-β was used as a positive control. Primers used for
(A) are listed in Table 1C and primers used for (B) are
listed in Table IB.

In order to verify this result,
rather than choosing clones, we mini-prepped the entire TOPO® reaction and PCRamplified the DNA using primers specific to cEGF to determine whether any product
exists for Type I with the “a” or “b” ICD (Table 1C). Here, we confirmed that Type
I exists only with the “a” ICD (Figure 4A). In order to determine the corresponding
internal EGF variant, we amplified
OE cDNA from uninjured adult
mice using primers targeting Type
I (forward) and α-EGF or β-EGF
(reverse) (Table 1B, Figure 4B).
These results indicated that Type I
exists only with the α-EGF domain in
*Previously unidentified isoform
**N-terminus specificity not determined for
corresponding EGF domain
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the OE. Overall, these observations
agree with our initial results that the

OE consists predominantly of β-EGF variants and additionally show that a small amount
of Type I-α-a is present in the OE while Type III exists with both the “a” and “b” ICD.

Ultimately, these data confirm the presence of 9-10 Nrg1 isoforms in the OM
(summarized in Table 4).

Nrg1 shows cell-type selective expression patterns in the uninjured OM

To more completely understand the selective expression of Nrg1, we looked at cell typespecific expression patterns from FACS-purified subpopulations of the OM. Using a
variety of fluorescent mouse strains and antibodies outlined in the Materials and Methods,
we sorted and isolated RNA from 8 populations of cells: LP fibroblasts, OECs, D/G cells,
HBCs, GBCs, immature OSNs, mature OSNs, and sus cells (Figure 5). Samples were
then screened for Nrg1 using primers for cEGF, and RT-qPCR results were normalized
to Nrg1 in sus cells, which serve essentially as a negative control for normalizing Nrg1
expression (Figure 6, Table 1).

All populations showed at least a 4-fold increase of Nrg1 over sus cells, with the
neuronal populations expressing close to 15-fold more Nrg1. A thorough analysis of
these 7 populations using the Nrg1 isoform-specific PCR primers from Table 1, reveal
a cell-type-specific expression pattern (Figure 7). For these calculations, expression
levels of isoform-specific Nrg1 in each population were normalized to expression in
the whole mucosa. This type of calculation is used to identify only populations that
are predominantly comprised of one isoform, since expression of isoforms in multiple
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Figure 5. FACS plots for cell type-specific identification of Nrg1 in the OM. FACS plots are shown accompanied by staining with
respective markers used for sorting. (A) OEC isolation using GFP(+) Hes5::GFP mice; R3= 0.2% of total cells. Image provided
by Nikolai Schnittke. (B) LP fibroblasts using Thy1.2 antibody staining; R4=10% of total cells. (C) HBCs using Tdtomato(+)
K5creERT2:Tdtomato mice; R3=0.3% of total cells. Image from K5creERT2:Tdtomato mice is not available, and staining is a
representative image of HBCs using CD54 antibody staining. (D) GBCs using CD54(-)/ECAD(-)/GFPLOW ΔSox2egfp mice; R3=4% of
total cells. Accompanying staining shows ΔSox2egfp staining pattern, provided by Rich Krolewski. Representative images for HBC
(CD54) and sus (ECAD) are seen in C and E, respectively. (E) D/G cells and sus cells sorted using ECAD(+)/GFP(-) and ECAD(-)/
GFPHIGH ΔSox2egfp mice, respectively. For D/G cells, R4=2.2% of total cells. For sus cells, R3=2.7% of total cells. (F) Immature
OSNs were sorted using GFP(+) Neurog1eGFP mice; R3=11.5% of total cells. (G) Mature OSNs were sorted using GFP(+) ΔOMPeGFP mice; R4=43% of total cells. Image provided by Julie Hewitt. In (A) scale bar is 50 µM. For (B-G) scale bar is 20 µM.
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cell types would obscure the cell
type-specific results. LP fibroblasts,
GBCs, and immature OSNs/GBCINP
showed relatively no Nrg1 expression
(Figure 7B,E,F). D/G cells show
a strong preference, while HBCs
show a weaker preference, for Type
I isoforms (5-fold versus 2-fold)
containing either α- (8-fold versus
Figure 6. Nrg1 is expressed in all FACSpurified cell populations. RT-qPCR results
of RNA extracted from specific FACS-purified
only) (Figure 8C,D). We previously
cell populations and amplified using primers
recognizing cEGF. CT values were averaged
showed that Type I isoforms are
among technical triplicates and normalized to
present primarily in the LP over the β-actin to obtain a ΔCT value. ΔCT values were
averaged among experimental replicates and
OE (Figure 2A), and the D/G cells normalized to the ΔCT value of cEGF in sus cells
to obtain a ΔΔCT value, and are plotted as relative
represent a population that is present expression of Nrg1 to sus cells (2^(-ΔΔCT)). Error
bars calculated based on SEM. n=3 (OEC, LP
in both the LP and the OE, suggesting Fibroblast, D/G, sus, GBC, HBC, mature OSN)
and n=7 (immature OSN).
that Type I isoforms are found in
1.5-fold) or β-EGF (4-fold, D/G

a LP-specific population of D/G cells. In contrast to the D/G expression patterns, the
mature OSN population shows increased expression for both Type I (3.5-fold) and Type
III (1.8-fold) isoforms, and is the only population to show any preference for Type III
(Figure 7G). The OEC population has a moderate expression of Type I (1.5-fold),
α-EGF (2-fold), and β-EGF (3.5-fold) (Figure 7A). Ultimately, these results indicate that
Type I expression is likely predominant in the D/G population while Type III expression
is only increased, and therefore predominant, in the mature OSN population (Figure
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Figure 7. OE cell populations show differential expression of Nrg1 isoforms. RTqPCR results of RNA extracted from (A) OECs, (B) LP fibroblasts, (C) D/G cells, (D)
HBCs, (E) GBCs, (F) immature OSNs, and (G) mature OSNs. CT values were averaged
among technical triplicates and normalized to β-actin to obtain a ΔCT value. ΔCT values
were averaged among experimental replicates and normalized to the ΔCT value of
each isoform in whole mucosa to obtain a ΔΔCT value, and are plotted as relative gene
expression to whole mucosa (2^(-ΔΔCT)). Error bars calculated based on SEM. n=3 (OEC,
LP Fibroblast, D/G, sus, GBC, HBC, mature OSN) and n=7 (immature OSN).

7C,G). In addition, the presence of various EGF domain isoforms and the lack of any
strong presence of the “a” or “b” termination exon in any population, suggests that there
does not seem to be a cell type-specific preference for these regions. Overall, these
results reveal that the strongest determinant for cell type preference is start exon variance.

To further probe this hypothesis, we acquired antibodies that were specific to either Type
I or Type III and looked for expression in the uninjured adult mouse OM. In correlation
with the FACS data above, Nrg1 Type I shows strong expression in the D/G cells of the
LP only, as seen by co-staining with the D/G marker, Sox9 (Figure 8A). In addition,
Nrg1 Type III shows strong expression in mature OSNs, and complete absence from
immature OSNs (Figure 8B,C). These data supports the FACS result that Type I and
Type III show a strong, cell-type specific pattern of expression.

Altered Nrg1 isoform-specific expression following MeBr lesion

Having established a baseline for isoform characterization in the unlesioned murine OM,
we next sought to understand whether the predominant patterns of isoform expression
seen in the LP and the OE remained constant after MeBr injury. Using the same
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Figure 8. Nrg1 Type I is expressed in D/G cells and Type III is expressed in mature
OSNs of the uninjured OM. (A) An antibody against Nrg1 Type I shows expression in
Sox9(+) D/G cells in the LP. (B) An antibody against Nrg1 Type III shows expression in
OMP(+) mature OSNs and (C) absence from Tuj(+) immature OSNs. Arrows indicate
Type I(+) D/G cells in the LP. Arrowheads indicate location of the basal lamina. Insets
highlight regions of co-localization. Nuclear staining visualized by DAPI. Scale bar= 50
µM.

experiments described in the previous section, we extracted RNA from MeBr-lesioned
animals 2 dpl and analyzed isoform variance using RT-qPCR (Table 1A). The results of
this analysis indicate, again, that multiple isoforms are expressed across the OM, however
the predominance of these isoforms is shifted from what we see in normal OM. Here, we
will describe these differences by specifically analyzing each of the 3 variable regions in
the Nrg1 gene.

With respect to the N-terminal region, which determines the method of ligand-binding,
although both the LP and the OE retain predominance of the Type III isoform, seen in
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uninjured animals, the presence of the Type I isoform in the OE increases from 7% in
the uninjured OE to 17% following MeBr lesion (Figure 2C,D, green). This increase
in Type I prevalence mimics the level of Type I seen in the uninjured LP (18%). This
suggests that although Type III is the most predominant isoform of Nrg1 in the OE, Type
I may be activated upon injury.

With respect to the EGF domain, responsible for receptor binding and activation, we
again see a shift in isoform expression from normal OM. Interestingly, the presence
of the β-EGF isoform increases substantially from 71% total β-EGF in uninjured LP to
86% total β-EGF post-MeBr, while the relative amount in the OE shows a statistically
significant decrease from 93% total β-EGF to 74% total β-EGF after MeBr (two-tailed
t-test). In regard to the LP, this change is mainly the result of increased production of
the β1-EGF isoform, from 45% to 63% expression, in the LP after MeBr (Figure 2A,B,
pink/blue). In regard to the OE, this is primarily due to compensation by the β3-EGF
and β1-EGF isoforms to a statistically significant upregulation of the α-EGF isoform from
8% to 25% expression (two-tailed t-test; Figure 2C,D, pink/blue). These results suggest
that a combination of upregulated β1-EGF expression in the LP and α-EGF in the OE
may contribute to Nrg1 function following injury. Furthermore, these results fit with our
postulation in the normal OM that Type I may preferentially splice with α-EGF and Type
III may preferentially splice with β-EGF. This extends our initial results by suggesting
that an increase in Type I and α-EGF in the OE following injury may reflect a functional
role for these isoforms in regeneration.
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With respect to the C-terminal ICD, which is responsible for intracellular trafficking and
bidirectional signaling, we again see relatively equal expression of both the “a” and the
“b” ICD. The “b” ICD does show a modest increase in expression from 34% to 54%
in the OE (Figure 2C,D, red), while the expression pattern of the LP remains virtually
unchanged after injury (Figure 2A,B, red). These data
suggest that the fundamental variable regions involved
in regeneration are the N-terminus and the EGFdomain.

Extensive TOPO® cloning analysis was not performed
for LP and OE samples after MeBr lesion, however
MeBr samples were amplified using the same Type I/
III and b/a primer sets from Figure 3 (Table 2, Figure
Figure 9. Type Ia and Type
IIIa are the predominant Nrg1
all expressed at relatively similar amounts in both the isoforms present in the OM
after MeBr injury. Primers
OE and the LP before and after MeBr lesion, while the were used to amplify Type I/
III-specific N-termini with a/bpresence of Ia may increase. These data correlate with specific C-termini from cDNA
obtained from both the OE
the observation in the OE that Type I Nrg1 increases
(upper panel) and LP (lower
panel). Primers are indicated in
after MeBr (Figure 2C,D, green).
Table 1C.
9B). These data show that Types Ib, IIIa, and IIIb are

EGFR, ErbB2, and ErbB3 are expressed in the OM

The ErbB receptors are the only known receptors for Nrg1. Although Nrg1 can only bind
and activate ErbB3 and ErbB4, these 2 receptors are capable of heterodimerization with
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EGFR and ErbB2. Therefore, in order to begin to address the functional activity of Nrg1,
we first sought to determine the expression pattern of all 4 ErbB receptors in the OM
(Peles, Ben-Levy et al. 1993; Plowman, Green et al. 1993; Carraway, Sliwkowski et al.
1994).

An antibody specific to ErbB3 shows expression restricted to D/G cells (Figure 10A),
and separate from OSNs and HBCs (Figure 10B,C). Type I specific Nrg1 also shows
expression in D/G cells (Figure 8A), which supports the possibility that Nrg1 and ErbB3
could be signaling in this cell population. In addition to D/G cells, ErbB3 also shows
expression in a subpopulation of MVCs that are TrpM5(+) (Figure 11). To date, little is
known about the characterization and function of MVCs, although they are thought to
exist as a support cell (Pfister, Dietrich et al. 2012).

Unlike ErbB3, ErbB4 is not expressed in the OE. ErbB4 expression has previously
been described only in the interneurons of the olfactory bulb (OB) while the OE has
been shown to be completely devoid of ErbB4 (Perroteau, Oberto et al. 1998; Vullhorst,
Neddens et al. 2009). However, these studies did not look at whether ErbB4 expression
changed or appeared following MeBr injury, and therefore whether ErbB4 may have a
regeneration-dependent role in the OE. Using 2 separate antibodies raised against ErbB4,
we were able to mimic the OB staining, however we did not see OE staining post-MeBr,
indicating that ErbB4 is conclusively absent from the OE (Figure 12).

The current view of ErbB receptor signaling posits that EGFR or ErbB2 must be present
to provide a heterodimerization partner for Nrg1 signaling through ErbB3, since ErbB4
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Figure 10. ErbB3 is expressed in D/G
cells. (A) An antibody against ErbB3
shows expression in Sox9(+) D/G cells and
(B) absence from PGP9.5(+) OSNs and (C)
CK14(+) HBCs. Insets highlight regions
of co-localization. Nuclear staining
visualized by DAPI. Scale bar= 20 µM.

Figure 11. ErbB3 is expressed in
TRPM5(+) MVCs. (A-C) An antibody
against ErbB3 shows expression in
TrpM5(+) MVCs. All TrpM5(+)
MVCs were also ErbB3(+). Arrows
indicate MVCs. Inset in (C) shows colocalization. Nuclear staining visualized
by DAPI. Scale bar= 20 µM.
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Figure 12. ErbB4 is expressed in the OB and absent from the OE. An antibody against ErbB4 stained interneurons of the olfactory
bulb, both in the (A,C,E) uninjured mouse and (B) 1, (D) 2, and (F) 3 dpl. No staining is present in the OM both in the (A,C,E)
uninjured mouse and (B) 1, (D) 2, and (F) 3 dpl. All OB staining is in the left panel and OE staining in the right panel. Figures
represent contralateral images from unilateral lesions. Nuclear staining visualized by DAPI. Scale bar= 20 µM.
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is not present in the OE. An antibody
specific to EGFR showed expression in
both the HBCs and sus cells (Figure 13),
in accordance with previously published
expression patterns of EGFR in the OE
(Holbrook, Szumowski et al. 1995).
Despite the presence of EGFR in the OE,
it shows a different pattern of expression
from ErbB3, which is inconsistant with
the notion that EGFR is participating as an
ErbB3 heterodimerization partner.

An antibody specific to ErbB2 shows
strong expression of ErbB2 in immature
OSNs but not mature OSNs or D/G cells
(Figure 14). To verify expression in
immature OSNs, we looked specifically
at the Neurog1(+) population of immature
neurons/GFPINP using a Neurog1eGFP
mouse and found that ErbB2 is indeed

Figure 13. EGFR is expressed in HBCs
and sus cells. (A-C) An antibody against
expressed specifically in immature OSNs EGFR shows complete co-expression in
CK14(+) HBCs. Inset highlights HBC coand their direct precursors (Figure 15). localization. Arrows indicate entire apical
sheath of EGFR(+) sus cells. Nuclear staining
Since it appeared that a population of
visualized by DAPI. Scale bar= 20 µM.
ErbB2(+) cells were situated more basally
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to Neurog1(+) cells, we looked at
neuronal cell lineage populations
further upstream from immature
OSNs and saw expression in all
Ascl1/Mash1(+) and NeuroD1(+)
GBCTA (Figure 16). Moreover,
ErbB2 expression is also found
in the Sox2(+) GBC multipotent
progenitor population (Figure
17A), however it is restricted from
the HBC progenitor population
(Figure 17B). In accordance
with its presence in these cells, a
subpopulation of ErbB2(+) cells is
actively dividing (Figure 17C).

To determine whether ErbB2
could act as a heterodimerization
partner of ErbB3 in the uninjured
OE, we looked to see whether
ErbB2 and ErbB3 show an
overlapping expression pattern.
However, in uninjured adult mice,

Figure 14. ErbB2 is expressed in immature OSNs.
(A) An antibody against ErbB2 shows overlapping
expression with NCAM(+) immature OSNs and
complete absence from (B) OMP(+) mature OSNs and
(C) ECAD(+) D/G cells. Nuclear staining visualized
by DAPI. Scale bar= 20 µM.

ErbB3 is not co-expressed with
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Figure 15. ErbB2 is expressed in immature OSNs/GBCINP. (A-C)
An antibody against ErbB2 shows overlapping expression with GFP in
Neurog1eGFP mice. Inset highlights co-localization. Nuclear staining
visualized by DAPI. Scale bar= 20 µM.
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Figure 16. ErbB2 is expressed in GBCTAand GBCINP.
(A) An antibody against ErbB2 shows overlapping
expression in Ascl1/Mash1(+) GBCTA and (B) NeuroD1(+)
GBCINP. Insets highlight co-localization. Nuclear staining
visualized by DAPI. Scale bar= 20 µM.
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Figure 17. ErbB2 is expressed in GBCMPP but is restricted
from HBCs. (A) An antibody against ErbB2 shows overlapping
expression with Pax6(+) GBCMPP and (B) restricted expression
from CD54(+) HBCs. (C) A subpopulation of basally-located
ErbB2(+) cells is actively cycling. Insets highlight colocalization and restriction. Nuclear staining visualized by DAPI.
Scale bar= 20 µM.
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ErbB2 (Figure 18A).
This suggests that
despite the presence
of Nrg1 and ErbB3
in neighboring
D/G cells of the LP
Figure 18. ErbB3 is not co-localized with ErbB2 or Nrg1 Type
(Figure 18B), in the I in the normal OM. (A) Antibodies raised against ErbB2 and
ErbB3 show that they are present in different cell populations in the
environment of the
OE. (B) Additionally, antibodies raised against Nrg1 Type I and
uninjured adult OM, ErbB3 indicate that they are not co-localized in the LP. Nuclear
staining visualized by DAPI. Scale bar= 20 µM.
Nrg1 is incapable of
signaling through ErbB3.

ErbB2:ErbB3 heterodimers may transmit Nrg1 Type I signaling after injury

Our RT-qPCR results show a shift in Nrg1 isoform-specific expression patterns following
MeBr lesion (Figure 2). In order to determine whether Nrg1 signaling may play a role in
OE regeneration following injury, we looked at MeBr-lesioned tissue from adult animals
at various days post-lesion to analyze changes in Nrg1 Type I, ErbB3, and ErbB2 patterns
of expression. Interestingly, Nrg1 Type I expression dramatically changes following
MeBr-lesion, extending from the LP into the OE by 2 dpl and lasting up to 7 dpl,
depending on the severity of the lesion (Figure 19). Nrg1 Type I expression is restricted
from HBCs, a cell population activated upon MeBr-lesion (Figure 19), and remains
localized to D/G cells (Figure 20). These results correlate with the isoform summary
showing an increase of Nrg1 Type I in the OE after lesion (Figure 2C,D).
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Figure 19. Nrg1 Type I expression is elevated in the OE following MeBr lesion. (A) Nrg1 Type I expression at 1 dpl, shows
restriction from CD54(+) HBCs. (B-D) Nrg1 expression is increased in the OE. (E) Areas of the OE that are subjected to a harsher
lesion have increased levels of Nrg1 Type I present in the OE at 7 dpl compared to (F) OE that has a less harsh lesion. Arrows indicate
Nrg1 Type I expression in the OE. Nuclear staining visualized by DAPI. Scale bar= 20 µM.
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In order to determine whether Nrg1 signaling
may be occurring in this post-MeBr lesion
environment, we looked to see whether ErbB2/
ErbB3 expression changed in such a way that
these two could function as heterodimerization
partners. ErbB3 expression is highly increased

Figure 20. Nrg1 Type I is expressed
from 2 dpl through 4 dpl, with expression seen in in D/G cells in the OE following
MeBr lesion. An antibody against
both D/G cells as well as other cell types (Figure Nrg1 shows overlapping expression
with ECAD(+) D/G cells in the
21A-E). In order to determine whether ErbB3
recovering OE 4 dpl. Inset highlights
co-localization. Nuclear staining
may be expressed in HBCs, a cell type known
visualized by DAPI. Scale bar= 20
µM.
to be upregulated during this same time frame,
and therefore capable of interacting with EGFR,
we looked at CK14 staining and found that ErbB3 expression with HBCs is present,
but minimal, and appears to be restricted to only the apical, and likely transitioning,
HBCs (Figure 21F-J). ErbB2 was previously shown to be expressed in populations
of progenitor cells (Figure 18), suggesting that it could possibly be expressed in many
cells following lesion, including ErbB3(+) cells. To that extent, ErbB2 is upregulated
at 4 dpl, and is found to be strongly overlapping with ErbB3, suggesting that this
time frame of regeneration is a point at which ErbB2 and ErbB3 could be involved
in heterodimerization (Figure 21K-O). Incidently, Nrg1 Type I shows strong coexpression with ErbB3 from 2 dpl through 4 dpl, situating all three signaling partners in
an overlapping expression pattern at 4 dpl, and suggesting that, at this time point, Nrg1
signaling may promote regeneration following injury (Figure 21P-T).
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Figure 21. ErbB2, ErbB3, and Nrg1 Type I are all co-localized after MeBr lesion.
An antibody against ErbB3 shows expression in Sox9(+) D/G cells in the (A) LP 1
dpl. (B,C) ErbB3 expression is seen in D/G cells at 2-3 dpl, and (D) is enhanced in
non-D/G populations by 4 dpl. (E) ErbB3 is again expressed primarily in D/G cells by
7 dpl. (F,G) ErbB3 maintains a restricted pattern of expression from HBCs at 1-2 dpl
and (H,I) and is seen co-localized in a small population of apically-situated HBCs at 3-4
dpl. (J) By 7 dpl, ErbB3 is again restricted from HBCs. (K-M) ErbB2 is not detected at
1-3 dpl, (N) but at 4 dpl, ErbB2 and ErbB3 are co-expressed. (O) By 7 dpl, ErbB2 and
ErbB3 are again expressed in different cell populations. (P) Nrg1 Type I and ErbB3 are
expressed in different populations of LP D/G cells at 1 dpl, (Q-S) but from 2-4 dpl, they
are co-localized in both LP and OE populations of D/G cells. (T) At 7 dpl, Nrg1 Type I
expression is restricted from the OE, and is no longer co-localized with ErbB3. Insets
highlight regions of co-localization. Nuclear staining visualized by DAPI. Scale bar= 20
µM.
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DISCUSSION

Our results demonstrate that Nrg1 is strongly expressed in the OM and that upregulation
following MeBr injury suggests a possible temporal role in repair. In-depth analysis of
isoform expression revealed that of up to 42 putative and 15-20 confirmed isoforms, 9-10
are present in the OM (Table 4). Of these 9-10 isoforms, 1 represents a novel splice
variant, that is likely non-functional due to the lack of a complete EGF domain (Type
I-EGF-a). Additionally, for the β3-EGF variant, we did not verify whether it was present
with only one, or with both Type I and Type III N-terminal domains. The consequences
of this are interesting given that β3-EGF represents an early termination isoform lacking a
C-terminus, containing cell surface trafficking information. Only when paired with Type
III, would this variant be properly trafficked to the cell surface to participate in ErbB
signaling since the N-terminus of this isoform contains proper trafficking information,
however when paired with Type I, this variant would remain in the cytosol (Marchionni,
Goodearl et al. 1993). Some data suggests that rather than resulting in a non-functional
protein, the cytosol-trapped Type I-β3-EGF isoform is translocated to the nucleolus where
it may participate in gene regulation through ribosome synthesis (Golding, Ruhrberg
et al. 2004). Therefore, the remaining 8-9 variants present in the OM are all thought to
result in functionally active protein products, with their composition dictating specific
bioactive roles.
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Isoform variability

The N-terminal region of Nrg1 determines whether the protein is secreted (Type I) or
membrane-bound (Type III). Our results show that both types of Nrg1 are present in
the OM, supporting the idea that both paracrine and juxtacrine signaling methods are
important for OE development, maintenance, and/or repair. In accordance with known
tissue-specific localization patterns, Nrg1 Type III is found primarily in mature OSNs in
the OE, while Type I is found in the mesenchyme (Yang, Kuo et al. 1998; Wolpowitz,
Mason et al. 2000). Mesenchymal association of Type I is found in part, because of the
structural characteristics of the Type I N-terminus, which contains an immunoglobulinlike (Ig) domain. This Ig-domain interacts with extracellular matrix proteins (specifically
heparin-sulfate proteoglycans), which has 2 main functions: 1) to increase the distance
the secreted factor can travel and 2) to increase the accumulation of the secreted factor
in a specific area (Loeb and Fischbach 1995; Li and Loeb 2001). Unlike the restricted
expression pattern of Type III, Type I can also be expressed neuronally, which we see
supported in our FACS data (Meyer, Yamaai et al. 1997; Britsch, Li et al. 1998). Thus
our cell type-specific observation of Type I and Type III is supported by the classicallyidentified functions of these 2 isoforms.

Both Type I and Type III variants are found containing overlapping sets of EGF-domain
and C-terminal ICDs. As with the N-terminus, these regional differences direct function.
β-EGF isoforms have been shown to have increased binding and activation efficacy
over α-EGF isoforms with ErbB receptors (Wen, Suggs et al. 1994; Pinkas-Kramarski,
Shelly et al. 1996). Therefore, one explanation for the presence of 2 different EGF
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domains could be to increase regulation of receptors and downstream signaling. A
second explanation could be that these 2 domains provide unknown separate functions. A
Schwann cell-derived tumor type (malignant peripheral nerve sheath tumors) has been

shown to express both α- and β-EGF Nrg1 isoforms, however, even when expressed at
functionally equivalent amounts, the α-EGF variant is unable to mimic β-EGF-induced
invasion of these cells (Eckert, Byer et al. 2009). Additionally, this group showed that
α-EGF and β-EGF differentially affect downstream signaling, suggesting a more specific
functional difference between α- and β-EGF than binding and activating efficiency. This
supports the notion that α- and β-EGF could have divergent roles in the OM. We have
not yet performed any downstream biochemical analysis of phosphorylation for Nrg1 to
characterize a role for α- and β-EGF in the OE, however this experiment is proposed in
the Future Directions.

A third variation to the EGF domain seen in the OM, is the presence or absence of a small
(24 nucleotide) “stalk” region on the carboxy-terminus. This stalk region is seen only
with the β-EGF domain in both Type I and Type III variants, and represents the most
common EGF isoform seen in both the LP and the OE (Figure 2,3). The presence of the
stalk ensures optimal proteolytic processing of the extracellular domain and release of
either the Type I secreted product or exposure of the Type III membrane-bound ligand
(Montero, Yuste et al. 2000). Our finding that this is the predominant variant suggests
that Nrg1 (both I and III) is efficiently processed into an active ligand throughout the
OM. It should be noted that, although we found β-EGF to exist without the stalk region
in the OE (Figure 2C, pink), we were unable to clone this isoform out using TOPO®
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(Figure 3C,D). This is likely due to the fact that this is simply a low abundancy product,
representing only 10% of the total EGF isoforms found in the OE (Figure 2C, pink).
Moreover, it is possible that this variant is found primarily spliced with the Type I-b
isoforms, which we were unable to detect in the PCR that was used as input for TOPO®
cloning (Figure 3A).

The final region of isoform variance found in the OE, is in the C-terminal ICD, where
the presence of both “a” and “b” was found in the LP and the OE (Figure 2, 3). For
Type I, the presence of either variant is simply necessary to traffic the receptor to the cell
membrane since Type I does not contain a membrane-localization signal in its N-terminus
(Liu, Hwang et al. 1998a). With this explanation, it would appear that Type I would
have an unbiased selection of the C-terminal ICD. Our data show that despite this, Type
I exists only with the “a” tail in the OE, suggesting an additional, and unknown, role
for the tail region that would lead to preferential selection (Figure 4). Unlike Type I,
the Type III C-terminal ICD is not used for membrane-trafficking, but rather offers the
unique possibility for bidirectional signaling with the “a” variant. In this scenario, the
ICD can act as an inducible transcription factor upon translocation to the nucleus where
it regulates genes responsible for neuron survival and maintenance (Bao, Wolpowitz et
al. 2003; Bao, Lin et al. 2004). This theory is highly relevant in the OE, where Type III
Nrg is abundantly found in mature OSNs (Figure 9B). Indeed, mRNA analysis shows
that selection of the “a” variant occurs in 61% of the spliced isoforms in uninjured OE,
suggesting that the “a” variant, and the presence of bidirectional signaling, may be
preferred.

105

In addition to the “a” and “b” ICD, we did find a very minimal presence of the “c” ICD.
This is an early truncation form, and as such, would result in a non-functional protein
for all Type I variants, which depend on the C-terminal membrane-localization signal.
Although it is functional with the Type III variants, it comprises only 5% (LP) and 4%
(OE) of the spliced isoforms (Figure 2A,C, red), and therefore it was below the detection
limit we set for TOPO® analysis (10%), and did not rival any of the more prevalent
variants for importance.

Differential expression of Nrg1 and ErbB receptors in uninjured OM

Type III expression in mature OSNs suggests that it likely has a maintenance role in
the adult OE (Figure 9B). The mature OSNs are a terminally-differentiated cell type
that are destroyed upon injury and do not contain any progenitor-like functions. Given
the possibility for bidirectional signaling, the known roles for Type III in neuronal
maintenance, and the lack of ErbB juxtacrine signaling partners, it is likely that Type
III may function via non-canonical signaling in the OE. Recently, ADAM and BACE
cleavage sites were identified N-terminal to the EGF domain, offering the possibility for
shedding of the Type III EGF domain, however no biological evidence of this type of
signaling has been observed (Fleck, van Bebber et al. 2013).

Conversely, Type I is expressed in D/G cells in the LP (Figure 9A). This cell type
has an unexplored progenitor capacity that is capable of giving rise to at least duct,
gland, and sus cells following harsh lesion (Schwob, Youngentob et al. 1995; Huard,
Youngentob et al. 1998). Although the FACS data suggests that Type I and Type III
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are expressed in more cell types than what is observed using these isoform-specific
antibodies, it is important to remember that the sensitivity of RT-qPCR is far enhanced
over IHC, and that, additionally, protein expression is not directly correlated to RNA
expression. Moreover, we did not have the opportunity to look at differential protein
expression of the variety of EGF domain and C-terminal ICD isoforms because either the
sequence differences were not divergent enough to design specific antibodies and/or these
antibodies simply don’t exist.

Ultimately, in situ hybridization using RNA probes would be the ideal way to sort out
isoform-specific expression difference. However, based on the RNA data from OE/LP
samples post-MeBr (Figure 2), we are able to make a few inferences. First, the increase
of α-EGF in the OE (and decrease in the LP) after injury likely reflects the expansion/
proliferation of D/G cells in the OE after lesion, and suggests that this variant may be
important in any signaling that is occurring post-lesion, further supporting the idea that
Type I and α-EGF are linked. Second, the increase in β1-EGF in the LP after injury
may reflect a need for increased proteolytic processing and more efficient release of
secreted Nrg1 for signaling. Third, the increase of the “b” ICD in the OE after injury
could support the idea that most Type III present in mature OSNs contains the “a” ICD,
providing a capacity for bidirectional signaling, whereas MeBr-induced neuronal death
leads to a decrease in “a” and a resultant increase in the “b” ICD. These conclusions
could be further tested by looking at both uninjured and MeBr-injured tissue, using
isoform-specific RNA probes designed for in situ hybridization.
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Like the Type I isoform, all ErbB receptors expressed in the OM (EGFR, ErbB2, and
ErbB3), are expressed in cell types with progenitor capabilities (HBCs, GBCs, and D/G
cells, respectively). Importantly, we verified the previously identified presence of EGFR
in HBCs and sus cells (Holbrook, Szumowski et al. 1995), the absence of ErbB4 in the
OE, even post-injury (Perroteau, Oberto et al. 1998; Vullhorst, Neddens et al. 2009),
and we identified a cell-type specific expression pattern of ErbB2 in all precursor cells
of GBC neuronal lineage that was previously unknown (Salehi-Ashtiani and Farbman
1996). Finally, for ErbB3, we were able to characterize its expression in D/G cells
of both the LP and the OE. Despite the proximity of ErbB3 and Nrg1 Type I in D/G
cells, without a dimerization partner, ErbB3 is not able to participate in Type I-induced
signaling. Indeed, the differential expression patterns of the ErbB receptors prevent the
possibility for heterodimerization in any cell of the uninjured environment.

A role for Nrg1 signaling during OE recovery following MeBr-injury

Despite displaying differential expression patterns in the uninjured OM, the presence of
Type I, EGFR, ErbB2, and ErbB3 in cells with a capacity for regeneration, support the
idea that these proteins may play a role in recovery. After lesion, Type I expression shifts
to the OE and persists from 2 dpl up to 7 dpl (Figure 2D,19). Not only does expression
shift to the OE, but it also increases in the LP, resulting in an overall upregulation of Nrg1
Type I in the OM. Indeed, this is supported both by isoform-specific data from Figure 2,
showing that Type I Nrg1 increases from 7% predominance in the uninjured OE to 17%
following MeBr-lesion, as well as PCR data from OE samples before and after MeBrinjury showing an intensified band for Type Ia with possible compensation indicated by a
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weaker band for Type IIIb (which would be expected since OSNs are destroyed by MeBr,
Figure 5). In addition, the extent of Type I expression is directly proportional to lesion
severity (Figure 19E,F).

These data indicate that Type I is likely having an effect on the regenerative capacity
of the OE. Indeed, not only do ErbB2 and ErbB3 show a drastic upregulation in
expression after injury, but also by 4 dpl, they are both co-expressed in a subset of cells
in the OE (Figure 21I). This, in conjunction with upregulated Nrg1 Type I, provides
an environment within which Nrg1-induced signaling could occur. ErbB3 also shows
some localization with CK14 at both 3 and 4 dpl, however these cells are more apical to
the normal HBC expression pattern and are likely transitioning, making it improbable
that ErbB3 is being expressed in HBCs, and therefore EGFR(+) cells. These results
support a role for the ErbB receptors in injury and the following chapter will address the
consequences of this in vitro.
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Chapter 3:
CHARACTERIZING THE FUNCTIONAL
ROLE OF NRG1 IN A 3-D MODEL OF
OLFACTORY REGENERATION
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ABSTRACT

The lamina propria (LP) represents the mesenchymal compartment of the olfactory
mucosa (OM) and a likely source of soluble factors important in olfactory epithelium
(OE) development and differentiation. In order to effectively study the influence of this
tissue on the OE, proper in vitro tools must be used to mimic the in vivo environment.
Here, we use a 3-D air-media interface culture model to study the effects of a signaling
protein, Neuregulin1 (Nrg1) on OE progenitor differentiation. We confirm the validity of
this tool as a mechanism to successfully study growth in vitro, and we show that Nrg1 is
capable of enhancing growth and differentiation of spheres derived from OE progenitor
cells. We further define the cell type composition of these spheres, using a combination
of RT-qPCR and IHC, and find a lineage-specific role for Nrg1 in duct/gland (D/G) cell
proliferation and differentiation. We attempt to confirm these results using a LP-derived
cell line in which Nrg1 expression has been knocked-down, however we were unable
to achieve adequate knock-down of soluble Nrg1. Ultimately, these data emphasize
the potential of this in vitro assay to study physiologically-relevant signaling in the
OE, and furthermore, uncover a novel pathway that contributes to D/G cell growth and
differentiation.
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INTRODUCTION

A barrier to studying the molecular mechanisms underlying regeneration has been the
lack of in vitro model systems that effectively mimic the complex 3-D architecture
found in situ. The composition of the olfactory mucosa OM, containing highly organized
epithelial and mesenchymal compartments, is lost in 2-D adherent cultures, which fail
to maintain the identity of their original cell types and are unable to engraft following
transplantation, two criteria that are necessary to study the functional capacity of these
cells (Calof and Chikaraishi 1989; Pixley 1992b; Mumm, Shou et al. 1996; Jang,
Lambropoulos et al. 2008; Krolewski, Jang et al. 2011). Work from our lab and others
have highlighted the shortcomings of 2-D adherent culture systems, and we have worked
to pioneer new techniques to overcome these obstacles.

Despite the inadequacies of 2-D adherent cultures, this system has been used to define
growth factors and identify features of cultures that direct lineage-specific differentiation.
For example, early work quickly illuminated the benefits of extracellular matrix (ECM)
substrates, such as laminin, in promoting neuronal differentiation of embryonic OE
progenitor cells (Chuah, David et al. 1991; Ronnett, Hester et al. 1991; Pixley 1992b).
Along with laying the foundation for the development of in vitro systems incorporating
a 3-D scaffold, these studies hinted at the importance of growth factor stimulation
in differentiation. The finding that stromal feeder cells are crucial to enhancing
and maintaining viability in vitro highlighted the requirement of the underlying
mesenchyme, the LP, of the OM in directing OE cell fate (Mumm, Shou et al. 1996;
LaMantia, Bhasin et al. 2000). Among the list of potential LP-derived growth factors
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that have demonstrated a role in regulating OE progenitors are bone morphogenetic
proteins (BMPs), fibroblast growth factor-2 (FGF-2), epidermal growth factor (EGF),
transforming growth factor-α and -β (TGF-α and -β), and amphiregulin (Mahanthappa
and Schwarting 1993; DeHamer, Guevara et al. 1994; Goldstein, Wolozin et al. 1997;
Shou, Rim et al. 1999; Getchell, Narla et al. 2000; Shou, Murray et al. 2000). However,
by analogy to other tissues, it is likely that a mix of many growth factors and small
molecules are released by the LP to act on olfactory progenitor cells. Indeed, our lab
has found that LP conditioned media (CM) is a rich mélange of potential signals and
is functionally capable of modulating the behavior of progenitor cells in vitro and,
after transplantation of cultured cells, in vivo (Krolewski, Jang et al. 2011). These
studies, along with the obvious importance of secreted factors, emphasizes the need for
physiologically-relevant in vitro model systems.

Our lab has pioneered a 3-D culture system that accurately models olfactory
epitheliopoiesis in vivo, and promotes physiologically-equivalent growth and
differentiation of OE progenitor cells, to the extent that all of the various epithelial
cell types differentiate within spheres, and sphere-derived progenitor cells retain
their capacity for multipotency following
transplantation into the injured OE (features
that are lost from cells growing in adherent
cultures) (Jang, Lambropoulos et al. 2008).
In this assay, OE progenitor cells seeded

Figure 1. Schematic of air-media
on the top, or “air,” side of a Matrigel®interface insert. Cell droplet contains OE
progenitors on the “air” side, and orange
coated insert require a feeder cell layer of LP medium represents the “media” side.
Adapted from Jang 2008.
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cells or LP CM on the bottom, or “media,” side of the tissue culture insert to stimulate
differentiation (Figure 1). Ultimately, this system provides a potent, and physiologically
relevant culture model to monitor the effects of specific growth and LP-derived factors on
differentiation of OE progenitor cells.

Given the presence of Nrg1 in the LP and the role it may play in D/G cell expansion
following methyl bromide (MeBr) injury (Chapter 2), we used this system to test the
functional capacity of Nrg1 on OE regeneration. We acquired a recombinant Nrg1-β
(rNrg1) soluble protein from Anne Kane at Tufts University, containing the entire β-EGF
domain, which is necessary and sufficient to bind and activate ErbB receptors (Holmes,
Sliwkowski et al. 1992). Indeed, it has been successfully used in a model of lung
differentiation to stimulate surfactant synthesis (Dammann, Nielsen et al. 2003). Using
this protein, we assayed both the quantitative and compositional effect of Nrg1 on sphere
growth and differentiation. These results indicate that rNrg1 is capable of stimulating
sphere growth, and that it is highly involved in the induction of D/G progenitors.
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MATERIALS AND METHODS

Animals and breeding

Wildtype F1 mice used for sphere cultures were bred from C57/BJ6 and 129S1/Sv1MKJ
(F1) mice in house or ordered from Jackson Labs (#101043). Mice were housed at Tufts
University in a heat- and humidity-controlled, AALAC-accredited room running under
a 12:12-hour light/dark cycle and maintained on ad libitum rodent chow and water. All
animal protocols are approved by the Committee for the Humane Use of Animals at Tufts
University School of Medicine.

MeBr lesion

C57/BJ6.129 (F1) mice were exposed to 175 ppm MeBr diluted in air at 10 L/min for 8
hours at 12 weeks of age as previously described (Schwob, Youngentob et al. 1995).

Cell lines and culturing conditions

Generation of the LP cell line by our lab has been described previously, and represents
a non-clonal immortalized cell population derived from LP cells (Krolewski, Jang et al.
2011). Cells of this line uniformly stain positive for mesenchymal markers (vimentin)
and do not label with anti-cytokeratin antibodies (Krolewski, Jang et al. 2011). LP,
293T, and MCF7 cells were cultured using growth media (DMEM+10% FCS+50
U/mL penicillin, 50 μg/mL streptomycin), and grown in a Thermo Forma Series 2
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CO2 incubator at 37°C with 5% CO2. Cells were routinely passaged upon reaching
confluency with 0.25% Trypsin-EDTA. CM for LP cells was generated after a 48 hour
incubation in growth media when the cells were ~80% confluent. CM was subsequently
filtered through a 0.45 μm Millex-HV Durapore PVDF syringe filter (Millipore). All
CM was kept at 4°C and used within 1 month of collection. LP CM generated from
cells stimulated with 100 nM phorbol 12-myristate 13-acetate (PMA) in DMSO, has
been previously described, and was collected and filtered in the same way as LP CM
(Krolewski, Jang et al. 2011).

Cell dissociation for 3-D cultures

At 2 or 3 days post-MeBr lesion (dpl), mice were anesthetized with a lethal dose of the
triple cocktail of ketamine (37.5 mg/kg), xylazine (7.5 mg/kg), and acepromazine (1.25
mg/kg) via IP injection. Following anesthetization, mice were transcardially perfused
with 10 mL cold PBS followed by 10 mL Low Ca2+ Ringer Solution (140 mM NaCl,
5 mM KCl, 10 mM HEPES, 1 mM EDTA, 10 mM glucose, 1 mM sodium pyruvate,
pH7.2). After dissection, the turbinates were removed from the septum and cut into
4 pieces, and the septum was cut in half, with the tissue remaining on the bone for en
bloc proteolytic digestion. All tissue was incubated for 5 minutes in 0.05% TrypsinEDTA in a 37°C waterbath. The solution was drained off and replaced with an enzyme
cocktail (100 U/mL collagenase, 250 U/mL hyaluronidase, 75 U/mL DNase I, 0.1 mg/
mL trypsin inhibitor, 5 U/mL papain; from Worthington Biochemical, Roche, and Sigma)
in regular Ringer solution (140 mM NaCl, 5 mM KCl, 10 mM HEPES, 1 mM EDTA,
10 mM glucose, 1 mM sodium pyruvate, 1 mM CaCl, 1 mM MgCl2, pH7.2) for 30
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minutes at 37°C with light agitation every 10 minutes. Cells were then filtered through
120 μM mesh and then 35 μM mesh before being washed in regular Ringer Solution and
resuspended in serum-free DMEM.

3-D insert preparation

The membrane on the “air” side of Corning Transwell® Inserts (Costar #3470) was
coated with Matrigel® 2 days prior to 3-D culture seeding. BD Matrigel Basement
Membrane (Fisher #354230) was diluted 1:10 in autoclaved DI water, and 60 μL of the
Matrigel:water mixture was deposited onto each insert. Inserts were then covered and
placed in the incubator overnight (37°C; 5% CO2). Excess liquid was pipetted from the
inserts the following day and they were allowed to air-dry for 1 hour. For experiments
involving CM, inserts were then flipped upside-down and coated with 60 μL of
Matrigel® (1:10 with water) on the “media” side. Inserts were placed in the incubator for
roughly 6 hours, at which point excess liquid was pipetted from the inserts and replaced
with a second coating of 60 μL of Matrigel® (1:10 with water), again on the “media”
side. Inserts were then placed in the incubator overnight (37°C; 5% CO2). The following
morning, excess liquid was again removed and inserts were dried for 1 hour before 3-D
culture seeding. For experiments involving a LP feeder cell layer, inserts were flipped
upside-down and seeded with 5x104 LP cells resuspended in growth media and incubated
overnight (37°C; 5% CO2). The following morning, inserts were immediately placed into
wells with their respective media.
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3-D culture

Dissociated cells resuspended in serum-free DMEM were counted using a
hemocytometer and resuspended in DMEM+2% FCS+50 U/mL penicillin, 50 μg/mL
streptomycin at a concentration of 7.5x104 cells per 60 μL. Each insert was seeded with
60 μL of cells on the “air” side. The following day, excess media was removed from the
insert and culturing continued with an air-media interface. Downstream analysis was
performed after 7 days in vitro (DIV).

Recombinant Nrg1

rNrg1 was obtained from Anne Kane at Tufts University, and its preparation has been
previously described (Funes, Miller et al. 2006). Briefly, the β1-EGF domain of mouse
Nrg1 was expressed as a C-terminal GST fusion protein.

Multisizer analysis

After 7 DIV, spheres were lifted from inserts by sequential incubation in increasing
concentration of Dispase II (neutral protease grade II, Roche). 5 U/mL Dispase II was
added for 5 minutes at 37°C and pipetted off to remove monolayer cells. Immediately
following, 10 U/mL Dispase II was added for 10 minutes at 37°C to lift spheres from
the Matrigel®. Spheres were removed with gentle mechanical pipetting and placed in
3 mL PBS in a 15 mL conical tube. Inserts were washed with PBS to ensure all spheres
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were removed. Tubes were spun at 600 rpm for 4 minutes, and PBS supernatant was
carefully discarded by pipetting. Samples were then resuspended in 1 mL growth media
(DMEM+10% FCS+50 U/mL penicillin, 50 μg/mL streptomycin) and kept on ice for the
duration of multisizing. Samples were added to 20 mL of a filtered and degassed solution
of 40% glycerol and 60% Isoton II (Diluent), and 6 runs per sample were taken using a
560 µM aperture on a Beckman Coulter Multisizer 3 (Beckman Coulter, Inc.). Samples
were replenished with 12.5 mL of Diluent every other run. A sphere size cutoff limit was
set at 50 µM to reduce background noise. Size, number, and mass data were collected as
an additive calculation of all 6 runs and exported to Microsoft Excel for analysis. Prism
5 was used for graphing and statistical calculations. Conditions were run in triplicate for
each experiment.

RNA extraction and RT-qPCR

For LP cells, RNA was extracted using 12 mL of TRI Reagent® (Ambion) from a
confluent, 15 cm plate, according to manufacturer’s instructions. To generate cDNA,
500 ng of RNA was reverse-transcribed using SuperScript III RT (Invitrogen). Primers
to determine Nrg1 isoform composition are listed in Table 1A, and all samples were
amplified using SYBR® Green RT-PCR Master Mix (Ambion) and run on a BioRad
CFX96 Real-Time PCR machine.

For spheres, whole spheres were first lifted from inserts as described for the Multisizer
Analysis, with a few exceptions. After incubation in 10 U/mL Dispase II, spheres were
removed and placed in 6 mL of PBS and subsequently filtered through a 250 µM nylon
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mesh (Small Parts) to remove clumped, monolayer sheets. The filtrate was then passed
through a 35 µM nylon mesh (Small Parts) to remove any individual monolayer cells,
which were disposed of in the filtrate. The mesh was then placed in a 15 mL conical tube
and the spheres, collected on top of the mesh, were washed off with 3 mL of DMEM+2%
FCS+50 U/mL penicillin, 50 μg/mL streptomycin. Spheres were then spun down at
600 rpm for 4 minutes and resuspended in 200 µL of TRI Reagent® (Ambion) for RNA
extraction. Primers to determine sphere composition are listed in Table 1B, and all
samples were amplified using SYBR® Green RT-PCR Master Mix (Ambion) and run on
a BioRad CFX96 Real-Time PCR machine.
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Immunohistochemistry

Primary antibodies and their respective protocols are listed in Table 2. Spheres were
fixed according to one of 2 methods (as indicated): 1) incubation in 1% PLP (1% PFA,
0.01 M monobasic and dibasic phosphates, 90 mM lysine, 0.1 M sodium periodate)
for 15 minutes at room temperature, followed by 3 washes for 5 minutes in PBS or 2)
incubation for 10 minutes in ice cold MeOH, followed by 1 wash for 5 minutes in PBS.
Prior to immunostaining, tissue sections were subjected to one of multiple pretreatments
(as indicated): 1) 5 minute incubation in 0.5% or 1% TritonX in PBS at room temperature
or 2) 5 minute incubation in 3% H2O2 in MeOH. Following all pretreatments, slides were
rinsed in PBS and blocked for 1 hour at room temperature in Normal Donkey Block (10%
donkey serum, 5% non-fat dry milk, 4% BSA, 0.1% TritonX-100; in PBS). Slides were
incubated in primary antibody overnight followed by 3 washes for 45 minutes in PBS
on the following day. Subsequent antibodies were all added overnight, with the same
washing protocol, and visualization methods are described in Table 2.

Imaging

Stained spheres were imaged on a Zeiss 510 Confocal microscope in multi-tracking
mode. Brightfield imaging of spheres was done on a Nikon Diaphot microscope using
a Nikon DSC F717 camera with a Zeiss Vario-Sonnar lens and a Martin Microscope
Company MM99 1319 adapter. All image preparation was done in Photoshop CS2.
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Key for Table 2.
Antibody Hosts:
Fluorophores (fluors):		
D: Donkey		
FITC					
Gt: Goat		
Cy3				
Mo: Mouse		
Cy5				
Rb: Rabbit		
*all used at 1:125		
Rt: Rat							
Shp: Sheep						
							
TSA: Tyramide Signal Amplification Kit (Perkin Elmer)
b: Biotinylated secondary antibody
A detailed description of pretreatments is provided in Materials and Methods.
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Western blotting

Protein lysate was isolated from LP or MCF7 cell lines using SE Lysis Buffer (25 mM
Tris, pH7, 150 mM NaCl, 0.1% SDS, 0.25% sodium deoxycholate, 1% NP40, 1 mM
EGTA in dH2O) + 1% phosphatase inhibitor (Santa Cruz #sc-45044) + 4% proteinase
inhibitor stock (Roche # 11697498001; stock is prepared by dissolving 1 tablet in 200
μL dH2O). Samples were run on a 7.5% SDS-PAGE gel using a mini-PROTEAN® gel
apparatus (Bio-Rad) in 1X Running Buffer (30 mM tris, 192 mM glycine, 0.1% SDS in
dH2O) at 100 V. Gels were then transferred onto PVDF membranes (Millipore) using
a mini-PROTEAN® transfer apparatus (Bio-Rad) in 1X Transfer Buffer (25 mM tris,
192 mM glycine, in dH2O) for 1 hour at 100 V. Blots were blocked in Blocking Buffer
[1% dry milk, 5% BSA, 1X TBST (20 mM tris, 140 mM NaCl, 0.1% Tween, pH 7.6 in
dH2O)] for non-phospho antibodies, and in Blocking Buffer without milk and with 4%
BSA for phospho-specific antibodies, for 1 hour at room temperature. Primary antibodies
were added overnight at 4°C in their respective Blocking Buffer and washed 3 times
for 10 minutes in PBS the following day before incubation in secondary antibody for 1
hour at room temperature. Blots were washed as before and SuperSignal™ West Pico
Chemiluminescent Substrate (Thermo #34080) was used for detection. Blots were
developed on a Kodak X-OMAT 200A Processor. Primary antibodies used were Nrg1
C-20 (Santa Cruz #sc-348, recognizing the “a” ICD of Nrg1, 1:200), total phosphotyrosine (Santa Cruz #2c-7020, 1:500), and β-actin (Santa Cruz #sc-47778, 1:1000).
Secondary antibodies conjugated to HRP (Jackson Immuno) were used at a concentration
of 1:10,000.
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shRNA

A set of 5 MISSION® shRNA glycerol stocks were purchased from Sigma (SHCLNGXM_486093), targeting different isoform variants of Nrg1. Targets included the
Ig1-domain (TRCN0000068233), Type III (TRCN0000068234), the “a” ICD
(TRCN0000068235), the β1-EGF domain (TRCN0000068236), and the s1 extracellular
spacer region (TRCN0000068237).

Viral production and infection

Maxi-preps of MISSION® shRNA glycerol stocks were prepared using a HiSpeed
Plasmid Maxi kit (Qiagen) and 2 µg of each shRNA was transfected into 293T cells along
with 1.2 µg ∆VPR and 0.6 µg VSVG using Attractine transfection reagent (Qiagen) for
lentiviral production. Viral supernatant was collected 48 hours post-transfection, filtered
through a 0.45 μm Millex-HV Durapore PVDF syringe filter (Millipore), and added to
70% confluent LP cells with polybrene (4 μg/mL) for lentiviral infection. Additional
growth media was added to 293T cells, and they were allowed to produce more virus
for a second viral infection of LP cells 8 hours later. Media on LP cells was changed
12 hours after the second infection, and infected cells were selected using 4 μg/mL
puromycin.
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RESULTS

Nrg1 is expressed in LP cells

Our lab has previously generated a cell line that is a non-clonal, SV-40-immortalized
cell population highly enriched for LP cells, as determined by uniform positivity for
vimentin and absence of cytokeratin staining (Krolewski, Jang et al. 2011). Previous
work by Woochan Jang in our lab suggested that Nrg1 is present in the CM of these cells
(unpublished work). To establish more definitively whether Nrg1 is expressed in LP
cells, and whether we can therefore use this cell line as an in vitro tool, we looked at both
RNA and protein from LP cells and CM for the presence of Nrg1.

For RT-qPCR analysis, only primers for the most predominant isoforms, as determined
in Chapter 2, were used (Figure 2A, Table 1A). When normalized to total Nrg1,
using primers for cEGF, of uninjured mouse LP or LP samples from MeBr-lesioned
mice (from Chapter 2), LP cells express increasing amounts of Nrg1 with increased
passaging (Figure 2B). At higher passages, the amount of Nrg1 present in LP cells
remains very similar to the amount expressed in mouse LP after MeBr-lesion. Nrg1
isoform composition of LP cells is virtually identical at different passages (Figure
2C-E). Although these cells predominantly express Type III, similar to LP harvested
directly from the mouse (Chapter 2), they have substantially higher amounts of Type
I than in vivo LP samples (27%-34% compared to 19% in vivo (Figure 2C-E, green).
Additionally, these cells express increased levels of α-EGF compared to in vivo LP
samples (32%-52% compared to 23% in vivo (Figure 2C-E, purple). This fits with
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Figure 2. Nrg1 is expressed in RNA from a LP cell line. (A) A schematic of the
predominant isoforms of Nrg1 expressed in the OM. Arrows indicate location of RTqPCR primers. Asterisk indicate primers for the β1-EGF domain. (B) Nrg1 expression
in early (P5) to late (P30) passage LP cells normalized to RNA samples from uninjured
(blue) and 2 dpl (red) mouse samples from Chapter 2. Y-axis indicates fold-increase
over respective mouse RNA. Primers were directed against cEGF (Table 1A). Isoformspecific expression of early (C), mid (D), and late (E) passage LP cells. Y-axis indicates
percent expression of specific isoforms for each region listed on the x-axis. Isoforms are
color-coded to match the schematic.
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our hypothesis that the LP contains primarily Type I-α-EGF Nrg1 variants, and shows
that our LP cell line reflects this in vivo finding. Finally, as seen in Chapter 2, we also
observed no selective preference for either the a or b ICD (Figure 2C-E, red).

Protein harvested from LP cell lysate confirms the RNA results and the presence of both
Type I and Type III Nrg1 (Figure 3, lane 1). Multiple bands for each protein isoform
indicate full-length (Type I-100 kDa, Type III-140 kDa), C-terminal domain (CTD)
from proteolytic processing (Type I and Type III- 65 kDa), and the N-terminal fragment
(NTF) of the Type III membrane-tethered ligand (90 kDa) (Wen, Suggs et al. 1994;
Burgess, Ross et al. 1995; Deadwyler, Pouly et al. 2000; Fleck, van Bebber et al. 2013).
The presence of the CTD indicates that the protein is efficiently processed and released
into the media or exposed as a membrane-tethered ligand. Research has shown that
treatment of cells by PMA stimulates the release and processing of many growth factors,
including Nrg1 Type I, into the media (Burgess, Ross et al. 1995; Loeb, Susanto et al.
1998; Montero, Yuste et al. 2000; Amos, Martin et al. 2005; Krolewski, Jang et al. 2011).
Indeed we found that LP cells could be stimulated with PMA to produce increased levels
of Type I (both full-

Figure 3. Nrg1 protein expressed
in LP cell lysate is enhanced by
PMA-treatment. LP cell lysate was
probed for Nrg1 with and without
PMA-treatment using a Nrg1 antibody
recognizing the CTD. Full-length
(Type I-100 kDa, Type III-140 kDa),
C-terminal domain (CTD) from
proteolytic processing (Type I and Type
III- 65 kDa), and N-terminal fragment
(NTF) of the Type III membranetethered ligand (90 kDa). Actin was
used as a loading control.

length and CTD),
but not Type III
(Figure 3, lane 2).
This finding further
confirmed that our
immortalized LP cell
line expresses Nrg1.
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Nrg1 stimulates 3-D sphere formation

To test the efficiency with which
rNrg1 activates ErbB receptor
phosphorylation, we stimulated MCF7
cells, known to express all four ErbB
receptors, with rNrg1 and observed a
concentration-dependent increase in
tyrosine phosphorylation of this cell line
and no activation upon stimulation with
serum-free DMEM (Figure 4). Since
Figure 4. rNrg1 induces tyrosine
phosphorylation in MCF7 cells. MCF7 cells
in response to Nrg1 and compare this to were stimulated by DMEM, rNrg1, and LP CM,
and levels of total phospho-tyrosine in protein
a known functional control, at the same lysate were analyzed by western blot. Old LP
CM is >1 month old and new LP CM is <1
time we tested the relative potency of month old. ErbB receptor size: EGFR-135 kDa,
ErbB2-139 kDa, ErbB3-148 kDa, ErbB4-145
LP CM and saw that LP CM was able kDa.
our intent was to assay sphere growth

to stimulate phosphorylation at levels
comparable to 7.5-15 nM rNrg, which presumably reflects the physiological level of Nrg1
found in vivo (Figure 4).

rNrg1 was used in 3-D sphere assays to determine whether it has a functional impact
on OE progenitor cells. rNrg1 was added to 10% FCS DMEM in the “media” side at
various concentrations with OE progenitors harvested at 2 dpl seeded on the “air” side.
Each condition was run in triplicate and these technical triplicates were averaged to
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Figure 5. rNrg1 stimulates increased sphere size over 10% FCS DMEM and LP CM
controls. Brightfield imaging of OE cells stimulated by (A) 10% FCS DMEM, (B) LP
CM, or (C) 30 nM rNrg1, were photographed after 7 DIV. All dilutions were prepared
with 10% FCS DMEM. Scale bar= 100 µM.
obtain biological replicates. After 7 DIV we quantified the growth characteristics using
the Multisizer analyzer and found that rNrg1 was capable of stimulating concentrationdependent increased sphere growth to a greater extent than 10% FCS DMEM alone,
with sphere mass peaking at a
concentration of 30 nM rNrg1
(Figure 5, Figure 6). The
effective dose for sphere formation
matches our observation that 30
nM rNrg1 results in the highest
activation of MCF7 cells (Figure
4). Since we saw background
sphere growth with the 10% FCS
DMEM negative control, we

Figure 6. rNrg1 stimulates increased sphere mass
looked at whether reduced serum compared to 10% FCS DMEM. Quantification
of sphere mass (calculation of total sphere number
multiplied by sphere size) was done using a Multisizer
or serum-free conditions would
analyzer. OE progenitor cells seeded at 2 dpl were
allow for enhanced sphere growth analyzed at 7 DIV. All conditions were prepared
using 10% FCS DMEM. ANOVA and Dunnett’s test
of rNrg1 compared to DMEM.
for significance were performed, p= 0.037. n=4.
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Figure 7. rNrg1 significantly enhances sphere growth over serum-free DMEM.
Quantification of sphere mass (calculation of total sphere number multiplied by sphere
size) was done using a Multisizer analyzer. OE progenitor cells seeded at 2 dpl were analyzed at 7 DIV. ANOVA and Dunnett’s test for significance were performed, p=0.0039
for serum-free DMEM conditions. For serum-free and 2% FCS DMEM, n=3. For 10%
FCS DMEM, n=4.

Here, we saw that rNrg1 added to serum-free DMEM produced significantly increased
sphere growth over serum-free DMEM alone at 30, 60, and 120 nM concentrations
(Figure 7). These results confirm a growth effect by rNrg1.

We hypothesized that the stimulatory effect of rNrg1 on 2 dpl-derived spheres would be
enhanced when the sphere cultures are established from 3 dpl tissue, a time when the
Nrg1 receptor ErbB3 is substantially upregulated (Chapter 2), and would consequently
provide an environment that is more receptive to Nrg1 signaling. Indeed, we did see
that a lower concentration of rNrg1 (15 nM) added to serum-free DMEM is capable of
stimulating significantly increased sphere growth over serum-free DMEM compared
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to experiments seeded
with OE progenitors
harvested at 2 dpl (Figure
8). However, in these
experiments, overall sphere
mass remained relatively
equivalent between the two
conditions.
Figure 8. OE progenitors seeded at 3 dpl require less
rNrg1 to induce sphere growth. Quantification of sphere
When compared to LP
mass (calculation of total sphere number multiplied by
CM, rNrg1 displays similar sphere size) was done using a Multisizer analyzer. OE
progenitor cells seeded at either 2 or 3 dpl were analyzed at
growth characteristics,
7 DIV. All samples were prepared in serum-free DMEM.
ANOVA and Dunnett’s test for significance were performed,
while LP feeder cell2 dpl p=0.0039; 3 dpl p=0.0038. Straight lines indicate
significance for 2 dpl conditions and dotted lines indicates
stimulated spheres show
significance for 3 dpl conditions. n=3 for each condition.
enhanced sphere growth
over all other conditions, that is significantly greater than OE progenitors stimulated
with 10% FCS DMEM (Figure 6). This result is likely due to the combinatorial effect
provided by the mélange of growth factors secreted by LP cells continuously throughout
the experiment. In contrast, the LP CM, which also has a diverse secretome, does not
have the capacity for persistent replenishment and may select for a population of growth
factors with reduced rates of turnover.

Overall, these experiments indicate that rNrg1 alone is capable of significantly enhancing
sphere growth over DMEM. Since sphere size is highly augmented by adding rNrg1 to
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10% FCS DMEM, and since these conditions still provide enhanced sphere growth over
the negative control, this condition was selected to perform all compositional analyses.

Sphere composition

Having established that sphere growth is enhanced by stimulation with rNrg1, we
next looked at whether Nrg1 directs lineage-specific differentiation of OE progenitors.
Despite the significant difference between rNrg1-induced sphere mass in serum-free
DMEM compared to 10% FCS DMEM, the reduced number and size of these spheres
hinders downstream composition analysis. In order to circumvent this issue, we decided
to focus on the growth capacity of OE progenitors grown in 10% FCS, for the reasons
listed in the previous section. Accordingly, we grew spheres in the presence of 30 nM
rNrg1, of LP feeder cells, or of LP CM. RNA was extracted from pooled technical
triplicates to analyze the expression of different, differentiated OE cell types using RTqPCR. In order to ensure that RNA was not contaminated with monolayer cells that grow
in parallel with the spheres, we used a combination of nylon mesh with varying pore sizes
to filter out monolayer aggregates. After incubation with 5 U/mL (Figure 9A) and 10 U/
mL (Figure 9B) Dispase II, monolayer cells peel off as sheets with the spheres (Figure
9C). By filtering first through 250 µM nylon mesh, we are able to remove the clumped
monolayer (sphere size is between 50-200 µM). We then passed the filtrate through 30
µM nylon mesh to discard single cells that had detached from the monolayer sheets, and
extracted RNA from the remaining spheres.
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Figure 9. Method of sphere isolation for RNA extraction. (A) After incubation in 5
U/mL of Dispase, monolayer cells dissociate from the Matrigel® as a large sheet. (B)
Monolayer sheets and intact spheres (arrows) after incubation in 10 U/mL of Dispase.
(C) After lifting from Matrigel®, the size differential of monolayer sheets and spheres
allows for separation using 250 µM mesh. Scale bar= 100 µM.
Of the differentiated cell types– horizontal basal cells (HBCs), globose basal cells
(GBCs), sustentacular (sus) cells, D/G cells, and mature OSNs– rNrg1 produced
increased levels of D/G
cells and to a lesser
extent, sus cells, by
comparison with LP
feeder cells and LP
CM conditions using
RT-qPCR analysis
(Figure 10). Given the

Figure 10. rNrg1 stimulates increased levels of D/G cells
in spheres by RNA analysis. RNA extracted from rNrg1stimulated spheres at 7 DIV was analyzed for expression of
in D/G cells and its
total Nrg1 using RT-qPCR (primers for cEGF, Table 1A).
Technical triplicates were combined to create experimental
activation upon MeBr- replicates. CT values were normalized to β-actin to obtain a
ΔCT value. ΔCT values were averaged among experimental
injury (Chapter 2), this
replicates and normalized to the ΔCT value of cEGF in LP CMor LP feeder cell-stimulated spheres to obtain a ΔΔCT value,
suggests a functional
and are plotted as relative gene expression of Nrg1 to LP CM
(-ΔΔCT)
). Cell type markers used:
role for Nrg1 in D/G cell (red) or LP feeder cell (blue) (2^
HBC-CK14, Sus-CK18, GBC-Sox2, D/G-Sox9, mature OSNOMP. Error bars calculated based on SEM. n=3.
expansion.
expression of ErbB3
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Figure 11. ErbB
receptors are highly
expressed in spheres.
Confocal microscopy of
spheres stimulated with
either (A,C) LP feeder
cells or (B,D) rNrg1 are
positive for (A,B) ErbB3
and (C,D) EGFR as well
as (A-D) Ki67. Nuclear
staining visualized by
DAPI. Scale bar= 20
µM.

To assess cellular composition further, we stained spheres with markers for various
OE cell types and used confocal microscopy to image the cells within an intact 3-D
architecture. We confirmed that the spheres express ErbB3, and that ErbB3(+) cells are
actively dividing when cultured with either rNrg1 or LP feeder cells (Figure 11A,B).
We additionally confirmed that EGFR is expressed in actively dividing cells in these
spheres (Figure 11C,D). As expected, ErbB3 shows little to no co-localization with
CK14 and consequently EGFR, while EGFR shows complete co-localization with
CK14, and therefore HBCs, in agreement with in vitro expression patterns (Figure 12AC). Expectedly, these spheres undergo very little apoptosis, as visualized by minimal
expression of cleaved caspase (Figure 12D). Despite trying multiple pretreatments, we
were unable to optimize staining conditions for an antibody recognizing ErbB2.

134

Figure 12. Spheres
show little overlap
in EGFR and ErbB3
expression and
are non-apoptotic.
Confocal microscopy of
spheres show (A) nonoverlapping expression of
ErbB3 and CK14 and (B)
ErbB3 and EGFR, and
complete co-localization
of (C) EGFR and CK14.
(D) Spheres display
very little expression of
the apopototic marker,
cleaved caspase. (A,B)
rNrg1-stimulated spheres
(C) LP CM-stimulated
spheres (D) LP feeder
cell-stimulated spheres.
Nuclear staining
visualized by DAPI.
Scale bar= 20 µM.

In accordance with our RT-qPCR results, we saw highly increased Sox9 and highly
decreased Sox2 expression in our rNrg1-stimulated spheres (Figure 13B,C,F,G).
Additionally we saw little difference in the expression of CK14 and CK18 between LP
feeder cell and rNrg1 conditions (Figure 13A,D,E,H). Furthermore, LP CM- and LP
feeder cell-stimulated spheres did show expression of a marker for both mature and
immature OSNs, NCAM, which was absent in spheres stimulated by rNrg1 (Figure
14). Not unexpectedly, spheres did not express markers for mature OSNs (OMP), a
likely consequence of the short-term nature of the culture (terminated at 7 DIV), and
the increased sensitivity of RT-qPCR to detect levels of RNA (indeed, the CT values for
OMP were high).
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Figure 13. rNrg1 drives D/G cell expression in spheres. (A-D) LP feeder cellstimulated and (E-H) rNrg1-stimulated spheres were stained for (A,E) CK14, (B,F) Sox2,
(C,G) Sox9 and (D,H) CK18. All spheres were fixed after 7 DIV. Nuclei were stained
with DAPI. Scale bar= 20 µM.

These data confirm the RNA expression
analysis in showing that rNrg1-stimulated
spheres predominantly express Sox9(+)
D/G cells and show a relative deficiency in Figure 14. NCAM is expressed only
in spheres stimulated by LP CM or LP
expression of Sox2(+) GBCs and immature feeder cells. (A) NCAM was expressed
in both LP CM- and (B) LP feeder cellOSNs, by comparison to LP feeder cell- and
stimulated spheres. Nuclei were stained
with DAPI. Scale bar= 20 µM.
LP CM-cultured spheres.

Functional effect of Nrg1 knock-down

In order to confirm the functional effect of Nrg1 on sphere formation, we obtained 5
shRNA lentiviral constructs targeting different isoforms of Nrg1– A (targeting the “a”
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Figure 15. Schematic showing target sites of MISSION® shRNAs in the Nrg1 gene.
Type I specific domains, Ig1 and s1, are targeted by shRNA E and D, respectively. Type
III is specifically targeted by shRNA B. The β1 EGF-domain is targeted by shRNA C.
The a ICD is targeted by shRNA A.

ICD and present in both Type I and Type III), B (targeting Type III), C (targeting the
β1-EGF domain and present in both Type I and Type III), D (targeting Type I), and E
(targeting Type I), as a well as a scramble control (Figure 15). Using these constructs,
we prepared lentivirus in 293T cells and infected LP cells. After antibiotic selection, we
harvested RNA from the cells and protein from the cell lysate to analyze knock-down
efficiency.

Using primers for cEGF, we found that 4/5 constructs had reduced RNA levels when
normalized to the scramble control (Figure 16A). Of these 4, C (targeting the β1-EGF
domain) showed the most knock-down with a 48% reduction from normal levels. The
other 3 showed variable knock-down from 33% to 42% reduction.

To look more specifically at the effect on specific Nrg1-isoforms of these 4 constructs,
we ran RT-qPCR using primers for various target regions and normalized our results
to the scramble control (Figure 16B, Table1A). Here, we found that both the A and
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Figure 16. Nrg1 Type III is selectively knocked-down in LP cells by shRNA. (A)
RT-qPCR of RNA from cells infected with Nrg1 shRNA lentivirus showing relative Nrg1
expression using primers recognizing cEGF (Table 1A). CT values were normalized
to β-actin to obtain a ΔCT value. ΔCT values were normalized to the ΔCT value of LP
cells infected with a scramble control to obtain a ΔΔCT value, and are plotted as relative
gene expression of Nrg1 in the scramble control (2^(-ΔΔCT)). (B) RT-qPCR of RNA from
infected LP cells showing isoform-specific knock-down of Nrg1 using isoform-specific
primers (Table 1). Analysis was only done using the 4 shRNAs that showed knockdown of total Nrg1 from (A). CT values were calculated as in (A) and were normalized
to isoform-specific expression in LP cells infected with a scramble control to determine
relative isoform expression. (C) Western blot of protein harvested from all infected
LP cell lines and probed with an antibody recognizing the C-terminus of Nrg1. Fulllength (Type I-100 kDa, Type III-140 kDa), C-terminal domain (CTD) from proteolytic
processing (Type I and Type III- 65 kDa), and N-terminal fragment (NTF) of the Type III
membrane-tethered ligand (90 kDa). Actin was used as a loading control.
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C constructs showed the most significant knock-down in their target domains (A-53%
reduction in the “a” ICD, C-55% reduction in the β1-EGF domain). However, both
D and E, which should specifically target Type I, showed very little reduction of Type
I (20% and 28%, respectively), with a far greater reduction in Type III (44%) and the
α-EGF domain (56%), respectively.

Looking at protein expression in the cell lysate of infected LP cells, we found that only
A, C, and E exhibited any level of protein knock-down (Figure 16C). Multiple bands
for each protein isoform indicate full-length (Type I-100 kDa, Type III-140 kDa), CTD
from proteolytic processing (Type I and Type III- 65 kDa), and the NTF of the Type III
membrane-tethered ligand (90 kDa) (Wen, Suggs et al. 1994; Burgess, Ross et al. 1995;
Deadwyler, Pouly et al. 2000; Fleck, van Bebber et al. 2013). With respect to Type III
Nrg1, knock-down is apparent by reduced intensity of the band representing the NTF
in A, C, and E. With respect to Type I Nrg1, knock-down of the full-length protein is
apparent in both A and E, however the relative abundance of the CTD remains unchanged
from scramble, indicating that proteolysis and secretion is unaffected.

To test the functional effect of Nrg1 knock-down, we had planned to use the 3-D sphere
assay to analyze changes in sphere quantification and composition. However, this assay
is optimized for testing the effect of secreted proteins, and RNA and protein analysis
indicate that the presence of this variant is unaffected by shRNA knock-down (Figure
16B,C). Nonetheless, we grew spheres in the presence of either LP feeder cells or LP
CM that had been infected with the C and D shRNAs. We found very little difference
in the ability of these conditions to affect growth (Figure 17). However, we added

139

30 nM rNrg1 to these conditions to see whether this “rescue” would alter the growth
characteristics. Although there was a minimal enhancement in sphere growth upon rNrg1
addition, this experiment was only performed once, so we have no statistical comparison,
and we did not pursue this any further.

Figure 17. LP knock-down cell lines have little effect on sphere growth. LP
cells infected with either shRNA C or E were tested for their ability to form spheres.
All conditions were prepared in 10% FCS DMEM, and 30 nM rNrg1 was used as a
positive control. Knock-down feeder cells and LP CM were tested. 30 nM rNrg1 was
supplemented to each condition as indicated. Quantification of sphere mass (calculation
of total sphere number multiplied by sphere size) was done using a Multisizer analyzer.
OE progenitor cells seeded at 2 dpl were analyzed at 7 DIV. n=1.

140

DISCUSSION

In concurrence with our results from Chapter 2, the current data further suggest a
functional role for Nrg1 in OE regeneration following MeBr-injury. Using a 3-D in vitro
culture system, we showed, both quantitatively and compositionally, that rNrg1 is able to
promote growth and differentiation of OE progenitor cells. We show that sphere growth
is enhanced by rNrg1 supplementation as compared to DMEM alone. Additionally, we
show that a lower concentration of rNrg1 is capable of stimulating sphere growth when
OE progenitors are harvested at 3 dpl, when ErbB3 expression is upregulated, compared
to 2 dpl, further substantiating our observation that soluble Nrg1 has an enhanced
sphere-forming capacity independent of other growth factors. Although we show this
growth differential to be strongest using serum-free DMEM, the enhanced sphere growth
obtained using DMEM with 10% FCS prompted us to use this higher FCS concentration
to perform all downstream compositional analysis (Figure 7).

Our results regarding sphere composition suggest a previously unappreciated functional
role for soluble Nrg1 in lineage-specific differentiation during OE regeneration. Both
RT-qPCR and IHC data indicate a role for rNrg1 in promoting the proliferation and
differentiation of D/G cells, to the extent that this is a predominant cell type seen in
rNrg1-stimulated spheres, while D/G cells are minimally expressed in spheres stimulated
by LP feeder cells (Figure 14C, G). This role appears to be independent of Sox2(+)
GBCs, since this population is virtually absent in rNrg1-stimulated spheres compared to
spheres stimulated by LP CM or LP feeder cells, although these studies do not rule out
the possibility that differentiating D/G cells pass through a very brief stage of Sox2(+)
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expression as GBCs. In addition, these spheres are actively cycling and express the Nrg1
receptor, ErbB3 (Figure 11). Ultimately, these data provide substantial evidence that
soluble Nrg1 has sphere-forming capacity independent of other growth factors.

3-D air-media sphere assay as an important in vitro tool

Using this 3-D culture assay, we have been able to evaluate novel findings in vitro,
allowing us to specifically address growth factors and the stimulatory effect of the LP.
Obviously, this establishes the system as a mechanism to assay other factors of interest
to the regenerating OE. With regard to our findings on Nrg1, the next step would be
to analyze these results in vivo by transplanting dissociated spheres intranasally into a
MeBr-lesioned host animal and assessing the cellular potential. Our lab has previously
shown that spheres stimulated by a feeder layer of 3T3 cells and grown using the airmedia interface model are capable of engrafting and giving rise to all cell types of the OE
following transplantation into a host animal (Jang, Lambropoulos et al. 2008). Given the
results with rNrg1 stimulation, we would predict that engrafted cells would shift towards
a D/G lineage, consisting of duct, gland, and sus cells. These observations would allow
us to determine if our in vitro finding is supported in vivo.

Technically, we are faced with a few challenges when working with the sphere model,
namely with confocal and RT-qPCR characterization of cellular identity. Confocal
microscopy provides a powerful tool to analyze the full 3-D architecture of the sphere,
however, it is not quantitative, and we are typically unable to visualize complete sphere
composition due to sphere embedding in the Matrigel® and lack of complete antibody

142

penetration. When used in combination with RT-qPCR, however, we are able to obtain
a substantial understanding regarding sphere composition. A second option would be to
dissociate spheres and perform an analytical analysis of protein composition using FACS.

The effect of LP CM and LP feeder cells on sphere growth

As predicted, given the potential for LP cells to secrete a mix of many factors, we see
sphere growth and differentiation when stimulated by either LP CM or an LP feeder cell
layer. The observation that sphere growth is enhanced by stimulation with LP feeder
cells over LP CM is probably due to the fact that LP feeder cells represent a dynamic
cell population that is likely growing and releasing factors throughout the duration of the
experiment. However, there is an apparent discrepancy between the sphere composition
of LP CM/feeder cell-stimulation versus rNrg1 stimulation. Since both LP CM and
feeder cells express Nrg1, we might anticipate that this would be reflected in an increased
D/G population in the resultant spheres. It is important to keep in mind that these two
sources contain multiple growth factors that have a combinatorial effect on sphere
differentiation. Additionally, as we showed previously, LP CM contains roughly 7.5-15
nM Nrg1 (as determined by MCF7 stimulation), which is less than half the concentration
of rNrg1 (30 nM) supplemented to growing spheres (Figure 4). Thus, this represents an
environment of Nrg1 overexpression with the absence of any growth factors that could
inhibit or drive proliferation/differentiation from a D/G fate.

To completely understand the differences of stimulation by LP CM and LP feeder cells
versus rNrg1, we must test the effect on differentiation by using LP cells in which Nrg1
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has been knocked-down or knocked-out. We mentioned that we are working to establish
a Nrg1 knock-down LP cell line, but thus far have only been capable of achieving protein
knock-down of the membrane-tethered, Type III, variant, and not the soluble, Type I,
variant that would be applicable in our model. Acquiring knock-down of this soluble
variant is an immediate goal, and will be discussed further in Future Directions as it
pertains to our understanding of the Nrg1 influence on this in vitro system.

Interestingly, a result that we have seen from the knock-down experiments has been
the observation that a reduction in the full-length Type I Nrg1 is not reflected in the
proteolytically-cleaved CTD, which remains unchanged compared to the scramble
control (Figure 16C). Thus an apparent compensation through proteolytic processing
results in the shedding of normal levels of soluble Type I. One solution could be to use
these cell lines in combination with protease inhibitors that are known to cleave Type
I Nrg1 to reduce the amount of Type I shed into the media. Again, this will further be
discussed in Future Directions.

One final surprising result seen from these knock-down cell lines has been the mild extent
to which Type I is reduced compared to Type III. In fact, some shRNAs specifically
targeting Type I, result in a greater decrease in RNA and proteins levels of Type III
(Figure 16). This finding likely reflects the complexity of alternative splicing and the
possibility of different, non-coding, regions regulating expression at the transcriptional
level.
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Nrg1 and D/G cells: what is the connection?

From these in vitro studies, we are left with the finding that rNrg1 strongly enhances
proliferation and differentiation of D/G cells. We have provided both in vitro and in
vivo evidence that the Nrg1 receptor, ErbB3, is selectively expressed in this population
of cells. This would suggest that Nrg1 activation of ErbB3 initiates signaling cascades
related to proliferation and differentiation. Although we were unable to confirm the
presence of ErbB2 in these spheres due to technical issues, given the lack of ErbB4 in
the OE and the differential staining pattern of EGFR and ErbB3 in spheres, in addition
to the evidence provided in Chapter 2 that ErbB2 and ErbB3 show overlapping patterns
of expression following MeBr lesion, it is reasonable to assume that any Nrg1-induced
downstream signaling must arise from ErbB2:ErbB3 heterodimers. The biochemical
consequences of Nrg1/ErbB signaling will be discussed to a greater extent in the Future
Directions.

These results would indicate that Nrg1 functions by suppressing a Sox2(+) GBC fate and
enhancing a Sox9(+) fate. Interestingly, an early study looking to elucidate the role of
Nrg1 in Schwann cell differentiation, found that Nrg1 functioned not only as a mitogen
towards glial commitment, but also as a suppressor of neuronal differentiation through
the inhibition of Ascl1/Mash1 (Shah, Marchionni et al. 1994). This study observed that
clonal cultures of neural crest stem cells stimulated by rNrg1 had significantly reduced
levels of Ascl1/Mash1, and a consequent reduction of mature neurons, compared to
control. Given the reduced levels of Sox2(+) GBCs and OSN markers NCAM and OMP,
this raises the possibility that a similar mechanism may be occurring in our 3-D cultures
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by perhaps inhibiting a neuronal fate and promoting a D/G fate. However, Nrg1 is also
known to have strong proliferative and pro-survival roles in both CNS progenitors and
Schwann cell commitment and differentiation, thus the effect of Nrg1 on D/G could be
multifactorial (Shah, Marchionni et al. 1994; Schmid, McGrath et al. 2003; Liu, Ford et
al. 2005; Edwards and Bottenstein 2006).
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Chapter 4:
RESULTS AND FUTURE DIRECTIONS
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GENERAL CONCLUSIONS AND DISCUSSION

The olfactory epithelium (OE) is a powerful venue for the study of stem cell
regulation because of the ongoing turnover and replenishment of the neuroepithelium
throughout life, and the ease with which tissue can be acquired for study. Mechanistic
understanding from the study of the OE may be applicable to regenerative programs
in other tissues. A main focus of OE research has been to identify the transcription
factor (TF) repertoire that directs lineage-specific stem cell fate. However, as the field
has grown, the heterogeneity of the tissue, and the importance of cell-cell interactions,
has driven researchers to elaborate physiologically-relevant in vitro models to discern
non-autonomous signaling cues. Of obvious interest is the function of the underlying
mesenchyme, the lamina propria (LP), which by analogy to other tissues, is a likely
goldmine of secretory signals.

Briefly, the work described here accomplishes 2 goals: 1) it provides a thorough
characterization of a fundamental regulatory process in the OE, namely Neuregulin1
(Nrg1)-ErbB signaling and 2) it explores the capacity of the LP to provide secretory cues
that regulate epithelial differentiation. In doing so, we have confirmed the validity of
the 3-D air-media culture model as a tool to study the effect of secreted factors on OE
differentiation, and we have identified soluble Nrg1 as a stimulant of duct/gland (D/G)
proliferation and differentiation.

In Chapter 2, we characterized the expression pattern of Nrg1 and the ErbB receptor
family in the olfactory mucosa (OM), confirming the presence of 8-9 Nrg1 isoforms
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throughout the OE and the LP. In regard to N-terminal variants, our results supported
the presence of both secreted (Type I) and membrane-tethered (Type III) Nrg1, and we
showed through extensive RT-qPCR and immunohistochemistry (IHC) that these variants
were predominantly expressed in the D/G cells of the LP and in the mature olfactory
sensory neurons (OSNs) of the OE, respectively. This expression pattern conforms to
previously-recognized tissue-specific neuronal and mesenchymal localization (Loeb and
Fischbach 1995; Yang, Kuo et al. 1998; Loeb, Khurana et al. 1999; Wolpowitz, Mason
et al. 2000). We showed that both the EGF domain and the C-terminal domain were
variable for Type I and Type III isoforms, although α-EGF was consistently linked with
Type I and β-EGF was consistently linked with Type III, associations that are supported
by studies showing that the β-EGF domain is most commonly found in neuronal tissue
while the α-EGF domain predominates in mesenchymal cells (Wen, Suggs et al. 1994).

Furthermore, we confirmed and extended our current understanding of ErbB receptor
expression in the OM, with EGFR confined to sustentacular (sus) cells and horizontal
basal cells (HBCs), ErbB2 present in all neuronal precursor globose basal cells (GBCs),
and ErbB3 present in D/G and microvillar cells (MVCs). We found that the expression
patterns of Type I Nrg1 and ErbB2 shifted after methyl bromide (MeBr) lesion, resulting
in co-expression of ErbB2 and ErbB3 in proliferating D/G progenitors and increased
expression of Type I Nrg1 in D/G cells of both the LP and the OE, proximal to ErbB2/
ErbB3-expressing cells. From these data, we hypothesized that shedding of Type I Nrg1
after lesion in both the OE and the LP may activate ErbB signaling through the formation
of ErbB2:ErbB3 heterodimers in D/G cells.
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The presence of multiple Nrg1 isoforms in the OE speaks to both divergent functional
roles and the possibility of highly regulated protein expression. In regard to function,
it has been well-demonstrated by knock-out mouse models targeting soluble- vs.
membrane-tethered-specific Nrg1 variants, that these isoforms participate in vastly
different biological roles (Kramer, Bucay et al. 1996; Meyer, Yamaai et al. 1997;
Wolpowitz, Mason et al. 2000). In the OM, we find that Type I Nrg1 is upregulated
following lesion, and evidence from Chapter 3 (discussed below) suggests that this
upregulation of soluble Type I aids in D/G proliferation and differentiation. Conversely,
Type III Nrg1 is expressed in mature OSNs, and is therefore absent during regeneration.

Although we did not establish a function for the Type III isoform, the signaling
possibilities through this variant are quite intriguing. Juxtacrine signaling is the accepted
interaction for Type III isoforms, yet the only ErbB receptors found in contact with
Type III-expressing cell bodies are ErbB2, which is found in immature OSNs and
neuronal precursor GBCs, and EGFR, which is found in HBCs and sus cells– neither
of which is a receptor that is capable of binding Nrg1. This current understanding on
the data leave open the question of whether Type III is even capable of signaling in the
OE. Nonetheless, given the strong presence of Type III in mature OSNs, it is worth
considering two possible scenarios in which Type III signaling may participate, and two
non-canonical mechanisms through which this signaling could occur.

First, during OE reconstitution following lesion, it is possible that Type III expression
could direct mature neuronal development. We did not look at later stages of OE
regeneration (after 7 dpl), when mature neurons are differentiating, and it is possible that

150

differential expression patterns could place Type III in contact with ErbB heterodimers
(likely ErbB2:ErbB3), although given the segregated expression of ErbB2 and ErbB3
by 7 dpl, this is not likely. However, we know that during OE development, axonal
growth towards the olfactory bulb (OB) is augmented by a mass of non-neuronal cells
that provide guidance cues along a highly standardized path (Valverde, Santacana et al.
1992). This is strongly reminiscent of the well-established role of neuronal Type III
Nrg1 expression during migration of neural crest cells in development (Golding, Trainor
et al. 2000). Should Type III be expressed in the olfactory axon, which is suggested
by the IHC results, it is plausible that Type III may have a role in the context of axonal
migration following injury.

This leads directly to a second proposed mechanism of Type III function, pertaining
to the close association between olfactory axons and HBCs at the basal lamina. This
localization places HBCs in a position to be responsive to the status of the neuronal
population. Cross-talk between these basal cells directly with mature neurons could
prove important in OE maintenance and OSN turnover. Whether these two proposed
roles would occur through a canonical (juxtacrine) or non-canonical mechanism is
unclear, although evidence for non-canonical signaling in this context does exist.

Mechanistically, juxtacrine signaling is the canonical method through which Type
III functions, however the protein structure of Type III supports two additional noncanonical signaling methods. First, Type III might function in bidirectional signaling,
promoting a cell-autonomous regulation of neuronal survival and function. This idea
fits with the observation that backward signaling has only been shown in the context
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of neurons, and the few examples that exist function in regulation of anti-apoptotic
pathways and promotion of dendritic growth (Bao, Wolpowitz et al. 2003; Bao, Lin et al.
2004; Chen, Hancock et al. 2010). In further support, we showed that a majority of Type
III Nrg1 in mature neurons is expressed with the “a” intracellular domain (ICD) (Chapter
2), which has been the only ICD shown to date that contributes to reverse signaling.
Interestingly, activation of intracellular ICD release has been shown to occur as a result
of ErbB-binding or neuronal depolarization, as well as by means of an unidentified
stimulant, indicating that factors yet to be determined are capable of triggering this
mechanism (Bao, Wolpowitz et al. 2003; Chen, Hancock et al. 2010). Without ErbB
heterodimers present to act as stimulants, neuronal depolarization in the context of the
OE, could promote signaling of the Type III ICD in mature OSNs. Additionally, as of yet
unidentified proteins could activate this process.

Second, the EGF domain of Type III may be shed through the effect of dual proteolytic
events, and function as a soluble ligand. Research has identified BACE and ADAM
cleavage sites both N-terminal and C-terminal to the extracellular EGF domain of Type
III Nrg1 (Fleck, van Bebber et al. 2013). Although this soluble fragment has not been
identified in biological tissue, it has been shown to enhance myelination in vitro (Syed,
Reddy et al. 2010). While it is hypothesized to be a low-release product, given the
appropriate environment of proteases, it is physiologically feasible for Type III to signal
by this mechanism.

In addition to the functional consequence of expressing ligands capable of juxtacrine
and paracrine signaling, the assortment of EGF-domain variants expressed in the OM
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is suggestive of a high degree of regulation. It has been postulated that the stalk region
provides a motif for regulation by tissue-specific proteases (Loeb and Fischbach 1995;
Shirakabe, Wakatsuki et al. 2001). An example of this is seen with ADAM19, which
was shown to preferentially process stalk “4” in humans (Shirakabe, Wakatsuki et al.
2001). To date, the main functional difference between the α- and β-EGF domains, which
differ in length by only 10 nucleotides, has been the finding that β-EGF has an increased
binding efficiency for ErbB receptors and that α-EGF cannot substitute for β-EGF in
the context of enhancing myelination in vitro (Baek and Kim 1998; Eckert, Byer et al.
2009). However, a recent study identified the presence of 4 ADAM cleavage sites, 2
each for ADAMs 10 and 17, in the β-EGF domain, providing evidence that the variant
carboxy-termini of EGF may also be subject to protease regulation (Fleck, van Bebber
et al. 2013). This could provide another level of spatial and temporal control over Nrg1
expression in the OM and help to explain the redundancy in the existence of multiple
Nrg1 isoforms.

In Chapter 3, we assayed the ability of soluble recombinant Nrg1 (rNrg1) to stimulate
sphere formation and differentiation in a 3-D air-media interface culture model. We
used LP cells, which we showed contained Nrg1 both in vitro and in vivo, as a positive
control, and saw that rNrg1 was capable of inducing an increased number of spheres
over various DMEM controls by Multisizer analysis. We provided evidence that this
observation is ErbB dependent by showing that a reduced concentration of rNrg1 is
capable of stimulating increased sphere growth when progenitor cells are harvested at 3
dpl, a time point during which ErbB3 is upregulated. We analyzed sphere composition
by both RT-qPCR and IHC and found that rNrg1-stimulated spheres have increased
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levels of D/G cells, and to a lesser extent sus cells, and reduced levels of multipotent
Sox2(+) GBCs compared to spheres stimulated with either LP CM or LP feeder cells.
Finally, we used shRNA constructs targeting different isoforms of Nrg1 to knock-down
expression in LP cells. We found that although we were capable of knocking-down Type
III, we were unable to knock-down Type I expression, nor did we observe an effect on
sphere growth. Though this is a negative result, the absence of Type I knock-down
suggests that this soluble form rather than shedding of Type III, is the driver of D/G cell
proliferation. Taken together, these data lead to the conclusion that rNrg1 is capable of
inducing proliferation of D/G cells and differentiation to D/G and sus cells in vitro. This
tentative conclusion is consistent with the expression pattern of Nrg1 Type I and ErbB3,
as determined in Chapter 2, and provides a functional explanation for our observation that
Type I Nrg1 is enhanced proximal to ErbB3-expressing D/G cells after MeBr lesion.

Our results here expose a previously unknown role for soluble Nrg1 in lineage-specific
differentiation, and highlight the relatively uncharacterized progenitor capacity of D/G
cells. D/G cells have been shown to have the potential to regenerate duct, gland, and sus
cells after MeBr-induced injury (Schwob, Youngentob et al. 1995; Huard, Youngentob
et al. 1998). In the context of HBCs and GBCs, which are capable of giving rise to
all OE cell types, the impaired capacity of D/G cells to replenish neurons, suggests
that the redundant stem capacity of the OE favors the differentiation of support cells.
Since OSNs are the crux of the OE, with the central role of directing chemical sensory
information to the brain, a disconnect arises as to why the stem population contains a
greater capacity to generate support cells.
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One explanation could be that by replenishing support cells, D/G cells reconstitute an
epithelial barrier and protect the GBC and HBC populations as they robustly regenerate
neurons. Alternatively, a second explanation could be that D/G cells directly support
differentiation of GBC and HBC progenitor populations through cell-cell or secretory
cues. To this end, our lab has generated data showing a reliance of GBC and HBC
differentiation on the presence of D/G cells.

In these previous studies, using 3-D air-media cultures, we have demonstrated that
HBCs alone are unable to produce spheres while GBCs and D/G cells, when cultured
together, retain their capacity for sphere formation (Jang, Lambropoulos et al. 2008).
When D/G cells and GBCs are seeded separately, both are able to give rise to spheres,
however GBCs give rise to fewer spheres than D/G cells. In this assay, only populations
containing D/G cells (including D/G cells alone) are capable of stimulating normal sphere
growth (quantitatively), supporting the theory that the presence of D/G cells is necessary
to complement the differentiative capacity of HBCs and GBCs. In regard to Nrg1, this
would suggest that a role for Nrg1 in OE differentiation would be to promote the growth
and proliferation of D/G cells, thus indirectly supporting the differentiation of OSNs
through subsequent cell-cell interactions of D/G cells with GBCs and HBCs.

An additional test of this hypothesis would use our transplantation assay to determine
whether rNrg1 treatment affects the composition of clones derived from cultured donor
cells, as we have done previously. In these experiments, PMA treatment of LP cells
was found to be a potent stimulant of neurogenesis following transplantation of spherederived progenitor cells (Krolewski, Jang et al. 2011). Using PMA-treated LP cells
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as a positive control, we could perform these experiments using dissociated spheres
stimulated with rNrg1. Here, we would expect to see an enhancement of duct, gland, and
sus cells–mimicking our in vitro data–however, any increase in clones containing neurons
may support our theory that D/G cells interact with GBCs and HBCs to augment their
capacity to differentiate.

Together, these data can be combined into a model to appreciate the contribution of Nrg1/
ErbB signaling in the context of known mechanisms governing progenitor differentiation
(Figure 1). In this model, the influence of the LP is combined with our understanding
of TF-mediated regulation to expand our current view of differentiation. The findings
from this study raise the questions, described above, regarding the progenitor capacity of
D/G cells as well as the potential for cross-talk between OSNs and HBCs. Experiments
focused at clarifying the hypotheses derived from this work are described below.

156

Figure 1. Model of Nrg1/ErbB receptor influences on OE regeneration. Nrg1
and ErbB receptor expression patterns, determined in this study, are shown in purple.
Purple arrows indicate novel putative roles for OE cell types– specifically the possibility
of cross-talk between D/G cells and GBC/HBC progenitors, the possibility of D/G
differentiation into MVCs, and the possibility of cross-talk between OSNs and HBCs.
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FUTURE DIRECTIONS

In characterizing the expression of Nrg1 in the OM, we are left with important questions
regarding Nrg1 regulation and function. As discussed above, the presence of multiple
isoforms is suggestive of meticulous regulation, and an understanding of that regulation
could help identify isoform-specific roles for Nrg1 in the OM. Furthermore, although
insight into the function of soluble Nrg1 has been provided from our work with 3-D
sphere cultures, we have not defined a role for the membrane-tethered Nrg1 that is so
abundant in mature neurons. In regard to Type I Nrg1, we have a system to test the
progenitor capacity of D/G cells and the role of Type I in regulating this process–namely
our 3-D air-media culture model. Finally, a better understanding of ErbB receptor
function, both in upstream events involving Nrg1 binding and downstream output and
signaling, warrants further study.

Investigating the regulation of Nrg1 isoforms

Assaying for the presence of BACE and ADAM proteases in the OM would offer
valuable insight into potential regulatory mechanisms of Nrg1. Specifically, it would
help to explain why multiple (8-9) isoforms are expressed throughout the OM. To date,
ADAMs 10, 17, and 19 and BACE1 have been identified as Nrg1 proteases (Shirakabe,
Wakatsuki et al. 2001; Horiuchi, Zhou et al. 2005; Hu, Hicks et al. 2006; Willem, Garratt
et al. 2006; La Marca, Cerri et al. 2011; Luo, Prior et al. 2011; Fleck, van Bebber et al.
2013). IHC using antibodies against these proteins could define expression patterns in
the LP and the OE. Likewise, RNA probes designed against the variable EGF domain
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and stalk regions could be designed to perform in situ hybridization (ISH) to determine
whether these isoforms are differentially expressed. Overlapping expression patterns of
specific splice variants with specific proteases could be a strong indicator of functional
relevance for multiple Nrg1 isoforms. Performing these IHC and ISH experiments in the
context of MeBr injury would also be important to explore the possibility of temporal
regulation.

To augment in vitro expression results, the effect of BACE or ADAM inhibitors on Nrg1
processing in LP cells should be determined. To this end, both broad range and specific
ADAM inhibitors have been described, as well as an inhibitor specifically targeting
BACE1 (Fleck, van Bebber et al. 2013). We have preliminary results that proteases are
expressed in LP cells, since western blots probing for Nrg1 in LP cell lysate show a band
corresponding to the Type I C-terminal domain (CTD), indicating ligand shedding. The
analysis proposed for the tissue (described above) should be extended to LP cells in vitro
in order to confirm protease presence by using IHC and WB. If these proteases identified
above in tissue are found to regulate Nrg1 proteolysis in LP cells, then a reduction in the
Type I ICD and an increase in the Type I full-length band of a WB following inhibition of
these proteases in LP cells would confirm functional processing.

Ultimately, these experiments would need to explore why 8-9 Nrg1 isoforms are found
throughout the OM. Particularly, ISH could be useful in helping to determine the
profile of Nrg1 expression in cell types other than D/G and OSNs. We provided FACS
data in Chapter 2 suggesting that Nrg1 is also expressed in OECs, LP fibroblasts, and
HBCs, yet the limitations of our staining given antibody isoform-specificity, inhibited
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us from obtaining a clear view of these variants in these other cell types. Our current
understanding of signaling centers on the different methods of ligand binding, and
characterization of novel regulatory mechanisms could offer insight into whether more
discrete levels of signaling are present in cell type-specific populations.

Putative Type III functional roles

In the discussion, we alluded to a number of possible roles and mechanisms by which
Type III may function in the OE. One intriguing theory postulates a role for Type III
Nrg1 in mature neurons whereby it participates in backward signaling. Reverse signaling
is a γ secretase-mediated event resulting in cleavage of the Type III ICD and subsequent
nuclear translocation (Bao, Wolpowitz et al. 2003). Activation of this process is due to
ErbB dimer binding, depolarization, or unidentified stimulants, and the nuclear ICD has
been shown to regulate transcription (Bao, Wolpowitz et al. 2003; Bao, Lin et al. 2004;
Chen, Hancock et al. 2010).

Using an antibody specific for the “a” ICD, we could determine whether the signal is
localized to the nucleus using IHC. Alternatively, cell fractionation could be performed
using OE tissue samples, and the resultant fractions could be probed for the “a” ICD
using a specific antibody (Santa Cruz sc-348). Expression of Nrg1 in the nuclear fraction
would indicate nuclear translocation of the protein fragment, and provide support for the
presence of reverse signaling. Since this process is dependent on γ secretase activity,
intranasal infusion of a γ secretase inhibitor and subsequent loss of “a” ICD nuclear
localization, could be used to confirm any results.
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Demonstration of nuclear translocation by the Nrg1 ICD would trigger the standard
types of analyses used to assess gene regulation– these include transcriptional profiling
to assay for differential gene expression. This type of effect has been observed: where in
vitro treatment of embryonic mouse spiral ganglion neurons with KCl and the resultant
depolarization stimulated the subsequent release and nuclear translocation of the “a”
ICD and the repression of apoptotic genes (Bcl-x, BAK, and RIP) (Bao, Wolpowitz et al.
2003). As it is feasible to sort mature neurons on the basis of GFP expression in ΔOMPeGFP transgenic mice, this type of experiment could easily be undertaken in the OE
(Potter, Zheng et al. 2001).

Another standard assay for gene regulation, the electrophoretic mobility shift assay
(EMSA), which combines nuclear extracts from mature neurons with probes targeted
for candidate genes, is also feasible with FACS-isolated neurons. While the “a” ICD
does not contain a DNA-binding motif, it can modulate transcription by binding to zincfinger proteins, and has been shown to interact with the zinc-finger transcription factor,
Eos, which recognizes Ikaros binding domains (Bao, Wolpowitz et al. 2003; Bao, Lin
et al. 2004). If confirmed in the OE, attention to genes known to be regulated by Eos or
containing an Ikaros binding sequence might be rewarding. Second level identification of
transcriptional targets could take advantage of the LP knock-down cell line. Comparative
quantification of candidate transcript abundance between knock-down cells versus cells
infected by the scramble control should show a decreased abundance of Eos-targeted
transcript in knock-down cells versus control cells if the “a” ICD is a transcriptional
effector.
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This mechanism of Type III function is a means by which HBCs and OSN axons could
interact at the basal lamina. We could postulate that a trigger released from HBCs
(depolarization, ErbB monomer, or otherwise), could elicit this response and provide
a mechanism for neuronal survival, particularly if the Type III ICD participates in
repression of apoptotic pathways, as has previously been identified (Bao, Wolpowitz et
al. 2003). Additionally, identification of target genes involved in adhesion may provide
evidence of a role for Type III in axonal guidance.

A second key role for Type III Nrg1 is based on release as a soluble factor and consequent
paracrine signaling. Although this role has not been observed, biochemical analysis
of Type III Nrg1 structure permits this type of mechanism given the proteolysis sites
flanking the extracellular EGF domain (Fleck, van Bebber et al. 2013). If the proteases
required to release the EGF domain (ADAM17 and/or BACE1) are found to exist in the
OM based on our proposed IHC experiments described above, the following are worth
pursuing.

Co-immunoprecipitation (co-IP) could be done to determine whether this domain
is associated with ErbB receptors isolated from various OE cell populations using a
combination of antibodies and transgenic mice. Antibodies targeting both the ErbB
receptors and the EGF domain of Nrg1 are readily available. Additionally, we could
determine whether this product is released from LP cells in vitro by assaying LP CM
using antibodies specific to the EGF domain of Nrg1.
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If we determine the presence of this soluble product in vitro or in vivo, we can then take
advantage of inhibitors against BACE1 and ADAM17 to confirm our findings. Intranasal
exposure to these inhibitors and subsequent morphological defects, may indicate a
functional output of soluble Type III Nrg1 in vivo. Likewise, treatment of LP cells with
these inhibitors and a reduction in the soluble Type III EGF domain would confirm the
capacity of these cells to shed Type III. These proposed experiments can all be done in
the context of uninjured and injury models. In particular, olfactory bulbectomy (OBX)
may prove interesting given that it specifically results in enhanced neurogenesis and
creates an environment of massive OSN turnover and increased axonal innervation
through the HBC layer, thus targeting the Type III-expressing cell population we are
interested in studying.

Understanding canonical downstream signaling through ErbB receptors

The results presented here propose a role for ErbB2:ErbB3 heterodimers in OE
reconstitution by acting on D/G progenitors following MeBr-injury. To take this
further than supposition, we need proof that these putative heterodimers exist. Co-IP
experiments from protein harvested at different time points post-MeBr lesion to assay for
dimerization pairs are feasible, and specific antibodies that target ErbB2 and ErbB3 exist
and have worked for IP. A useful negative control is tissue harvested from uninjured OE
since there is no co-localization of these proteins in that context based on our IHC results.
Furthermore, association of bound Nrg1 with the receptor can also be determined,
particularly via ErbB2 since this isoform is “deaf” to the presence of Nrg1. Finally, the
same type of approach might be appropriate in our sphere assay to confirm receptor
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activation by Nrg1 in this setting, particularly since we were unable to optimize IHC
staining conditions for ErbB2. Because these experiments might confirm ligand binding
and ErbB heterodimerization in vivo, they are an important means to determine whether
our 3-D cultures are able to recapitulate this partnership in vitro.

If the receptor-ligand interactions that we hypothesize are confirmed, the obvious
next step to establishing biological relevance would entail the characterization of the
downstream nodes in the signaling pathway. Although all ErbB receptors are able to
activate signaling through the mitogen-activated protein kinase (MAPK) pathway, ErbB3
is unique in that it possesses multiple p85 docking sites in its C-terminal tyrosine kinase
region, which recruit effector proteins that specifically activate the phosphoinositide
3-kinase (PI3K) pathway (Prigent and Gullick 1994; Soltoff, Carraway et al. 1994).
Therefore, blotting for phosphorylated proteins downstream of PI3K (p-AKT, mTOR)
and MAPK signaling (p-MEK, p-ERK) could discern which signaling pathways are
targeted in Nrg1-mediated signaling of ErbB receptors.

These initial experiments would call upon protein harvested from OE tissue at different
time points post-MeBr lesion, particularly at a time when ErbB2:ErbB3 heterodimers
may form (3-5 dpl). Although these samples would provide an in vivo readout of
downstream signaling, manipulation of Nrg1 levels will be required to establish definitive
activation of this pathway. Therefore, an alternative approach would be to use the 3-D
sphere assay, in the context of Nrg1 stimulation versus a feeder cell layer of LP cells
in which Type I Nrg1 has been knocked-down. Here, we could look for differential
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expression of signaling proteins to confirm what pathways Nrg1stimulates downstream of
ErbB receptors.

Additional strategies would take advantage of specific pathway inhibitors, including ones
that inhibit receptor signaling and others that block particular downstream targets. The
specific ErbB inhibitors, generated for the treatment of dysregulated ErbB signaling in
cancer, offer a unique method to determine the consequences of inhibiting all signaling
resulting from ErbB2:ErbB3 heterodimers as well as signaling from either the PI3K or
MAPK pathways individually, both in vitro and in vivo. These molecular tools provide
a way to feign ErbB, and consequently Nrg1, knock-down and determine the effect on
sphere formation. If resultant spheres are similar to those that form from stimulation
by the LP knock-down cell line, we could provide more conclusive support of pathway
dependency.

To this effect, pertuzumab is a monoclonal antibody that specifically targets ErbB2 and
inhibits dimerization with ErbB3 (Agus, Akita et al. 2002). Although this antibody is
targeted toward human ErbB2, cross-reactivity with mouse ErbB2 is worth exploring.
Treatment of spheres with this antibody could effectively block Nrg1-induced signaling,
and if Nrg1 is necessary to enhance D/G progenitors, we would expect to see a strong
reduction in D/G expression in spheres, both through IHC and RT-qPCR analysis.

Inhibitors of pathways downstream of the ErbB receptors are also available as an
approach, including ones that act on either the PI3K or MAPK pathways. Of the
available reagents, wortmannin and LY294002 are specific inhibitors of the PI3K
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pathway while PD098059 has been shown to be a potent inhibitor of the MAPK pathway
(Arcaro and Wymann 1993; Vlahos, Matter et al. 1994; Alessi, Cuenda et al. 1995).

In addition to what we learn from these in vitro studies, it would also be possible to infuse
mice intranasally with pertuzumab after MeBr lesion and determine the morphological
effect on OE reconstitution. Ultimately, these proposed experiments should provide
insight on the downstream signaling mediated by Nrg1 in the OE.

Understanding the progenitor capacity of D/G cells

Results from the work presented here highlight the potential role of D/G cells as OE
progenitors, and specifically raise the proposition that interactions between different
populations of stem cells may be required for proper differentiation. To date, the
experiments suggest that D/G cells have a relatively limited capacity as progenitors.
Retroviral (RV) transduction experiments demonstrate an association between D/G cells
and sus cells, which is also suggested by conventional histological analysis (Huard,
Youngentob et al. 1998).

It is worth noting that RV transduction experiments need to be carefully interpreted, and
that some stem/progenitor cells change their CFU potential if isolated from the lesioned
OE (despite being transplanted into the lesioned OE). The most striking example of
the need for in situ activation are the HBCs, which fail to engraft if extracted from the
uninjured OE, but robustly regenerate all cell populations if extracted from the lesioned
environment (Leung, Coulombe et al. 2007). Genetic lineage tracing using a Sox9-
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CreER driver, which does exist, would definitively examine the progenitor capacity of
D/G cells (Kopp, Dubois et al. 2011). Successful completion of such studies is needed
before the proliferation capacity of D/G cells, and particularly their relationship to MVCs
(also ErbB3 expressing) might be defined completely.

A second interesting experiment stems from the observation that inclusion of D/G
cells with GBCs and/or HBCs is required in order to encourage the full differentiative
capacity of these two stem populations (Jang, Lambropoulos et al. 2008). The nature of
this requirement is unclear. However, given the effect of rNrg1 on D/G accumulation
in spheres, it is not unlikely that Nrg1-ErbB signaling may play a crucial role either
directly or indirectly. In the latter case, D/G cells might be the source of distant, as of
yet uncharacterized signals. First steps in assessing that hypothesis depend on selective
D/G cultures to generate CM and/or gene profiling on FACS-purified D/G cells (using
ECAD labeling as described here) to define the D/G secretome. Currently, we have the
mice and antibodies necessary to perform these experiments and are optimizing antibody
conditions for FACS. If specific secreted factors are identified, it may be interesting
to stimulate pure populations of GBC progenitors in the air-media culture model to
determine whether the D/G requirement for GBC sphere formation is through release of
soluble proteins.

A final experiment that is crucial to understanding the role of Nrg1 in D/G proliferation
and differentiation involves the use of LP cells in which Type I Nrg1 has been knockeddown. One of the standard approaches- shRNA knock-down of this isoform- should offer
the means to define this role when combined with our sphere assay plus transplantation
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into the lesioned OE. Somewhat surprisingly, when we tried to use shRNA constructs
targeting the Type I isoform, we achieved only very low levels of knock-down in LP cells
and no effect on the capacity of the cells to support sphere growth. Obvious next steps
include trying a broader panel of constructs to achieve more substantial knock-down
and/or sequential infection with constructs, which, while minimally effective on their
own, might be capable of achieving an improved reduction in Type I Nrg1 expression
when used in combination. In the absence of successful knock-down, treatment of LP
cells with a BACE/ADAM inhibitor to supress Nrg1 shedding may provide an alternate
mechanism to acquire a model of Nrg1 deficiency.

Ultimate impact

Our findings here provide us with a context in which to study a specific impact on a
defined cell population. To understand the role of Nrg1, its isoform-specific expression
pattern must be elucidated as subtle changes resulting from alternative splicing have
previously been shown to have a physiological effect. Here, we provide a scaffold
for differential isoform expression of Nrg1, showing that it is both spatially- and
temporally-regulated. In addition, with our 3-D air-media system and our MeBr model
of regeneration, combined with a detailed understanding of the cell population, we now
have the capacity to interrogate the specific functions of these discrete protein variants
and relate them to the physiological phenomenon of neural regeneration.
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