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Abstract

Animals use their sense of smell to gather plethora of information about their surround-
ings. The detection of odorants occurs in the main olfactory epithelium (MOE), which
contains olfactory sensory neurones (OSNs) among other cell types; these express olfact-
ory receptors (ORs) that bind to odorants. Each OSN expresses only one allele of one
OR gene from a family of over 1,200 in the mouse genome. Thus, the mouse nose has
over 1,200 different OSN types, each characterised by the OR expressed. High levels
of genomic variation have been reported both in the mouse and human OR repertoire.
This is thought to contribute to the unique sense of smell each individual has, but a
large proportion of the observed phenotypic variance remains unaccounted for.

In this dissertation, I present the results from an RNAseg-based approach used to
quantify the OSN repertoire of the mouse. Firstly, I validated the accuracy and re-
producibility of this technology to study the olfactory system. I then characterised the
transcriptome of the MOE and of the OSNs as a population and at the single-cell level.
This allowed me to conclusively prove that OR expression is indeed monogenic and
monoallelic. Then, I demonstrated that the method is sensitive enough to detect the
expression of almost the complete OR repertoire. Also, I was able to annotate full-length
gene models for many OR genes.

Secondly, I explored the diversity of OSN types in three inbred strains of mice
(C57BL/6, CAST/EiJ and 129S5) via their OR gene expression levels. I found that
each strain has a unique and reproducible distribution of OSNs in their noses, and that
genomic variation instructs this neuronal variance in cis. Finally, I analysed the plas-
ticity of the distribution of the different classes of OSNs by stimulating animals with
particular odorants. Exposure to an enriched olfactory environment results in the dif-
ferential expression of dozens of OR genes in a reproducible and specific manner. These
changes increase with time and are reversible. These data allow to comprehensively ex-
plore and dissect the effects of genetic and environmental variation on the regulation of
OR expression and OSN repertoire. Together they generate an olfactory sensory system

that is individually unique.
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Chapter 1

Introduction

Some of the material presented in this chapter has been previously published in reference [1]. I confirm
the sections used are my own work and are reproduced with kind permission from Springer Science and

Business Media.

1.1 The mammalian olfactory system.

Animals live in a constantly changing and ever challenging world. For many, the ol-
factory sensory system is fundamental to accomplish tasks essential for survival and
reproduction; from finding food to identifying if it’s spoiled, from detecting predators to
natural dangers like fires, from identifying conspecifics to determining if they are suitable
for mating[2]. All these processes are guided by olfactory cues, which become paramount
in nocturnal animals or those with a less developed visual and auditory systems. The
appropriate detection and correct interpretation of such cues is essential to eliciting an
adequate response. Most mammals have developed a complex olfactory system, com-
posed of several organs specialised in the detection of a plethora of chemosignals. The
two main components are the main olfactory epithelium (MOE) and the vomeronasal
organ (VNO), but the Grueneberg ganglion (GG) and the septal organ (SO) also play
a role in olfaction[3] (Figure 1.1).

Traditionally, it has been considered that the MOE is involved in recognising volat-
ile common odorants; these are low molecular weight molecules that can be perceived
as odorous via the olfactory system[5]. The number of different odorants that exist is

still a debated question; figures range from thousands to hundreds of thousands or even



2 Introduction

Figure 1.1 — The mammalian olfactory system. Schematic of the mouse nose (sagittal view) and the different
components of the olfactory system. At the back of the nasal cavity (NC) is the main olfactory epithelium (MOE).
Directly above the roof of the mouth, at the base of the nasal cavity, is the vomeronasal organ (VNO). Near the
ventral end of the nasal septum at the entrance of the nasopharynx is the septal organ (SO), which is separated
from the VNO and MOE by respiratory epithelium. Finally, at the rostral end of the nasal cavity, just inside the
nostrils, is the Gruenberg ganglion (GG). The sensory neurones from the MOE, SO and GG project axons to the
main olfactory bulb (MOB), while the neurones from the VNO project to the accessory olfactory bulb (AOB). Figure
adapted by permission from Macmillan Publishers Ltd: Nature ([4]), copyright (2006).

millions[2, 6]. Similarly, the number of different odorants that animals can detect is
unknown. This is a daunting question since the odorant space is not defined. The mo-
lecules that can be odorous occupy a broad range of physicochemical properties, shapes
and sizes; they can be produced by living organisms or can be inorganic substances|5].
More often than not, stimuli are present as mixtures, with varying concentrations of
each component; interactions between different odorants and their proportions all have
an impact on the ability of the olfactory system to detect and interpret them as a smell.
It is also important to differentiate between detection and discrimination; an organism
can be capable of detecting two different odorants, but they may smell the same. A
recent paper claimed that humans are able to discriminate at least 1 trillion odorants,
based on calculations of how many mixtures of 30 different odorants could be discrim-
inated by a set of individuals[7]. However, the statistical framework that led to this
calculation has been challenged[8, 9] leaving the question of how many odorants can be

discriminated (or detected) still unanswered.

On the other hand, the VNO has been considered to specialise in the detection
of pheromones. A pheromone is typically defined as a social cue that is transmitted

between two animals of the same species[10]; it usually induces a particular behaviour or
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endocrine change on the receiver individual. These compounds do not need to be volatile
and are often relatively large organic molecules, peptides and proteins[5]. Pheromones
are used for social interaction and communication; animals obtain diverse information
such as sex, strain, health status and reproductive state from pheromonal signals[5, 11].
Upon detection, some of these cues result in behaviours such as aggression or mating,
or can have lasting physiological effects such as puberty acceleration in females[11].

In recent years it has become apparent that the separation between the MOE and
VNO as sole detectors of odorants and pheromones respectively is not as definite as
proposed before. A growing body of work has now documented several examples in
which the same olfactory cues are detected by both the VNO and MOE, utilising different
detection and signalling mechanisms, and generating different responses. The picture
emerging suggests that all the different components of the olfactory system work together
to sense the chemical world, and their respective signals are integrated in cortical areas
of the brain[12].

1.1.1 The main olfactory epithelium.

The main olfactory epithelium (MOE) is located at the back of the nasal cavity. It is a
pseudostratified columnar epithelium composed of three primary cell types: the olfactory

sensory neurones (OSNs), sustentacular or supporting cells and basal cells (Figure 1.2).

_ —"
| 6I_fﬂctorysensory Basement

NEUron axons membrane

Figure 1.2 — Composition of the MOE. Schematic representing the different cell types present in the main
olfactory epithelium and their organisation. In blue and green are the bipolar olfactory sensory neurones (OSNs),
that extend dendrites towards the lumen of the MOE; dendrites terminate in long cilia that sit on the surface
and interact with odorants. OSNs send one axon each towards the main olfactory bulb. OSNs are surrounded
by supporting cells, which span the whole thickness of the epithelium. At the basement membrane can be found
basal cells, that have the ability to proliferate and differentiate into new OSNs. Figure adapted by permission from
Macmillan Publishers Ltd: Nature Reviews Neuroscience ([2]), copyright (2004).
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Figure 1.3 — Turbinate structure of the MOE. A) Sagittal view of the mouse nose. The vertical line indicates
the plane of section represented in B) in a coronal view. The numerals indicate the individual turbinates. II, ID,
III and IV endoturbinates; 2, 3 ectoturbinates. s, nasal septum. Reproduced from ([18]) with kind permission from
Springer Science and Business Media.

It sits on top of connective tissue lamina propria which contains glands and blood
vessels [13] and is shaped by surrounding cartilage that forms a number of outcroppings,
called turbinates[6] (Figure 1.3). The bipolar OSNs are the basic units of olfactory
detection. From their apical side extends a single dendrite that protrudes into the
epithelial surface; such dendrites terminate in an enlargement, called the olfactory vesicle
or knob, which contains numerous cilia. Each olfactory vesicle contains around 5 to 25
cilia, which can be as long as twice the length of the OSN itself (so much so, that these
were initially called ‘olfactory hairs’[14]); these all lie on the surface of the epithelium,
which is covered by an aqueous mucus layer where chemical molecules dissolve and
are able to interact with the cilia. This is the primary site of odorant detection[13-16].
From the basal region of the OSN extends an unbranched axon that projects to the main
olfactory bulb (MOB) in the forebrain; axons pass through the lamina propria in large
bundles which then travel through the cribriform plate to reach the MOBJ[6, 13, 16, 17].

OSNs are embedded within supporting cells, which are columnar epithelial cells that
cover the whole thickness of the epithelium; they resemble glia and have microvilli on
their apical side. These cells originate from non-nervous ectoderm. Their principal
functions are to protect and provide support for the OSNs, but are also involved in
secreting some of the mucus components and in phagocytosis of degenerated OSNs and
dendritic fragments [13, 16, 17]. Finally, the basal cells are neuroblasts found near the

basal lamina, and constitute the stem cells of the olfactory neuroepithelium. These are
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further subdivided into horizontal and globose basal cells (HBCs and GBCs respectively).
HBCs lie in a single layer in direct contact with the basal lamina; they are triangular in
shape and express cytokeratin[19]. These cells rarely proliferate in vivo and in normal
conditions stay quiescent; however they have the ability to produce both neurones and
glia in vitro and in vivo when the olfactory epithelium is severely injured[20]. GBCs are
found on top of HBCs; they are spherical and express the neural adhesion protein N-
CAM. Tracing studies have shown the GBCs are proliferative and can differentiate into
OSNs|[19, 21]. Upon injury affecting only the OSNs, the GBCs proliferate to repopulate
the neuroepithelium, and the HBCs remain quiescent|[20]. This proliferative capacity
is maintained throughout the animal’s life span[13, 15, 19], which is of fundamental
importance given the direct proximity of OSNs with the environment. Harmful chemicals
and pathogens constantly reach the neurones, making the ability to regenerate damaged

cells paramount|22].

The differentiation process of GBCs into OSNs is accompanied by migration of the
cells from the basal to the apical part of the epithelium; fully mature OSNs express the
olfactory marker protein (OMP) and are found most apically, whereas immature OSNs
are intermediate between GBCs and mature OSNs[19]. As a pseudostratified tissue, the
OSNs are organised in up to 8 layers in the thickest regions of the epithelium[23]; the

somata of the sustentacular cells sit on top of the OSN layer.

The lamina propria provides structural support for the olfactory epithelium; it con-
tains Schwann cells that surround the OSN axons as they exit towards the MOB. Another
important component found in the lamina propria are the Bowman’s glands. These ex-
tend a single duct through the epithelium into the mucosal surface and are instrumental
in the production of mucus[13]. One of the main functions of the mucus is to protect
the epithelium from drying out. Also, it contains several enzymes that help combat
infection, and odorant binding proteins that aid in the transport and stabilisation of
ligands[24].

The OSNs in the MOE project their axons to the MOB, where they synapse with the
dendrites of mitral and tufted cells; this is the first relay station in olfactory processing.
Thousands of OSNs synapse to only 5 to 25 mitral cells[6]. In turn, both mitral and
tufted cells project to the olfactory cortex through the lateral olfactory tract, forming two
parallel projection networks[25]. The principal regions in the olfactory cortex that receive
inputs from the MOB include the anterior olfactory nucleus, taenia tecta, olfactory
tubercle, piriform cortex, nucleus of lateral olfactory tract, anterior cortical amygdaloid

nucleus, posterolateral cortical amygdaloid nucleus, and entorhinal cortex[5, 25]. Further
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signalling from the olfactory cortex proceeds to cortical areas such as the orbitofrontal

cortex, the amygdala and the medial preoptic area in the hypothalamus|5].

Regeneration of the OSN population.

After birth, the MOE continues to develop with rapid growth in the first postnatal weeks.
In adults, however, both the volume and surface of the epithelium remains constant[22].
In 8week old mice, it has been estimated that the MOE contains around 10 million
mature OSNs —as determined by OMP expression— with no significant differences for
male and female individuals[23]. In mice, growth stops after three months of age[26]
but OSNs continue to be produced over the life-span of the animal; this implies a tight
regulation of turn-over of OSNs with balanced neurogenesis and apoptosis rates[22].

The life-span of individual OSNs has been assessed by labelling with thymidine ana-
logs that mark proliferating cells. In initial studies it was observed that labelled cells had
disappeared after 30 days post-labelling[27]; this time-frame is widely cited in the liter-
ature. However, further analyses found that some labelled neurones were still present
up to 3[28], or even 12 months after injection of the analogs[26]. A different approach
consisting on retrograde labelling of neurones by injecting the MOB, also found marked
OSNs up to 3 months after labelling[29]. Therefore, there is evidence that some OSNs
can live for several months. Nonetheless, all these studies also agreed that a great pro-
portion of the marked cells disappeared between 14 and 30 days[28, 30] and only a small
subset survived for longer periods.

The regenerative capacity of the MOE has also been studied upon injury. Several
methods have been developed to eliminate the OSN population, based on treatment with
toxic chemicals (such as methyl bromide or zinc sulphate) or by olfactory nerve axotomy
or bulbectomy; all of these result in the death of the OSNs and chemical methods usually
affect other cell types as well[31, 32]. In all cases, extensive neurogenesis is observed,
with the basal progenitor cells replenishing the neuronal population of the epithelium.
This is accompanied by a recovery of olfactory function. The degree of the recovery

usually depends on how severe the injury is and the age of the animal[31-33].

Olfactory signalling.

Olfaction is initiated by the recognition of odorous molecules by the OSNs; this is
achieved by olfactory receptors (ORs) expressed by OSNs and localised to the mem-

branes of their cilia. When an OR binds its ligand, a signalling cascade is activated to
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produce an action potential that travels into the MOB, where the information is pro-
cessed. The different components involved in this transduction pathway were identified
in the 1980’s, exploiting the knowledge from the signalling mechanisms employed by
the visual system. Firstly, it was shown than an adenylate cyclase is highly enriched in
the cilia from the frog olfactory neuroepithelium, compared to the brain or total MOE.
Furthermore, the activity of the enzyme was shown to be dose-dependent when the
membranes were stimulated with odorants. This supported the notion that the protein
is specifically involved in olfactory-mediated signal transduction. Additionally, activity
was only observed in the presence of GTP, which suggested that the coupling between
the cyclase and the receptors was occurring via a guanine nucleotide binding protein
(G-protein)[34]. These findings were later replicated in rat olfactory cilia[35]. Adenylate
cyclase is an enzyme that converts ATP into cAMP, which in turns serves as a second
messenger in the transduction cascade; therefore, when it is activated by odorants, there
is a rapid, dose-dependent increase in the levels of cAMP. Importantly, the increase oc-
curs well before the membrane is depolarised to induce an action potential, supporting
it’s role as a second messenger[36, 37]; cAMP in turn activates a cyclic nucleotide-gated

(CNG) channel that allows the change in the membrane’s potential.

Using patch-clamp in the cilia membranes, it was indeed confirmed that a rise in
cAMP resulted in an increase in the membrane conductance[38]. The responsible gene
for this effect was cloned revealing a protein with 57% identity to the ¢cGMP-gated
channel expressed in bovine rods; the C-terminal domain, where the cyclic nucleotide
binding site resides, is highly conserved between the two. This protein was shown to
be expressed specifically in the MOE and, what’s more, particularly in the OSNs[39].
Further studies on the electrophisiology of OSN cilia revealed that the activation of this
CNG channel by elevation of cAMP results in an influx of Ca?"; there are, in turn,
Ca?**-dependent Cl~channels that allow efflux of this ion, further amplifying the inward

current and boosting the signal above basal noise[40-43].

Lastly, the dependance of the adenylate cyclase on GTP ignited the search for an
olfactory specific G-protein; these are well known for their role in coupling membrane-
bound receptors to second-messenger enzymes or ion channels. By hybridisation with a
degenerate probe from a highly conserved GTP-binding domain, a novel G-protein was
obtained from an MOE ¢DNA library. It was identified as a close homolog (88% identity)
of another G-protein expressed in the MOE (Gay) but that is predominantly present
in non-neuronal cells. This new protein was shown to be specific to the OSNs in the

MOE and was therefore named Gay,¢. Finally, it was demonstrated that it was capable
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Figure 1.4 — Olfactory signal transduction cascade. When an odorant binds to an olfactory receptor (OR)
it activates the trimeric G protein Gag)s which in turns activates the adenylate cyclase ACIII. ACIII catalyses the
conversion of ATP into cAMP, which serves as a second messenger to open cyclic nucleotide gated channels (CNGC)
that allow the influx of sodium and calcium. In turn, calcium activates calcium-dependent chloride channels (CaCC)
that allow the efflux of this ion. The movement of ions results in the depolarisation of the membrane and the
generation of an action potential. PM, plasma membrane. Adapted by permission from Macmillan Publishers Ltd:
Nature Reviews Neuroscience ([47]), copyright (2010).

of stimulating adenylate cyclase activity[44]. All together, these components assemble
into a transduction signalling pathway whereby an olfactory receptor is activated by
binding to its ligand; this in turns stimulates Gayp (Gnal in mice) which can activate
the adenylate cyclase (Adcy3 in mice[45]); production of cAMP then acts upon a CNG
channel present in the plasma membrane (Cnga2, Cnga4 and Cngal in mice) which
results in Ca?*influx which in turns activates Ca?"-dependent Cl-channels (Ano2 in
mice[46]); flux of ions through both channels induce an alteration of the membrane’s
potential and, ultimately, lead to the generation of an action potential that can travel
through the OSN’s axon into the brain (Figure 1.4).

All the major components on this transduction cascade have been individually knocked
out in mice, to reveal their indispensable function in olfactory-mediated signalling.
Knockout (KO) of Adcy3, Cnga2 and Gnal all result in animals that cannot smell
(anosmic). Most homozygotes die within two days after being born because they fail to
suckle[45, 48-50], a process that has been shown to depend on olfactory cues[51]. By re-
ducing the litter sizes and eliminating the competition from wild-type littermates, up to
10% of the KO animals manage to survive to adulthood. Interestingly, knocking out any
given gene doesn’t seem to have an appreciable effect on the anatomy of the MOE or the
expression of the other genes in the signalling pathway. Omp expression seems normal
in most cases as does OR gene expression[45, 50] with the exception of the Cnga2 KO,
which has a significantly reduced number of Omp expressing mature OSNs, a consider-

ably lower number of immature neurones and a smaller MOBI[48, 49]. Electroolfactogram
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(EOG) recordings measure the extracellular field potential that results from activation
of OSNs in response to odorants; the measurements are a summation across all the cells
around the recording electrode. EOG recordings revealed no olfactory-mediated activity
in the OSNs lacking any of the signalling components, upon stimulation with a variety
of odorants[45, 48-50] and even biological substances such as urine[48]. Furthermore,
the Adcy3 KO animals were shown to be anosmic by behavioural tests, where homozy-
gote animals failed to associate an odour cue with either an aversive or positive cue[45].
Therefore, all the results indicate that animals that lack any of Adcy3, Cnga2 or Gnal

are largely unable to smell.

The olfactory receptor genes.

After identifying the different components involved in olfactory signalling, the piece still
missing was the OR itself. OR genes were initially identified by Linda Buck and Richard
Axel in 1991, under the assumption that the receptor genes should be able to transduce
intracellular signals by coupling to Gay . Additionally, given the myriad odorants that
animals can identify, receptors would be most likely part of a multi-gene family that
should be expressed in the MOE. With these premises in mind, Buck created degenerate
PCR primers based on the sequences for G-protein coupled receptors (GPCRs) known
at the time, and used them to amplify homologous sequences from cDNA from the
olfactory epithelium. The obtained products were further analysed to identify those that
contained several different sequences, as would be the case for a multi-gene family. One of
the PCR products had these characteristics and sequencing of individual clones revealed
that, indeed, it contained different DNA sequences that shared common motifs[52].
Further analysis demonstrated that the identified genes were a novel class of GPCRs,
with the characteristic seven transmembrane domain, connected by intra- and extracel-
lular loops of different lengths; their N-termini is located on the extracellular side of the
plasma membrane while the C-termini is in the cytoplasm|[6, 52]. Most OR genes have
two to five exons but, similar to other GPCRs, they have their coding sequence (CDS)
contained within a single exon[6, 53]. Subsequently, many other OR genes were identi-
fied in several species. However, it wasn’t until the advent of whole genome sequencing
that the complete repertoires of OR genes were characterised. Availability of genome
drafts allowed the computational prediction of many more of these genes and it soon
became evident that they represent the biggest multi-gene family in the mammalian
genome[54-58]. In the mouse, there are 1250 annotated OR genes (named Olfr), 15%

of which are classified as pseudogenes. They are dispersed along the genome, occupying
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most chromosomes, and accommodated in tight clusters of varying sizes that range from
one to several hundred genes. The exact number of clusters depends on the definition
used, but roughly represent 40 to 50 different loci; genes within a cluster tend to be
separated by an average of 21 kb though this varies greatly. Most of the big clusters

contain non-OR genes interspersed with the receptors[55-58|.

Phylogenetic analyses have revealed that the OR repertoire is composed of two dis-
tinct types of genes, named class I and class IT receptors[59]. The class I genes account for
10% of the total number of ORs and are more closely related to fish OR genes[55, 56, 59];
in the mouse, they are all found in one big cluster in chromosome 7[55]. On the other
hand, class IT ORs are specific to terrestrial vertebrates. The OR repertoire has been
subdivided into families by grouping all those receptors that share at least 40% identity
at the amino acid level. This cutoff was chosen because any given OR shares at least
40% identity with its nearest neighbour, but at most 38% identity to any of the other
GPCRs[54]. For the mouse, ORs are grouped into 149 families, 29 of which contain
class I receptors; the number of ORs per family varies from one to 97 different genes[58]
(Figure 1.5). Over half of the ORs have at least one paralog with more than 80% iden-
tity and some genes can be nearly identical. However, the diversity between genes of
different families is very large[2, 58], with an average identity of 37% that can drop as
low as 18%[60]. Genes that are closely related tend to be found in the same locus, which
suggests that the expansion of the OR gene repertoire has occurred by local events of

gene duplication followed by diversification[54-57, 61].

The sequences of putatively functional OR genes contain conserved motifs in different
regions that are shared by a large proportion of the receptors, even across species,
and that differentiate them from other types of GPCRs. The transmembrane (TM)
helices 4 and 5, and part of the TM3 are highly variable as are the end of the N-
and C-termini[63, 64]. It has been proposed that these three TM domains face each
other in the plasma membrane, creating a pocket that is probably the site of ligand
binding[6, 63]. The rest of the TMs and the intracellular loops are more conserved and
have characteristic motifs that are sufficient to characterise a seven TM protein as an OR.
Additional motifs are present in subsets of ORs; for example, a few motifs are specific
to class I or class II ORs, generally occupying the extracellular side of TM6[58, 64].
Furthermore, specific combinations of motifs have been identified in groups of ORs that

interact with related ligands and might therefore be important for ligand recognition[64].

Additionally, several residues are well conserved in most OR sequences and have been

proposed as key amino acids in the structure and stabilisation of the receptor proteins;
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Figure 1.5 - The mouse olfactory receptor gene family. Phylogenetic tree of the mouse olfactory receptor
genes. The class I genes are indicated and the remaining are class II. Reproduced from [62].

these tend to be conserved in other families of GPCRs also. The most prominent are
cysteine residues found in the extracellular loops 2 and 3 as well as in TM3, which could
form disulphide bonds[64, 65], and there are also some potential glycosylation sites which

could be important in the regulation of expression or the stability of the protein[64].

OR expression is monogenic and monoallelic.

Further studies on the expression of several OR genes in the MOE of rodents revealed
that different subfamilies of receptors are expressed in non-overlapping subsets of OSNs.
The initial experiments used in situ hybridisation to explore the pattern of expression
of ORs; the probes utilised recognised up to 20 related OR genes, all from the same
subfamily. With these, a subset of cells were labelled, in a punctate pattern, scattered
throughout a region of the epithelium[18, 66, 67]. The labelled cells were within the
layers occupied by OSNs and no signal was detectable in the basal or sustentacular cell

layers[18]. Each labelled OSN was surrounded by many others that did not express
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the same OR genes. This implied that each OSN expresses only a subset of recept-
ors. Additionally, when all the different probes were hybridised together, the number
of labelled neurones was very close to the sum of cells labelled with each individual
probe, suggesting that the genes recognised by each probe were expressed in distinct
subsets of cells[18, 66-68]. On average, each receptor has been observed in only 0.1% of
the neuronal population, suggesting that each OSN expresses a single, or very few OR
genes|[66, 67].

In a further study, OR expression was assessed by single-cell RT-PCR. Using degen-
erate primers, PCR products were amplified from cDNA obtained from isolated OSNs
from the dorsal region of the epithelium. The PCR was successful in 18 out of 26 tested
cells and in all cases the product represented a single OR gene. This further supported
the idea that each OSN expresses only a subset of the OR repertoire and, what’s more,
it suggested that a single receptor was present in each neurone[69]. This notion was
further supported by studies using transgenic mouse lines, carrying several receptors
tagged with different reporter genes; the expression of each reporter could be observed
in a particular subset of OSNs that was mutually exclusive with the population labelled

by other reporter genes[70].

Even more remarkable was the finding that monogenic expression extends to trans-
genes. A yeast artificial chromosome (YAC) carrying three mouse OR genes, one of
which was tagged with lacZ, was inserted at random locations in the genome; addi-
tionally, the corresponding endogenous OR gene was tagged with GFP. When animals
were stained for both reporters, each was expressed in a distinct group of OSNs, with
very few cells showing co-staining. Moreover, when differentially tagged transgenes were
inserted to produce transgenic animals, both transgenes were expressed in independent
OSNs. This suggests that the mechanism ensuring monogenic expression of OR genes is
able to regulate exogenous DNA sequences carrying OR genes. Note, however, that the
YAC used included extensive flanking DNA sequences that might harbour regulatory

elements involved in this process|71].

Another important feature of OR expression is that the chosen gene is expressed in a
monoallelic fashion. An early study used crosses of divergent mouse strains that allowed
the identification of the maternal from the paternal allele of two specific OR genes.
Using serial dilutions of OSNs, a statistical argument indicated that when the cells were
diluted enough, it was likely to have only one OSN expressing the probed receptor;
several of these pools were studied and in most cases only the maternal or paternal

allele could be identified. Similar number of cells expressed each allele, suggesting no
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parent-of-origin bias. Even though not conclusively proven, this data strongly suggested
that OR expression was monoallelic. This was further supported by the observation
that in cell lines, OR genes are replicated in an asynchronous manner, a process that
is observed only for X-linked genes in female cells and imprinted genes, two classes of
monoallelically expressed genes. Again, both the maternal and paternal alleles were
identified to be replicated first in equal measures[72].

Since then, the monoallelic character of OR expression has been confirmed numerous
times by different methods. For example, by combining DNA- and RNA-fluorescence in
situ hybridisation (FISH), it was observed that in 90% of the cells expressing a particular
OR gene, the DNA probe detects two loci while the RNA-FISH gives only one signal
that overlaps with one of the DNA loci; this shows that transcription occurs from one
allele only[73]. Perhaps a better proof are experiments with transgenic mice, where each
allele is tagged with a different reporter. In these animals, coexpression of both reporters
in the same cell was never observed[70].

The monogenic and monoallelic character of OR expression is now largely undisputed.
However, a critical analysis of the literature reveals several assumptions that have never
been conclusively proven[74]. Despite the large number of OR genes present in the
rodent genomes, where most of these studies have been performed, all the observations
have been limited to a subset of the receptor repertoire, and thereafter generalised as
the rule. To date, there are no studies that have indeed tested all ~1250 mouse ORs to
confirm that only one is expressed in each OSN. Furthermore, most evidence has come
from double in situ hybridisation experiments, or dual tagging with reporter genes; in
these cases, only some combinations of receptors have been tested. If some OSNs were
to express two (or a few) receptors, and the co-occurrence of any two given ORs was
random, the number of OSNs expressing any given combination would presumably be

extremely low and, therefore, almost impossible to observe with these methods.

ORs are expressed in zones within the MOE.

Evaluation of expression of different OR genes by in situ hybridisation readily revealed a
characteristic pattern of expression: each receptor was expressed in a confined zone of the
epithelium. Some probes hybridised in regions where signal was never detected for other
genes. The study of the expression patterns of a few dozen probes for different subfamilies
led to the identification of four broad zones[61], each comprising about a quarter of the
surface of the neuroepithelium[66]. The different OR genes within a subfamily were

expressed in the same zone and very few labelled cells were found outside this region.
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Interestingly, within a zone, the expression of each OR was dispersed and showed no
obvious clustering or organisational pattern. The observed expression was symmetrical
between the two nasal cavities and was remarkably similar between different individuals
regardless of sex[18, 66, 67].

These four zones are organised along the dorso-ventral (DV) and medial-lateral axes
of the epithelium. They constitute bands covering different parts of the septum and tur-
binates, and are continuous along the antero-posterior (AP) axis[66, 67, 75]. Zones were
numbered from 1 to 4, with 1 being the most dorsal and 4 the most ventral[61] (Figure
1.6). Paralogous ORs tend to be expressed in the same zone, but there is not a perfect
correlation. The ORs expressed in a particular zone map to different clusters throughout
the genome and genes of the same cluster can be expressed in different zones[61]. De-
tailed study of the expression pattern of OR genes has been limited to a small fraction of
the complete repertoire. Most of the analysed receptor genes conform to the expression
paradigm described above but exceptions have been identified. In both mouse and rat,
there is a subfamily of ORs that contain an extended extracellular loop 3, referred to
as the OR37-related genes. Interestingly, all these genes are expressed exclusively in
constrained regions in endoturbinate II and ectoturbinate 3, instead of being scattered
along a whole zone; this region of expression has been termed the patch[18, 68]. Class
I ORs are mostly found within zone 1, in the most dorsal domain of the epithelium,

scattered across the whole zone, and intermingled with some class II ORs][76].

I 1

Figure 1.6 — Olfactory receptors are expressed in zones. Schematic of a coronal section of the MOE. The
endoturbinates are indicated. The zones 1 to 4 are delineated by different colours. Figure reproduced from [77] by
permission of Oxford University Press.



1.1 The mammalian olfactory system. 15

Years after the initial characterisation of the OR expression patterns, a study was
performed with probes for 80 different class II OR genes. The expression of these dif-
ferent genes revealed that ORs expressed in zones 2-4 are organised in a continuous
and partially overlapping manner, along the dorsomedial and ventrolateral axis of the
neuroepithelium. What before were considered as clear boundaries separating mutu-
ally exclusive zones actually are occupied by genes expressed with different degrees of
overlap[78]. Even though the four broad zones are still held as a conceptual model for
the organisation of the expression makeup of the MOE, increasing evidence supports
that zone 1 is separated from the rest of the epithelium, which contains many expression
bands with varying degrees of overlap. This model is, however, based on signals from

less than 10% of the repertoire and could still be incomplete.

OSNs create a topographic map for odorant recognition.

OSN axons coalesce into sites in the MOB called glomeruli, which are spherical con-
gregates of neuropil of varying size; here, OSNs synapse with the MOB’s mitral and
tufted cells[6, 79]. Every animal contains two bulbs, and each can be divided into two
halves, one medial and one lateral; therefore, each individual contains four half-bulbs[80].
There are approximately 1600-1800 glomeruli within each bulb[60]. From the expression
patterns of particular OR genes, it is clear that neurones expressing the same OR are
dispersed across a region of the MOE. How, then, does the MOB identify which OSNs
have been activated upon odorant stimulation? In situ hybridisation experiments not
only labelled the OSN’s soma in the MOE, but also their axons and the glomeruli in
the MOB. Probes detecting a small number of OR genes each revealed a few labelled
glomeruli[79, 81]. Different probes hybridised with distinct sets of glomeruli that never
overlapped, even when the genes were expressed in the same zone in the epithelium|79].
The positions of the labelled glomeruli were bilaterally symmetrical between the two
bulbs and were found at roughly the same positions in different animals[79, 81]. How-
ever, the glomeruli for a specific receptor can vary in their relative location by a few
glomeruli between individuals[70, 82], with enough variation such that it is not possible
to determine the identity of a glomerulus just by its location in the MOBJ[60].

Genetic engineering of mice allowed a precise characterisation of the projection paths
from the MOE to the bulb. By coexpressing the fusion protein tau-lacZ —which is
transported down axonal processes— from the locus of the P2 (Olfr17) OR gene, it was
possible to stain the OSNs expressing this receptor with strong signal throughout the
axon. These processes could be observed leaving the MOE through the cribriform plate,
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Figure 1.7 — OSN axons coalesce into glomeruli. Schematic representation of five different ORs; each patterns
a specific subpopulation of OSNs, as indicated by the corresponding colour. The axons from all the OSNs expressing
the same OR coalesce into a particular glomerulus in the main olfactory bulb. Different ORs coalesce into different
glomeruli. Reproduced from [83].

entering the outer nerve layer of the MOB and finally coalescing into distinct glomeruli
in the glomerular layer of the MOB (Figure 1.7). All visualised axons converged into two
glomeruli, one in the medial and one in the lateral halves of each bulb, with no axonal
fibres observed anywhere else[84]. Several other OR genes have been engineered in a
similar way and support these findings: all the OSNs expressing a particular OR gene
are scattered throughout an epithelial zone, and send their axons into two glomeruli per
bulb. Different ORs always coalesce into mutually exclusive glomeruli. A few exceptions
have been identified, where only one glomerulus per bulb is labelled[70]. Thus, since each
OSN most likely expresses a single OR gene, and all the OSNs expressing the same OR
synapse at the same glomeruli in the MOB, a topographic map is constructed in the
bulb; this allows the identification of which OSNs have been activated and, therefore,
the nature of the stimulus. In other words, the task of odour recognition is reduced to

identifying which glomeruli have been activated.

A topographic map that links ORs to information processing centres is a good design
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to make sense of the diverse stimuli encountered by animals. However, it poses a com-
plex problem of axonal wiring; axons from scattered neurones must find their way into
localised points in the MOB, while navigating through axons from more than other
thousand different types. Initial experiments with transgenic animals showed that the
OR expressed by a given OSN is an important determinant for its axonal projection.
OR proteins, though abundant in the cilia of the OSN, are also present in the axons[85].
Several replacement experiments were performed, where the CDS of a given OR was
replaced by that of a different one. Very often this resulted in the generation of novel
glomeruli, which were different from both the donor and recipient ORs glomeruli; this
was independent of whether the donor OR was expressed in the same or a different
epithelial zone as the recipient locus[80, 85, 86]. However, there is one example of swaps
between two very similar ORs that did not cause formation of novel glomeruli. M71
(Olfr151) and M72 (Olfr160) are 96% identical; in an animal containing the CDS of
M71 (or M72) in the locus of M72 (or M71), the axons of OSNs expressing both the
endogenous M71 and the M71—MT72 receptors coalesced into the same glomeruli[80].
Interestingly, alterations of the amount of receptor protein do have an impact in axon
convergence. A mouse where M71 was translated from an internal ribosome entry site
(IRES) had 68% reduced M71 protein expression compared to control OSNs[87]; in these
animals, the OSNs expressing lower amounts of M71 coalesced into glomeruli that were

different to those expressing normal levels of M71[85].
Furthermore, the CDS of the M71 OR was replaced by that of the 52 adrenergic

receptor (62AR), a 7 transmembrane GPCR that shares some of the conserved features
observed in ORs and that is able to couple to Gayr; OSNs that expressed this gene
did so in the typical punctate pattern observed for ORs, and their axons converged into
specific glomeruli. This demonstrated that the formation of glomeruli does not require
an OR able to transduce olfactory information. However, not any GPCR was able to
instruct glomerular formation, since this did not happen when the replacement was with

a vomeronasal type 1 receptor[85].

Positional cues also play a role in glomerular organisation. Along the DV axis,
there is a strong correlation between the positions of the OSNs in the MOE and their
corresponding glomeruli in the MOB([78]; therefore, changing the expression domain of an
OR in the MOE results in a corresponding shift of its glomeruli in the MOB([78, 88]. The
differential projection to each area is achieved by two sets of axon guidance molecules:
ROBO2/SLIT1 and NRP2/SEMAS3F. Expression of the receptor Robo2 forms a gradient

with highest expression in the dorsal and lowest in the ventral regions of the MOB. In
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Figure 1.8 — Glomerular organisation in the olfactory bulb. A) A model for the DV projection of OSN
axons. The development of the MOB starts from the dorsal domain and extends ventrally. Thus, axons from OSNs
from the dorsal MOE reach the bulb first. (Left) These express Robo2 which is repelled by Slitl and thus are
confined to the dorsal MOB. (Middle) Dorsal OSNs express Sema3F and deposit it on the dorsal MOB. (Right)
Axons from ventral OSNs express Nrp2; when they reach the MOB, are repelled from the dorsal domain through
interaction with Sema3F. B) Pretarget axon sorting of OSNs. Axons from OSNs in the dorsal MOE innervate the
dorsal MOB. Here, sorting occurs depending on the receptor class, with class I ORs innervating the most dorsal
region of the MOB (DI) and class II ORs occupying the zone just ventral to that (DII). Class II ORs are further
segregated into an anterior and posterior domains (DII-A and -P). The axons are already sorted in the axon bundle
before they reach the MOB. C) Activity-dependent axon sorting. (Left) Each OR generates a specific level of cAMP;
this in turn results in differential levels of Nrpl and Sema3A, which are expressed in complementary gradients along
the AP axis and determine the sorting of glomeruli. (Right) Further, different ORs generate different levels of neural
activity which determine the level of expression of Kirrel2, Kirrel3, EphA5 and ephrin-A5 in OSNs. These molecules
then participate in axon sorting to ensure glomerular segregation of the different OSN types. Figure taken from [25].

contrast, the ROBO2 ligands Slit1 and Slit3 are expressed primarily in the ventral part
of the bulb, suggesting that the Robo2-expressing axons might be targeted to the dorsal
bulb through SLIT-ROBO repulsion mechanisms. Consistent with this, in animals that
lack expression of either Robo2 or Slit1 the dorsal axons are found in more ventral
regions of the MOBJ[89] (Figure 1.8A).

A similar mechanism involving the receptor Neuropilin-2 (Nrp2) and its ligand
Semaphorin-3F (Sema3f) also operates to establish the correct separation of axons along
the DV axis. These guidance molecules are expressed in an opposite fashion, with the
receptor Nrp2 highest in the ventral part of the MOE and MOB and the ligand Sema3f
highest in the dorsal aspect. Expression of Semadf is observed from embryonic day
(E)14.5 which precedes arrival of axons to the MOB. The development of the MOB dur-
ing embryogenesis starts from the dorsal side and extends ventrally. Therefore, Robo2-
expressing axons from the dorsal epithelium are the first to innervate the developing
MOB; once in there, they excrete SEMA3F. The late arriving axons from the ventral
region of the MOE, that express NRP2, are then repelled by SEMA3F and are therefore
confined to the ventral domain (Figure 1.8A). Consistent with all these, knockout of
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Sema3f results in the mistargeting of Nrp2* axons to the dorsal domain of the MOB.
Similarly, overexpression or knockout of Nrp2, shifts the glomeruli ventrally or dorsally,

respectively[90].

There is a further subdivision in the dorsal domain of the MOB, depending on
whether the OSNs express class I or class II ORs. The OSNs that express class I recept-
ors project to the dorsal-medial aspect of the MOB (termed DI), while OSNs expressing
class II ORs are found in the dorsal-lateral region (DII). These two classes of OSNs are
intermingled throughout the dorsal MOE but as their axons exit towards the MOB there
is a segregation in the axon bundle depending on the class of the OSN, before reaching
the MOB (Figure 1.8B). Interestingly, the class of the OSN is not defined by the OR
protein, but by the locus of expression; that is, in swap experiments where the coding
sequence of a class I gene is inserted in the locus of a class II OR, the projections are to
the class II domain[91].

In the AP axis of the bulb there is no correlation with the MOE, since OSNs ex-
pressing particular ORs are scattered along this axis without any evident organisation.
Nonetheless, there is a clear segregation of particular OR species into distinct regions
in the MOB. The study of a mouse strain that contains a mutated 17 (OIfr2) OR gene
incapable of coupling to Gay s revealed that the axons of OSNs expressing such receptor
failed to reach the glomerular layer of the MOB and form glomeruli; this suggested a role
for the production of cAMP in glomerular formation. Indeed, depending on the levels
of cAMP produced, the glomeruli were positioned differentially. A gradient is apparent
with cAMP levels high in the posterior and low in the anterior part of the MOB[92].
Different ORs have different spontaneous firing rates when devoid of odorants[93] and
also different levels of Adcy3 expression|[94] which altogether result in varying levels of
cAMP. Furthermore, several guidance molecules are differentially expressed depending
on the cAMP levels produced by the OSN, such as Neuropilinl (Nrp1) which is also
found in a posterior-high anterior-low fashion[92]. Interestingly, the graduated expres-
sion of Nrpl is evident already in the axon bundle, before the MOB is reached. NrpI
is the receptor for the repulsive ligand Semaphorin-3A (Sema3a) and, correspondingly,
they are expressed in a complementary manner along the AP axis. The interaction
between these two molecules separates the anterior from the posterior domains (Figure
1.8C) and alteration of the levels of either molecule results in a disorganisation of the
glomeruli into ectopic locations[95]. Therefore, the graduated expression of signalling
cues allows a crude arrangement of OSN axons expressing different receptors to coalesce

into distinct regions, based on their position in the MOE (DV axis) and their levels of
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cAMP (AP axis).

Further refinement and pruning occurs after birth, in an activity-dependent manner.
It is common to transiently observe multiple glomeruli for the same OR gene during
development; these aren’t homogeneous and axons from OSNs expressing other ORs are
found within. The rate at which such glomeruli are refined into a single, homogenous
structure varies for different ORs. If the sensory stimulation is prevented by surgically
closing one of the nostrils (a procedure referred to as unilateral naris closure or occlusion)
the refinement doesn’t occur in the deprived side and multiple glomeruli are still present
in adults[96]. Another set of molecules that are expressed in an activity dependent man-
ner are KIRREL2, KIRREL3, EPHA5 and ephrin-A5 (Efnab). EPHAS and ephrinAb
have been shown to interact with each other and provoke repulsion; consistently, they
are expressed in a mutually exclusive manner. Kirrel2 and Kirrel3 are also found ex-
pressed in complementary sets of OSNs: when one is high, the other is low (Figure 1.8C).
The expression of these genes is dependent on neuronal activity. In a Cnga2 knockout
animal, lack of expression of this channel correlates with high expression of Kirrel3 and
Efnab and no expression of Kirrel2 and Ephad; similar results were obtained by naris
occlusion. In contrast to the molecules described above, these genes are not expressed in
a gradient across the MOE but, instead, show a mosaic pattern determined by the OR
gene expressed. A swap of the coding sequence of one OR into the locus of a different
one also alters the levels of Kirrel2 and Ephad. Based on these data, a model has been
proposed whereby the initial sorting of axons in the AP axis is guided by NRP1 and
SEMA3A; further refinement is achieved by repulsion of axons from OSNs expressing
different ORs by the distinct expression of EPHA5 and ephrin-A5, and attraction of
axons expressing KIRREL2 or KIRREL3[97] (Figure 1.8C). Other molecules yet to be

identified might also be involved in these processes.

Trace-amine associated receptors.

Screening of an OSN ¢DNA library with probes for other GPCRs, not previously iden-
tified as chemoreceptors, revealed that genes from the trace amine-associated receptor
(TAAR) multi-gene family were present in OSNs. By in situ hybridisation experiments,
the expression was observed in a subset of OSNs of the MOE, scattered in certain do-
mains of the epithelium; a pattern that resembled that of OR genes[98]. Furthermore, the
expression was abundant in the dendrites, supporting their role in chemosensation[99].
OSNs that expressed Taar genes also expressed all the components of the canonical
signalling pathway (Adcy3, Gnal, Cnga?2, Ano2) which implies that these OSNs use the
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same transduction mechanism as OR-expressing OSNs[100].

Double in situ hybridisation with probes for different Taar genes revealed that each
probe labeled a distinct subpopulation of OSNs, suggesting these genes are also expressed
in a monogenic fashion. Consistent with this, no evidence of coexpression with several
OR genes was found, though only a few genes were tested[98, 99]. Additionally, when
both alleles of Taarj were tagged with two different fluorescent reporter proteins, no

coexpression could be observed, suggesting monoallelic expression [101].

The mouse genome contains 15 Taar genes, all located in a single cluster in chromo-
some 10; 14 are expressed in the OSNs of the MOE. This class of GPCRs is not related
to ORs and their closest relatives are receptors for biogenic amines such as serotonin
and dopamine[98, 102]. Ten out of the 14 Taar genes expressed in the MOE were found
in the dorsal part of the epithelium, intermingled with the class I and class IT ORs found
there; two more were located ventrally and the remaining were in both zones. All the
dorsal Taars send their axons to several specific glomeruli in the dorsal MOB, in between
the glomeruli from the class I and class II dorsal ORs [99, 101]. Experiments showed
that when an OSN chose a non-functional Taar gene —for example because the coding
sequence was substituted by a LacZ cassette— a second receptor was chosen. However,
these cells were strongly biased towards choosing another Taar gene, and very rarely
chose an OR. Moreover, the allele chosen was preferentially selected from the other chro-
mosome, which suggests that the bias was not due to a positional bias where nearby
genes were more likely to be chosen. [99, 101]. Interestingly, the number of neurones
that express Taar genes is somehow coded in the choice process, since when the Taar
cluster was deleted from one chromosome, the same number of neurones expressing Taar

genes was observed compared to wild-type animals[101].

As their name indicates, TAARs are able to bind trace quantities of amines. Ex-
pression of several genes in heterologous systems revealed that TAAR4 responds to
B-phenylethylamine, which is found in the urine of several species. In mice it increases
in response to stress[98, 103] and it is much more abundant in the urine of carnivor-
ous species. Stimulation with this compound activated several glomeruli in the MOB,
the number of which increased with increasing concentration; this suggests that there
are several receptors responding to it, with differing sensitivities. Several of the activ-
ated glomeruli were innervated by Taar/-expressing OSNs[103]. In vivo recordings from
these cells revealed that they were incredibly sensitive and could be activated with sub-
picomolar concentrations of [-phenylethylamine[104]. Mice are naturally repelled by

predator urine; the same behaviour was observed when S-phenylethylamine alone was
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used as a stimulus. Supporting the sufficient and indispensable role of this compound in
avoidance behaviour, predator urine depleted of S-phenylethylamine no longer repelled
mice[103]. What’s more, the behaviour was also lost in a Taar4 KO mouse line[100].

Taars is activated by trimethylamine, a compound that is present much more abund-
antly in mouse urine of adult males compared to females[98, 105]. Mice are attracted
to trimethylamine when present a the relevant physiological concentrations. Such at-
traction was lost in mice lacking the Taar) receptor, and the same occurred if the urine
was depleted of trimethylamine[105]. A compound similarly found in mouse urine in a
sexually dimorphic manner, isoamylamine, was shown to activate Taar3[98]. Therefore,
data so far indicates that many, if not all Taar genes are activated by amines, though
some are able to respond to other chemical classes with low sensitivity. Interestingly, in
vivo recordings from neurones expressing two different genes, Taar3 and Taars, revealed
that both receptors are broadly tuned and can respond to several, structurally diverse
amines, albeit at high concentrations; if the concentration is decreased, they become
specific to their high-affinity ligand(s)[104]. Stimulation with amines resulted in activa-
tion of the Taar-innervated glomeruli in the MOB, a response that was lost if the Taar
genes were deleted, which again suggests the these genes are the primary detectors of
amines[100, 101].

Guanylyl cyclase D.

Guanylyl cyclases (GC) are receptors that can be either soluble or membrane bound.
The latter contain a single membrane-spanning domain, an extracellular ligand-binding
domain and an intracellular region that has a protein kinase-like and a cyclase catalytic
domains. Identification of a couple of these receptors in the eye prompted their study
in the olfactory system. PCR with degenerate primers identified a novel member of the
gene family, named GC-D. In the intracellular region, it showed 40-45% identity with
other known GCs but the extracellular domain was very different (16-21% identity). Its
expression was assessed by in situ hybridisation; individual OSNs were labelled in the
central region of the four turbinates of the MOE, in a similar manner as is observed for
ORs[106]. The localisation of the protein was mainly to the olfactory cilia, consistent
with a role in chemosensation[107]. RT-PCR and Northern blot hybridisations revealed
GC-D was specifically expressed in the MOE and could not be detected in cDNA from
other tissues[106].

GCs can bind peptides through their extracellular domain and this leads to the pro-
duction of cGMP. This raised the possibility that GC-D-expressing OSNs might be using
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a ¢cGMP transduction pathway for olfactory signalling. Cyclic nucleotide phosphodi-
esterases (PDEs) are able to hydrolyse second messengers such as cAMP and ¢cGMP.
Immunohistochemistry and in situ hybridisations of the MOE revealed a subset of OSNs
labeled with probes for PDE2, which were also positive for GC-D. This suggests that
activation of GC-D, which leads to an increase in cGMP levels, could stimulate PDE2.
These cells were negative for the canonical -cAMP mediated— signalling proteins, such
as Adcy3. PDE2 was expressed in the cilia of the OSNs along with GC-D, but it was
also present in the axons. Therefore, labelling neurones with this gene revealed the axon
bundles projecting to a group of glomeruli in the caudal region of the MOB; these are
termed the necklace glomeruli because they are interconnected by nerve fibres and re-
semble a beaded necklace[107]. If the GC-D-expressing OSNs were indeed using a cGMP
based signalling pathway, a cGMP-selective CNG channel should be expressed in these
cells. A previously identified subunit of a CNG channel that is cGMP-selective was
found to be expressed in a subset of OSNs in the MOE (Cnga3 in mice), preferentially
in their cilia; these labelled cells were confirmed to express also GC-D and PDE2 and

lack the canonical signalling proteins[108].

Further to the signalling components of the cGMP-based pathway, GC-D* neurones
also express high levels of carbonic anhydrase type II (CAII), a gene not found in other
OSNs. Consistently, its expression is also observed in the necklace glomeruli. CAII
catalyses the conversion of carbon dioxide (COs) and water into bicarbonate and protons.
Responses to CO4 were confirmed both in GC-D* OSNs and in the necklace glomeruli, in
a dose-dependent manner. Activation was only observed in the presence of extracellular
calcium and intact CNGA3 and CAII. Further behavioural tests demonstrated that mice
were able to detect COs,, at near atmospheric levels, and learnt to associate it with a
reward[109]. Expression of GC-D in a heterologous system revealed that the intake of
bicarbonate resulted in an increase of cGMP, through the cyclic catalytic domain of
GC-D. Therefore, the stimulation of GC-D* OSNs with CO, results in the production
of bicarbonate, through CAII; this in turns activates GC-D which produces cGMP; an
increase in ¢cGMP then opens the CNG channel CNGA3 to allow an influx of cations

into the neurone and elicit an action potential[110].

In a similar manner, GC-D" neurones were shown to be able to respond to carbon
disulfide (CSz), which is found in mice breath, and can also be processed by CAII.
Concentrations of CSy in the sub-micromolar range were enough to elicit a response,
indicating that GC-D* OSNs are much more sensitive to this chemical than to COs,.

Mice learn which foods are safe to eat by smelling the breath of conspecifics, a process
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known as social transmission of food preference (STFP)[111]. This phenomenon requires
the presence of CS, paired with food odours, both found in the breath of an animal that
has recently ingested food. Interestingly, animals lacking either GC-D or CNGA3 were
unable to show learned food preference, directly implicating GC-D* neurones ability to
respond to CSy in this behaviour[112].

Further studies identified that the GC-D" neurones are activated upon stimulation
with uroguanylin, a peptide present in mouse urine, and the related peptide guanylin.
These responses were directly dependent on GC-D expression and the presence of a
functional CNG channel. Interestingly, different subpopulations of GC-D* neurones
could be identified; around half of them were activated by both peptides, and an ad-
ditional quarter were specifically responsive to one but not the other[113]. It has also
been observed that mice prefer food sources that are in close proximity to conspecific
social odours. Mice show a strong preference to feed in places where other mice have
deposited urine and faeces, which is a sign that the food is safe to eat. Uroguanylin is
excreted in both urine and faeces and its concentration increases upon feeding. Thus
it has been proposed that its recognition by GC-D* neurones could also be related to
food preference. Indeed, when odourised food was presented along with uroguanylin,
mice showed a strong preference for that particular odour, in a similar manner as they
would if presented with the faecal pellets of mice that consumed the odourised food.
This behaviour was dependent on GC-D[114].

1.1.2 The vomeronasal organ.

The vomeronasal organ (VNO), also known as Jacobson’s organ, is a paired tubular
structure confined within a bony capsule. It is located at the base of the nasal septum
(Figure 1.1), which divides it into symmetrical halves, each containing a crescent shaped
lumen surrounded by cavernous tissue. It is connected to the nasal cavity and in some
species there is also an opening to the oral cavity. The air flow from respiration does
not contact the VNO directly; it is instead stimulated by non volatile molecules that
require direct contact with the animal’s snout for detection. Next to the lumen there
are blood vessels that through vasodilation and vasoconstriction generate a pumping
action that helps transport the stimuli into the lumen, which is filled with fluid. Within
the cavernous tissue can be found many glands with secretory ducts that end in the
lumen. The concave side of the lumen is lined by a pseudostratified neuroepithelium that
contains, similar to the MOE, sensory neurones, sustentacular and basal cells (Figure
1.9).
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Figure 1.9 —- The mouse vomeronasal organ. A coronal section through half of the VNO of an adult mouse (left)
with a cartoon of the corresponding tissue morphology (7ight). S, nasal septum; C, cavernous tissue; G, glandular
tissue; B, blood vessel; V, vomer; N, nonsensory epithelium; L, lumen; E, sensory epithelium with apical (right) and
basal (left) layers of vomeronasal sensory neurones. Figure reproduced from [1] with kind permission from Springer
Science and Business Media.

Vomeronasal sensory neurones (VSNs) are bipolar cells that extend a dendrite to
the surface of the epithelium. Such dendrite terminates in a vesicular structure that is
covered with microvilli; analogous to the OSN cilia, these structures are the interaction
point with chemicals. From the opposite pole, a single axon travels through the crib-
riform plate into the accessory olfactory bulb (AOB), which is located in the posterior
dorsal part of the MOB (Figure 1.1). Basal stem cells are found towards the boundary
with nonsensory epithelium and have the capacity to proliferate and differentiate into
VSNs throughout the animal’s life[11, 115, 116].

Vomeronasal signalling.

Semiochemicals that reach the VSNs need to be recognised and their identity must be
transmitted to the AOB. Three families of receptor genes have been identified in the
mouse VNO —two families of vomeronasal receptors (V1Rs and V2Rs) and a group of
formyl peptide receptors (Fprs)— and some evidence exists to support their role in bind-
ing olfactory cues. Communication between the VNO and the AOB is initiated by the
receptors binding their cognate ligand; this triggers a signal transduction pathway that
results in the generation of an action potential in the stimulated VSNs. Initial efforts to
characterise the signalling cascade focused on the genes involved in the same process in
the MOE; none of these could be detected in the VNO. A search for analogous compon-
ents led to the identification of the G-protein « subunits Ga;y and Ga, (Figure 1.10).
These are highly expressed in VNO neurones, in two mutually exclusive populations;
VSNs that express Gays are located in the apical region of the neuroepithelium while

the ones expressing Ga, sit in the basal portion [117]. For both cellular populations,
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Figure 1.10 — Signal transduction proteins in vomeronasal sensory neurons. There are two subclasses
of mammalian vomeronasal sensory neurones (VSNs). A) In apical VSNs, a VIR receptor associated with the
Gajz G-protein subunit is activated by a small, volatile chemical ligand. B) In basal VSNs, a V2R receptor from
subfamily C is coexpressed with one from subfamily A, B, or D. These are associated with the Ga, G-protein
subunit and are individually or collectively activated by a peptide or protein ligand. One or more of nine major
histocompatibility complex (MHC) class 1b proteins and S2-microglobulin (B2M) are also expressed in a subset of
these neurones. Both types of neurone additionally express a transient receptor potential ion channel (TRPC2) and
calcium-activated chloride channels (CACCs), which together depolarise the cell. Figure reproduced from [1] with
kind permission from Springer Science and Business Media.

expression is localised to the microvilli of the neurones, where ligand detection occurs.

The functional importance of both subunits in mediating behavioural responses was
established by ablating the genes in mice. Gajo-mutant males displayed a diminished
aggressive response in a classical ‘resident-intruder test’, when an intruder male was
introduced to the cage of a territorial resident. Likewise, mutant lactating females were
also less aggressive, but sexual behaviours appeared unaltered [118]. However Gayo
is expressed in other tissues and the mutant animals had other debilitating phenotypes
[119]; therefore it remains possible that the aberrant behaviour observed was not a direct
consequence of VNO-mediated signalling. With this caveat in mind, Chamero et al.[120]
generated a mutant line with Ga, ablated only in vomeronasal neurones. These animals
displayed strikingly similar behaviour to Gayo deficient mice in that both sexes were less
aggressive[120]. Thus both classes of VSN appear to transduce chemosensory-mediated

aggressive behaviour.

In 1999, Liman et al.[121] identified another key player in eliciting VNO signal trans-
duction: a member of the transient receptor potential (TRP) family of ion channels,
Trpc2. The rat Trpc2 gene was shown to be abundantly expressed in the VNO. De-
tailed analysis demonstrated that the protein was found in the microvilli of the sensory
neurones, and colocalised with expression of both Gayz and Ga, [122]. The dramatic
role of Trpc2 in vomeronasal-mediated behaviour was made evident when the gene was

knocked out in mice. Two groups independently showed that VSNs from these animals
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were either non-responsive, or had a significantly reduced response to urinary semio-
chemicals. Behavioural analyses of the mutant males revealed a diminished aggressive
response in the resident-intruder paradigm. Instead of initiating an attack, Trpc2~/~
males displayed sexual behaviour towards the intruder, just as a Trpe2t/* mouse does
when presented with a female. Additionally, when presented with both a male and
a female, Trpc2~/~ males did not discriminate between them[123, 124]. These led to
the conclusion that these mice are unable to determine the sex of the conspecifics they

encounter due to the lack of signal transduction of olfactory cues through VSNs.

However, residual electrophysiological activity could still be detected in the VNO
of Trpc2~/~ animals, suggesting additional ion channels are present in VSNs; these
were later identified as calcium-activated chloride channels (CACCs) [125]. Consist-
ent with this, elimination of intracellular Cl- reduced the response of VSNs to urine
stimuli and completely abolished residual urine-evoked currents in Trpc2~/~ neurones.
Although activity of these channels are both necessary and sufficient for activation of
the VSNs[126], it is Trpc2~/~ mice that have proven most useful for revealing additional
VNO-mediated behaviours. Like males, Trpc2 mutant lactating females are not ag-
gressive toward intruder males and are deficient in maternal behaviours[123, 127]. Also,
they display male-like sexual behaviours towards intruders, such as mounting and pelvic
thrusts [128]; as with male residents, when mutant females are presented with both male
and female intruders, they show no preference towards mounting one sex. Thus Trpc2
appears necessary for VSNs to effectively transduce a range of chemosensory cues that
are transmitted between mice to initiate social behaviours. More recently Trpc2~/—
mice were used to demonstrate that VSNs also detect olfactory cues from other species
[129]. The mutant mice do not display innate defensive and avoidance behaviours, or a

stress response, when exposed to predator cues from snakes, cats and rats [130].

A caveat of all these studies is that, historically, Trpc2 has been considered to be
specifically expressed in the VNO and virtually absent in the MOE. While this is true
in rats [121], mice have a different expression pattern. It has recently been shown that a
population of neurones in the MOE express Trpc2 from embryonic day E16.5 through-
out adulthood. It was further demonstrated that the positive cells contain the protein
product and that at least some of the neurones’ axons coalesce into a few glomeruli in the
ventral region of the MOB, near the necklace glomeruli. This suggests that the positive
cells are indeed neurones[131]. These findings, therefore, question the interpretation of
results obtained through Trpc2~/~animals, since it can no longer be assumed that all

the behavioural dysfunctions observed are due to VNO mediated signalling.



28 Introduction

The vomeronasal receptor genes.

The vomeronasal receptor (VR) genes are encoded by two multigene families of GPCRs.
These are not closely related to the ORs expressed in the MOE and, furthermore, are
independent of each other in their evolutionary origins. Under the assumption that the
receptors of the VNO might be expressed in a similarly monogenic fashion as observed
for ORs in the MOE, Dulac and Axel devised a clever differential hybridisation strategy
that allowed them to find coding sequences expressed specifically in one VSN, but not
others. With this methodology they recovered the coding sequence for a gene encoding
a putative seven transmembrane domain, that was expressed in a subpopulation of
VNO neurones [132]. Additional related genes were then identified and it was confirmed
that they were part of a multigene family. Each of the receptors tested by in situ
hybridisation was expressed in a subset of neurones, similar to the expression patter of
ORs in the MOE. Interestingly, expression could only be detected in the apical, Gagy™
region of the neuroepithelium. All the above suggested that these genes were putative
receptors, and that each VSN likely expressed a single receptor gene [132]. This receptor
family comprises the V1Rs. A couple of years later, three different groups reported the
expression of an unrelated multigene family of receptors expressed in the basal, Ga,™
portion of the VNO. These were similarly expressed in a small subpopulation of VSNs

suggesting also monogenic expression [133-135]. These receptors were termed V2Rs.

V1Rs.

With the availability of a good mouse reference genome, it has been possible to identify
the complete receptor repertoire. The mouse genome contains 392 V1R genes (named
Vmnir in mice), 239 of which have an intact open reading frame (ORF) [136]. A
phylogenetic tree constructed with 137 of the intact genes, groups them into twelve
distinct subfamilies ( VimnlIra-j; Figure 1.11). Receptors from the same subfamily share
at least 40% identity at the amino acid level, but the diversity between different families
is large, and identities can be as low as 15% [137]. VmnlIr genes of the same subfamily
tend to be found together in the genome arranged in tight clusters of genes; these are
then dispersed across several chromosomes [138].

V1Rs have been shown to respond to low-molecular-weight organic molecules with
great sensitivity. Screening of VSNs with six different chemicals with putative pher-
omonal activity showed that each activated a small subset of neurones [139], and at

least one of them was able to generate responses in neurones expressing different VmnIrs
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Figure 1.11 — The mouse vomeronasal receptor gene family. Phylogenetic trees of the VIR (left) and
V2R (right) gene families. V1R tree reproduced from [144]. V2R tree reprinted from [145], copyright (2012) with
permission from Elsevier.

[140]. Exposure of VSNs to sulphated steroids, which are present in female urine and are
proposed to account for most of its vomeronasal bioactivity, resulted in the firing of both
male and female Vmnlr-expressing VSNs. While some receptors responded to specific
steroids, others recognised several compounds that were chemically related [141, 142].
To characterise the behavioural role of VmnlIr-expressing VSNs, a group of 16 intact
receptor genes belonging to the families VmnIra and Vmnlirb were deleted in the mouse
genome by chromosome engineering. Mutant female animals showed deficits in maternal
aggression towards intruders and mutant males had lower mating rates [143]. Therefore,

at least some of these receptors are necessary for the normal display of innate behaviour.

V2Rs.

The mouse reference genome contains 279 V2R genes (termed Vmn2r in mice), 158 of
which are characterised as pseudogenised [65]. The predicted intact sequences can be
grouped into four different subfamilies (A-D). Most of the genes (85%) belong to the A
subfamily, which is further subdivided into nine clades (Figure 1.11). As with VmnlIrs,
genes closely related tend to be clustered in the genome[146]. Vmn2rs, however, are
distinct in their expression logic. Each VSN of the basal VNO expresses a member
of the subfamily C (composed by seven genes in the mouse), along with an additional
Vmn2r gene from subfamily A, B or D in a non-random fashion [147-149]. In addition
to this, basal VSNs have been shown to express genes of the major histocompatibility
complex (MHC) class 1b and 2-microglobulin (B2m, which is essential for the proper

expression of MHC class Ib molecules at the cell surface). These proteins localise to the
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dendritic tips of VSNs, as do TRPC2 and Ga,. Each of the nine genes in this family
(M1, M9, M11 and six members of the M10 family) is expressed in a subset of neurones
positive for Ga,; even though most of the neurones express a single gene, some can
express two or three. The expression of specific members of this family is linked to pairs
of Vmn2rs in a tripartite fashion and, along with B2m, they have been proposed to form
a protein complex necessary for the transport of the receptor to the plasma membrane
[150, 151].

Vmn2rs have been found to respond to water-soluble peptides and proteins that
can be found in urine and other bodily secretions of conspecific mice, as well as from
other species. The first evidence for this came from the finding that peptide ligands of
the MHC class I molecules activate around 1% of the VSNs, all situated in the basal
neuroepithelium. The presentation of different peptides leads to activation of different
neural populations, which overlap to some extent. It’s been shown, for example, that
those VSNs that express Vmn2r26 (also known as V2R1b) recognise some of these pep-
tides, but neurones expressing other receptors are also responsive to the same stimuli.
The different peptides that activate the same neurones share key residues at anchor
positions, and these are necessary and sufficient to induce the response[152, 153]. These
peptide cues also induce the Bruce effect in female mice (a selective chemical cue in-
duced pregnancy failure[154]) when spiked into otherwise familiar male urine [152], thus
establishing them as a ‘signature mixture’ of odours [155]. Subsequently, further protein
ligands that activate Vmmn2r-expressing neurones have been identified. These include
products of the Mup and Esp gene families that either encode identity or initiate sexual,

attractive, aggressive and avoidance behaviours [130, 156-159].

Formyl peptide receptors.

In order to determine if additional chemosensory receptors were expressed in the VNO,
two groups independently prepared cDNA from mouse VSNs and amplified GPCRs that
hadn’t previously been implicated in chemodetection [160, 161]. Five of the seven mem-
bers of the formyl peptide receptor (Fpr) family were recovered. In situ hybridization
revealed that each receptor was expressed in a subset of VSNs, in a similar manner to
what is observed with VmnlIrs. Similarly, no single neurone was patterned by two differ-
ent Fpr genes. The VSNs that expressed four of the five Fprs were also positive for Gays
while expression of a single receptor (Fpr-rs1) was restricted to Ga, positive neurones
[160]. No co-expression of Vmnrs and Fprs could be detected. All these suggest that
the VNO contains a third population of VSNs that express a different type of receptor
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genes.

N-formylated peptides are found in prokaryotes and mitochondria; accordingly, the
other Fpr genes are expressed in the immune system and play a role in the host response.
Thus it has been proposed that the VNO-expressed Fprs may be pathogen chemo-
sensors that elicit avoidance behaviours to resist infection. While this has yet to be
demonstrated behaviourally, a number of studies have identified FPR ligands by calcium
imaging of VSNs. These include bacterial N-formylmethionine-leucine-phenylalanine
(fMLF), the antimicrobial CRAMP and the mitochondrially encoded peptides NDI-6T
and NDI-61[120, 161]. More recently Fpr-rsi was found to display stereo-selection for
peptides with a D-amino acid in the C-terminal position, further supporting a role in
detecting pathogenic chemosignals [162]. Fprs are also expressed in the VNOs of rats and
gerbils[161], but it is possible that the expansion of the Fpr gene family to encompass
an olfactory function is rodent specific, as in the genome of primates only the genes

expressed in the immune system are found [163].

1.1.3 The septal organ.

The septal organ (SO), also known as the organ of Masera, is a patch of olfactory
sensory epithelium located near the ventral end of the nasal septum at the entrance
of the nasopharynx[164] (Figure 1.1). It is surrounded by respiratory epithelium that
separates it from the caudal end of the VNO and the rostral margin of the MOE[165].
The epithelium of the SO has a similar structure to that of the MOE; it is also a
pseudostratified epithelium composed of sensory neurones, basal and sustentacular cells,
sitting on top of lamina propria with Bowman’s glands[164, 165]. However, the neuronal
layer occupied by immature and mature neurones is thinner than in the MOE, with only
one to two layers of each type in the SO. Also, the sensory neurones have a flattened
somata and shorter dendrites compared to what is observed in the MOE[164].

PCR analysis of SO derived cDNA libraries with degenerate primers to amplify dif-
ferent classes of receptor genes failed to identify expression of any V1Rs, V2Rs or class
I ORs; but 120 different class IT OR genes could be detected[166-168]. Consistent with
this, the neurones expressed Adcy3 and Gnal uniformly across the whole SO, suggesting
they are OSNs that use the cAMP signalling pathway, coupled to ORs, to transduce
olfactory information[164]. Interestingly, the great majority of these 120 OR genes are
expressed in very few OSNs; 11 genes alone account for 95% of the total number of
neurones and a single OR is expressed in half of the OSN population[167]. In double

in situ hybridisation experiments with combinations of these abundantly expressed re-



32 Introduction

ceptors, very few or no cells were co-labelled, suggesting that ORs are expressed in a
monogenic fashion. All of these receptors are also expressed in the MOE, mainly in the
most ventrolateral zone[166, 167]. The SO OSNs project a single axon to the MOB and
coalesce into glomeruli in the ventromedial aspect of the posterior bulb[164]. Most fibres
coalesce into a few glomeruli, exclusively innervated by axons stemming from the SO,
while the rest form a complex network that enters multiple glomeruli mainly composed
of axons from the MOE[169].

1.1.4 The Grueneberg ganglion.

A fourth olfactory structure is situated at the rostral end of the nasal cavity, just inside
the nostrils, termed the Gruenberg ganglion (GG), since it was initially described as such
by Griineberg in 1973[170] (Figure 1.1). It is composed of only a few hundred round
cell bodies, positive for Omp[170-172] and S1II-tubulin (a neuronal marker)[172]. These
cells are clustered in an arrowhead shape, on both sides of the nasal septum[171], under
a keratinised epithelium that separates them from the nasal cavity[173]. Additional to
the expression of neuronal markers, these cells contain axons that project to the MOB,
suggesting they are indeed neurones[170-172]. The structure of the GG is not of a
pseudostratified epithelium; instead, cells are tightly packed into clusters without basal
or sustentacular cells[171]. However, they are found intermingled with glial cells. The
neurones contain cilia but these structures do not protrude into the airspace of the nasal
cavity. However, the keratinised epithelium is permeable to hydrophilic molecules, which
suggests that water-soluble stimulants might be able to reach the GG cell clusters[173].
The GG becomes apparent from E15.5, with an increase in cell number until E18.5 and
appears to be fully developed by birth. It persists throughout adulthood[171, 172]. GG
axons form several nerve bundles that travel along the dorsal aspect of the nasal septum
into the MOB. Axons innervate several caudal glomeruli that surround the anterior part
of the AOB, [170, 171], in the same region where the necklace glomeruli are found[174].

GG neurones, similar to GC-D OSNs, use a ¢cGMP mediated signalling cascade to
transduce information; they express receptor guanylyl cyclase G and A (GC-G and GC-
A), the phosphodiesterase PDE2A which is stimulated by ¢cGMP, a ¢cGMP-dependent
kinase (cGKII) and a cGMP-activated channel (CNGA3). GC-G is expressed in most
GG neurones in both the neonate and adult, while GC-A is present only in a small
subset of cells scattered throughout the organ[174]. However, they also coexpress Ga;o
and Ga, and a high proportion express Vmn2r83, a V2R gene of subfamily C. No other
genes from the VIR or V2R families of receptors have been identified in the GG[175].
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Several members of the TAARs are present in a subpopulation of GG neurones, with
variable frequencies. The expression of both Vmn2r83 and the different Taar receptors
is dynamic with age; the highest numbers of neurones expressing a particular gene are
found in prenatal stages with a significant decline into adulthood. Each neurone seems
to express only one of these receptor genes[176].

Given that the GG is most prominent in neonates and that its neurones innerv-
ate sites close to the necklace glomeruli, it was hypothesised that this structure might
be involved in suckling. However, no responses were observed in calcium imaging ex-
periments performed with milk or mammary fluid from lactating females. In contrast,
strong responses were recorded when the neurones were stimulated with alarm pher-
omones (APs), obtained during culling mice with CO,, which induces stress and the
release of these molecules. APs were able to activate GG neurones of both newborn and
adult mice. Furthermore, the presentation of APs induces a freezing response in mice
and this behaviour was lost when the GG axon bundles were sectioned[173].

Interestingly, additional experiments revealed that most GG neurones also respond
to cold temperatures; the calcium increase observed was directly correlated with the de-
crease in temperature and responses were not observed with exposure to heat[177]. The
thermal response of these cells was elicited by activation of GC-G; coolness enhanced
dimerisation/oligomerisation of the receptor and this triggered the signalling transduc-
tion pathway. In a KO mouse for GC-G, GG neurones were not responsive to coolness
anymore. Pups generate ultrasound vocalisations (USV) in response to cool temperat-
ure to attract attention from their mother. In GC-G KO pups exposed to coolness, the
number of USV calls was significantly decreased and the latency to the first call was sub-
stantially increased, suggesting a possible role of the GG thermosensation capabilities
in this behaviour[178].

1.2 Regulation of OR expression.

Shortly after the discovery of OR genes it was evident that this multigene family is
under tight regulatory control to achieve singular expression in each OSN. Several hy-
pothesis emerged to explain this, involving processes that operate in other multigene
families with similar expression patterns. One such proposed mechanism involved gene
conversion to translocate a specific OR gene into an active locus[179]. However, the
dual DNA and RNA-FISH experiments argued against this, since the DNA probe re-

cognised only two loci, one of which coincided with the RNA probe. If gene conversion
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was allowing the expression of the gene, a third location in the genome should contain
a DNA signal[73]. A second popular hypothesis was the use of DNA recombination,
in a process analogous to the rearrangements observed in the immune system to gener-
ate specific immunoglobins and antigen receptors. In this model, recombination events
would bring together a promoter/enhancer element into close proximity with a specific
OR gene, thus allowing its expression[179]. To test this hypothesis, two groups isolated
mature OSNs and transferred their nuclei into enucleated oocytes; these were then used
to produce chimeric or clonal mice that carried the genome of the specific OSN used for
the transfer. The created animals were normal, able to produce a fully developed olfact-
ory system with mature OSNs; these expressed several ORs and projected to multiple
glomeruli[180, 181]. Furthermore, nuclear transfer experiments were performed using
the nuclei of OSNs specifically expressing the ORs M71[181] or P2[180]; the resulting
animals also expressed multiple different ORs and innervated all glomeruli. Analysis of
the M71 or P2 loci revealed no signs of recombination or any sequence alterations in
comparison to wild-type animals[180, 181]. Therefore, it was concluded that irreversible

DNA recombination does not account for the expression of a single OR gene in OSNss.

A third hypothesis suggested the existence of a locus control region (LCR) capable
of interacting with the promoter of a specific OR gene to activate transcription[179].
The availability of a single LCR in the genome would ensure singular expression. This
theory gained momentum when an enhancer element was identified that could work
as an LCR. It had been previously observed that a large YAC, containing hundreds
of kb upstream of the MOR28 cluster was able to produce monogenic and monoallelic
expression in OSNs, when inserted as a transgene. However, truncated versions of the
YAC showed no expression whatsoever. Analysis of the sequences upstream the MOR28
(Olfr1507) gene revealed a 2.1 kb segment that is conserved between the mouse and
human genomes and when missing from the YAC, expression was abolished. Given the
homologous nature of this sequence it was termed the H region[182]. The H region lies
75 kb upstream of the MOR28 cluster, which contains seven genes: MOR2S8, MOR10
(Olfr1508), MOR83 (Olfr1509), MOR29A (Olfr1510), MOR29B (Olfr1511), MOR30A
(Olfr1512) and MOR30B (OIlfr1513). Between MOR83 and MOR29A there is a T cell
antigen receptor gene; the first three ORs are expressed in the ventral part of the MOE
while the last four are found more dorsally[183]. Within the 2.1 kb, there are 124 bp that
are necessary and sufficient for the element to be able to induce expression; this is termed
the H core. It contains three homeodomain binding sites and one O/E-like sequence;

mutation of these sequences abolishes the enhancer activity[184]. When the H element
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was attached to the MOR28 sequence and inserted as a transgene, robust expression
was observed in the MOE, whereas MOR28 alone was never expressed, consistent with
the results from the truncated YACs. These results led to the suggestion that the H
region was an enhancer but, furthermore, that it could be an LCR[182]. Since then, the

H region is also referred to as the H element or H enhancer[183].

To test whether the H element was able to regulate expression of OR genes in other
clusters and chromosomes, chromosome conformation capture (3C) experiments were
performed. In this methodology, the chromatin is treated with paraformaldehyde to
crosslink the proteins and DNA that are interacting in the cell nucleus; then the DNA
present in these complexes can be recovered and sequenced, to identify the sequences
that were in close proximity. 3C experiments directed at the H element revealed that
several different OR genes, from many chromosomes, were interacting with the enhancer.
The most common interaction was with MOR2S, followed by MOR10, the two OR genes
closest to the H element; but at least other 20 ORs were identified as interactors. These
experiments were validated by DNA and RNA-FISH, showing colocalisation of the H
element with the M71 or M50 (OIfr6) OR genes and their corresponding RNA. Given
these results, it was postulated that the H element was an LCR able to interact in trans
with a single OR gene and activate its transcription[185]. Such a model was an attractive
explanation for the monogenic expression pattern of OR genes. However, it was rapidly
disproved by two groups which deleted the H element[183] or the H core[184], and showed
that only the ORs from the MOR28 cluster were affected, while the rest of the receptors
tested, either from the same or different chromosomes, were expressed at similar levels
than in wild-type animals[183, 184, 186]. Importantly, in heterozygous animals only the
OR genes from the MOR28 cluster on the same chromosome as the remaining H element
were expressed, suggesting that the enhancer is not able to interact in trans to rescue
the cluster in the other chromosome. Therefore, the H region was reassessed as a cis

regulatory element able to influence the expression of the MOR28 cluster only[183, 184].

A similar region to the H element was later on identified, between the P3 (Olfr713)
and P4 (Olfr714) OR genes. It is a 306 bp segment that shares 70% identity with the
P3 promoter; it is therefore named the P element[91]. It is situated near the end of
a cluster of 24 OR genes, followed by other 43 receptor genes 670 kb downstream. To
test if this sequence had similar properties to the H element, it was deleted and the
expression of 577 different OR genes was assessed. Only nine genes were differentially
expressed compared to wild-type animals, and all resided in the same cluster as the P

element. In heterozygous animals, the single copy of the P element could not rescue
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the expression of the genes in the other chromosome, implying that its activity is in
cis only. Importantly, the differential expression observed through expression estimates,
was validated with in situ hybridisation cell counts, meaning that the differences in
expression were due to a change in the number of cells expressing those OR genes. These
results were extended to the H element as well. Therefore, both the H and P elements
influence the probability with which an OSN chooses a particular OR gene from those
in the cluster they regulate; they do not, however, influence the transcriptional activity

of the promoters themselves[186].

With the advent of genome wide technologies and the growing body of evidence on
the importance of epigenomic regulation on gene expression, it was possible to identify
further putative enhancers controlling other OR clusters. Genome wide chromatin im-
munoprecipitation coupled with sequencing (CHiP-seq) against common histone modi-
fications was performed in the MOE. Both the H and P elements showed particular po-
sitioning of different histone modification marks in and around the enhancer sequence.
This pattern was then used to search for similar intergenic regions along the genome.
After several filters, 35 putative regulatory elements were defined, with an average dis-
tance of 35 kb to the nearest OR gene. Several of these sequences were able to drive
expression of a reporter gene, supporting their role as enhancers. A few were used to
create transgenic mice and showed widespread expression in the MOE and MOB, similar
to what was observed with the H element. Finally, evidence of their possible involvement
in regulating OR expression came from the deletion of one such enhancer, which led to
the downregulation of the OR genes in the nearby cluster[187]. All these recapitulate
what has been observed for the H and P element, suggesting that these sequences could
be indeed enhancers involved in regulating different OR clusters; however, the definite
proof of their influence on OR expression has been confirmed for only one of the 35, so

all the other remain as putative candidates.

Analogous experiments to the 3C strategy used to identify which sequences the H
element interacts with were performed with this new set of enhancers. These revealed
that 32 out of the 35 sequences are frequently found in close proximity with the other
enhancer elements; some are promiscuous and interact with many while others are more
specific. Such interactions were confirmed by DNA-FISH experiments. Interestingly,
these putative enhancers have binding sites for BPTF, a histone binding component of a
chromatin remodelling complex. Knockout of Bptf resulted in the loss of OR expression
and fewer interactions between pairs of enhancers could be detected by DNA-FISH,

suggesting that the interactions were abolished. Based on all these, the authors proposed
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a model whereby each enhancer element is necessary only for the expression of the OR
genes in its nearby cluster, but interactions in trans that bring together many of these
enhancers allow the robust expression of the chosen OR. In this scenario, knock-out of
a single enhancer element wouldn’t have an effect on the expression of the majority of

the receptor repertoire[187].

1.2.1 C('is-acting elements influence OR expression.

In an effort to understand how is OR expression regulated, several groups reasoned that
the use of transgenes could shed light into which features are fundamental to recapitulate
the characteristic elements of OR expression: it should be monogenic, monoallelic, in
a punctate pattern restricted to a subregion of the MOE and axons with the same OR
should coalesce into a particular set of glomeruli[188]. A 9.4 kb construct containing the
MOR23 (OIfr16) OR gene was used as a transgene; the gene contains two 5’ non coding
exons, followed by the CDS contained in a single exon. The construct contained 400 bp
upstream of the putative transcription start site (T'SS) and 1.7 kb downstream of the stop
codon. When randomly inserted in the genome, expression could be detected specifically
in the MOE, in a monogenic, monoallelic punctate pattern, that was restricted to the
zone of the epithelium where the endogenous gene is expressed. Furthermore, the axons
of the OSNs expressing the transgenes co-converged with the axons of OSNs expressing
the endogenous MOR23 gene into one medial and one lateral glomeruli[88]. These
results were recapitulated for the M71[88] and MOR262-12 (Olfr157)[189] genes. In
some cases, however, certain transgenic lines expressed the transgene in an aberrant
pattern in the MOE, extending to other zones for example. This had a concomitant
effect on the projection to the MOB and resulted in generation of additional glomeruli
in shifted positions[88, 189]. The variability in the expression pattern for the same
transgene in independent mouse lines probably stems from differences in the insertion
locus in the genome. Nonetheless, it was remarkable to observe such tightly regulated
expression with these small constructs, which were called minigenes[88]. Expression
was achieved with only 405, 161 and 358 bp of 5’ sequence for the MOR23, M71 and
MOR262-12 genes respectively[188]. For the MOR262-12 gene, it was confirmed that
the insertion sites were not on the same chromosome as the endogenous OR gene, ruling
out the possibility that the remarkable recapitulation of expression was due to insertion
around the same locus[189].

To further delineate which sequence elements are necessary to obtain such patterns

of expression, sequential deletions were made on the MOR23 construct. Deletion of
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the second intron had no effect; further deletion of the first intron, however, resulted
in expression in three zones and the generation of additional glomeruli. Then, 1.4 kb
of 3’ region were deleted, which showed little effects. However, deletion of the 395
bp upstream of the TSS resulted in no expression of the transgene at all. Sequence
analysis of the upstream region of the construct revealed the presence of six motifs for
the O/E family (OIf-1, Ebf1) and a homeodomain (HD) protein binding site; deleting
the upstream region of the T'SS removed four out of the six O/E sites, suggesting that
these are important for the expression of the transgene[88]. Similar motifs were identified
on the promoters of the other two genes[88, 189]. To test the function of such motifs,
deletion experiments were performed on the M71 minigene. Shortly before the T'SS there
is an HD and an O/E motif in close proximity to each other. A transgene that loses
all the upstream sequences except the 161 bp containing these two motifs is expressed
in the expected pattern; but deletion of part or all of this 161 bp region results in
loss of expression. To demonstrate that expression depends on these motifs, they were
mutated either on their own or in combination. Mutation of either site resulted in OSNs
expressing the transgene in a region ventral to the endogenous expression zone and the
loss of the HD binding site also lowered the number of positive OSNs. When both sites
were mutated together, the expression was completely abolished. Interestingly, when
the same mutations were introduced into the endogenous M71 promoter, the expression
was drastically reduced and ventralised, but not completely lost, suggesting that other
factors also contribute to expression regulation[190]. On the other hand, when a segment
of 19 bp, that is conserved between the H and P element and contains an HD binding
site, was inserted nine times into the MOR25 minigene, the frequency with which the
transgene was expressed was greatly increased, while maintaining the correct monogenic
and zonal expression, and without altering the glomerular projections[188]. Minigenes
have been successfully constructed for other genes, like P3 and both the mouse and
human M72 receptors. All share conserved sequences in a short region upstream of the

TSS, that are necessary for expression of the transgenes[188].

The number and arrangement of the different transcription factor (TF) binding mo-
tifs are variable between the promoters of different OR genes; besides the HD and O/E
sites, other motifs are recurrently found conserved. It has been observed that receptors
that share similar expression patterns in the MOE, like the receptors expressed in the
patch area, have characteristic blueprints of such motifs. Similarly, the class I ORs have
been proposed to have a distinct organisation of their promoter sequences[191]. How-

ever, extending this type of analysis to the whole repertoire wasn’t possible initially,
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since most of the annotation of OR genes has been done by homology searches with
a small number of experimentally validated genes[62], and most include only the exon
containing the CDS. What’s more, evidence suggested that many of the receptors had
5" non coding exons that frequently presented alternative splicing[62, 192], and several
polyadenylation signals, resulting in distinct 3’ isoforms|[62]. Separate groups used dif-
ferent technologies to map the TSS for several hundred mouse OR genes, which allowed
a more comprehensive analysis of the receptors’ promoters[192-194]. Usually, the pro-
moter was situated several kb upstream of the CDS [192, 193]. Consistent with previous
studies, the consensus TF binding sites in most OR promoters were O/E-like and HD
sites; the O/E-like sites tend to cluster in the 50-150 bp upstream the T'SS while the HD
sites are preferentially found within the 100-150 bp 5’ to the TSS, sometimes extending
up to 600 bp[192-194]. A rigorous motif search analysis scored the O/E motif and HD
sites specific to Lhz2 and Ema2 the highest[195].

The role of both Lhz2 and Emz2 in OR expression regulation has been confirmed. A
yeast one-hybrid assay against the HD site in the M71 promoter captured both proteins.
Emz2 is expressed homogeneously in the MOE while Lhz2 is found predominantly in
the basal layer of progenitor cells and its expression decreases more apically[196]. The
Lhz2 knockout is lethal; E16.5 embryos lack an MOB[196] and have very few mature
OSNs, which are restricted to the dorsomedial region of the epithelium[197, 198] and
express class I ORs, though at reduced levels and in fewer cells compared to control
animals[198]. The expression of class IT ORs is completely lost in the mutants. The
expression of markers of progenitor cells is normal but as these differentiate into OSNs,
there is 3.5 fold increased apoptosis and a failure to transit into mature OSNs[196, 197].
Knocking out Emz2 also is lethal but the E18.5 embryos possess an overall normal MOE
except it is thinner than controls; this is the result of a loss of almost half of the OMP*
population of mature OSNs, while immature neurones are unaffected. Interestingly, the
expression of ORs is generally downregulated but a few receptors are expressed at higher
levels. These are expressed in a much greater number of OSNs, indicating that the lack
of Emax2 alters the frequency with which these ORs are chosen. This might be the result
of losing the ability to choose the ORs that do depend on Emz2, thereby freeing OSNs,

that otherwise would be committed, to the rest of the repertoire[199].

1.2.2 Early-bird-gets-the-worm paradigm of OR expression.

A different use of transgenes was devised to unravel how are ORs expressed during

the maturation of OSNs. Nguyen et al.[200] created a transgene containing the CDS
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of an OR under the control of the synthetic TetO promoter, that is activated with a
tetracycline transactivator (tTA). Compound heterozygotes that expressed tTA under
the control of the Omp promoter, showed widespread expression of the activator in all
mature OSNs; yet, the transgene OR was expressed in only 10 to 30% of the neurones.
Therefore, OR genes are vulnerable to silencing even under the control of an artificial
promoter. Importantly, the cells that expressed the transgene obeyed the rules of mono-
genic and monoallelic expression, indicating that the CDS alone is also able to silence
the endogenous receptor repertoire. However, when the expression of tTA was driven
by the promoter of Gv8, which is expressed in immature OSNs prior to endogenous
OR expression, the transgene was no longer silenced. In adult animals, however, since
mature OSNs had turned off the expression of Gv8, expression of tTA ceased, and the
transgene could only be detected in regenerating neurones. To maintain expression in
adults, tTA had to be controlled by both the Gy8 and the Omp promoter; in this situ-
ation, the great majority of OSNs expressed the transgene OR. These data underpin
an “early-bird-gets-the-worm” hypothesis, where the first OR to be expressed manages
to avoid silencing by the rest of the receptor repertoire. Importantly, the silencing is
dependent on the CDS and not the promoter, but this applies only to ORs and not
other GPCRs. Furthermore, the signalling cascade activated by ORs is not required
for this process, since a mutant OR that is unable to couple to Gayyy is still expressed

monogenically[200].

A similar approach was used to study the transcriptional permissiveness of the P2
gene, on its native locus. The TetO promoter was inserted upstream of the TSS of
the endogenous P2 receptor. The expression of tTA was driven by the Omp promoter
and this resulted in increased P2 expression, in a zone-dependent manner. The greater
increase was observed in P2’s native zone and the effect faded as distance increased.
Based on this, the authors proposed that zonality is achieved by differential chromatin
organisation, whereby loci of receptors from different zones are made inaccessible to the
transcription machinery when cells are outside their expression domain. In this model,
the TetO promoter would have no influence on the expression of P2 outside its zone,
because tTA wouldn’t be able to access it. This graded silencing of the TetO promoter
was independent of the CDS, since the same results were obtained in an analogous animal
that lacked the receptor’s ORF. The authors further hypothesised that the frequency of
choice of a particular OR gene is dependent on the permissiveness of its locus. To test
this, the expression of P2 was allowed to be activated by tTA, and then doxycycline
(dox) was added, which blocks its activity. Despite the lack of the transactivator, P2
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expression persisted, now from the endogenous promoter.

Moreover, when dox was administered during embryogenesis and into the first five
days after birth, the number of P2 expressing cells was dramatically reduced; and if the
tTA was only active from postnatal day 30 (P30) to P60, mice were indistinguishable
from controls with no induction. Therefore, activation of the P2 locus is possible only
during a short window in the maturation process of OSNs; once they have chosen an
OR, the tTA is not enough to activate P2, even in cells from its epithelial zone. Interest-
ingly, the silencing of the artificial promoter extends to ensure receptors are expressed
monoallelically. In a compound heterozygote where each allele was labelled with a differ-
ent reporter, both under the TetO promoter, only 3% of the OSNs showed co-expression
of the two alleles. These 3% of OSNs were situated in the most basal neuronal layers
suggesting that they were still young, newly-differentiated neurones. Therefore, despite
having the ability to express both alleles, cells chose only one. The authors hypothesised
an asymmetry between the alleles, making one more likely to be activated and then able

to suppress the rest of the repertoire, including the other allele[201].
Nguyen et al.[200] observed the same with the TetO-P2 transgene. In this case, the

expression of tTA was controlled by the endogenous P2 promoter; therefore, expres-
sion of the transgene meant that both the endogenous P2 and the transgene P2 were
produced in the same cell. However, this was observed in less than 2% of the OSN
population and always in basally-located neurones[200]. In this regard, Chess et al.[72]
described asynchronous replication of the two alleles of an OR gene when they identified
the monoallelic character of OR expression. Asynchronous replication of OR, genes has
been observed as early as embryos that have passed the blastula stage and this is main-
tained through cell divisions. Through differential epigenetic marking, the allele that
is replicated first becomes more available for expression[202]. Therefore, during OSN

generation, one allele is already set in a more permissive state than the other.

Epigenetic regulation plays a fundamental role in allowing OR expression to occur
in such a peculiar way. The OR loci in the MOE are characterised by chromatin modi-
fications H3K9me3 and H4K20me3, which are characteristic of constitutive heterochro-
matin (pericentromeric and telomeric repeats). This type of heterochromatin is highly
condensed throughout the cell cycle and is maintained this way during development.
Analysis of the positioning of both of these marks revealed a clear concentration around
OR and VR loci, forming a macrodomain that extended throughout the receptor cluster.
Analysis of horizontal basal cells revealed that OR loci were marked by H3K9me2,

which is commonly found in facultative heterochromatin and is plastic throughout de-
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velopment. However, in precursor and immature OSNs, the constitutive heterochro-
matin marks were already laid, indicating that this occurs before OR expression[203].
Moreover, the compacted chromatin containing the OR genes clustered into an average
of five highly compact foci per OSN[204]. This 3D organisation in the nucleus might
facilitate the observed interactions in #rans of all the identified enhancer elements[187].
Notably, the allele that was expressed in a given OSN didn’t colocalise with these foci

and was instead located nearby euchromatin and active PollI regions[204].

The compaction of OR loci into foci is dependent on downregulation of LBR, a
nuclear envelope protein that interacts with heterochromatin. LBR is highly expressed in
progenitor cells but decreases in abundance with differentiation. When its expression was
forced in mature OSNSs, the foci were lost and the OR genes became sensitive to DNase
I cleavage, indicating a decompaction of the chromatin. Additionally, mature OSNs
expressed several ORs but at low levels[204]. This suggests that the gained accessibility
to the OR repertoire allowed the expression of several receptor genes and, also, that
the loss of enhancer interactions resulted in the loss of robust OR expression[187, 204].
Based on all these data, a model emerged whereby the basal state of the OR repertoire in
maturing neurones is of widespread repression and singularity is achieved by de-silencing

a single receptor|[203].

In order to achieve expression of a particular OR allele, it is necessary to erase its
silencing modifications and mark it for transcriptional activation instead, with H3K4me3
[203]. LSD1 is the only protein capable of catalysing the demethylation of both H3K9me2
and H3K4me2. It was observed that if this protein was knocked-out before the recept-
ors were activated, there was a widespread loss of OR expression and mature OSN
markers; but if it was knocked-out during or after OR gene activation there were no
observable effects. Therefore, its activity is necessary to initiate OR expression, but
not to maintain it. Consistently, the activated OR alleles, showed activity of LSD1 on
their promoters, directly linking this protein to the desilencing mechanism|[205]. This
process is tightly regulated, as the activated allele was found robustly marked with the
activating H3K4me3 modification, but neighbouring ORs retained their heterochromatin
marks[203]. In the early Lsd! KO animal, which lacks OR expression and mature OSN
markers, the introduction of a TetO-M71 transgene was able to restore Adcy8 expres-
sion. The presence of Lsd1 was shown to be mutually exclusive with Adcy3, indicating
that once a neurone expresses an OR and Adcy3 expression is induced, Lsd! is shut
down. This was demonstrated in an Adcy3 KO, where OSNs that first chose a par-

ticular OR, then went on to choose a different one and kept on switching indefinitely.
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Therefore, Lsdi is required to desilence an OR allele by demethylating its H3K9me2
(repressive); however, if still expressed once this allele is activated, it is also capable of
shutting it down by demethylating its H3K4me2 (activating) and the process can be
repeated indefinitely without ever achieving stable OR expression [205].

1.2.3 Negative feedback ensures singularity.

Several studies using transgenes used the promoter elements of OR genes to drive the
expression of reporters, without including an OR CDS. Repeatedly, it was observed
that the OSNs that initially chose this deletion allele for expression, went on to choose
other receptors and the resulting neurones innervated multiple glomeruli[85, 91, 182,
206, 207]. This indicates that the CDS is necessary to stop the activation of other
OR alleles. Importantly, a transgene containing the CDS of the M/ (Olfr63) OR, but
lacking the start codon, gave the same phenotype as the transgene lacking the whole
CDS. Based on this, it was proposed that singular expression of OR genes was achieved
by an OR protein-mediated feedback mechanism, rather than by restricting only one
active promoter per OSN[206]. The ability of an OSN to activate two different OR
promoters if the first yields no functional receptor is highly advantageous, given the
high proportion of OR pseudogenes. Without this mechanism, a considerable number
of OSNs would be stuck without a functional OR able to sense odorants, which would
be a costly waste of resources.

Given that several promoters can be activated in the same cell, the question arises
of how stable is OR expression. To answer this, Shykind et al.[207] performed a series of
elegant lineage-tracing experiments. The MOR2S8 endogenous receptor was engineered
to express, along the receptor, the Cre recombinase; this mouse was crossed into a
background containing a floxed reporter gene that, once activated, would be ubiquitously
expressed. Therefore, all those OSNs that choose the MOR28 promoter for expression
at any given time, would be permanently labelled. Interestingly, when the labelled cells
were checked by in situ hybridisation for MOR28 expression, only 90% of the cells were
positive. Further analysis of the 10% of cells negative for MOR28 revealed that they
expressed other ORs typically expressed in the same zone as MOR2S8, including the
other MOR2S allele. These other ORs were observed with frequencies similar to those
with which they are normally chosen in the epithelium. Thus, these tracing experiments
indicate that a fraction of OSNs extinguish the expression of the first OR they choose
and select another receptor from those available for expression within the epithelial

zone where they are located. The choice mechanism of this second OR is in no way
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biased towards particular genes; instead it reflects the frequencies of choice normally
observed[207]. Similar experiments were performed with the MOR28 promoter driving
Cre expression, but lacking the CDS. In these cells, the same phenomenon was observed,
except now all labelled cells switched to express another OR. Interestingly, all these cells
shut off the MOR28 promoter since Cre could no longer be detected. What’s more,
this was observed for naturally occurring pseudogenes, that could be detected in young
animals but were greatly reduced in number in adults, suggesting that the expression of

non-functional OR proteins is extinguished with time[207].

OR gene switching is fundamental to avoid committing an OSN to express a non-
functional OR. This process has also been documented to play a role in the zonal restric-
tion of at least one type of receptors: the OR37 genes. These receptors are expressed
in the patch, instead of the more canonical zonal expression pattern. Similar tracing
studies as those described above were performed with a particular member of the OR37
subfamily, OR37C (Olfr157). Labelled cells were identified in an area larger than just
the patch region; however, the OR37C' RNA could only be detected in the cells loc-
ated in the appropriate location, whereas all the others expressed different ORs. This
indicated that a larger population of cells initially activated the OR37C promoter for

expression but, when located outside the patch region, switched to a different gene[208].

So what could be mediating this protein-dependent feedback mechanism to ensure
stable and singular expression? Dalton et al.[209] hypothesised that, since ORs are one
of the most abundantly expressed proteins in OSNs, initiation of their transcription
could result in endoplasmic reticulum (ER) stress. If so, this could be an indication
that OR expression had been activated. Cells are equipped with a sensing system that
monitors the amount of unfolded proteins present in the ER. If the protein levels are
too high, a series of events are set in motion —the unfolded protein response (UPR)- to
decrease the ER load; these include the induction of chaperones to aid in protein folding
and decreasing translation initiation events. A sensor of the UPR is the production of
the nuclear isoform of ATF5 (nATF5). Atf5 contains an upstream ORF that inhibits
the production of nATF5, but when translation initiation is slowed down, ribosomes are
able to assemble on the downstream ORF and produce the nuclear isoform. The authors
showed that induction of expression of an OR gene was sufficient to induce expression
of nATF5, suggesting that the UPR was involved in signalling the presence of an active

receptor gene.

PERK is one of the proteins activated upon detection of unfolded proteins; indeed,

OR expression induced PERK activity, which in turn phosphorylates eif2c, a translation
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Figure 1.12 — A feedback mechanism ensures singular OR expression. Initially, the OR repertoire is
silenced by condensation in foci (dark area in the nucleus) and marking with heterochromatin histone modifications
(H3K9me3 and H4K20me3). (1) To activate OR expression, a single OR gene is desilenced by activity of LSD1.
(2) The OR mRNA is translated and transported to the endoplasmic reticulum (ER), (3) where it activates the
unfolded protein response (UPR) and activates the Perk signalling pathway. (4) This leads to the phosphorylation
of eIF2a (5) and then the production of the nuclear isoform of ATF5. (6) In turn, ATF5 activates the expression of
Adcy3. (7) Finally, ACIII shuts down LSD1 expression, ensuring no other OR genes are desilenced. Reprinted from
[210], copyright (2013), with permission from Elsevier.

initiator factor, slowing down translation initiation and allowing the accumulation of
nATE5. When ATF5 was knocked-out, Adcy3 expression was dramatically lost, along
with other mature OSN markers. In contrast, in Adcy3d mutant animals, the expression
of ATF5 was greatly expanded. Therefore, Adcy3 is important in shutting down the
UPR which is necessary to restore translation and allow the terminal differentiation of
the neurones. At the same time, expression of Adcy3 accompanies the downregulation
of Lsdl, ensuring that other receptor alleles are not activated (Figure 1.12). A final
elegant demonstration of the involvement of the UPR on eliciting the feedback signal
of OR expression, involved the treatment of LSD1 KO animals —which are unable to
activate OR expression— with tunicamycin, a drug that activates the UPR. This resulted
in the expression of Adcy3 and other mature OSN markers, suggesting that induction

of the UPR can substitute for OR expression in eliciting the feedback mechanism[209].
Taking all these data together, Tan et al.[211] built a mathematical model that

showed that singular OR expression in OSNs is determined by two parameters: the rate
of OR activation and the latency to the negative feedback elicited by the activated allele.
The most parsimonious model indicates that singularity is achieved by inefficient desi-
lencing of OR alleles, probably at the stage of demethylating H3K9me3—H3K9me2, on
which LSD1 can act. In this scenario, once a first OR locus is desilenced, the negative
feedback mechanism is able to downregulate Lsdl before another demethylation event

can occur. It is likely that the yet unidentified enzyme catalysing H3K9me3 demethyla-
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tion is expressed at very low levels, greatly restricting its activity; this, however, is still

yet to be proven[211].

1.3 Detection of odorants by olfactory receptors.

It took seven years from the discovery of the receptor proteins until the first specific
OR-ligand interaction was identified. Zhao et al.[212] used an adenovirus carrying the
rat 17 OR gene coupled to GFP to infect the rat MOE. Around 1 to 2% of all the OSNs
expressed the construct; the infection rate was not uniform across the epithelium and
some areas had as many as 20% of all neurones infected. These regions allowed to perform
EOG recordings upon stimulation with odorants. A panel of 74 ligands were chosen, with
diverse molecular structures and odour qualities. Compared to controls, a significantly
increased response was detected upon exposure to octyl aldehyde, otherwise known as
octanal. This response was dependent on the expression of 17, as a vector containing
GFP alone did not elicit an increased response. Further validation was obtained by
whole-cell patch clamp recordings from single GFP™ neurones. I7-expressing cells were
responsive to other saturated aliphatic aldehydes with carbon chain lengths from 7 to
10 carbons (C7-Cyg). No response could be elicited with Cg hexanal whatsoever, but
clear activation was achieved with C; heptanal, showing the remarkable ability of the
receptor to discriminate between these two. Additionally, other aliphatic compounds
with varying functional groups failed to produce a response. These experiments thus
showed that the identified multi-gene family of ORs indeed were able to bind to odorants
and generate an electrical response[212].

Previous studies utilised calcium imaging of dissociated OSNs to study their respons-
iveness to different types of ligands. These were informative on the properties of the
neurones, but never proved direct receptor-ligand relationships, or the dependence of
the response on the OR itself. Nonetheless, it quickly became apparent that particular
OSNs are tuned to discriminate different molecular characteristics of odorants. For ex-
ample, a study exposed dissociated OSNs to fatty acids or aliphatic alcohols with varying
hydrocarbon chain length. Some neurones were responsive to only one of the classes,
indicating that the functional groups can be differentiated by some receptors. However,
other OSNs were activated by both classes of odorants, but instead were highly selective
for the length of the carbon chain. In all cases, the responses were greatest for one or
two molecules, and the sensitivity decreased as the molecules became more dissimilar,

requiring higher concentrations to achieve a response[213].
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1.3.1 Combinatorial olfactory coding.

A different strategy to reveal specific OR-ligand interactions was used by the group of
Linda Buck. In this case, dissociated OSNs were analysed by calcium imaging upon
stimulation with a panel of aliphatic odorants with chain length from 4 to 9 carbons,
comprising alcohols, carboxylic, bromocarboxylic and dicarboxylic acids. The responsive
OSNs were then subjected to single-cell RT-PCR with degenerate primers for OR genes.
46 neurones activated with at least one compound were analysed and half of them yielded
a PCR product. A subset of these were sequenced and each provided a different OR
gene, with identity values ranging from 19 to 100% in the TM3-TM6 region, which
contains the putative odorant binding site. Most of the activated neurones responded
to several odorants, showing specificity for the carbon chain length. None responded
to all four classes of molecules. Further, a single odorant activated several OSNs and,
therefore, different ORs. Thus, olfactory responses depend on a combinatorial code,
whereby a single odorant activates several receptors, each of which responds to several
odorants (Figure 1.13). This strategy allows for the coding of an immense number of
ligands. Interestingly, the set of receptors that respond to a particular odorant can be
very similar or very dissimilar to each other, with identity values dropping as low as
~22%]69].
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Figure 1.13 — Combinatorial odour coding. At the top are represented five different ORs. Below is a table of
the responses of each OR to seven different odorants (a to g). The diameter of the circle indicates the magnitude of
the response. Some odorants activate many receptors while others activate only a few. Also, some ORs respond to
only one odorant while others can bind to several different compounds, with varying affinity. Each odorant elicits a
particular pattern of OR activation. Reproduced from [83].
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The same OR is able to respond to different ligands with varying sensitivities and the
same odorant activates different receptors at distinct concentrations. When odorants
are presented at higher concentrations, more ORs are active. This means that the
receptor code for a specific odorant is dependent on its concentration and not only on the
molecular structure[69, 214, 215]. It has also been observed that OSNs that all express
the same OR can respond to the same odorant with sensitivities that span over two orders
of magnitude; but if they respond to two different odorants with different affinities, the
relationship between the two is consistent across the neurones. For example, OSNs that
express the M71 receptor have been shown to respond preferentially to acetophenone,
but also to benzaldehyde at higher concentrations. Different cells show very dissimilar

affinities for acetophenone, but they are always more sensitive to acetophenone than to
benzaldehyde[216].

The combinatorial code can be observed in the MOB also, at the level of individual
glomeruli. The dorsal olfactory bulb is accessible with minimal surgical manipulation in
live individuals and it can be imaged while animals are presented with different odorants.
As observed at the receptor level, each odorant activated several glomeruli, and the same
glomerulus responded to different stimuli. Each ligand elicited a particular pattern of
activation that was different even with small changes in the chemical structure of the
compounds. Also, increasing concentrations of the stimulus resulted in the recruitment
of additional glomeruli that were not activated at lower concentrations, exemplifying the

differences in sensitivity for different ORs to the same agonist[217].

As OSNs expressing the same OR are scattered along a restricted portion of the
MOE, the neurones that respond to a particular odorant are also dispersed and inter-
mingled with non-responding cells. However, a much larger proportion of cells respond
to a given ligand compared to the number expressing a particular OR. Also, responsive
OSNs are not restricted to the epithelial zones of receptor expression; instead, they are
found in both dorsal and ventral portions of the MOE[218]. Consistently, the receptor
responses to its agonists are not dependent on the zone it is expressed. In the rI7—MT71
mouse, the CDS of the M71 mouse receptor was substituted for that of the rat I7 gene,
tagged with GFP. I7 is normally expressed in the ventral region of the epithelium but in
this transgenic mouse it is found in OSNs of the dorsal domain. Calcium imaging of the
fluorescent cells revealed that they were responsive to octanal, but not to acetophenone,
the ligand of M71. Therefore, the promoter controls the frequency and pattern of expres-
sion of the receptor in the MOE, but has no influence on its binding profile. Further, in

a similar mouse that expressed the mouse /7 receptor from the M71 locus, the responses
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recorded from these neurones were indistinguishable from those of OSNs expressing the
endogenous 17 gene, despite the drastic change in zonal expression[216]. The same was
observed with the M72 receptor, either expressed from its endogenous locus or from the
S50 (Olfr545) receptor locus, which is not only expressed in a different epithelial zone
but is a class I OR while M72 is a class I1[87].

The shift from a ventral to dorsal expression zone in the MOE results in a concomitant
shift in the position of the corresponding glomeruli to the dorsal MOB. Direct imaging
of the glomeruli in animals stimulated with octanal showed specific activation of the
rI7—MT71 glomeruli. Moreover, the glomeruli were innervated by mitral and tufted
cells and recordings from these confirmed the stimulatory activity of octanal. What’s
more, tracing experiments on tufted cells innervating the dorsal glomerulus revealed
connections specifically to the rI7—M71 medial glomerulus, thus linking the two halves of
the bulb. Therefore, rI7T—MT71 expression results in the creation of additional glomeruli
in an ectopic region of the bulb that, nonetheless, are responsive to the cognate ligand

and form the appropriate functional circuitry to convey the olfactory information[219].

The rat 17 receptor has been studied by many groups, using very different experi-
mental systems. All the data is consistent with the initial observations: it responds to
aliphatic aldehydes of backbone chains of 7 to 10 carbon atoms and octanal is its most
potent agonist. A thorough characterisation of the molecular range of this receptor has
been performed. Araneda et al.[220] screened 90 odorants, all closely related to octanal
in their molecular structure, each with changes in the length of the hydrocarbon chain
length, the functional group, side chain substitutions or the degree of saturation. This
strategy demonstrated that the aldehyde group is necessary but not sufficient for activa-
tion. As noted previously, the size was tightly discriminated, and only compounds with
7 to 10 carbons were agonists. There was, however, tolerance for substitutions along
the backbone, both in terms of double bonds and methyl groups and other substituents,
especially after C4. In the first three carbons, a double bond or a methyl group were

well accommodated by the receptor, but the presence of both abolished binding[220].
A similar approach was applied to mOR-EG (OIfr7%), an OR that responds to eu-

genol (EG). In this case, the benzene ring of eugenol was kept constant, while the
functional groups around it were systematically changed. Screening with these com-
pounds led to the identification of responses to vanillin and ethyl vanillin. Vanillin has
an aldehyde instead of the allyl group found in eugenol[215]. Various other molecules
with substituents at this position were also agonists at high concentrations, but charged

groups were not tolerated[215, 221]. The complete removal of any of the functional



50 Introduction

odorants concentrations receptors
3uM 10uM 30uM 100uM 300uM 1mM 3mM

~ . e o @ @® @® @O moREG

m
)
g o)

mOR-EV
os o @ @ mOREG
8 E% ' ' . ® mOR-EV
OH
[;r°\ ‘ " o @ @ mOREG
2 : o ’ ’ mOR-EV
vanillin ~, ¢ ¢ 0 @ © moREG
e . e @ mOR-EV
EV o/, o e @ mOR-EG
' ’ e o @ O nOREV
CHO
O~ : e @ @ mOREG
10 : ~ . MmOR-EV
"o : e @ @ mOREG
1 ' ' : . mOR-EV
o @) O O
0-25% 25-50% 50-75% 75-100%

& Qo S &

O~ O~ o ~ ©

~ CHO COOH CHO

1 2 3 4 5 6 7

Figure 1.14 — Molecular range of ligands for the mOR-EG and mOR-EV receptors. Two mouse OR genes
(mOR-EG and mOR-EV) were tested with a panel of odorants (at a range of concentrations) that are variations on
the structure of eugenol and vanillin, the ligands of these receptors. Components 1 to 7 did not elicit any responses,
while mOR-EG responded to 8-11 at high concentrations. Both ORs recognise vanillin but with differing sensitivities.
Republished with permission of the Society for Neuroscience, from [215]; permission conveyed through Copyright
Clearance Center, Inc.

groups along the benzene ring resulted in loss of activation. What’s more, the creation
of a stereoisomer by altering the double bond on the position of the allyl group also
abolished activity, despite this being a subtle change in molecular structure[215]. At
other positions, characteristics such as the size of the functional group were important,
and an absolute requirement for activity was the presence of an oxygen attached to the
benzene ring (Figure 1.14). In all, 22 compounds were able to activate mOR-EG, with

affinity values spanning several orders of magnitude[221].

A reciprocal experiment was also performed, whereby OSNs responsive to octanal
were screened to characterise the diversity of their activation profiles. While some neur-
ones showed similar profiles to 17, others were tuned to discriminate between molecules

that differed by just one extra double bond or were activated only by 8-carbon aldehydes.
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Among all these octanal-responsive cells, there was a continuum of responses; some cells
were broadly tuned to many different molecules and others were more selective to the
point of responding to octanal alone[222]. However, it is important to keep in mind
that how narrowly or broadly tuned a response profile appears depends on the stimuli
presented; many of the neurones that seemed to be very specific to octanal are most

likely activated by other molecules that were not tested.

With this in mind, a study selected a broad panel of odorants that comprised many
different chemical properties, molecular structures and perceived odour qualities. These
were grouped into 13 mixes containing structurally related compounds and used to
screen dissociated OSNs by calcium imaging. The results agreed with the notion that
most OSNs are narrowly tuned and responded to only one mixture. However, a small
number of OSNs were also remarkably broad in their response profiles, showing activation
by 5 to 12 different mixtures. Interestingly, it was also observed that different classes
of odorants activate higher numbers of OSNs than others; for example, the mixture
containing aldehydes elicited a response in 59% of all the screened OSNs, while the
amines activated only 15%. Furthermore, disparities were evident with the different
aldehydes themselves; octanal and decanal were able to activate around 40% of the
aldehyde-sensitive neurones, while other aldehydes activated only 2.5% of the population.
This could be the result of particular classes of ORs being more abundant within the
OSN sample; however, within the screened cells many different response profiles were

identified, suggesting the presence of distinct ORs[223], but this wasn’t verified.

The restriction to bind particular molecular motifs is the result of key interactions
between the odorants and specific amino acid residues within the binding pocket of the
receptor proteins. A computational model of the structure of mOR-EG was constructed
based on homology to another GPCR for which a 3D structure was available. Using
the knowledge of the responses to the different agonists screened[215, 221], 10 amino
acids in the binding region of the receptor were predicted to be functionally important
for the interactions between the receptor and the various ligands. Mutation of some of
these indeed changed the affinity for some molecules or completely abolished activity,
demonstrating their role in ligand recognition[221]. The importance of particular amino
acids has also been observed with naturally occurring variation. The mouse and rat I7
receptors differ in 15 amino acids, three of which are located in the putative binding
site. In contrast to the rat I7 which is most sensitive to octanal, the mouse receptor is
better tuned to detect heptanal and responds with less affinity to octanal. One amino

acid change is sufficient to dictate the specificity for either odorant[224].
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A similar situation arises with close paralogous OR genes within one species. For
example, the M71 and M72 genes are 96% identical and both respond with high affinity
to acetophenone[85, 216]. However, screening with a large number of odorants revealed
that M72 is activated by at least 14 other compounds, some of which also activate M71;
and M71 has robust responses to five other agonists, all of which elicit larger responses in
M71 than M72. Therefore, despite the great similarity between the receptors, the odour
profiles are clearly distinguishable between the two. Further experiments were performed
with the M71 receptor, with targeted changes at specific amino acids to reflect the ones
found at the same positions in M72. In one such case, a single change resulted in an
odour profile much more similar, but not identical, to M72 than M71. OSNs expressing
the mutated receptor formed new ectopic glomeruli, different from both the endogenous
receptors. A different mutation profile that altered 4 of the M71 amino acids to reflect
the M72 sequence, led to intermingling of the axons with the ones from OSNs expressing
the M71 endogenous receptor. The response profiles of the two types of receptors were
similar but some differences were evident; this implies that two distinct response profiles
can be mapped to the same glomerulus[87].

The importance of the physicochemical properties of the odorant molecules in the
interactions with ORs is indisputable. However, molecular shape is also an important
factor, and can be sufficient to alter the response profiles of the receptors. Enantiomers
are mirror images of one another, that are non-superimposable. A remarkable example
is that of (S)-carvone and (R)-carvone, which smell like caraway and spearmint respect-
ively, despite their identical chemical properties. Imaging of the MOB while pairs of
different enantiomers were presented to rats showed that some glomeruli were activated
by both isomers while others were specific to one member of the pair. The activation
patterns for enantiomers were more similar to each other than they were to other odor-
ants, but they were still clearly differentiable[225]. Consistently with this, at the level of
the OSNs, different subsets could be identified that were activated specifically by each
isomer, and some that were responsive to both[218, 226]. Such OSNs contained a variety
of different ORs[226].

1.3.2 Deorphanisation of olfactory receptors.

The identification of specific ligand-OR pairs has been slow and difficult. Until a few
years ago, only a dozen rodent ORs had been deorphanised[2]. Several approaches have
been developed, both in vitro and in vivo, with varying success rates. OSNs are the ideal

system to express the OR of interest, given that they are equipped with all the neces-
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sary machinery for the proper expression and trafficking of the receptors to the plasma
membrane, as well as the components of the signalling pathway to detect activation. In-
fection with an adenovirus carrying a vector for overexpression of an OR was successful
in identifying the first receptor-ligand pair and establishing its response profile[212, 220],
and was also used to validate results obtained by other methods. An alternative strategy
consisted on using dissociated —unmodified— OSNs in calcium imaging assays. This tech-
nique consists in loading the neurones with fura-2, a calcium indicator, that reports the
intracellular concentration of Ca?*. Since binding of ligands to ORs results in influx of
calcium into the OSN, it is an efficient way of measuring OR activity. The activated
OSNs can then be subjected to single-cell RT-PCR with degenerate primers for ORs,
to identify the specific receptor that has shown a response[69, 226]. With this strategy
Touhara et al.[227] identified the MOR23 OR, after screening cells with lyral, and then
corroborated the specificity of the interaction by the adenovirus technique. However,
PCR reactions on single cells fail very often and the possibility of contamination is very

high, which makes it necessary to demonstrate the interaction in an alternative system.

The generation of several mouse lines with ORs tagged with reporter genes facilit-
ated the identification of the population of cells expressing a given OR. These cells could
then be screened by calcium imaging with the a priori knowledge of the receptor being
interrogated. This strategy was used to uncover the binding of acetophenone by M71
and M72[85, 87, 216]. An alternative strategy exploited the marking of the glomeruli
innervated by the tagged receptors, to perform in vivo imaging of the MOB directly[228].
This methodology was used to deorphanise the MOR29A and MOR29B receptors, which
are 95% identical at the protein level. Specific signals could be identified upon stimu-
lation with aromatic odorants with phenyl ether groups; further studies on dissociated
OSNs by calcium imaging showed that both receptors were activated by guaiacol and
vanillin. However, some of the compounds that elicited responses in the MOB failed to
activate the OSNs in vitro[229]. Such discrepancies between systems had been observed
before[24, 228] and probably stem from the fundamental differences in which stimula-
tion is performed: in the in vivo methods, odorants are delivered in the vapour-phase
and with the mucus layer intact while in the other systems stimuli are delivered in an

aqueous solution.

More recently, the importance of the nasal mucus was directly tested. Nagashima
and Touhara treated the mouse mucus with different odorants and studied its com-
position after five minutes, by gas chromatography and mass spectrometry. Strikingly,

though perhaps not that surprising, some molecules were found to be rapidly metabol-
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ised. For example, 80% of the added benzaldehyde was converted to benzyl alcohol and
benzoic acid and more than 90% of the acetyl isoeugenol was transformed into isoeu-
genol. Overall, aldehydes and acetates were readily decomposed into other compounds
by the enzymatic activity of the mucus while the alcohols, thiols and ketones tested so
far have not shown any signs of conversion. Importantly, behavioural tests were used to
demonstrate that animals with intact mucus were not able to discriminate between the
initial odorant and its subcomponents; whereas animals that were treated with inhibitors
for the enzymes mediating the reactions were capable of distinguishing the compounds.
Thus, the enzymatic transformation of the initial odorants occurs fast enough to affect

the ligands that reach the OSNs and, consequently, the responses elicited[24].

The restriction to the dorsal MOB for in vivo imaging could be circumvented by re-
placing the coding sequence of dorsally expressed ORs by those expressed more ventrally,
thus shifting their glomeruli to the accessible dorsal bulb. However, all the strategies in-
volving the creation of transgenic animals are slow, expensive and low throughput[230].
Other approaches combining several of the above mentioned techniques have been used
to identify the ORs responding to a particular odorant. For example, Oka et al.[228]
exposed mice to eugenol, methyl isoeugenol and isovaleric acid while recording calcium
responses on the glomeruli of the dorsal MOB. Then, used retrograde labelling to identify
the OSNs innervating the activated glomeruli and, from them, performed RT-PCR to
isolate the responsive ORs. Shirasu et al.[231], however, were unlucky and unable to
identify muscone responsive glomeruli on the dorsal MOB, so they performed unilateral
bulbectomy to allow the visualisation of the medial bulb. This is still a restricted view of
a subset of the glomeruli but, in this case, revealed one to three glomeruli that responded
upon stimulation with muscone; these were highly specific to musk-like compounds and
failed to be activated by a varied range of other molecules. The specific ORs were then

identified by a combination of retrograde labelling and calcium imaging of dissociated

OSNs, followed by RT-PCR][231].
A final in vivo strategy was developed by McClintock and colleagues[232]. They

utilised a calcium and zinc binding protein, S100a5, to drive the expression of GFP.
This gene is transcribed in an activity-dependent manner[97] and, therefore, OSNs that
are activated by an odorant become labelled. Targeted mice were exposed to eugenol or
muscone, and their GFP population of OSNs was compared to that of animals treated
with vehicle alone. Microarray assays were used to identify the ORs that were enriched
after exposure to the odorants; this yielded three eugenol- and five muscone-responsive

ORs. The receptors for eugenol had all been previously identified though mOR-EG
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was not in the list. The muscone receptors contained the OR identified by Shiratsu et
al.[231] plus other candidates, one of which was confirmed in an in vitro heterologous
expression system|[232]. The lack of signal for the best characterised eugenol receptor
could stem from the high background noise level of microarrays; coupling this system to
more sensitive transcriptional profiling methodologies, such as RNAseq or NanoString
nCounter, could improve the results. Such a methodology has the potential to uncover a
more complete catalog of all the receptors activated by a particular ligand in a realistic
in vivo delivery setup. However, it represents a low-throughput, timely and expensive

strategy for deorphanisation.

The most popular strategy of all is, undoubtedly, the use of heterologous systems to
express the ORs and then directly screen for activity-induced responses. This strategy
is fast, cheap and suitable for parallelisation to screen many receptors against many
ligands at the same time. However, it has proven difficult to successfully express ORs in
cells other than OSNs. Most approaches have used human embryonic kidney (HEK293)
cells transfected with a construct carrying the OR and a Gays generic G-protein subunit
for coupling. Additionally, a reporter such as luciferase is included, under a cAMP
response element (HEK293 cells endogenously express an adenylyl cyclase), to visualise
the activation of the OR. Alternatively, a calcium imaging approach with fura-2 has
also been implemented[230]. The trouble with expressing ORs in heterologous systems
is that most receptors never reach the plasma membrane. Rhodopsin, a GPCR that is
part of the class of receptors most closely related to ORs, could successfully be expressed
and localised to the membrane of HEK293 cells. Therefore, Krautwurst et al.[224] fused
the 20 N-terminal amino acids of this protein (Rho tag) to the OR constructs, which
enhanced proper expression of the receptor protein at the plasma membrane. Using this
strategy, they were able to identify receptors that responded to carvone, citronellal and
limonene. A different approach consisted of adding a cleavable influenza hemaglutinin
signal (IHS) sequence at the beginning of the OR CDS; this was similarly successful
for the expression of the receptor responsive to 2-heptanone and other 2-ketones[233].

However, addition of these tags was not enough for proper expression of other receptors.

Tracing studies revealed that, in HEK293 cells, the translated OR proteins were
retained in the ER and failed to translocate to the Golgi apparatus, probably because
they were misfolded. In the ER, the receptors were polyubiquitinated and targeted for
degradation by proteasomes, or formed aggregates that were degraded by autophagy
[234]. Therefore, several groups searched for chaperones or other accessory proteins
present in OSNs that were lacking in HEK293 cells. This led to the dicovery of receptor-
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Figure 1.15 — In vitro expression of ORs in Hana3A cells. HEK293 cells stably expressing Gags, RTP1S,
RTP2 and REEP1, called Hana3A cells, are able to express a construct containing an OR gene and translocate it
to the membrane with better efficiency than other systems. A luciferase protein is under the control of a cAMP
response element (CRE). Upon activation of the OR with a ligand, ACIII is activated and produces cAMP, which
in turn activates the transcription of the luciferase and the production of luminescence. Figure from [230].
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transporting protein (RTP)1 and RTP2, as well as the receptor expression-enhancing
protein (REEP)1. All these are specifically expressed in OSNs and are able to interact
with OR proteins. When co-transfected into HEK293 cells, the ORs were translocated
to the plasma membrane and luciferase signals could be recorded[235]. To facilitate
deorphanisation tasks, a HEK293 cell line was established that stably expresses Gay,
RTP1, RTP2 and REEP1, and was called Hana3A[235]. Further studies later identified
a shorter isoform of RTP1, named RTP1S, that is much more potent in promoting OR
expression[236]. Also, Ric-8b was shown to enhance the ability of Gayr to induce cAMP
production in heterologous systems[237] (Figure 1.15). RTP1S, along with RIC8B and
the Rho tag act synergistically to maximise the luciferase responses in HEK293 cells[236].

Several combinations of all these different factors have been employed to deorphanise
several receptors[215, 221, 222, 224, 229, 231, 238], alone or in combination with some
of the other in wvitro or in vivo techniques mentioned above. Nearly all have used the
addition of a tag, which might affect the binding specificity of some receptors. Recently, a
cleavable signal peptide was shown to promote surface expression of ORs, in combination
with the trafficking proteins. Given that the tag is cleaved, the final receptor protein
is virtually intact and should provide more reliable responses[239]. Another variable
between studies is the Ga subunit used; initially, generic Gays or Gagg subunits were

used, whereas later, Ga,y became more popular. Comparison of the responses obtained
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by using either of these, demonstrated that the odorant response profile can be modified
depending on which subunit is used[240]. Therefore, adhering to Gayy, the subunit
present in OSNS, is preferable.

Higher rates of surface expression of OR proteins has made possible some large-scale
deorphanisation efforts. Saito et al.[238] cloned a couple hundred mouse and human OR
genes that cover the different subfamilies of the repertoire, and screened them against
a panel of 93 odorants that represent varying functional groups, sizes and structures.
Specific and reproducible responses could be obtained for a quarter of the screened
mouse ORs and 4% of the human receptors. Taken together, the interaction matrix
confirmed previous observations; different ORs show varying breath of tuning, with some
responding to many odorants with dissimilar molecular structures, while others respond
only to closely related compounds. Stimulation with enantiomers resulted in differential
activation patterns. The agonists for class I versus class II receptors only differed in
that the former tend to be more hydrophilic, which is consistent with their evolutionary
origin in fish[238]. A similar study later on revealed an additional 27 receptor-ligand
interactions for human ORs[241]. High-throughput studies like this one, allow a more
comprehensive characterisation of the combinatorial code of olfactory coding, and further
understanding of the rules governing the receptor-odorant interactions. The main caveat
is that, for some odorants, the presence of mucus and an air-based delivery system might

change considerably the activation profile[242, 243].

1.3.3 Antagonism.

Antagonists are odorants able to bind to ORs without activating the signal transduction
pathway. As such, they compete for binding with agonists and can block their response.
An example for the mOR-EG receptor was identified; when stimulation was performed
with both eugenol and either methyl isoeugenol, isosafrole or oxidatively dimerised isoeu-
genol (a compound found in isoeugenol that has been stored for prolonged periods), no
activation of the receptor could be recorded. The suppression of the response was due
to competitive binding, since presentation of higher concentrations of eugenol versus the
antagonists restored the activity.

Given that both agonists and antagonists bind the same receptor, they tend to
have related structures and molecular properties. Exploiting this reasoning, Peterlin
et al.[244] screened the 17 receptor with a set of compounds related to octanal and iden-
tified those that failed to elicit a response. When these were tested in conjunction with

octanal, many were able to abolish the activation of the receptor, demonstrating their
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antagonistic nature. This is particularly important, given that many screening efforts
have grouped structurally related odorants into mixtures that are then applied to the
receptors; only when a mixture elicits a response, the individual odorants are tested
separately. The presence of both an agonist and antagonist might be the source of a

high false negative rate in this strategy[230].

1.3.4 Adaptation and desensitisation of olfactory sensory neur-

ones.

The sense of smell encounters complex mixtures of odorants. Perception is dependent
on the different molecules involved, their particular concentrations and the relationships
between them and the available receptors for activation. Additionally, OSNs respond to
the same stimuli differently depending on previous experience, due to a process called
odour adaptation. This mechanism allows the modulation of olfactory responses to
ensure maximal sensitivity is achieved across time, and prevents the saturation of the
system so that different odorants can always be detected. Adaptation is observed as
a decrease in the elicited response by an odorant when it is presented repeatedly or
when maintained as a constant stimulant. The process is reversible and normal activity
levels are regained after the stimulation ceases. Adaptation is achieved by removing the
OR proteins from the plasma membrane, by downregulating the expression of the OR
gene and by reducing the activity of different signalling components in the transduction
pathway[245].

Calcium influx through the CNG channels is a key step in the signalling pathway,
both by its role in generating the action potential and as a regulator to allow odour
adaptation. For the latter, it often couples to the calcium-binding protein calmodulin
(CaM). The mouse CNG channel is composed of three different subunits: CNGAZ2,
CNGA4 and CNGA1b. In the resting OSN the cytoplasmic concentration of Ca?* is low,
and CaM binds the CNGA4 and CNGA1b subunits in its Ca?*-free form, also referred to
as apocalmodulin. These two subunits have CaM binding sites for the interaction. When
an OSN is activated and Ca?* ions enter the cell, rapid association with apocalmodulin
lowers the affinity of the CNG channel for cAMP, leading to a shift back to its closed
state[246] (Figure 1.16). Both CNGA4 and CNGA1b CaM binding sites are necessary
for the rapid modulation by Ca?t-CaM|[247]. The desensitisation of the CNG channel
by Ca?*-CaM is necessary to achieve a rapid termination of the response in OSNs; if the
Ca?"-CaM modulation is abrogated by mutating the binding site in CNGA1b, OSNs
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have much slower decay rates after stimulation[248].

Ca?T-CaM is also able to stimulate PDE1C, a phosphodiesterase highly expressed in
OSNs. Upon the calcium rise and its association with CaM, PDE1C hydrolyses cAMP
several fold more efficiently, also contributing to the closure of the CNG channels[249].
Furthermore, Ca?"-CaM activates CaM kinase II (CaMKII), which is able to phos-
phorylate ACIII and stop the generation of cAMP[250] (Figure 1.16). In OSNs treated
with CaMKII inhibitors, the onset of adaptation is reduced and the recovery occurs
faster[251]. All these different processes are activated with the calcium rise, to block
the transduction pathway at different levels and inhibit further action potentials from

occurring to the same stimuli.

The inhibition of responses to repeated or continuous stimuli also includes targeting
of the OR proteins directly. Odorant stimulation provokes the localisation of the GPCR
kinase 3 (GRKS3, also known as SARK2)[252] and the cAMP-dependent protein kinase
A (PKA)[253] to the plasma membrane. In here, they associate with the ORs and phos-
phorylate them|[253], which in turn makes them targets for S-arrestin2[252, 253] (Figure
1.16). Blockage of GRK3 results in higher levels of cAMP upon odorant stimulation[252]
and also avoids the decline in the activation response, considerably slowing down the
termination kinetics[254]. The activated receptors, targeted by [-arrestin2 are then

engulfed by clathrin-coated vesicles and internalised, impeding them from further inter-
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Figure 1.16 — Adaptation of OSNs to repeated stimulation. Upon stimulation of an OSN, Ca?* influx
induces adaptation by regulating the activity of key players in the signal transduction pathway. Ca?t bound to
calmodulin (CaM) interacts with the CNG channel and diminishes its affinity for cAMP to shut it down. Also, it
interacts with phosphodiesterase 1C (PDE1C) to increase the hydrolysis of cAMP. In conjunction with the Ca?*-
calmodulin-dependent kinase type II (CaMKII), the activity of ACIII is diminished. Additionally, the OR proteins
are phosphorylated by protein kinase A (PKA) and the G protein-coupled receptor kinase (GRK) which makes
them targets of B-arrestin. These are then internalised to avoid further interactions with the ligands. Adapted by
permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience ([47]), copyright (2010).
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action with ligands. This trafficking is strictly dependent on the proper phosphorylation

of the receptor proteins, which is necessary for S-arrestin2 binding[253].

1.3.5 From detection to perception: impact of functional vari-

ation.

The strategy employed by the olfactory system to recognise millions of different odorants
is based on the creation of a large and diverse set of receptors that can accommodate the
structural diversity of ligands into a combinatorial code. The expansion of the OR rep-
ertoire has occurred through constant duplication and diversification events[54-57, 61].
Copy number variants (CNVs) are a form of structural variation usually defined as the
deletion or duplication of a genomic segment greater than 1 kb. Not surprisingly, the
catalogue of CN'Vs among human genomes is enriched for OR genes[255]. Several groups
have analysed the CNVs affecting ORs in diverse sets of individuals, ranging from only a
couple dozen to several hundred. On average, one third of the OR repertoire is affected
by CNVs, without distinction between genes and pseudogenes[255, 256]; however, if only
deletions are analysed, there is a greater number of pseudogenes affected (9.5 pseudo-
genes versus 3.8 genes per individual) and this is even stronger for homozygous deletions
(3.9 versus 0.4 per person)[257]. The variation events tend to cluster in hotspots, which
suggests that large deletion and duplication events, including several receptor genes, are
common[256, 257]. Analysis of 150 genomes from the 1000 Genomes Project (1000GP)
data revealed 313 copy-number variable loci involving OR, genes. These included similar
numbers of deletions and amplifications, which ranged from 3 up to 9 copies for a given
ORJ[257]. Whereas the effect of additional copies of a particular receptor is not obvious,
deletions are likely to influence the detection of their preferred ligand, at least for those
odorants detected by a relatively small number of ORs. In all studies, a quarter to
over half of the individuals analysed harboured at least one homozygous deletion and,
in some, there were as many as four[256, 257].

The evolution of the OR genomic architecture is an ongoing process. As such, a
considerable proportion of receptors with deleterious mutations are found segregating
between their intact and pseudogene forms in the population. Some pseudogenes have
only one disruption in their ORF, suggesting they are recent events. When these were
genotyped in several people, up to half were found to be indeed segregating pseudogenes
(SPGs)[258, 259]. What’s more, when all SNPs, small indels and structural variants were

taken into account, 59% of the receptors annotated as intact were SPGs. On average
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each individual had 35 interrupted alleles, 11 of which were homozygous disruptions.
Overall, the data analysed indicated that every person has a different combination of

intact and pseudogenised alleles[260].

One such SPG has been directly linked to a specific anosmia to the compound isova-
leric acid (IVA). Menashe et al.[261] tested the detection threshold of four odorants in
377 individuals; additionally, they genotyped the participants for SNPs that result in loss
of function alleles for 52 OR genes. A strong association was evident between a SNP in
OR11H7P and the sensitivity to IVA. Individuals carrying two copies of the pseudogene
form of this receptor were only able to detect it at high concentrations. Consistently, in
vitro experiments confirmed the interaction between the intact form of OR11H7P and
IVA at a wide range of concentrations; also, the two neighbouring receptors responded
to IVA at the highest concentration tested, but not at lower thresholds[261]. The insens-
itivity to IVA had already been observed, thirty years before, in a different species. Two
C5H7BL strains of mice were shown to be anosmic to IVA whereas many other laboratory
strains could readily detect it[262]; and the phenotype was later on linked to a locus in

chromosome 4[263|, which contains a cluster of OR genes|[55].

As mentioned previously, a single amino acid change can shift the receptor’s affinity
for different odorants[224]; further accumulation of additional mutations eventually res-
ults in the ability to bind a different set of ligands[87]. This phenomenon is evidenced
when the agonist profile of orthologous ORs in different species is compared to that of
the paralogous receptors in a given species. A comparative study selected deorphanised
human ORs and identified the orthologous receptors in the chimpanzee and macaque.
Similarly, deorphanised mouse ORs were compared to their rat counterparts. When
tested in a heterologous system, the orthologous receptors responded to the same set of
agonists 82% of the time. In contrast, the paralogous human ORs, pertaining to the same
subfamily, responded to the same ligand only 33% of the time. Interestingly, orthologs
consistently showed differences in affinity, with some receptors being more sensitive to
the same ligand in particular species[264], in line with what was observed for the mouse
and rat I7 receptor in response to octanal[224]. Thus, differences in perception are not
accounted by loss of function mutations alone, but are also influenced by variation that
modifies the sensitivity of the functional receptors.

SNPs and small indels are crucial to generate diversity in the receptor repertoire,
not only to allow divergence of paralogs, but also to create variable alleles of the same
receptor. Mainland and colleagues mined the 1000GP data and found that the ORs

annotated as functional receptors in the human reference genome had a median of five
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different alleles at a frequency of 1% or greater. In fact, less than 5% had a unique allele.
What’s more interesting, is that when they tested 46 different alleles for 16 OR genes,
63% of the receptors with polymorphisms had differences in their in wvitro responses
to agonists. When this was compared to the 1000GP data, it indicated that any two
individuals carry alleles that respond differently to a given ligand at over 30% of their
OR intact repertoire[241]. Several examples exist of associations between particular ORs
and SNPs that alter their affinity for their ligands; most of the work has been carried out
in humans, because of the ease to ask participants to rate the intensity and/or valence
of a given odorant. OT10G4, for example, binds with highest affinity guaiacol; a set of
individuals were asked to rate the intensity of a solution of this odorant and their scores
were correlated to the alleles they carried for this gene. There were four alleles with a
minor allele frequency higher than 4%, and each was tested in vitro; two of the alleles
had significantly lower affinity for guaicaol and, consistently, participants carrying these

alleles rated the odorant less intense and more pleasant[241].

The advent of genome wide association studies (GWAS) has allowed the identifica-
tion of links between genomic variation and many phenotypic traits and diseases. Much
earlier studies had already suggested that the ability to detect certain odorants was
heritable. For example, inspection of the pedigrees of 36 families bearing individuals
that were unable to detect the musk pentadecalactone revealed that this trait was in-
herited as a simple recessive autosomal character[265]. Thus, association studies have
been useful to identify OR variation that influences perception of certain odorants. In
some remarkable cases, a single variant has been able to explain almost all the variation
in sensitivity to a particular odorant, whereas in other, the contribution of one receptor
is relatively small. In the case of f-ionone, a nonsynonymous SNP in the OR5A1 re-
ceptor can explain 96.3% of the variation in perception of this compound. The detection
threshold in the population spans five orders of magnitude and is bimodally distributed;
the sensitive allele is dominant[266]. In contrast, variants in OR2J3 affect the affinity of
this receptor for cis-3-hexen-1-ol (the smell of cut grass), and they explain only 26.4%
of the phenotypic variance. There are several haplotypes in the population for this OR,
each conferring a variable sensitivity threshold. In heterologous systems, it was shown
that two of the SNPs reduced the affinity of the receptor and, when together, completely
abolished binding; subjects carrying both mutations had significantly higher threholds
of detection[267].

Another example of specific anosmia is that to the compound androstenone, which

is produced by male pigs and can be found in pork of fertile males[268]. The ability to
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smell this odorant is also heritable[269], and is influenced by the sequence of the OR7D/
gene. Some individuals carry two nonsynonymous SNPs in linkage disequilibrium that
abolish binding to androstenone in vitro[270]. Consequently, the people that carry one
or two of these insensitive alleles, were much more less able to detect the odorant, and
they rated it more positively. Whereas the sensitive-allele carriers described the smell as
urine-like or sweaty, people with insensitive alleles would refer to it as sweet and vanilla-
like[268, 270]. What’s more, it could be demonstrated that the genotype of participants
tasting meat samples with varying concentrations of androstenone influenced how much
they disliked the products[268]. This was also observed for [-ionone, when added to
products as different as chocolate, fruit juice or household fragrances. There was a
clear correlation between the sensitivity of their receptor alleles and their likeness of the

products, demonstrating a direct influence on perception and consumer preferences[266].

Overall, it is clear that the combination of active and inactive receptors each of us
carry influences our abilities to detect different odorants. Furthermore, the combinations
of functional alleles determine the sensitivity to many other compounds and influence our
perception and behavioural responses to them. The great variance in the composition
of each person’s receptor repertoire results in an individualised sensory experience and
implies that each nose smells the world differently[241, 260, 271] (Figure 1.17).

Figure 1.17 — Individualised OR repertoire leads to unique perception. Around 30% of the OR repertoire is
different between any two individuals. The different ORs expressed in each nose are represented as coloured shapes.
Each individual shares different receptors with different people and some individuals lack particular receptors. Some
receptors shared by different people have variation that can alter their affinity to their ligands (such as the solid
shapes, compared to the ones filled in white). The particular combination of ORs in each person’s nose lead
to a unique perception of the olfactory world. Reprinted by permission from Macmillan Publishers Ltd: Nature
Neuroscience ([272]), copyright (2014).
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1.4 Plasticity of the olfactory system.

The olfactory system is constantly surveying the environment and conveys a lot of in-
formation about it. Animals are capable of associating olfactory cues with different
objects and situations, and every encounter is an opportunity for learning what all
those odorants mean. The constant addition of newborn neurones to both the MOE
and the MOB, represents an opportunity to shape and refine the set of receptors and
their associated circuits in the brain; this allows maximisation of information coding
and adaptation to the particular niche the animal lives in. Adult neurogenesis is well
characterised in mammals and occurs only in two brain areas: the subgranular zone
of the dentate gyrus in the hippocampus and the subventricular zone (SVZ). Adult
neurogenesis slows down as animals age. Neuroblast progenitors generated in the SVZ
migrate along the rostral migratory stream (RMS) until they reach the olfactory bulb.
Once in there, they migrate radially to integrate into the different MOB layers, where
they mature into inhibitory interneurones, specifically granule and periglomerular cells.
These inhibitory interneurones wire to mitral and tufted cells to regulate the processing
of olfactory information. However, only around half of the produced neurones survive
for more than a month[33, 273], which might reflect the difficulty to integrate into an

already developed network.

The correct integration and survival of newborn neurones are influenced by activity-
dependent mechanisms. Elimination of sensory inputs by unilateral naris occlusion
(UNO) resulted in a decrease in the number of newborn interneurones that integrated
into the the MOB. This effect was specific to the period when neurones were 14 to 28 days
old. Deprivation before or after this had no effect, indicating that there exists a critical
period when sensory activation is crucial for the survival of the new neurones[274]. In
opposite experiments, animals were either constantly exposed to varied olfactory stimuli
during 40 days[275, 276], or trained in an olfactory association learning task[277], and
this resulted in an increased number of newborn neurones present in the MOB, measured
by BrdU positive cells. Since the rate of neurogenesis was not affected, the difference was
due to enhanced survival[275-277], which was also supported by an observed decrease

in apoptotic cells[278].

Stimulation with odorants results in the expression of immediate early genes (IEGs),
which are turned on upon electrophysiological activation. Expression of such genes could
be detected in a quarter of newborn neurones after presentation of eight sets of three

novel odorants each; this implies that these cells were responsive and had integrated
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into the network that processes olfactory information. Responses to novel odorants, as
measured by expression of IEGs, could be detected at least up to four months after
the birth of the neurones. However, the percentage of responding cells decreased with
increasing neurone age. Interestingly, if the animals were constantly stimulated, the

number of activated newborn neurones remained high[279].

In control conditions, a high proportion of the newborn neurones that reach the
MOB die after a few weeks[277]. However, when animals learn to associate an odorant
with a reward, some of these new neurones are used to encode such information, and
their survival depends on the ability to retain the information. Animals trained in this
behavioural paradigm during five days, were able to remember the association after five
days post-training, but not after 30 or 90 days. At five days, a high proportion of the
newborn cells were activated upon recall of the association, suggesting that they were
actively involved in learning the task. The number of surviving newborn neurones was
higher at 5 days post-training, and remained high at 30 but drastically decreased at 90.
Even though animals were not able to remember the task 30 days after training, when
they were re-trained they learned it much faster, suggesting the task was partially pre-
served; this was not achieved at 90 days, when the neurones had already died. Further,
treating the animals with a drug that enhances learning, resulted in retention of the
task both at 30 and 90 days post-training and, consistently, the number of surviving

neurones remained high[280].

Therefore, a model emerges in which newborn neurones arriving to the MOB are
recruited to encode an olfactory learning task, but when the task is forgotten the neur-
ones die. This was directly tested by erasing the olfactory memory by following the
olfactory conditioning with a visual conditioning paradigm, while randomly presenting
the olfactory cue. These animals were not able to remember the olfactory association
and had a decreased survival rate of newborn neurones, compared to animals that were
able to remember. What’s more, when cell death was pharmacologically blocked, the

olfactory memory was retained along with the newborn neurones involved|[281].

Activity dependent stimulation therefore seems to enhance the survival of the newly
arriving cells to the MOB. Many studies have corroborated that such enhanced survival
correlates with better performance in olfactory learning and discrimination tasks. For
example, Mandairon et al.[261] found three pairs of odorants that were similar to each
other, such that mice failed to differentiate between them. Animals were exposed to
one pair of these odorants for 20 days and tested again. The animals in the enriched

environment were able to discriminate all three pairs of chemicals, even though they were
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presented only one during training. The authors hypothesised that this was because the
different odorant pairs activate overlapping parts of the MOB and, therefore, stimulation
with one pair impacts the responses to all of them[282]. Similar results were obtained
when instead of a passive presentation of the odorants, the animals were subjected to a

forced-choice discrimination test[283].

The enhancement of olfactory learning and neurone survival by odour enrichment
is dependent on the paradigm used. A study compared the effects of presenting a
different odorant every day, versus using a mixture of all different odorants. The authors
hypothesised that novelty was important to achieve the observed effects; indeed, the
group that received the same complex mixture of odorants every day performed at the
same levels as control animals, in a two-trial recognition test, while the group that was
exposed to a different odour every day showed enhanced olfactory memory. Consistently,
only the latter group had an increased proportion of newborn cells[284]. Another group
used a similar reasoning to propose that social isolation results in olfactory monotony
and showed that singly-housed mice are unable to recognise an individual that was
presented 24 hours before, while group-housed animals had no trouble remembering it
as familiar. To demonstrate that this lack of social long term memory was the result
of a lack of olfactory stimulation, they enriched the environment of the singly-housed
animals with either fruit essences or soiled bedding. The animals stimulated in this way

performed as well as group-housed mice in social recognition tasks[285].

In the MOE there is also a constant turnover of the OSNs. Such a process opens
a door to tailor the constituents of the overall neural population, to adapt to the en-
vironment and maximise the appropriate detection and downstream responses to the
odorants that are encountered. Such an example was presented in 1993 by Wang and
colleagues, that demonstrated that mice that are unable to detect androstenone or iso-
valeric acid at low concentrations, could enhance their sensitivity by repeated exposure
to those compounds[86]. The mechanisms behind such sensitisation are now starting to
be unraveled. It has been demonstrated that the stimulation of an OSN type with its
cognate ligand retards its apoptotic cycle. For these experiments, mice were infected
with an adenovirus carrying the OR [7 and GFP, and then were exposed to octanal
for six weeks. The animals that received octanal stimulation had a much larger num-
ber of GFP™ cells compared to unstimulated controls, suggesting that these cells had
survived longer. Further, this effect was specific to OSNs expressing 17[286]. This pro-
cess was mediated by the expression of Bel2, an anti-apoptotic factor, mediated by the
MAPK/CREB and PI3K/Akt pathways upon odorant stimulation[286, 287].
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Complementary experiments have induced generalised OSN apoptosis to determine
what factors can stimulate survival even in such conditions. Removal of the olfactory
bulb causes the death of all OSNs by depriving them from trophic support. Such an
operation can be performed in one half of the bulb only, and the intact side serves
as a control. Mice were exposed to several single and complex odorants for two days
and then unilateral bulbectomy was performed; interestingly, a population of OSNs
remained in place, while all neurones were lost in controls. To demonstrate that the
neurones surviving were those that were stimulated by the presented odorants, the same
experiment was done by infecting with the 17 adenovirus and stimulating with octanal;
as expected, the I7 expressing neurones survived after the operation, but only if the

odorant presented was octanal[286].

A similar approach exploited the expression of endothelin in OSNs, another anti-
apoptotic factor. Rat pups were treated with an antagonist for the endothelin receptor,
thus blocking its effects and increasing the apoptosis of mature OSNs. These animals had
reduced EOG recording responses to odorants; however, the pups were still able to detect
and locate their mother odour, suggesting that the OSNs involved had survived. Indeed,
when the pups were treated with octanal, many more [7-expressing neurones survived,
once more indicting that active neurones have enhanced survival, even in conditions of
induced apoptosis|[288].

Another indication on the importance of activity for OSN survival came from the
Cnga2 KO animals. As explained earlier, this gene is an essential component of the
CNG channel that allows calcium entry to the OSN upon odorant stimulation. Without
a functional CNG channel, neurones are not able to fire action potentials. Since Cnga2
is located in the X chromosome, heterozygous females contain a mosaic population of
OSNs expressing either the functional or the knocked-out version of the gene, depending
on X chromosome inactivation. In young animals this was indeed the case and both
populations of neurones projected axons to the MOB. However, the OSNs lacking Cnga2
were progressively depleted and adult animals contained only neurones expressing the
functional Cnga2 allele. Interestingly, when odorant stimulation was blocked by UNO
both types of OSNs remained in the MOE. This suggests that in competitive conditions,

odorant-evoked activity is necessary for the survival of OSNs[289).

On the other hand, UNO experiments on wild-type mice have shown that OSNs
expressing different ORs are affected disparately by the deprivation of stimulation. 15
ORs were assessed by in situ hybridisation in both the occluded and open sides of the

nose; half of the genes were found more frequently in the occluded side, but some were
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also less represented and others did not change[290]. A microarray analysis also found
that the general trend was for ORs to be upregulated by sensory deprivation, along
with essential components of the signalling pathway[291]. A confounding effect in these
studies, however, is that the occluded side not only is devoid of odorant stimulation, but
also of pathogens and general insults that would, in normal conditions, have an impact

on the shaping of the neuronal population.

A recent study provided insight into a molecular mechanism behind enhanced OSN
survival by olfactory stimulation. Santoro and Dulac identified a histone variant, H2BE,
that replaces the canonical version (H2B) specifically in the sensory neurones of the
MOE and VNO. The expression levels of H2BE in each OSN varied widely and were
correlated to the OR expressed by the neurone. By studying both a knock-out and an
overexpression mouse model, the authors identified a correlation between the levels of the
histone variant and the life span of the OSNs: those neurones that expressed low levels
of H2BE lived for longer periods than the OSNs with high H2BE expression. What'’s
more, the levels of H2BE were determined by the activity of the OSN. Therefore, those
neurones that were constantly activated by their cognate ligand, had reduced H2BE and
survived for longer in the MOE. Over time, this results in an enrichment of active OSNs
and a depletion of inactive OSNs in the population. Such a mechanism may also explain
the results observed in the UNO experiments; whether an OR goes up or down on the

occluded side correlates with its initial levels of H2BE expression[292].

A couple of studies have shown contradicting evidence to the data presented above.
Cavallin et al.[293] found that UNO decreased the number of OSNs expressing M72, but
this was also the phenotype after exposing the animals to acetophenone (the ligand for
M72) for a month. Similarly, exposure during three weeks to lyral, the ligand of MOR23,
resulted in a decrease of 70% in the population of OSNs expressing such receptor[294].
More puzzling was the fact that the reduced number of cells that remained in the MOE
of treated animals expressed higher levels of both the receptor mRNA and protein. Thus,
the global levels of MOR23 across the whole MOE were not changed, but the number of
OSNs was. These results, however, were specific for MOR23, since exposure of animals
to acetophenone did not alter the number of cells expressing M71 or the levels of receptor
mRNA per cell[294]. It is difficult to compare these results to the other studies, since
each uses a different exposure paradigm; the concentration of the odorant, the time
course of the experiment, how often and for how long the odorant is presented, etc. are

all different between studies.

Nonetheless, a robust body of evidence supports a model where active OSNs have
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enhanced survival, which leads to their enrichment in the overall neural population of the
MOE. This could result in more efficient detection and processing of those odorants that
are constantly encountered by the animal. These data suggest that the system is plastic

enough to adapt to changes in the environment and the presence of novel odorants.

The present dissertation contains the results from the development of a technique, based
on high-throughput RNA sequencing (RNAseq), to profile the expression of the complete
receptor repertoire of the MOE and VNO of mice. I will first present evidence on the
suitability of this technique to profile the transcriptome of the mouse olfactory system,
and how it compares to other established technologies. Then, I will show the application
of the technique to decompose the transcriptome of the MOE, from the whole tissue to
single OSNs. Finally, I will present evidence on the mechanisms behind the regulation
of the expression of the complete OR repertoire, based on data from wild-type mice of

different gender, strain or exposed to different olfactory environments.






Chapter 2

The transcriptome of the mouse

olfactory system.

Some of the material presented in this chapter has been previously published in reference [295]. I confirm

the work is my own unless otherwise stated and I have ownership of the copyright for its reproduction.

Much is known about the structure and composition of the MOE and VNO, and of
the essential components expressed by their sensory neurones to achieve olfactory detec-
tion and signalling. Much less understood is the transcriptional profile of these tissues
and their individual components, how specialised they are and whether transcriptional
differences can account for observed disparities in olfactory-mediated behaviours. On
the study of the olfactory system, the sensory neurones are, undoubtedly, the most in-
teresting component, given their role in signal detection and information processing.
The regulation of the characteristic expression pattern of the receptors —-monogenic and
monoallelic— is still incompletely understood. Not surprisingly, a lot of work has been
carried out to tackle the fundamental questions regarding receptor expression and reg-

ulation.

The sequencing of the mouse genome allowed the use of computational methods
to search for the the complete repertoire of OR and VR genes, based on homology
searches with the few dozen experimentally obtained sequences from rat and mouse
sensory neurones|58, 65]. Recent analyses of the mouse genome have identified 1,130 OR

genes with an intact open reading frame (ORF) and an additional 236 pseudogenes[296].
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In the case of VR genes, there are 392 V1R genes (239 intact)[136] and 279 V2R genes
(158 intact)[65]. If all these receptor genes are indeed true ORs and VRs, they should
be expressed in the MOE and VNO respectively. Expression of several OR genes has
been detected in other tissues, and some have been shown to play a role in functions
other than olfaction, such as sperm chemotaxis[297, 298]. While some can have both
olfactory and non-olfactory functions, others might be specifically expressed outside the

olfactory system and should not be considered part of the receptor repertoire.

The study of the expression of receptor genes has been a daunting task for several
reasons. First, there is a very large number of genes to analyse; this makes approaches
such as in situ hybridisation slow and labour intensive. Secondly, both ORs and VRs
tend to have close paralogous sequences; in some cases, two receptors can be nearly
identical which makes their discrimination challenging. And third, each receptor is
expressed in only a small subset of the cells from the whole population found in the tissue,

which leads to very low expression levels when analysing total tissue RNA samples.

The expression of a few hundred receptor genes has been confirmed by in situ hy-
bridisation assays. In an effort to produce a high-throughput approach, Firestein and
colleagues developed custom microarrays containing probe sets for the majority of the
annotated OR and VR sequences available at the time. For the ORs, the Celera mouse
genome was used, one of the earliest versions available; since then, the OR repertoire
has changed considerably and many receptors have been identified as artefacts of as-
sembly errors. In the case of the VR genes, a more recent assembly of much better
quality was used. For both OR and VR genes, probes were designed based on com-
putationally predicted 3’ untranslated regions (UTRs) for two reasons: the array is
biased to detect this portion of the transcripts, and UTR sequences tend to be more
variable compared to the CDS. However, no evidence of the accuracy of these predic-
tions was provided[299, 300]. Despite all these drawbacks, the authors reported that 817
(62.55%) of the ORs represented in their array were enriched in the MOE compared to
the VNOI[299]; and 168 (54.5%) and 98 (32.1%) V1R and V2R genes respectively were
expressed in the VNO[300]. These studies represent the highest number of receptors

with validated expression in their cognate tissue.

Microarrays have the advantage of providing space for thousands of probes; this
makes it possible to interrogate all the genes annotated in the genome at the same time
in a given sample. The high-throughput character of microarrays made them a very
popular technology and have been widely used in different species, tissues and experi-

mental designs. Yet, they have several limitations. First, microarrays suffer from high
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background levels of hybridisation, that is, signal is recorded irrespective of the presence
of a transcript; this makes them less sensitive to accurate estimation of gene expression
levels, especially for lowly expressed genes where it becomes difficult to differentiate true
signal from background. Secondly, some probes are more efficient than others in their
hybridisation efficiency. Third, probes for genes with close paralogs can cross-hybridise,
also making their accurate detection problematic. And fourth, the information obtained
with the array is limited to known genes and relies on the correct annotation of the

genome; thus, any novel genes cannot be detected[301].

A different technology, the NanoString nCounter platform, allows the simultaneous
quantification of expression levels for hundreds of genes. Even though it does not provide
genome-wide coverage, the sensitivity of the assay is much greater, especially for lowly
expressed genes that can not be detected accurately by microarrays. This technology is
based on the design of two probes for each gene: a capture probe, that contains 35 to 50
nucleotides complementary to the mRNA of interest, coupled to an affinity tag such as
biotin; and a reporter probe, also consisting of 35 to 50 nucleotides of the target mRNA
sequence, plus a tag that contains a specific sequence of different fluorophore-labelled
RNAs that make up a unique code for identification. The assay consists on hybridising
the RNA sample of interest with the capture and reporter probes; the hybridised probes
are then fixed to a solid surface coated with streptavidin and imaged to identify the code
of each molecule. Finally, counts for each type of targeted mRNA are obtained[302].
Using this technology, Khan et al. were able to design specific probes for 592 OR genes,
based on their CDS; for the rest of the repertoire, probes were not specific enough to
differentiate closely related genes. From the tested ORs, 577 (97.5%) were detected
reliably in wild-type mice. They further demonstrated the sensitivity and specificity of
the system with two experiments: 1) RNA was obtained from OSNs that expressed a
particular OR gene and, as expected, a high signal was obtained for that OR only; and
2) RNA was prepared from a mouse strain that has a deletion in a cluster of about a
hundred OR genes in chromosome 9; for the deleted genes, expression levels were no
different from background while the rest of the repertoire was correctly detected[186].
Despite the great sensitivity and specificity of this system, it is restricted to the study of
those receptor genes that are divergent enough to be unambiguously detected by short

probes.

Nowadays microarrays are being replaced by high-throughput RNA sequencing (RNA-
seq), given the drop in the cost of sequencing and the advances in the development of

both robust protocols for library preparation and bioinformatic analysis tools for pro-
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cessing the data. RNAseq has several advantages for transcriptome profiling. It has
virtually no noise since all sequencing reads are obtained from the RNA present in the
sample. It is quantitative: the number of sequenced reads per gene is proportional to
its expression level, and there is no saturation of the signal; increasing expression of a
gene results in increasing numbers of sequencing reads. It does not depend on a priori
knowledge of the genome sequence or annotated genes, allowing for the discovery of new
genes. Also, this results in a comprehensive capture of the different splice isoforms for a
given gene, some of which may not be known. The major limitation of RNAseq is that
it is based on short reads; these can sometimes map to several regions of the genome,
which makes them ambiguous since their true place of origin can not be determined[303];
the increase in length of sequencing reads (from 32 bp to over a hundred bp) has ameli-
orated this problem, in conjunction with the development of paired-end sequencing that
also increases the amount of sequence obtained from each molecule. Nonetheless, some
regions of the genome are still affected by a high proportion of ambiguous reads —also
called multireads— especially those containing genes with close paralogs.

At the beginning of my PhD, I had access to RNAseq data from both the MOE
and VNO of C57BL/6J adult mice. Given the clear advantages of RNAseq over other
transcriptomic technologies, I conducted a series of validation experiments to assess the
suitability of this method to accurately profile the expression of the olfactory system

and, mainly, of the receptor genes.

2.1 Transcriptome profiling by RN Aseq.

In order to study the complete profile of genes expressed in the MOE and VNO of
wild-type adult B6 mice, these tissues were dissected from both male and female mice
and RNA was extracted to construct libraries for RNAseq. All samples were sequenced
at high depth to ensure capture of lowly expressed genes, such as the receptors. The
VNO samples, composed of the sensory neuroepithelium, progenitor and non-neuronal
supporting cells, underlying glandular and cavernous tissue and a blood vessel with
blood[1], yielded a mean of 37.1 £ 3.6 million (SD) paired-end fragments per sample. For
the MOE, dissections included the underlying lamina propria, glandular tissue, olfactory
nerves and blood vessels with blood, in addition to the olfactory epithelium[304]; for
clarity, I will refer to these as the whole olfactory mucosa (WOM). WOM samples yielded
46.4 £+ 4.3 million (SD) paired-end fragments on average (Table B.1 in Appendix B).

All sequencing fragments were mapped to the mouse reference genome with a splice-
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aware algorithm; on average, 80.96+£1.2% (SD) and 87.78+3.0% (SD) of the VNO and
WOM data respectively mapped unambiguously (Table B.2 in Appendix B). To estimate
expression levels, I counted the number of fragments that mapped to each gene model,
as annotated in the Ensembl database. In order to be able to compare expression levels
across different samples, I normalised these raw counts to account for the depth of

sequencing. Detailed methods can be found in Appendix A.

I first assessed the variation in gene expression among the three biological replicate
samples for each sex and tissue. All pairwise comparisons showed very high correlation
levels (Spearman’s rank correlation coefficient rho > 0.95, p-value < 2.2e-16), with only
small sets of genes showing unusually variable values among replicates (Figure 2.1). I

therefore averaged the normalised counts for each gene in each tissue.
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Figure 2.1 — Correlation between biological replicates. Scatter plots of the logig-transformed normalised
counts for each pairwise comparison of biological replicates for the VNO (on top of the diagonal) and WOM
(undeneath the diagonal) data. The 1:1 diagonal is in red. Samples are indicated in the diagonal. The Spearman’s
correlation value is on the top left corner. Genes with a coefficient of variation greater than the 90th percentile are
highly variable between replicates, and are highlighted in red.
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A total of 11,215 (29.01%) and 10,543 (27.28%) genes in the VNO and WOM re-
spectively have no fragments mapped in any replicate, suggesting they are not expressed
in that tissue. The expression of the remaining genes shows a bimodal distribution of
low- and high-expressed genes characteristic of RNAseq datasets[305]. These can be
decomposed into two normal-like overlapping distributions (Figure 2.2), and each gene
can be assigned to either with a degree of confidence. Low-expressed genes typically do
not have active chromatin marks, are enriched in non-functional mRNAs and, unlike the
high-expressed genes, lack correlative protein expression data[305]. For the VNO and
WOM respectively, 56.5% and 52.65% of the expressed genes are in the distribution of
high-expressed genes with 50% probability or more.
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Figure 2.2 — The transcriptome shows a bimodal distribution of low- and high-expressed genes.
Histograms showing the distribution of the mean logjo-transformed normalised counts for all those genes expressed
in at least one replicate, for the VNO and WOM. Superimposed are two normal-like distributions calculated from
the data, that decompose the total bimodal distribution. The blue distribution contains all those genes expressed
at low levels, while the red distribution represents highly expressed genes.

A comparison of the transcriptomes of both tissues revealed that 61.43% of the genes
are differentially expressed (DE) with a false discovery rate (FDR) of less than 5%. To
explore these further, I selected the genes with a fold change of four or higher and per-
formed a functional terms enrichment analysis. As expected, those expressed higher in
the VNO were enriched for VR genes, which contribute to the response to pheromones
and detection of chemical stimulus involved in sensory perception. Additionally, the
calcium signalling pathway, ionic and voltage-gated channel activity and regulation of
vasoconstriction were significantly enriched as well. For the WOM, enriched genes were
dominated by ORs and those involved in the olfactory transduction pathway, cAMP-
mediated signalling and sensory perception. In addition, there was enrichment of ionic

and ligand-gated channels and regulation of neurone, oligodendrocyte and glia differen-
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tiation. In contrast, ‘housekeeping’ genes were expressed at similar levels in both tissues
(Figure 2.3). All together, these data indicate that RNAseq is a highly reproducible
technique to study the olfactory system, despite the heterogeneity in the composition
of each tissue; and that the quantification of expression levels accurately reflects the

principal functions of each tissue.

logyp normalised counts WOM

logyp normalised counts VNO

Figure 2.3 — The transcriptome of the VNO and the WOM. Scatter plot of the expression values for each
gene in the VNO versus the WOM; 0.1 was added to the counts to be able to visualise those genes that are expressed
in one tissue only. The VR genes (purple) are largely undetected in the WOM but clearly expressed in the VNO.
The opposite is true for the OR genes (green). In contrast, housekeeping genes (orange) tend to be expressed at
similar levels in both tissues. The red line represents the 1:1 diagonal.

2.1.1 Comparison to alternative methodologies.

As mentioned previously, the most popular technology for transcriptome profiling before
the advent of high-throughput sequencing was expression microarrays. To assess whether
RNAseq is a better technology to study the olfactory system, I used commercial Illumina
microarrays to profile six more biological replicate VNO and WOM samples'. For both
tissues, the overall expression values are correlated (rho = 0.66 for the VNO, 0.67 for the
WOM, p-value < 2.2e-16). However, the RNAseq expression estimates are considerably
different for genes that are either very lowly or very highly expressed. As can be observed
in Figure 2.4A, the microarray intensity values flatten for the genes in both ends of the
distribution, because of high background noise and saturation of the fluorescent signal;

yet, in the RNAseq data, expression values span several orders of magnitude. Thus, the

!Microarray data are available in the ArrayExpress database under accession number E-MTAB-2163.
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dynamic range of expression levels that can be detected is much broader for RNAseq

compared to microarrays.
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Figure 2.4 — Comparison of the RNAseq expression values versus the microarray intensity data. A)
Scatter plot of the expression estimates for each gene from the RNAseq data compared to the microarrays. B)

Comparison of the fold-change (FC) for each gene as assessed by both technologies. The red line indicates the 1:1
diagonal.

From the genes with expression signals above background in the microarray data,
11,499 can be directly mapped to an Ensembl gene id present in the RNAseq data. From
these, 66.96% are reported as DE between the VNO and WOM samples (FDR < 5%), a
proportion similar to the results from the RNAseq data. 76% of the DE genes as assessed
by the microarray are also DE from the sequencing data and the overall estimated fold-
changes from both platforms are correlated (rho = 0.79, p-value < 2.2e-16). However,
a subset of the genes with large fold-changes identified as DE by RNAseq have small
differences in the microarrays (Figure 2.4B). Previous studies have shown that the genes
that are called as DE by only one technology validate well for the RNAseq calls but
poorly for the microarrays[301], which suggests that these robust changes detected in
the RNAseq data are likely to be true positives.

Quantitative real time PCR (qRT-PCR) is accepted as the gold standard for ex-
pression profiling, so next I compared both the RNAseq and the microarray expression
estimates to a panel of qRT-PCR TagMan gene expression assays?. I included data for
genes with and without a known function in olfactory and vomeronasal signalling that
cover the whole range of expression values observed (Figure 2.5). The correlation is con-
siderably higher with the RNAseq data (rho = 0.87 for the VNO and 0.92 for the WOM,
p-value < 2.2e-16) than with the microarray estimates (rho = 0.70 for the VNO and 0.78
for the WOM, p-value < 2.2e-16), indicating that RNAseq is better suited for transcrip-

tome profiling in the olfactory system. As observed previously, these comparisons also

2TagMan expression estimates were obtained and kindly provided by Maria Levitin.
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suggest that microarrays are not sensitive enough to accurately detect genes expressed
at low levels (Figure 2.5). Thus, the strong correlation between the qRT-PCR and the
RNAseq data, strongly suggests that the expression estimates generated by sequencing
are reproducible and specific, and provide a comprehensive characterisation of olfactory

transcriptomes at a wide range of expression values.
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Figure 2.5 — Comparison with qRT-PCR TagMan expression assays. The normalised RNAseq (top) or
microarray (bottom) data was compared to expression estimates obtained by qRT-PCR TagMan probes. The
Spearman’s correlation value is indicated in the top left corner. In red is the regression line. B2m, Bpifal, Calml1,
Casp8, Clcal, Cnga2, Dmbtl, Dnasel, Eeflal, Expi, Gnai2, Gnal, Gnaol, GucyZ2e, H2-Aa, Ltf, Nelf, Olfr1213,
Olfr123, Olfr124, Olfr1262, Olfr1347, Olfr1507, Olfr1509, Olfr222, Olfr691, Olfr692, Omp, Sic8al, Stk32a, Trpc2,
Vmni1r90, Vmn2rl, Vmn2r29, Vmn2r3 and Xist were assayed in both tissues and Vmn2r121, Vmn2r28 and Vmn2r6
in VNO only since amplification failed with WOM samples.

2.2 Expression of the receptor repertoire.

So far I have shown that the RNAseq data is reproducible and accurate at different
expression levels. However, properly assaying the receptor repertoire has additional
challenges. The monogenic expression of receptors in sensory neurones means each
individual receptor is expressed in only a small subset of cells. Therefore the expression
of any given receptor within the whole epithelium is low. The GRCm38 mouse assembly

contains 1,250 annotated OR genes and 530 VR genes. To ensure that these represent the
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complete repertoires, I took the cDNA sequences for the mouse VR genes as previously
reported[65, 136], and aligned them to the genome with BLAST. I recovered 32 Ensembl
genes that were not annotated as a VR gene, but that perfectly matched a VR ¢cDNA
sequence. These were included in subsequent analyses (Table B.3 in Appendix B).
An additional 19 VR and 4 OR genes matched genes not annotated as receptors with
high identity. These are annotated as novel genes and most likely represent additional
members of the receptor repertoire. Proper analysis and annotation with new gene names
is necessary for all these, which is beyond the scope of this dissertation; therefore, these
were not considered in further analyses. It is worth noting that the above strategy was
only intended to recover genes that are present in Ensembl but not labelled as VR or OR
genes. Other methodologies such as hidden markov models would be more appropriate
to discover new genes that possess the structure, domains and motifs that characterise

these multigene families.

I first analysed the overall expression distribution for each class of receptors in their
cognate tissue. In both cases, after normalising for gene length, the receptors in the
repertoire do not have equal abundances, as may be expected if each receptor had equal
probability of being chosen for expression by the OSNs. Instead we observe a large
dynamic range of expression: a few receptors are expressed at high levels and the vast
majority of the repertoire is expressed at relatively low levels. For the VR genes, the
most highly expressed receptor, Vmn2r89, has a value of 4,363.4 normalised counts and
only 22 other receptors have more than 1,000 normalised counts. In contrast, the median
expression is 20.69 and 37.95 for VIR and V2R genes respectively (Figure 2.6). 436 VR
genes (77.3%) have at least one fragment mapped uniquely. From the remaining 127,
70.1% are annotated pseudogenes, and 62 (48.8%) have multireads, which indicates that
at least a fraction of these are expressed. 65 VR genes have no mapped fragments, either

unique or multi-mapped, but these are all annotated as pseudogenes.

In the case of the OR genes the most abundant, Olfr1507, is expressed at 2,456.1
normalised counts and only 12 other receptor genes are above 500 normalised counts.
The median expression is 26.88 normalised counts (Figure 2.7). Despite their relatively
low abundance, 1,182 (94.56%) of all the annotated OR genes have at least one fragment
mapped to their exonic region. Of the remaining 68 genes, 50 (73.5%) are annotated as
pseudogenes and 17 have multireads that could indicate expression. Only 9 putatively
functional OR genes have no evidence of expression in the WOM whatsoever (Olfr115,

Olfr141, Olfr504, Olfr564, Olfr574, Olfr834, Olfr1053, Olfr1061, Olfr1367).

Importantly, the expression estimates for both OR and VR genes are consistent
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Figure 2.6 — Expression of the VR repertoire. Each bar represents the mean normalised expression of a VIR
(purple) or V2R (orange) gene; counts have been normalised for gene length as well as depth of sequencing. The
horizontal dotted line represents the median expression.
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Figure 2.7 — Expression of the OR repertoire. Each bar represents the mean normalised expression of an
OR gene; counts have been normalised for gene length as well as depth of sequencing. The horizontal dotted line
represents the median expression. The inset contains all those receptors with expression values below the median.
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between biological replicates. The median coefficient of variation (CV; standard devi-
ation / mean) is 0.27 and 0.31 for the VR and OR genes respectively, suggesting that
the uneven distribution observed is stereotypical. I could not identify any apparent pat-
tern in the expression of either VR or OR genes based on cluster or genomic location.
A difference in expression abundance is evident for genes and pseudogenes, with the
former being expressed at much higher levels than the latter, for both VR and OR genes
(p-value < 2.2e-16, Mann-Whitney test; Figure 2.8A-B). This is consistent with previous
reports that observed the expression of pseudogenes was extinguished progressively after
an OSN chose a functional receptor[207]. Interestingly, class I OR genes and V1R genes
are also expressed at significantly lower levels than class IT OR genes and V2R genes,
respectively (p-value = 0.0077 for VRs and 0.0004 for ORs, Mann-Whitney test; Figure
2.8C-D).
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Figure 2.8 — Genes are expressed higher than pseudogenes. A-B) The normalised expression of each VR (A)
and OR (B) gene is plotted, separated by whether they are annotated as intact genes or pseudogenes. Pseudogenes
are expressed at much lower levels for both receptor types. C-D) Same but now separated by receptor class. VIR
genes, as a whole, are expressed lower than V2R genes, and class II OR genes are expressed higher than class I
genes. Mann-Whitney test; ** < 0.01, *** < 0.001 and **** < 2.2¢-16.
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Finally, I asked whether any VR genes are expressed in the WOM, or if OR genes
are found in the VNO. One VR gene, Vmn2r29, is expressed in the WOM at a level
that is higher than the median OR gene expression (32.1 normalised counts). This is
consistent across all six replicates, suggesting there may be additional populations of
sensory neurones in the MOE expressing receptors different to ORs. In the case of the
VNO, 11 OR genes are expressed higher than the VR gene median, with Olfr12/ as the
highest (496.7 normalised counts) followed by Olfr692 and Olfr1509 (262.2 and 126.1
normalised counts respectively). Both Olfr124 and Olfr692 consistently display higher
expression values in the VNO than in the WOM.

2.2.1 Comparison to other methodologies.

In the commercial microarrays, there are probe sets for 178 VR genes and 1,051 OR
genes, that can be mapped directly to a gene annotated in the Ensembl database; these
represent 31.6% and 84.1% of the repertoires, respectively. The correlation between
both datasets is only moderate for the OR receptors (rho = 0.54, p-value < 2.2e-16)
and weak for the VR genes (tho = 0.30, p-value < 2.2e-16). As observed in Figure
2.9A, a proportion of the receptors accumulate in the lower detection threshold of the
microarray intensity signal, close to the background level of the array; those genes show
varied levels of expression in the RNAseq data, spanning several orders of magnitude.
Therefore, the poor correlation can be attributed to the low sensitivity of the microarray

to estimate expression of lowly expressed receptor genes.
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Figure 2.9 — Comparison of the receptor expression across different platforms. A) Scatter plots of the
expression values for VR and OR genes in the RNAseq data versus the microarrays. Many receptors have intensity
values around 8 in the arrays, the threshold between signal and noise; these genes are scattered along several orders
of magnitude in the RNAseq data. B) Comparison of the expression values for OR genes in the RNAseq data
versus the NanoString nCounter estimations. Values are highly correlated. In red is the regression line. For all, the
Spearman’s correlation coefficient is indicated in the top left corner.
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Khan et al. profiled 531 OR genes in C57BL/6 animals, using NanoString nCounter
[304]. When compared to the RNAseq expression levels, the NanoString normalised
counts are highly correlated (rho = 0.82, p-value < 2.2e-16; Figure 2.9B). The agreement
of these two technologies, which are based on very different detection principles, provides

further support for the accuracy in the quantification of expression of receptor genes by
RNAseq.

2.2.2 Sensitivity of RNAseq to detect lowly expressed receptor

genes.

The expression of the majority of the receptor genes is very low, but they still display a
dynamic range of expression levels (inset in Figure 2.7) that are consistent between bio-
logical replicates (0.81 < rho < 0.92, p-value < 2.2e-16). At such low expression values,
the variance of the data increases considerably, but the high correlation coefficients im-
ply that the relationships between the different receptors are preserved. To further test
whether this range of expression values is meaningful, I analysed RNAseq data obtained
from the WOM of mice with a homozygous deletion of the second cluster of OR genes
in chromosome 9 (S. Xie, P. Feinstein, and P. Mombaerts, unpublished data; [306]).
Of the 94 deleted OR genes within the cluster, 83 (88.3%) had no counts in any of
three biological replicates; importantly, these same genes show expression estimates up
to 301 normalised counts in control animals (Figure 2.10). The 11 remaining genes have
just one or two fragments mapped in only one of the replicates, resulting in normalised
counts of less than 0.4.

This suggests that RNAseq suffers from virtually no noise and that very low expres-
sion levels reflect real expression in the samples profiled. Therefore, I propose that the
RNAseq methodology presented here is able to detect the expression of most of the pu-
tative functional receptors in complex samples of whole tissue from the olfactory system,
despite their low expression levels. This provides, for the first time, almost complete
evidence of expression for the computationally predicted receptor genes in their cognate

tissue, which supports their role in olfactory signalling.

2.2.3 The multiread problem.

The major limitation of RNAseq is that it is based on short fragments; these are not

always unique in the genome, which means that by reading their sequence, one cannot

3RNA from these animals was kindly obtained and provided by Mona Khan.
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Figure 2.10 — Expression of a deleted OR cluster. The mean normalised expression for each receptor in
chromosome 9 is plotted for a mouse with a homozygous deletion of an OR cluster (dark green); the break in the
x-axis separates the two clusters present in this chromosome. While expression is detected for the first cluster, the
OR genes from the deleted cluster are not expressed, except for the ones at the borders, which were not included in
the deletion. The corresponding expression in wild-type animals is plotted as a mirror image (light green).

know their true place of origin. These multireads occur much more often in genes with
close paralogs and may, therefore, represent a big problem for accurately estimating the
expression of receptor genes. To assess this, I first calculated the uniqueness of each
receptor gene with different lengths of reads; that is, I counted how many of all the
possible n-mers obtained from a given receptor gene can be mapped unambiguously to
the genome, with n = (32, 76, 100) nucleotides (nts), which are common read lengths.

In general, OR genes are much more unique than VR genes (p-value < 2.2e-16, Mann
Whitney test). Sequence fragments of 32 nts are very often multimapped; at this frag-
ment length, 43.7% and 15.8% of the VR and OR genes respectively have less than 50%
uniqueness. However, a steep increase in the uniqueness values occurs when the sequence
length is increased to 76 nts and then a modest gain when fragment length reaches a
100 nts (Figure 2.11). These values, however, are a worst-case scenario, since paired-end
reads will improve the uniqueness of many genes. Therefore, RNAseq based on reads of
76 or 100 nts should be able to differentiate between most receptors. Nonetheless, even
at 100 nts, 53 (9.4%) VR genes have uniqueness of 0, and 105 (18.6%) have uniqueness
< 25%; these are virtually inaccessible for any current profiling technique.

Despite the ability to detect expression of most receptor genes, those with low unique-
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Figure 2.11 — Uniqueness of the receptor sequences. Boxplots indicating the uniqueness values for V1R, V2R
and OR genes, for read length of 32, 76 and 100 nucleotides long.

ness will be consistently underestimated. I therefore analysed how much information is
lost in multireads and whether this affects some classes of receptors more than others.
For each receptor, I counted the number of different sequencing fragments that map to it;
therefore, each multiread was counted at least twice, once for each receptor it maps to.
On average, 37% and 94.1% of the multi-mapped fragments had only two alignments,
for VR and OR genes respectively, with the rest mapping to three or more different
locations. These counts were then normalised to account for depth of sequencing and
gene length, and compared to the corresponding unique counts (Figure 2.12).

Consistent with the uniqueness calculations, there are many more multireads assigned
to VR than to OR genes, and there are some receptor families that have many more
multireads than others. For example, there is a cluster of 84 V1Rs in chromosome 7
that have very low unique counts (median = 0.1), and a low but consistent number
of multireads (median = 50.01); accordingly, the uniqueness of these genes is very low
(median = 0; mean = 0.12). For the VR repertoire, 44.85% of the receptors have more
multireads than unique counts; in contrast, for the OR genes, this is the case for only
9.9%. Therefore, the expression estimates of some classes of VR genes are not accurately
accounted by RNAseq, but the majority of the OR repertoire is not significantly affected
by this problem.
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Figure 2.12 — Multireads mapped to VR and OR genes. Barplot of the normalised counts for each VR (top)
and OR (bottom) gene; receptors are ordered according to their chromosomal location and each chromosome is a
different colour. As mirror images are the corresponding normalised counts of multireads for each receptor.
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2.2.4 Complete annotation of the gene models.

An advantage of RNAseq over other expression profiling techniques is that it is not
restricted by a catalog of known transcripts. Using the sequencing data directly, it is
possible to reconstruct the most parsimonious set of transcripts that would generate the
observed reads. This can be used to annotate new transcript isoforms for known genes,
or to identify completely novel genes. For most of the receptor genes, only the CDS is
annotated, based on computational predictions. However, there is evidence that at least
some receptors contain additional non-coding exons and complex UTRs that undergo
alternative splicing[62]. I used Cufflinks[307] to generate de novo assemblies in order
to identify full length transcripts for OR and VR genes. Samples were sequenced at
sufficient depth to produce new, extended receptor gene models for 913 (73%) OR and
246 (43.7%) VR genes. I identified additional exons for many of the receptor genes: 866
and 68 OR genes have exons 5 and 3’ to the CDS, respectively; and 163 and 79 VR
genes have exons 5’ and 3’ to the ORF (Figure 2.13).

Olfr168
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Figure 2.13 — Full length gene models for OR and VR genes. Examples of the generated gene models for
an OR (top) and a V1R (bottom) are shown in black. Boxes represent exons and the lines joining them are introns;
the arrow heads indicate the strand of the gene. The existing Ensembl annotations for the genes are shown in red
with their UTRs in grey. Underneath, the sequencing reads are shown in grey; those that span exon-exon junctions
are joined by blue lines.

OR and V1R genes typically have coding regions that span a single exon, but I
identified 54 OR and 15 V1R genes where at least one of the reconstructed transcripts
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has an intron within the protein coding sequence (as annotated in Ensembl). The
predicted ORFs for most of these transcripts are truncated due to a premature stop
codon. But for 17 OR and 3 V1R genes the ORF is of typical length, and could encode
a putatively functional receptor. All but one (OIfr332) are annotated in Ensembl and
classified as protein coding.

To investigate cases of alternative splicing, I retained all the multi-exonic receptor
gene models and counted the number of alternative isoforms produced. 70% of VR genes
have between 1 and 4 isoforms while 85% of OR genes have 1 to 3 isoforms (Figure 2.14).
A few receptor genes have more than 8 different isoforms (38 VR and 10 OR genes) but
in most of these cases isoforms have alternative transcription start sites (TSS) or exons
that differ in length by just a few nucleotides; therefore, several of the final transcripts

differ only very slightly.
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Figure 2.14 — Number of transcripts per receptor gene. Histograms of the number of different transcripts
isoforms for each V1R, V2R and OR gene.

Next, I calculated the length for each receptor gene based on the existing Ensembl
and the new reconstructed models. The median length for both the Ensembl OR and
V1R gene models is about 950 nts, while the corresponding reconstructed gene models
are now around 2,500 nts long. The median length of Ensembl V2R genes is 2,559 nts,
while for the corresponding reconstructed gene models is 2,912 nts (Figure 2.15A). The
increase in length is dominated by a long 3" UTR. UTR sequences are more variable
than the CDS[299, 300] and, therefore, could help to differentiate between highly similar
OR and particularly VR transcripts. I therefore assessed the uniqueness of these new
gene models and found a large increase in the proportion of unique sequence for the V1R
(p-value < 0.0001, Mann Whitney test) and V2R gene models (p-value < 0.0001, Mann
Whitney test); a more modest increase was apparent in OR genes (p-value = 0.044,
Mann Whitney test; Figure 2.15B).
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Figure 2.15 — Improved receptor gene models are more unique. A) Boxplots of the transcript length
in Ensembl (orange) or the reconstructed gene models (blue) for the VIR, V2R and OR genes. The increase in
transcript length is highly significant (*** P<0.0001, two-tailed Mann-Whitney test). B) As above, but quantifying
the proportion of unique sequence (*** P<0.0001 and *P<0.01, two-tailed Mann-Whitney test). The uniqueness
corresponds to the proportion of all 100 nucleotide long windows within the transcript that map uniquely to the
genome.

Finally, I compared the 5 ends of the OR gene models reconstructed from the
RNAseq data to the proposed TSS reported by Plessy et al. using nanoCAGE[193].
A third of the OR genes differ in less than 20 nucleotides, and almost 85% are within
a 500 nucleotide window. However 34 OR genes have a discrepancy of more than 5 kb,
where the 5 end proposed by nanoCAGE is upstream of the one found by CufHinks.
A close examination of the sequencing data for the 25 genes with the biggest 5 differ-
ences revealed that, for 24 genes, there were no sequencing fragments consistent with
the TSS proposed by nanoCAGE. In 12 of these cases, the nanoCAGE TSS overlaps
with the 3 UTR of an adjacent OR gene and 2 represent the TSS of a different gene.
Only one TSS is correctly inferred by nanoCAGE where Cufflinks failed to reconstruct
the full-length model. Clowney et al. also defined the 5" end of OR genes using tiling
microarrays[194]. A similar comparison analysis revealed that a third of the receptor
genes differ in less than 100 nucleotides and 80% of the data is contained within a 1.5 kb
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window. Therefore, the reconstructed gene models based on the RNAseq data largely
agree with previous reports, but provide a much better resolution and a detailed exon
structure that has never been reported for such a large proportion of the receptor rep-
ertoire. The defined UTR sequences should aid in the design of more specific probes for

experiments based on hybridisation strategies.

To assess how much additional information is provided by the improved annotation
of the receptor repertoire and their increased uniqueness, I re-estimated the expression
using the reconstructed gene models. The count data was normalised to account for
depth of sequencing but not for gene length, since this is different for the new models
and some receptors increased more than others. Overall, for those genes with an extended
gene model, there is a clear increase in the number of sequencing fragments recovered.
On average, expression estimates are 4.4, 1.4 and 1.9 fold more abundant for VIR, V2R
and OR genes respectively (Figure 2.16). These additional data should improve the
sensitivity and accuracy of the estimated expression levels, and some genes that were

previously inaccessible now have unique sequencing fragments mapped to their UTR
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Figure 2.16 — Expression of the receptors with the new gene models. Scatter plot of the normalised
expression estimates for each VR (left) and OR (right) gene using the Ensembl gene models (x-axis) versus the
reconstructed gene models (y-axis). The red line indicates the 1:1 diagonal.
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2.3 Identification of novel genes.

I then extended the analysis of the de novo assembly performed by Cufflinks to the
full olfactory transcriptomes. This revealed 5,562 and 6,228 loci that have evidence of
transcription in the VNO and WOM respectively, that do not overlap any annotated
genes in the Ensembl database. 40% of these loci are found in both tissues. Many
are located in close proximity to the start or end of annotated genes and are likely
to represent unannotated UTRs. To search for new genes, I first excluded all those
predictions that lie within 5 kb of cataloged genes. Of the remaining features, about
75% represent single-exon transcripts, leaving 756 and 847 putatively novel multi-exonic
genes expressed in the VNO and WOM respectively (Table 2.1).

VNO WOM

Total identified genes 5,562 6,228
Shared between tissues 2,331 2,519
Within 5kb of annotated genes 2,564 2,889
Putative novel gene models 2,998 3,339
Single-exon predictions 2,242 2,492
Multi-exon predictions 756 847
Aligned to a protein domain 229 258

Overlap with a predicted transcript 625 694

Table 2.1 — Putative novel genes. Number of novel genes predicted from the RNAseq data (that do not overlap
any annotated gene in Ensembl). Predictions within 5 kb of annotated genes were excluded and the remaining are
considered putative novel gene models. Putative genes are considered shared between tissues if 50% or more of the
gene length is found in both the VNO and WOM. In some cases two predicted genes in one tissue can overlap with
a single prediction in the other, leading to a different number shared in each.

Ensembl provides databases of annotated genomic regions that match protein do-
mains or computationally predicted genes. When cross-referenced to the putative novel
genes, about 30% had matches to known protein domains and 80% overlapped with in
silico predicted transcripts, suggesting that these might be true genes. Some of them
are surprisingly abundantly expressed. One of the genes reconstructed from the VNO
data is the 6th most abundant gene in the transcriptome, and it is also present in the
WOM samples though at much lower levels. Interestingly, there is a second predicted
gene in close proximity with a similar exon-intron structure (Figure 2.17A). These two
genes were validated in collaboration with members of the lab. Full-length transcripts
were cloned for both of these genes and we could identify ORFs on opposite strands

that encode two closely related proteins; by homology, these could be classified as novel
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Figure 2.17 — Novel genes expressed in the olfactory system. A) Chromosome 2 is schematized on the
top and the locus where two previously unidentified genes were found is amplified below. In black are Lcnl6 and
Len17 gene models; boxes correspond to the exons and lines joining them represent introns. The mapped RNAseq
reads are below: each read is drawn in grey and blue lines join read fragments that span exon-exon junctions. B)
Phylogenetic reconstruction of the novel genes with other members of the mouse lipocalin gene family. C) In situ
hybridisation reveals Lcnl6 is expressed in glandular tissue of the VNO and D) Lcnl7 is expressed in cells within
the MOE. Scale bars: (B) 100 mm, (C) 50 mm.

members of the lipocalin gene family, and were named Leni6 and Len17*. A phylogeny
of all mouse lipocalins revealed these genes form a distinct sub-clade (Figure 2.17B). In
situ hybridisation experiments confirmed that Len16 is expressed abundantly in glandu-
lar tissues of the VNO, while Len17 is expressed in a small number of cells in the MOE
(Figure 2.17C-D). Despite the mouse genome being one of the best annotated genomes
available, this data suggests that there still exists a significant number of unannotated
genes. Since the olfactory system is not a tissue routinely used for gene identification,
many of these novel genes are likely to have olfactory-related functions and, therefore,
would have been missed in other tissues. The validation of two putative genes suggests
that many more might be true uncharacterised genes.

Overall, I have shown that RNAseq not only is the best technology available to
study the transcriptome of the olfactory system, but it provides reproducible, accurate
information about its transcriptome. I have produced a comprehensive profile of the
genes expressed in both the VNO and the WOM, that represent the average expression
across all the different cell types present therein. Furthermore, I have identified addi-
tional genes that have never been characterised before. Most importantly, these data

has demonstrated great specificity in the detection of the receptor repertoires which,

4The sequences for Lenl6 and Lenl?7 are available in GenBank under accessions KJ004569 and
KJ004570.

5The full-length transcripts were obtained by Maria Levitin; the phylogeny was produced by Darren
Logan; the in situ hybridisation was performed by Luis Saraiva.



94 The transcriptome of the mouse olfactory system.

until now, have been very difficult to study as a whole. I have demonstrated that the
reconstruction of full-length gene models for a significant proportion of the receptor
genes allows better estimation of their expression values and increases significantly the
amount of unique sequence available for each of them. Some subfamilies of VR genes
still represent a challenge, because they are composed of nearly identical genes. These
will be very difficult to accurately differentiate with nearly every technique available to
date. Nonetheless, a good proportion of the VR repertoire, and nearly the complete OR
repertoire are divergent enough across their full length, for accurate discrimination and

further study.



Chapter 3

Decomposing the WOM: from tissue

to single-cell.

The material presented in this chapter has been previously published in reference[308]. I confirm I
have ownership of the copyright for its reproduction. All the work presented here has been done in
collaboration; the experiments that led to the collection of cells and tissues were performed by others,
but I have solely analysed all the data generated. The results presented are my own work unless

otherwise stated.

The data presented in the previous chapter provides a generalised profile of the transcrip-
tome of the two most prominent and better studied components of the mouse olfactory
system. Such gene catalogues, however, represent the averaged expression of each gene
across the different cell types found within each tissue. The sensory neurones are the
primary focus in this dissertation, given their role in olfactory signalling, and particu-
larly the receptor repertoire. Therefore, I established a collaboration project with Peter
Mombaerts and Mona Khan to specifically isolate the OSNs of the MOE. For this, a
transgenic mouse was used, that is engineered to express GFP from the OMP locus
(OMP-GFP)[309]. OMP is a protein specifically expressed in the sensory neurones from
the MOE and VNOI310], and it is not expressed in sustentacular or basal cells[311].
Its expression can be identified after both OR genes and Adcy3 have been activated.
Additionally, the expression domain of Omp doesn’t overlap with Gap/3, a marker of im-
mature OSNs. Therefore, OSNs that express OMP are considered mature[312]. Analysis
of an OMP KO animal revealed that the general structure of the MOE is unaffected and
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the ratio of mature to immature neurones also remains normal; but the MOB is 15%
smaller. EOG recordings upon stimulation with several odours resulted in decreased
recordings, with slower kinetics for both the initiation and recovery of the response.
Nonetheless, OSNs were still able to be activated and mice were not anosmic[313]. The
OMP-GFP mouse is a knock-in, where the CDS of Omp was substituted for GFP. To
avoid altering the response kinetics of the OSNs,; all experiments were conducted in

heterozygous animals.

3.1 The transcriptome of the olfactory sensory neur-

ones.

To characterise the transcriptome of the OSNs alone, dissociated cells from the WOM
of heterozygous OMP-GFP mice were separated based on their expression of GFP, by
fluorescence-activated cell sorting (FACS). The GFP* —and therefore OMP*— cells were
retained, and the populations from several animals were pooled to obtain 10 million
cells. This is the number of mature OSNs typically found in a single adult mouse[224].
Three biological replicates were collected and the RNA extracted from the OSNs was
used to construct libraries for RNAseq (Table B.1 in Appendix B). Since the OMP-GFP
mouse is in a mixed genetic background (129P2 X B6), three WOM samples from single

L. All six samples were sequenced at high

animals were also processed for comparison
depth on the Illumina platform and data was analysed including the extended models
for receptor genes (Table B.2 in Appendix B).

As observed previously, biological replicates were highly correlated (rho > 0.96, p-
value < 2.2e-16) for both the WOM samples and the pooled OSNs. In order to reveal
genes that are preferentially expressed in the OSNs or in other cell types, I performed a
differential expression (DE) analysis. 67.6% of all the genes expressed were significantly
different between the OSNs and the whole tissue (FDR < 5%), with 45.8% of these
being expressed more abundantly in the OSNs (Figure 3.1). From these, 790 have a fold-
change greater than 3 and 50.1% are OR and TAAR genes. To explore their functions,
I performed a gene ontology (GO) analysis that revealed enrichment for terms related
to the olfactory transduction pathway and G-protein coupled amine receptor activity,
along with genes related to synaptic vesicles, branching morphogenesis of a nerve and

peptide hormone processing. In contrast, 5,227 genes were expressed higher in the WOM

IThe collection and RNA extraction from WOM samples and pools of FAC-sorted OSNs were per-
formed by Mona Khan.
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Figure 3.1 — Differentially expressed genes between the OSNs and WOM. MA plot showing the mean
expression for each gene against its corresponding fold-change value between the OSN and WOM samples. The
red line represents equal expression in both groups. Significantly DE genes are in pink (FDR < 5%). Dotted lines
represent a threshold of fold-change of £ 3.

(fold-change < 0.33, FDR 5%), and over half of these were expressed at least ten times
higher than in the pooled OSNs; this suggests that they are likely restricted to the

non-neuronal cell types found within the WOM samples.

A similar study was performed by Sammeta et al.[314] using microarrays, to compare
the transcriptomes of the GFP™ versus the GFP~ populations of an OMP-GFP mouse.
The genes that were reported as enriched in the OMP™ population in this dataset tend to
be more abundant in the pooled OSN samples; and the genes expressed specifically in the
WOM are classified as enriched in the OMP~ population (Figure 3.2), thus supporting

the accuracy of the DE analysis results.

Next, I compared the expression of the receptor repertoire. As expected, both OR
and TAAR genes were generally expressed at higher levels in the OSNs than in the
WOM. There was a median fold-change increase of 2.56 in overall expression, and a sim-
ilar increment is observed for the canonical markers of mature OSNs (Figure 3.3). The
overall expression values were highly correlated (rho=0.95, p-value < 2.2e-16), which
indicates that the repertoire’s expression increases as a whole, maintaining the propor-
tions between receptors observed in the whole tissue. Only 19 OR genes that are present
in the WOM samples are lacking in the OSN pools. However, all these are expressed
at very low levels and 13 (68.4%) are annotated pseudogenes. As observed previously,
nearly the complete repertoire of OR genes is expressed, as assessed by unique counts.
Over 95% of the OR genes have at least one fragment mapped in both the WOM and
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Figure 3.2 — Comparison to Sammeta et al. Scatter plot of the expression values in the WOM versus OSN
samples. Genes are coloured depending on whether Sametta et al. classified them as enriched in the OMPT cells
(dark green) or the OM P~ cells (light green). The line indicates the 1:1 diagonal. Genes above the diagonal are
expressed higher in OSNs and tend to be enriched in the OM P71 sample, whereas genes below the diagonal are
expressed higher in the WOM and are enriched in the OM P~ sample.

OSN samples; this number increases to 98.9% if only the ORs annotated as functional

are considered.
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Figure 3.3 — Receptor expression in the WOM vs the sorted OSNs. On the left, scatter plot of the
expression of all OR and TAAR genes (black) in the WOM versus the sorted OSNs, and of five canonical markers of
mature OSNs (blue). The red line represents the 1:1 diagonal. The majority of genes are expressed more abundantly
in the sorted OSNs. On the right, a boxplot of the fold-change between the OSNs and the WOM for the receptor
expression levels. The median increase in expression is 2.56.
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All together, I have characterised the transcriptome of the neuronal component of
the MOE, revealing many genes that are preferentially expressed in OSNs. Additionally,
thousands of genes can now be classified as specific to the other cell types of the MOE
and surrounding tissue. The deep RNAseq strategy used is effective in characterising
the expression of the whole receptor repertoire in this transgenic mouse strain also. By
separating the OSNs from all the other cell types, the depth of sequencing devoted to
receptor genes is increased, but the proportionality of the different neuronal subpopu-
lations present within the MOE is conserved. The very high correlation between the
expression estimates for the receptors in both sample types argues in favour of their

accuracy and reproducibility.

3.2 Mature OSNs segregate into two distinct popu-

lations.

When cells were dissociated from the WOM of OMP-GFP animals and sorted based
on their GFP intensity, it was evident that two different populations of GFP™ cells
are present in the samples (Figure 3.4). Cells from one population have much more
intense fluorescence levels than the others, so I will refer to these as the GFP"9" and
GFP!v populations. To investigate further this distinction, pools of 10,000 cells from
each population were obtained from three different animals for RNAseq (Table B.1
in Appendix B)?. The expression estimates between replicates were highly correlated
(0.87 < rho < 0.91, p-value < 2.2e-16) despite the smaller number of cells used for
RNA extraction. However, one of the GFP"9" samples yielded only a small number of
sequencing fragments compared to the others, and it was excluded from downstream
analyses (Table B.2 in Appendix B).

As a first control, I examined the levels of Omp expression in each population. In
all samples there was clear, robust expression of this marker gene, but the GFP"9"
samples had a consistent 1.52 fold increase in expression (p-value = 0.02482, t-test; Fig-
ure 3.5A). All the GFP™ cells should have the transcriptional profile of mature OSNs,
since they robustly express Omp. To confirm this, I compared the RNAseq data profiles
to a microarray dataset that characterised 670 and 565 genes as preferentially expressed
in mature and immature OSNs, respectively[315]. Both the genes enriched in mature

and immature OSNs were expressed at similar levels in both the GFP"9" and GFP!v

2Sorting experiments, RNA extraction and library preparation were performed by Luis Saraiva.
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Figure 3.4 — FACS plot of OMP-GFP animals. Each dot is a cell plotted according to its GFP fluorescence
intensity (x-axis). For the GFPY cells, two populations are visible. The red dotted line roughly separates them.
Image kindly provided by Luis Saraiva.

populations (p-value = 0.59, t-test), but the genes from mature OSNs were expressed sig-
nificantly higher than the ones from immature neurones (p-value = 1.73e-07 for GFP®,
and p-value = 1.35e-07 for GFP"9"  t-test; Figure 3.5B).

To identify other genes that differentiate these two populations of OSNs I performed
a DE analysis. This revealed 537 significantly DE genes (FDR 5%), 420 (78.2%) of
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Figure 3.5 - GFPT neurones are mature. A) Both the GFP!°* and GFP"9" populations express high levels
of Omp, but the GFP"9" samples have 1.52 times higher expression. B) Scatter plot of the normalised expression
in the GFP!" versus the GFP"9" samples. The line indicates the 1:1 diagonal. Genes are coloured according to
whether they were characterised as enriched in mature (green) or immature (brown) OSNs. All genes are expressed
at similar levels in both populations, but the genes from mature OSNs are expressed at higher levels than those from
immature neurones.
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Figure 3.6 — Differentially expressed genes between the GFP!°" and the GFP"9" cells. MA plot showing
the mean expression for each gene against its corresponding fold-change value between the GFP!% and the GFPhig"
samples. The red line represents equal expression in both samples. Significantly DE genes are in pink (FDR < 5%).

which were more highly expressed in the GFP"* population (Figure 3.6). This set of
genes is enriched for terms related to development, morphogenesis, negative regulation
of neuronal differentiation and positive regulation of cell proliferation. Therefore, it
appears that the different levels of Omp correlate with the level of maturation of the
cells. The GFP cells are still in the process of downregulating genes involved in
proliferation and have yet to achieve final differentiation.

These data indicate that there exists a previously unknown subdivision of mature
OSNs characterised by the levels of Omp expression. While both populations have a
characteristic expression profile of mature OSNs, the neurones from the GFP*" popu-

lation are less mature than the rest.

3.3 RNAseq of single OSNs.

I have demonstrated that the mouse MOE is composed of over a thousand different
subpopulations of OSNs, each characterised by the OR gene they express. We were
interested to know how homogeneous are the transcriptomes of neurones from these

different subpopulations. To this end, a Fluidigm C1 microfluidic system was utilised to
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capture single OSNs from the FAC-sorted GFP"9" population from one mouse®. This
system uses a fluidic circuit to isolate single cells into individual reaction chambers, that
can be examined under the microscope to ensure that a single cell is present. After
capture, the system performs all the necessary reactions to produce cDNA from each
cell (cell lysis, mRNA reverse transcription and PCR amplification) that can then be
used to prepare libraries for RNAseq (Table B.4 in Appendix B). From the 96 wells in
the capture chip, 58 contained single cells, 8 were empty and the remaining contained
more than one cell and/or had visible debris contamination (Figure 3.7A). Only single

cells were considered in further analyses.
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Figure 3.7 — Quality control of the single-cell RN Aseq data. A) Proportion of wells in the C1 capture chip
that were empty (8), contained one cell (58) or more than one cell and/or debris contamination (30). Representative
bright field images of each case are shown. B) Density distribution of the total number of sequencing fragments
obtained for the 58 single-cell samples. Decomposition of the distribution into two normal-like distributions splits
the data at 2.96 million (dotted line), separating the samples into those with low (white) and high (green) yield.
C) Several mapping statistics are clearly different for the low and high yield samples. Schematic in A was kindly
provided by Luis Saraiva.

3All the capture and library preparation experiments were performed by Luis Saraiva.
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The quality of the RNAseq data produced from a single cell is greatly influenced
by the amount and integrity of the starting material. Including cells with poor quality
data in normalisation steps can be detrimental to the downstream analyses of cells with
good quality data; therefore, it is imperative that these are identified and excluded at
an early stage[316]. The distribution of total fragments obtained from each of the 58
single-cell samples was clearly bimodal (Figure 3.7B). Deconvolution into two normal-like
distributions revealed 28 cells with low yield (mean of 1.7 million) while the remaining
30 were sequenced at significant higher levels (mean of 4.4 million; p-value < 2.2e-16,
t-test). To determine if the lower yield was a result of sequencing poor quality libraries,
I analysed the mapping statistics (Figure 3.7C). The low-yield group of samples had a
much higher percentage of unmapped fragments (31.97% on average versus 10.21% in
the high-yield group; p-value = 5.739¢e-08, t-test) as well as multi-mapped fragments
(20.27% versus 5.49%; p-value = 4.018e-08, t-test). The proportion of fragments that
mapped to ERCC spike-ins was over 20 times higher in the low- versus high-yield groups
(p-value = 5.576e-05, t-test). Furthermore, most of the uniquely mapped fragments from
the low yield samples aligned to mitochondrial genes (on average 60.53%, compared to
4.77% in the high-yield samples; p-value = 6.327e-12, t-test). Together these suggest
that the starting material for the samples with low yield was of poor quality and were

therefore excluded. T focused subsequent analyses on the 30 high-yield samples.

Next, I compared the OR gene expression profiles of these samples as a function of
their capture location on the C1 capture chip and the library preparation plate. Ten cells
(OSN 157, 178, 185, 191, 207, 214, 218, 223, 255 and 263) had evidence of two highly
expressed OR genes. OSN 263 had high counts for Olfr55 and Olfr239, two adjacent
OR genes that are 99% identical. Closer inspection of the sequencing data revealed that
the fragments assigned to Olfr239 were in fact mismapped, since a BLAST alignment
mapped them back to Olfr55. Therefore, I set the counts of Olfr239 to zero. For the
remaining nine cells, in four cases (OSN 178, 191, 223 and 255) I found that one of the
OR genes was expressed in another sample located in the immediately adjacent well,
suggesting evidence of carry-over. The other five cells (OSN 185, 207, 214, 218 and 257)
did not share an OR gene with a sample in an adjacent well. I independently reassessed
these nine cells through all previous quality control criteria and could not distinguish
the four cells with evidence of carry-over from the five cells without it. A recent report
found that up to 20% of cells captured on a C1 microfluidic system contain two cells that
are not visible in the microscopy images[317]. Thus, to take a conservative approach and

to reduce the possibility of including samples containing a second, visually obscured cell
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Figure 3.8 — Correlation of single OSNs to other datasets. The Spearman correlation coefficient is plotted
for each single OSN (x-axis) against the previous population datasets. The single cells correlate better with the
isolated OSNs that with the WOM, and better with the GFP?9" than the GFP!*% neurones. On the right, the
cumulative data for each comparison is presented as boxplots; dots are outliers.

or contaminating debris in subsequent analyses, we elected to exclude all 9 from further

study. This procedure resulted in a final dataset of 21 high-quality single cell samples.

On average, 4.4 million paired-end fragments were obtained for each sample (Table
B.4 in Appendix B), 2.7 of which could be mapped to annotated genes. These cover a
mean of 4,717 + 175.8 (SEM) genes per single cell; collectively, 13,582 different genes
were expressed in at least one cell, which represents 74.2% of the genes expressed in
the GFP"9" OSNs. To confirm that the sequenced cells indeed correspond to GFP"9"
OSNs, I compared the transcriptome of each single cell to the expression profile of the
WOM, the pooled 10 million OSNs and the bulk GFP!* and GFP"¥" populations. All
single cells correlated better with the OSN samples than with the WOM (p-value <
2.2e-16, paired t-test), and better with the GFP"" than with the GFP*(p-value <
2.2e-16, paired t-test; Figure 3.8).

Next, I examined the expression of a set of genes that are canonical markers for the
different cell types found in the WOM and the VNO, the other tissue where OMP™
cells are abundant. All 21 cells showed robust expression of the genes characteristic of
mature OSNs (such as Omp, Gnal, Cnga2, Ano2 and Adcy3), and low or no expression
of markers of other cell types, including immature cells and VSNs. Also, none of the 21
cells expressed GC-D or TAAR genes (Figure 3.9). Thus, this confirms that the cells
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Figure 3.9 — Expression of canonical markers. Heatmap representing the expression levels for different genes
that are canonical markers for various cell types found in the WOM and VNO. Single cells express all the marker
genes of mature OSNs and virtually none of the genes from other cell types. mOSNs, mature OSN; iOSNs, immature
OSN; GBC, globose basal cell; HBC, horizontal basal cell; SUS, sustentacular cell.

sequenced correspond to mature OSNs, with no contamination from other cell types.

3.3.1 Heterogeneity between single OSNs.

Single-cell RN Aseq data suffers from much higher technical variation than bulk RNAseq,
because the amount of starting material is very low. Many genes can have very different
normalised counts between technical replicates taken from the same pool of total RNA.
For example, a gene can have a hundred to a thousand counts in one replicate and zero
in the other; only genes that are expressed at high levels are consistent[318]. Therefore,
the variation observed between two different single cells will be a combination of the
large technical noise plus true biological variation. Consistent with this, the correlation
between any two single OSNs was only moderate (0.45 < rho < 0.61, p-value < 2.2e-16),
and there was great variation in the expression levels of low and moderately expressed
genes (Figure 3.10).

To address the question of how heterogenous are the transcriptomes of OSNs express-
ing different OR genes, I calculated the coefficient of variation (CV) for all those genes
with more than a thousand normalised counts in at least one single OSN. At this expres-

sion level, variation should largely reflect biological variability instead of technical noise.
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Figure 3.10 — Correlation between two single OSNs. Scatter plot of the normalised counts of two different
single OSNs; 0.1 has been added to the counts before computing the logarithm, to be able to show the genes not
expressed in one sample. The red line corresponds to the 1:1 diagonal. The Spearman rank correlation coefficient is
indicated in the top left corner. In red are higlighted the two OR genes abundantly expressed by each OSN.

From these, 598 showed highly variable expression across cells (CV > 4; Figure 3.11A).
These were relatively evenly distributed across the single OSNs (Figure 3.11B) except
for one unusually variable cell (OSN 183) which contained 15% of all the genes; these
were enriched in GO terms related to chemokine receptor binding, cytokine binding and
activity, antigen processing and presentation and regulation of lymphocyte activation,
which suggest a stressed cellular state. In contrast, the remaining 509 genes are only
enriched in G-protein coupled receptor signalling and transduction. The significance
of this term stems from the variable expression of OR genes, but there are also a few
orphan GPCRs (Gpr32, Gpri123, Gpri125 and Gpr160). A similar enrichment analysis on
protein domains identified the expected seven-transmembrane receptor domain present
in all ORs, but also a significant enrichment for a zinc-finger motif (C2H2 type) and
a KRAB box domain, both found within a group of zinc finger proteins (ZFP). Thus,
different OSNs are distinguished by the OR gene they express; ZFP genes might also
pattern different subtypes of OSNs, but a larger sample is necessary to assess the signi-

ficance of this finding and whether their expression is correlated with distinct subtypes
of OSNs.
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Figure 3.11 — Highly variable genes pattern single OSNs. A) Density distribution of the coefficient of
variation (CV) for all those genes that have at least 1,000 normalised counts in at least one cell. B) The genes with
a CV > 4 are highly variable between cells and only expressed in one or a few samples. To the right of the heatmap,
a red line indicates the gene is an OR.

3.3.2 Monogenic expression of OR genes.

The expression of OR genes in OSNs of the MOE is considered to be monogenic. Many
experiments have supported this paradigm, but it has never been conclusively proven|74].
Most evidence has come from both single and double in situ hybridisation, sometimes in
OSNSs expressing a receptor tagged with a reporter protein, to show that a given neurone
does not express two receptors at the same time. But in all cases only a (very) restricted
set of receptors has been tested; the lack of coexpression between these has then been
extrapolated to the complete repertoire. Also, in a scenario where the coexpression
of a given OR gene with any other is random, only a very small number of OSNs
would be expected to have a particular combination of two receptors and, therefore,
it would be very challenging to detect by traditional methods. Furthermore, since in
situ hybridisation requires specific probes, many times it is not possible to distinguish
between closely related receptors. RNAseq of single cells allows, for the first time, to
investigate the complete receptor gene repertoire in each cell, and assess how many

different ORs are expressed.

First, I analysed the expression of all OR and TAAR genes and pseudogenes, and
identified 476 receptor genes with at least one fragment mapped in at least one single
OSN; all of these were OR and no expression of TAAR genes was detected. How-
ever, the great majority of these OR genes (86%) had less than one third of their gene
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Figure 3.12 — OR expression in single OSNs. A) Scatter plot of the normalised expression of each OR gene
in each single OSN against the proportion of the gene covered by at least one read. Pseudogenes are in grey. The
majority of the OR genes are expressed at very low levels and have low coverage (light blue). The other 15% have
coverage > 1/3 and B) are bimodally distributed into high (red) and low (dark blue) expressed OR genes. Two
normal-like distributions were fit to the data to separate the genes based on their expression levels. C) Normalised
counts for the highest OR expressed in each single OSN. In 19 of the 21 cells an OR is expressed at very high levels
(red), while two OSNs show very low OR expression (dark blue). The horizontal dotted line indicates the expression
value where the two normal distributions from (B) intersect, and represents the threshold to separate the high- from
the low-expressers.

length covered by sequencing fragments, which suggests non-specific transcription and /or
mismapped reads (Figure 3.12A). The remaining 65 OR genes segregated into two dis-
tinct distributions, depending on their expression level (Figure 3.12B). A total of 45 OR
genes were expressed at low levels, with mean expression of only 15.942.7 (SEM) norm-
alised counts, while the other 20 were expressed on average at 36,162.5+6,238.7 (SEM)
normalised counts. The latter had sequencing fragments mapped along the majority of

the full transcript, with median coverage of 0.93.

Next, I looked at the OR genes expressed in each single OSN. The intersection
between the two distributions in Figure 3.12B (855.98 normalised counts) can be used
to define whether an OR is expressed at low or high levels. In 17 of the 21 single OSNs
there was a single OR gene, annotated as functional, expressed at high levels. Two
more cells expressed an annotated OR pseudogene at similarly high levels: Olfr1191-psi
and Olfr1224-ps1. Closer inspection of these two genes, revealed that they encode full-
length ORFs of 318 and 311 amino acids each, and these align to other mouse OR genes
with high identity; Olfr1224-psl is annotated as protein-coding in Ensembl. Thus, both
of these genes are likely to encode a functional receptor. Together, 19 of the 21 single
OSNs express a single putatively functional OR gene at great abundance (Figure 3.12C).
Indeed, the OR genes rank on average as the 6 most abundantly expressed gene in the
transcriptome of these OSNs; only Stoml3, Gnbl, Malatl and Calml1 are consistently
expressed at higher levels. All the expressed OR genes are Class 11 except for Olfr556.
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Figure 3.13 — Monogenic expression of OR genes. A) Boxplots for the five most abundant putatively
functional OR receptor genes expressed in each single OSN, in decreasing order. Most OSNs express one OR gene at
very high levels (red). The next most abundant OR gene is, on average, a thousand times lower. B) Representative
example of the first and second most abundant OR genes expressed in a particular OSN. On the top panel is the gene
model present in Ensembl, with the reconstructed models from the RNAseq data below. Each black box represents
an exon and the lines joining them are introns; the arrow heads indicate the strand of the gene. At the bottom is
a coverage plot of the sequencing reads. For the most highly expressed receptor (red) a large number of sequencing
reads cover the full gene model, but for the second most abundant OR gene (blue) there is only a small number of
reads that do not span the whole gene. Note the difference in scales for each plot.

In addition to the single abundant functional OR, the 19 single OSNs had between 11
and 28 other OR genes with evidence of expression, but all had extremely low normalised
counts. After excluding annotated pseudogenes, the most highly expressed OR gene is
on average over 1,000 times more abundant than the next highest OR gene expressed
(Figure 3.13A-B). In two cases, a pair of single cells expressed the same OR gene; OSN
171 and OSN 177 each express Olfr728, and OSN 22 and OSN 263 each express Olfrds.
The OR genes expressed at low levels in these two pairs of cells are not shared to a
greater degree as do any other two cells, thus suggesting that these lowly expressed
genes are not coordinated with the expression of the abundant OR gene, nor are they
the product of mismapping.

To assess whether these low levels of OR expression could be biologically meaningful
or whether they are more likely to represent leaky expression, I analysed publicly avail-
able single cell RNAseq data from 96 mouse T-helper lymphocytes[319] and 288 single
mouse embryonic stem cells[320], which were captured and processed in a similar man-
ner as the single OSNs, in the same facility. In these datasets, some cells expressed up
to 101 OR genes, but all at very low levels (Figure 3.14). Therefore, this suggests that
the low expression of a fraction of the OR repertoire is mainly the result of non-specific
transcription and has no biological significance. The contrast with the highly expressed
receptor, along with the recapitulation of this pattern in non-olfactory cells, strongly
argue in favour of a monogenic expression pattern of OR genes in OSNs.

As discussed in Chapter 2, many OR genes have several transcripts that differ in their
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Figure 3.14 — OR expression in several single-cell datasets. Heatmap of the normalised expression levels for
the complete OR repertoire; each row represents a different receptor gene. All 21 single cells are presented alongside
10 representative T-helper lymphocytes (Th2) and 10 embryonic stem cells (ESC). In the non-olfactory cells, there
is a variable number of OR genes with low normalised counts, similar to what is observed for OSNs. The two pairs
of single OSNs that express the same abundant OR gene are highlighted in red.

UTR structure and a few also have potentially different protein coding isoforms. None
of the OR genes expressed in the single OSNs include genes with alternative protein
isoforms, but most of them have several different transcripts. For these, the sequencing
reads support expression of several distinct transcripts with alternative UTRs. This
demonstrates that within a single OSN, the different isoforms of the OR gene expressed

abundantly are present.

3.3.3 Monoallelic expression of OR genes.

The OMP-GFP mouse line is in a mixed genetic background of 129P2x C56BL /6 strains
[309]. This allows to discriminate which allele is expressed, for all those OR genes with
SNPs between the two strains. Therefore, to assess whether the abundant OR gene is
expressed in a monoallelic fashion, I mined the mouse genomes project (MGP) data[321]
to obtain the variable nucleotide positions within the highly expressed ORs. Of the 19
abundant OR genes, nine had at least one SNP within exons. As an example, Olfr5) is
expressed in both OSN 222 and OSN 263, and has 15 SNPs across its transcript. For
OSN 222, there are 54,677 reads that map across these, and 54,563(99.79%) support the
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nucleotides found in the C57BL/6 genome. Similarly, there are 52,503 reads spanning
variable positions in OSN 263, 52,456 (99.93%) of which have the variant of the 129P2
allele (Figure 3.15A). Since both these cells originated from the same mouse, these data
directly demonstrate that Olfr55 is expressed monoallelically. For the other seven genes
with SNPs; five expressed exclusively the C57BL/6 allele and two expressed the 129P2
allele; in all these cases, at least 99.57% of the reads supported expression of one of
the alleles (Figure 3.15B). Thus, I have directly demonstrated that OR expression in
single OSNs, not only is monogenic, but it conforms to an extremely tight monoallelic

expression pattern.
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Figure 3.15 — OR expression is monoallelic. A) Stacked barplots of the proportion of sequencing reads
supporting the C57BL/6 (black) or 129P2 (golden) alleles for the Olfr55 gene in OSN 222 and OSN 263. Each
bar represents a different SNP. B) Same but for the cummulative data for all SNPs in each of the other OR genes
expressed at high levels that have SNPs. In all cases, a single allele is supported by over 99.5% of the data, indicating
very tight monoallelic expression.

3.3.4 Identification of a novel type of OSN.

Two of the sequenced single OSNs (OSN 259 and OSN 261) did not express any annotated
OR gene at high levels (Figure 3.12C); they have some expression of ORs but all are
very low (the highest are at 12.66 and 7.7 normalised counts respectively) and rank at
similar levels to what is found in the T-helper lymphocyte and ES cell transcriptomes.
I could not detect expression of other chemoreceptor genes either, such as vomeronasal
or taste receptors. From Figure 3.9 it is evident that neither of these cells express Adcy3
or Cnga4, both essential components of the canonical signal transduction pathway, but
they express many other markers of mature OSNs such as Omp, Gnal and Cnga2. In
contrast, they express Trpc2, a gene characteristic of VSNs. During the course of this
PhD, two subpopulations of OSNs in the MOE were shown to express Trpc2[131].
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Figure 3.16 — Characteristic expression profile of a novel type of OSN. A) Scatter plot of mean normalised
expression values for the whole transcriptome in the 19 OR-expressing cells (x-axis) versus the two no-OR cells (y-
axis). The red line is the 1:1 diagonal. Genes significantly DE (FDR < 5%) are in pink, and those consistently
expressed in both no-OR cells are in purple. B) Heatmap of the 55 DE genes that are consistently expressed higher
in the no-OR cells compared to the other 19 cells. C) Number of genes that are consistently expressed higher when
two cells are compared to the other 19. Each dot represents a specific combination of two samples. In purple are all
those combinations that include one of the no-OR cells, and in red the combination of both no-OR cells.

In order to characterise these cells better, I compared their transcriptomes to those
of the other 19 —OR-expressing— cells. Differential expression analysis revealed 494
significantly DE genes (Figure 3.16A) but only 55 that were consistently expressed in
both cells (Figure 3.16B). In order to determine if this number of shared DE genes is
statistically meaningful, I performed the same analysis for all 210 possible combinations
of two among the 21 single OSNs. This pair of 'no OR’ cells have over twice as many
DE genes as any other pair of cells (Figure 3.16C) which suggests that they are indeed
different from the rest and posses a set of genes specifically expressed in this novel type
of OSNs.

The most abundant DE gene is Gucylb2, a soluble guanylyl cyclase, followed by
sarcolipin (Sin) and Emz1, a transcription factor involved in neuronal fate specification.
Trpc2 is ranked as the 39" most abundant gene in the transcriptomes of these cells. In
collaboration, Luis Saraiva and Masayo Omura validated the expression of some of the
DE genes by in situ hybridisation, using Trpc2 as a marker of this type of OSN. They
found that Gucylb2 and Sin indeed are expressed in the MOE, sparsely distributed
within the OSN and sustentacular cell layers (Fig 3.17A-B). By two-colour in situ they
could confirm that the Gucy1b2™' cells define a subset of the Trpc2* cells in the MOE
(Fig 3.17C), consistent with the single-cell RNAseq data and recent reports[131, 322].
Additionally, Gucy1b2 was found to be coexpressed with Sin and Sncg (a less abundant
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Figure 3.17 — Validation of the DE genes in no-OR cells. A-B) Cryosections of adult mouse MOE hybridised
with cRNA probes for the two most highly expressed DE genes Gucy1b2 (A) and Sin (B). The hybridisation signals
are sparsely distributed within the MOE. C) Two-color in situ hybridisation of the top ranked marker (Gucy1b2)
with Trpc2. Some but not all of the Trpc2T cells in the MOE also coexpress Gucylb2. D) Two-color in situ
hybridisation of the top ranked marker (Gucy1b2) with other differentially expressed genes, Sin, Emz1 and Sncg.
Arrowheads point to labelled cells. Scale bars, 50 pm. Image kindly provided by Luis Saraiva and Masayo Omura.

DE gene, ranked 7*) and to partially overlap with cells expressing Emx1 (Fig 3.17D).
Thus, these two cells appear to be examples of the recently discovered type B Trpc2™
cells in the MOE, which are now characterised by at least a handful of other genes, and

clearly represent a distinct subtype of OSN.

In all, RNAseq has demonstrated to be a very powerful technology to definitely an-

swer questions that are fundamental for the understanding of the olfactory system. The
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data presented here strongly supports the monogenic character of OR expression, but a
larger sample size will be necessary to extend this conclusion to more OSN types; the
inherent challenges of working with single OSNs, however, will make this a difficult task.
Interestingly, the monoallelic character of OR expression is extremely tight, with nearly
the entirety of the sequencing data supporting expression of a single allele. Therefore,
it seems like the expression of one abundant OR allele is very tightly controlled, with

only a small degree of leaky transcription from a small subset of OR genes.



Chapter 4

Genetic variation and the expression

of the OR repertoire.

I have demonstrated that high-depth RNAseq is a suitable technology to study the
transcriptome of the olfactory system, and that the expression of the majority of the
receptor repertoire can be detected, albeit at low levels. The amount of sequencing
data devoted to the receptor genes can be increased by separating the OSNs from the
other cell types found in the tissue, but the increase is only modest (2.5 fold). These
experiments revealed that the profile obtained from the whole tissue is virtually identical
to that from sorted OSNs, indicating that despite the lower amount of data obtained
from WOM samples, the information is accurate and reproducible. The advantage of
analysing the transcriptome of the WOM is that wild-type animals can be used, without
the need for any transgenes. Therefore, I decided to continue to profile WOM samples.
Also, since the OR genes are more divergent than VRs, these can be accurately detected

by unique counts, and thus I focused my subsequent analyses on the OR repertoire only.

The data presented so far has revealed a characteristic expression distribution for
the OR repertoire; a few genes are highly abundant and expression values then drop
quickly. Remarkably, each of several animals from the same genetic background contains
a stereotyped proportion of each receptor type, suggesting that OR gene choice is very
tightly regulated. But how rigid is this pattern of expression and what are the factors

contributing to such a stable state?
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4.1 Gender has little effect on OR gene expression.

The C57BL/6J (hereinafter B6) WOM transcriptome data presented in Chapter 2 was
obtained from adult male and female samples. Among the behavioural responses eli-
cited through olfactory signals, many are clearly distinct between adult male and female
mice, including sexual conduct[157, 159, 323], aggressive responses to intruders[156] and
parental care[128], but the mechanisms that ensure such differentiated responses have
not been fully elucidated in mammals[324]. It is conceivable that the receptors involved
in the detection of the chemicals mediating these dimorphic behaviours might be differ-
entially expressed between sexes. To assess this, I performed a differential expression
analysis. Surprisingly, the transcriptomes showed a striking similarity between males
and females (Figure 4.1). At the whole genome level, only 32 genes were significantly
DE (FDR < 5%). Among these are those expected to be different by sex, such as genes
from the Y chromosome or the X-inactive specific transcript, Xist. Except for these, the
fold-changes observed were small, with only a mean 1.56 difference between the sexes,
for both genes expressed higher in males and in females. The expression estimates for
each OR gene between males and females were also remarkably similar, with only 0.7%
of the repertoire significantly DE (9 OR genes; Figure 4.2). This suggests that the ob-
served behavioural dimorphism is not achieved by a differential ability to detect certain

olfactory cues.
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Figure 4.1 — Transcriptome of the WOM of males and females. Scatter plot of the mean normalised counts
for the transcriptome of the WOM in males and females. The red line indicates the 1:1 diagonal. Most genes lie
close to the diagonal, suggesting that the transcriptomes are nearly equivalent. The 32 significantly differentially
expressed genes are highlighted in pink; among these are genes known to be expressed only in one sex, such as Xist
or genes from the Y chromosome.
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Figure 4.2 — OR expression in males and females. Barplot of the normalised expression of the OR genes
in males (blue) versus females (red). Counts have been normalised for both depth of sequencing and gene length.
Genes are ordered by decreasing male expression, and the corresponding values in females are presented as a mirror
image. The repertoires are extremely similar. Significantly differentially expressed genes are highlighted in black.

4.2 Some OSN types are more abundant than oth-

ers.

The observed distribution of expression values for the OR genes is conserved between
individuals and is not significantly affected by sex. Such an expression profile may be
explained by two scenarios: either 1) OR genes with high expression values are expressed
in a larger population of neurones than those with low expression values; and/or 2) OR
genes are consistently expressed at different levels per cell. To differentiate between
these possibilities, I first compared the RNAseq expression values with cell counts in the
MOE, for a subset of OR genes. These data were obtained by counting fluorescent OSNs
from transgenic mice (21 days of age) carrying tagged receptors[325]. Since all these
transgenic lines are in a mixed 129xB6 genetic background similar to the OMP-GFP
line, I compared to the RNAseq data from the OMP-GFP WOM (25 days of age) from
Chapter 3. The correlation with the RNAseq normalised counts was very strong and
highly significant (rho = 0.94, p-value = 0.00047; Figure 4.3A). Thus, the expression
values obtained through RNAseq are a reflection of the number of cells expressing a

particular receptor gene within the MOE.
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Figure 4.3 - RNAseq expression correlates with neurone number A) The expression levels for a subset
of OR genes are plotted against their count number in the MOE. In red is the regression line and the Spearman
correlation coefficient is on the top left corner. The high correlation indicates that RN Aseq expression levels reflect
the number of cells expressing a particular OR gene in the MOE. B) Barplot of the expression of the OR repertoire
in the OMP-GFP WOM data, in decreasing abundance order. Those receptors that were expressed in the 19 single
OSNs sequenced are highlighted in red. These cluster towards the highly expressed genes which suggests that the
MOE has higher number of OSNs expressing these receptor genes, which results in a higher probability of sampling
them. C) The RNA expression in the OMP-GFP WOM data is plotted against the expression levels of abundant
OR genes in single OSNs. The two single cells expressing Olfr55 are in orange and the two expressing Olfr728
are in blue. In red is the regression line. There is no correlation between the two, suggesting that the cumulative
expression seen at the population level is not influenced by the OR abundance per OSN.

These data indicate that the first scenario might be the major contributor to the
observed expression profile for the receptor repertoire. If this is true, one would expect
that the OR genes expressed in randomly sampled neurones from the MOE would be
enriched for those expressed at high levels. Such a random sampling of OSNs was
performed when producing the single-cell RNAseq data presented in Chapter 3. Indeed,
from the 17 different OR genes expressed at high levels in the 19 single OSNs, 14 are
within the top quartile of the distribution and this enrichment is highly significant (p-
value = 9.23e-07, hypergeometric test; Figure 4.3B). Thus, there is a strong bias towards
selecting receptors with high RNAseq expression estimates within the WOM. To test if
there is also a contribution from varying levels of OR expression per OSN, I compared
the expression levels in the WOM RNAseq data against the expression of each OR in
the individual OSNs; to account for variability, I normalised to five OSN marker genes
(Omp, Gnal, Adcy3, Ano2 and Cnga?2) that have been shown to be stably expressed[304].
While the OR gene expression levels did vary within single cells (mean = 15,353.57
and SD = 19,483.62 normalised counts), they did not correlate with the corresponding
expression levels in the WOM (rho = 0.09 p-value = 0.71; Figure 4.3C). Together, these
data suggest that while there is variance in the OR expression levels between different
OSNs, this does not correlate to their cumulative abundance in the overall population.
Instead, the expression levels obtained from WOM samples reflect the number of cells

expressing a particular OR gene. Therefore, RNAseq is an accurate proxy for quantifying
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the diversity of OSN types found within the MOE, such that high RNAseq expression
equates to high number of OSNs.

4.3 OR expression differs between mouse strains.

The relative proportion of each OSN type is stable between genetically identical anim-
als irrespective of sex (Figure 4.2). To investigate whether this OSN distribution is a
feature of all mice, I analysed the WOM transcriptome of a different laboratory strain,
129S5SvEv (referred to as 129; Tables B.1 and B.2 in Appendix B). The 129 genome
has 4.4 million single nucleotide polymorphisms (SNPs) and 810 thousand small indels
(1-100 bp long) compared to B6[321], of which 13,484 SNPs and 1,936 indels are found
within OR gene transcripts. All these variants can have an impact on the mapping of
the RNAseq data, especially since ORs are more variable than the average gene[271]. To
assess this, I mapped the data to the B6 reference genome, or to a pseudo-129 genome
that contains all the high quality SNPs and short indels reported for this strain[321].
Despite the great majority of the repertoire having similar expression estimates in both
cases (85.6% have changes of less than one normalised count), a few receptor genes show
a significant change in the number of sequencing fragments that map to them (Figure
4.4). In most of these cases (84.4%), the pseudo-129 genome allows a greater proportion
of reads to be mapped. Thus, I utilised the data mapped to the pseudo-129 genome for

further analyses.
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Figure 4.4 — Effect of imputing variation on OR expression estimates. Plot of the difference of the mean
expression values for OR genes, as obtained by mapping to a pseudo-129 genome versus mapping to the B6 reference.
The genes are ordered by their decreasing mean expression value in the calculations using the pseudo-129 genome.
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Figure 4.5 — Normalisation for OSN number. In the first panel the total normalised counts for OR genes are
plotted for each WOM sample from different strains; CAST data will be presented below. Then, the normalised
counts are plotted for a set of marker genes that are known to be stably expressed in OSNs only: Cnga2, Adcy3,
Gnal, Ano2 and Omp. The Pearson’s correlation value with the total counts is indicated. All marker genes except
for Omp are highly correlated to the total number of counts in OR genes, suggesting that the observed differences
are the product of different proportions of OSNs in the WOM samples.

To be able to compare the relative distribution of OR gene expression in mature OSNs
across different strains, it is necessary to normalise to account for any differences in the
total number of neurones present in WOM samples. For this, I used a method proposed
by Khan et al.[304]. This approach uses marker genes known to be stably expressed
in mature OSNs only, to estimate the proportion of WOM RNA contributed by the
OSNSs. As can be observed in Figure 4.5, the total number of normalised counts across
the receptor repertoire varies considerably between strains, even after normalising for
differences in depth of sequencing. Inspection of genes only expressed in OSNs (Cnga?2,
Adcy3, Gnal, Ano2 and Omp) revealed that most of them follow the same pattern of
expression and are highly correlated with the total OR counts (Figure 4.5). Therefore,
the observed differences are most likely due to different proportions of OSNs in the WOM
samples. In this particular case, Omp had a very poor correlation value (r* = 0.14, p-
value = 0.22, Pearson) and thus was not used in the normalisation process. To normalise
for OSN number, size factors were obtained based on the geometric mean of the OSN
markers, and these were used to scale the OR genes normalised counts.

To evaluate how similar are the OR expression distributions between the animals
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Figure 4.6 — OR expression in B6 and 129. Barplot of the OR normalised expression values in B6 (blue) with
the corresponding 129 values (yellow) as a mirror image. As an inset is the scatter plot of the same expression levels;
the red line is the 1:1 diagonal and the Spearman correlation coefficient is indicated. Significantly differentially
expressed genes (FDR < 5%) are highlighted in green. Many OR genes have differences, albeit small, in their
expression levels.

from these two genetic backgrounds, I performed a differential expression analysis on all
OR genes. From these, 462 were significantly DE (FDR < 5%), which represents 37% of
the whole repertoire (Figure 4.6). However, 45.9% of the DE genes had a difference lower
than 2-fold, implying consistent but relatively small changes in expression. Concordant
with this amount of DE genes, the correlation for OR gene expression was 0.85 (p-value
< 2.2e-16, Spearman), that contrasts with the very high correlation of 0.96 (p-value <
2.2e-16, Spearman) across the whole transcriptome.

To determine whether genetic diversity influences the variance in OR gene expression,
I repeated this experiment using CAST /EilJ, a wild-derived strain from the Mus musculus
castaneus subspecies (henceforth referred to as CAST; Tables B.1 and B.2 in Appendix
B). This strain has 17.6 million SNPs and 2.7 million short indels relative to B6; of
these, 45,688 SNPs and 6,303 indels are found within OR transcripts. After mapping to
a pseudo-CAST genome, 634 OR genes were significantly DE (FDR < 5%) compared
to B6, constituting 50.8% of the whole OR repertoire (Figure 4.7). The changes in
expression for some OR genes were dramatic: 132 genes had differences of at least 8-fold

and therefore the OR gene correlation between the two strains was only 0.73 (p-value <
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Figure 4.7 - OR expression in B6 and CAST. Barplot of the OR normalised expression values in B6 (blue)
with the corresponding CAST values (red) as a mirror image. As an inset is the scatter plot of the same expression
levels; the red line is the 1:1 diagonal and the Spearman correlation coefficient is indicated. Significantly differentially
expressed genes (FDR < 5%) are highlighted in purple. Many OR genes have distinct expression levels and some
are strikingly different.

2.2e-16, Spearman) while at the whole genome level the correlation remained high, at
0.96 (p-value < 2.2e-16, Spearman).

Taking all pairwise comparisons into account (including 129 vs CAST), 821 OR genes
(65.7%) were DE between at least two strains (Figure 4.8A). Of these, 136 were DE in
all three comparisons (Figure 4.8B), indicating a consistently different level of OR gene
expression in each strain. All together, I have profiled the complete OR repertoire of
three different strains of mice, with varying levels of genetic divergence among them.
The data indicates that the OR expression levels are tightly controlled; a very stable
distribution is conserved among animals of identical genetic background. However, the
composition of the neuroepithelium of the WOM is remarkably diverse between animals
with a different genetic makeup. Since the differences in expression levels indicate dif-
ferences in the number of OSNs expressing particular OR genes, the MOE of each strain
is a mosaic composed of varying proportions of each of the ~1,000 OSN types.

In order to investigate how the genetic background could be affecting OR expression
levels, I mined the Mouse Genomes Project catalogue of SNPs and short indels for the

129 and CAST genomes[321]. Differentially expressed OR genes had greater amounts of
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Figure 4.8 — Differential expression of the OR repertoire in three strains of mice. A) Proportional venn
diagram indicating the number of OR genes that are significantly DE in the different pairwise combinations between
the three strains. 136 receptor genes have different expression levels in all three strains. B) Examples of OR genes
that are differentially expressed. Each point is a biological replicate and the horizontal line indicates the mean
expression for each strain. In order, a receptor with differing expression values in each strain, one that is different
in CAST only, in 129 alone or different in B6.

variation in their CDS, whole transcript or regions of 300bp or 1kb upstream of the TSS,
in comparison to non-DE genes (Mann-Whitney, one tail), for both the 129 and CAST
genomes (Figure 4.9). However, there was no relationship between the number of variable
positions and the fold-change between the strains. The analysis of the putative promoters
of many OR genes has shown that these have several OE-like and homeodomain binding
sites[192-194], and the latter have been demonstrated to influence the frequency with
which an OR gene is chosen for expression[188]. Therefore, it is likely that higher
amounts of variation increase the probability of affecting some of these motifs, which
would result in changes in the overall expression in the MOE.

Variation can also impact the open reading frame directly. For example, the B6
genome contains a premature stop codon in Olfr421-ps1, which results in a truncated
protein of only 269 amino acids. On the other hand, the 129 and CAST genomes have a
SNP that reverts the stop codon into a coding amino acid and, therefore, both produce
a full-length protein (315 amino acids). OSNs that initially choose a pseudogene switch
to another functional OR gene and progressively extinguish the expression of the non-
functional receptor[207]. Consistent with this, the B6 animals have very low expression
of Olfr421-ps1, while it is expressed more than ten fold higher in the 129 and CAST
WOM (Figure 4.10).

Several examples exist on the influence of genetic variation on OR gene choice, such

as the H-element which has been shown to elicit stronger effects the closer it is to the
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Figure 4.9 — Differentially expressed OR genes are more variable. Density distribution of the number of
OR genes that have a given number of SNPs in the 1kb region upstream of the TSS. In grey are all those genes
that are expressed at equivalent levels between B6 and 129 (left) or CAST (right); and in red, are the significantly
differentially expressed genes (FDR < 5%). There are less DE genes that have no SNPs and greater numbers of DE
receptors have larger numbers of SNPs.

OR cluster it regulates[182]. The distance in the 129 genome is greater than in B6
animals[183] and, therefore, the expression levels of the proximal genes of the MOR28
cluster are lower in 129 than in B6. Enhancers, like the H-element and others, also
contain transcription factor binding sites[188]. They can be located tens to hundreds of

kilobases away from the OR genes they regulate. Commonly, they affect several OR genes

Olfr421-ps1

B6

129"

CAST

Figure 4.10 — Expression of a polymorphic pseudogene. Olfr/21-ps! is an OR gene that in the B6 genome
has a premature stop codon, but produces a full-length protein in the 129 and CAST animals. On the top is the
gene model; the thicker box indicates the CDS and the rest is annotated UTRs. The blue line indicates the SNP
that produces the STOP codon in B6. Below are representative examples of the raw sequencing data obtained from
B6, 129 or CAST WOM. Each read is drawn in grey and the blue lines indicate the read spans exon-exon junctions;
from the data it can be inferred that the gene model is lacking an additional 5’ non-coding exon. Coloured lines
within the reads indicate mismatches. The expression is many fold higher in the strains with a functional gene.
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from the most proximal cluster[183, 186, 187]. Inspection of the pattern of differential
expression in terms of the cluster organisation of OR genes revealed that, often, several
adjacent genes are regulated in a concerted manner, with all genes expressed at higher
or lower levels in a given strain. One such example is presented in Figure 4.11; a cluster
of 8 OR genes, 6 of which are functional, consistently show lower expression in B6 than
in 129 and CAST.
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Figure 4.11 - Differentially expressed OR genes are clustered in the genome. A) Schematic representation
of a cluster of OR genes. On the top is chromosome 4 and the region in the red box is expanded below. Each gene
model is drawn with boxes for exons and connecting lines for introns. The height of the box indicates whether the
sequence is protein-coding (taller) or not. A cluster of 8 OR genes spans 162.6kb; six of the genes are annotaed as
functional (black) and two are pseudogenes (grey). Non-OR genes are shown in blue. B) The normalised expression
levels for each of the functional OR genes is shown. B6 expression (blue) is lower than 129 (yellow) and CAST (red).
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Thus, the differences in expression observed between the different strains of mice
analysed here are likely to be the product of genomic variation located in important
regulatory elements, both in the promoters of the OR genes and in long-acting enhancer

elements.

4.4 The genetic background determines OR expres-

sion levels independent of odour environment.

Genetic variation will, undoubtedly, have an effect on the expression of the OR genes.
However, genetically divergent mouse strains also produce different odours in their
urine[326, 327] and amniotic fluid[51]. Therefore each strain of mouse, when housed
in homogeneous groups, is exposed to a unique pre- and post-natal olfactory environ-
ment. Odour exposure has been shown to alter the life-span of OSNs in an activity
dependent manner[286, 288, 292]. Thus, the observed changes in OR gene expression
between the different strains could be the result of their genetic makeup and/or the
odour environment they are exposed to. I therefore designed an experiment to dissect

the genetic from the environmental contribution to OR expression regulation.
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B6 and 129 embryos were transferred to F'1 mothers and allowed to develop in this
equivalent in utero environment. After birth, B6 litters were cross-fostered to B6 mothers
and 129 litters to 129 mothers. Further, B6 litters received a single 129 pup, and 129
litters received a single B6 pup. In this setting, each litter has a characteristic olfactory
environment, but one animal (the alien) has a different genetic background (Figure
4.12). This arrangement was maintained after weaning into single-sex groups, such that
each alien was caged with four animals of the alternative strain. At 10 weeks of age,
the WOM was collected for six alien animals and six cage-mates and RNA-sequenced
(Tables B.1 and B.2 in Appendix B).
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Figure 4.12 — Experimental design to dissect genetics from environment. B6 (black) or 129 (brown)
embryos were transferred into F1 recipient mothers (grey). Once the pups were born, the B6 litters were cross-
fostered to B6 dams and the 129 litters to 129 mothers. At the same time, a single B6 animal (the alien) was
introduced to the 129 litter and vice versa. These groups were conserved after weaning, in 4:1 strain proportions. At
10 weeks of age, the WOM was collected from the alien animal along with a cage-mate. Three biological replicates
were performed for each setup.

Evaluation of the OR gene expression repertoire revealed that animals clustered in
two groups, clearly defined by the genetic background of the animals (Figure 4.13A).
In other words, all the B6 animals displayed a similar OR gene profile, irrespective
of their olfactory environment. Consistent with this, the correlation coefficients for
any two B6 samples was on average 0.97, with no significant difference between the
environments (p-value = 0.09, t-test); in contrast, the correlations for any B6 with a 129
sample had a mean of 0.89, which is significantly lower (p-value = 3.8e-12, t-test). 507
OR genes, among 5,475 genes were DE between these mice when grouped by strain, a
similar number to the B6 vs 129 comparison when in their own olfactory environments
(Figure 4.6). In striking contrast, across the whole transcriptome, only two genes showed
differences in expression according to environment, both of which were OR genes (Figure
4.13B-C). For one of these ORs, the B6 animals in the 129 environment showed an
expression pattern that resembles that of the 129 genome (Figure 4.13B); the other,

however, had similar expression levels for both strains in their cognate environments,
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Figure 4.13 — OR expression is determined by the genetic background. A) Heatmap of the normalised OR
expression for all the B6 (black) and 129 (brown) animals. To the right, the colour of the mouse indicates its genetic
background and the colour surrounding it the type of environment it was exposed to. The samples cluster in two well
defined groups, characterised by the strain of the animals. There is no clustering between the different environments.
B) Two OR genes that showed altered expression levels upon differences on the olfactory environment. The colour
of the box indicates the strain of the animal and the background shade the environment.

but when the B6 animals were switched to the 129 environment, the expression was
downregulated (Figure 4.13C). No other genes reached statistical significance suggesting
that environmental changes have very little influence on the regulation of gene expression
in the main olfactory system. These data demonstrate that the WOM transcriptome
is mostly influenced by direct genetic effects and the indirect effect of the olfactory
environment is minimal and perhaps restricted to only a couple of OR genes. What'’s
more, these results imply that the overall abundance of each OR type is independent of
its activity or responsiveness to odorant cues.

To further test this, I sequenced the WOM of newborn B6 pups!. These animals
were mostly restricted to their in utero environment and had only brief interaction with
outside odorants. Therefore, the observed expression of the OR genes had minimal

influence from olfactory stimulation. The expression of OR genes in these pups could

ITissue collected by Darren Logan.
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Figure 4.14 — OR expression in B6 pups. OR expression levels in B6 E19.5 newborn animals. Despite the

abundance of OR expression being lower than in adults, there is a clear distribution of unequal proportions of the
different OR genes, with some much more abundant than others.

be readily detected in the RNAseq data. From the whole OR repertoire, 1,198 (95.9%)
genes showed evidence of expression. The olfactory system is still developing at birth
and there is rapid growth and a steep increase in the number of OSNs during the first
postnatal weeks[26]. Consistently, the expression levels of the receptor genes were low
compared to adult animals. Nonetheless, a similar distribution of unequal proportions of
different OR genes was readily observed (Figure 4.14). The median OR expression was
18.76 normalised counts, and only 24 receptor genes had abundances higher than 100
normalised counts. Thus, the differential proportions of OSNs expressing particular OR
genes are present before any significant olfactory stimulation has occurred, suggesting
that it is not dependent on the activity of the OSNs.

Two other observations support that the expression distribution observed is not influ-
enced by the activity of the receptor genes. First, analysis of the expression of receptors
that are pseudogenised and do not produce functional proteins revealed a similar dis-
tribution, of some genes expressed more abundantly than others (Figure 4.15). And
second, the collection of OR genes that have identical coding sequences between dif-
ferent strains —and therefore identical proteins— very often occupy varying positions in
the distribution. 36.3% of the OR genes that are identical between B6 and 129 are
significantly DE; similarly 44.8% of the identical receptors between B6 and CAST are
expressed at different levels.

Thus, the activity of the receptor protein itself has no influence on the final expression
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Figure 4.15 — Pseudogene OR expression in B6. OR expression levels for all those receptors annotated as

pseudogenes in the B6 genome. Some genes are expressed at much higher levels than others, suggesting that the
abundance of each receptor is independent of the activity of the protein.

level of the gene. All data indicates that the observed differences in OSN composition in
the MOEs of different mouse strains are driven by changes in their genetic architecture;
the state of the regulatory sequences present in each genome dictate the final proportion

of OSNs that express each receptor type.

4.5 OR expression is controlled in cis.

Several enhancer elements have been identified that regulate the probability with which
OR genes from nearby clusters are chosen[183, 186, 187]. For these, it has been demon-
strated that their regulatory activity acts in cis and do not influence the expression of the
homologous alleles on the other chromosome[183, 184, 186]. However, 3C experiments
have indicated that there are interchromosomal interactions between different enhancer
elements[187]. Further, I have now shown that the expression level of each receptor gene
depends on the genetic context. In order to determine if the observed differences in
expression are the product of cis-acting elements, I analysed available WOM data from
B6xCAST F1 hybrids?. When compared to the parental strains, these hybrid animals
provide information about the regulatory elements affecting gene expression. For all

those genes that are differentially expressed between the parental strains, the corres-

2Raw sequencing data was kindly provided by Sophia Liang.
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ponding expression of each allele can be determined in the F1 by interrogating variable
positions. If the ratio observed between the parental expression levels is the same as
that of the two alleles, it can be inferred that expression is regulated by elements acting
in cis; on the other hand, if the expression of the two alleles in the F1 is no longer
different, then regulation is occurring in trans[328].

For the OR repertoire, 1,018 (81.5%) of the genes have at least one SNP reported for
CAST that is covered by sequencing fragments. At each of these positions, I calculated
how many sequencing fragments pertained to each allele. Then, I used the ratio of B6
to CAST counts to deconvolve the total gene expression into allele-specific expression
for each OR gene (see Appendix A for detailed methods). Figure 4.16A shows the
fold-change in OR gene expression in the parental strains versus the corresponding fold-
change of the alleles in the F1; most genes lie along the 1:1 diagonal, indicating that the
expression levels observed in the animals with pure genetic background (B6 or CAST)
are conserved at the allele-level in the F1 and, therefore, must be controlled in cis. In
other words, the expression of the two alleles within the F1 animals is the summation

of the patterns present in the parents (Figure 4.16B).
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Figure 4.16 — OR expression is regulated in cis. A) Scatter plot of the fold-change in OR expression between
the CAST and B6 parental strains (y-axis) versus the allelic expression for each strain in the F1 (x-axis). Most
genes lie in the 1:1 diagonal (red), which indicates that the proportions observed in the parents are conserved in
the F1. This occurs when expression is regulated by cis-acting elements. B) Examples of two OR genes that are
differentially expressed in the parental strains (top row). The expression in the F1 hybrids was decomposed into the
contribution from each allele, and this is plotted on the bottom row. The logs fold-change is indicated in each case
and these are equivalent for both the Fg and F; data.

All together, these data provide a comprehensive landscape of the OR repertoire

transcriptome from genomes with varying levels of divergence. A great proportion of
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the receptor genes are susceptible to differences in their expression levels. These cor-
relate with disparity in the number of OSNs that express each OR gene. Further, the
changes are directly determined by the genetic architecture of the animal but not by
their olfactory environment or the activity of the receptor protein. Based on the expres-
sion pattern of OR genes in an F1 hybrid, it can be inferred that the vast majority of
regulation of OR gene choice is conducted by elements acting in cis. Genetic variation
within these —poorly defined— regulatory elements correlates with differential OR gene
expression. Together, these data are consistent with a model where genetic variation in
regulatory elements alters the probability with which each receptor is chosen, thus res-
ulting in the creation of a highly diverse mosaic composition of the MOE, with varying

proportions of each OSN type.






Chapter 5

Olfactory stimulation alters the OR

repertoire.

I have previously shown that the proportion of OSNs expressing any given OR is con-
served between animals of the same genetic background, but differs considerably when
genetic variation is introduced. Also, I have demonstrated that the observed changes are
due to cis-acting regulatory elements and that the olfactory environment has very little
effect on the WOM transcriptome. However, several studies have shown that neurones
that are activated by their cognate ligands have increased life-spans[286, 288, 292]; with
time, their longer survival rates translate into an enrichment in the neuronal population,
compared to those OSN types that are mostly inactive[292]. Thus, one might expect
that the OSNs that express receptors responsive to the odorants that are differentially
produced by B6 or 129 animals, or by males and females, should be overrepresented
in one strain or sex. But my results in Chapter 2 and 4 show only a few OR genes
are differentially expressed in any of these comparisons. However, it is also well known
that persistent exposure to any given odorant results in adaptation, where OSNs are
desensitised and inhibit their responses to such olfactory stimuli[245]. Hence, could it
be that the lack of DE OR genes between males and females, or between B6 animals

living in a 129 olfactory environment, is the result of olfactory adaptation?
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5.1 Acute but not chronic odour exposure affects
OR expression levels in the WOM.

To investigate if the overall OR expression in the WOM is susceptible to change upon
olfactory stimulation, I designed a set of odour exposure experiments. I chose four differ-
ent odorants for which receptor-ligand interactions have been well characterised: Olfr50
(I-D3) responds to (R)-carvone[224], Olfr151 (M71) to acetophenone[216], Olfr2 (I7)
to heptanal[224] and Olfr73 (mOR-EG) to eugenol[215] (Figure 5.1A). These four com-
pounds were dissolved in mineral oil in equimolar proportions, for a final concentration
of 1mM each. The odour mixture was used to stimulate B6 male and female mice, with
two different presentation paradigms: 1) A chronic exposure, that consisted of adding
the mixture to a cotton ball placed inside a tea strainer, and left in the animal’s cages 24
hours a day; the mixture was replaced fresh every day. 2) Or an acute exposure design,
where the mixture was added to the drinking water supplied to the animals (Figure
5.1B). In the chronic paradigm, the odorants were present in the environment uninter-
ruptedly, while in the acute set-up, the animals could smell the mixture only when they
approached the bottle to drink. For both experiments mineral oil was used as a control.

A B
ODOUR MIX CHRONIC AcuTtE

)-carvone  eugenol acetophenone heptanal
Olfr50 Olfr73 Olfr151 Olfr2

0 1 4 10 24

weeks of exposure
Figure 5.1 — Odour exposure experimental set-up. A) Four different odorants were used to stimulate B6
mice, as an equimolar mixture: (R)-carvone, eugenol, acetophenone and heptanal. The chemical structure of each
is shown, along with one OR they activate. B) The odour mix was presented chronically, by applying it to a cotton
ball that was left inside the mice cage 24-hrs a day; or acutely, by adding the odour mixture into the drinking water.
In the acute paradigm, the animals smell the odorants only when they approach the bottle to drink. For both

experiments, WOM was collected after 4, 10 and 24 weeks from the start of the treatment. For the acutely exposed
animals, a further 1-week time point was included.

The odour-exposure was started from birth. I then dissected the WOM at different
time-points, and assessed the expression of the OR genes expected to respond to the
individual odorants, by TagMan qRT-PCR. As Olfr151 is a pseudogene in the B6 genome
it was not included in the analysis. When the odour mixture was presented in an
uninterrupted manner, no changes could be detected in the overall WOM expression
of any of the three receptor genes in the odour-exposed animals compared to controls

(Figure 5.2). However, the animals that were exposed acutely to the odorants, showed a
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Figure 5.2 - OR expression is altered with acute stimulation. Expression estimates obtained with TagMan
qRT-PCR assays for Olfr2 (orange), Olfr73 (purple) and Olfr50 (blue) at different time-points (in weeks). The
ratio between the odour-exposed and the control animals is plotted. For the group exposed chronically (left) to the
odour mixture, no changes were detected for any of the genes at any point. In contrast, the animals exposed acutely
(right) showed significant changes for several genes. Error bars are the SEM. * P<0.05 ** P<0.01 (y-yesy, FDR
< 5%). Chronic: n = 3-5 animals per group, for 4 and 10 week time-points; 9-10 for 24 weeks. Acute: n = 8-13
animals per group, per time-point.

consistent and significant upregulation of Olfr50 at all time-points except at 24 weeks.
Also, Olfr2 was significantly downregulated at the latest time-point tested, and Olfr73
was upregulated very early but this change was not maintained in later stages (Figure
5.2). Thus, these data suggest that OR gene expression is susceptible to dynamic change
by exposure to specific odorants, but only when the stimulation is intermittent. However,
it is also possible that the stimulation achieved by delivering the odorants in the water
is substantially different to the chronic exposure paradigm, not only in frequency but
also in intensity.

To assess the proportion of the OR repertoire that was affected by the acute exposure
treatment, I sequenced RNA from six control and six experimental samples from the 24-
week cohort (Tables B.1 and B.2 in Appendix B). Differential expression analysis revealed
36 OR genes were significantly regulated (FDR < 5%) upon exposure to the odour mix,
with similar numbers of receptors more or less abundant in the treated animals (Figure
5.3). Most of the DE genes had small fold-changes; only one third showed differences in
expression of 1.5 fold or more.

To further validate these changes, I selected seven genes with the biggest differences
for which specific TaqgMan probes were available, and tested their expression in all the
sequenced samples plus 3 extra controls and 7 additional exposed animals. All the tested
genes were statistically significant (t-test, FDR < 5%) and the direction of the changes
was concordant with the RNAseq data (Figure 5.4). I then tested these genes in the
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Figure 5.3 - DE OR genes in acutely exposed mice. Mean normalised expression estimates for the OR
repertoire are plotted aginst their fold-change in the animals exposed acutely to the odour mix (for 24 weeks) versus
controls. In all, 36 receptors are significantly differentially expressed (FDR < 5%), with 16 being more (red) and
20 less abundant (blue) in the treated animals. The red line indicates equal expression in both groups. Several DE
genes were selected for further validation; these are plotted as stars and their gene name is indicated. n = 6 animals
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Figure 5.4 — ORs regulated by odour stimulation change in a time-dependent manner. Fold-change of
the expression of seven DE OR genes in odour-enriched animals versus controls, assessed by TagMan qRT-PCR.
The ratio between groups is presented for each gene at different time-points after the start of the odour exposure,
for the acutely treated mice. All seven genes are significant after 24 weeks of treatment, but some are different as
early as 4 weeks. To the right is also the fold change for the same genes in the animals treated chronically during 24
weeks. No significant changes were detected. Error bars are the SEM. *P < 0.05 **P < 0.01 ***P < 0.001 (t-test,
FDR < 5%). n = 8-13 animals per group, per time-point.
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samples from previous time points. After 4 weeks of exposure, three of the genes were
already statistically significantly different from controls, and at 10 weeks five out of the
seven receptors were clearly DE (t-test, FDR < 5%). After only one week of treatment
none of the genes showed significant changes, which was expected since the pups do not
drink the odourised water at this stage. For five of the DE receptors, the difference in
expression relative to controls increased with time, while the other two were unchanged
until the 24 week stage; these might have slower change dynamics or might require a
bigger change to be detectable by measuring expression levels in the WOM (Figure 5.4).
Next, I tested these same DE receptors in the samples from the mice exposed chronically
to the odour mixture for 24 weeks. None of the genes were significantly different in the
exposed animals compared to controls (t-test, FDR < 5%; Figure 5.4). Thus, I have
shown that intermittent exposure to a set of odorants results in changes in the expression
of several OR genes, that become accentuated with time. However, this is not observed
if the odorants are constantly present in the environment, at least for these particular
set of genes.

Finally, to assess the plasticity of the observed changes, I acutely stimulated a group
of animals for four weeks, and then left them to recover for an additional six weeks
(Figure 5.5). I then collected the WOM and tested the expression of the same seven OR
genes by qRT-PCR. As seen before, after 4 weeks of exposure, three of the seven DE
ORs were significantly different and these changes increased and became more significant
at 10 weeks. However, in the animals that were returned to pure water for the last 6
weeks, the expression of all the receptors was not different from controls (Figure 5.5).
Thus, this data indicate that the changes in expression of certain OR genes upon odour

exposure are plastic and require constant stimulation to be maintained.

5.2 Differential regulation of OR genes is odour-

specific.

To better understand the effects of individual odorants on the expression of the OR
repertoire, I repeated the acute odour exposure experiments but supplementing the
water with (R)-carvone or heptanal alone, or with the combination of both. Controls
were kept with pure water. I collected the WOM after 10 weeks of exposure and tested
the expression of the seven DE ORs identified previously, by TagMan qRT-PCR. None of

the genes were significantly DE in the animals exposed to (R)-carvone alone; a marginal
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Figure 5.5 - Changes in OR abundance are plastic. Mice were acutely exposed to the odour mixture for four
weeks. Then, they were returned to pure water for 6 weeks. The expression levels of the DE OR genes were tested
at 10 weeks, by TagMan qRT-PCR. The fold change between the treated and control animals are plotted for each
gene. On the left is the same data from Figure 5.4; after 4 weeks of treatment three of the genes are significantly
different from the controls and at 10 weeks these changes become more pronounced. On the right, the expression
values returned to control levels in the animals left to recover, with no significant differences for any of them. Error
bars are the SEM. *P < 0.05 **P < 0.01 ***P < 0.001 (t-test, FDR < 5%). n = 8-9 animals per group.

upregulation was observed for Olfr50, the carvone cognate receptor, but the difference

was not significant after correcting for multiple testing. However, four of the seven tested

receptor genes were significantly different in the animals exposed to heptanal, or to the
combination of both odorants (t-test, FDR < 5%; Figure 5.6).
To fully characterise the changes occurring in each of these experimental groups I

performed RNAseq (Tables B.1 and B.2 in Appendix B). Differential expression analysis
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expression values for 7 OR genes previously shown to be DE upon odour-exposure are plotted for animals treated
with only (R)-carvone, only heptanal or the combination of both, as assessed by TagMan qRT-PCR. The cognate
receptor for the two odorants are in black, DE genes up- and down-regulated in treated animals are in red and blue
respectively. (R)-carvone has little effect on these genes and the changes are not significant. Heptanal, however,
affects four of the seven genes. Error bars are the SEM. *P < 0.05 **P < 0.01 ***P < 0.001 (t-test, FDR < 5%).

n = 6 animals per group.
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Figure 5.7 — DE OR genes in mice stimulated with different odorants. Plots of the normalised mean
counts for all the OR genes versus their fold change in the experimental groups compared to controls. Each of the
groups exposed to (R)-carvone, heptanal or the combination of both are presented. Statistically significant DE genes
(FDR < 5%) are highlighted in red if higher in the experimental group, and in blue if lower. The red line indicates
expression is not different to controls. n = 6 animals per group.

revealed that, in all, 43 ORs were significantly DE in at least one of the conditions (FDR
< 5%), and the majority of these (74.4%) were upregulated in the odour-stimulated
animals. Exposure to (R)-carvone or heptanal resulted in the change in expression of
15 and 20 OR genes, respectively (Figure 5.7). These sets of receptors were almost
completely independent, with only one significantly regulated in both groups (OIfr538;
Figure 5.8A-B). The animals that were exposed to both odorants simultaneously showed
significant changes for 24 OR genes, 15 of which were shared with the individually
exposed groups (Figure 5.7). Interestingly, the great majority of these overlapped with
DE genes in the heptanal group, and only 2 were shared with the (R)-carvone group
(Figure 5.8A). Thus, the data suggests that exposure to (R)-carvone and heptanal alters
the global expression of some OR genes in the WOM, and these changes are odorant
dependent. But, when both odorants are presented in combination, the effects exerted by
heptanal overpower those of (R)-carvone, resulting in an expression profile that resembles
more that of the heptanal group (Figure 5.8). Finally, I compared the DE ORs from both
experiments, either using specific odorants or the mixture of four. Almost 40% of the
ORs that showed significant changes when exposed to all four odorants were also altered

in one or more of the groups exposed to (R)-carvone, heptanal or their combination.

All together, I have identified sets of OR genes that are regulated by exposure to
odorants, when the stimulation is intermittent but not when the odour cues are present
permanently. The receptors that are altered are dependent on the odorant used and the
changes are reversible. Thus, these data are consistent with the hypothesis that constant
but interleaved activation of OSNs expressing particular ORs results in a differential

proportion of such OR genes in the overall WOM transcriptome. Once the stimulation
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Figure 5.8 — Different ORs respond to specific odorants. A) Venn diagram showing the proportion of DE
genes in each of the experimental groups exposed to (R)-carvone, heptanal or their combination (both). Genes
regulated by exposure to (R)-carvone are different than those regulated by heptanal. B) Examples of a significant
DE OR gene that is influenced by both odorants (OIfr538), by (R)-carvone but not by heptanal (OIlfr916) and vice
versa (Olfr1182).

ceases, the changes are reversed and the expression of the OR repertoire returns to the

stable state dictated by the genetic composition of the animal.



Chapter 6
Discussion and future perspectives

In this dissertation I have explored the dynamics of OSN diversity, as measured by
olfactory receptor expression, and the effects of genetic and environmental factors on
its regulation. For this, I utilised an RNAseq-based approach that allowed me to study
the complete OR repertoire. I have shown that the transcriptional profiles obtained via
RNAseq from whole tissue extracts are accurate and highly reproducible, and outperform
other technologies available. Further, the high-throughput and unbiased character of the
technique allowed the generation of a comprehensive catalogue of the transcripts present
in the olfactory system, both known and novel; and the generation of full-length gene
models for hundreds of OR and VR genes. The combination of RNAseq with FACS
and single-cell technologies resulted in a precise characterisation of the molecular profile
of the OSN transcriptome. Moreover, it allowed the discovery of novel subdivisions of
mature OSNs. Importantly, the study of single OSNs permitted me to assess the wide-
held belief that OR expression is monogenic and monoallelic, hereby directly proven.
From the data, I can conclude several things. First, expression levels of OR genes
in WOM samples are an accurate reflection of the number of OSNs in the MOE that
express particular receptors. Thus, the transcriptional profiles inform on the propor-
tions of the different OSN types found in the neuroepithelium. Second, such diversity
of OSN types is stereotypical in animals of the same genetic background, irrespective
of sex and (largely) of age. Third, the presence of genetic variation results in high di-
vergence of the relative proportions of different OSN types, with most being susceptible
to altered abundance based on their genomic context. Fourth, the final distribution of
OSN diversity is controlled by genetic elements that act in cis, and is not affected by
sustained alterations of the olfactory environment. And fifth, the persistent but inter-

leaved presentation of olfactory stimuli alters the abundance of a subset of OSN types,
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in a time-dependent, odour-specific and reversible manner (Figure 6.1).

6.1 Understanding the mouse olfactory system by
RNAseq.

High-throughput RNA-sequencing has greatly advanced and developed in the last few
years. With the sequencing costs dropping, RNAseq has substituted the use of microar-
rays and has become routine for transcriptional profiling. I have exploited the strengths
of RNAseq to characterise and better understand the transcriptional dynamics of the
mouse olfactory system. In this dissertation, I have demonstrated the accuracy and re-
producibility of the expression estimates obtained with this methodology, and its superi-
ority when compared to other techniques such as a greater dynamic range of expression
values and better correlation with qRT-PCR expression estimates.

During the course of my PhD, several groups published results from similar experi-
ments to mine[329-331]. Shiao et al. performed RNAseq in WOM samples of male and
female BALB/c mice and concluded that males have overall higher expression of OR
genes[329]. But they failed to notice that males also have higher expression of all the
canonical markers of mature OSNs and, therefore, it is likely that the observed differ-
entials are only a product of varying proportions of OSNs in their whole tissue samples.
Additionally, they sequenced only one sample of each sex (that was the pool of three
individuals), which makes it very difficult to test for differential expression with confid-
ence, since any observed differences could be the result of technical variation with no
biological relevance. Indeed, both my data and that of Kanageswaran et al. [330] failed
to identify any convincing differential OR expression by sex.

A similar situation occurs in the experimental design of Kanageswaran et al.[330];
they sequenced several biological replicates of MOE samples from CD1 and B6 mice,
but only a single replicate of FAC-sorted OSNs from OMP-GFP animals. Thus, the
comparisons of the transcriptomes of the OSNs versus the whole tissue are underpowered
and are also flawed since the genetic background was not controlled. Finally, Shum et
al. presented WOM RNAseq data of two adult B6 females and reconstructed OR gene
models using a strategy similar to mine; however, their sequencing depth was much lower.
An analysis of their reconstructed gene models led to the proposal that the presence of
introns leads to higher expression levels[331]. However, the authors did not recognise

that the genes they classified as intronless were so because they did not have enough
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Figure 6.1 — Genetic and environmental regulation of OSN diversity. Model on the impact of genetic and
environmental factors on OR expression and OSN type abundance. A) Representation of the mouse genome, where
all chromosomes are arranged in a circle. The chromosome number is indicated. As an inner circle is a depiction
of genetic variation events, each as a vertical line. B) The first genome (left) produces a particular distribution of
expression for all the OR genes, ordered by decreasing abundance order. For the second (centre) and third (right)
genomes, OR genes are ordered the same as in the first. The presence of genetic variation results in OR expression
profiles that are different from each other. Greater amounts of variation (right) result in a more divergent profile. C)
The unequal expression levels for different OR genes results in unequal numbers of OSNs expressing such receptors.
Each square represents a different OSN and the colour indicates the particular OR gene it expresses. Thus, each
mouse with a unique genome has a unique pattern of OSN diversity in its nose. D) The proportion of each OSN
type is amenable to modification upon olfactory stimulation. On the left is represented a country mouse that feeds
on fruit and seeds; constant exposure to odorants from fruits results in the enrichment of OSNs that express ORs
that recognise such odorants (pink and purple). On the right is a city mouse that instead feeds on cheese and bread
and therefore has more OSNs that express ORs activated by the molecules in these foods (green and brown).
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depth to reconstruct their full gene models. Indeed, from all the OR genes proposed to
be intronless, 91.9% have introns in the reconstructed models I presented. Thus, the
low expression levels were the cause of the lack of introns in their models, and not the

other way around.

An important advantage of RNAseq is that it does not depend on the genome annota-
tion; this has allowed me to discover novel genes that, to date, remain unannotated in
the mouse genome. Several hundred loci showed evidence of expression of multi-exonic
structures, many of which contained protein features and domains. The surprisingly
high number of such novel genes indicates that despite the high quality of the sequence
and annotation of the mouse genome, the use of specialised tissues that are often not
considered in gene annotation pipelines are a source of additional information. It is likely
that many of the putative genes I have defined are specifically expressed in the olfact-
ory system and serve specialised functions; examples are the two lipocalin genes (Lcnl16
adn Len17) that were validated as true genes, and are odorant binding proteins. These
two novel genes can be found in the same orientation in the rat genome, but synteny
is disrupted in the primate lineage and there are no orthologues present in primates or

humans.

RNAseq combined with other experimental strategies, such as cell sorting based on
expression of particular marker genes, provide a powerful strategy to deconstruct com-
plex tissues such as the MOE. In collaboration, I utilised this approach to characterise
the transcriptional profile of the OSNs only, excluding the other cell types present in
WOM samples. By differential expression analysis, I defined a large list of genes that
are specific to the neurones and provide information on their molecular processes and
pathways. These will be useful as a reference for future studies, since discriminating
neuronal processes from supporting functions is very informative on the nature of the

phenomena being studied.

Perhaps more interesting was the finding that the expression of Omp, the canonical
marker that defines mature OSNs, is not expressed in a continuum but, instead, segreg-
ates into two discrete populations. The analysis of the genes that differentiate these two
subpopulations revealed that while both are mature OSNs, the GFP™ cells are slightly
less mature than the GFP"9" cells. A recent study characterised the temporal expres-
sion of OR genes, Adcy3 and Omp in differentiating precursor cells into mature OSNs.
Indeed, Omp was found to be the last gene to be activated, after both OR genes and
Adcy3 had been turned on[312]. Therefore, it is conceivable that the difference between

OSNs expressing either low or high levels of Omp coincides with a discrete functional
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event in the final maturation of the neurones. For example, it could be that the cells
from the GFP"9" population have successfully established the negative feedback that
ensures OR singular expression; the release of the unfolded protein response might be
necessary to achieve high Omp expression. Alternatively, it could be that the distinc-
tion reflects the successful innervation of a glomerulus in the MOB. In either case, this
finding likely marks an event in the functional maturation of OSNs and deserves further

study.

Probably the most important advantage of RN Aseq as a technology, is that it provides
a comprehensive and unbiased profile of all the genes expressed in a particular sample.
As such, it is a very attractive strategy to study the basic questions of OR gene expression
regulation. Ever since the discovery of the OR genes and the study of their expression in
the MOE, it has been assumed that they are expressed in a monogenic and monoallelic
fashion in every OSN[66, 67, 69, 72]. However, all the evidence supporting monogenic
expression of ORs stems from testing coexpression of a few combinations of two receptors
but the full OR repertoire has never been tested[70, 182]. Therefore, the study of the
transcriptome of single OSNs provides an unbiased method to account for all the different
OR genes that are transcribed in a particular neurone. By sequencing 21 different
individual OSNs, I was able to identify abundant OR expression of one OR gene in
19 of these. Additional receptor genes showed evidence of expression, but at very low
levels. Indeed, taking together all the sequencing data supporting OR gene expression,
in each OSN over 98.1% was concentrated on a single OR, with the remaining scattered
across a few other receptors. It is not clear whether these low-abundance OR genes are
biologically meaningful or whether they represent leaky transcription that has no impact
on the sensing capabilities of the OSN. It has been shown that genes that are expressed
at very low levels do not correlate with protein expression[305]; therefore, it is possible
that only the abundant OR translates into protein. Additionally, low expression levels of
some OR genes could be observed in other various cell types, which suggests that their
expression is not related to olfactory function. However, until proteomic techniques
match the sensitivity of the transcriptomic methodologies, this will remain unresolved.
To date, studies of the membrane proteome of the cilia of OSNs have been able to identify

only a few dozen OR genes, due to their low expression in WOM preparations[332].

Based on these data, the 'one neurone - one receptor’ rule of OR expression is sup-
ported, for the first time, on a scale that accounts for each and every receptor annotated
in the mouse genome. However, this is based only on 19 OSNs, which is far from rep-

resentative sampling of the diversity of neurones present in the MOE. Thus, I cannot
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rule out that some OSNs indeed express several receptors at high levels, but were not
captured in the limited sample analysed here. Furthermore, the stringent QC criteria
applied selected against the inclusion of neurones that contained two or more OR genes
expressed at high levels, because some were clear cases of carry-over from other samples;
therefore, it was not possible to ascertain the validity of the observed expression. In
order to explore further the possibility that some OSNs express two ORs, collaborations
are in place to obtain OSNs from mouse lines that express a specific receptor gene along
a reporter fluorescent protein. By sequencing the population of neurones that express
a particular OR gene, we will be able to gain insight into the levels of expression of
other receptors. If the data indicates that coexpression of receptors is likely, a single-cell

approach could then be used to definitely prove that this occurs within a single OSN.

The OMP-GFP animals used for the single-cell RNAseq experiments are in a mixed
B6x129P2 genetic background. Using the SNPs present in the exons of the abundant
OR genes, it was possible to infer the allele expressed in each OSN. By examining the
sequencing data directly, I was able to confirm that OR expression is monoallelic, and
that this is extremely tightly regulated. Over 99.7% of all the sequencing reads covering
variable positions supported the expression of one of the alleles; the remaining reads
presented any of the other three nucleotides, suggesting that these contain sequencing
errors and low quality base calls, rather than being the transcription of the other allele.
Therefore, the paradigm of expression of only one allele of the chosen OR gene holds
true, at least based on the data from the small subset of OSNs tested.

Lastly, the combination of powerful technologies such as single-cell capture and pre-
paration, along with RNAseq, allow for the discovery of minor populations of cells that
are undetectable when bulk RNAseq is performed. In this way I was able to identify two
OSNs that do not express any OR genes at high levels. Instead, they have very abund-
ant expression of Gucylb2, a soluble guanylyl cyclase, and Trpc2, the cation channel
that is fundamental in signal transduction in VSNs. During the analysis of these data,
a paper reported the existence of two different subpopulations of OSNs in the MOE
that are positive for Trpc2[131]. Further characterisation of one of these —the type B
cells— resulted in the identification of expression of Gucylb2 and suggested the lack of
expression of chemoreceptors[322]. By profiling the complete transcriptome of two of
these cells, I was able to identify over 50 genes that are not expressed in the canonical
—OR-expressing— OSNs and, therefore, constitute the molecular fingerprint of this novel
neurone type. Additionally, I confirmed that no known chemoreceptor is expressed at

abundant levels. The Trpc2™ OSNs have recently been shown to innervate glomeruli in
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the MOB, which suggests that they might indeed be chemosensory cells relying olfactory
information[131, 322]. Many of the components involved in the signalling pathway used
to generate action potentials are present in these cells, and Gucylb2 is expressed at
levels similar to OR genes; thus, it is possible that this guanylyl cyclase might be taking

on the role of the receptor protein, but further studies are necessary to test this.

6.2 Almost all OR genes are expressed in the MOE.

The MOE contains a variety of OSN subpopulations, each defined by the particular
receptor they express. The great majority express OR genes, but minor subpopula-
tions also express TAARs or GC-D, and possibly several other subdivisions are yet to
be characterised. In this dissertation I have presented, for the first time, the complete
expression profile of the receptor repertoire in mice, with particular focus on the OR
genes. Since the majority of the OR genes have been defined by computational methods,
they lack evidence supporting their role in chemo-signalling. The most basic require-
ment for an OR to be implicated in olfaction, is that it is expressed in a sensory tissue
such as the MOE. Therefore, the evidence that nearly the complete repertoire of pu-
tatively functional OR genes are indeed expressed in the WOM samples supports their
involvement in transducing olfactory information. This is particularly relevant since
extra-olfactory functions have been reported for some OR genes, that are not only ex-
pressed elsewhere[333], but have actually been shown to act in processes such as sperm
chemotaxis[297, 298], muscle cell regeneration and migration[334] and serotonin release
in gut cells[335].

Between 10 and 20 OR genes that are annotated as functional receptors lack expres-
sion data in any of the WOM samples. However, taking together the expression profiles
of the different strains, only five lack expression in all the samples profiled. Thus, some of
the receptors that are not expressed in a particular strain, might represent pseudogenes
as a result of functional variation, or might be expressed at such low values that they
were not detected. From the five OR genes with no unique counts in any sample, two are
identical copies of each other (OIfr247), located ~8 kb apart; for these, all sequencing
reads are multimapped and therefore it is impossible to know if one or the two genes
are expressed. From the other three (Olfr891, Olfr952 and Olfr1061), Olfr952 has some
multireads mapped and therefore could be expressed, while the other two do not. These
could be cryptic pseudogenes, might be expressed at a different age or be present in an

extremely low number of OSNs.
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An important contribution of my work has been the construction of full-length gene
models for a large number of OR genes. This has greatly increased the amount of
information recovered for each receptor and, also, the amount of sequence that is unique.
This has allowed me to estimate expression levels with more accuracy, since OR genes
with close paralogs are systematically underestimated unless the more divergent non-
coding regions of the genes are considered. But the additional sequence will also be very
helpful for studies that are based on methodologies that rely on hybridisation approaches,
such as qRT-PCR, NanoString nCounter, arrays and in situ hybridisation, one of the
most popular for the study of OR expression. Genes that before were inaccessible are
now available for study with probes specific enough to differentiate them from other

receptor genes.

6.3 The MOE is a mosaic of OSN types.

The regulation of OR expression in OSNs is only partially understood. Achieving mono-
genic expression relies on a basal state of generalised repression of the whole OR, gene
repertoire; as the OSN reaches maturity, a single OR allele is activated[203, 205]. This
is inefficient enough so that typically only one event can occur before a negative feed-
back mechanism ensures the process is shut down[209, 211]. However, how a particular
receptor is chosen is still an open question. Very often, it is described as a random
or stochastic process[202, 210], implying that any OSN can chose any of the 1,250 OR
genes, and that any receptor has the same probability of being chosen. Contrary to this,
each OSN has a restricted subset of the repertoire available for expression, depending
on its location on the epithelium. Particular OR genes are expressed in restricted zones
of the MOE[18, 66, 67, 78] and, therefore, only the OSNs located within those regions
can choose them. Furthermore, it has been shown that different ORs are expressed in
varying numbers of OSNs; with some being much more abundant than others[62]. This
is at least partly influenced by the activity of enhancer elements and the number and
organisation of transcription factor binding sites in the receptors’ promoters|[186, 188|.
Thus, random choice is an unfortunate choice of words.

By profiling the entirety of the OR gene repertoire I have demonstrated that the
expression levels of different receptor genes are highly variable, spanning at least four
orders of magnitude. Importantly, I have also shown that the RNAseq expression estim-
ates correlate with the number of OSNs expressing a particular OR gene; therefore, a

highly expressed OR implies a high number of OSNs in the MOE expressing such a re-
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ceptor. With this in mind, the unequal expression levels observed from the RNAseq data
represent unequal proportions of each OSN type. This disparate distribution could be
the result of two mechanisms, that might act alone or in combination: 1) differences in
the frequency with which a particular OR gene is chosen, or 2) variation in the life-span
of each OSN type such that, with time, those that live longer become more abundant in
the overall population. It is unlikely that the second mechanism acts alone, given that
unequal expression of ORs are already observed in newborn animals; in these, presum-

ably not enough time has passed to allow survival dynamics to impact the proportion
of each OSN type.

Based on the sequencing of several biological replicates from both male and female
mice, I have determined that each individual expression pattern for the OR repertoire
is exactly the same, as long as the genome remains unchanged (there are no OR genes
in the Y chromosome). The rank correlation between different individuals is almost
perfect (median rho = 0.98, p-value < 2.2e-16) which indicates that each receptor has
equivalent values in the distribution, and the proportions of the different OSN types are
preserved. Therefore, the contribution of each OSN type to the MOE’s neural population
is determined by the genetic architecture of the animal. The fact that males and females
are indistinguishable, indicates that the OSN repertoire in the MOE is not influenced by
the physiology or hormonal balance of the organism; nor is it altered by the differences in
the olfactory environment produced by each sex. Furthermore, it is virtually unchanged
at different ages within the controlled lab environment. The OR expression profiles of
B6 animals of 10 or 24 weeks of age are equivalent and as highly correlated as between
animals of the same age. This is consistent with a study of ageing female B6 mice, from 2
to 31 months of age, where the expression of 531 OR genes was assessed to find that only
4.3% of these were significantly differentially expressed[304]. But also, OSN abundance
is unaffected by social and behavioural differences; for example, both sexes establish
social hierarchies when group-housed[336], but no differences were evident between the
different cage-mates. Thus, even though social interaction and behaviour are highly
driven by olfactory cues, regulation of these processes is not achieved by differences in
the receptor repertoire expressed in each animal. Instead, recent data suggests that
internal state does alter olfactory perception, but by post-transcriptional mechanisms.
Rather of changing the expression of the receptors, their activation is blocked by the

influence of cycling hormones|[337].

However, the distribution of OSN types observed in different strains of mice is highly
variable (Figure 6.1B). Whereas B6, 129, CAST or OMP-GFP animals are all highly
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correlated with those of the same strain, the differences between genetic backgrounds
are large. More than 65% of the ORs were significantly DE between at least a pair of
strains. This indicates that the great concordance observed between biological replicates
is not the result of intrinsic stability or tight regulation of the expression levels of the OR
genes. The different strains analysed in this dissertation are all inbred laboratory mouse
strains. All the classical laboratory strains were derived from a small pool of founders
from the Mus musculus (M. m.) domesticus, M. m. musculus and M. m. castaneus
subspecies[321, 338]. Therefore, their genomes are a combination of regions from dif-
ferent genetic origin. The classic strains are mostly of M. m. domesticus origin (86 to
96% of the genome) with only small contributions from the other two subspecies[338].
Therefore, the genomes from B6 and 129 animals are closely related; these contain only
around 4.4 million SNPs and 800 thousand small indels[321]. As a comparison, any two
humans differ, on average, at around two to three million basepairs, considering SNPs
only[339]. In contrast, CAST animals are a wild-derived strain, that pertains to the
M. m. castaneus subdivision. As such, it is a lot more divergent from the inbred clas-
sic laboratory strains, and contains more than four times the amount of variation[321].
Despite the disparate divergence of these strains, the OR expression levels for the whole
repertoire are remarkably dissimilar between all, with up to 50% of all receptor genes
significantly differentially expressed. This indicates that genetic variation has a very
significant effect on the regulation of the final distribution of the different OSN types
(Figure 6.1A-B).

Analysis of the distribution of genetic variation in the mouse genome has revealed
that OR genes have slightly more variation than the average gene[271] and they tend
to be enriched in regions of copy number variation both in humans|255] and mice[340].
These two characteristics reflect the evolutionary dynamics of the OR gene family. The
olfactory system has evolved to discriminate a large catalog of molecules by diversifying
the repertoire of receptors available for detection. The ability to sense a larger number
of odorants increases the amount of information an animal can gather from their sur-
roundings, and provides a reservoir of detectors to adapt to novel environments. As such,
diversification of the OR repertoire should be beneficial. Analysis of introgression events
between different mouse species lends support for this hypothesis. Introgression events
between the house mouse (M. m. domesticus) and the Algerian mouse (Mus spretus)
are common in the wild, but most hybridisation events tend to be removed by drift and
selection[341]. An analysis of the genomes from diverse wild-caught mice identified some

regions where hybridisation occurred between the two species. Interestingly, the intro-
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gressed regions that have prevailed in the genomes of several individuals, are enriched

in OR genes, suggesting that their maintenance is beneficial to the animals[341].

Based on the above, genetic variation to diversify the OR repertoire is beneficial. Sev-
eral examples have shown that single amino acid changes are able to shift the binding spe-
cificity of an OR[224] and, often, they result in the innervation of separate glomeruli[85].
In contrast to inbred mice, wild animals will possess up to twice as many alleles for
the OR gene catalogue. Thus, individuals heterozygous at some OR loci will likely pos-
sess increased detection and information processing capabilities. Furthermore, genomic
variation will also affect the non-coding portions of the OR genes, their promoters and
regulatory elements. Alteration of transcription factor binding sites has been shown to
impact the final number of OSNs that express the affected allele[188]. Thus, the ac-
cumulation of non-coding genetic variation will have an effect on the proportion of the
neuronal population that is taken by each particular allele (Figure 6.1C). Hence, the
combination of coding variation that alters the detection properties of the receptors,
along with non-coding variants that modify the number of OSNs that express each OR,
will ultimately produce a unique repertoire of ORs with a specific OSN distribution,

which in turn will impact olfactory sensing.

In support of this, analysis of the 1000 Genomes Project data has revealed that any
two individuals differ in around 30% of their OR genes, either by possessing differing sets
of segregating pseudogenes or by coding variation that has an impact on the response
profile of the receptor to its ligands[241]. Further, several examples exist on the effects of
genetic variation in OR genes and differences in perception[241, 266-268, 270]. A recent
study tested the variability in human perception of a set of odorants, based on several
descriptors. While the gross perception based on pleasantness was very similar between
individuals, it was highly specific when detailed descriptors were used. Furthermore, the
perceptual profiles were highly variable between individuals; so much so, that the au-
thors proposed that with enough odorants and descriptors, it would be possible to create
an olfactory fingerprint for every person. What’s more, the similarity of two perceptual
fingerprints was correlated with the similarity of their HLA profiles (human leukocyte an-
tigen system, analogous to the major histocompatibility complex in animals), suggesting
that the olfactory fingerprint might be capturing genetic information[342]. Thus, these
data suggest that human perception is indeed highly variable, as is the OR profile of

each individual.
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6.4 Plastic control of OSN diversity.

Little information is available on how differences in the number of OSNs expressing a
particular OR gene affect detection and/or perception of a particular stimulus. An in-
teresting study generated a mouse with a “monoclonal nose”, where over 95% of all the
OSNs expressed the M71 receptor. Correspondingly, the rest of the OR repertoire was
dramatically reduced. The small number of neurones expressing other receptor types
still innervated particular glomeruli, though these were co-innervated by M71 axons.
Not surprisingly, EOG recordings upon exposure to acetophenone (the ligand of M71)
were greatly increased, and responses to other odorants were diminished. Similarly, acet-
ophenone elicited widespread glomerular activation while other odorants did not elicit
detectable responses. Despite the low number of OSNs expressing most receptors, the
mice were able to detect and discriminate between different odorants and even between
enantiomer pairs. However, their ability to differentiate mixtures of enantiomers was
greatly impaired[343]|. Thus, these data suggests that a low number of OSNs expressing
a given receptor are sufficient to bind odorants and transmit the information, which
can be used for olfactory learning tasks. However, the discrimination capacity is greatly
weakened, perhaps because the glomerular activation is not strong enough to allow differ-
entiation between similar patterns. Unfortunately, the authors did not test the detection
threshold of these animals to common odorants. Therefore, it is unclear whether these
animals also have reduced sensitivity; it could be that they are able to detect a ligand
only when it is present at high concentrations.

It is tempting to speculate that animals with varying proportions of each receptor
type will have different capabilities to detect and discriminate differing sets of odorants.
If so, the ability to tune the proportion of OSNs devoted to the recognition of important
odorants would be greatly beneficial, especially if the starting abundance dictated by the
genetic background is low. Several studies have shown that odorant stimulation increases
the life-span of the OSNs that are activated and, with time, these OSN types become
enriched in the MOE[286, 288, 292]. Consistently, I have found that the intermittent
exposure of animals to either a cocktail of four different odorants, or subsets of these,
results in the differential expression of specific OR genes (Figure 6.1D). Interestingly, no
changes could be detected when the odorants were present 24 hours a day. Presumably,

an odorant that is always part of an animal’s environment is non-informative and thus
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it would not be advantageous to devote any more OSNs to its continuous detection. At
the OSN level, adaptation stops OSNs from responding to sustained stimulation. Based

on my results, it seems likely that constant stimulation also blocks enhanced survival.

In the acutely exposed animals the changes in OR expression observed increased
with time, which argues in favour of a survival-mediated mechanism. Moreover, it is
difficult to imagine a plausible mechanism through which an odorant can influence the
choice of its cognate OR during neurogenesis. However, in all experiments, a subset
of genes were also consistently downregulated, suggesting a decrease in OSN number.
Though unexpected at first glance, the adult MOE maintains a fine balance of the total
number of OSNs[22]; therefore, to increase the frequency of some OSN types it may be
necessary to decrease others. If all OR genes were to decrease equally, it is likely that the
changes would be small enough not to be detected by expression profiling. However, a
more parsimonious scenario is one where the receptors expressed in overlapping regions
with those that increase frequency are the ones affected, while the rest of the repertoire
remains unchanged. This has been observed in a mouse where the coding sequence of
MOR28 was removed; only ORs expressed in the same zone were able to populate the
OSNs initially devoted to express MOR28[207]. Thus, it is not unreasonable to assume
that the increase in a particular OSN type would take the space of OSNs from the same
region. Still, it is likely that many ORs are expressed in the region overlapping that of
an activated OR; hence the downregulation of each should be small and it might require
longer times to reach a differential that is detectable by RNAseq. Indeed, the number of
downregulated ORs is much larger (44.4% of the total) in the animals that were exposed
for 24 weeks, than in those that were exposed for only 10 weeks (6.7%, 25% and 33.3%

for the groups exposed to R-carvone, heptanal or both).

Recently, a study reported that short-term exposure (5 hours) of animals to particular
odorants results in the downregulation of the ORs that respond to them, at the mRNA
level; for some OR genes, these changes could be observed as soon as 30 minutes after
the start of the exposure[344], but no shorter times were tested. Therefore, it is not
clear whether this could be occurring in the acutely exposed animals. The authors
performed a comprehensive analysis by RNAseq of animals exposed to acetophenone and
generated a list of downregulated OR genes. These were further shown to colocalise with
phosphorylated ribosomal protein S6 (pS6), which is a marker of activated OSNs[344]. In
parallel, an independent group used the presence of pS6 to capture the OSNs that were
activated upon stimulation, and then performed RNAseq to identify the ORs expressed;
these were then validated in a heterologous cell system[345]. Together, the lists of
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receptors identified by these groups, overlap with four different OR genes that were
significantly DE in the animals exposed to the mix of four odorants (24 weeks), that
contained acetophenone. Interestingly, all four receptors were downregulated in the
RNAseq data.

Based on the above, it seems that at least some of the downregulated OR genes
are activated by acetophenone. Thus, it could be that only neurones expressing some
OR genes are able to modulate their life-span or that the increase of some OSN types
is not big enough to be detected by RNAseq; instead, the temporary downregulation
from exposure events close to the time of tissue collection could be identified as overall
downregulation. Further, it could also be possible that different mechanisms operate
depending on the affinity of each receptor for a given ligand. To better understand
the dynamics of the changes observed, I have established a collaboration with Casey
Trimmer and Joel Mainland (Monell Chemical Senses Center) to test some of the DE
ORs in an in vitro response assay in heterologous cells. Preliminary results indicate that
three out of five DE ORs tested indeed respond to the mix of four odorants used as
stimulus (data not shown), but more systematic and thorough tests are being carried
out at present.

Conflicting data is available on the effect of odorant exposure on OR expression and
OSN number. Whereas several studies have concluded that OSN activation leads to
increased life-span which, with time, should increase OSN number[286, 288, 292|, others
have proposed that olfactory stimulation results in a reduced number of the activated
OSN5s[293, 294]. In some cases, these changes have been shown to be specific to a
particular OR, whereas other receptors remain unchanged[294]. Thus, while the analysis
of particular OR-ligand pairs reveal interesting phenomena, the observations cannot be
generalised. In this respect, my data provides the first comprehensive study of the

response of the complete OR repertoire to a particular olfactory stimulation paradigm.

6.5 Functional impact of differences in OSN num-

ber.

As mentioned previously, it is not clear what is the functional consequence of altering
the number of OSNs that express a particular OR. One hypothesis is that a greater
number of detectors would result in enhanced sensitivity towards the odorants that are

recognised with high affinity. To directly test this, I have created a transgenic mouse
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line —in a B6 genetic background— where the CDS of Olfr1507 (the most abundant OR
in this strain) has been replaced by that of Olfr2. For this I utilised CRISPR-Cas9
technology. I created a vector for homologous recombination (HR) that contained the
coding sequence of Olfr2, flanked by 1kb homology arms matching the Olfr1507 locus.
The vector was microinjected into B6 embryos, along with two guideRNA molecules
that produce double-strand cuts in the intended site of HR. These embryos were then
allowed to develop to term in foster mothers.

Olfr1507 is expressed 35 times more abundantly than Olfr2. Since the abundance of
a particular OR gene is controlled by the genetic architecture in cis, I expect to greatly
increase the expression —and therefore the number of OSNs— of Olfr2 in these animals.
The response profile of Olfr2 (better known as I7) has been very well characterised
and, thus, these transgenic animals will provide an opportunity to assess the impact of

increasing the cell number of a given OR on odour detection.
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Appendix A

Methods

Sample collection and RNA extraction.

All mice used were group housed. The details of the strain, age and sex of each sample
can be found in Table B.1 in Appendix B. In the case of the VNO samples, each biolo-
gical replicate was the pool of three animals. All WOM samples were obtained from a
single animal, except the pup WOM samples, which were the pool of 3 or 4 individuals.
Tissue was dissected and immediately homogenised in lysis RLT buffer (Qiagen) using
a disposable RNAse free plastic grinder, except for the pup samples, which were stored
in RNAlater. Total RNA was extracted using the RNeasy mini kit (Qiagen) with on-
column DNAse digestion, following the manufacturer’s protocol. Tissue homogenisation
was performed on a QIAshredder column. All RNA was subsequently quantified with a
spectrophotometer and visualised for quality by RNA integrity analysis.

Library preparation and sequencing.

mRNA was prepared for sequencing using the TruSeq RNA sample preparation kit
(Illumina). All RNA sequencing was paired-end. The details of the specific Tllumina
platform used, read length and data strandedness are in Table B.1 in Appendix B. All
raw sequencing data are available through the European Nucleotide Archive (ENA); the
corresponding accession numbers for each sample can be found in Tables B.1 and B.4 in

Appendix B.

RNAseq data processing and mapping.

BAM files were processed using SAMtools[346] and Picard tools version 1.64
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(http://broadinstitute.github.io/picard).

Sequencing data were aligned with STAR 2.3[347]. Prior to mapping, the genome
index was built with the GTF annotation file under —sjdbGTFfile and with option
—sjdbOverhang 99. Mapping was performed to the GRCm38 mouse reference genome
plus the ERCC spike-in sequences, with options —outFilter Multimap Nmax 1000

—outFilterMismatchNmax 4 —outFilterMatchNmin 100 —alignintronMaxz 50000
—alignMatesGapMax 50500 —outSA MstrandField intronMotif —outFilter Type BySJout.

The annotation used for the first dataset presented in Chapter 2 was from the En-
sembl mouse genome database, version 68 (http://jul2012.archive.ensembl.org/info/data/
ftp/index.html). After reconstruction of full-length gene models for the VR and OR gene
repertoires (see below), the GTF file from the Ensembl mouse genome database version
72 (http://jun2013.archive.ensembl.org/info/data/ftp/index.html) was modified to in-
clude all these reconstructed gene models. Additionally, the set of transcripts reported
for Trpc2 contain both short and long isoforms of the gene; the long isoforms represent
a fusion with a different gene and were therefore removed!. All data was subsequently
mapped and analysed using this annotation file (including the initial dataset which was
reanalysed). In the case of the single-cell RNAseq data (Chapter 3), the gene Gm20715
(a predicted gene that undergoes nonsense mediated decay) was also removed from the
GTF file because it overlaps with Olfr1344; this overlap causes all the reads aligned to
the OR to be deemed ambiguous.

Sequencing data was visualised using the Integrative Genomics Viewer (IGV)[348,
349].

Gene expression level estimation and data analysis.

The numbers of fragments uniquely aligned to each gene were obtained using the HT'Seq
0.6.1 package, with the script htseq-count, mode intersection-nonempty[350]. All multi-
mapped fragments were discarded. Data analysis, statistical testing and plotting was
carried out in R (http://www.R-project.org). All the heatmaps were produced with the

gplots package[351] using the log;y transformed normalised counts + 1.

ITranscripts  removed: ENSMUST00000084843, ENSMUST00000094129, EN-
SMUST00000094130, ENSMUST00000106950, ENSMUST00000123372, ENS-
MUST00000125197, ENSMUST00000139104, ENSMUST00000140395, ENS-
MUST00000141646, ENSMUST00000142629, ENSMUST00000143839, ENS-

MUST00000146450, ENSMUST00000153176.
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RNAseq data normalisation.

Raw counts were normalised to account for sequencing depth between samples, using
the procedure implemented in the DESeq2 package[352]. Size factors were calculated
with estimateSizeFactorsForMatriz and then used to divide the raw counts. For the
single-cell data, ERCC spike-ins were not included for data normalisation.

To compare OR expression levels between datasets, normalisation to account for the
number of OSNs present in the WOM samples was carried out subsequent to depth
normalisation (data presented in Chapters 4 and 5). For this, a method proposed by
Khan et al. [304] was used. Five different marker genes were considered, all of which are
expressed exclusively in mature OSNs: Adcy3, Ano2, Cnga2, Gnal and Omp. Further,
these have been shown to be expressed at stable levels[304]. To normalise for OSN
number the following procedure was applied to the OR normalised counts. First, the
correlation between the expression of each of the marker genes and the total number of
counts in OR genes was calculated, and all those marker genes with strong correlation
values were used. Second, the geometric mean of all marker genes was calculated for each
sample. Then, the average of all means was obtained, and divided by each individual
mean; this results in the generation of size factors. Third, the OR normalised counts

were multiplied by the corresponding size factor.

Differential expression analysis.

To test for differential expression I used DESeq2 1.8.1 with standard parameters. When
applied to the single-cell data, the parameter minReplicatesForReplace was set to Inf
to turn off the automatic outlier replacement. Genes were considered differentially ex-
pressed if they had an adjusted p-value of 0.05 or less (equivalent to a false discovery
rate of 5%). To test for differential expression on the OR repertoire (Chapters 4 and 5)
the double normalised counts (accounting for OSN number per sample) were provided
directly, and the normalizationFactors function was used with size factors of 1 to turn

off further normalisation.

Fitting normal distributions to bimodal data.

To deconvolve bimodal distributions into two normal-like distributions I used Gaus-
sian mixture models, through the expectation-maximisation algorithm of the mixtools

Bioconductor package[353]. In all cases the algorithm converged to optimal values.
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Gene enrichment analysis.

To find functional terms enriched in the lists of differentially expressed genes I used
GeneTrail with ‘Over-/Under-representation Analysis’ with default parameters[354]. The
background provided were all those genes tested for differential expression (those with

an adjusted p-value different to NA).

Microarray profiling.

RNA was extracted from the VNO and WOM of six C57BL/6J males of 10 weeks of
age as described above. Profiling was performed on the Ilumina MouseWG-6 v2.0
Expression BeadChip following the manufacturer’s instructions. Variance stabilising
transformation was applied to the data obtained from BeadStudio, which was then

quantile normalised using the Bioconductor R package, lumi[355].

Recovery of unannotated receptor genes

To recover the entirety of the VR gene repertoire, I took the cDNA sequences as
reported[65, 136] and locally aligned them to the mouse genome with BLAST. Then
I identified those alignments that overlap genes not annotated as VRs with 100% iden-
tity, and changed their name while preserving the Ensembl identifier. In all cases the
coordinates obtained from the alignments were concordant with the annotation. A list
detailing the gene names that were changed is reported in Table B.3 in Appendix B.
Furthermore, 19 additional predicted genes have high identity alignments to other VR
sequences. Similarly, I aligned with BLAST all the OR ¢cDNA sequences present in En-
sembl v68 and recovered four predicted genes that share high similarity to other ORs.
Although these genes are most likely additional members of the VR and OR gene fam-
ilies, proper annotation with novel gene names is required; these were not included as

part of the receptor repertoires.

Reconstruction of novel gene models.

To search for novel genes I performed Reference Annotation Based Transcript (RABT)
Assembly, using Cufflinks v2.1.1[307] guided by the Ensembl annotation (version 68),
with all six replicates of the VNO and WOM data presented in Chapter 2. Assembled
transcripts from the different replicates were combined with Cuffmerge. In order to

extract the candidates with greatest probability of encoding protein coding genes, |
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cross-referenced all predicted loci to the Ensembl databases using the API[356]. Ad hoc
perl scripts were used to further refine the gene models produced for VR and OR genes,
deleting those predictions that fuse adjacent receptor genes or that are antisense to the

annotated gene.

Estimation of gene uniqueness.

To calculate the proportion of sequence that is unique in the genome for each receptor
gene, I used a perl script to produce all the 32, 76 and 100 nucleotide-long strings that
cover the receptor transcripts, either using the Ensembl v68 annotation or the recon-
structed gene models by Cufflinks. These were then aligned to the genome with bowtie
version 0.12.8[357] and parameters -v 0 -m 1. The unmapped strings were subsequently
aligned to the transcriptome, to account for those that span exon-exon junctions. Fi-
nally, ad hoc perl scripts were used to consolidate the data and count the number of
strings that were unique for each gene. The uniqueness of a gene was defined as the

number of unique strings over the total number of strings for that gene.

Coverage of OR genes.

To obtain the proportion of the OR gene models covered by the mapped sequencing
fragments, the BEDtools 2.16.2[358] program coverageBed was used against a BED file
containing the merged exonic regions for all isoforms of each OR gene (obtained with
mergeBed). The output was then analysed in R to count all positions with at least one

mapped fragment to them.

Allelic Discrimination of OR genes.

To determine the allele expressed for each OR in the single-cell data, the Mouse Genomes
Project database release 1410 was queried (http://www.sanger.ac.uk/sanger/

Mouse__SnpViewer/rel-1410)[321] to obtain all the SNPs for 129P2 that overlap OR
gene models. These positions were visualised on IGV and the numbers of fragments

containing each nucleotide were extracted.

Creation of pseudo-reference genomes.

To create psuedo-129 and pseudo-CAST genomes, I mined the Mouse Genomes Project
data, release v3 (ftp://ftp-mouse.sanger.ac.uk/REL-1303-SNPs_ Indels-GRCm38/) to
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obtain all the high-quality SNPs and short indels for the 129S5SvEvBrd and CAST/EiJ
strains, respectively. These were imputed into the GRCm38 mouse reference genome

using Seqnature[359].

Proportional Venn diagrams.

Venn diagrams with areas proportional to the number of elements represented were

created using the eulerAPE version 3 software[360)].

Dissecting genetic from environmental effects experiment.

To dissect the influence of the genetic background from the olfactory environment
between B6 and 129 animals, C57BL/6N and 12955 4 to 8-cell stage embryos were
transferred into F1 (C57BL/6Jx CBA) pseudo-pregnant females, and allowed to develop
in this equivalent in utero environment. One day after birth, the C57BL/6N and 12955
litters were cross-fostered to C57BL/6N and 129S5 wild-type mothers, respectively. For
this, the mothers were removed from their home cage, and the pups to be cross-fostered
were introduced to the home-cage of the foster mother; each pup was gently rubbed
with nesting material to transfer some of the odours. Then, the mother was introduced
into the cage with the new litter, and observed for at least half an hour to ensure it
did not reject the pups; those that did were separated from the litter. Then, a single
pup from the other strain was transferred to the cross-fostered litter (the alien). At
weaning, animals from the same sex as the alien animal were kept, always in a 4:1 ratio
between strains. If not enough animals of the correct sex were available in the litter,
surplus animals from other litters were used. At 10 weeks of age, the WOM was collected
from the alien and a randomly selected cage-mate, and RNA was extracted as described

previously.

The details on the strain of the alien and cage-mate for each sequenced sample are

as follows:
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sample sex alien | cage-mate
1 female | B6 129
2 female | 129 B6
3 female | 129 B6
4 female B6 129
5 male 129 B6
6 male B6 129

To test for the effect of the environment on gene expression, I used a likelihood
ratio test with DESeq2, to test the model genetics+environment+genetics:environment
versus accounting only for the genetics; this revealed two significant genes, both ORs. If,
instead, the data from each strain was tested separately for the effect of the environment,
one of the genes previously identified was again recovered for the B6 data, and a new
gene (ENSMUSG00000063779) was significant for the 129 data.

Allelic discrimination of the F1 RN Aseq data.

RNAseq data was processed as described above. Total expression estimates were ob-
tained by mapping the RNAseq data to the B6 or pseudo-CAST genomes, with stand-
ard parameters. The expression estimates obtained with each genome were very highly
correlated. For the OR repertoire, nearly all the genes (96.23%) differed in less than
10 counts and were almost perfectly correlated (rho = 0.9991006, p-value < 2.2e-16).
Thus, by allowing 4 mismatches per paired-end fragment, nearly all reads were able
to be mapped regardless of the reference used. Therefore, the data mapped to the B6
reference was used in downstream analyses.

To obtain allele-specific expression estimates, the RNAseq data was mapped to both
the B6 and the pseudo-CAST genomes, without mismatches. In this way, those reads
that span SNPs, could only map to the genome corresponding to the allele they come
from. Subsequent analyses were performed on the OR repertoire only. All reads mapped
across each SNP were retrieved with SAMtools[346]. In cases where different transcripts
exist, and one of them splices across the SNP, SAMtools reports both the reads that
map and splice across the SNP. Ad hoc perl scripts were used to retain only reads that
contained the SNP (using the cigar string) and that were uniquely mapped. Finally,
the number of different reads mapping across all SNPs of each gene was obtained. The
results using the data mapped to either the B6 or CAST genomes then provide the

number of reads that are specific for each allele.
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To normalise for depth of sequencing, the total expression raw data was combined
with the estimates from the parental strains, and normalised all together. The OR data
was then further normalised to account for the number of OSNs, as described above. The
same size factors were used to normalise the expression estimates from SNP positions.

To deconvolve the total expression into allele-specific expression, a ratio of the ex-

pression of each allele was obtained from the counts in SNP positions with:

counts in B6
counts in B6 + counts in CAST

Then, the total expression normalised counts were multiplied by the ratio to obtain
the B6 expression, and to the inverse of the ratio for the CAST-specific expression.
Finally, since those genes with very low number of SNPs and/or very low expression
have very few reads spanning SNPs, the information is very limited and the estimated
ratio is not robust. Thus, only those genes with normalised counts in SNP positions

above the lowest quartile were used (82.5%).

Odour-exposure experiments.

To test the effects of enriching the environment with specific odorants, I selected heptanal,
(R)-carvone, eugenol and acetophenone because they all have been shown to activate
at least one specific OR gene. All odorants were from Sigma, except for acetophenone
which was from Alfa Aesar. The mixture of all four consisted of equimolar proportions
of each, diluted in mineral oil (Sigma) for a final concentration of 1mM each.

For the chronic exposure experiments, a couple drops of the odour mixture, or mineral
oil only, were applied to a cotton ball with a plastic pasteur pipette, for the exposed
and control groups respectively; these were put into metal tea strainers that were then
introduced into the cage of the animals. The cotton ball was replaced fresh daily. The
odour mix was changed twice a week for a freshly prepared stock. The exposure started
from birth and the WOM was collected from age-matched exposed and control groups
at different time-points after the start of the treatment.

For the acute exposure experiments, the odour mix or mineral oil was added to the
water bottles of the animals. Water bottles were replaced twice a week with freshly
prepared ones. The exposure started from at least E14.5 and the WOM was collected
from age-matched exposed and control groups at different time-points after the start of
the treatment.

The number of animals analysed in each group were as follows:
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CHRONIC
control exposed total
time-point males | females || males | females || control | exposed
4 4 0 5 0 4 5
10 3 0 4 0 3 4
24 5 5 4 5 10 9
ACUTE
control exposed total

time-point males | females || males | females || control | exposed
1 8 8 s i
1 5 3 5 o 8 10
o G 3 6 4 9 10
94 3 5 4 5 13 9
446 * 4 4 4 5 i i

All time-points are in weeks.

* Animals exposed during 4 weeks and then left to recover for 6 weeks.

For the follow-up experiments, animals were acutely exposed only to (R)-carvone, to
heptanal alone, or to the combination of both. The final concentration of each odorant
was 1mM. The odorants were directly added to the water bottles, without dilution in
mineral oil. Therefore, the controls were kept with pure water. The water bottles were
changed twice a week. The exposure started from at least E16.5 and the WOM was

collected at 10 weeks of age. For each group, 3 males and 3 females were used.

qRT-PCR expression estimation.

For qRT-PCR experiments, RNA from WOM was extracted as previously described. 1
g of RNA was reversed-transcribed into cDNA using the High-Capacity RNA-to-cDNA
kit (Applied Biosystems) with the manufacturer’s protocol. Predesigned TagMan gene
expression assays were used on a 7900HT Fast Real-Time PCR System (Life Technolo-
gies) following the manufacturer’s instructions. Mean cycle threshold (Ct) values were
obtained from two technical replicates, each normalised to Actb using the ACt method.
Relative quantity (RQ) values were calculated using the formula RQ = 22¢*. Differ-
ential expression between groups was assessed in R, by a t-test, with multiple-testing
correction by the Benjamini & Hochberg (FDR) method.
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Supplementary tables

Illumina read
sample strain tissue age sex stranded ENA ID
platform length
Transcriptome analysis of the WOM and VNO of male and female mice — Chapter 2.
Genome
malel C57BL/6J VNO 8-10 weeks male 76 no ERS092040
Analyzer II
Genome
male2 C57BL/6J VNO 8-10 weeks male 76 no ERS092041
Analyzer II
Genome
male3 C57BL/6J VNO 8-10 weeks male 76 no ERS092042
Analyzer II
Genome
femalel C57BL/6J VNO 8-10 weeks female 76 no ERS092043
Analyzer 11
Genome
female2 C57BL/6J VNO 8-10 weeks female 76 no ERS092044
Analyzer 11
Genome
female3 C57BL/6J VNO 8-10 weeks female 76 no ERS092045
Analyzer 11
malel C57BL/6J WOM 8-10 weeks male HiSeq 2000 76 no ERS092545
male2 C57BL/6J WOM 8-10 weeks male HiSeq 2000 76 no ERS092547
male3 C57BL/6J WOM 8-10 weeks male HiSeq 2000 76 no ERS092549
femalel C57BL/6J WOM 8-10 weeks female HiSeq 2000 76 no ERS092546
female2 C57BL/6J WOM 8-10 weeks female HiSeq 2000 76 no ERS092548
female3 C57BL/6J WOM 8-10 weeks female HiSeq 2000 76 no ERS092550
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Illumina read
sample strain tissue age sex stranded ENA ID

platform length

RNAseq of mice lacking a cluster of OR genes in chromosome 9 — Chapter 2.

129/SvEv-

deltal WOM 9 weeks male HiSeq 2500 100 yes ERS473426
AOIfr7A
129/SvEv-

delta2 WOM 9 weeks male HiSeq 2500 100 yes ERS473427
AOIfr7A
129/SvEv-

delta3 WOM 9 weeks male HiSeq 2500 100 yes ERS473428
AOIfr7A

Comparison of the transcriptome of the OSNs versus the WOM — Chapter 3.

WOM1 OMP-GFP WOM 21 days male HiSeq 2000 100 no ERS252155

WOM2 OMP-GFP WOM 21 days male HiSeq 2000 100 no ERS252156

WOM3 OMP-GFP WOM 21 days female HiSeq 2000 100 no ERS252157
FACS

OSN1 OMP-GFP 25 days mixed HiSeq 2000 100 no ERS252158
OSNs
FACS

OSN2 OMP-GFP 25 days mixed HiSeq 2000 100 no ERS252159
OSNs
FACS

OSN3 OMP-GFP 25 days mixed HiSeq 2000 100 no ERS252160
OSNs

Characterisation of two subpopulations of OMPT OSNs — Chapter 3.

FACS

GFPlow1 OMP-GFP 25 weeks male HiSeq 2500 100 no ERS715983
OSNs
FACS

GFPlowg OMP-GFP 25 weeks male HiSeq 2500 100 no ERS715985
OSNs
FACS

GFPlow3 OMP-GFP 25 weeks male HiSeq 2500 100 no ERS715987
OSNs
FACS

GFPhi9h||  OMP-GFP 25 weeks male HiSeq 2500 100 no ERS715984
OSNs
FACS

GFPhighol|  OMP-GFP 25 weeks male HiSeq 2500 100 no ERS715986
OSNs
FACS

GFPhigh3||  OMP-GFP 25 weeks male HiSeq 2500 100 no ERS715988

OSNs
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Illumina read
sample strain tissue age sex stranded ENA ID
platform length
The transcriptome of single OSNs — Chapter 3.
See Table
single single
OMP-GFP 23 weeks male HiSeq 2500 100 no B.4 for
OSNs OSNs
details
Comparison of the OR expression profile in different strains of mice — Chapter 4.
B6_1 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658588
B6_2 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658589
B6_3 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658590
B6_4 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658591
B6_5 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658592
B6_6 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658593
129 1 129S5/SvEv WOM 11 weeks male HiSeq 2000 100 no ERS215497
129 2 129S5/SvEv WOM 11 weeks male HiSeq 2000 100 no ERS215498
129_3 129S5/SvEv WOM 11 weeks male HiSeq 2000 100 no ERS215499
castl CAST/Ei WOM 12 weeks female HiSeq 2500 100 yes ERS473423
cast2 CAST/Ei WOM 12 weeks female HiSeq 2500 100 yes ERS473424
cast3 CAST/Ei WOM 12 weeks female HiSeq 2500 100 yes ERS473425
Dissecting the genetic from the environmental effects on OR gene expression — Chapter 4.
blackl C57BL/6NTac WOM 10 weeks female HiSeq 2000 100 no ERS373470
black2 C57BL/6NTac WOM 10 weeks female HiSeq 2000 100 no ERS373471
black3 C57BL/6NTac WOM 10 weeks female HiSeq 2000 100 no ERS373472
black4 C57BL/6NTac WOM 10 weeks female HiSeq 2000 100 no ERS373473
black5b C57BL/6NTac WOM 10 weeks male HiSeq 2000 100 no ERS373474
black6 C57BL/6NTac WOM 10 weeks male HiSeq 2000 100 no ERS373475
agoutil 129S5/SvEv WOM 10 weeks female HiSeq 2000 100 no ERS373476
agouti2 129S5/SvEv WOM 10 weeks female HiSeq 2000 100 no ERS373477
agouti3 129S5/SvEv WOM 10 weeks female HiSeq 2000 100 no ERS373478
agouti4 129S5/SvEv WOM 10 weeks female HiSeq 2000 100 no ERS373479
agoutib 129S55/SvEv WOM 10 weeks male HiSeq 2000 100 no ERS373480
agouti6 129S5/SvEv WOM 10 weeks male HiSeq 2000 100 no ERS373481
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Illumina read
sample strain tissue age sex stranded ENA ID
platform length
Transcriptome of the WOM of newborn mice — Chapter 4.
pupsl C57BL/6J WOM E19.5 mixed HiSeq 2000 100 no ERS223116
pups2 C57BL/6J WOM E19.5 mixed HiSeq 2000 100 no ERS223117
pups3 C57BL/6J WOM E19.5 mixed HiSeq 2000 100 no ERS223118

OR expression after exposure to a mix of odorants — Chapter 5.

controll C57BL/6J WOM 24 weeks male HiSeq 2500 100 yes ERS427453
control2 C57BL/6J WOM 24 weeks male HiSeq 2500 100 yes ERS427454
control3 C57BL/6J WOM 24 weeks male HiSeq 2500 100 yes ERS427455
controld C57BL/6J WOM 24 weeks female HiSeq 2500 100 yes ERS427456
control5 C57BL/6J WOM 24 weeks female HiSeq 2500 100 yes ERS427457
control6 C57BL/6J WOM 24 weeks female HiSeq 2500 100 yes ERS427458
odourl C57BL/6J WOM 24 weeks male HiSeq 2500 100 yes ERS427447
odour2 C57BL/6J WOM 24 weeks male HiSeq 2500 100 yes ERS427448
odour3 C57BL/6J WOM 24 weeks male HiSeq 2500 100 yes ERS427449
odour4 C57BL/6J WOM 24 weeks female HiSeq 2500 100 yes ERS427450
odourb C57BL/6J WOM 24 weeks female HiSeq 2500 100 yes ERS427451
odour6 C57BL/6J WOM 24 weeks female HiSeq 2500 100 yes ERS427452

OR expression after exposure to particular odorants — Chapter 5.

carvonel C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658594
carvone2 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658595
carvone3 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658596
carvone4 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658597
carvoneb C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658598
carvone6 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658599
heptanall C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658600
heptanal2 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658601
heptanal3 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658602
heptanal4 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658603
heptanalb C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658604

heptanal6 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658605
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Illumina read
sample strain tissue age sex stranded ENA ID
platform length
bothl C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658606
both2 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658607
both3 C57BL/6J WOM 10 weeks male HiSeq 2500 100 yes ERS658608
both4 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658609
bothb C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658610
both6 C57BL/6J WOM 10 weeks female HiSeq 2500 100 yes ERS658611

Table B.1 — Sequenced samples presented in this dissertation. Details about each of the samples used for
RNAseq. All sequencing was paired-end; the read length is indicated, in basepairs. Stranded indicates whether the
library preparation method was strand-specific or not. All raw data are available through the European Nucleotide
Archive (ENA).



204 Supplementary tables

sample total fragments uniquely mapped % multimapped % unmapped %
Transcriptome analysis of the VNO of male and female mice — Chapter 2.

malel 33,829,828 27,791,186 82.15 2,356,980 6.97 3,681,662 10.88
male2 34,334,069 27,943,814 81.39 2,300,990 6.70 4,089,265 11.91
male3 33,452,308 26,979,727 80.65 2,259,065 6.75 4,213,516 12.60
femalel 38,989,649 30,690,761 78.72 2,517,113 6.46 5,781,775 14.83
female2 41,267,287 33,471,377 81.11 1,828,650 4.43 5,967,260 14.46
female3 40,783,743 33,330,682 81.73 2,907,635 7.13 4,545,426 11.15

Transcriptome analysis of the WOM of male and female mice — Chapter 2.

malel 47,449,378 43,428,430 91.53 2,422,702 5.11 1,598,246 3.37
male2 45,919,675 41,968,773 91.40 2,815,735 6.13 1,135,167 2.47
male3 45,436,958 38,304,453 84.30 5,906,163 13.00 1,226,342 2.70
femalel 41,096,169 35,868,924 87.28 4,003,075 9.74 1,224,170 2.98
female2 53,985,044 46,021,315 85.25 6,361,505 11.78 1,602,224 2.97
female3 44,548,659 38,716,506 86.91 4,838,407 10.86 993,746 2.23

RNAseq of mice lacking a cluster of OR genes in chromosome 9 — Chapter 2.

deltal 40,815,069 37,230,201 91.22 2,428,922 5.95 1,155,946 2.83
delta2 41,774,414 38,165,713 91.36 2,444,901 5.85 1,163,800 2.79
delta3 48,779,436 44,509,100 91.25 2,975,024 6.10 1,295,312 2.66
Comparison of the transcriptome of the OSNs versus the WOM — Chapter 3.
WOM1 43,534,928 38,820,863 89.17 1,723,998 3.96 2,990,067 6.87
WOM2 75,289,455 67,690,537 89.91 3,018,346 4.01 4,580,572 6.08
WOM3 54,231,767 49,952,440 92.11 2,316,878 4.27 1,962,449 3.62
OSN1 48,523,309 45,373,409 93.51 1,764,633 3.64 1,385,267 2.85
OSN2 57,565,818 46,820,001 81.33 2,142,656 3.72 8,603,161 14.94
OSN3 75,288,647 69,454,921 92.25 2,506,461 3.33 3,327,265 4.42
Characterisation of two subpopulations of OMP'T OSNs — Chapter 3.
GFPlow1 66,274,523 58,952,254 88.95 3,619,369 5.46 3,702,900 5.59
GFPlowg 66,293,232 59,198,484 89.30 3,343,118 5.04 3,751,630 5.66
GFPlow3 80,748,448 72,241,026 89.46 4,113,321 5.09 4,394,101 5.44
GFPhighy 17,734,782 15,059,594 84.92 908,067 5.12 1,767,121 9.96
GFphighy 72,410,349 64,410,818 88.95 3,528,935 4.87 4,470,596 6.17

GFphighs 73,843,358 65,957,173 89.32 3,764,830 5.10 4,121,355 5.58
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sample total fragments uniquely mapped % multimapped % unmapped %
Comparison of the OR expression profile in different strains of mice — Chapter 4.
B6_1 37,332,765 32,250,593 86.39 2,121,241 5.68 5,082,164 7.93
B6_2 58,184,940 51,710,263 88.87 3,191,347 5.48 6,474,671 5.65
B6_3 46,459,677 40,920,392 88.08 3,338,396 7.19 5,539,280 4.74
B6_4 39,423,479 34,897,650 88.52 2,466,335 6.26 4,525,824 5.22
B6_5 24,228,124 20,190,426 83.33 1,468,759 6.06 4,037,687 10.61
B6_6 36,811,932 32,155,493 87.35 2,712,152 7.37 4,656,434 5.28
129_1 51,360,567 41,641,267 81.08 6,228,439 12.13 3,490,861 6.80
129 2 56,018,117 49,911,723 89.10 2,897,953 5.17 3,208,441 5.73
129_3 75,872,597 68,102,703 89.76 4,015,197 5.29 3,754,697 4.95
castl 42,193,697 38,185,627 90.50 2,144,719 5.08 1,863,351 4.42
cast2 35,534,499 31,307,518 88.10 2,553,077 7.18 1,673,904 4.71
cast3 46,273,696 41,504,133 89.69 2,618,676 5.66 21,50,887 4.65
Dissecting the genetic from the environmental effects on OR gene expression — Chapter 4.
blackl 53,532,994 45,079,303 84.21 5,431,071 10.15 3,022,620 5.65
black2 74,253,096 64,338,991 86.65 5,185,893 6.98 4,728,212 6.37
black3 41,608,225 37,543,713 90.23 1,937,432 4.66 2,127,080 5.11
black4 71,212,832 63,952,008 89.80 3,387,536 4.76 3,873,288 5.44
black5 51,920,894 45,650,480 87.92 3,106,416 5.98 3,163,998 6.09
black6 90,279,406 77,481,328 85.82 7,415,649 8.21 5,382,429 5.96
agoutil 60,959,853 53,430,862 87.65 3,088,901 5.07 4,440,090 7.28
agouti2 26,709,804 23,547,335 88.16 1,286,307 4.82 1,876,162 7.02
agouti3 30,791,098 26,913,940 87.41 1,483,789 4.82 2,393,369 7.7
agouti4 49,844,784 43,363,086 87.00 3,638,676 7.30 2,843,022 5.70
agoutib 34,387,223 29,030,014 84.42 3,412,419 9.92 1,944,790 5.66
agouti6 41,895,931 37,528,206 89.57 1,927,666 4.60 2,440,059 5.82
Transcriptome of the WOM of newborn mice — Chapter 4.
pupsl 49,335,880 41,680,801 84.48 3,860,509 7.82 3,794,570 7.69
pups2 40,532,710 35,680,710 88.03 2,830,765 6.98 2,021,235 4.99
pups3 64,224,553 57,477,476 89.49 4,100,707 6.38 2,646,370 4.12
OR expression after exposure to a mix of odorants — Chapter 5.
controll 52,160,507 46,117,696 88.41 4,374,645 8.39 1,668,166 3.20
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control2 45,667,031 41,594,467 91.08 2,571,602 5.63 1,500,962 3.29
control3 45,665,776 41,565,777 91.02 2,501,129 5.48 1,598,870 3.50
control4 54,725,715 49,969,350 91.31 3,109,856 5.68 1,646,509 3.01
control5 46,906,572 42,584,649 90.79 2,784,963 5.94 1,536,960 3.28
control6 51,235,209 45,397,000 88.61 4,063,968 7.93 1,774,241 3.46
odourl 53,005,866 48,477,141 91.46 2,796,147 5.28 1,732,578 3.27
odour2 44,239,992 39,344,128 88.93 3,379,210 7.64 1,516,654 3.43
odour3 50,470,024 45,624,241 90.40 3,155,133 6.25 1,690,650 3.35
odour4 48,495,642 43,996,672 90.72 2,870,256 5.92 1,628,714 3.36
odourb 50,189,225 43,976,059 87.62 4,345,171 8.66 1,867,995 3.72
odour6 50,338,265 45,770,319 90.93 2,824,275 5.61 1,743,671 3.46

OR expression after exposure to particular odorants — Chapter 5.
carvonel 34,538,910 30,563,297 88.49 1,892,137 5.48 2,083,476 6.03
carvone2 35,531,736 31,117,642 87.58 1,800,586 5.07 2,613,508 7.36
carvone3 32,064,615 27,022,540 84.28 3,134,406 9.78 1,907,669 5.95
carvone4 33,834,834 29,883,589 88.32 1,984,988 5.87 1,966,257 5.81
carvoneb 41,188,840 36,500,265 88.62 2,551,702 6.20 2,136,873 5.19
carvone6 33,179,966 28,071,868 84.60 3,700,369 11.15 1,407,729 4.24
heptanall 36,368,912 30,577,330 84.08 3,670,436 10.09 2,121,146 5.83
heptanal2 47,799,810 42,578,959 89.08 2,691,320 5.63 2,529,531 5.29
heptanal3 71,528,814 63,800,289 89.20 3,801,877 5.32 3,926,648 5.49
heptanal4 34,423,907 31,050,666 90.20 1,816,408 5.28 1,556,833 4.52
heptanalb 39,095,683 34,761,037 88.91 2,190,893 5.60 2,143,753 5.48
heptanal6 14,901,039 12,886,192 86.48 1,105,993 7.42 908,854 6.10
bothl 44,818,699 39,855,390 88.93 2,429,371 5.42 2,533,938 5.65
both2 37,287,128 33,330,936 89.39 2,084,171 5.59 1,872,021 5.02
both3 43,729,818 31,058,026 71.02 3,500,396 8.00 9,171,396 20.97
both4 50,876,569 45,689,933 89.81 2,696,457 5.30 2,490,179 4.89
both5 35,849,711 32,049,662 89.40 1,908,123 5.32 1,891,926 5.28
both6 41,060,091 35,784,547 87.15 3,004,507 7.32 2,271,037 5.53

Table B.2 — Mapping statistics of RNAseq samples. Mapping statistics of the samples sequenced (see also

Table B.1).
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Ensembl ID Ensembl gene name Matched cDNA from [65,136]
ENSMUSG00000096294 Gm10302 Vmn2r47
ENSMUSG00000096871 Gm10665 Vmnlri02
ENSMUSG00000096348 Gm10666 Vmnlri41.Vmnlr93
ENSMUSG00000094762 Gm10670 Vmnl1r150
ENSMUSG00000087688 Gm11300 Vmnir203
ENSMUSG00000087643 Gm11314 Vmnl1r208
ENSMUSG00000096152 Gm16442 Vmnlri40
ENSMUSG00000095745 Gm41383 Vmnlri46
ENSMUSG00000095837 Gm4141 Vmnlr106
ENSMUSG00000093941 Gm4172 Vmniri31
ENSMUSG00000096513 Gm4175 Vmnlri33
ENSMUSG00000096760 Gm4177 Vmnlr134
ENSMUSG00000095163 Gm4179 Vmnlri38
ENSMUSG00000093871 Gm4 187 Vmnl1r98
ENSMUSG00000095984 Gm4201 Vmnlrlb
ENSMUSG00000092297 Gm4214 Vmnlri61
ENSMUSG00000094532 Gm4216 Vmnlr162
ENSMUSG00000096073 Gm4220 Vmnlr166
ENSMUSG00000094757 Gm4498 Vmnlril4s
ENSMUSG00000095191 Gmb5725 Vmnlrl36
ENSMUSG00000096761 Gm5726 Vmnlri05
ENSMUSG00000095806 Gm5728 Vmnlrif7
ENSMUSG00000094298 Gm6164 Vmnlrl44
ENSMUSG00000094149 Gm8453 Vmni1r97
ENSMUSG00000094981 Gm8653 Vmnlr96
ENSMUSG00000093917 Gm8660 Vmn1r99
ENSMUSG00000094748 Gm8677 Vmnlris3
ENSMUSG00000095081 Gm8693 Vmnlr108. Vmnlrli56
ENSMUSG00000096601 Gm8720 Vmnlr164
ENSMUSG00000091528 Gm9268 Vmn2r64
ENSMUSG00000096304 RP23-331M13.5 Vmnlr92
ENSMUSG00000092456 Vird19 Vmnl1ri182

Table B.3 — VR genes not properly annotated in Ensembl. The matched cDNA sequences are those that
aligned with 100% coverage and 100% identity, indicating that they represent the same gene but haven’t been
properly annotated in Ensembl. Other genes matched VR sequences with lower identity and most likely represent
unannotated paralogs, but were not included in the analyses since there is a lack of annotation for them.
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sample total fragments unique % multimapped % unmapped % included ENA ID
OSN_171 5,403,186 4,587,828 84.91 296,854 5.49 518,504 9.59 yes ERS361292
OSN__177 3,416,492 2,962,593 86.71 171,355 5.02 282,544 8.27 yes ERS361298
OSN__183 4,884,518 4,139,987 84.76 259,317 5.31 485,214 9.93 yes ERS361304
OSN__188 4,087,523 3,468,899 84.87 235,054 5.75 383,570 9.38 yes ERS361309
OSN__193 3,490,923 2,908,510 83.32 164,005 4.70 418,408 11.98 yes ERS361314
OSN__195 3,376,521 2,496,006 73.92 390,214 11.56 490,301 14.52 yes ERS361316
OSN_ 201 4,604,541 4,055,065 88.07 185,030 4.02 364,446 7.91 yes ERS361322
OSN_ 204 4,187,094 3,587,283 85.67 204,236 4.88 395,575 9.45 yes ERS361325
OSN_ 205 5,487,975 4,787,155 87.23 260,788 4.75 440,032 8.02 yes ERS361326
OSN__ 216 4,805,114 4,155,706 86.49 257,473 5.36 391,935 8.16 yes ERS361337
OSN_ 222 4,080,624 3,481,018 85.31 241,642 5.92 357,964 8.77 yes ERS361343
OSN_ 224 3,370,232 2,723,513 80.81 149,548 4.44 497,171 14.75 yes ERS361345
OSN__ 230 4,138,735 3,379,738 81.66 247,198 5.97 511,799 12.37 yes ERS361351
OSN_ 236 2,962,912 2,467,855 83.29 104,321 3.52 390,736 13.19 yes ERS361357
OSN_ 238 3,633,203 3,058,970 | 84.19 214,892 | 5.91 359,341 | 9.89 yes ERS361359
OSN_ 243 5,146,808 4,440,478 86.28 269,240 5.23 437,090 8.5 yes ERS361364
OSN__ 251 5,069,051 4,216,080 83.17 217,145 4.28 635,826 12.54 yes ERS361372
OSN__ 259 4,997,202 4,331,122 86.67 197,519 3.95 468,561 9.38 yes ERS361380
OSN__ 261 6,936,460 6,092,355 87.83 297,816 4.29 546,289 7.87 yes ERS361382
OSN__ 262 4,420,237 3,770,751 85.31 277,302 6.27 372,184 8.42 yes ERS361383
OSN__ 263 5,688,875 4,560,119 80.16 399,782 7.03 728,974 12.81 yes ERS361384
OSN__178 3,078,169 2,644,556 85.91 165,023 5.36 268,590 8.73 no ERS361299
OSN_185 4,404,713 3,789,209 86.03 240,960 5.47 374,544 8.51 no ERS361306
OSN__191 4,136,140 3,487,140 84.31 285,589 6.90 363,411 8.79 no ERS361312
OSN_ 207 4,378,400 3,830,209 87.48 175,419 4.01 372,772 8.52 no ERS361328
OSN_ 214 4,120,952 3,398,111 | 82.46 270,927 | 6.57 451,914 | 10.96 no ERS361335
OSN__ 218 4,693,293 3,890,545 82.90 242,345 5.16 560,403 11.94 no ERS361339
OSN_ 223 3,897,470 3,319,616 85.17 185,317 4.75 392,537 10.07 no ERS361344
OSN__255 4,790,253 3,705,418 77.35 449,852 9.39 634,983 13.25 no ERS361376
OSN__ 257 4,911,385 4,252,816 86.59 172,097 3.50 486,472 9.91 no ERS361378

Table B.4 — Mapping statistics of RN Aseq single-OSN samples. Mapping statistics of the single-OSN
samples sequenced. Column included indicates whether the sample was included in downstream analyses after the
QC stage. Excluded samples showed expression of more than a single abundant OR gene and represent carry-over
from adjacent wells or could contain two cells. All raw data is available through the European Nucleotide Archive
(ENA).
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