--- Chapter 1 ---

Introduction

Overview of olfaction

A sauté of garlic and onions in butter, the finishing of chocolate-chip cookies in the oven, a
lover’s perfume, the wretchedness of an urban public bathroom: these are examples of the powerful ways
our sense of smell (olfaction) elaborates our experiences. Terrestrial mammals possess an olfactory sense
that can detect theoretically between ~10,000 and ~10,000,000 airborne odors at nanomolar
concentration. The detection of airborne odors begins in the posterior region of the nasal cavity. The main
olfactory epithelium (MOE) houses several million olfactory sensory neurons (OSNs) that protrude into
the airspace. The inhalation of odors, which are typically hydrophobic organic molecules, and their
dissolution into a superficial mucus allow the odors to make contact with OSNs. The OSNs express
olfactory receptor (OR) proteins (Buck and Axel 1991) that bind to the odors and begin a signal
transduction process that culminates in membrane depolarization and the propagation of action potentials
along axons towards the olfactory bulb (OB). Axons of OSNs converge into discrete units called
glomeruli in the superficial layer of the OB (Firestein 2001). Olfactory information is received by mitral
cells that synapse with the glomeruli in the OB; the information is subsequently passed to the anterior
olfactory nucleus, amygdala, and piriform cortex in the deeper parts of the brain (Miyamichi et al. 2011).

The discriminatory power of the olfactory sense is related to the number of functional OR genes
collectively expressed in OSNs. Rodents, which rely on olfaction for survival (Brunet et al. 1996), have
~1,000 distinct intronless OR genes. Humans possess ~200-400 functional OR genes, but have many
more OR pseudogenes. In contrast, nonmammalian vertebrates have only ~1/10 the number of OR genes
found in mammals (Mombaerts 1999). The platypus, one of the earliest-evolved mammals (Venditti et al.
2011), has ~300 functional OR genes and ~400 additional OR pseudogenes (Warren et al. 2008). Thus,

the large OR repertoire appears to be a uniquely mammalian property. A single OSN is thought to express



a single OR gene, and the axons of OSNs expressing the same OR gene contribute to a singular set of 2
ipsilateral glomeruli (Mombaerts 2004). Hence, one can determine which ORs are activated by
determining which neurons or glomeruli are activated. Individual ORs are tuned to detect several odors,
and an individual odor is recognized by several ORs (Malnic et al. 1999). The combinatorial code of odor
detection means that individual odors produce “maps” of activated glomeruli in the OB (Rubin and Katz
1999; Wachowiak and Cohen 2001).

The rodent OB is composed of different domains that receive and process input from specialized
sets of primary olfactory neurons located in anatomically distinct regions of the nasal cavity. The largest
domain is the main OB (MOB), which handles input from the aforementioned OSNs in the MOE. A
subset of the glomeruli in the MOB is additionally targeted by sensory neurons whose somata reside in
the septal organ of Masera (Ma 2011). In contrast, the accessory OB (AOB) is innervated by axons from
vomeronasal sensory neurons (VSNs), located in the vomeronasal (Jacobson’s) organ (VNO) anterior of
the MOE. VSN express G-protein coupled receptors known as pheromone receptors (VRs) (Dulac and
Axel 1995) and are involved in the detection of pheromones, cues that induce innate both behavioral
responses such as freezing, aggression, flight, feeding, and copulation, and physiological responses such
as the accleration of reproductive development (Brennan and Zufall 2006). VSNs respond to conspecific
cues such as male bedding, as well as heterospecific cues such as snake bedding (Isogai et al. 2011).
Removal of VSNs in mice results in the loss of gender identity (Kimchi et al. 2007; Stowers et al. 2002)
and a deficit in courtship ultrasonic vocalizations (Wysocki et al. 1982).

Though VSNs and OSNs are broadly similar in that they reside in the epithelia in the nasal cavity,
protrude into the nasal airspace, and relay information to glomeruli in the OB, they possess different
olfactory signal transduction mechanisms. In the protruding cilia of OSNs, odor binding by the OR
activates G protein and the adenylate cyclase ACIII, resulting in the production of cAMP (Firestein
2001). The increase in [cCAMP] opens a heterotetrameric cAMP-gated cationic channel composed of 2
CNGA2, 1 CNGAA4, and 1 CNGBI1b subunits (Biel and Michalakis 2007; Frings et al. 1992). The influx

of ions, many of which are Ca*", not only depolarizes the neuronal membrane but also activates a Ca”"-



activated Cl channel, whose activity amplifies the underlying depolarization due to the abnormally high
intracellular [Cl'] in OSNs (Kaneko et al. 2001; Lowe and Gold 1993). The depolarization increases the
frequency of spontaneous action potentials. In the protruding microvilli of VSNs, pheromone binding to
the VR activates Gi/G, proteins. The intermediate steps of signal transduction seem to involve the
subsequent activation of phospholipase C and its hydrolysis of PIP, into IP; and diaglycerol (DAG)
(Zufall and Munger 2001). The electrical transduction process is initiated with the opening of the DAG-
gated TRPC2 cationic channel, which depolarizes the neuronal membrane (Lucas et al. 2003). VSNs
respond to nanomolar concentrations of pheromones with increases in spontaneous action potential

frequency (Holy et al. 2000; Leinders-Zufall et al. 2000).

Necklace glomeruli

In a specialized region of the caudal superficial rodent OB, between the glomerular fields of the
MOB and AOB, there are a set of 20-50 “atypical” glomeruli that can be distinguished by their labeling
with acetylcholinesterase (AChE) histochemistry (Zheng et al. 1987). These atypical glomeruli include
the modified glomerular complex in the dorsomedial OB that is active in newborn mice, suggesting a role
in suckling (Greer et al. 1982). Using an aromatase antibody (later found to bind to huntingtin associated
protein (Fujinaga et al. 2007)), Shinoda and colleagues demonstrated that the AChE+ atypical glomeruli
form a domain in which each glomerulus resembles a bead on a necklace; thus, the atypical glomeruli are
also collectively referred to as the “necklace domain” of the OB. The aromatase antibody also identified a
sparsely distributed set of neurons embedded with OSNs in the caudal MOE that potentially innervated
the necklace glomeruli (Shinoda et al. 1993; Shinoda et al. 1989).

These neurons, interspersed throughout the caudal MOE and having a similar morphology as
OSNs, were found to express key components of a cGMP signal transduction cascade. Thus, the necklace
glomeruli differ from the glomeruli of the MOB and AOB in that they represent a zone of primary cGMP
transduction. These neurons express a guanylate cyclase, pGC-D, a single-pass transmembrane receptor

that catalyzes the production of cGMP when stimulated (Fulle et al. 1995; Juilfs et al. 1997). The



necklace olfactory system is thereby also called the GC-D system. GC-D neurons express a cGMP-
stimulated phosphodiesterase (PDE2A) and a cGMP-gated heterotetrameric cationic channel composed of
2 CNGA3 and 2 CNGB3 subunits (Meyer et al. 2000). In addition, GC-D neurons express high levels of
the carbonic anhydrase CAII. Functional studies have demonstrated that GC-D neurons respond to CO,
(Hu et al. 2007), bicarbonate (Guo et al. 2009; Sun et al. 2009), and uroguanylin (Duda and Sharma 2008;
Leinders-Zufall et al. 2007) with elevations in cytosolic [Ca®"] and increased spontaneous firing

frequency.

Grueneberg ganglion

In 1973, Hans Griineberg reported the startling identification of clusters of neuronal cell bodies in
the most anterior region of the mouse nasal cavity, where the nasal septum is cartilaginous. Possessing
large spherical nuclei, these neurons were readily discerned in hematoxylin-and-eosin-treated sections of
the nasal vestibule. The neuronal clusters were sparse, appearing intermittantly in transverse serial
sections spanning an anterior-posterior distance of 250 um in the nose of the newborn mouse. Because the
neuronal cell bodies were more anterior than other cranial nerves and could be distinguished from the
surrounding fibers of the anterior ethmoidal nerve, Griineberg concluded that these ganglionic cell bodies
belonged to the enigmatic cranial nerve zero, nervus terminalis, believed to have a chemosensory function
but separate from the olfactory system (Bojsen-Moller 1975; Wirsig and Leonard 1986). In the other
examined mammalian samples of the adult rat, adult hamster, fetal cat, fetal anteater, and 5-month-old
human embryo, Griineberg's neurons exhibited a similar clustered morphology and likewise bilaterally
occupied the dorsal septal corners of the nasal vestibule (Griineberg 1973).

Tachibana's ultrastructural study in 1990 reported ciliated cell bodies with a ganglionic
arrangement in the anterior nasal cavity of the musk shrew (Tachibana et al. 1990). However, over 30
years elapsed between Griineberg's study and the next published report that directly addressed the so-
called Grueneberg ganglion (GG) in the mouse. In 2005, a series of 5 papers, beginning with the study of

Koos and Fraser, independently reclassified the mouse GG as part of the primary olfactory system



(Fleischer et al. 2006a; Fuss et al. 2005; Koos and Fraser 2005; Roppolo et al. 2006; Storan and Key
2006). This conclusion was based on 2 pieces of evidence: (1) the expression in the GG of olfactory
marker protein (OMP), a protein found in all mature primary olfactory neurons, including OSNs and
VSNs; and (2) the final destination of GG axons in the posterior (caudal) region of the OB. With regard to
the former, GG neurons exhibit a strong green fluorescence in transgenic mice expressing green
fluorescent protein (GFP) from the Omp locus. With regard to the latter, GG axons form 8-12 glomeruli
that resemble pearls on a necklace, near the previously described GC-D necklace domain in the OB.
However, the GG necklace glomeruli appear to be distinct from the classic GC-D necklace (Cockerham et
al. 2009); we have termed the domain formed by GG glomeruli to be the “necklace-like”” domain.

Besides their far-forward location, GG neurons are anatomically distinct in several facets from
OSNs and VSNSs. Present at embryonic day 16 (Fuss et al. 2005; Roppolo et al. 2006), the GG organ
forms a discontinuous arrowhead shape, in contrast to the continuous pseudostratified epithelial sheets
found in the MOE and VNO. GG neurons, numbering 300-600 per side, are tightly packed in clusters and
are ensheathed by glial cells (Griineberg 1973). No consistent protrusions have been found to extend from
subsurface GG somata through a thin keratinized epithelium into the nasal cavity (Roppolo et al. 2006).
This differs from bipolar OSNs and VSNs, which each project a dendritic process that terminates as a
ciliated (in OSNs) or microvillar (in VSNs) knob, at which ORs and VRs are localized, in the nasal
cavity. Each GG neuron has a single axonal projection. These projections collect into a single fascicle that
extends caudally and crosses the bony cribriform plate on the medial sides of the olfactory bulbs (Koos
and Fraser 2005).

GG neurons are likely to have a chemosensory function. The report of GG responses to alarm
pheromones by Brechbuhl and colleagues marked a major advance in the functional characterization of
the neurons (Brechbuhl et al. 2008). It was demonstrated that GG neurons exhibit increases in cytosolic
[Ca®*] when exposed to saline droplets collected from cages of recently asphyxiated mice. Curiously, the
cytosolic [Ca*'] rise did not require extracellular Ca**. The [Ca’'] increase was not observed with

exposures to CO,-infused, cold, or acidified saline. No responses were observed with exposures to a



nipple wash or urine of conspecific animals. As the water-soluble characteristic of the stimulus agreed
with previously described properties of mammalian alarm pheromones (Kiyokawa et al. 2005), whose
exact chemical identities have not been elucidated, and the responses were observed in GG neurons in
acute slice preparations of the mouse nasal vestibule, it was claimed that the GG directly detects and
mediates behavioral responses to alarm pheromones. In support of this claim, surgical ablations of the GG
resulted in the disappearance of animal freezing-immobility responses in behavioral assays that exposed
mice to the putative alarm pheromone (Brechbuhl et al. 2008).

A nearly simultaneous report by Mamasuew and colleagues proposed a second GG stimulus
modality (Mamasuew et al. 2008). It was found that a modest lowering of ambient temperature (e.g., from
25°C to 15°C) induced the new production of c-Fos mRNA, a marker of neuronal activity, in the GG.
Neonatal mice displayed the greatest sensitivity to cold, as visible c-Fos transcription in the GG of these
mice could be observed with the lowering of ambient temperature to 22°C. In adult mice, no c-Fos
transcription in the GG was evident when the ambient temperature was lowered to 15°C. In a later study,
Mamasuew and colleagues demonstrated that coolness-induced GG c-Fos transcription depended on a
cyclic nucleotide-gated cationic channel subunit, CNGA3, that is primarily found in cone photoreceptor
cells in the eye but is also expressed in the GG (Mamasuew et al. 2010). Schmid and colleagues supported
and extended the in vivo work by showing in vitro TTX-dependent increases in cytosolic [Ca>"] could be
induced by exposing acute slices of the GG to cold saline (Schmid et al. 2010), with an ETsy of ~16°C.

Curiously, in vitro the GG responses to cold were unaffected by the deletion of Cnga3.

Outline of chapters

Due to their unusual far-anterior location, their presence at birth and throughout life, and their
apparent exclusiveness to mammals, GG neurons are interesting objects of study for researchers of
various specializations. The following chapters describe original contributions to the molecular,

electrophysiological, and functional characterization of mouse GG neurons.



Chapter 2 reports the identification of proteins and small molecules involved in a potential odor-
evoked transduction pathway in mouse GG neurons. In contrast to OSNs, GG neurons do not express
ORs and lack the transduction machinery of OSNs and VSNs (Roppolo et al. 2006). GG neurons express
one type of pheromone receptor, V2r83, and several trace-amine associated receptors (TAARs) that have
olfactory functions, but these expression patterns are either restricted to animals younger than p21
(TAARS) or have unknown functional significance (V2r83 and TAARs) (Fleischer et al. 2006b; Fleischer
et al. 2007). Chapter 2 demonstrates ciliary localization of a membrane-bound receptor guanylate cyclase
and a cGMP-gated cationic channel subunit in GG neurons. These results were independently obtained
and in general agreement with those simultaneously reported by Fleischer and colleagues (Fleischer et al.
2009). The molecular similarities between the GG and GC-D neurons are discussed.

Chapter 3 describes the electrophysiological characterization of voltage-dependent ionic
conductances in mouse GG neurons. Similar to OSNs (Lynch and Barry 1991; Ma et al. 1999; Vargas and
Lucero 1999; Weiss et al. 2011) and VSNs (Dibattista et al. 2008; Liman and Corey 1996; Ukhanov et al.
2007), GG neurons exhibit two fast-inactivating Na* conductances, a delayed-rectifier K" conductance, a
non-inactivating Ca>" conductance, and hyperpolarization-activated "funny" currents. This chapter
focuses on the unique relationship between the two Na" conductances and presents a Hodgkin-Huxley
computer model that predicts how the Na' conductances may contribute to the heterogeneity of
spontaneous firing patterns in GG neurons.

Electrophysiological studies of chemosensory function in the mouse GG are presented in Chapter
4. These experiments were performed on the acute slice preparation of the mouse nasal vestibule,
presented in Chapter 3, and report on the odorant modulation of spontaneous firing. Chapter 4 supports
and extends previous in vivo work that demonstrated the CNGA3-dependent responsiveness of GG
neurons to certain isoforms of dimethylpyrazine (Mamasuew et al. 2011a; Mamasuew et al. 2011b), a
pheromone capable of altering reproductive cycles in mice (Jemiolo and Novotny 1994; Ma et al. 1998).

The work presented here also shows excitatory responses to cGMP and inhibitory responses to general



lipophilic molecules in individual GG neurons. Moreover, it is suggested that serum and cortisol serve as
biologically relevant GG stimuli.

Chapter 5 reports immunohistochemical experiments showing that specific behavioral
manipulations induce the nuclear accumulation of c-Fos protein, a marker for neuronal activity, in GG
neurons. These manipulations involve as their common element the separation of unweaned mice from
their parents. Maternal separation is a highly anxiogenic stimulus, leading to an increase in pup ultrasonic
vocalizations (Hofer and Shair 1978). This chapter discusses the potential relationship between this new
work and the existing literature on the GG detection of alarm pheromones and cold.

A prevailing theme of this work centers on the mechanisms of information processing by GG
neurons. These mechanisms are partially revealed, from the subcellular level to the organ level. At the

end of the thesis, directions for future work are discussed.
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