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Deciphering natural odor plumes with dynamic changes in odor concentrations
presents a common challenge to all animals. A fundamental challenge in studying the
organization principles of the olfactory system to encode odor concentration information
is the lack of comprehensively identified sets of activated odorant receptors (ORS) across
an odorant concentration range inside freely behaving animals. In mammals, this has
recently become feasible with high-throughput se quencing-based methods that identify
populations of odorant activated ORs in vivo. In this study, we characterized the mouse
OR repertoires activated by two odorants, acetophenone (ACT) and 2,5dihydro -2,4,5
trimethylthiazoline (TMT), from 0.01% to 100% (W) concentrations. We also investigated
the OR repertoires for structural derivatives of TMT (component of fox odor) such as
2-methyl-2-thiazoline (2MT) and 2,4,5Trimethylthiazole (nTMT) and 2-sechutyl -4,5
dihydrothiazole (SBT) for 1% and 100% (v/v) concentrations. We used a combination of in
Vivo, in situ and in silico approaches to investigate ORs with distinct sensitivities to the
tested odorants. We examined OIfr923, which we identified to be one of the most sensitive
ACT ORs based on ourpS6-IP-Seqdata. Using a mouse line that genetically labels OIfr923
positive axons, we provide evidence that ACT activates the OIfr923 glomerulus in the
olfactory bulb . This study sheds light on the active process in which unique OR repertoires
may collectiv ely facilitate the discrimination of odorant concentrations. Together, these
odorant receptors may shape the dynamic aspects of olfactory sensitivity and facilitate

odorant intensity coding.
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g QUUOEUEUDOO
1.1 Olfaction is an important sense

The ability for organisms to sense tte external world is essential for survival.
Sensory systems equipped with peripheral neurons express protein receptors that detect
and transmit information such as smells, colors and sounds from the external
environmentsto the brain.

The nervous system is organized to encode external information across various
sensory modalities. In the human visual system, three types of light receptors (S-cone,M -
cones, and L-cones) have distinct sensitivities to different sections of the light spectrum,
allowing for fine-tuned color discrimination (Nathans, 1987) In the human gustatory
system, distinct receptorsin the taste bud cells formulate the perception of our five basic
taste qualities (sweet, bitter, salty, sour, sweet, and umami) (Lindemann, 1996). The
human olfactory system has around 400 distinct odorant receptors dedicated to the task
of distinguishing between the thousands of volatile odors that we encounter in the
environment (Malnic et al., 2004)

Chemosensation refers to D w O U T E Geetti@nzoflan environmental chemical
stimulus that is interpreted into a neurological signal (Bargmann, 2006a) The process of
chemosensation has existed for a long timet from prehistoric to the evolutionarily recent .
Primitive forms existin nematode worms, emerged during the Cambrian explosion 500
million years ago. For instance, the well-studied invertebrate C. eleganspossessa well -

developed chemosensory systemand dedicate 5% of its genesfor detecting a wide variety



of volatile (olfactory) and water -soluble (gustatory) cues (Troemel et al., 1995; Bargmann,
1998, 2006h)

Without exception, every animal species studied to date has a form of
chemosensation which allows it to sense the external environment. This includes insects,
such as the fruit fly through their antennae (Clyne et al., 1999; Vosshall et al., 1999)ish
through their frontal olfactory organs (Kasumyan, 2004) and humans through our noses
(Bushdid et al., 2014) The basic units of olfaction are remarkably conserved from aquatic
fishes to land-dwelling mammals (Laberge and Hara, 2001; Niimura et al., 2014) This
repetitive theme in the evolution of olfactory biology signals a fundamental need for
organisms to sense their chemical surroundings.

Despite a central theme in the evolution of chemosensation, there is significant
diversity observed in the basic unit of olfaction ¢ the receptors that recognize chemical
ligand (Buck and Axel, 1991) Large receptor repertoires have been identified not only in
vertebrates (Godfrey et al.,, 2004; Malnic et al., 2004; Niimura et al., 2014Yut also in
inv ertebrates (Clyne et al.,, 1999; McKenze and Kronauer, 2018) suggesting that an
evolutionary process creating enough diversity to establish the remarkable discriminatory
capacity of chemosensory system (Dryer, 2000; Adipietro et al., 2012; Jiang and
Matsunami, 2015).

The use of odorshas been found in many facets of animal and human life. While
perfume houses such as CocoChannel launch their signature perfumes every summer;

male orchid bees collectenvironmental scents to createUT 1 BUwOP Oweltz étdll UOI1 » w



1999; Mitko et al., 2016) female moths emit chemical signals to advertise reproductive
viability (Christensen et al., 1989)and house catsrub facial pheromones to mark territory
(Soini et al., 2012)

The sense of smellallows organisms to discriminate odor quality (identity ) and
also perceive changes in quantity (intensity ) at different concentrations (Beets, 1970; Polak,
1973) The ability to successfully detect and interpret these cues maximize fithess and
survival of an organism. In the continuous struggle for calories, a predator and his prey
interact via varying emotional states to avoid danger and find food. Emotional reactions
are carefully wired within specialized sensory systems, giving animals the appropriate
behavioral response to survive and thrive. This is especially true in the prey species, where
detection of olfactory messages plays an important role in the induction of innate -fear
behaviors, which include hide, fight or flight (Kavaliers and Choleris, 2001) How the
olfaction system is organized to serve thesecomplex, yet essential functions is explored
in this thesis.

Discriminat ing between different odors is the first hallmark feature in our sense of
smell. The ability to read odor concentration is the secondfunction in our sense of smell.
Consistent with our experience, the perceived quality of an odorant shift from weak to
strong at different concentrations (Gross-Isseroff and Lancet, 1988) Aromas from food,
pheromones from mates and scents from predators often span a dynamic range in
concentrations. Tracking the concentrations of these odors therefore serves nutritional,

reproductive and protective purposes - allowing animals to make appropriate behavioral



decisions. For instance, depending on how far the predator is, an animal can choose

between hiding versus running away.

1.2 Mammalian olfactory system

G protein-coupled receptors (GPCRs) omprise a largereceptor protein family that
detect physiological stimuli including light, hormones, odorants, and neurotransmitters
through the activation of G protein-based transduction cascades(Alexander et al., 1975;
Dohlman et al.,, 1991; Dryer and Berghard, 1999) The mammalian olfactory system,
capable of detecting and discriminating a large number of different odorous volatile
molecules, begins at the nasal passage, where millions of olfactory sensory neurons (OSNs)
line the main olfactory epithelium. Lining the cilia of the OSNs are olfactory receptors
(ORs), which form the largest and most heterogeneousset of receptors within the GPCR
family (Buck and Axel, 1991; Dryer and Berghard, 1999) The diverse collection of ORs are
encoded by ~400 and ~1100 intact OR genes in humans and mice, respectivelfBuck and
Axel, 1991; Healy et al., 1997; Zhang and Firestein, 200Z50dfrey et al., 2004; Malnic et al.,
2004; IbarraSoria et al., 2014; Niimura et al., 2014)Mature OSNs express only one type of
the available ORs at a high level (Chess et al., 1994; Malnic et al., 999; Hanchate et al.,
2015; Saraiva et al., 2015; Tan et al., 2015; Scholz et al., 2016)

Functional responses were recorded for single OSNs using electrophysiological
techniques in the form of action potentials generated from exposure to specific odorants
(Firestein, 1996) Odor perception is initiated by the activation of a specific OR set within

the large repertoire of G-protein coupled o dorant receptors (Malnic et al., 1999) Early data



collected from frogs suggested thatindividual OSNs can recognize and respond to aset
of structurally different odorant molecules, while a n odorant can activate multiple OSNs
with different response intensities depend ent on odorant concentrations (Duchamp-Viret
and Duchamp, 1997) The qualitative tuning of OSNs with broad molecular ranges
indicated that an odor ant was encoded by a unique set of OSNs that responded with
distinct sensitivities.

As OSNs expressing the same OR send convergent axonal projections to form
glomeruli in the olfactory bulb, OR activations are translated into glomerular activation
patterns which are further processed within the olfactory bulb (Figure 1) and olfactory
cortical areas (Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al., 1996; Rubin and
Katz, 1999; Wachowiak and Cohen, 2001; Oka et al., 2006; Miyamichi et al., 2011; Sosulski
et al., 2011; Storaceind Cohen, 2017; Wilson et al., 2017)Different odorants are perceived
EAawEOOxOI RWwEOOEPOEUOUPEOW . 1w EOEI UwEIlI x1 OEI OU0w
recognition profile (Malnic et al., 1999) In mice, there are approximately 1100 intact OR
genes, most of which recognize structurally related volatiles and thus are considered to
El w? OE U U O rGddfrey(ethd 28D4; Nara et al., 2011; Yu et al., 2015pdorants are
represented by combinatorial codes whereby a given odorant at a specific concentration
activates a specific combination of ORs, which in turn activate a specific combination of

glomeruli (Malnic et al., 1999; Rubin and Katz, 1999; Bozza et al., 2002; Oka et al., 2006;

Saito et al., 2009)



Previous studies found an increase in the recruitment of active ORs nside OSNSs)
and glomeruli (in side the olfactory bulb) as aresponse to higher odorant concentrations
(Rubin and Katz, 1999; Fried et al., 2002Khan et al., 2010; Wilson et al., 2011)Jiang et al.,
2015).Broadly tuned OSNs responding to a certain odorant can respond to additional
odorants at higher odorant concentrations. There is, however, insufficient research to
determine the identity of these ORs and their collective responses at different odorant
concentrations in vivo. This limited our ability to draw conclusions on how odor identity

and intensity in formation are encoded by specific ORs.

Front tooth

Anterior <= Posterior

Figure 1: The mouse olfactory system . Olfactory epithelium (OE), olfactory bulb (OB).

1.3 Phosphorylation of the ribosomal protein S6

The identification of clear OR targets for a given odorant has been a long-standing
problem in olfaction. Since the first discovery of the OR gene superfamily in 1991, similar
chemosensory receptors have been found in various species acrosshe tree of life (Buck
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and Axel, 1991; Clyne et al., 1999; Godfrey et al., 2004; Malnic et al., 2004; Niimura et al.,
2014) The functions of these receptors, however, had been uncharacterized until the
successful functional expression and screening ofthese OR in various cell expression
systems (Katada et al., 2003; Saito et al., 2004inic et al., 2005; Zhuang and Matsunami,
2008) Functional cloning of these ORs allowed for the pairing of odorant ligands to
specific receptors.

The Matsunami lab has been a pioneer in pairing odorants to its repertoire of
responding OR partners for both mice and human ORs via the in vitro heterologous cell
system cAMP-mediated luciferase reporter gene assay (Saito et al., 2004; Zhuang and
Matsunami, 2008; Kida et al., 2018) Recently, we developed a transformative in vivo
genomic method to comprehensively screen for ORs that are activated by particular
odorants via mRNA profiling at the olfactory epithelium (Jiang et al., 2015) This method
made use of the S6 ribosomal subunit which was found to be phosphorylated in odorant
activated OSNs (Knight et al.,, 2012). Briefly, the phospho-S6 ribosomal protein is
immunoprecipitated (pS6 -IP) and mRNA physically associated with the subunit (from
mice OR) is captured for deep sequencing. The harvested mMRNA is then processed into
cDNA libraries and detected via next -generation sequencing. The sequencing output is
then carefully analyzed between control and odorant -stimulated samples to reveal OR
genes that are differentially enriched as a result of selective OSN activation.

Immunostaining for pS6 is now adopted in the field of olfaction and visual systems to



study neuron activation in OSNs and retinal cells (Asakawa et al., 2017; Milner and Do,
2017;Sharma et al., 2017)
1.4 Approaches to study OR responses in vivo

Over the years, multiple technologies have developed to study the activation of
OSNs and ORs by odorants(Peterlin et al., 2014) The first mammalian OR to be matched
in vivo with its odor ant ligand s was the rat olfactory receptor I7. An adenovirus -mediated
gene transfer drove up exogenous rat ORI7 expression in OSNSs, followed by ex vivo
electrophysiological recordings showing substantial greater response of 17 towards
odorants such as octanal (Zhao et al., 1998). This methodology offers moderate
throughput in which odorants are delivered to the ex vivo olfactory epithelium in vapor
phase.

Systems mentioned above in which targeted ORs are expressed in OSNs
somewhat recapitulate the olfaction system. However, such OSN-based expression
systems are relatively low throughput and only allowed for the screening of a few ORs
(Zhao et al., 1998; Touhara et al., 1999; Bozza et al., 200=instein et al., 2004)Large scale,
heterologous-based screening thus holds the promise of providing an efficient model for
studying the combinatorial code involving hundreds of different ORs .

Calcium imaging of dissociated olfactory epithelium has been used to detect
physiological odorant activation of OSNs by measuring the temporal and spatial
properties of Caz*influx (Restrepo et al., 1993; Tareilus et al., 1995DR activation leads to

a G protein-coupled signaling cascade and an increase in intracellular cAMP. This initiates



the opening of the olfactory cyclic nucleoti de-gated ion channels and mediates the influx
of Ca?* and Na* ions to depolarize the OSN (Jones and Reed, 1989; Breer and Boekhoff,
1992; Reed, 1992; Pierce et al., 2002his OR signal transduction pathway form the basis
for functional readout of OR response through a variety of in vitro heterologous
expression systems.

A challenge in studying OR function in vitro is that many ORs are resistant to
heterologous expressionwhen expressed alone In HEK 293T cells, it has been found that
some ORsfail to exit the endoplasmic reticulum and do not functionally expressed at the
cell surface (Lu et al., 2003) The Matsunami lab identified receptor transporting proteins
(RTP1 and RTP2) to facilitate OR trafficking to the cell surface (Saito et al., 2004) The later
adoption RTP1S which is a shorer and more potent form of RTP1significantly enhanced
our ability to functionally express ORs in vitro (Zhuang and Matsunami, 2008).

Besides pS6lP-Seq there are two recenthigh-throughput approaches to study OR
responsesin vivo: one is the Kentucky Method based on activation-dependent S100a5
expression (McClintock et al., 2014). Another is the DREAM technique (deorphanization
of receptors based on expression alterations of mMRNA levels) which is based on OR
specific transcriptional downregulation after odor stimulation (von der Weid et al., 2015)
DREAM and pS6-IP-Seq identified overlapping, but not identical sets of ORs (Jiang et al.,
2015; von derWeid et al., 2015) In insects, these differences are attributed to underlying
differences between S6 phosphorylation and OR downregulation following OR activation

(Koerte et al., 2018)



15 Zonal distribution of ORs

Olfactory epithelium Olfactory blub

Glomerulus

Olfactory
sensory
neuron

Figure 2: ORs are expressed in a zonal pattern at the olfactory epithelium . Modified based on
Yamaguchi et al., 2006.

The olfactory system is organized at multiple levels. The first level of organization
occurs at the olfactory epithelium, where different OR are expressed in distinct, yet
partially overlapping, regions along the dorsomedialtventrolateral (DV) axis (Figure 2).
This spatially segregated, OR expression was first discovered in rodents (Ressler et al.,
1993; Vassar et al., 1993nd subsequently observed in the zebrafish (Weth et al., 1996)
the fly (Vosshall et al.,, 1999) followed by primates (Horowitz et al., 2014). This OR
expression pattern was initially divided into four EDUE U1 Ul (ReasheOed &1.]01998;
Vassar et al., 1993put was later determined to be more overlapping continuous (Norlin

et al.,, 2001; Miyamichi et al., 2005) The olfactory system exhibits additional spatial
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organization where the axons of OSNs expressing the same ORproject onto fixed
glomeruli at th e olfactory bulb (Resskr et al., 1994; Vassar et al., 1994; Mombaerts et al.,
1996; Wang et al., 1998)These projecions were mapped by in situ hybridization (Ressler
et al., 1994; Vassar et al., 1994; Tsuboi et al., 1998)d labelled with marker genes such as
green fluorescent protein and lacZ (Mombaerts et al., 1996; Wang et al., 1998; Feinstein
and Mombaerts, 2004) Together, these glomeruli form a topographic map of the hundreds

of ORs expressed in the olfactory system.

1.6 Concentration invariance in olfaction

ORs can respondto a set ofodorants at different levels of specificity and affinity ,
suggesting that a change in the concentration of an odorant can alter the resulting
combinatorial receptor code (Kajiya et al., 2001) It has also been shown that more OSNSs,
and likely more unique ORs, fire at higher concentrations of an odor (Ma and Shepherd,
2000) Thesemay explain our experience that the quality and intensity of some scentsare
perceived differently between low and high odorant concentrations (Gross-Isseroff and
Lancet, 1988)

A fundamental form of perceptual invariance in chemosensation is concentration
invariance which refers to the ability of an organism to recognize the same odor over a
range of different odor concentrations (Uchida and Mainen, 2007). As changes in odorant
concentration canresult in a change in the number of OSNs and glomeruli activated, this
raising the interesting question of how different patterns of OSNs and glomerular

activation can lead to similar olfactory percepts.
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It has been recently found that od orant information was transformed from a
representation that was highly concentration -dependent in the olfactory bulb to a
representation that was largely concentration invariant in the piriform cortex. In the
Fleischmann et al., 2017 paper, the group analyzed piriform neural activity over a 100-
fold concentration range of ACT and found a concentration -invariant subnetwork of
piriform neurons which are significantly modulated by odorant identity but not
concentration. Datta et al., 2017 reported the presence of concentration invariant neurons
in pICoA and PCx when mice were exposed to TMT (lurilli and Datta, 2017) . They found
that most neural responses in both pICoA and PCx changed asconcentrations rose, but
these changes generally unfolded in a nonmonotonic manner regardless of the odor
tested, suggesting that information about odor identity and concentration may be in part
decoupled at the single-neuron level in both brain areas. These concentrationinvariant
piriform neurons complement our discovery of specific low odorant concentration
responsive ORs which were reliably activated across a large concertation range.

1.7 Deorphanization of p redator odors

Early humans had much to fear for in the wild, but they could not simply cower
in caves. They needed to find food, win mates, and run from carnivores such as the
megantereon (extinct sabertoothed cat) or chasmaporthetes (extinct hunting hyenas)
(Lee-Thorp et al., 2000) It seems that not only are small prey animals inherently fearful,
humans and primates experience innate fear too. For instance, in the 1940s, psychologist

Donald Hebb found that young chimpanzees born in captivity are instinctively frightened
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by snakes, even though they had never seen them before. Humans too, tend to associate
snakes with danger. As such, they are much better at identifying snakes during visual
detection tasks as compared to nonthreatening stimuli such as frogs or caterpillars (Lobue
and Deloache, 2008) In such instances, humans utilized an innate perceptive ability to
focus on threatening stimuli and respond quickly with the emotion of fear. The amygdalae,
which reacted effectively to potential threats, allowed our ancestors to excise caution, run
from danger, and protect their offspring.

In mice, olfactory cues from predators are known to be crucial for detecting overt
and potential threats (Papes, Logan et al. 2010, dogai, Si et al. 2011). Olfactory cues
communicate the presence of danger to the frightened mouse via scents released by the
predators (kairomones) or threatened conspecifics (Apfelbach, Blanchard et al. 2005).
Often, these aversive odorants are predatorderived (eg. fox odor). To understand how
these semiochemicals communicate the message of fear, we need to figure out how the
identity of these odorants is encoded at the receptor level. While the field has made
progress in identifying functional brain comp artments of the olfactory system mediating
this behavior, it is still largely unclear which receptors are involved in the detection of
such cues, partly due to difficulty in the tracking of OR activation in vivo upon odorant
stimulation at a population lev el. We thus investigated the concentration-dependent
combinatorial OR code of predator related odorants such as TMT and 2MT inside the

predator naive lab mice (Figure 3).
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Figure 3: ORs responding to TMT /2MT may mediate the innate -fear response.

1.8 Covalent modification of predator odor receptors

Recently, a paper found OIfr1019 to responsive to TMT and implicated with
predator odor driven immobility (Saito et al., 2017) By photoactivation of the OIfr1019
glomerulus, they are able to induce prolonged immobility responses in the
channelrhodopsin knock-in mice mouse. In contrast, control mice continued to

demonstrate natural behaviors, such as walking, stopping, exploring and grooming,
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despite photoillumination of the olfactory bulb. The study also compared immobility
responses to TMT between OIfr1019knockout and wild -type mice. When subjected to 10%
TMT exposure, the wild -type mouse demonstrated clear fear responses such as
immobility. The OIfr1019-knockout mice showed lower immobi lity towards TMT than
that of the wild -type mice (Saito et al., 2017) It is important, however, to note that
immobi lity was lowered, but not abolished, suggesting the role of additional ORs and
receptors in relaying predator information that elicits freezing behavior .

In 2018, aother study conducted a large-scale recessive genetics screen of
ethylnitrosourea (ENU) -mutagenized mice (Wang et al., 2018) They found that mutants
which lost Trpal (a pungency/ irritancy receptor ) showed diminished TMT/2MT and
evoked innate fear/defensive responses. They subsequently generated 3 Ux ErUNY Nw OPE |
which failed to effectively activate known fear/stress brain centers upon 2MT exposure
while still able to smell and conditionally learn to fear 2MT. It was shown that Trpal acts
as a chemosensor for 2MT/TMT and Trpal-expressing trigeminal ganglion neurons and
contribute critically to 2MT-evoked freezing behavior.

Trp-channels are weakly selective cation channels that respond to the binding of
extracellular or intracellular ligands (noxious agents such as wasabi) andchanges in
temperature (Tobin et al., 2002 Bautista et al., 2005; Jabba et al., 2014)rpal ligands such
as wasabi are known to be electrophiles,activating the channel by forming covalent bonds
with specific cysteine or lysine amino-acid residues. Each subunit of the Trpal contains

six membrane-spanning Y-helical domains, SH S6(purple color rods), and their
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constriction regulates the influx of Ca?. A coiled-coil domain in the cytoplasmic C
terminus is surrounded by 'ankyrin repeats’, which has been suggested to contain the
cysteine residues targeted by ekctrophilic Trpal activators. The ankyrin repeats (ARS)
(green color rods) at the amino-terminal end (N) provide a large cytoplasmic surface for
interactions with noxious ligands (Figure 4.0).

CaZ+

Pore helix 1

Odorant receptor Buistive

binding cavity

Cell membrane

Cytoplasm

TRP domain
N
P P
X 3

o
. . & &
Contains cysteine &K
resides targeted &

*‘\
by TRPA1 ligands

N
N

Figure 4. Ligands form covalent bon ds with TRPA1 amino -acid residues. Modified based on
Paulsen et al., 2015 Nature.

Wang et al. found Trpal to be a chemosensor for 2MT/TMT. They transfected the
Trpal-P2A-mCherry construct into HEK293T cells and performed Ca?* imaging upon
exposure to 1, 10, 100 and 10060 M of 2-methyl -2-oxazoline, 2MT, or TMT. Both TMT and
2MT, but not 2-methyl -2-oxazoline (a structurally related but non -fear inducing odorant)
evoked Ca* transients in the transfected HEK293T cells in a dosedependent manner.
They also inhibited Trpal by HC -030031 treatment and abolished the 2MT evoked C&"

transients.
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The docking of an odorant molecule into the canonical binding cavity exerts stress
to the protein structure , leading conformational changes (Kato et al., 2008; Peterlin et al.,
2008)and toggling of the amino acid residues such as the ionic lock (de March et al., 2015)
When an odorant molecule fits stably in the binding cavity, the ligand is recognized,
triggering conformational change and the OR is activated. This process is largely based
on van der Waals forces hydrogen bonding and hydrophobic interactions (Ahmed et al.,
2018) covalent bonds has not been found to be involved in the OR activation/ligand
docking process. We thus performed selective activation and inhibition of predator
related odorants to look for evidence of possible covalent modification i n OR-ligand pair

interactions.
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2.1 Introduction

The mammalian olfactory system begins at the nasal passage, where millions of
OSNs are zonally distributed within the main olfactory epithelium. Odor detection is
mediated by a large repertoire of ORs, and mature OSNs express a single dominant OR
gene(Ressler et al., 1993; Hanchate et al., 20L5DRs constitute the largest family of seven
transmembrane G-protein -coupled receptors, and the mice genome encode for over 1000
intact OR genes(Buck and Axel, 1991; Dryer and Berghard, 1999) Different odorants are
chemical partners (Malnic et al., 1999; Godfrey et al., 2004; Nara et al., 2011; Yu et al., 2015)
Together, specific repertoires of ORs are activated by a volatile odor, the corresponding
OSN neural activity is converted into a segregated map in the olfactory bulb initiating the
olfactory transduction cascade to down stream brain regions and cortical neurons (Stettler
and Axel, 2009).

To understand how mammalian ORs encode odorant concentrations, we carried
out high-throughput in vivo screens via phosphorylated ribosomal protein S6
immunoprecipitation followed by RNA -Seq @S6I1P-Seq). This characterized

comprehensive OR responses and changes in OR activation patterns against ACT and

TMT from 0.01% to 100% (v/v).

2.2 Results
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2.2.1 Modified pS6 -IP-Seq enriched more ORs

We identified ORs activated by ACT and TMT at varying odorant concentrations
in vivo. This is made possible through a recently developed in vivo-based method which
identifies ORs expressed in activated OSNs via mRNA profiling (Jiang et al., 2015) This
method made use of the finding that the phosphorylation of the ribosomal protein S6 is
an indicator of neuronal activation (Knight et al., 2012; Biever et al., 2015)
Immunoprecipitation of ribosome -mRNA complex containing phospho S6 (pS6-IP also
known as phosphoTRAP) followed by next -generation sequencing identifies OR mRNAs
present in odorant activated OSNs (Figure 5).
We updated the pS61P-Seq method as originally described by Jiang et al.,in an
effort to profile ORs expressed in active OSNs that respond to lower concentrations of
odorants (Jiang et al., 2015)Figure 5A shows the updated pS6-1P-Seq pipeline. Similar to
the Jiang et al. publication, we habituated and stimulated a mouse for one hour with 10
0wl WOEOUEOUWEUWEw! PYI1 O @angEtall) BmTh)We ¢epldoetEh® UwWE OOE
polyclonal antibody against pS6 with a monoclonal alternative to improve
immunoprecipitation consistency. We updated annotations of OR genes to also include
untranslated regions (UTRs) containing Bowtie aligned transcripts (Langmead et al., 2009;
Li et al.,, 2009) As an example, figure 5B shows coding region (CDS) annotation and
updateE WEOOOUEUPOOwp" #2 wHw4 31 Awi OUWEOwW "3 w. 10w. O

transcripts read depth aligned with STAR based on the new OR annotation (see Methods

for details) (Dobin et al., 2013; Bray et al., 2016)
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The updated OR annotations now include 1385 UTR annotated ORs, largely based
on the work of Ibarra -Soria et al. (Ibarra-Soria et al., 2014) To complete this set of OR
definitions, we made three additional modifications: reannotation of 58 coding exonal
ORs genes to include noncoding UTRs, correction of a msannotated OR (Olfr151) and
addition of four previously unannotated ORs from the refGene database (O'Leary et al.,
2015) More ORs were significantly enriched (FDR corrected p<0.05) at 1% and 100% ACT
and TMT with the UTRs included gene annotations, compared to ORs reported by Jiang
et al. (Jiang et al., 2015)suggesting a more sensitive detection of OR enrichment with the

updated pS6-1P-Segmethod (Figure 5B, D).
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Figure 5. An illustration showing the updated pS6 -IP-Seq method. (A) Following odorant
stimulation, a monoclonal pS6 antibody captures mRNA from activated OSNSs that is processed

intoan lllumina OPEUEUad wg! Aw. Of UNI + zUw. 1wil Ol uEOGOOUEUDPOO WD
STAR aligns and quantifies OIIfr923 transcript reads at the mouse olfactory epithelium.

A new essential monoclonal antibody for the pS6 subunit was tested alongside the

original polyclonal antibody in a controlled experiment where olfactory epithelium
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tissues from 3ACT stimulated mice were combined and then treated separately with 20 m
and/or 6m of polyclonal and monoclonal antibodies respectively. Statistical regression on
the normalized read counts of 1248 mice OR genes (Figre 6) has confirmed that the new
monoclonal antibody is not only comparable to the old polyclonal antibody but also more
cost-effective. Our data suggest that the monoclonal antibody captures mRNA species
from the OR family with greater efficiency than the previous polyclonal antibody: only
1/3 of the monoclonal antibody (6 M) is needed to achieve comparable mRNA profiling to
that of 20m poly clonal antibody. The slope of the OR read counts linear regression lineis
difference between the antibodies. Additionally, the monoclonal antibody is specific to
only one epitope, and hence a more reliable candidate for immunoprecipitation with less

batch to batch variation.

Y =0.005 + 0.909x

Monoclonal pS6 Antibody

Polycional pS6 Antibody
Figure 6: The updated pS6-IP-Seq utilizes a monoclonal pS6 antibody . Scatter plot comparing
the immunoprecipitated mMRNA counts (normalized) for 1248 OR genes. X -axis: olfactory

epithelium processed with 20 pl of polyclonal anti -pS6 antibody. Y -axis: olfactory epithelium
processed with either 20 pl or 6 pl of monoclonal a nti -pS6 antibody.
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Multiple alignment methodologies exist for alignment of sequenced RNA reads to
the mouse genome.We tested Bowtie, Kallisto and STAR and found that each has their
own advantages and shortcomings. Bowtie was used in the Jianget al., publication and it
takes up to three days to map pS6IP-Seq data files. We then adopted Kallisto
pseudoalignment to quantify our sequencing reads. Kallisto rapidly determines the
compatibility of reads to target genes based on our transcriptome index, without the need
for alignment (Bray et al., 2016) With Kallisto, each pS6-IP-Seq data file can be processed
within 30 mins. However, we found that Kallisto inflated the reads for around 20 ORs by
assigning high numbers of low complexity reads (Figure 7B). For instance, when you
compare the ACT readcounts from Bowtie versus the readcounts from Kallisto, you see
an OR with close to zero reads based on Jiang et al., 2015 jump to nearly 5000 reads (Figure
7B). We thus decided to switch our and quantification pipeline from Kallisto to STAR
alignment with RSEM quantification. STAR is a highly modifiable alignment (no
pseudoalignment) algorithm that uses a genome reference with transcript alignments
being indexed as chromosome coordinates indicated by our custom GTF annotations (see
methods). STAR aligns lesser reads per OR than Kallisto, with a maximum of around 800
reads (Figure 7C), this however, does not affect the outcome of our differential expression
analysis and very similar sets of ORs were enriched across Bowtie, Kalliso and DREAM

(Figure 7).
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Figure 7: Comparison of Bowtie, Kallisto and STAR alignment using an ACT pS6-IP-Seqdataset
from Jiang et al., 2015.

2.2.2 Correlation between pS6 -IP-Seq and in vitro OR responses

The in vitro responses of a panel of 500 ORs against ACT based on cAM#ediated
luciferase reporter gene assays in heterologous cells were reported to be correlated with

the enrichment of ORs from pS6-IP-Seq (Jiang et al., 2015). Here we compared our nevn
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vivo ACT p S61P-Seq dataset to thein vitro ACT dataset reported by Jiang et al. (Jiang et
al., 2015). We first investigated whether significantly enriched ORs grouped using in vivo
pS61P-Seq (orange circles) showed higher in vitro activation at three different
conEl OUUEUDPOOU WOl w "3 wpt U, Owt YU, OinkidE OUPED | £0 wE
OR group (gray circles) (Figure 8A).
From 0.01% to 1% ACT, we saw that thein vivo pS6-1P-Seq enriched ORs (orange
circles) Log-FC and normalized in vitro activation were consistently higher than in vivo
non-responders (grey circles) as seen from the dotted red lines (Figure8C). The average *
SEM for log2FC values of the in vivo enriched ORs were 1.74+ 0.15, whilst that of non-
enriched ORs were 0.16+ 0.09. The average + SEM foin vitro activation of the in vivo

enriched ORs were 29.43t 7.22, whilst that of non-enriched ORs were 5.05+ 0.40 (Figure

8D).
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Figure 8:Invivo OR enrichment correlates with the invitro activation data. (A) In vitro Hana3A
cell lines cAMP -mediated reporter data for 517 out of the 1088 pS6-IP-Seq mapped intact ORs
are classified into invivo pS6-IP-Seq ACT enriched (orange, FDR corrected p<0.05 and log: fold
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change > 0) and not enriched groups (grey, FDR corrected p>0.05 or log- fold change < 0). In vitro
normalized fold increase in luciferase signals were plotted for each OR groups across four ACT

EOOEI OUUEUPOOUS whyYU wPUWEEUT EwOOwWOT 1 wi OCEwWOi wbOEUIT
is determined by the fold of increase of emptyrho-x " ( wY1 ECOUWUUDOUOEUT EwbPDUT wt
bars represent mean. *p<0.05, **p<0.01, ***p<0.001 by Manrt Whitney test (in vivo enriched ORs

compared to not enriched ORs). (B) In vivo pS6-IP-Seq fold enrichment was plotted for each OR

groups across four ACT concentrations. ORs are classified based on in vitro cAMP -mediated

Ul xOUUI UWEEUEwWPOUOWEEUDPYEUI EwpOUEODT T Owi OOEWOUEDI |1 U
EEUDPYEUI Ewl UOUxUwpl Ul a0wi OOCEWOUEDI iadd BasireprBsérit UEUD OO w
mean. **p<0.01, **p<0.001 by ManntWhitney test (in vitro enriched ORs compared to not

enriched ORSs). (C) Plotting individual pS6 -IP-Seq enriched ORs fold change data against their

in vitro activation data at 0.01%, 0.1%, 1% and 100% srting concentrations of ACT. Red dotted

line indicates average values between the plotted ORs. (D) Plotting individual pS6  -IP-Seq not

enriched ORs fold change data against their in vitro activation data at 0.01%, 0.1%, 1% and 100%

starting concentrations of ACT. Red dotted line indicates average values between the plotted

ORs.

Additionally, we created a graph for each ACT concentration, with FDR corrected
p-values on the X axis, andin vitro responses on the Y axis to provide a sense how FDR
corrected p-values correlates with in vitro responses (Figure9). Overall, 89 out of the 138
in vivo enriched ORs were testedin vitro and 46 (52%) were activated. Consistent with the
results of Jiang etal., we found that the in vivo enriched OR group has a significantly
higher in vitro activation from 0.1% to 100% ACT, but there are instances wherein vivo
enriched ORs do not show in vitro responses, and vice versa (Jiang et al., 2015%imilarly,
we observed that the ORs grouped based onin vitro luciferase assay activation (orange
circles) has a significantly higher pS6-1P-Seq fold enrichment at all the ACT concentrations
Ul U01 EQWEOOxEDVith EEODYEINWES U@ wi UOU x ay.gpb dutE a WED U E
of the 105in vitro activated ORs were also enrichedin vivo based on pS6IP-Seq.

From 0.01% ACTto 100% ACT, we saw that OIfr923 showed higher than average

(blue line) in vitro activation (Figure 9). At 0.1% ACT, OIlfr145 (OR with biggest mMRNA

fold change decrease based on DREAM) also showed higher than average (blue linejn
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vitro activation. OIfr1377 (consistently enriched in vivo at 0.1% ACT above) showed the

highest normalized in vitro activation amongst all 516 tested ORs(Figure 9).
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Figure 9: pS6-IP-Seq enriched ORs show higher in vitro activation . Individual OR have their
FDR corrected p-values plotted against in vitro activation data. Green dotted line indicates FDR
corrected p=0.05 line (ORs to the right h ave FDR corrected p<0.05, ORs to the left have FDR
corrected p>0.05). Red and blue lines indicate mean invitro activation values for invivo enriched
and not enriched ORs.

2.2.3 ROC classification of pS6-IP-Seq and in vitro OR responses

Receiveroperating characteristic (ROC) curves was used to see how well OR pSéP-Seq
enrichment (in vivo) correlates OR luciferase responseif vitro). In Figure 10, for 100% ACT, the
classifier performance (area under the ROC curve, AUC) = 0.738 (P = 1.5 x 1@Wilcoxon rank -
sum test, one tailed against HO: classifier performs no better than random). In Figure 10, we see
that the AUC values at 1% and 100% ACT is above > 0.73 (P < 0.001, Wilcoxon rardum test, one

tailed against HO: classifier performs no better than random).
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Figure 10: ROC curves of support vector machine classifier performance showing area under the
curve and p-values based on Wilcoxon rank -sum test, one tailed against HO: classifier performs
no better than random.

2.3 Conclusion and Discussion

To more accurately describe the concentrationdependent combinatorial OR code,
we report an updated pS6-IP-Seq method to profile mMRNA expression in odor activated
OSNs. We utilized a monoclonal pS6 antibody, streamlined the library preparation
methods (Knight et al., 2012; Jiang et al., 2015)and adopted STAR for efficient sequence
reads mapping (Dobin et al., 2013) We can now identify more ORs at given odor
concentrations and at lower and more physiologically relevant odor con centrations. The
updated pS6-IP-Seq can be adopted to identify responsive ORs across a wide range of
monomolecular odorants, odorant mixtures, and complex natural odors to further our
understanding of peripheral odor coding (Isogai et al., 2018).

Our OR lists overlap with a majority of the ORs identified by the Jiang et al.

publication (Jiang et al., 2015)Out of the total 86 ACT responsive ORs reported by Jiang
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et al., 51 of these ORs weralso identified by our current study. The vast majority of the
non-overlapping ORs exhibit a positive Log 2FC, indicating that these ORs were enriched
but did not reach our statistical criteria (FDR corrected p<0.05). It is also likely that the
difference in antibodies against pSé6 (i.e. polyclonal antiserum in Jiang et al. vs monoclonal
antibodies in the current study) contribute some differences (Jiang et al., 2015). Changes

in the bioinformatics pipelines also contribute to differences.
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3.1 Introduction

An increase in the number of ORs mapped based on the Jiang et al., 2015 data
suggests that the updated pS61P-Seq method may allow us to identify activated ORs at
lower odorant concentrations than what has been previously reported (Jiang et al., 2015)
To test this, we stimulated mice with 0.01%, 0.1%, 1% and 100% (v/v) of ACT andTMT
(Figure 11A), performing the updated pS6-IP-Seq at each condition (n=3; see Methods for

details).

3.2 Results

3.2.10R repertoires with different odorant concentrations
At the lowest starting concentration, 0.01%, ACT enriched 6 ORs (FDR corrected

p<0.05) (Figure 11B). The number of ORs recruited increased from 6 to 115 (Figure 11B)
when the starting odorant concentration was increased from 0.01% to 100%. This shows
that more ORs were activated at higher concentrations of odorants. Trace amine
associated receptors (Taars), a smalfamily of chemosensory receptors activated by
volatile amines (Liberles and Buck, 2006)were not significantly enriched by the tested
odorants.

To investigate the phylogenetic relationship of ORs responding to an odorant, we
plotted enriched ORs on protein sequence-based phylogenetic trees (Figure 11C). As the
odorant concentrations increase, more diverse sets of ORs are enriched (FigurellC),

consistent with findings previously reported (Jiang et al., 2015).
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Figure 11: OR repertoires expand with increasing ACT concentrations . (A) Chemical structure
of ACT and TMT . (B, D) Volcano plots showing the log2 fold change and -logio p-value of OR
genes from 0.01% to 100% ACT.OR differential expression values are based on pS6 -IP-Seq with
odorant stimulated and unstimulated C57BL6 mice. ORs significantly enriched by pS6  -IP-Seq
with fold change > 1 are colored in blue and red based their p -values (FDR corrected). N = 3 mice
were used for each odorant condition. (C) Protein sequence distance trees generated using
similarity based on pairwise distances from aligned OR prote in sequences. Each end of the
branches represents an OR placed alongside its closest neighbors. Both class 1 (bottom left ¥
the tree) and class 2 (remaining % of the tree) ORs are shown. ORs significantly enriched by
ACT and at each odorant concentrations are labelled in red (p<0.001) and blue circles (p<0.05).

We performed the same experiment and analyses for another odorant, TMT. The
number of ORs recruited increased from 3 to 68 for TMT (Figure 12A) when the starting
odorant concentration was increased from 0.01% to 100% TMT. Similar to ACT, more
diverse sets of ORs are enriched as the odorant concentrations increase (Figuré2B). These
findings are consistent with earlier studies based on glomerular activation in the olfactory
bulb (Rubin and Katz, 1999; Wachowiak and Cohen, 2001; Fried et al., 2002; Wilson et al.,
2017) and complement these studies by identifying ORs that respond to a wide range of

concentrations of odorant.
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Figure 12 OR repertoires expand with increasing TMT concentrations . (A)Volcano plots
showing the log: fold change and -logio p-value of OR genes from 0.01% to 100% TMT. ORs
significantly enriched by pS6 -IP-Seq with fold change > 1 are colored in blue and red base d
their p -values (FDR corrected). N = 3 mice were used for each odorant condition. ( B) Protein
sequence distance trees generated using similarity based on pairwise distances from aligned
OR protein sequences. Each end of the branches represents an OR placed alongside its closest
neighbors. ORs significantly enriched by TMT at each odorant concentrations are labelled in
red (p<0.001) and blue circles (p<0.05).

3.2.2 Most sensitive ORs may not be most robust responders at
higher concentrations
At 0.01% starting concentration of ACT, OIfr923 was the most significantly

enriched OR with the largest logz fold change (Logz2FC) amongst significantly enriched

ORs (FDR corrected p=1.56*1®, LogFC=2.96) (Figure 13A), suggesting it is among the

most sensitive ORs that recognize ACT. OIfr923 remained significantly enriched from 0.1%

to 100% ACT (FDR corrected pvalue p<0.001) (Figure 13A). However, the rank order of

OIfr923 in terms of FDR corrected p-values and Log2FCs went down at 1% and higher
concentrations of ACT (Figure 13A). OIfr983 is the second most significantly enriched OR

with the second largest Log2FC amongst significantly enriched ORs at 0.01% ACT (FDR

corrected p=2.55*10, Log:%" & whd WWA wp%bT UUI wht Adw2HDODOEUOAC

activation also went down at higher starting concentrations of ACT (Figure 13A). In
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contrast, OIfr907 and OIfr898, ORs with the largest and second largest LogFCs among
significantly enriched ORs at 100% ACT, were not significantly enriched at 1% and low er
starting concentrations of ACT (Figure 13A). OIfr30, the most significantly enriched OR at

100% ACT, was also not significantly enriched at 1% and lower starting concentrations of
ACT. In addition, OIfr376, the most significantly enriched OR at 1% ACT, was also not
significantly enriched at 0.1% and lower concentrations of ACT. These results suggest that
sensitive ORs responding at lower odorant concentrations may not be the most robust
responders at higher odorant concentrations, and vice versa.

We obseved similar trends with TMT. The rank order of three significantly
enriched ORs at 0.01% TMT (OlIfr1395, Olfr165 and OIfr1297) also went down in terms of
FDR corrected p-values and Log2FCs at 1% and 100% starting concentrations of TMT
(Figure 13B). In contrast, OIfr837 and OIfr506, ORs with the largest and the second largest
Log2FCs among ORs significantly enriched ORs at 100% TMT, were not significantly
enriched at 0.1% and 0.01% TMT (Figurel3B). Lastly, OIfr531 and OIfr376, the most and
the second most sgnificantly enriched OR at 100% TMT, were not significantly enriched

at 0.01% (Figurel3B).
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Figure 13 Volcano plots showing the enrichment of specific ACT and TMT ORs . (A) Six ACT
responsive ORs - OIfr923, OIfr983, OIfr376, Olfr898, Olfr907, OIfr30 are labelled.  (B) Seven TMT
responsive ORs - OIfr1395, Olfr1297, Olfr165, Olfr531, Olfr506, OIfr837, Olfr376 are labelled.

3.2.3Staining data confirms the pS6 -IP-Seq OR enrichment

To validate pS6 induction for OSNs in a set of significantly enriched ORs, we
conducted in situ hybridization and pS6 immunostaining for ORs responsive at 0.01%
starting odorant concentrations. Consistent with our pS6 -IP-Seq data, both OIfr923 and
OIfr983, but not OIfr376-expressing OSNs (serving as a control) showed significantly
higher pS6 signals at 0.01% ACT compared to no odor controls (Figurel4A, C and Figure
15). Violin plots for OIfr1427 and OIfr9 01 (pS6IP-Seq enriched at 0.01% ACT) show
significantly higher pS6 signals in staining at 1% and higher starting ACT concentrations
(Figure 16). In situ hybridization and pS6 immunostaining also confirmed the activation
of OIfr1395, OIfr1297 and Olfr165-expressing OSNs towards TMT (Figure 14B, D and
Figure 15). Consistent with our pS6-IP-Seq data, Olfr376expressing OSNs did not show
significantly higher pS6 signals at 0.01% starting concentration of TMT (Figure 14D and
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Figure 15). As a negative control, we also stained for the pS6 intensity of OIfr1395 when

mice were exposed to ACT instead of TMT. Consistent with our pS6-IP-2 1 gz UwEDI I 1 Ul O
expression data for ACT, OIfr1395 did not show significantly higher pS6 signals at any

tested ACT concentrations (Fgure 16). Together, our data verified a set of sensitive ORs

for ACT and TMT.
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Figure 14: pS6-IP-Seq enrichment data was verified via staining . (A, B) Fluorescence microscopy
images showing double -label in situ of OIfr923 and OIfr1395 OSNs. Green is antibody staining
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for pS6, magenta is the digoxigenin probe signal. Colocalizations are marked by white arrows,
representing odorant activated OSNs. Scale bar represents 2545m. (C, D) Violin plots showing
the normalized pSé6 intensity for digoxigenin  -labelled OSNs based on colocalization, each dot
represents a probe labelled OSN. Orange and green colors outline ACT and TMT violin plots
respectively. Qu antification of the staining data reveals significant difference in normalized
pS6 intensity as a result of odorant stimulation. *p<0.05, **p<0.01, ***p<0.001 by one -way
-.5 Ow#UOOI UUzZUwxOUOwi OEwUI U0wopYEUPOUUWOEOUEOUWE
controls) for each probe. N = 143 mice.
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Figure 15 Double -label in situ and immunostaining of OSNs . Magenta is the digoxigenin OR
probe signal, green is antibody staining for pS6. Colocalizations are marked by white arrows.
Colocalization is observed at starting concentrations of 0.01% odorant and above. Scale bar

represents 254 m.
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Figure 16: Additional 0.01% ACT responsive ORs showed pS6 colocalization . OIfr1427 and
OIfr901 were ORs enriched by 0.01% ACT based on pS6-1P-Seq. OIfr1395 (significantly enriched

by TMT based on pS6 -IP-Seq) serves as a negative control for ACT. **p<0.01, ***p<0.001 by one-
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3.3 Conclusion and Discussion

Our data support the notion that higher concentration of odorants activates more
ORs (Fried et al., 2002; Mainland et al., 2014) In the vast majority of cases, ORs
significantly enriched with odor stimulation at a low concentration are also enriched at

higher concentrations. However, there are some instances where ORs show significant
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enrichment only at lower concentrations. The statistical criteria based on the FDR
corrected p<0.05 cutoff does not represent the critical boundary between responsive ORs
and non-responsive ORSs. It serves as a selection criterion to identify populations of
responsive ORs activated backed by statistical confidence. It is also likely that the
proportional nature of RNA -Seq contributes to apparent lower fold changes at the higher
odorant concentration. With future advancements in next -generation sequencing data
collection and analysis, we expect refinementin the list of enriched ORs.

Humans perceive the same odor with higher intensity and varying degree of
pleasantness as odor concentration increasegMoskowitz et al., 1976; Anderson et al.,
2003) In some cases, odor quality and/or pleasantness shift when different concentrations
of the same odorant are presented (Gross-Isseroff and Lancet, 1988) though there is no
such report for ACT and TMT. Higher concentrations of odorants that results in higher
OSN spiking rates (Rospars et al., 2000; Bhandawat et al., 2005; Grosmaitre et al., 200&e
likely to result in higher S6 phosphorylation a s shown in the retinal cells (Milner and Do,
2017) This cascade of events, could, in turn, contribute to the neural representation of
elevated odor intensity. Higher concentration of odors activate additiona |, lower affinity
ORs at the olfactory epithelium, resulting in more glomerular activations in the olfactory
bulb (Fried et al., 2002; Khan et al., 2010)These additionally recruited, low -affinity ORs
may drive differences in odor quality and perceived intensity by modulating neuronal
firing in higher olfactory areas (Stettler and Axel, 2009) In this study, we identified a set

of ORs responding to both low and high concentrations odorant and another set of ORs
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recruited only at high odorant concentrations. In the future, resources provided in this
study will be useful in defining the roles of high - and low- affinity ORs by targeting
specific ORs to manipulate in reference to their in vivo activation profiles.

In summary, our study comprehensively identifies ORs responding to varying
concentrations of odorants and contributes to the understanding of how odorant
concentration information is encoded at the receptor level in the peripheral olfactory
system. ldentifyin g ORs responding to both low to high odorant concentrations will be
valuable in future studies evaluating the contribution of high - and low- affinity ORs

towards odor perception.
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4.1 Introduction
The distribution of OSNs expressing a given ORs is confined within continuous

and partially overlapping spatial zones along the dorsomedial (dorsal) ¢ ventrolateral
(ventral) axis on the olfactory epithelium (Ressler et al., 1993; Vassar et al., 1993;
Miyamichi et al., 2005; Tan and Xie, 2018) To test if active ORs for each odorant show bias

in their zonal distributions, we conducted an RNA -Seq using dorsd and ventral olfactory

mucosa (see Methods for details)

4.2 Results

4.2.1 RNA-Seq data relates to zonal index data
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Figure 17: OR dorsal and ventral zonal distribution data based on RNA -Seqis correlated with
the zonal index data by Tan et al. where their zonal index increases progressively from dorsal
to ventral. ***p<0.001 by Mann { Whitney test (dorsal compared to ventral).

We found 412 and 558 ORs to be significantly enriched in dorsal and ventral zones,

respectively. Out of the 117 unclassified ORs, 45 ORs were unclassified due to low
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expression. The vast majority of the remaining ORs (70/73) are assigned to zonal index
positions between 1.5 to 2.5 (1 being most dorsal and 5 being most vatral) in Tan et al.,
2018, suggesting that the these unclassified ORs are expressed in areas close to the
dorsal/ventral boundary ( Figure 17). Our RNA -Seq data classifying the ORs into dorsal
and ventral zones is consistent with the zone index data reported by Tan et al. (p<0.001,

Mann-Whitney test) (Tan and Xie, 2018)(Figure 17).

4.2.2 OR activation zones are odorant dependent

Comparing between the distribution of responsive dorsal and ventral ORs for ACT
and TMT at different concentrations, we found that ACT responsive ORs as a group are
more dorsally distributed than TMT responsive ORs from low to high odorant
concentrations (Figure 18), suggesting that biased zonal populations of ORs are

responding to each of the tested odorants.
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Figure 18: ACT and TMT activated ORs have distinct zonal distributions . (A) Stacked bar graphs
showing the zonal location of ACT and TMT activated ORs across various concentrations.
Orange and green colors outline ACT and TMT graphs respectively. *p<0.05, **p<0.01, by
Fisher's exact test (ACT compared to TMT). N = 3 mice olfactory epithelium were used in RNA -
Seq to determine OR zonal positions. (B) The OR zonal index distribution for ORs activated by
ACT or TMT shows statistical difference between odorants. **p<0.01, ***p<0.001 by Mann
Whitney test (ACT compared to TMT).

4.3 Conclusion and Discussion

Another dimension of smell encoding, besides keeping track of odorant
concentrations, is for neurons to also represent concentration differences of a given odor
(Parabucki et al., 2019) Despite facing a dynamic environment where they encounter
hundreds to thousands of volatile odors at various concentration gradients, humans and
animals are capable of maintaining stable odor quality perception across concentrations
(Krone et al., 2001; Wachowiak and Cohen, 2001; Uchida and Mainen, 2007; Mainland et
al., 2014; Sirotin et al., 2015; Wilson et al., 2017)

What is not yet clear is how odor identities are encoded and maintained despite
massive differences in the activated OR repertoires across concentations. Stable odor

ratio information (Uchida and Mainen, 2007), input -output transformation at the level of
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the olfactory bulb (Storace and Cohen, 2017and early activated ORs during the first sniff
(Wilson et al. 2017 are implicated in concentration invariance. Sensitivity of ORs, as well
as abundance and positions of OSNs expressing individual ORs within the olfactory
epithelium (zonal expression), can play a role in determining the timing of neuronal
activation at the level of glomeruli in the olfactory bulb (Schneider et al., 1966; D'Hulst et
al., 2016) Our datasets reporting ORs responding to low concentrations of odorants, in
conjunction with a number of OSNs expressing different ORs which correlates with OR
mMRNA abundance (lbarra-Soria et al.,, 2014)together with zonal expression of ORs
(Ressler et al., 1993; Vassar et al., 1993; Miyamichi et al., 2005; Tan and Xie, 20t8n
provide valuable information in targeting a specific set of ORs to investigate their role in

odor coding.
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5.1 Introduction

The DREAM technique is another method for the in vivo identification of odor
activated ORs. DREAM relies on the transcriptional downregulation of individual ORs
after ~five hours of odor exposure (von der Weid et al., 2015) Using DREAM, von der
Weid et al. (2015) identified 44 ORs to be responsive at 5% ACTwith Olfr145 as the best
responder. To examine the similarity and differences between pS6-IP-Seq and DREAM,
we also performed a 5-hour ACT stimulation in the lab, and looked for OR mMRNA
downregulation.

Based on pS6IP-Seq, we found OIfr923 to be the most sensitive and significantly
enriched ACT OR (Figure 11). As an independent approach to demonstrate in vivo
activation of OIfr923 expressing OSNs by ACT, we generated an IRESCre gene knock-in
mice at the OIfr923 locus and crossed them with Rosa26lox-stop-lox-tdTomato reporter

mice to label the OIfr923 glomerulus (Madisen et al., 2010)

5.2 Resuls

5.2.1 OIfr923 was not prominently downregulated in DREAM
To understand the apparent differences between DREAM and pS6-IP-Seq, we

carried out DREAM using 5% ACT and quantified OR mRNAs with RNA -Seq. Using the
same odor stimulation setup as pS6I1P-Segbut with a 5 hour exposure, our DREAM data
replicated that Olfr145 (ACT OR reported with the largest RNA -Seq fold change decrease)
(von der Weid et al., 2015)decreased in transcripts at 5% ACT (Figure 19, left panel, fold

change 0.57, p<0.001)in addition, OIfr145 was also enriched based on our new pS6-IP-
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Seq datasets at 0.1%, 1%, and 100% ACT(Figure 8). OIfr923, however, was not
significantly downregulated at 5% ACT (Figure 19, left panel, fold change 0.86, p=1.00).
At 0.01% ACT stimulation, both OIff145 and OIfr923 were not significantly
downregulated (Figure 19, right panel). The inventors of DREAM have suggested that we
should instead use older mice (around 3 months) and to have at leastn=5 in order to

replicate the mRNA downregulation of OIfr923 DREAM data.
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Figure 19 OIfr923 was not ACT responsive based on the DREAM technique . DREAM OR
MRNA reads were plotted for 5% and 0.01% ACT after 5 hours of odorant exposure. Olfr145 is
significantly downregulated at 5% ACT in DREAM, but not at 0.01% ACT. OIfr923 is not
significantly downregulated in both the 5% and 0.01% ACT conditions.  P-values are uncorrected
based on RNA -Seq differential expression analysis (no odor compared to ACT). N = 3 mice were
used for each odorant condition. Dots connected with a horizontal line represent littermates.
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To understand the relationship between DR EAM and our updated pS6 -IP-Seq, we
focused on 44 ORs whose mMRNA expressions were downregulated by 5% ACT (von der
Weid et al., 2015). We remapped the sequence data using our updated OR definitions and
performed differential expression analysis using the same bioinformatics pipeline as our
pS61P-Seq datasets (see Methods for details). Consistent with the von der Weid et al.
study, all 44 of the 5% ACT responsive ORs were downregulated. Comparing the DREAM
data with our Log 2FC values based on pSéP-Seq, a majority of the 44 ORs showed
positive Log2FC values in pS6IP-Seq (Figure 20).Overall, 19 out of the 44 ORs showed
significant enrichment at least in one of the tested concentrations in our pS6-IP-Seq data.
Log2FC values were negatively correlated between DREAM at 5% ACT and pS6-1P-Seq
from 0.01% to 1% ACT (p-values < 0.05 and Rrange from 0.11 to 0.25, Figure 20), while
Log2FC values were weakly correlated between DREAM at 5% ACT and pS61P-Seq at
100% ACT (p-value =0.2356 and R2 #.03, Figure 20). Altogether, our analysis suggests
that the degrees of pS6 induction and downregulation of mMRNA expression are
moderately correlated. We also looked at the pS6IP-Seq data of ORs that were
differentially expressed solely in the DREAM data set, we found that at least 21 out of the
26 ORs showed positive LogFC (Figure 21), suggesting that these ORslikely had S6

phosphorylation and were responding to ACT.
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Figure 20: pS6 induction and downregulation of mMRNA
ORs pS6-IP-Seq fold changes based on 0.01%, 0.1%, 1% and 100% ACT are compared to the
DREAM 5% ACT fold changes (sequence data realigned using the updated UTRs with coding
line). All 44 of the previously reported 5% ACT
DREAM responsive ORs were shown. R 2and p-values are based on linear regression.

exons annotation and STAR bioinformatics pipe

48

Olir0s 081088 1577 Oyt 1054
Q1284 e
Olfrig r1087
Olra7s Qirzzg OIS0t Ofrses

o ogE3 Olrssa

1,54

ot

Oltrl45

-2.0-
expression are correlated. Individual



1% ACT

100% ACT

. Olfr943 .
401 . p<0.001 (ORs=4) Olfr933 40 1. 5<0.001 (ORs =34)
 p<0.05(ORs=33) OIfr870 » p<0.05(ORs=115)
T30 - r T30 -
(_g OIfr750 %
2 Olfr745 £
£20 Olfr736 220 -
> . Olfr556 & ‘
(@] o
<10 - OIfr490 <10 ..’
o ® o Olfr476 o
0/ ®¢ wiexas Gﬁ:«-’ Olfr47 0 " -.: ‘
4 2 0 2 4 ¢ O Ol452 4 2 0 2 4 6
Logx(fold change) © Olfr378 Logo(fold change)
OIfr366
ﬁ Olfr229 ;
40 1, p<0.001 (ORs=4) Olfr1501 40 1, »<0.001 (ORs=34)
e p<0.05 (ORS=33) Olfr1484 e p<0.05 (ORS=115)
B30 30
2 Olfr1459 2
> Olfr142 >
220 | Olfr1350 220 -
S . Olfr1269 S :
710 - Olfr1231 < 19 -
*e o Olfr114 o
0 e w-«-quo:--' Olfr1135 0 - we -.(o;w ¢
4 2 0 2 4 ¢ © 009 4 2 0 2 4 6
Logs(fold change) o Olfr1085 Logs(fold change)
Olfir1014
ORs logFC U":_o‘::::ed FDR ORs logFC U";::ﬁf:e“ FDR
0Ifro43 0.86 0.01 0.06 0lIfr943 0.32 0.39 0.72
0Ifr933 1.82 0.01 0.08 0Ifr933 0.68 0.18 0.56
0lfr870 1.75 0.01 0.09 Olfr870 0.48 0.31 0.66
OIfr750 0.93 0.02 0.15 Olfr750 0.39 0.26 0.63
Olfr745 1.02 0.03 0.16 Olfr745 0.84 0.01 0.12
Olfr736 0.71 0.05 0.21 Olfr736 0.89 0.07 0.37
Olfr556 0.71 0.05 0.22 Olfr556 0.48 0.14 0.51
Olfr490 0.92 0.07 0.27 Olfr490 1.56 0.02 0.22
Olfra76 0.72 0.08 0.30 Olfra76 0.71 0.06 0.36
Olfra7 0.50 0.16 0.48 Olfra7 0.49 0.22 0.59
Olfr4a52 0.63 0.16 0.49 Olfr452 0.63 0.07 0.37
OIfr378 0.49 0.21 0.55 Olfr378 -0.50 0.41 0.75
Olfr366 0.49 0.23 0.56 Olfr366 -0.08 0.88 0.97
Olfr229 0.97 0.38 0.69 Olfr229 -0.63 0.14 0.51
Olfr1501 -0.35 0.38 0.70 Olfr1501 0.42 0.23 0.60
Olfr1484 0.24 0.54 0.84 Olfr1484 0.47 0.10 0.44
0Ifr1459 0.22 0.56 0.85 0lfr1459 0.44 0.20 0.57
Olfr142 0.20 0.65 0.90 Olfr142 0.55 0.17 0.55
0Ifr1350 0.26 0.65 0.90 0lfr1350 0.06 0.84 0.96
0lfr1269 -0.24 0.67 0.91 0lfr1269 0.11 0.86 0.96
Olfr1231 0.22 0.72 0.93 Olfr1231 0.80 0.06 0.37
Olfr114 -0.20 0.77 0.95 Olfr114 1.30 0.14 0.50
Olfr1135 0.15 0.77 0.95 Olfr1135 -0.93 0.17 0.55
Olfr109 -0.07 0.82 0.97 Olfr109 0.84 0.02 0.26
0lfr1085 -0.11 0.83 0.97 Olfr1085 0.52 0.48 0.79
Olfr1014 0.05 0.89 0.99 Olfr1014 -0.19 0.59 0.84

49



Figure 21 ORs identified by DREAM have positive fold changes in pS6  -IP-Seg. Volcano plots
showing the pS6 -IP-Seq data at 1% and 100% ACT of 26 ACT ORs found to be differentially
expressed solely in the DREAM technique. Out of the 44 ORs identified by DREAM at 5% ACT,
19 ORs were also identified by STAR.

5.22 ACT activated OIfr92 3 in the olfactory bulb
To ask whether the OIfr923 glomeruli in the olfactory bulb were activated, we

conducted c-Fos immunostaining in periglomerular cells induced by odor stimulation
(Guthrie et al., 1993) Mice exposed to 0.01%starting concentration of ACT displayed a
significant increase in c-Fos induction in periglomerular cells surrounding the OIfr923
glomeruli compared to no odor controls both in terms of cell counts and percentages of c-
Fos-positive cells (p <0.05 paired ttest, onetailed) (Figure 22 and Figure 23), suggesting

ACT activates OIfr923 OSNs and also the OIfr923 glomeruli.
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Figure 22 Exposure to ACT induces c-Fos expression in OIfr923 periglomerular neurons . (A)
Schematic drawing of the OIfr923 -Cre transgenic mouse targeting vector. (B) Fluorescence
microscopy image showing the OIfr923 mouse glomerulus. Magenta is Olfr923 labelled by td -
tomato, green is periglomerular neurons stained for ¢ -Fos, blue is DAPI nuclear staining. Scale
bar represents 100 4m. Tissue sections with the greatest density of td -tomato fibers at the
glomeruli were used for staining. (C) ¢ -Fos-positive periglomerular cell counts around the
OIfr923 glomeruli. (D) Percentage of ¢ -Fos-positi ve periglomerular cells, calculated by the
number of ¢ -Fos-positive over the total number of DAPI labelled OIfr923 periglomerular cells.

(C) P-values are based on paired t-test, one-tailed (no odor compared to 0.01% ACT). N =4 mice
were used for each odorant condition. Dots connected with a horizontal line represent samples
that were stained on the same day.
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Figure 23: c-Fos images for ACT exposed OIfr923 periglomerular neurons . (A) Fluorescence
microscopy images of the olfactory bulb. Blue is DAPI nuclear staining, magenta is OIfr923
labeled by td -tomato, green is periglomerular neurons stained for ¢ -Fos. Merged images show
periglomerular ¢ -Fos activity around the OIfr923 glome ruli. Scale bar represents 100 4m. (B)
Individual quantification of the ¢ -Fos activity for each glomerulus, quantified areas are shown
in as cropped glomeruli images on the left. Dots connected with a horizontal line represent
samples that were stained on the same day.
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5.2.3 Modelling of ACT and OIfr923 in silico showed favorable free
energy

Our in vivo and in situ data consistently showed ACT to be an activator for OIfr923.
Lastly, we asked if OIfr923 has evidence for structural properties that are favorable for
ACT binding. Heptanal is a non -agonist of OIfr923 as previously reported (Ibarra-Soria et
al., 2017) We first aimed to confirm OIfr923 activation in vitro using the GloSensor assay

system to monitor the real time response of OIfr923 against ACT and heptanal. ACT or
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heptanal was dissolved into medium and odor -mediated cAMP induction was monitored
in real time. Increases of over time were observed when OIfr923 was exposed to ACT, an
indication of OIfr923 activation by ACT, while no significant luminescence increase was
observed when OIfr923 was exposed to heptanal (Fgure 24A). To quantify OIfr923
activations, we analyzed the area under the curve (AUC) of the normalized luminescence
and generated dose response curves, confirming differential activation of OIfr923 by ACT

and heptanal (Figure 24B).
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Figure 24 OIfr923 is activated by ACT but not heptanal in vitro . (A) Liquid -phase ACT and

heptanal stimulation of OIfr923 with the GloSensor assay system Luminescence in each well

PEUwWOI EUUUI EwOOET wi YI Ua wN Y wetkwdrnialirad withire bidal valueE OE wUT 1 w
for OIfr923 -pCl and response of the pCl control at the given time point. N = 3 wells were used

for each concentration. Error bars indicate standard error of the mean (SEM). (B) Area under the

curve (AUC) indicates t he sum of normalized luminescence (normalized to pCl vector+ buffer

condition) from initial response to final response. Error bars indicate SEM.
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A three-dimensional model of OIfr923 was then built by homology modeling.
ACT was docked into the canonical binding cavity of OIfr923, and heptanal serves as a
negative control. Heptanal is a non-agonist of OIfr923 as previously reported (Ibarra-Soria
et al., 2017) This complex was embedded in a membrane model, solvated in water and
submitted to multiple molecular dynamics simulations. Af ter several steps of
minimization, equilibration and 800ns of production with no constraints, ACT remained
closely associated with the canonical binding cavity (Figure 25A). However, heptanal
exited the binding cavity to enter into the lipid bilayer that ¢ ompose the membrane,
suggesting a low ligand -OR binding cavity affinity (Figure 25B). OIfr923 bound to ACT
I EUWwEwWI EY OUE B (Eigute29E)) 1D Yohtrast, &eptanal has an unfavorable

x OU D U Bn¥d (Bigur@ 25C) (p=0.0371 paired ttest, one-tailed).
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Figure 25: In silico investigation of ACT bindingto  OIfr923. The three-dimensional structure of
OIfr923 was built by homology modeling and bound to ACT (red, A) and heptanal (blue, B).
Helices are represented in white ribbons and the odorant molecules are shown in Van der Walls
volumes. The residues interacting wi th the odorant molecule during molecular dynamics
simulation s are highlighted by dotted clouds in the corresponding color (ACT -red, heptanal -
blue). Residues specific to heptanal binding, H165 45, V205-3° and M252642 (Ballesteros-
Weinstein numbering show n in superscript) (Ballesteros and Weinstein, 1995), are represented
in blue licorice. (C)" OOx UUIT Ewl OlhlcekaOxud B U & Grxandui@e edergy of binding

&inging for heptanal and ACT bound to OIfr923. *p<0.05 by paired t -test (ACT compared to
heptanal). N = 3 simulations per odorant.
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5.3 Conclusion and Discussion

The DREAM technique identifies odor responsive ORs based on a decease in OR
MRNA abundance after odor stimulation (von der Weid et al., 2015) Our analysis
suggeststhat, OR responses based onn vitroassays and the twoin vivo-based assays (pS6
IP-Seq and DREAM) correlated each other yet they did not show strong linear correlations.
For example, OIfr923 is one of the most sensitive and robust ORs responding to ACT based
on pS6IP-Seq, ranking top in terms of Log2FC amongst significantly enriched ORs from
0.01% to 1% ACT. OIfr923 ranked 36 out of the 44 responsive ORs based on 5% ACT
DREAM RNA -Seq fold change in the publication, OIfr923 now ranks 5" when our
bioinformatics pipeline is used to reanalyze the 5% ACT DREAM RNA -Seq data (von der
Weid et al., 2015)(Figure 20). When teded in vitro via the luciferase assay, OIfr923 ranked
324 out of the 105 responsive ORs based on fold luciferase induction with 300 uM ACT
(Jiang et al., 2015)Difficulties in functionally expressing certain ORs in heterologous cells
partly explains the differences. Future mechanistic understanding of how odorant
activation drives S6 phosphorylation or OR mRNA decrease should help explain these
differences across thein vivo and in vitro OR response studies. In addition, the abundance
of ORs can also be widely varied (Ibarra-Soria et al., 2014). Some ORs with low read counts
did not reach the set significance (FDR corrected p>0.05) in spite of large fold changesA
deeper sequencing read depth will help determine whether these ORs are bona fide ORs

responding to the tested odorants.
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6.1 Introduction

3,5 Trimethyl -3-thiazoline (TMT), which is secreted from the red fox anogenital
gland, triggers an innate, odor-driven defensive response in mice (Fendt et al., 2005;
Kobayakawa et al., 2007) This unconditioned inborn aversion is hardwired in the mouse
brain and is observed even in the predator-naive laboratory mice (Fendt et al., 2005)
Curiously , a TMT synthetic structural analog, 2MT induces highly robust freezing in mice
(Kobayakawa et al., 2007; Isosaka et al., 201%Figure 26). To study the role of odorant-OR
interactions behind these predator odors, we investigated OR responsive in vivo and in
vitro for TMT and its structural analogs. Here, we employed open-field behavior test, pS6-
IP-Seq and OR specific fluorescentin situ hybridization and cAMP -mediated GloSensor
assays to study the combinatorial coding of predator related odorants.

Odorants Odorant Receptors Freezing Behavior
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P ® o @
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Figure 26: TMT structural analogs and mice freezing behavior . (Hypothetical combinatorial OR
code of the four odorants and whether it elicit freezing behavior in mouse.

6.2 Results
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6.2.1 Freezing behavior paradigm

Laboratory studies that were done on mice showed that predator odors have
distinctive behavioral effects on mice in the form of freezing and suppression of feeding
or grooming behaviors (Apfelbach et al., 2005) We have successfully established an odor
driven open -field behavioral paradigm in the lab to study defensive behaviors. In Figure
27, we quantified robust mice freezing response towards 1% 2MT in randomized
behavioral trials. Each time block of exposure is 10 minutes, TissueTek cassette
containing no odorant is presented first, followed by one odorant (2MT or ACT). Behavior
traces were videotaped and the FreezeScan program from Clever Sys Inc was used to score
the freezing responses.we conducted a global ANOVA considering the factors of odorant,
gender and age (n=8). There was a main effect of odorant, reflectingsignificant differences
in percentage freezing time between the 2MT exposed group, when compared against

control or ACT.
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Figure 27. Predator naive lab mice show freezing behavior towards 2MT . Amount of total
freezing time indu ced by no-odor (control), innate -freezing -inducing (1% 2MT) and neutral (1%
ACT) odorants. Data are box and whiskers plots. Global ANOVA, ***p < 0.0001.

We developed an in-house mouse motion analysis software to generate detailed
traces of realtime mouse activity (Figure 28). Video recordings of mice presented with
different odorants (10 mins per odorant condition) were analyzed for pixel shifts and
freeze durations (> 2s). We saw that thewild -type mouse exhibited freezing behavior
when presented with 0.5% 2MT, but not 1% ACT (Figure 28A) . However, when the mouse
was presented first with 0.5% 2MT which induced freezing, subsequent presentation of 1%
ACT also induced freezing behavior (Figure 28B). This is likely because the mouse has

learnt to be fearful of the odorant cassettethat was presented.
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Figure 28 Mice Freezing behavior trials show concentration sensitivity . Freeze events>2s were
plotted into bar graphs at each odorant condition in chronological order. Pixel shifts are
computed based on shifts in the centroid position of the recorded mice. Higher pixel shifts mean
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