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Abstract

This thesis aims to investigate how the metabolic state can influence
perception, specifically how the circuitry of the olfactory bulb is modulated by
signals of satiety. The multi-sensory integration of satiety and olfaction has
been studied using behavioural paradigms (Aimé et al. 2007; Berg et al. 1963;
Soria-Gomez et al. 2014a; Yeomans 2006) which show that fasting increases
olfactory sensitivity as satiation decreases it. This integration seems to
happen in the olfactory bulb (Julliard et al. 2017a; Tucker et al. 2013a).

The hypothesis defended here is that glycemia-olfaction integration occurs
at the first synapses in the brain, in the glomerular layer of the olfactory bulb
where olfactory sensory neurons project their axons. The inhibitory
interneurons, periglomerular cells, provide feedback inhibition onto the
olfactory sensory neurons. Furthermore, the glucose-sensing molecular
machinery, Kv1.3, and GLUT4 are known to be present in glomeruli neuropile
(Al Koborssy et al. 2014; Kovach et al. 2016). Therefore the periglomerular
cells are ideally placed to dampen olfactory sensitivity by sensing glucose and
subsequently reduce the glutamatergic afferent transmission from the

olfactory sensory neurons onto the principal neurons, the mitral cells.

| used calcium imaging in anesthetised GCaMP6fxVGAT mice to record
odour-evoked activity of periglomerular cells, with a two-photon microscope.
Using a widefield one-photon microscope combined with intrinsic signal
optical imaging, | simultaneously imaged the afference and the periglomerular
activity. In adjunct, | conducted odour detection tests. Mice were observed

fasted and sated following intraperitoneal glucose injection.

| found that increased blood glucose increased the excitability of
periglomerular cells for odours at low concentration and a co-occurring
reduced activity of the afference. These results suggest that this aspect of
satiety amplifies the feedback inhibition at the first synapse in the olfactory

bulb and participates in an increased odour detection threshold in perception.
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Chapter 1
Introduction

This thesis aims to explore how our internal state can influence our
perception and behaviour, specifically how the circuitry of the olfactory bulb is
modulated by signals of satiety. The multi-sensory integration of satiety and
olfaction has been studied using behavioural paradigms (Aimé et al. 2007;
Berg et al. 1963; Soria-Gomez et al. 2014b; Yeomans 2006) which show that
fasting increases olfactory sensitivity as satiation decreases it. In
neurobiology, the integration seems to happen in a multitude of areas of the
olfactory system (Julliard et al. 2017b), in the olfactory epithelium principal
neurons (Kaniganti et al. 2019; Negroni et al. 2012), in the olfactory bulb
principal neurons (Tucker et al. 2013b) and later brain structures (Critchley
and Rolls 1996; O6Doherty et al. 2000)

The hypothesis defended here is that glycemia-olfaction integration
occurs at the earliest synapses in the brain, in the glomerular layer of the
olfactory bulb which receives olfactory receptor neuron input. | speculate the
periglomerular cells are responsible for this integration. This introduction will
lay out the pre-requisite knowledge needed to interpret our results: how the
olfactory bulb process and transmit sensory information, how metabolic
sensing is integrated into olfaction, and how these mechanisms relate to the
animal food-odour behaviours.

1.1 The olfactory system

To persist in its environment, any biological system must retrieve data
about its surroundings and act upon them accordingly. Airborne volatile
molecules can carry information about food, predators, and the sexual cycle
of conspecifics, which is processed by the olfactory system. Olfaction is one
of the oldest senses, as the first bacteria had only a simple set of sensory
mechanisms limited by their membrane possibility to host chemical receptors.
These membrane channels are the precursors to chemosensing, which ended
up as taste and olfaction in current animals that evolved to dispose of complex
chemosensing organs. Olfaction evolved from being receptor-based to organ-
based through evolution. This evolution to a more complex processing unit

has led to an increase in the repertoire of detectable olfactory stimuli.
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The olfactory system detects odourants and transmits their identity and
attributes as electro-chemical signals to the brain. Odourants are small volatile
molecules; a particular mix of molecules can give rise to a specific odour as it
is the case with the olfactory percept of coffee. On the other hand, some
odours such as banana can be meaningfully designated by a single odourant
such as isoamyl acetate. One might argue that chemosensing ability co-
evolved with the increasing richness of the molecular environment, which
required a more nuanced sensing. The high dimensionality of odourants
representation compared to other senses like vision or audition has remained
a challenge in sensory system neuroscience until nowadays. For a matter of
perspective, a perceived image can be essentially represented as a 2-
dimensional array of colour values and a perceived sound as a temporal trace
that is sampling air pressure variations. Mice express around 1500 olfactory
receptor genes, and elephants even 2000. This broad spectrum of receptors
increases the ability for a complex representation. However, keep notice that
in humans, the olfactory receptor gene family, while being the largest in the
human genome with 400 genes, remains restrained compared to other
mammals. This translates well into the differential necessity of olfaction for
survival for each species as it is well-known rodents are more reliant on
olfaction than humans (Olender, Lancet, and Nebert 2008). However, human
olfaction can still outscore rodents and other animals for particular odourants

(Kass et al. 2017) suggesting a species-dependent olfactory specialisation.

Finally, rodents possess an exacerbated chemosensing system amongst
mammals, ideal for the study of that sense, by which | will introduce the

components of the olfactory system.

1.1.1 General overview

Odourants are transduced into neural signals at the olfactory epithelium
which, therefore, serves as an interface between molecular-based and action
potential-based information about odourants. Each olfactory sensory neuron
(OSN) in the epithelium expresses one type of olfactory receptor, and
depending on that type, will synapse into principal neurons apical dendrites
within a glomerulus in the olfactory bulb. The glomeruli, neuropile structures
representing each type of receptor, with the juxtaposed interneurons form the

first layer of inhibition. A second layer of neurons inhibits the principal neurons



-3-

at their base. The olfactory information is thus modified by two layers in the
OB before its broadcast by the principal neurons down the cortex. | will now

review each stage of the olfactory pathway in more scrutiny.

1.1.2 Nasal Cavity
Odour ant s can enter the nasal cavity

orthonasal route, or via the oral cavity, the retronasal route. There are number
of sensory areas within the nasal cavity (Fig. 1.1). The Grueneberg ganglion
located in the anterior region of the nose projects to the olfactory bulb (Fuss,
Omura, and Mombaerts 2005) and is both thermal (Joerg Fleischer and Breer
2010) and chemo sensitive (C. Y. Liu, Fraser, and Koos 2009; Storan and Key
2006), responding to danger pheromones (Brechbuhl et al. 2013; Jorg
Fleischer et al. 2006; Moine et al. 2018). The septal organ, in the ventral base
of the nasal septum, is chemo-sensitve (Ma et al. 2003) and
mechanosensitive (Grosmaitre et al. 2007), and projects to the olfactory bulb
(Tian and Ma 2004). The Vomeronasal organ projects to the accessory
olfactory bulb (Rodriguez, Feinstein, and Mombaerts 1999) and provides
conspecific and environmental recognition (Su, Menuz, and Carlson 2009).
With the accessory olfactory bulb, it forms the accessory olfactory system. In
humans, it remains non-functional and vestigial (Kouros-Mehr 2001). Finally,
the trigeminal nerve, which innerves the face, also provides chemosensation

and thermosensation within the nasal mucosa (Gerhold and Bautista 2009).
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Figure 1.1 Overview of the olfactory system . Sensory organs (Gruenebeg
ganglion (GG), Vomeronasal organ (VNO), Septal organ (SO), Main
olfactory epithelium (MOE) ) possess sensory neurons that transduce

the presence of odourant molecules in the nasal cavity. Olfactory
information is subsequently transferred and processed by primary
olfactory brain areas ( olfactory bulb (OB), accessory olfactory bulb
(AOB), piriform cortex (Pir) ). Top: Axonal wiring at the interface of the
MOE and OB. Adapted with permission from Mombaerts (2006).
Olfactory sensory neurons expressing a same receptor send their axon

to a same glomerulus. Example staining of M71-LacZ gene-targeted
axons merging into a glomerulus. Adapted with permission from

Feinstein and Mombaerts (2004). Bottom: tracks of odourant information
processing in the olfactory system.

1.1.3 The nasal epithelium
1.1.3.1 Organisation

The nasal epithelium is the main interface between the molecular features
of odourants flowing through the nasal cavity and the first olfactory-evoked
signals in the brain. The molecular information is transduced into action
potentials by the olfactory sensory neurons. There are 1141 olfactory receptor
genes in the mouse genome, giving a high dimensionality to represent odours.
Each OSN expresses one type of olfactory receptor (Chess et al. 1994; Malnic
et al. 1999) and OSNs having the same receptor project their axons into 2
glomeruli per bulb (Mombaerts et al. 1996; Ressler, Sullivan, and Buck 1994;



-5-

Vassar et al. 1994) (Fig. 1.1). Each of the p2000 glomeruli receives more
than 5000 OSN axons, making it a high convergence of inputs (Mombaerts
2006) (Fig. 1.1).

The spatial organisation of OSN by type of receptor remains complex.
Although regions have been determined, the immense amount of olfactory
receptors to stain for makes it difficult. While distinct organs of the nasal
cavities express a wide diversity of receptors, the scope of this thesis is
restricted to the classical olfactory receptors of the main epithelium (Table
1.1). It was previously thought the main olfactory epithelium is divided into 4
non-overlapping zones (Strotmann et al. 1994). However, Zapiec and
Mombaerts (2020) showed, using 3D-reconstructed multi-colour fluorescence
in situ hybridization the presence of at least 9 highly overlapping zones, only

classifying the expression areas of 68 olfactory receptors.



Organ | Receptors| Ligands Origin Proposed Functions
MOE | ORs general odars food, environment | odour recognition,
discrimination,
attraction/repulsion
MHC class | peptides urine, bodily social recognition of other
secretions strains
TAARs volatile amines urine stress response, gender
recognition, acceleration of
female puberty onset
GCGD CO2(bicarbonate) atmosphere avoidance behaviar
peptide hormones urine salt/water homeostasis,
(uroguanylin and guanylin detection of cues related to
hunger, satiety, or thirst
VNO | V1Rs volatile pheromones, urine conspecifidecognition, male
sulfated steroids sexual behavior, maternal
aggression, regulation of
female estrous cycles, stress
level indicator
V2Rs MHC class | peptides urine, bodily mate recognition in the context
secretions of pregnancy block (Bruce
effect)
exocrineglandsecreting tears from specific | information about gender and
peptides (ESPs) genders or strains | individual identity, conspecific
recognition
major urinary protein male urine male aggression
(MUP) complex
sulfated steroids female urine indication of stress levels
Formyl formyl peptides gramnegative indication of pathogenicity or
Peptide bacteria health status
Receptors
CRAMP, lipoxin, uPAR immune system indication of pathogenicity or
peptides health status
GG TAARsS, alarm pheromones Stressed avoidance of dangerous
V2r83 conspecifics situations
SO GRs General odars Food, environment| ! f SNI Ay 3 W24& S¢

Table 1.1 Ligands and functions of receptors in olfactory sensory

organs . Abbreviations: MOE, main olfactory epithelium; OR, olfactory
receptor; GG, Grueneberg ganglion; SO, septal organ of Masera,
TAARSs, trace amine-associated receptors; TRPMS5, transient receptor
potential channel M5; GC-D, receptor guanylyl cyclase; VNO,
vomeronasal organ; MHC, major histocompatibility complex. Adapted
with permission from Su et al. (2009).



1.1.3.2 Olfactory transduction

For the brain to process an odour, first its molecular form must be
transduced into neuronal activity in the form of action potentials. The olfactory
sensory neurons (OSN) take care of that transduction and their axons project
directly to the OB. OSNSs are present in the nasal epithelium and possess cilia
that bind odourants dissolved in the nasal lumen. The binding is done with
olfactory receptors (OR), a type of G protein-coupled receptor (GPCR) whose
family is expressed in OSN (Buck and Axel 1991) (Fig. 1.2). A molecule can
activate multiple receptors and a receptor can be activated by multiple
molecules. The range of OR-activating molecules defines the receptive field
of an OSN type.

The transduction mechanism is operated through a second messenger
cascade (Restrepo, Teeter, and Schild 1996) (Fig. 1.2) which results in the
triggering of an action potential. The binding of an odourant molecule on the
GPCR starts a cascade of enzymatic activity involving a G protein that
activates adenylyl cyclase 3 (AC3) which converts ATP into the second
messenger cyclic AMP (cAMP). cAMP then opens cyclic nucleotide-gated
(CNG) ion channel (Firestein, Zufall, and Shepherd 1991) permeable to Na*
and Ca?*, which contribute to depolarizing the membrane potential. The Ca?*
entry reinforces the depolarisation by activating Ca?* dependent CI' channels.
OSNs maintain a high intracellular CI' concentration, therefore opening of CI'
channels results in depolarisation by efflux of CI' (Firestein 2001). OSNs can
not only be excited by odourants but also inhibited (Duchamp-Viret, Duchamp,
and Chaput 2003; Kurahashi, Lowe, and Gold 1994; Oka et al. 2004; Pfister
et al. 2020; Sanhueza, Schmachtenberg, and Bacigalupo 2000; Takeuchi et
al. 2009). Odourant receptor inhibition increases encoding capacity by
creating a sparser receptor code (Pfister et al. 2020). The mechanism of
inhibition involves in part phosphoinositide signaling (Ache, 2010). Odourants
can suppress basal activity of receptors via inverse agonism (Reisert 2010).
The resulting action potentials generated by olfactory transduction are sent
along the olfactory nerve, passing through the cribriform plate, to the olfactory
bulb.
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Figure 1.2 Transduction and receptor field of olfactory receptors .a) The

odourant transduction pathway. Adapted with permission from Zou,
Chesler, and Firestein (2009). The binding of an odourant compound
leads to the depolarisation of the cell membrane. Through a second
messenger cascade, a G protein activates AC3 that turns ATP into cAMP
which opens CNG channel, letting enter Na+ and Ca2+ cations. This
depol arization is reinforced by
odourant can bind to multiple olfactory receptors and vice versa. b)
Molecular receptive range. Receptive field of 4 different OSNs with
relation to aliphatic aldehyde of chain length from 4 to 9, at different
concentrations D. The top two plots show narrower tuning while the
bottom two are broadly tuned (Meister and Bonhoeffer 2001). c)
Concentration dependence of OSN responses. Response of a single
type of OSN depending on odourant concentration D for different size
aliphatic aldehyde (Meister and Bonhoeffer, 2001). Model plots fit the Hill
equation, a sigmoidal curve that describes the binding of ligands.
Adapted with permission from Meister and Bonhoeffer (2001).



1.1.4 The olfactory bulb

The first stage of odour processing occurs in the olfactory bulb, its
localization at the rostro-dorsal end of the brain in mice makes experimental
access easy and its basic structure is known (Shepherd 1972) (Fig. 1.1), even
if some debate remains concerning the precise organisation of the circuit (Gire
and Schoppa 2009; Ressler, Sullivan, and Buck 1994; Soucy et al. 2009). In
the context of developing knowledge in the functioning of the brain, especially
how sensory information is encoded and processed through neural circuits,

the olfactory bulb (OB) is a well-suited brain area to investigate.

1.1.4.1 Organisation

From the nose to the OB, the molecular features of odourants are
transformed into a spatial map of neural activity. The main afferent input to the
OB comes from the olfactory sensory neurons (OSN) in the nasal epithelium.
Odourant binding to an olfactory receptor causes depolarisation and action
potential firing, which propagates along the axon to synapse in a glomerulus.
Glomeruli are ellipsoidal neuropil structures where OSN axons,
juxtaglomerular cells processes and output neurons dendrites meet and
synapse in complex micro-circuits. The output of the OB is carried by mitral
and tufted cells (Fig.1.3), whose axons form the lateral olfactory tract, which
sends signals to several target regions including the olfactory cortex,
entorhinal cortex, and amygdala (Fig. 1.1). Within the OB there are two layers
of inhibition: in the outer layer, there are periglomerular (PG) cells and
superficial short axon (SA) cells (Fig. 1.3), which interact with OSN synapses
and Mitral/tufted cell apical dendrites. In the inner layers, granule cells interact
with Mitral/tufted cell lateral dendrites (Fig. 1.3).
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Figure 1.3 Basic structure of the olfactory bulb . a) Coronal image of mouse
main olfactory bulb cell nuclei, adapted with permission from Zou et al.
(2009). Axons of olfactory receptor neurons, forming the olfactory nerve,
project into the outermost layer of the bulb. These axons converge into
glomeruli where they synapse with interneurons and second-order
projection neurons in the glomerular layer (GL; in blue). Mitral cell bodies
which outputs signal from the bulb, makes up the mitral cell layer (MCL;
in red). Migrating immature interneurons, lying at the centre of the bulb,
form The granule cell layer (GCL; in green). b) Schematic diagram of the
olfactory bulb layers. Adapted with permission from Nagayama, Homma,
and Imamura (2014). The external plexiform layer (EPL) hosts outputs
neurons bodies in green and blue. The main interneurons are found the
GL and GCL in black, red and purple. The OB receives centrifugal inputs
from the primary olfactory cortex, locus coeruleus (norepinephrine),
diagonal band (acetylcholine) and raphe (serotonin). ONL: Olfactory
Nerve Layer, GL: Glomerular Layer, EPL: External Plexiform Layer,
MCL: Mitral Cells Layer, IPL: Internal Plexiform Layer, GCL: Granule
Cells Layer, NE: norepinephrine, Ach: acetylcholine, 5-HT: serotonin,

POC: primary olfactory cortex.
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1.1.4.2 Neural populations

1.1.4.3 Olfact ory Sensory Neurons

Olfactory sensory neurons project within the glomerulus, forming axo-
dendritic glutamatergic synapses with output neurons, the mitral/tufted cells,
and with periglomerular and short-axon interneurons (Fig. 1.3). Odour-evoked
and sniffing-evoked OSN action potential induces the release of glutamate
into mitral/tufted and periglomerular cells via activation of AMPA and Nmethyl-
d-aspartate (NMDA) ionotropic glutamate receptors (V. Aroniadou-
Anderjaska, Ennis, and Shipley 1997; Keller et al. 1998; Murphy et al. 2004).

There is a very high level of convergence with each glomerulus receiving
input from ~5000 ORN s all of which express the same olfactory receptor. Such
high convergence might be useful to amplify OSN signals by pooling inputs,
reducing overall noise and giving a more accurate precision on the intensity
of activation of a group of OSNs. This suggests that such large convergence
increases sensitivity to concentration (Cleland et al. 2012), where the
steepness of the receptors hill function is smoothed out by sequential
recruitment of axons with increasing concentration. The OSN input to the
glomeruli is therefore defined by a sigmoid-like graded signal depending on
the number of activated OSNs and the binding of ligands in each OSN (Fig
1.2). The selectivity of an OSN ligand can be seen as a receptive field. It
determines for which range of odours the OSN is tuned for, which is also the

same tuning of the glomerulus the OSN projects to.

The receptive field of an OSN is described in terms of the molecular
receptive range (MRR) (Mori and Shepherd 1994). Unlike in the visual system
where receptive fields correspond to a single point in space, the MRR of OSNs
lack such selectivity, a single OSN will bind to multiple different odourants.
Although the MMR is broad for most OSNs, some OSNs have a narrow MRR

(Fig. 1.2) responding to very few odourants, which may be due to the
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importance of a particular odour for the organisms ecology (Wilson and
Mainen 2006). The amplitude of OSNs response is increasing in a
concentration-dependent manner and therefore can convey the intensity of an

odourant in terms of its density (Fig. 1.2) (Meister and Bonhoeffer, 2001).

OSN s are also mechanosensitive. Arise in airflow alone can drive OSN
activity (Iwata and Kiyonari 2017). Thus a periodically varying airflow due to
the breathing rhythm generates sniff-coupled oscillations in OSN. Those
mechanosensory-based oscillations are reflected in the glomerular input and
output activity and are propagated through the olfactory brain pathway in the
piriform cortex and further brain areas (Wachowiak 2011). The sniff coupling
is impaired during naris occlusion and follows the inhalation frequency, as
shown with an airflow-modulating tracheotomy. While the dogma instructs that
mechanotransduction is conveyed by force-gated ion channels, it appears that
G protein-coupled receptors underlie mechanosensitivity, as its genetic
ablation eliminates the transduction (Connelly et al. 2015). Inhalation-driven
neural dynamic plays a central role in phase coding of odours as it sets a
temporal structure for sensory inputs (lwata and Kiyonari 2017; Jordan et al.
2018; Wachowiak 2011).

The output from the OSN is modulated at its terminals by the presence
of GABAb and D2 receptors, which activated, reduces Ca?* influx to terminals
resulting in a lower probability of glutamate release. This inhibition could serve
to preserve synaptic resources or extend the dynamic range when strong
stimuli occur (Mcgann, 2013). This allows more degrees of graded excitation
as this inhibition delays the point where the OSN activity saturates. GABADb-
mediated and D2-mediated presynaptic inhibition modulates the strength of
the input signal transmitted from OSN to MTC/TC (Ennis et al. 2001a; Pirez
and Wachowiak 2008; Zak, Whitesell, and Schoppa 2015). The GABAergic
mediation exerts a tonic and a phasic components, and is organized
intraglomerularly. On the other hand, dopaminergic mediation is based across
multiple glomeruli (McGann, 2013).
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subtypes Microglomerular Uniglomerular Oligoglomerular Polyglomerular
Periglomerular Perialomerular Superficial short axon
Corresponding (Pinching and Powell Oli g Iomerula’r (Pinching and Powell,
previous Periglomerular | 1971, Uniglomerular '909 1971, Aungst et al., 2003
. (Kiyokageet al., .
nomenclature (Kiyokage et al., 2010 PolyglomerularKiyokage
2010 etal., 2010
Extension Tuft within parts 1¢3 glomeruli 2¢6 glomeruli T 3f 2YSN
of 1 glomerulus 9 o9 X
Dendritic
f Sy 3K 469 + 168 966 +377 1821 +6 3977 £ 1679
Median soma
FNB?) 6 42.2 55.9 87.5 79.0
Median some
BALFYSQa 6.4 7.4 9.3 8.8
Input ETC ETC, TC, MC ETC, OSN ETC, OSN
T'me(;(é';Stam 37.1+87 19.7 4105 1534122 13.4+6.7
Input
resistance 2.34 £1.02 0.71+0.45 0.42 +£0.20 0.37+£0.20
oDmO
AP ?m\‘;;'t”de 40.0 +20.4 46.3+14.7 48.1+14.9 54.4+14.5
Feedback and Lateral
I f_e_edforward inhibition Lateral inhibition between
inhibition Murphy et | between local : .
. . distant glomeruli Aungst
Function Unclear al., 2005 Shao et al., glomeruli _ .
. . et al., 2003 Whitesell et
2009 Gire et al., (Kiyokage et al., al., 2013
2012 Najac et al., | 201Q Whitesell v
2015 etal., 2013
CR, GAD65 TH, GAD67
(Kosakaetal, | g a5 (kosaky RoSAKaetal, | o, o) p67 (Kosaka et a
2007 Parrish ) . 2007; Parrish i .
Expected et al., 2007; Parrish 2007; ParriskAungst et
Aungst et al., .| Aungstetal., Crms
molecular : Aungst et al., 2007; Y al., 2007; Whitman and
2007 Whitman . 2007; Whitman o
subtypes Whitman and Greer, Greer, 2007; Kiyokage e
and Greer, 2007) and Greer, al., 2010)
2007 Kiyokage 2007; Kiyokag v
etal., 2010 et al., 2010)

Table 1.2 Periglomerular cell subtypes.  Connectivity, morphology, and
electrophysiology metrics differentiating PGC subtypes. Adapted with
permission from Tavakoli et al. (2018).
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1.1.4.3 Cell types of the glomerular layer

PGC is the main type of interneuron in the glomerular layer. The
interneurons surrounding glomeruli are more generally called juxtaglomerular
cells. That definition can be limited to PGC or extended to all glomerular
interneurons. The juxtaglomerular cells are morphologically heterogeneous
and a simplified approach would categorise them as threefold: periglomerular
cells (PGC), superficial short-axon (SSA) cells, and external tufted cells
(ETC). They are the principal actors of the intra-glomerular and lateral circuitry
in the glomerular layer. PG cells are thought to be principally involved in local
glomerular processing, while SSA may qualify for communication across
glomeruli, and ETC to be involved in indirect connections inter and intra-

glomeruli.

1.1.4.4 Periglomerular Cells

Periglomerular cells are the most abundant type in the GL. They are
small neurons of 5-10,m in diameter and usually their dendrites ramify into one
or sometimes multiple glomeruli (Nagayama et al., 2014). They are mostly
GABAergic with a subset additionally transmitting dopamine. Besides input
from the OSN, PGC can receive input from External Tufted, Mitral, Superficial
Short Axon and other Periglomerular cells as well as autapses. PG cells are
mainly inhibitory releasing GABA onto mitral, PG and the presynaptic
terminals of the OSN.

Heterogeneity

PGCs display heterogeneity in morphology, neurochemistry, connectivity
and functionality (Crespo et al. 2013; T. Kosaka and Kosaka 2011, 2016;
Wachowiak and Shipley 2006). Classification of this heterogeneity in subtypes
is a problem that has been tackled multiple times using different approaches
including, electrophysiological, morphological and connectivity data (Bywalez
et al. 2017; Kiyokage et al. 2010; T. Kosaka, Pignatelli, and Kosaka 2019;
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Tavakoli et al. 2018). The classical view simply dividing PGCs according to
ETC (PGe) or OSN driving (Pgo) (Kiyokage et al. 2010; K. Kosaka et al. 1998;
Z. Shao et al. 2009) has evolved in a distribution of up to 4 subtypes (Tavakoli
et al., 2018; Kosaka et al., 2019; Kiyokage et al, 2010; Bywalez 2017).
Recently, Tavakoli et al. (2018) addressed the heterogeneity of JGC by an
extensive measurement of morphological and electrophysiological features of
nearly 100 cells. Subsequent hierarchical clustering of those features
corroborates previous classification (Kyokage 2010) of uniglomerular cells
(UGC), oligoglomerular cells (OGC) and polyglomerular cells (POGC) while
adding a 4™ class that is microglomerular cells (MGC). By order of dendritic
extent, MGC, UGC, OGC, POGC respectively connect to 1 glomerulus, 1-3
glomeruli, 2-6 glomeruli, and more than 7 glomeruli. POGC branches into
glomeruli at the highest distance amongst PGCs, and may actually fall into the
SSA category as it possesses an axon, express TH, and inhibit distant
glomeruli (Fig. 1.4).

Unfortunately, these categories tend to overlay and make categorisation
based on a subset of measurements challenging. Isolated metrics often
cannot clearly predict a cell type due to cells features being spread from a
continuous differentiation. Somata diameter of PGCs spread roughly from 5 to
15 pm on a continuous spectrum. The diameter distribution of small and large
PGCs is however overlapping, which makes that metric not sufficient for a
clear demarcation. Connectivity and the number of associated glomeruli are
other metrics that contribute to establishing homogeneous but overlapping
classes of PGCs. Finally, neurochemistry seems to be the best delimitator of
classes as its measurement is not subject to hit-and-miss observations like it
occurs with connectivity measurements such as in electrophysiology pair

recordings in slices.

To summarise, PGCs main morphological axis of clustering are somata
size plus the proximity and number of linked glomeruli. Their heterogeneity
translates into different functions in shaping the afferent sensory signals and
mediating transmission to output neurons. Each subtype exerts inhibitory
effects from a single local glomerulus to many distantiated glomeruli. Notably,
UGC implements feedback and feedforward inhibition (Gire et al. 2012;
Murphy, Darcy, and Isaacson 2005; Najac et al. 2015; Z. Shao et al. 2009),
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OGC, lateral inhibition between local glomeruli (Kiyokage et al. 2010;
Whitesell et al. 2013), and POGC, lateral inhibition between distant glomeruli

(Aungst et al. 2003; Whitesell et al. 2013).
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Figure 1.4 Identity and anatomy of PGC subtypes . a) Venn diagram
showing the heterogeneity in expression of CR, CB, GAD65, GAD67,
and TH. Adapted with permission from Kiyokage (2010). b)
Immunostaining showing the non-colocalization of
TH+/calbindin+/calretinin+ periglomerular cells. Adapted with permission
from Kohwi et al. (2007). Scal e ba@ Morphdagicakewamples
for each periglomerular cell subtypes: microglomerular (MGC),
uniglomerular (UGC), oligoglomerular (OGC) and polyglomerular
(POGC). d) Corresponding physiotypes for MGC, UGC, OGC, and
POGC (response to a square current pul
with permission from Tavakoli et al. (2018)
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Neurochemistry

PGCs can be discerned by their proteins expression: glutamic acid
decarboxylase GAD65 and GADG67, tyrosine hydroxylase (TH), calbindin
(CB), calretinin (CR), and the marker of axon initial segment Ankyrin-G (Fig.
1.4).

The proteomic signature of a PGC resides in a mixed expression of
GADG65 and GAD67 (Panzanelli et al. 2007; Parrish-Aungst et al. 2007) as
they all express one or the other, given their GABAergic nature. Parrish-
Aungst et al. (2007) showed that most juxtaglomerular cells are GABAerigc
by using GAD65-GFP mice and antibodies against GAD67. GAD65+ cells co-
express in minor amounts with TH+, CB+, CR+ and PV+ while they colocalize
around 50% with GAD67. GAD67+ PGCs subdivide into non-overlapping
TH+, CB+, CR+ groups (Panzanelli et al., 2007). CR+, CB+ and TH+ subtypes
are mutually exclusive (K. Kosaka and Kosaka 2007; Sawada et al. 2011) and
therefore enable cell categorisation. All of TH+ PGC expresses GAD67 and
accordingly are dopaminergic-GABAergic PGC (Kiyokage et al. 2010). The
OGC and POGC fall in that category.

Calbindin- and calretinin-positive PGCs (CB-PGC, CR-PGC) are PGe
and respectively express mostly GAD67 and GADG65, and are expected
molecular markers of UGC and MGC (K. Kosaka and Kosaka 2007; Najac et
al. 2015; Panzanelli et al. 2007; Parrish-Aungst et al. 2007; Whitman and
Greer 2007). CR+ PGCs are the most abundant subtype with three times more
presence than CB+ PG (Panzanelli et al., 2007; Parrish-Aungst et al., 2007;
Whitman and Greer, 2007). Additionally, some PGC subtypes that barely
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express CR, CB or TH form connexin-36 gap junctions with MTC (K. Kosaka
and Kosaka 2005).

Axon initial segment (AIS) markers are only expressed in large TH+ PGC
(Chand et al. 2015; T. Kosaka and Kosaka 2011, 2016). This chemical marker
is required and sufficient to identify more accurately a PGC as an SSA or
POGC. This concludes that all PGCs are GABAergic and a TH+ subset is also
dopaminergic. CB and CR expressions will prove to be useful as a
determinant of connectivity and morphology. Expressing GAD implies PGCs
receive inputs from glutamatergic neurons which are, around glomeruli, either
OSN or ETCs.

1.1.4.5 Connectivity of PGCs

A simplified approach of the glomerular layer microcircuits, in the point
of view of PGCs, could be summed up as direct feedforward excitation
(OSN/ETC->PGC), lateral inhibition (SSA->PGC) and feedback excitation
(MTC->PGC). JGCs dynamic actually relies on complex indirect and
transglomeruli connectivity. Those interactions will be laid out in the next

section, taking PGC as a point of reference.

Periglomerular Cell inputs

Glutamatergic inputs from OSN, ETC and MTC excite PGCs. 30% of
GADG65+ PG cells are OSN driven (PGo), receiving direct monosynaptic input
from the OSN, whereas the rest is likely driven polysynaptically through ET
cells (PGe) (Kiyokage et al. 2010; K. Kosaka et al. 1998; Z. Shao et al. 2009).
By these definitions, a glomerulus organisation can be demarked by OSN-
driven and non-OSN-driven zones. Remarkably PGo sends its processes in
both these zones as PGe dendritic trees remain contained to the non-OSN-
driven zone (K. Kosaka and Kosaka 2005). CR+ MGC and CB+ UGC are PGe
(Shao et al., 2009). Uniglomerular cells (UGC) also receive input from TC and
MTC (Najac et al., 2015). Furthermore, a single MTC firing can drive recurrent

inhibition in a glomerulus by activating UGCs (Najac et al, 2015)

Dopaminergic inputs from distant SSA, a subtype of TH+/GAD67+
cells, can inhibit PGCs via D1 dopamine receptor (Zuoyi Shao et al. 2019). As
for TH+/GADG67+ PGCs, they are OSN and ETC-driven in similar proportions

as GADG65+ cells while the most glomeruli-connected TH+/GAD67+ cells,
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POGC, are only ETC-driven (Kiyokage et al. 2010; Maher and Westbrook
2008).

Periglomerular Cell outputs

Periglomerular Cells -> Olfactory Sensory Neurons

PGCs release GABA onto OSN via GABA(B) receptors (Vassiliki
Aroniadou-Anderjaska et al. 2000; Bonino, Cantino, and Sassoe-Pognetto
1999; Margeta-Mitrovic et al. 1999; Murphy, Darcy, and Isaacson 2005). PGC-
mediated presynaptic inhibition was shown by stimulating OSN in pair
recording and that mechanism was blocked with GABA(B) antagonist CGP
55845 (Murphy, Darcy, and Isaacson 2005). It is further confirmed by using

baclofen as an agonist (Maher and Westbrook, 2008).

PGo and PGe appear to mediate OSN glutamate release in two
inhibitory components (Mcgann 2013). A phasic component is likely provided
by PGo whereas PGe primarily procures
(Shao et al., 2009). Generally given, in an OSN/PGC/MTC synaptic triad,
PGC->0SN feedback inhibition reduces the ON->MTC excitatory drive.

In a glomerulus, PGC co-release of dopamine and GABA can activate
different routes. Co-occurring with the GABA(B)-mediated feedback inhibition,
TH+ PGCs inhibits OSN terminal via D2 receptor and decrease OSN
transmitter release (Coronas et al. 2002; Ennis et al. 2001b; Hsia, Vincent,
and Lledo 1999; Koster et al. 1999; Maher and Westbrook 2008). This was
demonstrated by applying a D2 agonist, quinpirole, and a D2 antagonist,
sulpuride, in an OB preparation (Berkowicz and Trombley 2000). In slice, this
evidence was supplemented by the application of cocaine, blocking dopamine
uptake, reducing ON->PGC EPSC (Maher and Westbrook, 2008). However,
the ability of SSA to provide presynaptic inhibition to OSN afference remains
uncertain (Mcgann 2013). The difficulty to observe it might arise from the
requirement of a combined activation of several cells to elicit a measurable
inhibitory dopaminergic effect corresponding to normal physiological
conditions (Maher and Westbrook, 2008). Similar to the GABAergic mediation,
D2 receptor activation of OSN modulates the synaptic transmission between
OSN and OB neurons (Berkowicz and Trombley, 2000).
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Periglomerular Cells -> Mitral cells

PGo main feature is its participation in a OSN-MTC-PGC synaptic triad
where PGCs inhibit MTC/TC via GABA(A) receptors (Isaacson and
Strowbridge 1998; Schoppa 1998). As for PGe, UGC is monosynaptically
excited by MTC and monosynaptically inhibits MTC (Najac et al, 2015).
Another source of MTC inhibition is the spillover of glutamate produced by
ETC and that is triggering GABA release by PGCs in glomeruli (Gire et al.
2019). Both microcircuits OSN->PGo->MTC and ETC->PGe->MTC
implement feedforward inhibition and mediates OSN->MTC glutamatergic

transmission, shaping the olfactory bulb output signal.

Periglomerular Cells -> External Tufted cells

PGCs provide mixed excitation/inhibition to ETC (Murphy, Darcy, and
|l saacson 2005; Najac et al. 2015; Parsa,
Zak, Whitesell, and Schoppa 2015). ETC inhibition is mediated by D1 and
GABA(A) receptors (S. Liu et al. 2013). UGC expresses reciprocal
connections with all glutamatergic neurons of the glomerular layer: ETC, MTC
and TC (Najac et al., 2015).

Periglomerular Cells -> Periglomerular Cells

GABA release from PGC can self-signal and signal neighbour PGCs
(Murphy, Darcy, and Isaacson 2005; Smith and Jahr 2002; Zak, Whitesell, and
Schoppa 2015). PGC self-inhibition is induced by GABA(A) spillover (Smith
and Jahr 2002) and is calcium-dependent (Maher and Westbrook, 2008). In
fact, GABA release from one PGC exerts a bimodal control on other PGCs
excitability. Some PGCs induce quiescent PGCs to fire and amplify the
extracellular GABA via GABA-induced GABA release (Parsa et al, 2015).
While this observation appears to transgress the neurotransmitters dogma,
GABAergic excitation is not unknown in the cortex (Bracci and Panzeri 2006;
Tanaka et al. 2009). Finally, it results that a single PGC activation can trigger
a whole glomerulus suppression of MTC/TCs by recruiting additional PGCs.
Gap junction coupling between PGCs supports furthermore this coordination
of PGC activity (Schoppa 2006).
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Superficial Short Axon cells -> PGC/ETC/MTC

Superficial Short Axon cells connectivity hallmark is its 1-3 axons
projecting to sparse remote glomeruli where, via a co-release of GABA and
dopamine, it inhibits in reciprocity PGCs, directly inhibits and indirectly excite
distant MTCs (Zuoyi Shao et al. 2019).

SSA plays a role in interglomerular excitation via the SSAy ETy MTC
circuit, synapsing with ET adjoined to a remote glomerulus. This ET then
directly excites MTC/TC (S. Liu et al. 2013). It was demonstrated by
optogenetic means that SAy ET synapse elicits a postsynaptic biphasic
response. The biphase is composed of an initiatory GABA(A)-mediated
inhibition succeeded by a D1-mediated excitation (S. Liu et al. 2013; Whitesell
et al. 2013).

In comparison to MTC excitation at distance by SSA (S. Liu etal. 2013),
Banerjee et al. (2015) preconises an SSA-mediated suppression of MTC/TC
on distant glomeruli, corroborating another modeled bulb-broad
SSA(glomerulus A)y ET(glomerulus B)y SSAy MTC circuit increase sharpness
in odour representation by annihilating weakly activated glomeruli at a
distance (Banerjee et al. 2015; Chaudhury et al. 2010).

SSA prospected overall role is the excitation and inhibition of distant
glomeruli MTC, respectively in the SSAy ETy PGCy MTC (Gire et al. 2012;
Hayar et al. 2004; De Jan et al. 2009; S. Liu, Puche, and Shipley 2016; Z.
Shao et al. 2009) and SSAy ETy MTC (Liu et al., 2016; Whitesell et al., 2013;
Banerjee et al., 2015) circuits. The former is disrupting the PGCy MTC drive
and causes MTC disinhibition while the latter decreases the excitatory
ETy MTC drive.

1.1.4.6 Morphology of PGCs

The GAD65+ PGCs, MGC and UGC, are the smallest GABAergic PGCs.
MGC dendritic arborisation is limited to a portion of a single glomerulus in
which lies the cell somata. While its total dendritic volume is the most compact
amongst PGCs, its dendritic density is the highest. On the other hand, UGC
projects its processes in 1-3 glomeruli (Tavakoli et al., 2018). MGC and UGC
somata diameters are around 7um. OGC and POGC are very close with a

median somata diameter of Qum (Tavakoli et al., 2018). However, other
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studies report sizes up to 20um (T. Kosaka, Pignatelli, and Kosaka 2019).
Despite an overlapping somata size distribution across PGCs, TH+ marker
coincides with a higher probability of larger cells. Nonetheless, larger TH+
cells are more likely to be SSA or POGC. POGC can also be related to
inhibitory juxtaglomerular association (IJGA), proposed by T. Kosaka,
Pignatelli, and Kosaka (2019) as the largest TH+ cells with a somata diameter
ranging from 10 to 20um and 1-3 axons reaching glomeruli up to 500um (T.
Kosaka, Pignatelli, and Kosaka 2019).

Additionally, the dopaminergic PGCs are also secluded in small TH+
PGCs, which constitute 85% of TH+ PGCs (Pignatelli et al. 2005), POGC, and
OGC (Tavakoli et al., 2018). Small TH+ PGCs link to a single or a few close
glomeruli (Pignatelli and Belluzzi 2017). Only the POGC possesses an axon.
All other PGCs are therefore considered anaxonic. In contrast to POGC which
synapses up to 15 remote glomeruli, OGC has a higher dendritic density that

is more localized around up to 5 close glomeruli.

Uniglomerular Oligoglomerular Polyglomerular
GABAergic (GAD65+) DAergic/GABAergic (TH+/GAD67+) DAergic/GABAergic (TH+/GAD6E7+)
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Figure 1.5 Connectivity per periglomerular cell subtypes in the

glomerular layer . Periglomerular cell subtype participatesi n ONY P G
and ONYETYPG circuits. Uniglomerular
are driven by the olfactory nerve (30%) or by external tufted cells (70%).
Oligoglomerular DAergic/GABAergic cells (GAD67+) are connected to 2-
6 glomeruli and receive input from ON (30%) and ET (70%).
Polyglomerular cells (GAD67+) are connected to more than 7 glomeruli
and are only driven by external tufted cells. Polyglomerular and
oligoglomerular cells are assimilated as short axon cells. SA: short axon
cell, PG: periglomerular cell, ON: olfactory nerve, ETd: external tufted
cell driven, ONd: olfactory nerve driven. Adapted with permission from
Kiyokage et al. (2010).

1.1.4.7 Electrophysiological properties  of PGCs

AMPA and NMDA receptors mediate excitatory synaptic input to PGC
(Grubb et al. 2008; Markopoulos et al. 2012; Murphy et al. 2004; De Saint Jan
and Westbrook 2007) that leads to a back propagating dendritic action
potential. As for GABA(A) and D1 receptors, they mediate inhibitory inputs
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(Fig. 1.5). PGCs have generally a high input resistance of 1-2 GY whi ch al | c
them to be depolarized by small input currents. Input resistance is inversely
proportional to cell size, making MGC va
ot her PGCs input resistance i1 s restrain
2018) (Table 1.2). Depolarisation of MGC elicit a plateau response. On the

contrary, UGC, POGC and OGC are bursting spike trains upon activation.

UGC action potentials are smaller in amplitudes and express a shorter inter-

spike time in comparison to POGC and OGC that display a relatively similar

spiking (Fig. 1.4).

UGCs are strongly connected to the glomerulus and respond to OSN-
evoked input. MGCs on the other hand are weakly connected but still generate
plateau potentials, due to their smaller size, which contribute to GABAergic
signalling (Benito et al. 2018; Najac et al. 2015). The plateau potential relates
to what differentiates electrophysiologically MGC from the rest of PGC
subtypes: an earlier afterhyperpolarization, a higher action potential halfwidth,
and higher time constant but principally a higher input resistance (Tavakoli
2018).

Some PGCs fire repetitively to OSN glomerular activation but many
express a limited firing capacity because of a L-type CaV-mediated plateau
potential (Fogli Iseppe, Pignatelli, and Belluzzi 2016; Hayar et al. 2004,
Masurkar and Chen 2011; Murphy, Darcy, and Isaacson 2005; Z. Shao et al.
2009). These plateau potentials lead to asynchronous and action potential-
independent GABA release (Murphy et al., 2005; Smith and Jahr 2002).
Dendodendritic release of GABA does not require L-type Ca2+ spiking but
requires Ca2+ influx through activation of P/Q type channels, whereas single
APs do not seem effective (Murphy et al.,, 2005). The dendritic Ca2+
conductance participates in potentiating EPSP then shunting and reducing the
amplitude of the next EPSPs. This acts as a low-pass filter that converts inputs
to a lower frequency close to the respiration rate 1 e.g. the frequency cut of
2.6+-0.8 Hz in rats that respire at 1-3Hz - (Zhou et al., 2011) as higher

frequencies are shunted.
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1.1.4.8 In vivo responses of PGCs

The PGCs odour-evoked response patterns are quite diverse with odour-
onset excitatory and inhibitory responses, odour-offset excitatory and
inhibitory responses, and a mix of both in biphasic responses. Biphasic
responses may relate to the biphasic activation of ET by SSA. These ET could

in turn have a biphasic effect on PGCs (See Connectivity).

Therefore, odour identity, concentration, onset and offset can be encoded
in PGC odour-evoked activity. Homma et al. (2013) and others have
demonstrated employing two-photon imaging and cell-attached recordings in
vivo that odour-evoked activity can either be excitatory or inhibitory and
triggered at the afference stimulation onset or offset. The amplitudes of odour-
evoked responses and the fraction of recruited cells increase with
concentration. Interestingly, some cells are excited at low concentrations and
inhibited at higher concentrations. This latter attenuation is likely due to other
PGCs. Tested concentrations were restrained from 0.1 to 9% of saturated
vapour, enough to record baseline and saturated activity levels, which allowed
complete characterisation of odour-response profiles. More than odour
evoked activity, PGCs demonstrate a baseline activity that is sniffing-phase
coupled (Adam et al. 2014; Najac et al. 2015; Tan et al. 2010). Furthermore
approving the encoding capabilities of PGCs, the sniffing-locked oscillation

phase does shift in an odour-dependent manner (lwata et al., 2017).

This myriad of response types foretells that PGC is involved in a multitude
of glomerular mechanisms that modulate information transmission from
afference to efference. PGo plays a role in the synaptic triad, in a single
synaptic cleft, receiving glutamate from OSN and emitting GABA onto OSN
and MTC (Fig. 1.6). PGe may play a phasic inhibition role driven by the
autonomous bursting of ET cells (Shao et al., 2009) and therefore participate
in the synchronized rate of odourant phase coding. A subset of PG cells
practice self-inhibition (Smith and Jahr, 2002) caused by GABA spillover
during glomerular activation and allows the recruitment of near quiescent
PGCs via GABA-induced GABA release ( Par s a, D6Souza,
Vijayaraghavan 2015).
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1.1.4.9 External Tufted cells

External tufted cells are excitatory neurons and the largest cells in the outer
layer of the OB, with a soma of 10-15um diameter (Pinching and Powell 1971)
and compared to PG cells, ET dendrites take more space in the glomerulus
(Nagayama, Homma, and Imamura 2014). These cells are intrinsically
bursting (S. Liu and Shipley 2008) and provide the major excitatory component
coordinating glomerular activity (Hayar et al., 2004). ET cells provide
glutamatergic monosynaptic inputs to PG and SSA cells (Hayar et al., 2004)
and receive inputs from OSNs (Fig. 1.5), other ET from the same glomerulus
and SSA from neighbouring glomeruli. Spontaneous spike bursts of ET cells
appear to be synchronized to the sniffing rate or in the theta frequency range
(6-10 Hz) (Hayar et al., 2004). The function of synchronous ET cell bursting
might be to amplify OSN input and harmonize glomerular output (Hayar et al.,
2004). ET cells may also be a locus of state-dependent modulation of OB
function through neuromodulation by cholinergic ( D6 Souz a and
Vijayaraghavan 2014), serotonergic (S. Liu et al. 2012) and endocannabinoid

receptor-mediated (Wang, Sun, and Heinbockel 2012) systems.

Recently, through whole-cell patch-clamp recordings, (Tavakoli et al.,
2018) established 3 types of ETC: the classical ETC, the vertical superior
tufted cells (vSTC) and the horizontal superior tufted cells (hSTC). The ETCs
are confined to a unigque glomerulus. The STC differs from ETCs by the
absence of basal dendrites (Hayar et al. 2004; De Jan et al. 2009; Macrides
and Schneider 1982; Pinching and Powell 1971; Tatti et al. 2014). The vertical
and horizontal STCs have respectively prominently lateral dendrites and
dendrites going in deeper (Antal et al. 2006). ETCs excite hSTCs, MTCs, TCs,
UGCs and other ETCs. hSTCs in their turn excite UGCs and MGCs, playing
arole in lateral JGC recruitment (Tavakoli et al., 2018).

Generally, ETCs provide feedforward excitation to MTCs and the other
interneurons within the glomerular layer (Hayar et al., 2004a,b, 2005; Murphy
et al., 2005; De Saint Jan et al., 2009; Najac et al., 2011; Gire et al., 2012).
Furthermore, a subset of VGLUT3+ ETC are exciting TCs, but not MTCs (Tatti
et al.,2014).
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1.1.4.10 Granule Cells

Granule cells are the most numerous inhibitory neurons in the OB,
providing reciprocal synapses with the basal dendrites of mitral/tufted cells in
the external plexiform layer (Fig. 1.3). They serve as an inhibitory isolation
system between mitral cells branching to different glomeruli and therefore
increase the decorrelation of mitral cells representation of an odour. The
granule cells do not have axons. They form reciprocal dendodendritic
connections with mitral cell basal dendrites. GC release GABA into
neighbouring MTC GABA(A) receptors following an MTC releasing glutamate
in GC mGlur receptors. GC is the main population subject to neurogenesis in
the OB migrating from the subgranular zone and may thus play an important

part in learning.

GCs are excited through multiple modes. Locally in distal dendodenritic
synapses that elicit slower APs and convey MTC-GC-MTC lateral inhibition,
and globally in proximal synapses from Piriform cortex and cortical feedback,
eliciting a somatic AP (Balu, Pressler, and Strowbridge 2007). Weak activation
of MTCs elicits dendrite spine Ca2+ spikes in GCs. Strong activation produces
a low-threshold Ca2+ spike in the GC apical dendrite (Egger, Svoboda, and
Mainen 2005). Local and global spikes play roles in complex dendritic
computations. Notably, a dendritic spike can stop a somatic back-propagating
AP (Zelles et al. 2006). Somatic and dendritic spikings interplay at a specific
temporality to regulate feedback and feedforward inhibition between mitral

cells synapsing on different dendrites of the same GC.

1.1.4.11 Mitral / tufted cells

Mitral and tufted cells, the principal neurons of the OB, send olfactory
information through the lateral olfactory tract to the olfactory cortex, following
the brain's hierarchical pathway. Tufted cells rhythmic neural activity plays a
role in structuring neural information and mitral cells form the second
representation space of odours after the glomerular layer. Two distinct and
parallel output channels (Adam et al. 2014; Fukunaga et al. 2012) are
generated due to the difference between tufted and mitral cells. MTC and TC

oscillatory rhythms are in the opposing phase of the sniff cycle. While TC
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phase remains unperturbed by odourant stimulation, MTC phase is advanced
in a stimulus-dependent manner (Fukunaga et al. 2012). Therefore MTC
phase-shift is a part of the odour encoding. TC has a shorter onset latency
and responds to a wide range of stimulus intensity whereas MTC is only
activated by stronger concentration (lgarashi et al. 2012). Mitral cells
responses are narrower in terms of molecular receptive range (MMR) than
tufted cells (Fig. 1.6) (Kikuta et al. 2013), possibly because mitral cells are
subject to stronger periglomerular inhibition. This causes a delay in their
relative firing, which places their firing in the opposite phase relative to the
sniff cycle (Fukunaga et al., 2012). The difference between the synchronous
rhythm of tufted cells and the spike-timing of mitral cells may participate in
temporal information processing. By comparing mitral activity to the rhythm
imposed by tufted cells, the glomerular microcircuit may separate signals in

time.

Mitral cells are glutamatergic principal neurons with somas situated in a
deeper mono-layer called the mitral cell layer. Their principal dendrites ramify
into a single glomerulus in the glomerular layer. 20-40 sister mitral cells
receive input from a single glomerulus (Dhawale et al. 2010) (Fig. 1.3) and
multiple mechanisms exist that synchronise sister mitral cells (Schoppa and
Westbrook 2001). The response of Mitral cells can differ markedly from that of
the OSNSs providing their afferent input. As a result, the mitral cell layer forms
a second-order representation map with a sparser spatial coding and narrower
tuning curves (Kikuta et al., 2013) than in the glomerular layer. Their spiking
pattern differs the most from the OSN spiking pattern (Friedrich and Laurent
2001) and can also differ between sister mitral cells (Kikuta et al., 2013).
These transformations are thought to arise through interaction with the granule
cells deeper in the OB. MTC and TC, after integrating synaptic inputs from its
apical to basal processes, project the shaped information to different
downstream targets to transfer distinct but complementary phase-based
encoded odour information (Cavarretta et al. 2018; Igarashi et al. 2012; Iwata
and Kiyonari 2017). MTC target all olfactory cortex area whereas TC project

to focal targets restricted to the anterior area (Igarashi et al., 2012).
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1.1.4.12 Neural circuits

The particular wiring of the neural circuitry in the glomerulus can perform
processing functions on the input. Two computation examples will be
discussed respectively implemented by intraglomerular circuits and
interglomerular circuits: contrast enhancement where the tuning of the output
is narrowed, thus becoming more stimulus selective and normalisation where
the activity of gl omer ul i are onor
thus providing a means for concentration independence. Such pre-processing

is a fundamental part of stimuli encoding.

Intraglomerular circuit

The chemotopic organisation of glomeruli is quite poor with weak
consistency in the spatial relationship between glomeruli chemical tuning at a
fine and coarsescale (Soucy et al. 2009). This topology property calls for
sharpening of representation otherwise odour representations overlapping
would be detrimental to perception, in an analogy to two blurred images in

vision.

The excitatory molecular receptive range (eMRR, or tuning curve) of
mitral cells is much narrower than the OSN input, as shown by Kikuta et al.
(2013) data ( Fig. 1.6), indicating that some form of contrast enhancement is
occurring. Contrast enhancing is a subtractive effect on weakly responding
sides of MTC tuning curves made by inhibitory neurons. Periglomerular cells
show a lower activation threshold (Gire and Schoppa 2009) and broader odour
tuning (Tan et al, 2010) than MTC/TC. Therefore, they can attenuate the OSN-
induced excitation of MTC via feed-forward inhibition for odourant eliciting
weak activity. This removes perturbation in MTC of weak odourants while
henceforth reinforcing the contrast of a stronger odourant which the MTC is

tuned for.

The sharpening of the odour tuning curves observed in mitral cells was
initially explained by a model involving centre-surround inhibition and a
chemotopic organisation of glomeruli (Yokoi, Mori, and Nakanishi 1995) as
discussed above. However, this has been brought into question as chemotopy

does not appear to be a feature of the glomerular layer (Fantana, Soucy, and

ma |
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Meister 2008; Soucy et al. 2009). An alternative explanation has been
proposed, a non-topographical contrast enhancement (Cleland and
Sethupathy 2006) and demonstrated (Gire and Schoppa, 2009) whereby
weak stimuli are filtered out of the mitral cell response, creating binarisation

of OSN odour-responses, as an all or nothing effect.

The binarisation is implemented by 3 cell types ON-PG-M (Gire and
Schoppa, 2009) (Fig. 1.6) and is one of the elucidated functions of the
glomerulus: to filter out weak signal inputs from OSN, that fires less due to low
affinity or selectivity of the odorants. This mechanism is implemented by a
synaptic triad in the ON zone of the glomeruli where PGo cells form
dendrodendritic reciprocal connections with Mitral cells and receive axo-
dendritic input from OSNs. PG cells, with a very high input resistance (typically
1-2 Gq), according to Ohmdés | aw, ar
still below threshold. PG cells, therefore, shunt away the depolarising
glutamatergic current in mitral cells, inhibiting mitral cells activity. However this
inhibition saturates for high OSN activity (and even becomes less due to self-
inhibition), PG cells thus stop counterbalancing OSN excitation and Mitral cells
override the synaptic triad. This results in a form of contrast enhancement that
does not rely on chemotopic organisation (Cleland 2010) (Fig. 1.6).
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lllustration of the nontopographical model for olfactory receptive field
decorrelation (Cleland and Linster, 2005). Top: Synaptic triad. PGo
effectuates feedforward inhibition on mitral cells according to OSN level
of activation. Weak signals from low-affinity odourants will be shunted by
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Periglomerular cells driven by olfactory receptor neurons provide
feedback inhibition to the olfactory receptor neuron and feedforward
inhibition to the mitral/tufted cells.

Interglomerular circuit

-
at d

he activity map of the glomeruli can change for the same odour presented
ifferent concentrations. That leads to the problem of having different

representations for the same odour. For example, we recognise the smell of

hot bread whether we are in front of the oven or in another room. This is
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termed as concentration invariance and one way to achieve this is to

normalise the input for the total activity across all inputs.

The corresponding implementation has not been clearly established yet
and to what extent it occurs in the glomerular layer or later. Cleland et al.
(2007) proposes a model of normalisation implemented by a subset of cells,
PG, ET and SSA in the glomerular layer (Fig. 1.7) that works on the principle
of feedforward global inhibition mediated by SSA cells in the inter-glomerular
space. SSA cells, are located in 50% of the cases over 5-7 glomerular
diameters away from its glomerulus (Cleland 2010), and 10% of them extend
even to 20-30 glomerular diameters. SSA cells are therefore well placed to
sense the average activity from multiple glomeruli and thus the global
increased activity coming along with stimulus concentration. It is thought that
the activity of the mitral output from a single glomerulus is therefore affected
by a subtraction of the average activity in the local neighbourhood, computed
by SSA cells.

To summarize how this normalisation is thought to occur: the excitatory
loop of SSA cells would compute the global average of glomerular activity and
transmit that value by dopaminergic excitation of ET cells which in turn makes
glutamatergic synapse into PGe that then inhibit mitral cells (Fig. 1.7). SSA
was demonstrated furthermore to be implicated in an interglomerular network
via other synaptic pathways (S. Liu, Puche, and Shipley 2016), by gap
junction-mediated electrical coupling between SSA and mitral cells, and direct
release of GABA into mitral by SSA cells.

Other cell types have also been implicated in normalisation. For example,
later in the OB hierarchy, in the external plexiform layer, Parvalbumin-
expressing (PV) interneuron relies on the same idea of global averaging,
shaping the OB output. PV cells have a broad receptive field and synapse
reciprocally with widely distributed mitral cells (Kato et al. 2013; Miyamichi et
al. 2013). They modulate mitral gain proportionally to global activity. Uchida,
Eshel, and Watabe-Uchida (2013) show PV cells normalise Mitral responses
by the sum of population activity, potentially to adjust sensitivity and facilitate

intensity-invariant information processing. This finding might need refinement
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as the panel of odourant was too restricted to clearly display changes in

sensitivity.
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Figure 1.7 Interglomerular circuits . a) Model of normalisation of OSN inputs

by glomerular layer microcircuits (Linster and Cleland, 2009). Left:
Schematic of microcircuitry. Each OSN participates in the pooling done
by the SSA loops which the average result is communicated to ET cells
in each glomerulus which apply a subtraction of that value to the mitral
output via the excitation of an inhibitory PGe cell. Right: Simulation
results. At the top, responses of projecting OSNs for 120 glomeruli. At
the middle, computation of average activity by SSA-ET-PG. At the
bottom, subtraction of that average activity from the mitral output via PGe
inhibition. The output trace is similar to a normalising Z-score (dotted
line). OSN: olfactory sensory neuron, PG: periglomerular cell, ET:
external tufted cell, SSA: superficial short axon cell, Mi: Mitral cell.
Adapted with permission from Linster and Cleland (2009) b) ET-driven
superficial short axon (SSA) cells inhibit lateral glomeruli by exciting
neighbour PGCs. ET cells are excited by OSN inputs and received
reciprocal inhibition by local PGCs.
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1.1.5 Roles in olfaction

The olfactory bulb is made of columnar structures linked to a glomerulus
where join sensory axons and output neuron apical dendrites. The glomerular
modules of the olfactory bulb are important functional units in the transmission
of odourant signals and the processing of olfactory information. Its neural
operation can be summarized as feedforward excitation tuned by local and
global inhibition. This connectivity contributes to the shaping of the olfactory

bulb output.

By converging (5000:1 OSN to glomerulus) then diverging (20D40
MTC per glomerulus), the glomerular layer acts as an information bottleneck
where activity depending on OSN properties comes in graded and
concentration-dependent and comes out binarised and normalised.
Comparison between glomeruli is thought to be operated by mitral and granule
cells in the mitral cell layer. In terms of machine learning, the glomerular
module does typical pre-processing of information with a view to make it
easier to extract relevant features in the next layers, such as the combination

of activated glomeruli or the shaping of the odourant signal dynamic range.

1.1.5.1 Encoding

Encoding of odourants in the olfactory bulb is spatio-temporal and
successively represented in two maps formed in the glomerular layer (GL) and
the Mitral cell layers (MTCL). The odour spatial fingerprint is revealed by a
unique set of activated glomeruli or MTCs. These spatial elements are not
activated all at once but each of them has their spiking differently delayed in
relation to the sniffing phase. Phase-based coding was shown to be more
robust than rate coding alone. The delay of phase to the sniffing cycle remains
stable against concentrations which thus serves as a concentration-invariant
signature of the odourant (lwata et al., 2017). Therefore an odourant
signature in the OB is determined by the mapped activated cells and the lag
of these activations. Nonetheless, the amplitude of activity is also encoding
the intensity of the stimulus. More than representing an odour identity, the cell
ensembles also encode the stimulus concentration, sniffing rate and nasal
airflow. In the second representation by MTC, the message has been cleared

and enhanced to be broadcasted and understood in diverse brain regions.
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The output signal is shaped by limiting activity range, denoising, and
enhancing the contrast of the sensory afference.

The activation of OSNs due to odour stimulation is reflected in the
respectively linked glomeruli forming a map. The pattern and strength of
activated glomeruli can be measured for different odours. Due to the broad
tuning of the MRR the same glomerulus can contribute to multiple odours,
causing overlapping activities in respective maps. Practically, these
glomerular activity maps inform us of which olfactory receptors are activated
in the periphery. It might be seen as an odour signature. However, other inputs
might modulate the activity of OSN terminals. Amongst them, Serotonergic,
cholinergic, and noradrenergic centrifugal inputs are possible candidates (Brill
et al. 2016; Linster, Nai, and Ennis 2011; Matsutani and Yamamoto 2008).

Whether an ensemble of glomeruli will be activated, depends on the airflow
rate and odor concentration in the nasal cavity (Oka, Takai, and Touhara
2009). For each glomerulus, a ligand-binding sigmoid-like curve describes the
response as a function of the logarithm of odour concentration. The glomerular
pattern will differ according to the odourant. Increasing odour concentrations
would result in increased response amplitude and the recruitment of additional
glomerular units while the sequence of activated glomeruli would be

maintained (Spors and Grinvald 2002).

Topographic maps exist for other senses, whereby the stimulus is mapped
onto the brain structure in a logical pattern, e.g. somatotopic maps exist in the
somatosensory cortex, tonotopic maps exist in the auditory pathway and
retinotopy is a key feature of the visual system. A chemotopic map has been
proposed for the organisation of the glomeruli in the OB. Chemotopy implies
that glomeruli are spatially distributed under an organisational principle
relating to their odourant stimuli. For example, glomeruli responding to
particular molecular functional groups would be located in clustered zones and
their position within this zone would vary systematically with the structure of
the odourant (Meister and Bonhoeffer 2001; Mori et al. 2006; Uchida, Eshel,
and Watabe-Uchida 2013). Here, the two-dimensional arrangement of
glomeruli responding for each odour can be seen as a map of which olfactory

receptors were activated (Wachowiak, Denk, and Friedrich 2004). Thus each
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glomerulus must correspond to the molecular features the related receptor
reacts to. An odourant has multiple molecular features that will leave a spatial
signature of glomeruli (Mori et al, 2006). However, Chae et al. (2019)
determined, using 1,666 physicali chemical descriptors of odour, that
molecular features space is an ineffective predictor of odour perception as

similar odours were quite dissimilarly represented in that space.

There appear to be clusters of cells across the different layers whose
activity is relevant to specific behavioural functions like fear, feeding or
learning. Those clusters may be individually modulated according to internal
state and context. Few examples were investigated in olfactory circuits. In the
glomerular layer, Kobayakawa et al. (2007) indicates that, for aversive
information, separate sets of glomeruli are devoted to innate and learned
responses; multiple glomeruli eliciting a fear response are activated by the fox
odour TMT (Saito et al. 2017). Some hardwired glomeruli relate to innate
avoidance behaviours such as predator fear or spoiled food avoidance
(Kobayakawa et al., 2007). They suppressed innate aversive odorant
avoidance using a mutant mouse with dorsal olfactory bulb lacking glomeruli.
While avoidance behaviour itself was not disrupted, the mice were able to
condition new odours avoidance with the remaining glomeruli. This implies
some dorsal glomeruli were necessary for innate avoidance. Indeed the
predator odour TMT is hardwired to dorsal glomeruli in which one particular
glomerulus was shown to directly elicit freezing behaviour, whether it was
naturally or artificially optogenetically activated (Saito et al., 2017).

Reward or punishment-paired odour learning modulates bulbar
representation. Shakhawat et al. (2014) observed that learning stabilised MTC
representation after training with rewarded odours but not with non-rewarded
odours. Behavioural demand task increases odour discrimination (Koldaeva,
Schaefer, and Fukunaga 2019). Threat or reward-predictive odours are better
discriminated (Wang et al. 2019). During appetitive learning, adult-born
granule cells boost odourireward association (Grelat et al. 2018). This
concept of the modification of odour encoding remains the same as well in the
context of punishment as electroshock-paired odour representations were

enhanced to elicit earlier avoidance (Fletcher 2012; Kass et al. 2013).
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1.1.5.2 Processing

Odourant information processing can be divided vertically, by particular
mechanisms in the GL and MTCL, and horizontally, whether the implementing
microcircuits are localized or spread, e.g. intraglomerular and interglomerular
processing in the GL. Intraglomerular shaping of afference by a mix of ET and
PGC procures some binarisation to the input signal. It removes signature
ambiguity, between two close odours codes for example, by annihilating weak
elements. The pulling of thousands of OSN axons in a single glomerulus
participate in decreasing input noise. Interglomerular processing plays a role
in normalising the range relatively to the whole representation and therefore
implies long connecting neurons SSA. This shaping results in a more compact
code than the one evoked in the sensory periphery. In the MTC
representation, PV cells participate again in the normalisation by synapsing
multiple MTCs between their soma and their apical dendrites. Finally, the
salience of activated MTCs is increased thanks to GC-mediated lateral

inhibition to non-representative MTCs.

How the map is ordered has an impact on the possible action of
inhibition, for example, lateral inhibition in other sensory systems generates a
center-surround effect that privileges on-centre stimuli while attenuating
surrounding weaker stimuli. This contrast enhancement mechanism
necessitates an organised chemotopy. Lateral inhibition can then implement
this computation; the activation of an element of the map would lead to
inhibition of its neighbours response, equivalent to the sharpening of edges in
vision. Basically, the excitation of one principal neuron would inhibit its direct
lateral neighbours through the excitation of inhibitory interneurons by the
principal neuron. It was thought that the same implementation is used for
discerning odours, due to the similarities between vision and olfactory
canonical circuits as they both possess feedforward excitation and lateral
inhibition. Lateral inhibition is useful because it implements a Mexican hat filter
that decorrelates signals between overlapping representations (Fig 1.7).
Given the broad and overlapping MRR of OSN, decorrelation is an important
step to discern odours. On the other hand, with a non-ordered topography,

nonspecific local decorrelation is still possible (Fig. 1.6).
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1.1.5.3 Transmission

The lateral olfactory tract (LOT) formed by MTC/TC axons transmits
odourant information down to ipsilateral cortical regions. The LOT targets
include the anterior olfactory nucleus, the olfactory tubercle, the piriform
cortex, the amygdala, and the entorhinal cortex (Imai 2014). The piriform (aka
olfactory) cortex classifies inputs and enables learning by conveying feedback
to the olfactory bulb (Boyd et al. 2015). The sense of smell can directly
activates recall and aversive behaviour through its connectivity to fear and
memory areas, the amygdala, and entorhinal cortex. For example, the
predator odour 2,4,5-trimethyl thiazoline (TMT) innately activates the
amygdalopiriform transition area (AmPir) which induces a stress response
(Kobayakawa et al. 2007; Kondoh et al. 2016; Saito et al. 2017).

1.1.6 Centrifugal inputs

The olfactory bulb receives extensive centrifugal input from
neuromodulatory fibres and higher cortical areas. In particular, the anterior
olfactory nucleus (AON) and the piriform cortex (PCX) modulate odour
representation in the OB via odour-evoked feedback signals. These target all
cells types with granule cells being the predominant target (Boyd et al. 2015;
I ndT Zandt et al. 2019; R oThihfeedbank froma n d  We
the piriform cortex and AON enables learning and classification of odours and
is particularly enhanced during wakefulness (Boyd et al., 2015; Rothermel and
Wachowiak, 2014 ). The odour-evoked activity of MTCs is modulated by
glutamate release onto granule cell dendritic spines (Isaacson, 2010). This
excitatory feedback facilitates inhibition of MTC/TC by GC and decorrelates
MTC representations, increasing odour saliency (Otazu et al. 2015).
Interestingly, this odour separation is only applied to MTC but not TC,
reinforcing the idea that MTC signs for the odour as the TC only serves as

phase reference for synchronization (lwata et al., 2017; Boyd et al., 2015).

All these top-down projections to the OB suggest that early odour

representation is integrated with state information such as attention, past
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odour experience, memory, and emotions. Odour-behaviour associations rely

on these integrations.

All the major neuromodulatory systems have extensive projections in
the olfactory bulb suggesting that function of the olfactory bulb is heavily
influenced by behavioural state. A behavioural state relates to the internal
brain state that could be roughly defined by a weighted mixture of present
neurotransmitters. For example, dopamine signals expectation of reward
while noradrenaline is associated with arousal and acetylcholine with

attention.

1.1.6.1 Noradrenergic inputs

Noradrenaline (NA) centrifugal inputs from the locus coeruleus (LC)
provide 40 % of its efference to the OB. NA plays a role in sensory vigilance,
synaptic plasticity, arousal, and attention (Brennan and Keverne, 1997;
Veyrac et al., 2005; Mandairon et al., 2008, Aston-Jones and Bloom 1981). Its
role in rewarded and spontaneous odour discrimination makes it required for
perceptual learning (Brennan and Keverne, 1997; Veyrac et al., 2005;
Mandairon et al., 2008; Vinera et al 2015). The role in learning is even more
evident given the importance of NA for signal-to-noise modulation of sensory
inputs in rewarded tasks. Therefore, voluntary olfaction enhances odourant
concentration threshold via attention-mediated NA release in the OB
(Escanilla et al 2012).

The NA fibres reach all OB layers. They express at the highest density
in the granule cell layer with the lowest density in the glomerular layer.
Interestingly, each fibre only approaches one MTCs-glomerulus column
(Michael T.Shipley et al 1985), suggesting that NA-dependent modulation may
be able to operate on discreet glomerular columns, rather than on a global
level.

Juxtaglomerular interneurons undergo adrenergic-modulation through
Ul and b 1 receptors (Tani et al ,tes1992;
the olfactory bulb at the first synapses as LC activation can suppress odour-
evoked OSN activity (Eckmeier and Shea 2014). As for granule cells, they are
modul at ed brgceptb® (YaumglancdbKuhar, 1980). Finally, the OB

output is also modulated by NA which both enhances and suppresses MTC
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activity directly and indirectly by inhibition of dendodendritic GC-MTC
feedback inhibition (Jahr and Nicoll, 1982; Trombley, 1992 ; Hayar et al., 2001;
Nai et al., 2009; Nai et al., 2010; Zimnik et al., 2013). Overall noradrenergic
input to the OB facilitates detection of weak odours and heightens saliency in

neural representation in view to increase perceptual attention and learning.

1.1.6.2 Serotonergic inputs

The raphe nuclei project serotonergic fibres to the olfactory bulb (McLean
Shipley, 1987a) and principally to the glomerular layer (Won et al ., 1998). The
dorsal raphe nucleus targets the GCL as the medial raphe nucleus reaches
the GL (Steinfeld et al., 2015). 5-HT(2A/2C) receptors in the OB are required
for olfactory learning (McLean et al ., 1996) and conditioned olfactory learned
behaviours (McLean et al., 1993; Petzold et al., 2009; Liu et al., 2012; Schmidt
and Strowbridge, 2014). This might be due to serotonin boosting ETC
frequency into an active sniffing rate (Liu et al,2012). Remarkably, activity in
the raphe nuclei is closely related to the satiety state (Yang and sternson,
2017; Voigt and Fink, 2015). One could assume satiety state-related
computations might reflect in the OB serotonergic input and modulates

sensory processing.

The fibres target OSN, ETC, PGC (Dugue and Mainen, 2009; Hardy et al.,
2005 ; Liu et al., 2012; Steinfeld et al., 2015), GC (Hardy et al., 2004;Hardy et
al., 2005 ; Schmidt and Strowbridge, 2014) and MTC (Whitaker-Azmitia et al.,
1993;Hamada et al., 1998). Glomeruli contain both 5-HT(1A) and 5-HT(2A)
receptors (Shipley and Ennis, 1996) which are also present in the MCL and
the GCL (Whitaker-Azmitia et al., 1993; Hamada et al., 1998) with a
decreasing gradient of 5-HT2 concentration from the MCL to the GL.
Juxtaglomerular cells are excited via 5-HT(2C), and MTC and ETC via 5-
HT(2A) receptors (Tani et al, 1992; Hardy et al ., 2005; Brill et al., 2015; Liu et
al,2012).

Raphe nucleus activation elicits an increased basal activity of PGC and
SSA via glutamate intake which might be due to increased excitatory inputs
(Brunert et al., 2016). MTCs are distinctly bi-modulated which might indicate
a behavioural state serotonin-dependent shaping of the OB output (Brunert et
al., 2016; Brill et al., 2015). Serotonin-mediated GABA release from both SSA
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excited by serotonin-excited ETs ( Brill 2016; Gracia-Llanes et al., 2010a; Brill
et al., 2015) and GCs (Liu et al,2012; Schmidt and Strowbridge, 2014) are
amongst the mechanisms participating in the attenuation of MTCs. In the
glomerular layer, Petzold, Hagiwara, and Murthy (2009) demonstrated in
anesthestised mice that half of the PGCs were modulated via 5-HT(2C)
receptors which were activated by serotonin release from dorsal raphe nuclei
fibres, following electrical stimulation of that nuclei. They showed OSN
presynaptic activity and PGC postsynaptic activity were inversely oppositely
modulated and subsequently determined that serotonin modulates GABA(B)-
mediated feedback inhibition of PGC onto OSN. A raphe nucleus activation
leads to increased inhibition of olfactory input to the olfactory bulb. 5HT global
role might be to enhance MTCs sensitivity while keeping their activity range

restrained.

1.1.6.3 Cholinergic input

Acetylcholine (ACh) from the horizontal limb of the diagonal band of
Broca ( HDB ) in the basal forebrain (BF) sends fibres to the OB (Gracia-
Llanes et al., 2010b; NunezParra et al., 2013; Rothermel et al., 2014,
Zaborszky et al ., 1986; Senut et al ., 1989). The fibres reach all OB layers but
mainly the glomeruli layer (Ichikawa Hirata, 1986 ; Ojima et al ., 1988) with a
higher abundance into some atypical glomeruli described by a lack of OSN
axons (Zheng et al., 1987). Acetylcholine is related to behaviour by its role in
motivation, attention and wakefulness (Zaborszky et al., 2012; Hasselmo and
Sarter, 2011). Acetylcholine in the OB appears critical for olfactory perceptual
learning by enhancing MTC representation of familiar odourants (Chaudhury
et al, 2009; Wilson et al., 2004) but is also implicated in dishabituation of odour

investigation (Ogg et al, 2018).

Muscarinic and nicotinic receptors are present in the GL and EPL
(Shipley and Ennis, 1996). Granule cells are presumably activated by
muscarinic receptors ( Castillo et al ., 1999; Pressler et al ., 2007; Kasa et al
., 1995) whereas nicotinic receptors activate MTCs and PGCs (Castillo et al .,
1999; Kasa et al ., 1995; Smith et al., 2015). Interestingly dopaminergic PGCs
are down-modulated by muscarinic receptor activation (Pignatelli and
Belluzzi, 2008). Acetylcholine-mediation of PGCs plays a role in balancing

inhibition in glomerularcir cui t s ( D6 Souza and Vijayarag
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2015). At the glomerular level, acetylcholine bi-directionally modulates the
sensitivity of glomeruli (Bendahmane et al, 2016). Strong inputs are
decreased via m2 muscarinic receptors activations whereas weak inputs are
increased via nicotinic receptor activation. This reduces the dynamic range of
glomeruli activity, making the representation more similar across odourant
concentrations. In MTC representation, as well as in behaviour, ACh
ameliorates odour discrimination (Escanilla et al 2012; Linster and Cleland,
2002). This is supplemented by an acetylcholine-induced narrower tuning
curve of MTC activation (Rothermel et al., 2014, Mandairon et al., 2006; Ma
and Luo, 2012).

1.1.6.4 Global aspect s of neur omodulatory inputs

Globally, all noradrenaline, serotonin, and acetylcholine fibres modulate
directly or indirectly JGCs, GCs, and MTCs. The innervations are distributed
heterogeneously in the OB. PGCs are mainly mediated by cholinergic and
serotonergic inputs, although noradrenaline has also shown effects at the first
synapses. These systemic neurotransmitters are crucial in state-dependent
modulation of olfaction. They participate in learning because they reinforce
OB-cortex synchronization during acquisition and multi-modal integration.
Finally, they shape the OB output and keep the dynamic range of the output

compact.

In reality, neurotransmitters interact with each other and give birth to
complex profiles of neurotransmitter distribution that assure a balance in mood
and cognition which influences behaviour (Liu et al, 2018). For instance, both
noradrenergic and serotonergic inputs to the OB are required for odour
learning (Yuan et al., 2003). They form a fingerprint of brain state and
influences perception by modulating neuron ensembles in sensory
representations (Jacob and Hendrikje, 2018). They are implicated in learning,
memory acquisition, discrimination of odours, and regulation of cell survival
(Vinera et al., 2015). Their effects cannot be simply taken out independently

but tend to overlap (Linster and Cleland, 2016).

It should be noted that anesthesia disrupts neuromodulation (Muller et
al, 2011) and neurotransmitters centrifugal inputs are usually disregarded
when studying peripheral neural circuits in anesthetised animals.
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1.2 Metabolic sensing

Olfaction is the primordial modality of perception. Early life forms
developed, through evolution, mechanisms linking their environmental
perception to their behaviour with the aim of survival. The basic example is
bacteria metabolism-dependent chemotaxis. This dependence relates to
energy taxis receptors perceiving variations in intracellular energy status
(Alexandre, 2010). Bacterial movement, with the activation of the flagella, is
stimulated while there is the presence of chemoattractant molecules in its
surrounding. For instance, Fan and Endres (2014) suggest that, in R.
sphaeroides, a metabolism-dependent selective stopping strategy is used to
navigate toward favourable environments. Those mechanisms between
perception and behaviour, happening at the earliest stage of evolution implies
the existence of counterpart equivalent functions in mammals and likely in

other modalities of perception.

Our internal state affects our perception of the world. Our senses can be
modulated to be over- or under-sensitive. This shift in sensitivity can affect
behaviour. Impairment in the involved mechanisms can lead to pathologies.
In the case of gastro-olfactive interactions, a feedback loop regulates olfactory
sensitivity by the level of satiety (Aimé et al., 2007, Cameron et al., 2012, Tong
et al., 2011). An increased olfactory sensitivity leads to a larger food intake
(Soria-Gomez et al., 2014). The amount of food intake also depends on the
attraction of its odour (Palouzier-Paulignan et al., 2012) which is lowered in
response to satiety (Albrecht et al., 2009, Cameron et al., 2012). Alteration of
olfactory function is correlated with several pathologies including type 2
diabetes (Hubert et al., 1980); Obesity (Obrebowski et al., 2000), and anorexia
(Fedoroff et al.,, 1995) patients with respective heightened and reduced
olfactory sensitivity. Furthermore proving the impact of olfaction ability on
metabolism regulation, loss of olfactory neurons induces resistance against
fast mass accumulation and heightens energy expenditure (Riera, 2017).
Bulbectomy is also known to modulate feeding behaviour but it co-occurs with
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depressive symptoms (Meguid,1993; Primeaux, 2007; Kalshetty, 2012).
Olfaction plays an underappreciated role in metabolic health, usually left to
the hypothalamus circuits.

1.2.1 Metabolism signalling in the OB

How does satiety alter olfactory function? At least two mechanisms signal
satiety; an increase in nutrients entering the blood and an expansion of the
stomach. Increased insulin and glucose can increase the sensitivity of mitral
cells, the output neurons of the olfactory bulb (Marks et al., 2009, Tucker et
al., 2013) but it is not yet known if satiety alters the representation of odours
earlier in the circuitry of the olfactory bulb.

Although this mechanism involves modulation of the potassium channel
Kv1.3 (Marks et al., 2009, Tucker et al., 2013), it is not yet clear how such
modulation alters olfactory function as Kv1.3 as well as glucose transporters
are expressed in numerous cell types including periglomerular (PG)
interneurons and MTCs. This provides a potential mechanism for glucose to
modulate the signal arriving from the olfactory afferents. Gastric distension is
signalled through the vagal nerve and has been shown to modulate PG cell
activity (Garcia-Diaz et al., 1985, Garcia-Diaz et al., 1984) as well as that of
the mitral output neurons (Chaput and Holley, 1976). PG cells are therefore
good candidates to state-modulate olfactory information transmission as they
can modulate glutamate release from the afferent olfactory nerve (Aroniadou-
Anderjaska et al. 2000; Petzold et al. 2009) and appear sensitive to both
gastric distension and glucose concentration. This thesis focuses on the
possibility of satiety to alter how odours are represented in the brain at the first

synapse in the olfactory bulb.

1.2.1.1 The neural circui ts of nutrients sensing

Why the OB is considered metabolism-sensitive compared to the rest of
the cortex? There is a high density of satiety signals receptors, higher
variability of extracellular glucose, and a particularly permeable blood-brain

barrier with a high density of capillary microcirculation. This dense complexity
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might be due to co-evolution of chemical and metabolism sensing, as the
former is dictated by the latter. The dogmatic main hub linking food intake
behaviours and satiety state is the hypothalamus which is also communicating
with the olfactory bulb (Hardy, 2005) (Fig 1.8).

The OE, OB, and PC contain a high level of satiety-mediating hormone
receptors. Glucose, insulin, CCK and leptin are anorexinergic signals as
opposed to the orexinergic agents ghrelin, NPY and orexine (Palouzier-
Paulignan, 2012). These signals are mainly produced in the periphery (Fig
1.8). They work in synergy and activate a cascade of events through the body,
reaching the brain to finally influence behaviour. For example, the
serotonergic satiety signal works in concert with the anorexinergic agents
leptin and cholecystokinin (Voigt and Fink,2015). This systemic aspect
however affects the CNS and the periphery differently. This poses a problem
for drug targeting. Solutions like selectively opening the blood-brain barrier
exist. Another approach is nasal injections which enable the propagation of

molecules straight to the CNS.
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Figure 1.8 Nutrients signaling in fasted and satiated states . Satiety states

are conveyed by nutrients delivered in the blood flow to the central
nervous system from the stomach, pancreas, intestine, liver, and adipose
tissues. The satiety signals are received from the olfactory bulb to the
hypothalamus. The fasted state is signaled by Ghrelin and a lack of
nutrients, whole the sated state is signaled by CCK, insulin, leptin, and
an abundance of nutrients. Hypo, hypothalamus; OE, olfactory
epithelium; OB, olfactory bulb; AON, anterior olfactory nucleus, OT,
olfactory tubercle; PC: piriform cortex; CCK, cholecystokinin. Adapted
with permission from Julliard et al. (2017).

1.2.1.2 Ghrelin

Ghrelin is produced in the gastroenteric tract in anticipation of food
intake, to increase gastric motility and acid secretion (Kojima,1999;
Muller,2015). It is also produced by the hypothalamus where it interacts
competitively with leptin to guide satiety state (Nakazato et al. 2001). Ghrelin
receptors GHSR are expressed in diverse brain regions including the OB
where ghrelin levels are the highest (Rhea, 2018). Ghrelin increases olfactory
sensitivity and food-seeking sniffing frequency (Tong, 2011). GHSR1a is
expressed in OSNs and its activation enhances olfactory responsiveness
(Loch, 2015). Ghre-expressing MTCs project to the amygdala and
hypothalamus, connecting odour responses to the feeding behaviour hub
(Russo, 2018).
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Ghrelin acts in synergy with other nutritive molecules. Activation of NPY
and AGRP neurons in the hypothalamus is required to establish ghrelin-
induced feeding (Nakazato, 2001, Muller, 2015; Dickson, 1997). The ghrelin
system procures a glucose-regulation action. Notably, it suppresses glucose-
stimulated insulin secretion in the pancreas (Heppner, 2014). By its action on
the dopaminergic system, ghrelin facilitates food odour conditioning (Han,
2018). Ghrelin might be involved in learning as it promotes hippocampal
plasticity and neurogenesis, and caloric restriction facilitates new adult-born

OB neurons via a Ghrelin-dependent pathway (Ratcliff, 2019).

1.2.1.3 Leptin

Leptin is produced in adipose cells and enterocytes. It downregulates fat
storage in adipocytes, and through cell receptors in the hypothalamus,
suppresses appetite. However, receptors are also expressed in the OB
GCs/MTCs/TCs and in the Piriform cortex. Leptin could also be synthesised
in the olfactory mucosa (Baly, 2006). Leptin mediates olfactory behaviours by
a decrease in odour sensitivity and discrimination ability (Getchell, 2005;
Karlsson, 2002; Julliard, 2007; Sun, 2019). Ob/ob mice, mutants lacking the
leptin-producing Ob(Lep) gene, are better at odour discrimination (Chelminski,
2017). While it affects bidirectionally odour-evoked firing of MTC/TC, it only
inhibits their spontaneous firing (Sun, 2019). On the contrary, odour-evoked
calcium responses in GC and MTC/TC were attenuated (Sun, 2019). The
reduction in excitability of MTC involves modulation of potassium channels by
leptin (Sun, 2019). In OSNSs, it increases spontaneous but reduces odour-
evoked firing frequencies. This would lead to a lower SNR fitting with the lower
smelling ability of the satiety state (Savigner, 2009). Leptin injection can
induce a fasting state by attenuating food-seeking locomotion and sniffing
behaviours (Prud’homme, 2009).

1.2.1.4 CCK

Cholecystokinin is secreted in the gastric system to facilitate the release
of digestive enzymes and bile and therefore stimulate the digestion of protein
and fat (Bowen 2001, Johnson 2013). In the central nervous system, it
mediates satiety, nociception, anxiety, and memory via CCK receptors. CCK

is not blood-brain barrier permeable but some parts of the hypothalamus and



- 47 -

brainstem allow it to pass. The main CCK receptor in the CNS is CCK(B), as
opposed to the CCK(A) in the gastrointestinal tract. In the OB, CCK
immunoreactivity was found in the GL and EPL, in PGC, deep short axon cells,
MTC/TC but not in GC (Seroogy, 1985; Ma,2013; GutierrezAaviecinas, 2005).
MTC/TC are directly excited via both CCK(A) and CCK(B) receptors and
inhibited indirectly via CCK-potentiated GABA release (Ma, 2013). CCK
inhibitory effect on MTC and ETC is caused by CCK(B)-potentiated SSA (Liu
and Liu, 2018). It also potentiates presynaptic inhibition of OSN and
postsynaptic inhibition of glomerular neurons. The inhibitory effect of CCK on
OB representation seems a priori to go against the hunger-induced odour
sensitivity enhancement paradigm but Liu and Liu (2018) still suggest it might
increase SNR for weak stimuli detection. CCK exerts a bulb-wide excitatory
effect as well. Intrabulbar CCKergic TCs that reach the opposite side IPL of
the OB inhibit GCs which thus disinhibits MTCs (Liu and Shipley, 1994).
Additionally, in behaviour CCK(B) receptor antagonists elicit a memory-

enhancing effect in olfactory recognition (Lemaire, 1994).

1.2.1.5 Orexin

Orexin produced in the perifornical area and the hypothalamus is
broadcasted throughout the CNS to regulate wakefulness and food intake.
There are two types of orexin (A and B) and corresponding receptors (type 1
and 2) (Marcus, 2006). Orexinergic neurons are inhibited by leptin and excited
by ghrelin. They are also sensitive to a plethora of neurotransmitters:
glutamate, endocannabinoids, 5-HT, NPY, CCK, and more. Hyperglycemia
reduces orexin signaling via the orexin receptor-2 (Tsuneki, 2010). In turn,
orexinergic neurons regulate acetylcholine, serotonin, and noradrenaline
release (Frederick-Duus, 2007; Soffin,2004).

Orexinergic centrifugal fibres reach the OB in the GL, MTCL, and GCL
(Date, 1999). Orexin receptors 1 and 2 are primarily expressed in MTCs/TCs
but also present in PGCs and GCs (Caillol, 2003; Hardy,2005; Gascuel, 2012;
Shibata,2008). Orexin A directly depolarises a subset of MTCs and indirectly
hyperpolarises a third of MTCs via GABA(A) receptors. The latter implies
orexin is signalling through GCs and/or PGCs. Both of these effects are
mediated via the orexin receptor-1 (Hardy, 2005; Apelbaum, 2005). This leads
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to changes in odour responsiveness (Apelbaum, 2005). Orexin A
administration mimics fasting as food odour increases OB Fos expression
(Prud’homme , 2009). Conversely, it increases olfactory sensitivity similarly to

the physiological fasted state (Julliard, 2007)

1.2.1.6 neuropeptide Y

The neuropeptide Y is principally produced by neurons from the
sympathetic nervous system. In the periphery, it conducts a vasoconstrictor
effect and induces the growth of fat tissues (Kuo, 2007). In the CNS, it is
secreted in the hypothalamus to reduce pain perception, stress, and anxiety
while increasing food intake and energy storage (Tatemoto, 2004). NPY is
synthesised by GABAergic interneurons (Kask, 2002), mainly in the
hippocampus and hypothalamus (Acuna-Goycolea, 2005; Kautz, 2017).
However, there is a comparatively high concentration of NPY in the OB.
Neuropeptide Y-like immunoreactivity was localized in SSAs and dSAs (Gall,
1986; Scott,1987; Seroogy, 1989). A quarter of NA neurons projecting to OB
from the locus ceruleus contains NPY as well (Bouna, 1994). NPY suppresses
spontaneous activity in OB interneurons and excitatory synaptic transmission
between OB neurons by a presynaptic effect on glutamate release
(Blakemore, 2005). NPY increases OSN neuroproliferation via NPY Y1
receptor (Hansel, 2001, Tsung-Wei, 2019). Hunger-induced NPY enhances
olfactory responsiveness in the OE (Negroni, 2012; Kaniganti, 2019).

1.2.1.7 Endocannabinoids

Anandamide and 2-arachidonoyl-glycerol are endogenous cannabinoids
and bind respectively to CB1 and CB2 receptors. The endocannabinoid
system can also be activated by exogenous THC. CB1 activation
hyperpolarises neurons via G-protein-coupled mechanism. CB1 receptors
through the body and CNS coordinate synergies to increase food intake and
energy storage (Piazza, 2017). CB2 rather relates to the immune system. CB1
receptors are localized in the OE, OB, and OC. They have behavioural
consequences on odour sensitivity and food intake (Terral, 2020). CB1 is
present in glutamatergic AON and Piriform cortex afference synapsing into
GCs. Presynaptic-inhibition of these centrifugal fibres disinhibits GCs which
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then disinhibit MTCs, resulting in enhanced olfaction conversely to promote
food intake. CB1 in the OB is sufficient and necessary to induce hyperphagia
after fasting and couples olfaction to feeding. This works with endo- and exo-
cannabinoids (Soria-Gomez, 2014). Additionally, CB1 was present in PGCs
dendrites, which provide another manner of MTC regulation via CB1-mediated
GABA(A) release (Wang, 2019).

While this olfacto-hyperphagia mechanism is known in mice, CB1 has
not been found in the human olfactory system (Lotsch, 2015). Furthermore,
THC seems to decrease olfactory ability in humans (Walter, 2014). However,
keep notice that the olfactory-induced hyperphagia enhancement in mice has
a biphasic effect as 0.25mg/kg and 1.75mg/kg did not alter odour detection

and food intake while 1mg/kg was effective.

1.2.2 Insulin

1.2.2.1 Insulin in metabolism homeostasis

Insulin plays a central role in metabolic homeostasis, notably lowering
glycemia. It is produced by beta cells of the pancreas, as a response to
heightened glycemia, and acts as an anorexinergic signal circulating in the
blood. When glycemia is low, the release of insulin is inhibited. Insulin serves
as an anabolic hormone that promotes glucose uptake and metabolisms in
cells, resulting in lowering glycemia. In opposition, alpha cells release
glucagon when blood glucose is low. That enhances neoglucogenesis by the
liver to readjust glycemia (Ruud, 2017).

Insulin binding to a receptor induces phosphorylation of proteins inside
the cell, the insulin receptor substrates (IRS). Other kinases are activated in
cascade. This cascade leads to the translocation of a GLUT glucose
transporter to the membrane which then facilitates the cell glucose intake.

Thus, glucose and insulin signaling are linked. An elevated level of
blood glucose will be followed by an increase of insulin and an injection of
insulin will lower glycemia. These signals co-fluctuates during acute variations
of concentration in the blood such as injection, food intake, and circadian
rhythm. The biological clock orchestrated by the CNS and the circadian

rhythm plays an important role in glucose/insulin phases (Kalsbeek, 2010).
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The daily variations have brain and hepatic dependencies (Lamia 2008,
Kalsbeek, 2010). Circadian rhythm and glucose metabolism are intrinsically
related (Jha, 2015).

The distribution of insulin in the CNS is particularly marked in the OB
and that relates to the higher glucose and insulin variation in the OB versus
cortex after glucose or insulin injection (Al Koborssy et al., 2014; Fadool, 2000;
Hill, 1986).

1.2.2.2 Insulin signaling to the CNS
Insulin receptor signaling in the CNS participates in energy metabolism

and is a growth factor during development. Insulin can cross the blood-brain
barrier (BBB). Inthe CSF, insulin reaches 5-10% of its plasma concentration.
Probable pathways for insulin to the brain interstitial fluid are the choroid
plexus through the blood-cerebrospinal fluid barrier and the brain
microvascular endothelial cells through the BBB (Gray, 2014; Fernandez,
2012). However, Insulin gene expression was found at low levels in the OB
and hippocampus (Devaskar,1994) but there is not enough evidence for CNS-
produced insulin.

Insulin exerts an action in the hypothalamus and dorsal vagal complex
(DVC) to regulate liver glucose production and food ingestion (Abraham,
2014; Dodd, 2018; Diggs-Andrews, 2010). Contrary to the periphery, glucagon
and insulin both are food intake suppressants in the CNS (Filippi, 2013).
Insulin in the DVC promotes food intake and hepatic glucose inhibition via
Erk1/2 signaling and K ATP activation (Filippi, 2014; Filippi, 2012). ATP-
sensitive K+ channels are required to sense hypoglycemia and activate a
counterregulatory glucagon response (Evans, 2004). K ATP couples glucose
levels to insulin release. GLUT2 transports glucose inside the cell which leads
via a mitochondrial mechanism to an increase in ATP that closes K ATP
channels and therefore depolarises the cell. The depolarisation opens
voltage-gated Ca2+ channel and Ca2+ influx generates exocytosis of insulin
granules (Ashcroft, 2005).

In the olfactory bulb, where there is a high concentration of IR, the
voltage-gated potassium channel Kv1.3 serves as an insulin sensor in MTCs

(Fig 1.9). Insulin-induced phosphorylation of Kv1.3 makes cells more excitable
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by suppression of outward potassium currents (Fadool, 2009; Fadool, 2000).
A large proportion of currents are due to Kv1.3 in MTCs (Tucker, 2010).

Synaptic activity induces insertion of GLUT4 to the axonal plasma
membrane. GLUT4 is necessary for sustained AP firing by its action on
synaptic vesicle recycling (Ashrafi, 2016). This mobilisation is distinct from
insulin  signaling.  Insulin-induced Kv1.3 phosphorylation promotes
translocation of GLUT4 (Xu, 2004, Julliard, 2017, Li, 2006). This translocation
happens faster in neurons than in muscles. Insulin inhibits Kv1.3 making the
neuron more excitable with a higher calcium activity. Therefore neurons
translocate GLUT4 quicker because the calcium-induced AP firing is energy-
intensive and requires glucose transport to fulfill its energy need (Ashrafi,
2016). However, GLUT4 knockout mice showed decreased insulin sensitivity
and failure to counter-regulate hypoglycemia (Reno, 2017).

In the olfactory cortex, glucose-dependent insulin modulates sporadic
firing (Koborssy, 2018). Insulin reduces odour-evoked local field potentials
(Zhou, 2017). In contradiction, they also find insulin increases LOT-evoked

EPSC in principal neurons.
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Figure 1.9 Kv1.3 as an insulin -glucose cellular sensor.  Insulin receptor
(IR) activation induces the inhibition of Kv1.3 channels and GLUT4
translocation to the membrane. Glucose intake increases the cytosolic
protein kinase A (PKA) and mitochondria production of ATP. The cell
becomes easier to depolarise. Activation: blue arrow, inhibition: red line.
Direct action: dotted line. Indirect action: full line. Adapted with
permission from (Julliard et al., 2017).

1.2.2.3 Insulin in the olfactory bulb MTC

Historically, Pager (1972) suggested insulin mimics fasting by increasing
positive responses and decreasing negative responses in MTCs. Insulin in
fact can elicit a bidirectional effect on MTCs, both spontaneous and OSN-
evoked (Kuczewki, 2014). This would allow the nutritional status to take
control of the OB representation and enhance it based on discerning odour
valance. Intranasal insulin elicits an increased MTC basal firing. Chronic
insulin, obesity inducing, makes acute insulin inhibits MTC (Fadool, 2011).
However, insulin modulation fails in kv1.3-/-, As more than 80% of outward
current are due to Kv1.3, and depends on the duration of exposure and
metabolic state. Part of insulin-induced modulation of MTC firing is intrinsic as
it is not changed by the application of synaptic blockers (Fadool et al. 2011,
Mast & Fadool, 2012). With an increase of insulin, most MTCs increase
sporadic firing (Kuczewki, 2014; Papadaki, 2014) due to K+ current inhibited,
as this effect was shown to disappear when K+ channel blockers were applied.

However, K+channel s bl ockers di dnot cancel

down
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suggests insulin-induced GABAergic interneuron inhibitory input to MTCs is
not disrupted. GC and PGC are the inhibitory neurons that would come to

mind for reducing odour-guided food intake following insulin signaling.

1.2.2.4 Insulin -mediated behaviour

A lack or an excess of insulin perturbs odour-guided food-seeking
behaviours. Insulin deteriorates both aversive learned odour detection and
food-odour seeking behaviour in fasted rats (Aimé, 2012). Notably,
intracerebroventricular administration of insulin was within physiological
concentrations (14 muU). Conversely in humans, heighten insulin levels
reduced olfactory capacity (1 mU) (Ketterer, 2011). On the contrary, intranasal
insulin delivery, while evoking robust phosphorylation of Kv1.3 as expected,
increased odour discrimination and barely changed odour threshold (Marks,
2009). In humans, Thanarajah (2019) suggests peripheral insulin
administration leads to poor olfactory performance as intranasal

administration increases odour perception in a dose-dependent manner.

1.2.3 Glucose

Glucose is transported across the blood-brain barrier by GLUT1
(Dobrogowska and Vorbrodt, 1999). The glucose transport capacity is
modulated by the brain metabolic exigency and glucose availability.
Fluctuation of glycemia could be dealt with by varying expression of GLUT1
accordingly (Simpson et al., 1999). Fasted rats showed a two-fold increase in
BBB permeability compared to fed animals.

Insulin and glucose signaling are tightly linked. Glucose increase signal
usually precedes insulin increase in the blood which promotes glucose cell
intake. Extracellular glucose alters the
neurons (Tucker et al., 2013). This effect is bimodal with a majority being
decreasing.

Although it is not yet known if glucose affects periglomerular neurons
or glutamate release from the olfactory nerve, the required receptors and
transducers are present in some PG cells (Al Koborssy et al., 2014). Again

the effect may be either a global change in the response of all glomeruli or the
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effect may be restricted to a subset of glomeruli. The glucose transporter,
GLUT4, shows dramatically different expression levels in different glomeruli
(Al Koborssy et al., 2014). This could mean only a part of the odour
representation would be involved in the gastro-olfactive feedback loop such
as a selective effect for food odours.

SGLT1 and GLUT4 are Nat-dependent and iindependent glucose
transporters. SGLT1 uses Na+ gradient to transport glucose against its
gradient. SGLT1 expressing neurites in the EPL could provide glucose-
mediated inhibition to a subclass of MTCs (Tucker et al., 2013). IR and GLUT4
are usually colocalised (Kang et al., 2004). GLUT4 is the limiting factor for
insulin-stimulated glucose uptake in the brain (Alquier, 2006). GLUT4
expression in glomeruli seems dependent on the satiety state as not for
SGLT1 (Al Koborssy, 2014). However, SGLT1 is shown to be regulated in
obese vs lean rats (Aime et al, 2014). Interestingly, both GLUT4 and SGLT1
are present only in a subset of glomeruli at different intensities (Al Koborssy,
2014).

1.2.4 Summary

Olfactory-induced hyperphagia is conveyed by orexinergic systemic
signals. A heightened olfaction for food odour and food cues naturally
promotes food intake. As anorexinergic signals would suppress the food-
odour attention removing the pleasantness of eating. Disruption of the hedonic
value of eating is well-known symptom of anorexia. Obesity, on the contrary,
would suggest resistance to anorexinergic signals. Nutritional status dictates
a behavioural state that prioritises olfactory perception with an objective of
energy homeostasis.

The role of PGCs in metabolism sensing is poorly known and has not
been studied but their place at the first synapse gives them an unresolved
gating role for sensory transmission. MTCs and GCs have been largely
privileged to sense metabolism and consequently modulate olfaction. (Al
Koborssy et al., 2014) and others stained SGLT1, GLUT4, IR at different
levels in glomeruli. This may underlie a relation between certain odourant

molecules perception and the satiety state.
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1.3 Aims and objectives

1.3.1 Charact erise odour -evoked PGC activity and infer PGC
subtypes

The first aim is characterise odour-evoked PGC activity and to figure out
subtypes based only on odour-evoked properties. In fasted anesthetised mice,
| planned to measure the activity of PGC across a range of odourant
concentrations. This set up dosage-response curves which are required to
determine metrics such as sensitivity and gain. These were a control for the
case with heightened blood glucose. Furthermore, | aimed to detect and
guantify the respiration coupling in the oscillatory activity of PGCs. | expected
to collect enough data to make up functional groups of PGCs and relate them

to afferent and lateral inputs.

| used two-photon imaging to observe odour-evoked activity in fasted
anesthetised mice that express the calcium indicator GCaMP6f in
periglomerular cells. The experiment was conducted through the application
of a large panel of odours and concentrations delivered by an olfactometer.
For the purpose of respiration-locked oscillation analysis, the breathing rhythm
was acquired via a piezometric device apposed to the animal thorax. |
acquired odour-evoked measurements of the dendritic and soma
compartments of periglomerular cells, and extracted their functional features.
| wished to observe heterogeneous functional groups and infer periglomerular

subtypes with the help of all the collected metrics.

1.3.2 Manipula te feedback inhibition at the first synapses

To study the impact of the inhibition of the olfactory afference by the
PGCs, | wanted to set up a method that would able the recording of both OSNs
and PGCs populations simultaneously. This would show modulation of OSNs
by PGCs and if this modulation holds in different states of the system, would
it be drug application or metabolic changes. | expected to observe the
feedback inhibition circuit by detecting increased PGC activity inducing
decreased OSN activity, and vice versa.

The objective was to image OSN and PGC populations simultaneously
in vivo. The first option was to add a red functional fluorophore on the OSNs

to complete green PGCs in the VGATxGCaMP6f mice, and image them under
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two-photon microscopy. An alternative was imaging of the OSNs through
intrinsic optical imaging. Observation of the whole feedback inhibition circuit
at the first synapses of the olfactory bulb was useful to demonstrate the
putative roles of PGC in sensing metabolism, and if they were responsible for

OSN activity modulation.

1.3.3 Demonstrate the effect of blood glucose on OSNs and PGCs

The main aim of this thesis is to investigate sensory-metabolic integration
in the olfactory bulb, and if the modulation of the olfactory bulb activity by the
satiety state occurs at the first synapses. Each experiment was conducted in
fasted animal and followed by an injection of glucose to simulate satiation.
The blood glucose variation was measured in that effect. Periglomerular cells
were imaged similarly as stated in the first aim and the sated metrics were
compared with the fasted control. Additionally, immunostaining was used to
detect the expression of metabolically sensitive proteins in periglomerular
cells. From the second aim, a technique was developed to observe

simultaneously the effect of satiety on the olfactory afference.

In addition, | wanted to link sniffing behaviour, and more precisely the
olfactory detection threshold, to what was observed in the circuits in the
anesthetised animals. The fasted and sated states were induced similarly for
the behaviour tests and the neural circuits imaging. It was interesting to relate
any changes in odour sensitivity in behaving mice to changes appearing in the

neurons of the olfactory bulb circuits at the first synapses.
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Chapter 2
Methods

2.1 Animals

2.1.1 VGATxGCaMP6f mice

The mice used throughout this thesis expressed a genetically encoded
calcium indicator selectively in GABAergic interneurons, especially
periglomerular cells in the olfactory bulb glomerular layer. The GCaMP6f
indicator was chosen for its short rise and decay time, allowing observation of
respiration-locked oscillations of the calcium signal baseline and a precise
phase delay in odour-evoked responses which are key components of
olfactory neural coding. Vesicular GABA transporter-IRES-Cre mice
(VGAT.Cre, stock 028862, B6J.129S6(FVB)-Slc32al<tm?2(cre)) were crossed
with  floxed GCaMP6f mice (GCaMP6f.flox, stock 028865,
B6J.CgGt(ROSA)26Sor<tm95.1 (CAGGCaMP6f)), to generate
VGATxGCaMP6f mice. Both mouse lines were originally from Jackson
Laboratory (Maine, USA) and maintained in-house. Both sexes were used.
Mice were kept on a 12h day/night cycle and had access to water and food ad
libidum. Animals were experimented on at ages ranging 7-14 weeks old. All
experiments were performed under the United Kingdom Home Office Animals
(Scientific Procedures) Act (1986).

2.1.2 Fasted and sated states

Emulation of satiety states was approached by fasting the mice for 16
hours overnight and injecting glucose intraperitoneally mid-experiment.
Glycemia explains a part of the variance of states between hunger and satiety.
Fasting effectively lowers blood glucose to around 10 mmol/L and 1-2% of
weight IP injection of 20% glucose (Sigma-Aldrich) in distilled water, increases
it around 30 mmol/L. Animals weighted 20-30g and lost 10-20% of mass over

a fasted night.
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2.2 Surgery for acute cranial windows

In vivo imaging of neurons at the surface of the brain required the
placement of a window above the dura. The procedure involved
anaesthetising the animal, attaching its head to a stereotactic frame,
performing surgery, setting and sealing the window. The choice of urethane
as the anaesthetic was motivated by its modest effect on neurotransmitters
and its one-shot long-term efficacy ideal for non-recovery procedures.

Before surgery, drugs were administered to assure a painless and
stable non-recovery anaesthesia. Anaesthesia was induced with an
intraperitoneal injection of urethane 0.012ml/g (Sigma-Aldrich) and
successive top-up every 15 minutes if necessary. The initial urethane injection
was supplemented by a subcutaneous injection of atropine 0.004ml/g (Sigma-
Aldrich) that inhibits salivary and mucus secretions which can accumulate
under urethane and cause respiratory issues. In case of respiratory
insufficiency, additional atropine was administrated. Meloxicam 0.004ml/g
(Boehringer Ingelheim) was also injected subcutaneously as an adjunct.

After verifying the mouse was well anaesthetised by checking for any
rear paw pinching-reaction, an incision was made along the rostro-caudal axis
and skin is removed to access the whole cranium. The skin delimitation was
glued and the apparent cranium was cleaned and scored to maximize bar
adhesion. A headbar could then be attached with dental cement at the back
of the skull to stabilise the brain for craniotomy and imaging (Fig. 2.1). The
craniotomy of the dorsal olfactory bulb was executed by drilling window
borders upon each bulb, avoiding large blood vessels separating each
hemisphere and between the cortex and the OB. Adding artificial
cerebrospinal fluid (ACSF) was then softening the thinned parts of the skull
and the window could be carefully detached not to damage the brain. After the
OB was exposed, it was crucial to keep it wet with ACSF. The space above
the dura was then filled with 1.5-2% agarose in ACSF (VWR life science) and
covered by a 0.5cm coverglass cautiously placed and fixed by applying acrylic
glue and dental cement as an interface between the edge of the glass and the
skull. If the experiment required a topical application of drugs, a quick-drying
yet flexible rubber is used instead of the glue and cement so the window could

be easily unpeeled, without pulling any tissue, to wash in drugs. In the case
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of two-photon microscopy with a wet-contact lens, a well was built around the
bulb with silicone rubber.

heatpad
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%

A headbar
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Figure 2.1 Olfactory bulb craniotomy . After anaesthesia, the mouse
cranium is attached to a headbar with dental cement in order to perform
a craniotomy. A window is drilled around the two bulbs. After applying
ACSF to soften the bones, the cranial window can be detached.

2.3 Pharma cology

Neural circuit activity measurements were put under constraints by
infusing the ACSF gel above the olfactory bulb with various drugs. These
constraints consisted in blocking or attenuating neurotransmitter signaling
between cell populations or disrupting specific ion channels within cell
subpopulations. Agonist and antagonist molecules were chosen for their

molecular weight permeable to the dura.

The glutamatergic transmission was reduced at the NMDA and AMPA
receptors by the antagonists D-AP5 and NBQX respectively, allowing isolation

of the OB activity from the periphery.

2.4 Immunostaining

Immunohistochemistry for Kv1.3 and GLUT4 was effectuated on
olfactory bulb slices from GAD67-GFP using confocal microscopy by bachelor
students in our lab, Gemma Gothard and Charlotte Hall. 3 mice expressing
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EGFP in cells expressing glutamate decarboxylase 67 (GAD67) were used.
Using homologous recombination, they were generated by Tamamaki et al.
(2003) and subsequently bred in-house. Mice were anaesthetised at 9 weeks
with urethane (1.5-2 g/kg) before getting cardiac perfusions with PBS. The
brains were then fixed and olfactory bulbs sliced. Olfactory bulbs were
removed and fixed in 4% paraformaldehyde at 4 degrees overnight and then
refrigerated until slicing. Olfactory bulbs were fixed in gelatine before slicing.
Olfactory bulbs were sliced on a Leica VT 1000s Vibratome at 40uM and
collected in 24-well plates in PBS. Slices were blocked to minimise non-
specific staining with a PBS solution containing 4% donkey or goat serum
(dependent upon secondary host used) and either 0.1% triton or tween.
Samples were incubated on a plate shaker in this solution for 1 hour at room
temperature. Slices were then washed 3 times in PBS for 5 minutes each and
mounted onto SuperFrost Plus adhesion slides (Thermo Scientific, USA, cat#
J1800AMNZ). Primary antibodies ( table 2.1) dilution concentrations were
1:100 except for the GLUT4 mouse antibody which was 1:200. Secondary
antibodies (Table 2.2) were prepared at 1:200 (goat anti-mouse 555 and
donkey anti-rabbit 555) or 1 drop/mL (donkey anti-mouse 594). 100uL of
primary and secondary antibody solutions were applied to the slices. Cell
nuclei were quantified with DAPI (Sigma, USA, cat# F6057).

Slices were imaged on a Zeiss LSM700 confocal microscope. Images
were taken using Zen (2011) software on an objective Plan-Apochromat
40x/1.3W Oil DIC M27 (FWD = 0.21mm) lens at 1024x1024 dimensions. The
DAPI and RFP channels were collected together and the GFP channel was
collected separately. Pictures were taken at 0.5x zoom, averaging was set to
8. For each condition (GLUT4 and Kv1.3), the glomerular layer was tiled over
7-10 Z-stack images (x7 or x5 stacked images, 2uM each).Cells counting and
the colocalisation of their staining were assessed by the two students and
separately by an algorithm, a script in python that | made based on a published
method (Toyoshima et al, 2016). Pre-processing was done by median filtering
to remove noise in the images. Background pixels were then subtracted
before enhancing the contrast and thresholding the image to only keep

relevant pixels. Segmentation was done with the watershed method using
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local maxima as markers. Finally, for post-processing, cells too small or

identified in multiple slices were removed.

Jal B

100 pm 100 pym

DAPI DAPI
GLUT4 Kv1.3
Figure 2.2 Immunohistochemistry control images . a) Control image

showing no GLUT4 staining in the olfactory bulb glomerular layer in a
slice incubated without the primary antibody. b) Control image showing
no Kvl1.3 staining in the olfactory bulb glomerular layer in a slice
incubated without the primary antibody.

Protei Specie  Detergent Dilution Antibody Cat. Produc Epitope Specificity
n s used type no ed by confirmatio
n
Kv1.3 Mouse  PBS with 1:100 Monoclonal ~ 73-009  Neurom AA Western
0.1%Tween ab, USA  residues blot (Doczi
485-506 et al, 2008)
of rat
Kv1.3
Kv1.3 Rabbit  PBS with 1:100 Polyclonal APC- Alomone AA Knockout
0.1%Tween 101 , Israel residues IHC and

263-276 antigen
of human preadsorbti

Kv1.3 on (Gazula
et al, 2010)
GLUT4 Mouse PBS with 1:100 Monoclonal ~ Ab358  Abcam, Cytoplasm  Western
0.1% Triton 26 UK ic portion blot (Yin et
of rat al, 2009)
GLUT4
protein
GLUT4 Rabbit PBS with 1:100 Polyclonal AGT- Alomone AA Western
0.1%Tween 024 , Israel residues blot

495-507 Antigen
of human preadsorpti

GLUT4 on
(intracellul  IHC in
ar, C- olfactory

terminus) bulb

Table 2.1 Primary antibody details . From Gemma Gothard.
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Species Secondary Cat. no  Produced by Excitation/emission Dilution
reactivity host (nm)

Anti-rabbit IgG Donkey A- Invitrogen, 555/565 1:200

555 31572 USA

Anti-rabbit IgG Donkey A- Invitrogen, 488/525 1:200

488 21206 USA

Anti-mouse IgG Donkey R37115 Invitrogen, 590/617 1:200

594 USA

Anti-mouse IgG Goat A- Invitrogen, 555/565 5 drops/mL
555 21127 USA

Table 2.2 Secondary antibody details . From Gemma Gothard

2.5 Monitoring

To assure the stability of vital signs, custom-built temperature and
respiratory monitoring devices were used. The respiration rate was recorded
using a strain gauge, placed against the mouse thorax, which changes its
resistance depending on how much it flexes. The resistance was measured
with a bridge circuit (Fig. 2.3). The voltage corresponding to the strip bending
was then amplified and acquired with an Arduino microcontroller. The
breathing rate was displayed in the Arduino serial plotter during the
experiment to monitor anaesthesia depth. The transduced signal was
recorded with timestamps from the same clock used for imaging frames. The
Arduino output was either saved to text files via a python-controlled labjack
interface (cfr. chapter 4) or incorporated in each tiff files via 12C protocol
controlled by the Matlab-based two-photon imaging program Scanimage
(Vidrio Technologies)

Being under anaesthesi a, t he a
regulated externally. The animal was placed on a heat pad that keeps it at
35°c via a feedback temperature probe. A precision programmable
temperature PID Controller (McMaster-Carr, item: 38615K71) received a
signal from a temperature probe (McMaster-Carr, item: 9251T91) and used
built-in feedback algorithms to actualise the power it provides to the heating
pad (McMaster-Carr, item: 35475K722).

n

ma |
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Figure 2.3 Custom -built respiratory monitoring device. To assert

anaesthesia and vital signs stability through the experiment, breathing
rate is monitored by the bending of resistance strip put against the mouse
thorax. The flexion of the resistance is transduced into a voltage with a
full-bridge strain gauge circuit. This difference of potential is then
amplified and acquired to the computer with an Arduino microcontroller.
The resistance relative changes are proportional to the constraints
appearing on the strip during flexion.

2.6 Olfactometer

An olfactometer (206A, Aurora Scientific) delivered a range of odours
to the animal at the desired concentration. The olfactometer hosted from 4 to
8 odour vials. The delivered concentration was modulated by mass flow
controllers (MFC) allowing mixing of fresh air and odourant from the vials (Fig.
2.5). The final concentration can be set between 0.1 and 10% of air dilution.
The air diluted the odour vapour present in the headspace of the vials. A
square pulse dictated the valve opening and the consequently detected odour
concentration follows a similar pattern (Fig. 2.4). While odour release is
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repeatedly precise, there is an opening delay of 19ms and closing delay of
50ms (Fig. 2.4). These delays were measured during calibration using a
photo-ionisation detector (200B, Aurora Scientific).

The airflow circuit goes as follows (Fig. 2.5). Medical air is regulated at
a pressure of 20 psi and supplied to the dilution (MFC1), odour (MFC2) and
fresh air (MFC3) MFCs. By default, fresh air is flowing to the animal entirely
through MFC3 and the final valve. During odour stimulation, the appropriate
vial inlet and outlet valves open, as well as the mixing valve that combines the
flows of fresh and odourant air. The rate of dilution of the air-odour vapour mix
in air is determined by the flow rates of MFC1 and MFC2. The final odour

concentration is given by G where @is the concentration in

the vial headspace. In resting time, this flow is redirected to the exhaust and
filtered by carbon.

Odour stimulation was controlled by a python script that allows
randomisation and repeat of single or combined odours with control on dilution
% in air. The script communicated with the olfactometer via instruction sent
through USB serial and triggers image acquisition via a labjack output to the
NIDAQ board on the 2P setup or to another labjack on the OMMI setup. The
opening of the final valve was recorded and its timestamps synced with the

microscope images.

Using the API for the olfactometer control | coded in python (appendix
A), I was able to generate temporal patterns like sinus or ramps, and modulate
total flow rate or odour dilutions. The stimulus intensity was updated at 20Hz
and calibrated using the mini PID (Fig. 2.4). | used ramps from 0.5% air dilution
to 10% (cfr. chapter 5).

The odour stimulation protocol was set up to test neuron reactivity to a
large panel of odours across a wide range of concentrations-using air dilution
of 0.1 to 10% of odourant vapours emanating from vials containing from 0.3%
diluted in oil to vials containing pure odourant. The wide concentration range
ensures access to baseline and saturated neural responses. Under two
photon imaging, stimulations lasted 3 seconds with 5 repetitions of each
concentration cited above. Each same-odour stimulation was presented at a

1-minute interval to reduce habituation. As for OMMI, stimulations lasted 10
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seconds. This longer duration is justified by a lower spatial resolution and SNR
of the OMMI. The concentrations were 0.1,1,10 % of air dilution of air-odourant

vapour, repeated 15 times spaced by 1 minute.

Estimation of dosage-dependent response required a precise
measurement of the quantity of odourant entering the naval cavity as this
guantity varies with the odourant vapour pressure. Saturation concentrations
of isoamyl acetate in ppm were measured in the outflow of the final valve with
a dilution of 0.1 to 10% in air with help of a miniPID photo-ionisation detector
(200B, Aurora Scientific) (Table 2.3).

The automated olfactory behavioural test box consisted essentially of
an Arduino, recording a nose poke sensor and the olfactometer final valve,
and is based on (Qiu, 2014). The PC acquired the beam break and final valve
signal, with an option to record from a camera. The camera frames and
Arduino signals were synchronised by timestamps using the PC clock. The
behavioural test was run with 3 python scripts launched in parallel on the pc,
one to set the olfactometer sequence protocol (the same as for the imaging
experiments), one to record the Arduino from the behaviour box, and one to
display and save camera frames (appendix A).



- 66 -

A B
; -5
0_35 —— Odour concentration
0.30 (J -| Valve Open
0.30 L4
0.25 .
_ > 025
= 0.20 o 3%
v ©0.20 2
[@)] i} ™~
£015 S 0.15 Py
g a =
0.10 z 0.10 .
0.05 L 0.05 L
—— Odour concentration
0.00 { == Valve Open 0.00 -0
0.00.51.0152.0253.0 35 4.0 0.0 5.0 100  15.0
C time (s) D time (s)
0.30 — S;t:rocs:;entration
0.25
< 0.20
o
20.15
=
o
> 0.10
0.05
= Odour concentration
0.00 Valve Open 0.00
0 25 50 75 100 125 150 175 0 200 400 600 800
time (ms) time (ms)
Figure 2.4 Odour pulse delays to final valve opening and closing . PID

measurements of isoamyl acetate 2.5% in oil, diluted at 10% in air
(A,C,D). a) 3-second odour step stimulus PID measurement. b) 13-
second ramp stimulus composed of 3 seconds at 0.5% air dilution, then
rise for 10 second to 10% air dilution. Odour vial shown is 0.3% isoamy!l
acetate in oil. The mass flow controller 2 (MFC2) controls the dilution
ratio. ¢) 19 ms onset delay. Zoom of a). d) Closing delay of 50 ms. Zoom
of a).



-67 -

MFC1
Dilution
Animal
Location
[ Flow ]
|
Vial
Outlet Researcher
Valves - Supplied
g/ Final
£l Vaie
Scent /) Ar
N\
Odor g
Vials 2
Pressure Mixing a
Regulator Valve
(0-50psi)
MFC2 To
Odor x:’:{g:et Exhaust
E Elow I
L |
Shutoff
Valve
MFC3
Fresh
[ Flow |
| I
Researcher 206A
Supplied Olfactometer

Figure 2.5 Olfactometer diagram. The olfactometer manages 3 MFCs to
mix odour vapour and air. Inlet and outlet valves control the odour vials
to use. A final valve controls the presentation to the animal or the
deviation to the exhaust. MFC: mass flow controller. From the
olfactometer manual (206A, Aurora Scientific).

|Di|ution in oil (%)HVapour dilution in air (%)HMix concentration (ppm)|
0.03 0.5 0.15 |
0.03 3 l0.58 |
0.03 10 1.27 |
0.3 0.5 l0.51 |
0.3 3 |1.94 |
0.3 10 l4.55 |
2.5 0.5 0.66 |
2.5 3 |5.56 |
2.5 10 14.33 |
1100 0.5 [17.22 |
1100 3 l67.17 |
1100 110 198.83 |

Table 2.3 PID measurements for isoamyl acetate step stimuli
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2.7 Two-photon imaging

Two-photon microscopy allows imaging of cellular signals at a
subcellular resolution. Calcium signals defined by intracellular Ca?* serve as
a proxy for neural activity. Compared to electrophysiological methods, 2-
photon imaging provides the possibility to acquire activity from hundreds to
thousands of cells, genetically targeted, and simultaneously have access to

morphological information.

2-photon microscopy brings a strong advantage against one-photon
microscopy. Using multiple photons to excite a fluorophore allows not only to
use photons with less energy but also excite only a thin plane where the
multiple photons hit the indicator simultaneously in an attosecond window.
The fluorophore therefore receives the same energy as a single higher-energy
photon would provide (Fig. 2.6). GCaMP is excited by 460nm wavelength
photons in one-photon microscopy and 920nm in 2-photon microscopy. The
emitted photons remain unchanged, around 520nm, except 2-photon
microscopy will only emit light from the volume where lower-energy photons
excite the target at the same time, reaching the required energy for excitation.
In one-photon microscopy, the excited volume follows a quadratic law starting
from the focal plane. This ends up with out-of-focus emitted light which
contaminates the signals. Finally, lower-energy infrared photons are less

prone to scattering in the tissue and detrimental heating is reduced.

Periglomerular cells were imaged in VGATxGCaMP6f mice. The
genetically encoded calcium indicator (GECI) GCaMP6f was chosen for its
shortest decay and rise time amongst GCaMP6s, GCaMP6m, and GCaMP6f.
The fast reactivity allows observation of rapid calcium fluctuation which is
especially useful for quantifying sub-threshold activity such as oscillations in
baseline and evoked activity of PGCs. Knowing the phase of oscillations in
respect to the respiration cycle is proved to be highly relevant for timing-

dependent coding in olfaction.

2-photon microscopy relies on a fluorescent probe that is activated by
an exciting beam of appropriate wavelength and emits photons that will be
acquired as images. Emission intensity depends on how many sensor

molecules bind with the ion or molecule targeted. The photons are emitted
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when an electron in the fluorophore drops to a lower electronic orbital, from
an excited to a ground state. The difference of energy induces the emission

of a photon, by the law of conservation of energy.

The mechanisms of photons generation and acquisition are described
by an optical circuit as follows in figure 2.7. A titanium-sapphire laser (MaiTai)
generates a short-pulsed polarised beam. A pockels cell modulates the beam
to the needed power by phase-filtering the beam. The beam is then enlarged
by a telescope to maximise the filling of the scanning mirrors which sweep in
the X and Y-axis. The scan mirrors raster scan the beam onto each pixel of
the field of view, scanning line by line. The scan lens and tube lens act as a
further telescope to expand the collimated beam to slightly overfill the back
aperture of the objective, which maximises spatial resolution. Each pixel in the
FOV will in return emits photons if the fluorescent probe is activated, in a Ca?*

concentration-dependent manner.

Frames acquisition was controlled by the software Scanimage
(Pologruto et al., 2003) run on Matlab. Laser power was usually set between
36.3 and 53.3 mW. Images were acquired at a 512x512 resolution and 30
frames per second. The zoom was adjusted to cover from 450 to 250 um. The
zoom and resolution were selected to acquire glomeruli as well as neurons
activity while paying attention to get a variety of evoked responses. The
compromise was also between the number of neurons and the ability to keep
the stability of the FOV through the experiment. This was helped by using an
x-y-z live motion correction implemented in Scanlmage, which relies heavily
on the presence of clear visual markers such as blood vessels as neurons

footprints can appear and disappear as the experiment progresses.



-70 -

1-photon excitation 2-photon excitation

Av=c ZAv/2=c
E=hv E=hv/2

constant ------\CEEEEEmEEe- - ---- == 24 2 ===\ ---e-e---

http://biomicroscopy.bu.edu/research/nonlinear-microscopy

Figure 2. 6 Comparison between 1 -photon and 2 -photon excitation . The
Jabgo Esrams shbw @&mergy bands corresponding to electron
energy on different orbitals. The loss of energy after an electron returns
to its ground orbital induces the emission of a photon. Two infra-red
photons provide the same energy to a molecular probe as a single blue
photon. The necessity of the two photons to hit the probe simultaneously
constrains the excited volume to a thin plane. For one-photon
microscopy, the fluorescence spatial distribution follows a quadratic
distribution from the focal plane and adds out-of-focus acquired photons.

Il n Maxwell 6s equations: @&: wavelength
photon energy, h: Pl anckds constant.
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Figure 2. 7 Two-photon microscope diagram . Schematic optical Beam path

in orange. The laser generates pulses of polarised photons. The pockels
cell controls the laser power. The telescope expands the beam to fill the
scanner mirrors. The resonant scanner focuses the beam on each pixel
by raster scanning each line of the FOV on the scan lens. The tube and
scan lens fit the beam to the rear of the objective which condenses the
beam onto the FOV in the specimen. Excitation of the tissue emits
photons that are captured by photomultiplier tubes (PMT).

raw data

registered segmentation extraction

]
Sl hRoiManager scanVolumeRate = 30.018
81 hRoiManager scanZoomFactor = 2

.
LLELELE T

metadata stimulus trace respiration

Figure 2. 8 Calcium imaging data pipeline.  Tiff image files are acquired with

scanlmage. Metadata about acquisition settings are extracted from the
files headers. Stimulus and respiration traces are reconstructed from 12C
data contained in each frame. Using suite2p, the movie is registered and
semi-automatically segmented. After curation of ROIs, calcium traces
are extracted and their background activity removed before applying a
Y'@ "O normalisation.
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2.8 Calcium imaging data processing

Processing data from two-photon microscopy is a matrix factorisation
problem. The matrices are movies of a 2D field of view containing active
fluorescent cells. The movies are approximated or factorised in two
components: the cells spatial footprints and their corresponding fluorescence

activity traces.

From the scanimage-acquired tiff-file movies, | extracted hundreds of
cells activity and footprint per animal using a semi-automated algorithm from
the suite2p python package (Pachitariu, 2017, bioRxiv) (Fig. 2.8). First tiff
metadata containing acquisition parameters, stimulus trace, and respiration
recording were extracted. Then the tiffs were registered, the neuron regions
of interest (ROI) detected, and the calcium traces extracted from the ROlIs.
Registration, ROl segmentation, and extraction were accomplished by custom
python scripts using suite2p API. The suite2P graphical user interface (GUI)
allowed for cells exploration and visual verification of images registration,

detected cells, and extracted traces.

All movies of a single experiment are concatenated and registered,
using suite2p registration module (Fig. 2.8). This method enables the
correction of x and y non-rigid motions of the field of view (FOV) structures.
Occurring Z motions were however not solvable and the affected frames were
discarded. The alignment of frames is based on a reference template made
of the best-correlated frames and iteratively updated through registration. The
frames were divided by patches that were non-rigidly registered in the
frequency domain, as phase-correlation is proven more efficient than cross-
correlation. The patches are then glued back together and interpolation is

applied at their junctions to suppress image smearing, to reform the frames.

Segmentation of neural components, would they be somata or neurite
compartments such as dendrites or axons, consists of grouping pixels
corresponding to these components on the image. The suite2p segmentation
algorithm first reduces the dimensionality of the data by computing principal
components which results in finding peaks in components. ROIs are extended
around those peaks I|literately unti/l

with the ROI signal. Pixels located further from the component will be taken

newl
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as neuropile source and its signal will be subtracted from the component
signal as a method of background removal. ROIs are non-binary. Each pixel
of an ROI is weighted for its participation in the activity of the component, e.g.
pixels of the cytosol have higher weights than ones of the nucleus. ROIls are

allowed to overlapbutover | apping pixels wonot

Segmented components were visually verified and manually curated
(Fig. 2.8). Components with aberrant ROI or trace (too small amplitude or too
noisy) were pre-emptively discarded. Merging of components was applied
when components were visibly parts of the same neural comportment and had
identical activity patterns. Glomeruli were manually segmented using ROI
manager and polygons under the software imageJ. A python script generated

ROI masks and traces from the saved imageJ polygons.

Calcium traces were extracted for each component as the pixel-
weighted average value computed along the time axis (Fig. 2.8). The
fluorescent traces had their background/neuropile signal removed by
subtracting generally 70% of the background trace extracted from a doughnut-
shaped surrounding the cells but not including other cells ROI. Finally, each
calcium trace "Owas normalised by ¥'Q "O where Y'G:("'O "O) and "O was the

baseline estimated on the 3 seconds preceding each stimulus.

Additionally, | retrieved contextual information from the files required to
analyse the data. | extracted metadata and external signals from the tiffs. The
metadata contains information such as the zoom factor and spatial resolution
of the movies configured during acquisition. The external signals are the
stimuli delivery and respiration (Fig. 2.8). | used the 12C protocol that enables
synchronous acquisition of these signals embedded into the frames headers.
An 12C bus is monitored by the scanimage FPGA which acts as a slave in the
I2C protocol. On that bus, an Arduino master broadcasts the external signals.
The bus that connects the Arduino and the FPGA (SCB-19 AUX I/O Connector
Bloc) is made of Serial Data Line (SDA) and Serial Clock Line (SCL). The
communication is activated when an external trigger provided by a Labjack

output determines the start of an acquisition.

The Arduino microcontroller receives signals such as the strain gauge,

the olfactometer final valve state, and the olfactometer mass flow controllers,

N
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and converts them from analog to digital before sending them to scanimage
using the Wire library. Scanimage receives 3-4 packets containing each a
value time point per signal. Scanlmage will timestamp the incoming packets
and log the data bytes to the header of each movie frame. The acquisition rate
of 12C was set to 100Hz or 3-4 packets per frame if the movie is acquired at
30Hz. This precision is required to study time events like peaks of respiration.

2.9 Glucose tolerance test

Blood glucose was lowered by a 16 hours fasting overnight and
subsequently increased by an IP glucose injection of 2g/kg. Glucose tolerance
tests were conducted on 6 mice anesthetised with urethane. Blood glucose
was measured every 10 minutes after the IP glucose injection. All blood
glucose measurements were done with a glucometer (Accu-Chek Performa)
using the blood from a cut in the tail. An identical paradigm was used during
imaging experiments. | measured glucose in the fasted state before the IP
injection, with values constantly below 10 mmol/l, and at the end of the
experiment in sated state, when glucose was constantly measured at high

values above 20 mmol/I.

2.10 Odour detection test

Olfactory sensitivity was determined by measuring how much a mouse
sniffs a cotton bud saturated in different concentrations of isoamyl acetate
versus a mineral oil control. Two cohorts of 12 fasted mice were tested twice.
A first session where half received a saline injection and half a glucose
injection and a second session a few days later (so their bodyweights get back

to normal) with the saline and glucose injections switched up.

The test consisted of 4 consecutive 3 minutes runs where mice had to
sniff either a cotton bud saturated with an increasing concentration of isoamyl
acetate (10-6, 10-5, 10-4, 10-3 % in mineral oil) or another one situated at the
opposite side of the cage containing only mineral oil as vehicle. The side of

isoamyl acetate was randomised as well as the states of the mice. The test
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arena was an empty regular cage with cotton buds hanging from a cap, slid
inside a cut pipette to avoid chewing and contact with the odourised cotton
buds. 2 or 3 cages were filmed at the same time, separated by sheets of paper
to visually isolate the animals. Cages were cleaned and beddings were

changed between each animal test.

| habituated the animals to the area with empty cotton buds for 10
minutes the day before the experiment. For the second cohort, | habituated
the mice to handling and being scruffed during the week before the tests, so
they are less stressed by the IP injections before the tests. | handled each

mouse 3 times for 5 to 10 minutes.

The test score is the time sniffing at the odour minus the time sniffing the
oil, divided by the total time sniffing both. Sniffing time was manually
annotated with python video annotator (https://github.com/video-
annotator/pythonvideoannotator). Subsequent analysis of locomotion was

carried out using ANY-maze video tracking tools.

2.11 Statistical tests

The preferred baseline phases in reference to the inhalations were
asserted with the Rayleigh test of uniformity. This test identifies non-uniform
distributions, i.e. it detects a unimodal deviation from uniformity. The null
hypothesis HO assumes the population is distributed uniformly around the
circle while the alternative hypothesis H1 indicates the opposite. The null
hypothesis is rejected for small p-values. The test assumptions were that the
distribution has maximally one mode and follows a von Mises distribution, or
Acircul ar nor mal o digribwidnwasbssdarteddycompilitihge dat a
the Maximum Likelihood Estimator (MLE) for the parameters of the von Mises
distribution. With these assumptions, a population not distributed uniformly
around the circle implies it has a single peak.

The change in activity in cell and glomerulus odour responses following
drug application or glucose injection was tested with a paired t-test if their
distribution was normal, otherwise a one-sided or two-sided Wilcoxon signed-
rank test was applied. Normality was tested with a D'Agostino-Pearson test
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tested for normality. P-value below 0.05 was considered statistically significant
(* denotes p < 0.05, ** p < 0.01, *** p < 0.001 and N.S. else). Similar analysis

was applied for asserting changes in sensitivity thresholds and response
maxima, in a cell/glomerulus.
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Chapter 3
Odour -evoked periglomerular cells properties

3.1 Introduction

Periglomerular cells form the first layer of inhibition in the olfactory bulb
where they modulate the afferent signal from the nasal epithelium. PGCs
release GABA onto OSN axons, effectively dampening the glutamate
transmission from OSN to MTC. This feedback inhibition is due to OSN
releasing glutamate onto PGCs, which then release GABA onto OSN
terminals. Therefore, odour stimuli activate PGCs which play a central role in
shaping olfactory information processing. Afferent OSN axons merge in
neuropil structures named glomeruli, based on the expression of the same
ol factory receptor. PGCs distribute thei
glomeruli.

| investigated the odour-evoked response and properties of the dorsal
glomeruli and PGCs against a panel of odours and concentrations. From the
observed responses, characteristics of PGCs such as sensitivity or
concentration-dependence were inferred. | questioned to which degree
odours are encoded by PGCs in matter of amplitudes and oscillations. |
compared the characteristics of odour encodings within and across groups of
mother glomeruli. The similarity or difference in characterised responses may
enlighten computational mechanisms of odour information shaping at the first
synapse in the olfactory bulb.

The neural activity was measured through calcium imaging of PGCs
somata and dendritic processes merged as glomeruli, in VGATXGCaMP6f
anesthetised mice. The mice were fasted, as in chapter 5 the same mice were
brought to satiety to study sensory-metabolic integration. The fluorescent
calcium responses serve as a proxy for action potentials and are therefore a
good reflector of neural activity. The measured neuropil activity made of a
group of daughter PGCs dendrites will be referred to as glomeruli activity for
clarification.

We expect a diversity of PGCs responses and heterogeneous groups
of PGCs based on intrinsic properties, as they receive input not only from
afferent OSN but also other PGCs, ETCs, and MTCs. Variations of

characteristics and elicited responses will be overlaid to the known PGCs
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subtypes for which the different connectivity preferences and response
shapes have been observed.

Here below | investigated how the response properties of PGCs vary
with increasing odour concentration and how this relates to the dendritic signal

in glomeruli.

3.2 Results

To characterise PGCs and glomeruli odour-evoked responses, a
computer-controlled olfactometer was used together with a respiration
recording device (cfr. Methods). The latter is essential to measure inhalations
during imaging as well for analysing PGCs respiration-related information.
Both the final valve openings of the olfactometer and the respiration
recordings were synchronized to the frame acquisition of the calcium imaging
microscope to enable a real-time comparison with acquired neural activity (Fig
3.1A).

To study the odour-evoked activity of PGCs, | required a diverse panel
of odours and concentrations. This was to ensure that we capture a broad
variety of PGC dynamics. The olfactometer stimulated the fasted animal with
a series of odours presented in a pseudo-random order across a set of
increasing concentrations (Fig 3.1 C). A selection of 4 odours was picked for
an experiment. The panel of odours comprised of 2-heptanone, Isobutyl
propionate, Ethyl tiglate, Isoamyl acetate, 2-phenylethanol, 2-isobutylthiazole
and Trimethylthiazoline (TMT). The most commonly used odours were 2-
phenylethanol, TMT, Ethyl tiglate and Isoamyl acetate.

The odours were chosen on 4 criteria. Only mono-molecular odours
were selected because they assured that the concentration in particles per
million remains reproducible between experiments. On the other hand, a
mixture such as coffee would vary in concentrations as we could not assure
the same composition each time. Secondly, they had to activate a high
number of dorsal glomeruli since our calcium imaging protocol limits the field
of view to that area. Furthermore, we wanted the odourant molecules to be as
different as possible in their molecular features. This would improve the

likelihood to activate more separated and less overlapping glomeruli. Lastly,
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we chose odours to cover a range of ethological valences, attractive (2-
phenylethanol), neutral (Isoamyl acetate), or aversive (TMT).

The four odourants were set in 8 vials, 4 vials diluted at 0.3% in mineral
oil, and 4 vials in pure form. To establish a wide range of concentrations, the
2 sets of 4 vials were diluted in air at 0.1, 1, and 10%. This amounts to a total
of 6 concentrations per odour. In some cases, Isoamyl acetate was only used
with the 3 later concentrations. The odours were presented in 5 repetitions for
each concentration, in an increasing manner. The odour stimulations were
conferred in a pseudo-random order, under the constraint not to have 2
consecutive identical odours. The duration of the olfactometer valve opening
was of 3 seconds and was spaced by 8 to 10 sec (Fig 3.1 A, 3.2 A). This
spacing limited neuron response habituation. An experiment consisted of 120

stimulations (Fig 3.1 C).
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Figure 3.1 In vivo calcium imaging of PGCs under o dour stimulations.  a)
Example calcium traces of 3 periglomerular cells under the course of 4
different odour stimulations depicted by the coloured pulses (bottom), odours:
2-Heptanone, Isobutyl propionate, Ethyl tiglate, Isoamyl acetate. Oscillations
in the calcium traces are related to the respiratory signal that was recorded
synchronously (top). b) Examples of fields of view, as the mean relative
fluorescence during all stimulus frames of the movie (top). Segmented cells in
green and glomeruli in yellow (bottom). Other coloured cells and glomeruli
correspond respectively to example traces in a) and c). ¢) Example calcium
traces of 3 glomeruli along with a recording subject to 4 odours stimuli,
repeated randomly 5 times at each of the 6 increasing concentrations (dilution
in oil x dilution in air). Bottom graph shows stimulations pulses with colours
that correspond to the same odours as in a).

3.2.1 General overview of odourant -evoked calcium responses in PGC
| used in vivo 2-photon calcium imaging to record the changes in

intracellular Ca?* via the genetically encoded calcium indicator GCaMP6f
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which was expressed in VGAT expressing cells. The figure 3.1 shows calcium
traces of PGCs and the synchronous recording of the olfactometer final valve
(Fig 3.1 A&C) and respiration (Fig 3.1 A). The figure 3.1 A displays traces of
normalised fluorescence of calcium for 3 PGCs responding to 4 odours (2-
Heptanone, Isobutyl propionate, Ethyl tiglate, Isoamyl acetate) depicted by the
coloured pulses below. Respiration oscillations measured with a strain gauge
(Fig 3.1 A) can be seen in the calcium traces. PGC timecourses were
extracted from regions of interest (ROI) in calcium imaging movies (see
methods, Fig 3.1 B). Each movie from an animal contained from 100 to 200
cells and 5 to 10 glomeruli. The figure 3.1 C shows 3 extracted glomeruli
traces from the field of view in Fig 3.1 B that correspond to a full experiment
subject to 4 randomised odours across 6 concentrations froma o to 10 %
dilutions. Surprisingly, | observed not only glomeruli and cells that respond
proportionally to the stimulus intensity but also some that respond inversely to
the concentration (first trace on Fig 3.1 C). The two next traces are responding
proportionally to the concentration. The purple trace is activated at the very
first concentration and saturates quickly then starts to respond less on the last
concentration. This might be due to the over-activation of neighbour PGCs
which start to auto-inhibit. While the red and purple glomeruli show a tight
tuning to a single odour as they show only 5 responses to the same odour in
each concentration, the blue glomerulus is recruited by more odours as

concentration increases until it responds to all 4 at 10% (Fig 3.1 C)

The figure 3.2 explains how odour-concentration averaged responses
were extracted for a cell. To determine whether a PGC responds to an odour
| averaged the 5 repetitions per concentration for each odour (Fig 3.2 A&B)
and then calculated the signal-to-noise ratio (SNR) by calculating the mean
response during stimulation, subtracting the mean during the 3 seconds
preceding stimulation and dividing by the standard deviation of the 3 seconds
baseline period (Fig 3.2C). To determine the SNR used to classify responses
| performed the same SNR calculation on a region of baseline where there
was no odour stimulus (Fig 3.2 C). | then took 40788 PGC and 2436
glomerulus odour stimuli recordings from all stimuli from 12 fasted animals,

containing a total of 1619 cells and 105 glomeruli.
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From this data set, | calculated the SNR threshold of acceptance that
would result in a 0.001% false-positive rate of detecting a response (Fig. 3.2
D), with a receiver operating characteristic (ROC) analysis. The ROC
establishes a trade-off between sensitivity and specificity and for this data set
an SNR of 2 gave 6675 PGC responses and 1052 glomerulus responses. This
threshold was used for all subsequent analyses.
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Figure 3.2 Parsing of odour -evoked responses . a) Example of a

glomerulus relative fluorescence trace with 20 stimuli of pseudo-randomized
odours at a dilution of 0.1%. Each colour pulse corresponds to an odour
stimulus. b) Each bout of traces corresponding to a stimulus interval was
parsed and shown overlaid in coloured traces for 2-heptanone, isobutyl
propionate, ethyl tiglate and isoamyl acetate. Averaged response in black.
Vertical band is odour onset.c). ROC analysis to determine the best signal-to-
noise ratio that describes a true positive response by comparing 3 seconds of
the signal with the 3 subsequent seconds. An example average response in
blue, with the orange rectangle ranges, comparing the signal before odour
onset (t=0) with prior noise shows a false alarm. With the blue rectangle
ranges, the signal after odour onset is discernable from the prior noise.
d)Analysis from the left box done on every trial-averaged responses. A
threshold of 2 will give a false positive rate of 0.001.
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These responses tell for which odour the cells/glomeruli are tuned. The
calcium signal is a proxy for action potentials as each action potential evokes
a fast-rising slow-decaying 6 @& 6 s pi k e 60.w 3pikes sam overlap and
summate. Therefore, the integral of the response will be proportional to the
total spikes evoked by a stimulus. The intensity of the response is related to
the area under the 6 & trace during odour stimulation. | used this area as a

measurement for activity.

Furthermore, PGC responses are also composed of sub-threshold
oscillatory activity, related to the breathing rhythm. The figure 3.3 A shows 2
responses from the same glomeruli to isobutyl propionate and ethyl tiglate
with the synchronised respiration at the top. The oscillations in the calcium
signals are a product of the mechano-sensitive properties of the OSN and are
propagated in all neurons of the OB at the same frequency (lwata et al., 2017).
However, OB neurons can express a phase shift to the respiration cycle. The
figure 3.3 B shows the overlaid respiration, where each peak in the black
traces corresponds to the end of inhalation, and the calcium signal, during
baseline and stimulation. That glomerulus showed different odour-dependent
phase shifts during stimulation (Fig 3.3 B). The red isobutyl propionate curve
rises at each inhalation as the purple ethyl tiglate curve rises later near the
exhalation. This is an example of how PGCs/glomeruli encode odour
signature in their odour-evoked responses through amplitude and phase shifts
(Fig 3.2, Fig 3.3). Oscillations were not always visible (Fig 3.1A, Fig 3.3A
baseline) in low SNR situations. The oscillations can be however magnified
by averaging the signal over respiration cycles, as shown later in the chapter
(Fig. 3.14).
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Figure 3.3  Respiration -evoked oscillations . Oscillations from the
respiratory signal are reflected in PGCs calcium activity. This property is
inherited from the mechano-sensitivity of OSNs that excite PGCs. a) Top:
strain gauge resistance respiration recordings. Rising slopes correspond
to inhalations. Bottom: odour-evoked responses to isobutyl propionate
and ethyl tiglate, in a same glomerulus. b) Overlay of respiration (black)
and calcium fluorescence (colour) traces. Baseline oscillation cycles are
hardly visible due to low SNR. Cycles during stimuli show different shifts
to the respiration onset, which is a feature of odour identity encoding.
Top: baseline Parsed over the 3 seconds before stimulus onset (orange
dotted line in a) ). Bottom: Parsed over the stimulus onset (blue dotted
lines in a) ).

Odour-evoked activity in PGCs is therefore characterised by an
intensity and a phase. The intensity was measured as the area under the
curve of the calcium fluorescent signal during a stimulus. Phases were
measured as an average phase across all responses to help with the low SNR
of oscillations. Responses showed different shapes with the majority being a
quick linear increase followed by an exponential decay. The next section
covers the investigation of all these response dynamics and searches for any

correlation with a concentration or an odour.

3.2.2 Characterisation of response dynamics

The PGCs odour-evoked responses displayed different dynamics
(shapes) during and after stimulation (Fig 3.4). | used an unsupervised
clustering algorithm to determine the types of response shape and their
frequency. This will be used later to determine whether the response dynamic

is related to the odour and/or concentration.
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Figure 3.4 Clustering of odour -evoked PGC responses . Mean shift
clustering done over 7727 responses (PGCs: 6675, glomeruli: 1052),
odour-responses in 12 fasted animals resulted in 8 shape groups. a)
Examples of calcium odour-responses for each group. Groups overlay
as a spectrum, e.g. A switch to B with increase of input activity. Rarer G
and H denote an inhibitory component. b) Groups repartition. The A/B/C
clusters were the most observed.

To cluster the 7727 responses (PGCs: 6675, glomeruli: 1052), | first
pre-processed them for better classification. The responses were normalised
between -1 and 1 with the baseline at 0 and filtered with a rolling mean window
of 200 ms. The 3 seconds during stimulation and 6 seconds after stimulation
were resampled to 30 points. | then applied a mean shift algorithm from the
python library sklearn with a bandwidth parameter estimated with a quantile
of 0.001 to ensure disparity between groups. Mean shift was chosen for its
characteristic of outputting groups of varying sizes. This resulted in 10
clusters. 3 of these clusters displayed similar fast peak shapes with different
onset, which is explained by different times of inhalations after the odour valve
opening. The 2 additional peak shape clusters were making only a few percent
of the total. Merging these 3 short peak clusters, | ended up with 8 groups of
response shapes (Fig 3.4 A, Fig 3.6 A).



-86 -

The typical GCaMP calcium response pattern elicited by a single or few
action potentials is formed by a quick rise followed by a slow decay (Fig 3.2 B
& 3.4 A). This is the main transient shape of a response we observed, as
shown by shapes A and B, and accounts for 45% of all responses (Fig 3.4 A).
The B shape showed a continuous slow decay even after the offset of the
odour stimulus (Fig 3.4 example B). The C shape is similar to the B shape
except it decays rapidly at odour offset (Fig 3.4 example C). The F, G, H
shapes may be subject to inhibitory inputs. In F, the late peak could be due to
some delayed excitation while G and H clearly show a decrease in calcium
activity.

The A, B, C shapes were the majority, accounting for 71.8% of the
responses (Fig 3.4B). The square response E and late peak F (Fig 3.4 A)
accounted for around 10% each. The square shape D made only 5% of the
responses. Finally, the excitatory-inhibitory (G) and inhibitory (H) responses
were very rare, accounting for 2.4% together (Fig 3.4 B). Sorting these shapes
according to odours and concentrations can tell if they are expressed
individually by a cell or do they evolve from one shape to another with stimulus
intensity.
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Figure 3.5 Repartition of shape clusters across odours. The repartition of
response shapes across odours is heterogeneous with a predominance
for A/B/C. Comparison is limited due to the disparity between the
numbers of observations for each odour. Left: Pie representation of
shape clusters by odours. Isoamyl acetate shows the highest proportion
of inhibitory H but this is due to the relatively high number of responses
to this odour. Although, the comparison is valid in regards to ethyl tiglate
which odour-evoked responses amount in the same magnitude. Right:
averaged responses as cartoon of different shape clusters.

The figure 3.5 shows how the shapes of response are spread across
tested odours. The number of responses per odour varied largely. 2-isobutyl
thiazole had only 63 responses while ethyl tiglate and isoamyl acetate had
2939 and 1502. Each odour elicited a heterogeneous set of responses
clusters. The clusters A, B, C were dominant across all odours. The inhibitory
response was found proportionally higher in isoamyl acetate. This might be
due to the high number of isoamyl acetate responses detected. However,
ethyl tiglate gave a comparable number of responses and no inhibitory
responses. We cannot conclude that any shape is specific to an odour but
would rather depend on the cells as the pie charts for each odour is likely to

be composed of different cells.

To investigate any relation between response shape and
concentration, | regrouped the responses from 1107 PGC-odour pairs in
concentration sequences of activity (Fig 3.6 B & F). The activity was computed
as the area under the curve during the 3s stimulation. The sequences ranged
from 6 concentrations. The figure 3.6 B shows the sequences from 3 animals
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where ethyl tiglate produced 3 and 5 activity-concentration points and isoamyl
acetate a 4 points sequence. This variation comes as some odours only
activated cells for a few concentrations as other odours activated the cells
from the earliest concentration. The blue cell only responded to the 3 highest
concentrations while the green cell responded to the 5 highest concentrations
(Fig 3.6 B, left panel). The first concentration that elicited a response depends
on the animal, cells sensitivity, and odour volatility. The major determinant will

be the sensitivity of the OSNs giving the afferent input to the cell.

Therefore | standardised the concentrations relatively for each PGC-
odour pair. The relative activations were enumerated from 1 to 6 relative to
the concentration that gave the first response of the cell for an odour (Fig 3.6
B). Each consecutive relative activation corresponds to a jump of
approximately one order of magnitude in concentrations (3%, 3°, 34, 14, 13,
12, 1'% oil dilution x air dilution %) (Fig 3.6B, left panel). This approach
accounts for differing sensitivity of the afferent inputs to different odours and
allows a comparison of response dynamics corrected for the relative strength
of activation (Fig 3.6 D).
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Figure 3.6 Repartition of shape clusters across relative activations.
Concentrations were transformed into relative activations starting at the
first activation of the PGC to enable comparison across animals and
odourants. The shapes appear to evolve on a continuous spectrum
within a PGC-odour pair as concentration increases or decreases. a)
Cartoon of response clusters found in (Fig 3.4). b) Transformations from
dilution concentrations to relative activations for 3 PGC-odour pairs from
3 animals (blue: ethyl tiglate, orange: isoamyl acetate, green: ethyl
tiglate). The relative activations grading permits the comparison of
response shapes evolution between sequences, e.g. first activation of
cells for different odours (left). Sequences of responses after
transformation to relative activations (right). ¢) Proportion of shape
appearing in each PGC-odour pair sequence. This array was sorted row
by row until the proportion for the shape in a row reaches 50% (step-by-
step sorting in appendix B) (n=1107 PGC-odour pairs). d) Shape across
relative activations for each PGC-odour pairs colour-coded as A and
sorted like C, for sequences increasing (top) and decreasing (bottom)
activity with concentration. e) Distribution of shape in responses across
the 3 first relative activations for increasing (left) and decreasing (right)
response sequences. f) Examples of response sequences of a
homogeneous set of shapes (AAA, left) and heterogeneous set of
shapes (A,A,B, right).

Is the response shape aproperty of a cell or is it a property of stimulus
strength? If it is a property of the cell the same response dynamic would be
observed across different concentrations. To test this | first regrouped PGC-
odour pairs by the criteria of the main shape they express, then observed if
the shape changes with odour concentration and across odours the cell is

responding to.

Figure 3.6 C shows the proportion of shapes in each PGC-odour
responses sequences of relative activations. The array is composed of
columns, each corresponding to a cell, in which each line gives the percentage
of shape appearing in that cell response sequence, for example, the cell 1
here had 100% of response with a shape A. The initial array of the proportion
of shapes per PGC-odour pair response sequences was sorted row by row,
stopping when the shape cluster of that row appeared less than 50% in the
response sequence then doing the next row on the left unsorted columns on
the left to that stop column (see appendix B). Only clusters A, B, C, E, F
appeared homogeneously in 140 sequences (A: 18, B: 53, C: 38, E: 2, F: 29)
(Fig 3.6 E&F). However 737 sequences on 1107 have a majority of one type
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of shape. This indicates that the shape of the response can change with
relative activation within an odour-PGC pair.

Figure 3.6 D shows the shape clusters across relative activations for
each PGC-odour pairs color-coded as the figure 3.6 A and sorted like the
figure 3.6 C. It shows 4 main groups for the shapes A, B, C, E, F (blue, orange,
green, purple, brown) and a group of mixed shapes. Figure 3.6 D concurs with
the figure 3.6 C that the main shapes elicited in PGCs response sequences
are A, B, and C. To better appreciate the transition between shapes, is the
minimum response in the same shape if the response sequence decreases or
increases? | separated the PGC-odour pairs according to their increase or
decrease activity with concentrations (Fig 3.6 D). The shapes appeared to be
on a continuum where the peak position and slope of decay move, as the
strength of the stimulus increases. This can be seen in responses transitioning
from one shape to another within a cell (Fig 3.6 D&F, Fig 3.7 A&B).

In the increasing sequences, the A group (blue) transits to the C
(green) and D (red) shapes (Fig 3.6 D). In the same logic, the B group (orange)
tends to switch from the C shape (Fig 3.6 D). Interestingly, in the decreasing
response sequences, the A shape corresponds also to the lower activity
coming from the C shape (Fig 3.6 D). This all shows that the shapes are on a
continuum where the area under the curve decreases or increases with

relative activation and that shape A correspond generally to lower activity.

In the increasing sequences, the shape A diminishes with relative
activation in profit of B, D, E (Fig 3.6 E). This short peak A shape has a small
area and relates a low activity. It is thus sensible that it appears earlier in
relative activations. In the decreasing sequences, the A shape increases with
relative activation while C decreases. For both increasing and decreasing
sequences, the cluster F decreases. The excitatory-inhibitory G shape
appears mainly in the pair that get inhibited with relative activation (Fig 3.7 B,
Fig 3.6 E). | conclude that within a PGC-odour pair, elicited responses transit
between shapes according to relative activation (Fig 3.6 F, Fig 3.7 A&B).
Figure 3.6 F shows a homogeneous sequence of shapes A for ethyl tiglate
and a heterogeneous sequence that transits from A to B for isobutyl

propionate. However, it has to be taken into account that the shape clusters
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are not purely distinct and a response can be miscategorised if ambiguous,
like the shapes B and E. The apparent mixture in the four first groups (Fig 3.6

C&D) is partly due to the shapes belonging in-between two clusters.
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Figure 3.7 Repartition of shape clusters across odour in the same cell

or glomerulus. The shapes of responses change not only with
concentration but also with odours within a cell or a glomerulus. a)
Example of a cell with an identical sequence of shapes for the 3 first
relative activations to 2-heptanone (A,A,B) and isoamyl acetate (A,A,B).
b) Example of a cell with a different sequence of shapes for the 3 first
relative activations to ethyl tiglate (A,E,B) and isoamyl acetate (A,A,G).
c) Distribution of the number of different shapes in the 3 first relative
activations amongst 138 PGC-odour that are tuned to multiple odours
(left). Array showing which pairs of odours elicited the same response
shapes in PGCs (right) d) Distribution of the number of different shapes
in the 3 first relative activations amongst 64 glomerulus-odour that are
tuned to multiple odours (left). Array showing which pairs of odours
elicited the same response shapes in glomeruli (right). Colourbars give
the similarity (1: all shapes the same, 0: all different).
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In figure 3.7, | investigated if, within a PGC, the patterns would change
across odours. Figure 3.7 A shows a PGC that enacts the same response
shapes for 2-heptanone and isoamyl acetate while the figure 3.7 B shows a
cell that has different patterns for ethyl tiglate and isoamyl acetate. In cell 2,
where the amplitude of the response is increasing for ethyl tiglate and
decreasing for isoamyl acetate, the response shapes changes with these
odours from A,E,B to A,A,G (Fig 3.7B). This means that the cell 2 might be
involved in two separate circuits depending on the odour, and maybe receive
inputs from two different glomeruli. | next regrouped PGC and glomeruli in the
next section to address this question. So far, in the 138 PGC-odour pairs that
are tuned for more than one odour, only a small fraction keeps the same
response shapes during the 3 first activations (Fig 3.7 C left). To know which
odour is more likely to activate cells with different patterns, | calculated the
similarity of patterns as 1 - the normalised average difference of shapes for
the 3 first relative activations (Fig 3.7 C right), that is to say, for each cell tuned
for 2 odours, the similarity of patterns is O if no responses shapes are the
same, 1/3, if one is, 2/3, if two are, and 1 if all 3 first responses in both odours
have the same shape. The cells tuned for 2-phenylethanol and ethyl tiglate
tend to express different patterns, as cells tuned for isoamyl acetate and
isopentylamine are more likely to express the same patterns. Figure 3.7 D
shows that glomeruli are either keeping the same patterns between odours
around 25%, or are changing much of them. The similarity of response shapes
across odours in the same glomerulus remained comparatively the same as
in PGCs (Fig 3.7 C right, Fig 3.7 D right). Furthermore, glomeruli are more
broadly tuned than the PGCs which may corroborate their closer position to
the afference than the somata.

It remains intriguing if the similarity or dissimilarity of response shapes
within the same cell is explained by connectivity to multiple glomeruli or just a
glomerulus that also expresses different shapes. Therefore, | regrouped the
PGCs and glomeruli to infer mono and multi-glomerular inputs to a PGC.

3.2.3 Estimating connectivity between PGCs and glomeruli
Some PGCs seem to maintain the same response shape across
concentrations, maybe due to their intrinsic properties, while others seem to

change their dynamics with increasing concentration. As concentration
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increases more glomeruli become activated. This makes it possible that PGCs
that change their shape with concentration are receiving input from other
glomeruli. To examine this | had to infer which PGCs are connected to which

glomeruli.

Glomeruli are spherical structures composed of intertwined dendrites
of interneurons and TC/MTCs where afferent OSN axons form synapses.
They are the point of connections between afference and the PGCs. A
glomerulus and all the PGCs that innerve it can be made as a glomerulus-
mother PGC-daughters group. Regrouping PGCs and glomeruli will help to
tell about the multiplicity or uniqueness of afference to a PGC. To make the
groups, | used the criteria that the PGCs and glomeruli must be tuned for at
least one same odour and be within a short distance from each other. Then in
these pre-groups, | looked at the similarity of shapes in the PGC-odours pairs
and glomeruli-odour pairs (Fig 3.8 A). This estimated the likelihood for PGC-
odour sequences to be originating from one or multiple glomeruli. The
rationale for making the groups is to inspect the characteristics such as
sensitivity, dynamic range, or phase in a family of PGC daughters and see if
they all inherit properties from the glomerulus mother. This section will
investigate the glomerulus-PGC relations with the point of view of glomeruli

as a proxy for the averaged dendritic input, driven by OSNs and ETCs.
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Figure 3.8 Glomeruli -PGC connectivity. Glomerulus-PGCs groups were
estimated under the assumptions that the glomerulus mother and PGC
daughter are: tuned for at least one same odour, distanced by less than
100um, and have at least one response of the same shape for an odour
in common. a) Similarity of shapes in the response sequences between
the PGC-odours pairs and glomeruli-odour pairs. The colour indicates
the similarity between shapes in responses sequences (1 means all the
same shapes in the relative activations response between glomerulus
and PGC, 0 means none). Blank pixels correspond to cases without the
distance or odour-tuning verified. b) For a couple of glomerulus-PGC,
the maximum of their odour responses shapes similarity (A) is used as a
metric of the likelihood of connection. c) Distribution of the number of
connected glomeruli per PGC (12 animals). A connection is established
if the maximum similarity > 0. d) Distance to the most distant glomerulus
against the number of connections made by PGCs e) Distance to the
closest glomerulus against the number of connections made by PGCs.

| used 3 criteria to estimate the likelihood of a connection between a
glomerulus and a PGC: 1) Distance, a PGC soma located on the edge of a
glomerulus is likely to receive input from that glomerulus. | set a maximum
distance of 100um between a PGC soma and the edge of the glomerulus. 2)
Odour tuning, the cell and glomeruli had to be responding to the same odour.
3) Response dynamics, the cell and glomerulus response shapes were taken
into account, as a PGC is more likely to belong to a glomerulus if they exert
the same patterns of activity. The similarity of the shapes within the first
relative activations to an odour, at the same concentrations, between cells and
glomeruli were computed (Fig 3.8 A) as follows for an odour &:

PRI (1" RQGMQ

YQa Qo gl 5’000 B 0

Where "Y'Q& "Qa gyl is@ie Gimilarity of response dynamics between the cell
wand the glomerulus "Qfor the odour &, i@ 1) Qthe shape category of i-th
response of the cell Gto the odour &, and i "@ 1) 'Y the shape category of i-th
response to the odour ¢ of the glomerulus "Q A cell and a glomerulus are thus
considered similar in response dynamics proportionally to the number of their
responses that belong to the same shape cluster, 0 if all shapes are dissimilar,
and up to 1 if all their responses share the same shape. This similarity formed
a likelihood of connectivity between glomerulus-odour and PGC-odour pairs
(Fig 3.8 A).
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As this previous metric only worked with glomerulus-odour and PGC-
odour pairs, | needed to reduce it to a metric between glomeruli and PGCs as
the physical connections are between them and not abstract component-
odour pairs. | inferred connectivity based on these reduced glomerulus-PGC

similarities, defined as follows:
YQA Qa1 ROATY QA Qda Kxi QO @

Figure 3.8 B thus compresses the component-odour pairs using the
maximum of similarities from the glomerulus-PGC nodes (pixels belonging to
the same glomerulus and cell) in figure 3.8 A. A node is the similarities for all
odours between a glomerulus and a cell, for example, the intersections of the
lines 2 and 3 with the 2 last columns of the figure 3.8 A correspond to the node
between the glomerulus 0 (y-axis) and cell 182 (x-axis). Finally, The
connection weight of a glomerulus-PGC is as strong as the most similar odour
responses they share (Fig 3.8 B). A connection was counted for the rest of the
analysis if the similarity was above 0, equivalent to at least one similar shape

for a same odour between a glomerulus and a cell.

Based on those 3 criteria T distance, odour tuning, and response
dynamics, the number of connected glomerulus per PGC was inferred for 932
PGCs (Fig 3.8 C). The number of connections per PGC ranged up to 8 with
an average of 2.47. That fits the known view that PGCs form connections from
one to multiple glomeruli and subdivide into as many as 4 subtypes (Tavakoli
et al., 2018; Kosaka et al., 2019; Kiyokage et al, 2010; Bywalez 2017).
Following Tavakoli et al. (2018) categories (Table 1.2), | can infer that 19.9 %
of observed PGCs could be Microglomerular (1 glomerulus), 76.2 %
Uniglomerular (1-3 glomeruli), 75.8 % Oligoglomerular (21 6 glomeruli), 0.3 %
Pol ygl omerul ar (07 glomeruli) (Fig

any glomerulus.

They may be either not connected to any glomeruli in the field of view
or differing too much from glomeruli because their signal reflected other neural
sources. It is complicated to discern between subtypes based on connectivity
alone because these connection criteria overlap. As expected, the distance to
the most distant glomerulus increase with the number of connection (Fig 3.8

D). The closest glomeruli are always within 25um independently of the number

3.

8
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of connections (Fig 3.8 E). With all these connections, do PGCs reflect the

multiple glomeruli they connected to in these groups?

Figure 3.9 Comparison of response sequences within glomerulus -PGCs
groups . PGCs connected to multiple glomeruli inherit similar shapes of odour-
evoked responses. Connections were assumed if similarity > 0. a) Field of
view. Maximum projection of all the frames when stimulation occurred. The
large coloured circles represent the center of glomeruli, the small ones, PGCs.
The colours in the pie describe which odours the PGC/glomerulus is
responding to. The lines denote the PGC-glomerulus connections with a color
based on the maximum similarity of responses shapes. Scale bar: 100 pum
(left), 50 um (right). b) Sequence of responses from the connected cells and
glomeruli from the right panel in A, for the odour TMT.



