THE UNIVERSITY OF CHICAGO

SMELLING FROM THE MOUTH: PERCEPTUAL EXPERIENCE, LEARNING &

NEURODYNAMICS OF RETRONASAL OLFACTION

A DISSERTATION SUBMITTED TO
THE FACULTY OF THE DIVISION OF THE SOCIAL SCIENCES
IN CANDIDACY FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

DEPARTMENT OF PSYCHOLOGY

BY

RUI HE

CHICAGO, ILLINOIS

DECEMBER 2022



Table of Contents

LIST Of FIQUI @S .ucuereeeesissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss ssss sassssssssssssssssssssssssssssss 1%
) Y 1) 1 1] L vii
ACKNOWICAGIMENLS ..eererensnsnsnsnsssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses viii
£ 1 7 Lo ix
CHAPTER 1: INErOAUCEION.c.cusiusisesisissisisssesissssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 1
Retronasal and orthonasal olfaction are not identical ........ccoirnnnnnnnnnssssn. 2
(010200100 0022 W 0 b= U0 ) 1 02 3
Implications for retronasal olfaction ... —————— 7
Neural oscillations in olfaction ... ———————— 9
Context and learning effects on olfactory electrophysiology ........ccccconnirinnnsssnnnsncnnes 12
Olfactory memory consolidation and Sleep........uninns———— 13
Y10 10T ) 17
CHAPTER 2: MEEROUS c.uorvresisisirsisssssissssssssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 19
Behavioral study OVeIVIEW ... sssssssssssssssssssssans 19
Animal Care and Water DePriVation....... o eeeeeeeseessesssessesseessssssesssssssssssssssssssssssessesssssssees 21
054 0 7] 10 11 L) 1L 22
Go/No-Go Orthonasal diSCrimiNatiON .......ccereeceureeeeseeseeees s sses e sessess s sesssssssans 24
Retronasal Conditioning and Orthonasal teStiNg.......c.oereerereeneeseesessnesseesessees e seesseeeenns 25
Go-/No Go Retronasal odor discrimination SESSioN .......cui———— 26
Experiment 2: Go/No-Go Retronasal Odor Discrimination Validation .........cccccueuue. 27
Experiment 3: Go/No-Go Retronasal Odor Discrimination and Rule Transfer ........ 27
Electrophysiological Methods ... 29
EleCtrode IMPIANT ...t esssessse s s s 29
LEFP TECOTAING ..vrvueuiereeueereseesseseessesssessesssesseessesssesssssssssssssssssss s s s s nnans 30
Passive OdOr PreSeNTation ... eeeeeseesesseessesessseesessesssesssesssssssssssssssssssssssessssssessssssasssssssssssssssans 30
SPECETAL ANALYSIS w.ovreueueeurereesreeeesseessesseessessesse s s s s sse s s s s 31
CHAPTER 3: Transfer of retronasal olfaction exposure to orthonasal learning............ 33
METROAS ... ———————————————— 33
RESUILS .o AR 34
Response latency and licking behaviors ... seessseseans 34
Volatility-dependent transfer from retronasal experience to orthonasal discrimination
.............................................................................................................................................................................. 36
Rats can detect and discriminate retronasal 0doTs ........oeneeneeneessesseessesseesseesesseessesseeans 38

i



IS CUSSIONN weeuiiiiinnserrsssnmssrsssssnnssssssssnsssssassnnssssasssnnnsssssssnnnssensssnnnssensssnnnsssssssnnnssessssnnsssssssnnnnsnssssnnnnns 40

Odor volatility affects the perceptual threshold........oreneeseeeeeeeeeeseeseeseenns 42
Neural explanations for shared percepts between routes........eeeneeneeneenseeseesseeseenns 44
CHAPTER 4: Behavioral Analysis of Retronasal discrimination TASKS...........cccouevesesesesnas 46
METROAS ... ————————————————— 46
Retronasal discrimination task performance........neneeneeneesseseesesseessessesssesseeseeans 46
Breathing and LicKing EXtraction ........eeneeeseeeessessssssssssssessssssessssssessssssssssssssssssssssens 47
RESUILS . 48
Acquisition of retronasal odor discrimination task discrimination ... 48
Respiration changes over time in @ trial ... 51
Lick dynamics over time in @ trial......eeeeeeseeeessessessesssesseessessessesssessesssssssessssssssseans 53

D L0 ) 54
Retronasal vs orthonasal odor sampling.......c.c.cumm—————— 55
CHAPTER 5: Oscillations in the Olfactory System: Frequency AnQlysis........ccuuusesesesnas 57
MEtROAS ... ————————————— 59
Statistical Analysis of Power & Coherence in retronasal tasks.......oenneenneessesseeneenns 59
Signal Validation: Orthonasal odor-evoked 0SCIllation .........ooeeenereenneeseesneeseesseeseeseeseeseenns 60
RESUILS .o AR 64
Gamma power during retronasal learning tasks.......coenenneenseneessesseessesseessessesseessesseeens 69
Beta power during retronasal learning tasks .....ccoeneneneenseessesesssesseesesseessessessesssssseans 71
Coherence between brain StrUCTUTES ... ssssssssssssssans 73

The effect 0f 1€arning PhasEs ... es e sss s ses s s s sssanes 74

The effect 0f 0dOT VOIAtIlILY ...ttt ses e s ses s sseanes 78
Sensorimotor entrainment of LFP Si@Nals......cennneseireseeseeeeseessesseesesseessessesseesssessenns 79
DiSCUSSION i ———— 81
Change in oscillatory power reflects retronasal odor sampling characteristics.............. 81
GaAMMA IN OB s 81
Gamma IN PC, OT & GC...riinrsisssnisssssssssssssssssssssss s sssssssssssns 83
BOLA .t 84
CHAPTER 6: Sleep Analysis for Retronasal Olfactory LEATrNiNg ........isissssssssssssnas 85
METROAS ... ————————————————— 85
RYCET OB = Ve ca e (=52 b (or Un (o) o T O TT P POR 86
Identification of Sharp Wave RIPPIES ... eerreeeseeeesseisesseesssssssessessesssessesssesssesssssssssseans 87
RESUILS . 87
SIEEP STAGE SCOTINE .uvcereuerrcesreeeesseesresseessessesse s s sesse s s s s s R st 87
Training Effect 0N SIEEP LEFP... ettt s s s sssanes 91
CHAPTER 7: CONCIUSIONS .cvvirivrisesnsisissusssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 94

il



REFERENCES

Y



List of Figures

Figure 1.1: Schematic Diagrams of retronasal vs. orthonasal olfaction 1

Figure 1.2: The neural circuit in the rat olfactory bulb cell layers and the anatomy of the rat

olfactory system 6
Figure 2.1: Schematics of experiment procedures 20
Figure 2.2: Training Schedule for Experiment 1 23

Figure 2.3: Schematic diagram for Experiment 3 on retronasal discrimination training and rule

transfer 28
Figure 3.1: Latency and lick count of retronasal and orthonasal sample sessions 36
Figure 3.2: Overall performance and learning rate across conditions for Experiment 1 38
Figure 3.3: Performance over days for Experiment 2 39
Figure 4.1: Extraction of lick signal from piriform cortex LFP 48
Figure 4.2: Retronasal discrimination task performance 49

Figure 4.3: Performance of retronasal discrimination task grouped by learning phases and odor
pairs 51
Figure 4.4: Sample recording from OB LFP and thermocouple (TC) electrode and the
distribution of respiratory frequency 52
Figure 4.5: Respiration Frequency during retronasal odor discrimination experimental trials. 53

Figure 4.6: Licking behavior during retronasal GNG trials were analyzed with the LFP lick

extraction method 54
Figure 5.1: Single-trial orthonasal odor-evoked LFP 61
Figure 5.2: Power spectra during orthonasal odor presentation in the four brain areas 62



Figure 5.3: Coherence between brain structures during orthonasal odor presentations shows high

coherence in the beta band

63

Figure 5.4: Raw LFP signal samples for 2.5 seconds in the OB, PC, OT, GC, and HPC during a

retronasal odor discrimination trial

Figure 5.5: Spectrograms of gamma and beta power from one recording session

Figure 5.6: Average changes in power with SEM for gamma bands in OB, OT, PC, and GC
Figure 5.7: Average changes in power with SEM for gamma bands in OB, OT, PC, and GC
Figure 5.8: Coherence between brain structures in the gamma and beta range

Figure 5.9: Power change grouped by learning phase

Figure 5.10: Gamma coherence grouped by learning phase

Figure 5.11: Beta power show effects between odor sets of different volatility level

Figure 5.12: Respiratory and licking signals are coherent with LFPs

Figure 6.1: Sleep stage classification method

Figure 6.2: Sleep LFPs in OB and HPC and sleep stage identification

Figure 6.3: Distribution for all 4 rats used in the sleep analysis

Figure 6.4: Verification of algorithm vs manual scoring of sleep and wake stages

65

67

71

73

75

77

78

80

81

&9

90

91

92

Figure 6.5: Comparison between time spent in sleep stages and sharp wave ripple pre- and post-

training

Figure 6.6: Examples of sleep SPW-R

vi

93

94



List of tables

Table 1. Six odor sets used in Experiment 1

Table 2. Three odor sets used in Experiment 3

vii

24

29



Acknowledgments

The thesis would have never become a reality if it weren’t for the inspiration, support,
and kindness of many wonderful individuals.

Foremost, I would like to express my deepest gratitude and thanks to Dr. Leslie Kay for
providing guidance, patience, and encouragement. Her mentorship is invaluable, and she taught
me how to be an independent scientist as well as a compassionate person. I would like to thank
my committee members Dr. Wim van Drongelen for inspiring my interest in signal processing
and offering great insights into the project, and Dr. Jai Yu for demonstrating how good science is
done.

I am also thankful to my lab members; Dr. Boleslaw Osinski for introducing me to
coding and animal surgeries, Dr. Shane Peace for great scientific discussions, Dr. Andrew
Sheriff for sharing codes and brilliant ideas, Vivian Nguyen, Abigail Stuart, Jamie Zeng for
always being reliable on animal care and experiments, Daisy Li and Yu Ji for being a strong
advocate for my research.

I want to thank the Department of Psychology and the Institute of Mind and Biology for
giving me space and support to flourish and finish this project.

Finally, I would like to thank my family for loving me unconditionally. My cat, Chimeow
He, who welcomes me home every day. My fiancée, Lifeng Chen, who have shared the exciting
as well as the difficult moments with me for the last three years and have willingly committed to
being part of my life. My parents, Guoxin He and Xiaodan Lu, who always believe in my

decisions and think this is the best dissertation without even speaking English.

vii



Abstract

Odorants can activate the nasal epithelium from two directions, either orthonasally from
the nares via nasal breathing or sniffing or retronasally through the mouth during eating and
drinking. Retronasal olfaction is associated with a higher threshold for detection than orthonasal
olfaction, and a different pleasantness rating. Rozin (1982) proposed that there exists a duality of
olfactory perception via the two olfactory routes. Recent electrophysiological and imaging
studies showed odorants entering the retronasal olfactory route elicit different peripheral neural
responses in the glomerulus and mitral cell firing in the olfactory bulbs (OB). Functional
networks engaged in retronasal olfaction also show differential activities in higher cortical
regions, which may underlie the perceptual differences between the two routes. Here, I use
olfactory learning behavioral and electrophysiological studies to study the perceptual qualities of
the two olfactory routes and circuit interactions. In Chapter 3, rats were pre-conditioned to
odorized solutions delivered only retronasally and then tested in an orthonasal Go/No-Go odor
discrimination task. I found significant learning rate improvement for the retronasally pre-
exposed odorants in a volatility-dependent manner, and the result suggests that retro- and
orthonasal routes can generate similar perceptual qualities if the odors are strong enough.
Chapters 4 and 5 describe a retronasal Go/No-Go behavioral experiment in conjunction with
local field potential (LFP) recordings in the olfactory and gustatory systems - piriform cortex,
gustatory cortex, and olfactory tubercle. I characterize the respiratory and licking behaviors and
the oscillation patterns in the gamma (45-100Hz) and beta (15-30 Hz) frequency bands during
the retronasal odor discrimination task. Gamma band power is significantly suppressed while
beta band power demonstrates an odor-cue effect between the positively and negatively

reinforced retronasal odorants. LFPs recorded OB, OT, PC, and GC show coupling with the

X



sensorimotor inputs and are coherent in the beta band during the retronasal odor sampling period.
I explore the LFPs during sleep and the effect of olfactory training in Chapter 6. With a sleep
scoring algorithm of OB gamma and hippocampal LFP, I compare the sleep pattern pre- and
post-olfactory training, showing behavioral difference in sleep time. Together, I wish to shed

some light on the neural dynamics in retronasal olfaction.



CHAPTER 1: Introduction

The field of olfactory studies is mostly dominated by orthonasal olfaction, which refers to
the process of odorants entering the nasal cavity through the nostrils. Retronasal olfaction is a
second olfactory route by which odorants enter the nasal cavity through the nasopharynx. While
orthonasal olfaction carries information about the external environment, retronasal olfaction

commonly reflects the internal state and food consumption.

Respiratory/
Transitional

Squamous

Figure 1.1. Schematic Diagrams of retronasal vs. orthonasal olfaction. (A) Orthonasal (yellow)
and retronasal (blue) routes in humans (Small et al., 2015); (B) Orthonasal (yellow) and
retronasal (blue) routes in rats (adapted from Wetmore et al., 1999)

Retronasal olfaction is relatively understudied in the fields of neuroscience and
psychology for several potential reasons. First of all, pure retronasal experiences rarely occur in a
natural setting and cannot be easily isolated without also exposing subjects to odorants
orthonasally. Secondly, it is intuitive to assume that olfactory perceptual experience is mainly

driven by the chemical profile of odorants. Based on this assumption, research on olfactory

1



quality is therefore concentrated on the psychophysical properties of odorants because the two
routes would be assumed to produce the same perceptual experience, except for perhaps
differences in the concentration of odorants as they reach the sensory epithelium in the nose.
Because of the technical difficulty in isolating retronasal experience and the assumption of

odorant-determined olfactory percepts, retronasal olfaction is often overlooked.

Retronasal and orthonasal olfaction are not identical

Retronasal and orthonasal olfaction are different in many ways. Retronasal and
orthonasal olfaction involve distinctive behavior patterns (sniffing vs. chewing, licking, and
swallowing). These behavior patterns, together with the physical characteristics of the olfactory
routes, affect the temperature, concentration, time course, and airflow of an olfactory input,
resulting in qualitative differences in olfactory experiences. The two olfactory routes are both
multisensory but in different ways. Orthonasal olfaction involves somatosensory and trigeminal
activation around the nose, whereas retronasal olfaction also involves oral sensation within the
mouth and often combines with taste. In humans, retronasal olfaction is linked to higher
detection thresholds and increased difficulty in identifying and localizing odorants (Pierce &
Halpern, 1996; Hummel & Livermore, 2002; Hummel et al., 2006). Rozin (1982) proposed the
idea of the duality of olfaction, which described that olfactory experience is qualitatively
different between the two routes, based on the discrepancy he observed between the two
olfactory routes in terms of pleasantness and intensity rating of items such as cheese and fish.
Hannum et al. (2018) show that participants are worse at matching an unfamiliar or a similar

odor reference to test odorants when the reference and test odorants are presented via different



routes, suggesting that the same chemical profile may generate two percepts that are different not

only quantitatively but also qualitatively.

Olfactory Anatomy

The perceptual differences between retro- and orthonasal olfaction inspire inquiries about
peripheral neural responses and functional network engagement between the routes. There have
been a number of comprehensive and well-written reviews that provide in-depth information on
olfactory cell types, circuits, and pathways (Giessel & Datta, 2014; Harberly, 1985; Imamura et
al., 2020; Shepherd, 2004). Here, | summarize the key characteristics of mammalian olfactory
anatomy in the framework of retronasal and orthonasal olfaction comparison.

An odorant activates an ensemble of olfactory sensory neurons (OSN) in the nasal
epithelium, depending on its chemical components. The OSNs expressing the same odor
receptors send their axons through the olfactory nerve and converge onto the same pair of
glomeruli on either side of each olfactory bulb (OB) (Fig. 1.2). In the glomerular layer (GL), the
axons of the OSNs make contact with the dendrites of both glutamatergic mitral and tufted cells
and GABAergic and dopaminergic periglomerular interneurons. The mitral and tufted cells (M/T
cells) are the two main types of projection neurons in OB and are morphologically similar.
Mature M/T cells have a primary (apical) dendrite extending into the GL, synapsing onto one
glomeruli and the small axon cells; their secondary dendrites extend horizontally in the external
plexiform layer (EPL), where M/T cells form dendrodendritic synapses with granule cells, the

GABAergic interneurons. The somata of tufted cells are mostly located in the EPL, whereas the



somata of mitral cells are concentrated in the mitral cell layer (MCL). Granule cells are the small
interneurons in the inner layer of the OB called the granule cell layers (GCL).

The projection neurons, M/T cells, in the main OB project to multiple brain regions,
including the anterior olfactory nucleus (AON), the nucleus of the lateral olfactory tract, the
piriform cortex (PC), the entorhinal cortex (EC), the olfactory tubercle (OT), and the cortical
nucleus of the amygdala (Brunjes et al., 2005; Haberly & Price, 1977; Wesson & Wilson, 2011;
Figure 6.2). The physiological characteristics and innervation patterns are slightly different
between the mitral and tufted cells; tufted cells only innervate the anterior part of the olfactory
system including part of AON and OT. Mitral cells in the main OB have further projections that
innervate the anterior and posterior PC, AON and EC (Igarashi et al., 2012; Imamura et al.,
2020; Nagayama et al., 2010).

In the scope of this dissertation, the electrophysiological study focuses on the three higher
brain regions: PC, OT, and GC, in addition to the OB. Their roles in odor hedonics, olfactory
learning, memory, and multisensory integration make them crucial to retronasal olfaction.

Often referred to as the olfactory cortex, PC receives the majority of input from OB. It
demonstrates odor-evoked activity carrying information about the identity, intensity, and timing
of odorants (Bolding & Franks 2017). It is also connected to the hippocampus (HPC) and has
been shown to participate in olfactory-related tasks such as discrimination, fear conditioning, and
odor object recognition (Shaffer et al., 2018; Wilson & Sullivan, 2011). The pyramidal cells in
PC also project back to granule cells in OB, providing centrifugal feedback to modulate the
neuron excitability in OB. PC is functionally divided into the anterior and posterior PC, with the

posterior PC receiving more associate inputs (Haberly & Price, 1978). It has been proposed that



OT should be called tubular striatum by Daniel Wesson (2020), who has extensively studied OT
and its role in odor hedonics. As the new name proposal suggests, OT is involved in motivation,
reward and addiction (Fitzgerald et al., 2014, Gadziola et al., 2015) not just odor sensing!. GC
neurons are not only taste-responsive and encode taste hedonic information (Katz et al., 2001;
Samuelsen et al., 2012). GC neurons also respond to olfactory stimuli (Maier et al., 2015, Maier,
2017). The densely reciprocal connections between GC and PC may support flavor integration

associated with retronasal odors.

' Research in Dr. Daniel Wesson’s lab are excellent and provided me with great inspiration for
this dissertation. I am using the name Olfactory Tubercle (OT) for this dissertation to be
consistent with documents I generated previously for the dissertation.
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Figure 1.2. The neural circuit in the rat olfactory bulb cell layers (A) and the anatomy of the rat
olfactory system (B). (A) The main olfactory bulb (MOB) located in the anterior end of the brain
consists of multiple cell layers. Olfactory sensory neurons (OSN) send axons through the outer
layer of the olfactory bulb, the olfactory nerve layer (ONL). Their axons form neuropil called
glomeruli with the dendrites of mitral (M) and tufted (T) cells and small neurons surrounding
them in the glomerular layer (GL). The somata of tufted cells are found closer to the pial surface
in the external plexiform layer (EPL), and the somata of mitral cells in the mitral cell layer
(MCL). Granule cell interneurons (GC) extend their axons from the innermost granule cell layer
(GCL) and form dendrodendritic synapses with M/T cells in the EPL. (B) Tufted cells in the
main OB innervate more anterior brain structures including part of the anterior olfactory nucleus
(AON) and the olfactory tubercle, while mitral cells project more extensively through the lateral
olfactory tract (LOT) to OT, the anterior and the posterior piriform cortex (aPC, pPC), the medial
amygdaloid nucleus (MEA), the anterior and posterolateral cortical amygdaloid nucleus (MEA;
PLCo), and lateral entorhinal cortex (LEC). The accessory olfactory bulb projects to the bed
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nucleus of the accessory olfactory tract (BAOT), the striatum (BNST) and the amygdala (MEA,
PMCo). PC reciprocally connects to both OB and GC and projects to the hippocampus (HPC).
(Figure adapted from Imamura et al. 2020)

Implications for retronasal olfaction

The chemical profile of a monomolecular odorant remains the same regardless of the
route and activates a similar set of OSNs and glomeruli (Gautam & Verhagen, 2012; Rebello et
al., 2015). Calcium imaging in rats and mice indicates that retronasal olfaction, when compared
to orthonasal olfaction with the same airflow rate, evokes a weaker response with a longer delay
(Furudono et al., 2013; Gautam & Verhagen, 2012). An EEG study in humans also showed that
context (e.g., whether the odorant is food-related) and familiarity of an odorant interact with the
source of the odorant (orthonasal or retronasal) to affect both perceptual intensity and the odor-
event-related potential (Hummel & Heilmann, 2008). A study by Craft and colleagues (2021)
showed both retronasal and orthonasal olfactory stimuli activate mitral cells, and the average
firing rate peaks in a similar frequency range from SHz to above 20-30Hz. The elevated firing of
mitral cells lasts longer and goes back to baseline level after 2 seconds for retronasal stimuli,
whereas firing rate changes induced by orthonasal stimulation quickly recover in 0.5 seconds.
The decreased intensity and different timing in the periphery may explain the higher threshold
and lower sensitivity for retronasal olfaction.

It is still unclear how the quantitatively different neural responses might translate into
qualitatively different perceptual experiences. The olfactory system has to be able to maintain a
consistent odor percept independent from odor intensity driven by chemical concentration for

tasks like odor localization and flavor acquisition. On the one hand, there are several neural



mechanisms for concentration-invariant neural responses, but the proposed mechanisms are all
within the scope of orthonasal smelling. Imaging studies that include the sensory epithelium
show the variance in input from OSNs is normalized and sequentially gives rise to a more
consistent output amplitude and spatial distribution in the mitral and tufted cells (Storace &
Cohen, 2017). Cortical and higher-order neural responses in mammals and insects, which
arguably represent odor identity, have a more reliable odor-specific firing pattern regardless of
various concentration levels of an odorant (Bolding & Franks 2017; Cleland et al., 2012; Stopfer
et al., 2003; Wilson & Sullivan 2011). This suggests that within a certain range of concentration
fluctuation, the quality of an odorant would not be affected.

The quality of an odorant may change when the concentration changes drastically. Gross-
Isseroff and Lancet (1988) showed in humans that pairs of the same odorants at the identical
concentration are perceived to be similar when presented together; the similarity rating goes
down to less than 10% when one of the odorants is diluted 100-fold relative to the other. In mice
and rats, odorants of biochemical significance, such as pheromone or pheromone-derivative, can
also produce concentration-dependent effects. For example, trimethylthiazoline (TMT), a
molecule found in fox urine and widely used to study fear and anxiety in rodents, is aversive and
may elicit avoidance behavior in high concentrations in a novel open field but not when the
concentration is low (Fendt & Endres, 2008). Banana-like isoamyl acetate is often used as a
neutral odorant for olfactory research and can become aversive once presented in high
concentration in a mice study (Fortes-Marco et al., 2015). Whether retronasal and orthonasal

routes generate, the same quality may depend on differences in the effective concentration of the



same odorant. Is the difference in concentration between the two olfactory routes mitigable, or is
it significant enough to elicit substantially different neural states?

In addition to distinctive peripheral neural activation, retronasal olfaction occurs during
eating or drinking, which recruits other sensory modalities including gustation and
somatosensation. These activated neural systems may add to the synthetic perceptual difference
between ortho- and retronasal perception of the same odor. Small et al. (2005) used fMRI and
demonstrated strong blood-oxygen-level-dependent (BOLD) responses in the amygdala,
hippocampus, and insula when odors were delivered orthonasally. Retronasally delivered odors,
on the other hand, activated the central sulcus, a brain region often associated with orosensory
inputs. Moreover, the gustatory cortex is shown to be necessary for retronasal but not orthonasal

olfaction in rats (Blankenship et al., 2019).

Neural oscillations in olfaction

Neural oscillations in the olfactory system reflect coordination within and between brain
regions associated with olfactory learning (Frederick et al., 2016; Kay et al., 2008) and can
provide a gateway for understanding the neural networks involved in retronasal olfaction.
Several types of oscillations have been characterized in the olfactory bulb local field potential
(LFP), which can be categorized by frequency bands including theta (2-12 Hz), beta (15-30 Hz),
and gamma (40-100 Hz) oscillations. In rats, theta band oscillations overlap with the respiratory
input (2-12 Hz) that activates OSNs in a rthythmic nature. Respiration can be tracked by the OB

LFP theta oscillation during sniffing for odor sampling and breathing at rest (Kay 2005; Rojas-



Libano et al., 2014). OB theta rhythm may also be coupled with hippocampal theta when rats
engage in olfactory-cue-guided navigation tasks (Sheriff et al., 2021).

Gamma oscillations were first described by Adrian (1942) in response to odor
stimulation. Since then, numerous studies have been focusing on the mechanism and the
functional roles of olfactory oscillations. Gamma and beta oscillations in the OBs are generated
from the dendrodendritic microcircuits between the excitatory glutamatergic mitral/tufted cells
and inhibitory GABAergic granule cells (Fourcaud-Trocmé et al., 2014; Lagier et al., 2007;
Osinski et al., 2018; Schoppa, 2006). Both gamma and beta oscillations may be present in odor
processing as different neurocognitive modes arise, with gamma associated with early odor
sampling and beta associated with later sampling or responding (Frederick et al., 2016).

The power of gamma oscillations increases with task demand when rats discriminate
extremely similar odorants and correlates with performance for fine odor discrimination (Beshel
et al., 2007; Frederick et al., 2016). Genetically modified mice with disruption of GABA-A
receptors on OB granule cells show increased gamma oscillatory power in the OB network and
improved fine odor discrimination when compared to the wild-type littermate (Nusser et al.,
2001). The antennal lobe for insects is the brain structure analogous to the vertebrate olfactory
bulb and also displays odor-evoked oscillations (20-30 Hz in insects). Stopfer et al. (1997) show
that silencing the inhibitory network in the honeybee antennal lobe abolishes odor-evoked
oscillations and suppresses the bees’ ability to discriminate similar odorants. Taken together, the
research points to the functional importance of gamma oscillations in fine odor discrimination.

Odor-evoked beta oscillations in the OB and PC can be elicited by repeated presentations

of highly volatile odorants (Lowry & Kay, 2007). Beta power also increases when rats acquire
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operant odor discrimination tasks (Kay & Beshel, 2010; Martin et al., 2004) and transfer learned
rules on a novel odor set (Frederick et al., 2017). GABAergic granule cells receive centrifugal
inputs from the piriform cortex and other parts of the olfactory and limbic systems, and their
excitability gates the power of beta oscillations and mediates the transition to beta or gamma
oscillation in the OBs (Osinski & Kay, 2016; Osinski et al., 2018). Although the functional role
of beta oscillations remains ambiguous because it can occur with or without learning, the
importance of top-down input that modulates granule cell excitability suggests that beta
oscillation involves a more global network.

Cross-frequency coupling plays a significant part in understanding how information is
processed through the coordination of brain structures. Functional connectivity in the brain
identifies structures with correlated activity in the frequency band and phase when an animal or
human is engaged in certain behavioral, perceptual, and cognitive states (Bowyer, 2016; Fries,
2015). Analytical tools used in understanding functional connectivity may include coherence and
phase-amplitude coupling analysis in the frequency or correlation and granger analysis in the
time domain.

Coherence denotes a constant phase relationship between two signals, and the strength of
coherence may suggest coordination within the network. Coherence in the olfactory system has
been extensively studied. The olfactory bulb receives input from OSNs during the inhalation
cycle in a rhythmic manner. OB LFP is highly entrained by respiration-related rhythm and shows
high coherence between OB theta frequency and respiration across different behavioral states
(Jessberger et al., 2016; Kay & Laurent, 1999; Rojas-Libano et al., 2014). The OB signal is also

coherent with LFP recorded in the cortical areas, including anterior and posterior PC, entorhinal
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cortex, and hippocampus (Chabaud et al., 1999; Kay & Freeman, 1998; Martin et al., 2007).
Strong OB-PC coherence in the beta band can be observed with repeated odor exposure (Osinski
et al., 2018). Beta coherence relies on the top-down inputs to OB (Martin et al., 2004) and has
been hypothesized to play a functional role in rule transfer olfactory learning (Frederick et al.,
2016). The characteristic of OB beta coherence with multiple brain structures and required
centrifugal input to sustain the oscillation again reinforces the argument that beta oscillation is a

global event in olfactory processing whereas gamma is more restricted locally in the OB.

Context and learning effects on olfactory electrophysiology

Environmental context, past experience, and learning can affect how an odor stimulus is
processed in the olfactory system including OB (Cleland et al., 2002, 2012; Freeman &
Schneider, 1982; Kay & Laurent, 1999; Mandairon et al., 2006), and PC (Mouly et al., 2001;
Pashkovski et al., 2020; Wilson & Sullivan, 2011). Even at the very first stage of neural
processing, Kay and Laurent (1999) showed that OB mitral cells change firing patterns to the
same odorant once the context associated with the odorant changes. It is possible that the
olfactory route contains or serves as contextual information for olfactory processing.

Due to the high experience- and context-dependent nature of olfaction, the study of
olfactory routes needs to address the roles that the different routes play in the learning process,
where the information gained from one route should be effectively shared with the other in flavor
acquisition. Chapuis et al. (2007) showed that although odor presented near water alone (i.e.,
orthonasally) was sufficient to induce conditioned food aversion with LiCl injection in rats,

adding the odorant into the water (both retronasally and orthonasally) elicited a stronger aversive
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response that was also more resistant to extinction. This additive effect was consistent with a
technique used to accelerate odor-taste association acquisition (Darling & Slotnick, 1994; Kay &
Laurent, 1999). Blankenship et al. (2019) showed that rats learn faster and in fewer days to
preferentially respond to positively reinforced retronasal odorants compared with orthonasal
odorants. With their learning paradigm, the animals showed no transfer of preference between
orally infused odorants to airborne odorants. Together, these results suggest that although
olfactory learning may arise from both routes, learning strength, efficiency, and perceptual

quality may differ significantly across olfactory routes.

Olfactory memory consolidation and sleep

Olfactory memory shows some differences relative to memories in other sensory
modalities like vision and hearing. Odor-cued memory is more emotionally involved (Herz &
Cupchik, 1995; Herz et al., 2004) and evokes autobiographical memory in human studies (Chu &
Downes, 2000, 2002; Hacklander et al., 2019) known as the “Proust Effect™?. Olfactory memory
is hard to extinguish after being acquired in both humans and rodents (Bodyak & Slotnick, 1999;
Stevenson et al., 2000), and exposure to certain odorants during critical periods can have long-
lasting effects on one’s adult life (Moriceau & Sullivan, 2004; Wilson & Sullivan, 2011). Unlike
the input from visual, auditory, and somatosensory stimuli first relayed through the thalamus, the

OB directly projects to the amygdala and entorhinal cortex, one synapse away from the

2 In the novel “In search of lost time, Vol 1. Swann’s way” by French novelist Marcel Proust,
when the protagonist eats a Madeleine and drinks floral tea, the scents of the pastry and tea
immediately bring back the old childhood memory. I also want to mention this book because the
Kay Lab read it together during the COVID-19 pandemic period, and that is a good memory
inspired by the study of olfaction.
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hippocampus. The amygdala is essential for fear and emotion (See review: Ledoux 2007). The
activation of NMDA receptors in the basolateral amygdala can protect newly formed associative
learning from extinction (Portero-Tresserra et al., 2013). The importance of the hippocampus in
declarative memory and spatial learning cannot be emphasized enough (See review: Bird &
Burgess, 2008; Voss et al., 2017). These unique configurations may be fundamental for the
emotional and memorable characteristics of olfactory memory. This dissertation project includes
an olfactory learning experiment over days using rats with electrodes implanted in the olfactory
system. Therefore, I want to take the opportunity to explore how olfactory memory is
consolidated in sleep after training.

Memory in the brain is hypothesized to be in the form of distributed ensembles of
neurons that are concurrently or sequentially activated in a Hebbian fashion (Buzséki, 2005;
Hebb, 1949). The role of sleeping learning and memory consolidation has gained increasing
attention in the past couple of decades. The study of sleep patterns and neural reactivation of
memory during sleep focuses heavily on the hippocampus (Buzsaki, 2015; Ramadan et al., 2009;
Siapas & Wilson, 1998) and some regions of the neocortex such as the prefrontal cortex (Liu et
al., 2016; Muzur et al., 2002; Sirota et al., 2003).

Sleep in mammals is broadly divided into two stages, Rapid Eye Movement (REM) and
non-REM (NREM), characterized by stereotypical neural activity patterns. REM sleep in rats
and mice is associated with high theta (4-12Hz) power in the hippocampal LFP, high-frequency
low-amplitude neocortical LFP, and absence of neck muscle movement except for intermittent
muscle twitches (John et al., 2017; Manabe et al., 2011; Tsuno et al., 2008). Disruption of REM

sleep is associated with learning impairment, fear conditioning interruption, and prevention of
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the formation of some spatial and emotional memory (Abel et al., 2013; Boyce et al., 2017;
Walker & Stickgold, 2006). However, sleep interruption can be inherently stressful and may
have downstream effects on memory formation, (just imagine you are awakened by another
species 10-times larger than you in the middle of the night). The causal relationship between
REM sleep and memory consolidation was not established until Boyce et al. (2016) abolished
hippocampal theta by optically inhibiting GABA neurons in the medial septum, which projects to
the hippocampus and drives theta rhythm. Silencing the medial septum GABAergic neurons
disrupted theta activity, erased novel object place recognition, and impaired fear-conditioned
memory, and the impairment effect is exclusive to REM sleep but no other sleep stages.
Non-REM (NREM) sleep refers to all the other sleep stages besides REM. NREM is
typically characterized by slow waves and ripples (see review: Carskadon & Dement, 2005) and
therefore is often referred to as slow-wave sleep (SWS). During slow-wave sleep after training,
sharp-wave ripple (SPW-R) events (150-250Hz) increase in the hippocampus (Buzsaki, 1989;
Eschenko et al., 2008; Fernandez-Ruiz et al., 2019), and disruption of SPW-R can disrupt
memory consolidation (Girardeau et al., 2009). SPW-R can happen during sleep or in an awake
state and are important for synaptic plasticity and memory (Buzséki, 1989, 2015; Colgin, 2016).
In the hippocampus, bursts of place cell activity lasting 100-200 ms co-occur with SPW-R, and
the firing of the place cell ensembles follow the same sequential order activated during waking
but in a time-compressed cascade during SPW-R (Buzsaki, 1986; Carr et al., 2011, 2012).
Replay activity is argued to consolidate a memory event into the broader network of existing
memory during sleep and serves to mediate memory retrieval when awake (Roumis & Frank,

2015).

15



The topic of sleep has become increasingly intriguing as more research has emerged on
olfactory network characteristics and memory reactivation during sleep or sleep-like stages such
as under urethane anesthesia (Barnes et al., 2014; Bagur et al., 2018; Manabe et al., 2011;
Narikiyo et al., 2014; Wilson & Yan, 2010). The piriform cortex is structurally similar to the
hippocampal archicortex with a three-layer structure and both structures receive associative
inputs. CA3 pyramidal cells in the hippocampus are characterized by abundant recurrent fibers,
similar to the anatomy of the pyramidal cells in the PC, which also emit recurrent collaterals.
Similar models using cholinergic modulation of the pyramidal cells can effectively encapsulate
gamma and theta oscillations in the piriform cortex and hippocampus CA3 (Liljenstrom &
Hasselmo, 1995). SPW-Rs are found in the olfactory system including anterior PC (Mori et al.,
2011) and OT (Narikiyo et al., 2014). This similarity between CA3 in the hippocampus and the
piriform cortex raises the question of whether the piriform cortex is engaged in sleep and
memory consolidation in a similar way as the hippocampus, especially for cognitive tasks
involving olfaction and gustation. Furthermore, flavor formation or odor-taste associations
require crosstalk between the piriform cortex and the gustatory cortex (Maier et al., 2012).

Olfactory oscillations are modulated by sleep/wake states including changes in
respiration, coordination between brain regions and fast frequency power (Eeckman & Freeman,
1991; Jessberger et al., 2016). Bagur et al. (2018) were able to exploit the LFP characteristics
associated with sleep, such as weaker gamma frequency power in the OB and a high ratio
between theta (6-9Hz) and delta (1.5-4Hz) power, to discriminate sleep states
(Waking/REM/NREM). They also observe a reduction of beta oscillations in the OB during

REM, suggesting that the olfactory networks may act differently in REM and NREM.
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Summary

It is an intriguing question in neuroscience and psychology how the same sensory input
involves the receiver’s physical agency (nose vs. mouth) as a modulator to generate distinctive
perceptual experiences and engage the olfactory network differently. While orthonasal olfaction
is well-studied in previous research, more research is needed to characterize the neural responses
evoked by retronasal olfaction and to identify the overlap and divergence in the olfactory system
by the same odorant via different routes.

This dissertation project is driven by the ultimate question of whether an odor is
perceived the same or differently retronasally vs. orthonasally. I set out to further understand the
behaviors, learning processes, and neural mechanisms related to retronasal olfaction. The neural
circuits in the olfactory system and its electrophysiological characteristics in combination with
the high-context-dependent nature of olfaction allow me to build hypotheses around retronasal
olfaction. Chapter 2 outlines the behavioral paradigms for retronasal and orthonasal odor
experiences, the electrophysiological study focusing on the olfactory oscillations in LFP, and the
statistical analytical tools used in the project. Chapter 3 is adapted from my publication in
Chemical Senses (2021), where I examined whether two routes share common olfactory percepts
using a learning transfer behavioral paradigm. The behaviors rats engage in when discriminating
two retronasal odorants and how the sensorimotor inputs from licking and breathing contribute to
the LFPs in the olfactory system are summarized in Chapter 4. The related olfactory gamma and
beta oscillations are characterized in Chapter 5, allowing us to draw a comparison between the

neural states for retro- and orthonasal olfaction. Chapter 6 is an exploration of the olfactory
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system in a putative memory consolidation process after retronasal discrimination training,

probing learning effects on the neural networks.
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CHAPTER 2: Methods

To understand retronasal olfaction, I used both behavioral and electrophysiological
analyses. Behavioral studies allowed me to interrogate perceptual similarities and differences
across the two routes and examine the validity of the dual-olfaction theory (Rozin, 1982).
Electrophysiological studies provide a description of the electrophysiological pattern
representing the retronasal route. They answer the questions of how retronasal olfaction engages
the central olfactory system and whether the features extensively studied in orthonasal olfaction
are universal to olfaction or specific to the orthonasal route. The sleep studies allow me to go a
step further to address the consolidation processes that may be involved in olfactory learning.

For the behavioral analyses, three types of instrumental training were used, as shown in
Figure 2.1: (A) retronasal conditioning trials where rats passively receive odor exposure, (B)
orthonasal discrimination trials where rats learn to discriminate two air-borne odorants, and (C )

retronasal discrimination trials where rats learn to discriminate two odorized solutions.

Behavioral study overview

Chapter 3 contains two behavioral experiments; Experiment 1 (n=16) examines whether
the retronasal exposure in Figure 2.1A affects subsequent orthonasal learning Figure 2.1B.
Experiment 2 (n=4) is a proof-of-concept study aiming to show that the results from Experiment
1 are based on rats’ capability to detect and discriminate odorants when presented retronasally
using retronasal discrimination trials (Figure 2.1C). Chapters 4 and 5 are based on the behavioral
and electrophysiological results collected in Experiment 3 done in naive rats (n=8) with electrode
implants. The same type of training as Experiment 2 was used for Experiment 3 but on three

different odor sets, and sleep was monitored before and after training. Passive odor presentation
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using a saturated cotton swab presented to the rat was done to validate the quality of the

electrophysiological recording.

Retro-
Conditioning
Trial

Ortho-
Discrimination
Trial

Retro-
Discrimination
Trial

Nose poke
Trial Start —
Light On Clean Air 40 L Sucrose/Quinine-HCI
A odorized solution
Response latency 4 sec
Nose poke
Trial Start
Light On Air diluted Odor 40 pL Sucrose/Quinine-HCI
a (CS+ or CS-) solution
Response latency 4 sec
Lick
Trial Start
Light On Odorized Solution 40 plL Sucrose/Quinine-HCI
X (CS+ or CS-) solution
Lick counts 4 sec

Figure 2.1. Schematics of experiment procedures. (A) During a retronasal conditioning trial, a rat
receives clean air during a nose poke in the odor port and licks the spout twice to receive an
odor+taste solution. Orthonasal odorants are removed via a concentric vacuum. (B) A rat is
tested on the orthonasal discrimination task where odorized air is delivered, and the rat chooses
to either lick or not lick for the reinforcer solution associated with the odorant. (C) To test rats’
discrimination ability for retronasal odorants, dispensing of the odorized solution is initiated by
one lick, and if the rat continues licking (more than 2 licks), the sweet or bitter reinforcer is
delivered (Figure adapted from He et al., 2021).
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Animal Care and Water Deprivation

All rats used in the projects were gradually water-restricted over 5 days until a 23-h water
deprivation was reached before the instrumental training. During training, they were provided
with ad libitum water for one hour at the same time every day. All procedures were performed
under veterinary supervision and approved by the University of Chicago Institutional Animal
Care and Use Committee in accordance with the Association for Assessment and Accreditation
of Laboratory Animal Care.

The instrumental training sessions were conducted in an operant conditioning modular
test chamber (ENV-008, Med Associates, Georgia, VT) and programmed with Med-PC-IV
software. An odor port equipped with an infrared beam sensor records the start time and duration
of each entry. A house light located at the back of the box was illuminated at the beginning of
each trial to signify the opening of the door, which is adapted from a CD ROM drive and
programmed by an Arduino driver and grants access to the odor port. A lick spout with a
concentric vacuum was located inside the odor port and connected to a vacuum line adjacent to
the liquid dispenser. The vacuum was turned on during the retronasal conditioning phase to
remove orthonasal odorants, rendering the experience purely retronasal (Rebello et al., 2015).
Solenoid isolation valves with separate tubing mounted on a wall outside the operant chamber
dispense ~40 pL of liquid each time they are activated in a trial. Licking is measured by an
infrared photobeam located in front of the lick spout or by extraction from the PC LFP (Chapter
4). The odor (i.e., retronasal) and taste solutions are delivered through separate odor delivery

tubing and separate internal tubing in the lick spout to avoid cross-contamination. Odorants in
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the orthonasal condition were diluted to approximately 15% of saturated vapor with air and

delivered using our standard protocol (Kay & Beshel, 2010; Frederick et al., 2011).

Experiment 1

Training Schedule: Water-restricted rats were conditioned to an odorized sweet solution and an
odorized bitter solution in the retronasal phase and tested on the orthonasal odor discrimination
tasks to discriminate either the pre-exposed odor pair or a novel odor pair matched for volatility
(Figure 2.1A). Rats learned the instrumental orthonasal discrimination task with some degree of
variability across subjects, and there was further variability in learning the first transfer of the
instrumental task from the training odor set to a second odor set (Frederick et al., 2017). Thus, to
remove the confound of the instrumental learning from the evaluation of perceptual transfer from
retronasal to orthonasal tasks, all rats were pretrained to 2 orthonasal training odor sets that were
different from the odorants used in the testing conditions (Table 1) and learned to perform them
to at least 80% correct. Once rats learned the orthonasal odor discrimination task, they were then

moved to the first round of 2-day retronasal conditioning.
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a)

Orthonasal Orthonasal 5 S » » Association
Odorant —— s, Odorant N = of Tastant?
- ~

Retronasal Odorant + Tastant

b) Orthonasal
ining >80‘/. COndlioMng Testing

) High RPE: MV & HEX
f""l‘:;': :;."; High VP: MV & Hex High Novel: Octane & PP

Low VP: MB & M\ } Low RPE: MB & AA
. Low Novel: Citr & Hep

Figure 2.2. Training Schedule for Experiment 1. (A) the study aims at looking at whether rats
can recall having experienced the association between pure retronasal odorant and tastant when
exposed to the odorant orthonasally. (B) Experiment 1 includes 3 phases: Orthonasal
pretraining,retronasal conditioning, and orthonasal testing phase.

23



Table 1. Odor Sets in Experiment 1

Odor Set A B
Odor CAS #  Theoretical Odor CAS# | Theoretical
Vapor Vapor
Pressure Pressure
(kPa, 25C) (kPa, 25C)
Pre- 1,8-Cineole = 470-82- 0.220 Limonene 138-86-3 0.206
training 6
Pre- Anisole 100-66- 0.566 Ethyl 2- 7452-79- 1.048
training 3 methylbutyrate 1

High 2-Hexanone 591-78- 1.778 Methyl 624-24-8 1.47
Volatility 6 valerate

RPE

High Octane 111-65- 1.874 Propyl 106-36-5 1.902
Volatility 9 Proprionate

Novel

Low Methyl 93-58-3 0.051 Amyl Acetate = 628-63-7 0.524
Volatility Benzoate

RPE

Low Citronellal = 106-63- 0.033 3-Heptanol ~ 589-82-2 0.043
Volatility 0

Novel

Six odor sets were used in Experiment 1. Odorants are matched by vapor pressure and are
counterbalanced when assigned to CS+ or CS- during the experiments. Values retrieved from
http://pubchem.ncbi.nlm.nih.gov/ or manufacturer websites.

Go/No-Go Orthonasal discrimination

Rats were trained to discriminate a pair of odorants delivered orthonasally (Figure 2.1A): the

CS+ odorant in an airstream predicted delivery of a sweet sucrose solution upon continued

licking, and the CS- odorant predicted a bitter-tasting quinine-hydrochloride solution with

continued licking. A light at the back of the operant box was illuminated to signify the start of a

trial, and the door to the odor port at the front of the box opened after 1 s. An entry attempt to the

odor port activated odorized air delivery, and the odor stayed on until the rat retracted from the
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port. After the onset of odor delivery, the rat can wait for a trial to end in 5 s or reach forward to
lick the spout twice to initiate delivery of 40 uL. 0.005M quinine-HCI solution or 40 pL 0.1 M
sucrose solution depending on the orthonasal odorant. The light is extinguished 2 s after the
reinforcement occurs, and the odor port door closes slowly to allow the animal to withdraw from
the port to await the next trial. If no nose poke in the odor port is detected, the door closes 10 s
after opening. The lick spout is rinsed by a stream of water, followed by a vacuum epoch to
remove any liquid residue between trials. Each session consists of 75 CS+ and 75 CS- trials

randomly interleaved.

Retronasal Conditioning and Orthonasal testing

Retronasal exposure trials (Figure 2.1B) have a similar structure to trials in the orthonasal
discrimination task, but clean air is delivered upon nose poke entry to the odor port. One of the 2
odorized aqueous reinforcers, 0.1 M sucrose mixed with a 0.01% v/v CS+ odorant or 0.005 M
quinine-HCI mixed with 0.01% CS- odorant, is presented with 50% probability once the rat licks
twice on the lick spout after the door opened. Odorant volatilized in the air is removed
continuously by a concentric vacuum to avoid orthonasal detection (Rebello et al., 2015). All rats
are given the opportunity to perform up to 150 trials once per day for two days. In the
experiment,all were conditioned for more than 100 trials per session. After retronasal
conditioning, they are tested in the orthonasal paradigm for 2 days. Half of the rats are tested in
the orthonasal condition on the RPE odorants, which have been presented in the previous
retronasal conditioning session, and the other half are tested on a novel odor set (control)

matched for volatility to the odors used in the retronasal conditioning. Following orthonasal
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testing, retronasal conditioning on the same RPE odors is repeated for one day, and then the rats
are tested on the other orthonasal condition (novel or RPE). The whole process is repeated for
odor sets of different vapor pressures. The testing conditions are within subjects. The testing

order and contingency are counterbalanced across subjects.

Go-/No Go Retronasal odor discrimination session

In the retronasal odor discrimination task (Figure 2.1C), rats perform a nose poke in the
port and lick the spout twice to receive an odorized solution (CS+ or CS-). Any residual odor
solution is sucked away by vacuum 3 seconds after delivery, and rats can respond by either
continuing licking or withdrawing from the port. A correct response was to keep licking the
spout for sucrose in response to CS+ or to withdraw from the port in response to CS- to avoid the
bitter taste. The lick spout is then automatically rinsed, and the water is removed with the
vacuum between trials.

In Experiment 2, each session consists of 100 trials that rats can attempt. A trial
automatically concludes if rats do not initiate licking 10 seconds after the door opens.
Experiment 3 implements an adjustment of Experiment 2 for the number of trials in each session
and how a trial is initiated. A trial no longer automatically ends 10 s after its onset. A lick is
required to initiate a trial, and rats are given 6 s to sample an odorized reinforcer and another 6 s
to decide either to keep licking or to withdraw from the odor port and then the trial is concluded.
With the change, a rat is required to be actively engaging in the tasks until the program finishes a
session with100 trials or after 1.5hr of training. Data collected when rats are not motivated in the

session (attempted <70%) can be excluded from the analysis.
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Experiment 2: Go/No-Go Retronasal Odor Discrimination Validation

Experiment 2 is a proof-of-concept study aiming to show that the results from
Experiment 1 are based on rats’ capability to detect and discriminate odorants when presented
retronasally (i.e., the RPE odorants in Table 1). In these retronasal odor discrimination tasks, rats
perform a nose poke in the port and lick the spout twice to receive an odorized solution (CS+ or
CS-). Any residual odor solution is sucked away by vacuum 3 seconds after delivery, and rats
can respond by either continuing licking or withdrawing from the port. A correct response is to
keep licking the spout for sucrose in response to CS+ or to withhold licking and withdraw from
the port in response to CS-. The lick spout is automatically rinsed, and the water is removed with
the vacuum between trials. The order of test odor sets was counterbalanced for the 4 rats used in

Experiment 2.

Experiment 3: Go/No-Go Retronasal Odor Discrimination and Rule Transfer

Experiment 3 is an elaboration of Experiment 2 and is performed with the same operant
conditioning box and setup as Experiment 2. The only change implemented is an adjustment for
the number of trials in each session, how a trial is initiated and the number of odor sets used. A
trial no longer automatically ends 10 s after its onset. A lick is required to initiate a trial, and rats
are given 6 s to sample an odorized reinforcer and another 6 s to decide either to keep licking or
to withdraw from the odor port, and then the trial is concluded. With the change, a rat is required
to be actively engaging in the task until the program finishes a session with100 trials. Data

collected when rats are not motivated in the session can be excluded from the analysis.
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Experiment 3 has a total of 4 phases (Schematic in Figure 2.3). In the lick training phase,
rats receive ~40 puL odorized solution (CS+) followed by 0.1M sucrose solution for 3 days to
habituate to the experimental setting. In the second phase, Training (T), a second odorized
solution (CS-) is added and predicts the delivery of a 0.05M quinine-HCI solution. Rats learn to
discriminate CS+ from CS- and respond accordingly. After reaching 80% correct for the
retronasal GNG session for 2 days, rats are then transferred to a novel odor pair for 4 days (R1)
and the second novel odor pair for 4 days (R2). A total of three odor pairs (Table 2) are used, and

the presentation order is counterbalanced for the 8 rats.

Lick training Training Odor Set Transfer Odor set 1 Transfer Odor set 2
CS+: Odor A & sucrose C5+: Odor A CS+: Odor C CS+: Odor E
3 days CS-: Odor B CS-: Odor D CS-: Odor F

Reach 80% for 2 days 4 days 4 days

Figure 2.3. Schematic diagram for Experiment 3 on retronasal discrimination training and rule

transfer.
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Table 2. Odor sets used in Experiment 3

Odor Set CS+ CS-
Odor CAS #  Theoretical Odor CAS#  Theoretical
Vapor Vapor
Pressure Pressure
(kPa, 25C) (kPa, 25C)
1 1,8-Cineole = 470-82- 0.220 Limonene 138-86-3 0.206
6
2 Anisole 100-66- 0.566 Ethyl 2- 7452-79- 1.048
3 methylbutyrate 1
3 2-Hexanone = 591-78- 1.778 Methyl 624-24-8 1.47
6 valerate

Three odor sets were used in Experiment 3. Odorants are matched by vapor pressure and are
counterbalanced when assigned to CS+ or CS- during the experiments. Values retrieved from
http://pubchem.ncbi.nlm.nih.gov/ or manufacturer websites.

Electrophysiological Methods
Electrode Implant

Rats were implanted with electrodes for electrophysiological recording in Experiment 3
to understand the neural network engaged in retronasal odor discrimination. Before each surgery,
rats are given a subcutaneous injection of a ketamine cocktail (50 mg/kg ketamine, 0.75 mg/kg
acepromazine, 5 mg/kg xylazine) for anesthesia and 0.1 ml buprenorphine for analgesia. Pedal
reflex and respiratory frequency are monitored to maintain anesthesia, and an additional dose of
ketamine is administered if rats are responsive during the surgery. Bipolar electrodes (100 pm
diameter wire; ~1 mm vertical tip separation) are implanted in the left olfactory bulb (OB; +8.3
mm AP, 1.5 mm ML, ~4 mm DV), anterior piriform cortex (aPC, +0.5 mm AP, 3 mm ML, 7.5
mm DV, 15 degree from vertical), olfactory tubercle (OT, +1.6 mm AP, 2 mm ML, 8.5 mm
DV), gustatory cortex(GC, +1.4 mm AP, 5 mm ML, 4 mm DV) and hippocampus (HPC, -4 mm

AP, 3 mm ML,2 mm DV). Signals from electrodes are monitored during implants until the LFPs
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are reversed across the two leads of the bipolar electrodes, indicating the two electrodes are
positioned across the cell layer. A thermocouple electrode is implanted ~6mm anterior to the
nasal suture. Reference and ground wires are attached to screws secured to the skull over the left
and right cerebellum. Connector pins for electrodes and reference and ground wires are inserted
into a round threaded headstage (Ginder Scientific) and cemented with dental acrylic. The

experimental protocol starts two weeks after surgery for the rats’ recovery.

LFP recording
All LFP data are sampled at 2 kHz with a Multichannel System 32-channel basic wireless

recording in MCRack software (http://www.multichannelsystems.com/downloads/software).

Passive Odor Presentation

After the two-week recovery period from surgery to implant electrodes (see below), rats
are plugged into a Multichannel System wireless transmitter head stage and placed in a
transparent polycarbonate housing cage with clean cage bedding. Before the first presentation of
the odorant, rats are allowed to move freely for 5 min for a baseline recording. The standard
deviation of a 50s clean LFP signal without movement artifact during the baseline recording is
used to normalize the odor-evoked oscillations for that session. Afterward, a selection of
odorants across a range of volatilities is used because beta oscillation power changes as a
function of chemical volatility (theoretical vapor pressure), which can also be a proxy for odor
intensity (Lowry & Kay 2007). An experimenter places a cotton swab saturated with pure

odorant and presses a button to track odor exposure for about 5 s. Each odorant is freshly
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prepared before the experiment and presented in a block of 12 trials with >5 s between trials and
180 s between blocks. In orthonasal passive presentation trials, approximate odor onset times are
recorded with a 5-volt TTL pulse triggered by the experimenter pressing a button when they

place the cotton swab in front of the rat's nose.

Retronasal Odor Discrimination session: Rats are left in the operant behavior chamber
before the start of a training session for 300 seconds. A 50-second recording within 300 seconds
(manually scanned without artifacts) establishes the baseline power and coherence for the
session. During a retronasal olfactory licking trial, an infrared beam sensor is activated at the
time when rats start licking at the lick spout, and an output card connected to the Med-PC system
sends 5-volt TTL pulses that signal the start of a trial.

Sleep: Rats (n=5) are placed in their home cage for 90 minutes before and after training
and LFPs are recorded from OB, OT, PC, GC, and HPC. The HPC clectrode was used to monitor
sleep stages. Video recordings are implemented for motion tracking, and the recording and
videos are synchronized by a TTL sent to activate a light captured in the video and MCRack

simultaneously.

Spectral Analysis

Data recorded with the MCRack system are loaded into MATLAB into a .mat data file
with raw LFP signals and TTL data that marks experimental time points. All analysis was
performed in MATLAB (R2018, R2021). All trials are aligned to the onset of a button press for
passive orthonasal trials or the onset of the first lick for retronasal trials, and all trials are

manually scanned for movement artifacts and are removed from data analysis if contaminated by
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significant movement artifacts. Power spectral density, power spectrograms, and coherence are
processed with the multi-taper method using the Chronux toolbox (Bokil et al., 2010). The
procedure takes the convolution of fast Fourier transform of the time series and selected taper
and then averages over the tapers. The multi-taper method can reduce noise and can be used to
process short time periods (Thompson, 1982; Bokil et al., 2010). Power spectral density
describes the distribution of power of the time series in the frequency domain. Coherence
describes the correlation of the phase relationship between time series, with 0 denoting
completely unrelated phase relationship and 1 denoting identical phase relationship. Coherence
and the coherence spectrogram are calculated between all possible combinations of pairs of
electrodes in OB, PC, GC. and OT. The value of calculated coherence is then arctanh
transformed from the range of 0 to 1 to a normal distribution of 0 to infinity, referred to as z-
coherence (Kay & Freeman, 1998). The parameters used in the multitaper analysis include time-
bandwidth product, number of tapers, and size of moving window are adjusted based on the
length of time series and type of analysis. Parameters are selected to optimize the peaks in
coherence and power spectrum without over-smoothing on the frequency domain and the exact
parameters used for each data set are articulated in the specific method section within each

chapter.
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CHAPTER 3: Transfer of retronasal olfaction exposure to orthonasal learning

To investigate whether retronasal and orthonasal routes generate qualitatively similar
percepts®, we pre-exposed rats to both appetitive and aversive odor—taste associations in a pure
retronasal experience (Experiment 1, see Method Figure 2.2). We hypothesized that if the two
olfactory routes generate similar percepts, retronasal learning should transfer to orthonasal
Perdiscriminate retronasally pre-exposed (RPE) odor sets compared with novel odor sets.
Because olfactory learning can be affected by the strength of the stimulus, we use both high- and
low-volatility odorants. We show that learning transfer from pure retronasal experience to
orthonasal odor discrimination is possible for the high-volatility odorants, suggesting that the

two olfactory routes can share similar percepts if the odors are strong enough.

Methods

Statistical analysis for Experiment 1 looked at the learning rate and performance for the
post-exposure orthonasal learning tasks. Latency to initiate licking after entry to the odor port
and licks made in a trial are extracted from all trials for analysis. The average latency of CS+ and
CS- trials for each session for all rats is calculated and paired-sample t-test were used to compare
the mean latency of CS+ and CS- to examine whether rats are capable of discriminating 2
odorants. Performance is measured by the reward CS+ trials and unreinforced CS- trials divided
by the total attempted trials normalized by the number of each trial type [P = Pcs+

correct/(2*Pcs+ attempt) + Pcs- correct/(2*Pcs- attempt)]. Within a moving block of 5 trials with

3 This chapter is mainly adapted from my publication on Chemical Senses. Reference: He, R.,
Dukes, T. C., & Kay, L. M. (2021). Transfer of odor perception from the retronasal to the
orthonasal pathway. Chemical Senses, 46.
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one trial step increments, a t-test was used to compare the latency for CS+ and CS- trials until a
significant difference between CS+ latency and CS- latency (o < 0.05) was reached for each
session. Three-way repeated-measures ANOVAs are used to analyze the effects of retronasal
pre-exposure, odor volatility, and test day on session performance and learning rate. Statistical
analyses are performed in MATLAB, using functions anovan and multicomp for post hoc

multiple comparisons.

Results
Response latency and licking behaviors

Rats show different response latencies and licking behaviors to CS+ and CS- in the
orthonasal discrimination, which the rats learned (i.e., reached at least 80% correct) before
starting the main experiment. They discriminate between CS+ and CS- odorants and prefer the
sucrose solution over the quinine solution. Figure 3.1 demonstrates typical behavior during
retronasal conditioning and orthonasal discrimination. Latency to lick the spout diverged as a rat
learned to discriminate odorants in the orthonasal task (Figure 3.1A, average latency to lick was
CS+:0.62 £0.33s; CS-: 4.2 £ 1.6 s). A 5-s latency means that the rat refrained from licking the
spout when the CS- was presented and waited until the end of the trial. To confirm that rats
prefer sucrose to quinine solution, the average number of licks for sucrose is significantly higher
compared with that for quinine once the reinforcer is delivered (Figure 3.1B, sucrose: 21.1+4.3
lick; quinine: 6.5 & 4.5 lick). Corresponding to trials with the 5 s latency, the lick count was zero

in Figure 3b when a rat did not respond to the CS-.
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The latency to lick in the retronasal conditioning session was not significantly different
between CS+ and CS- trials (Figure 3.1C, average latency to lick was CS+: 0.61 = 0.58s; CS-:
0.59 + 0.35 s), which is consistent with an absence of external cues by which the rats could
predict the reinforcer. The lack of differential response for CS+ and CS- at odor sampling was
observed for each retronasal session individually when comparing the mean latency to lick for
CS+ and CS- in each session (unpaired t-tests, all P >0.05). In the retronasal task, once the rats
started licking the odor-taste solution, they did show a preference for the CS+ odorized sucrose
solution compared with the CS- odorized quinine (Figure 3.1D: sucrose: 20.9 + 5.4 lick;
quinine: 5.9 + 2.1 lick). Rats prefer sucrose to quinine solution regardless of the presence of

odorants.
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Figure 3.1. Latency and lick count of retronasal and orthonasal sample sessions. For an
orthonasal session, the rat detected the airborne odorant with (a) different response latencies for
CS+ (blue) and CS— (red), (b) licked for the reinforcer sucrose with CS+ or withheld from
licking for CS—. Once he received the solution, the number of licks was higher for CS+. For a
retronasal pre-exposure session, the rat showed (c) no response difference in approaching the lick
spout for CS+ versus CS—, but (d) the number of licks was higher for sucrose once he received

the odor—taste solution.
Volatility-dependent transfer from retronasal experience to orthonasal discrimination

For overall performance, the second-day performance was significantly better than the
first day performance as rats progressed in the learning process (Day 1 performance: 85.6 £
1.4%; Day 2 performance: 92.0 + 1.1%; F(1,123) = 18.9, P <0.001, n* = 0.16). A main effect of
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the odor volatility on performance (high-volatility performance: 91.2 £+ 1.0%; low-volatility
performance: 85.6 + 1.4%; F(1,123) =6.31, P =0.013, n?> = 0.05), confirming that stronger
odorants are easier to discriminate. We did not observe a significant main effect of the pre-
exposure odorants or interaction between the independent variables in performance attained
(Figure 3.2A).

When examining the learning rate (Figure 3.2B), we estimated the number of trials
needed to reach significant response latency differences between odorants in the orthonasal
session and found significant main effects of volatility (F(1,123) = 6.68, p=10.011, n*=0.06) and
testing day (F(1,123) =11.95, p <0.001, n?>=0.10), indicating that more volatile odorants are
learned faster and significant discrimination occurs earlier on day 2. Retronasal pre-exposure
was not significant as a main effect when comparing the learning rate between the RPE odorants
and novel odorants, but we observed a significant interaction between RPE and vapor pressure
(F(1,123) =4.21, P=0.043, n*=0.036). We deconstructed the interaction with a post hoc multiple
pairwise comparison test with Bonferroni correction of the significance level. The results showed
that the animals, on average, learned to discriminate the high volatility RPE CS+ and CS-
odorants faster than the low volatility RPE odorants (high volatility discrimination learned in
7.8+ 3.8 trials; low volatility 15.4+ 12.1 trials, p=0.008). The other pairwise comparisons showed
no significant differences; the learning rate for the novel high-volatility odorants and low-

volatility odorants was 11.7 + 10.6 trials and 12.6 + 9.9 trials (P = 1 with Bonferroni correction).
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Figure 3.2. Overall performance (a) and learning rate (b) across conditions for Experiment 1. (a)
There was a main effect on the odorant volatility (high orange, low blue; P = 0.01), but not on
the retronasal pre-exposure on the overall performance (P = 0.9). (b) The trials needed to learn
the odorants in the orthonasal task are significantly fewer for retronasal pre-exposed high-
volatility odorants. Asterisk indicates significant learning rate differences between the retro-low
and retro-high odorants.
Rats can detect and discriminate retronasal odors

The design of E1 was based on 2 assumptions that the odorants were detectable in the
solutions and that rats retained the memory of the RPE odor for 2 days while we tested them on
the orthonasal task. We performed a follow-up experiment E2 with four animals to test these
assumptions. Rats first sampled an odorized solution in plain water and could continue licking
for the following associated taste reinforcer. For the first set of odorants, the rats took an average
of 5.25 £ 1.89 days to perform the task over 75% (Figure 6a). Once they mastered the first task
(correct >85%), they were transferred to the second retronasal odor set. The rats were able to
perform the task at above 68% the task at above 68% the first day on the new sets and

maintained a correct rate above 65% for the 3 days of testing. Therefore, rats were able to detect

and discriminate the retronasal odorants at the concentration used in E1. Additional rats tested
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for another day showed that they too learned the odor-taste association quite reliably within the
first 2 sessions (data not shown). The instrumental behavior to continue to lick the lick spout to
receive more water and the reinforcer, which was not required for the odor-taste mixtures in E1
retronasal exposure, may be hard to master and required more than 2 days of practice for the first
odor set. However, because all rats learned the discrimination on the first day of the second odor
set, it is reasonable to conclude that associations are formed quickly even if the instrumental
learning used in E2 takes a few days initially. To exclude possible contextual cues other than
retronasal odorants, the odorized solutions were replaced by plain water and performance

decreased to 46.1 £+ 5.6%, which is not different from chance.

Performance Over Days
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Figure 3.3. (a) Performance over days for E2 in which rats (n = 4) were trained in a retronasal
task to discriminate the odorants in solution at the concentration used in E1. Performance started
at approximately 50% chance level, reached 90% on Day 6, and maintained at 80% when the rats
were transferred to the other odor set. When odorized solutions were replaced with water, the
performance dropped back to chance level. (b) Example of a lick raster plot sorted by trial types
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over time (blue: CS+; red: CS—; earlier trials on the bottom). Note that the rat ceases producing
the second lick bout after smelling the CS— odorant retronasally after around 20 trials of CS—.

Discussion

In summary, consistent with our prediction, high-volatility odor pairs are faster to learn
and easier to discriminate. In terms of the retronasal pre-exposure effect, the results have mixed
outcomes; compared with the novel odorants, the RPE odorants did not show the main effects of
significantly better performance or learning rate, which supports the theory that there exists a
duality of olfactory perception via the two olfactory routes (Rozin, 1982). Nevertheless, we
observed an interaction between retronasal pre-exposure and odorant volatility, that more volatile
RPE odorants are learned faster compared with the less volatile RPE odorants, suggesting that
retronasal pre-exposure affects subsequent orthonasal learning in a volatility-dependent manner.
The results suggest that transference from retronasal to orthonasal experience is possible
depending on odorant volatility, which implies that the two routes may share perceptual quality
to some extent. The dual percept theory predicts that pre-exposure to retronasal experience with
odors would not affect orthonasal learning, and these results cast doubt on the theory.

A recent study by Blankenship et al. (2019) argued that there is no apparent transfer of
odor percept from the retronasal to the orthonasal route. In that study, rats were conditioned with
2 odorized solutions delivered passively via an intraoral cannula (i.e., retronasal stimulation),
with one odorant followed by oral infusion of a sucrose solution and the other reinforced by plain
water. After the conditioning, rats preferentially nose-poked to an odor port that was associated

with retronasal odorants paired with sucrose. The conditioned retronasal odor preference,
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measured by increased nose poking to the odor port associated with the CS+ odorant delivered
orthonasally, failed to transfer the preference to airborne odorants, suggesting that retronasal and
orthonasal odorants are perceptually different. In Experiment 1, performance estimated for the
whole session of 150 trials was not significantly different between retronasally pre-exposed and
novel odorants, and this negative result is consistent with the hypothesis that the 2 pathways
produce different percepts. However, the lack of a performance difference may be attributed to a
ceiling effect. The rats in our study were pre-trained in the orthonasal discrimination task on
different odors, and after learning to transfer, the learned rule to new odor sets performance is
high and robust to the subsequent odor sets (Frederick et al., 2017). Therefore, the rats performed
at high performance levels overall (88 = 11%), and learning rate instead of performance may be
a better indication of perceptual transfer for the task. Moreover, we used a different training
paradigm from that in the study by Blankenship et al. (2019); in our study, licking to sample the
retronasal odorants is an instrumental response rather than passive oral infusion. The sampling
procedure is more similar to naturalistic flavor learning, perhaps engaging the animals to better
process the odor identity, and the licking may deliver the retronasal stimulus more efficiently to
the retronasal pathway. In Experiment 1, we also positively reinforced one odorant with sucrose
and negatively reinforced the other with quinine, which may have promoted avoidance behaviors
and led to a more salient effect.

One parsimonious explanation of our results may be that the different learning rates we
observed for the RPE odors sets are odor-specific for each tested orthonasal pair. Although we
have not observed significant odorant differences in learning rate in olfactory discrimination

tasks used in the lab unless the odorants are very similar to each other (Frederick et al., 2017),
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we cannot rule out this explanation due to the limit in choices of tasteless odorants used in the
study. In this study, the odor-taste association within an odorant pair, as well as the order of
testing conditions, were counterbalanced for all animals, such that the presentation order of
odorants and the synergic effect of odor-taste association should have minimal odor-specific
learning effects on the results. Our study showed that specific odorants or the physicochemical
properties (e.g., volatility) of odorants and the behavioral training and testing paradigm may play
significant roles in retronasal/orthonasal olfactory learning, and these effects should be

accounted for in future studies.

Odor volatility affects the perceptual threshold

The same chemical may generate a similar percept via two routes as a combined result of
the physical attributes of odorants and the two olfactory routes. We focused on the effect of
theoretical vapor pressure as a measure of volatility and observed that the high-vapor-pressure
odorants were easier to discriminate orthonasally and were learned faster when they had been
retronasally pre-exposed with tastants. One factor in the interaction we observed between pre-
exposure status and volatility is that the two olfactory routes show physical differences in
humidity, temperature, and airflow, which may strongly interact with solubility. This poses a
conundrum regarding the systematic characterization of a chemical environment when odorants
enter the nasal epithelium. To address the limitation, Scott et al. (2014) simulated electro-
olfactogram (EOGQG) activation at the nasal epithelium with thermodynamic modeling and showed
that EOG amplitude follows a curvilinear shape as a function of solubility for both orthonasal
and retronasal routes, but the retronasal route has a lower amplitude due to concentration

differences and the limitation of flow rate. Monomolecular odorants within the range of medium
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to high mucosal solubility (estimated by air/mucus partition coefficient) elicited relatively high
intensity among ~300 odorants simulated, and the more volatile odorants we chose fall within
this range of solubility. It is possible that there exists a threshold of some physical attribute such
as solubility, volatility, and/or concentration of odorants for perceptual similarity across the 2
routes because learning is transferred in our paradigm only for the high-volatility odorants. This
perceptual threshold may be different from the detection threshold and is supported by the
weaker but similar glomerular activation patterns for retronasal versus orthonasal stimuli
(Gautam & Verhagen, 2012). In the second experiment, we demonstrated rats’ ability to detect
and discriminate the odorants at the concentration used in E1 for both high- and low-volatility
odorants, and the disparity in learning speed between the high and low pre-exposed odorant is

not caused by the rats failing to detect low-volatility odorants.

Due to the limited choice of known tasteless odorants at the time that we planned this
experiment, hexanone and methyl valerate were the only pair of high-volatility odorants that rats
experienced retronasally, and therefore the faster learning rate could be because these 2 odorants
are more easily distinguished orthonasally. We also considered the possibility of a retronasal
odorant leak if the vacuum is not sufficient or if odorized liquid remains on the rats’ whiskers so
that they smelled the odorants orthonasally. These both would predict increased learning or
performance for both low- and high-volatility odorants instead of the interaction observed in our

study.
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Neural explanations for shared percepts between routes

Our study showed that an odor percept may transfer from the retronasal route to the
orthonasal route if the odor stimulus is strong enough (highly volatile or highly soluble). This
may mean that the transfer depends on concentration, and there is ample evidence that neural
circuitry in the olfactory bulb can produce concentration invariance in the physiological
response. Olfactory information, by its nature, depends on concentrations of odorants that may
fluctuate within a sniff cycle, over a breathing period, or between 2 olfactory routes, but the odor
quality is maintained. Imaging studies on the periphery show the variance in input from olfactory
sensory neurons in the nasal epithelium is normalized and sequentially gives rise to a more
consistent output amplitude and spatial distribution in the mitral and tufted cells (Storace &
Cohen 2017). Cortical or higher-order neural responses in mammals and insects, which arguably
represent odor identity, have a more reliable odor-specific firing pattern regardless of various
concentration levels of an odorant (Bolding & Franks, 2017; Cleland et al., 2012; Stopfer et al.,
2003; Wilson & Sullivan, 2011). Spatial encoding of odor perceptual quality may serve as
another argument for similar percepts across routes. Prior studies have shown that glomerular
activation patterns may represent a “map” for odor identity (Johnson & Leon, 2000; Meister &
Bonhoeffer, 2001; Wachowiak & Cohen, 2001), and overlapping of glomerular activation can
predict perceptual quality overlap (Linster et al., 2001). Odorants from the 2 routes do evoke a
similar glomerular ensemble once the odor information activates glomeruli as imaged on the
dorsal OB (Gautam & Verhagen, 2012). The source of a difference in perceptual quality between
retronasal and orthonasal routes is thus likely to arise somewhere besides the glomerular

activation pattern. The same study also showed that retronasal odorants arrive at the nasal
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epithelium more slowly than orthonasal odorants to initiate a response cascade. However, the
temporal encoding of odor identity is relatively understudied for the two routes once an odorant

binds to the olfactory receptors.

It is crucial to understand how animals can generate consistent perception yet maintain
distinctive information about the source of odors when odorants enter from 2 different routes in
flavor acquisition and odor learning. It is equally important to understand how multimodal
effects such as odor and oral or nasal sensation may fundamentally alter the perceptual
experience. Odorant-evoked behaviors and engagement of the neural systems may help unravel
perceptual convergence and divergence of 2 olfactory inputs identical in chemical profile. In this
study, we showed that learning transfer from retronasal to orthonasal perception is possible and
depends on the odorant properties, suggesting that there can be a shared percept across the

routes, contradicting the duality of smell theory (Rozin, 1982).
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CHAPTER 4: Behavioral Analysis of Retronasal discrimination Tasks

Experiment 2 provides insights into rats’ ability to discriminate retronasal odorants in
Chapter 3. Here I continue to examine in-depth how retronasal discrimination tasks are acquired
and transferred to new odor sets (rule transfer) using rats naive to the odor discrimination tasks
(n=8, 4 males, 4 females). The previous study showed evidence that the volatility of the odor is a
factor in whether or not retronasal preexposure affects the learning of the orthonasal task. This
suggests that more volatile odorants may be easier to detect and discriminate when delivered
retronasally.

Working with implanted rats allows me to focus more precisely on the behaviors
associated with retronasal odor discrimination tasks, including licking and breathing, since they
gate the inputs to the olfactory system. Unlike orthonasal odorants that are inhaled in somewhat
discrete samples and bind to OSNs within a 100-150 msec sniff cycle, retronasal odorants are
dispersed into the nasopharynx more slowly, and the speed of airflow can be affected by oral
movements like licking or chewing. Therefore, we may expect fluctuation in respiratory and
licking rates as the rats discriminate the odorants. Moreover, LFPs in the olfactory system may

also reflect the sensorimotor inputs through high coherence with licking and respiration.

Methods
Retronasal discrimination task performance

Performance for a session is measured by the number of rewarded CS+ trials plus
unreinforced CS- trials (trials without lick responses to the reinforcer) divided by the total
attempted trials normalized by the number of each trial type [P = Pcs+ correct/(2*Pcs+ attempt)

+ Pcs- correct/(2*Pcs- attempt)]. Sessions with fewer than 50 trials are excluded from the data
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analysis. A one-sided t-test is used to determine whether rats performed beyond the chance level
of 0.5. Three-way repeated-measures ANOVAs are used to analyze the effects of rats, training
type (T, R1, R2), and odor sets (Table 2) on retronasal discrimination performance. The first
qualified session and the last two sessions for T, the four sessions for R1 and R2 are used for the
statistical analyses performed in MATLAB, using functions anovan and multicomp for post hoc

multiple comparisons.

Breathing and Licking Extraction

In the retronasal odor discrimination tasks, water-restricted rats sample odorants and
consume reinforcers by licking. Rats are obligatory nasal breathers, meaning that they are
capable of breathing at the same time as eating or swallowing. In the study, we monitor the
sensorimotor inputs from licking and breathing during the experiment. Respiration is monitored
using thermocouple electrodes implanted in the nasal cavity (See Methods).

Licking is extracted from local field potential recorded from the ventral PC or ventral OT
electrode. Due to the electrodes’ positions, they also pick up very high frequency EMG signals
from the jaw muscle and can be used as an approximation of licking behavior. Figure 4.1
demonstrates the process of lick extraction. The raw signal recorded in the ventral piriform
cortex or olfactory tubercle is passed through a 200 Hz high-pass filter. Each burst in the high-
pass filtered signal corresponds to a lick, as verified by video recording. A lick corresponds to a

peak of the envelope of the processed signal.
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Figure 4.1. Extraction of lick signal from piriform cortex LFP. (A) An example of a 2-second
LFP recording in the ventral piriform cortex. (B) The signal from (A) is passed through a 200 Hz
high-pass filter. (C) Licks are extracted by locating the peaks of the envelope of the filtered
signal. The amplitude of signals is adjusted for demonstration.

Results
Acquisition of retronasal odor discrimination task discrimination

Training is designed to ameliorate avoidance effects and novelty phobia. Rats show fear
of novelty when first introduced to new environments and tasks. Furthermore, the use of aversive
stimulus like quinine could result in lack of motivation. Therefore, we take these into
consideration. The 3-day pre-training licking session accustomed the rats to lick from the
concentric lick spout. By the end of the third session, the water-restricted rats were motivated to
finish all 50 trials of CS+ with sucrose within 30 minutes. When the CS- (quinine) was
introduced in T, 4 out of the 8 rats attempted less than 5 CS- trials, and 7 of them did not finish
the 100 trials on the first day. Therefore, final performance evaluation is based on the first
qualified session (i.e.,rats attempted more than 50 trials) and the last two sessions for T.

All rats acquired the T odor set and reached performance above 50%. Performance for

each rat over three learning phases are plotted in Figure 4.2A. A one-sided t-test comparing
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% Correct

average performance to the chance level at 50% is used to estimate whether rats learned odor
discrimination trials (Figure 4.1B). Rats quickly picked up the task once they overcame the
aversion to quinine trials and performed above chance in the first session where they attempted
more than 50% of the trials in a session. Rats needed 6-12 days to reach the performance

criterion of 80% during the training phase.

Performance by rat Average Performance
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Figure 4.2. Retronasal discrimination task performance. (A) Performance is calculated by the
percentage of correct trials over the total trials in each session. The percentage of correct trials is
plotted for the first three sessions and the last three sessions for training odor pair (T) and four
days for both rule transfer odor pair (R1, R2). (B) Average performance for all rats (n=8) on the
same day of the training phase with standard deviation. The average performance is significantly
above chance at 50% for all days (one-sided t-test, a >0.01).

The performance is significantly different between training phases (F(2,95) =10.04 ,
p<0.001, n* =0.31, Figure 4.3A). The performance for R1 (84.6%, SE:1.6%) is significantly
better compared to that of T (79.0%, SE:1.4%, p<0.001) and R2 (82.6%, SE:1.8%, p=0.02), but

performance in T and R2 are not significantly different from each other (p=0.68). The
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performance of T was hypothesized to be lower due to the novelty of operant learning. However,
the performance of R2 is low may be due to the delay between R1 and R2 for two of the rats.
Two rats (RM33 and RM34) were trained on R2 a month after they finished R1 training due to
the COVID-19 lockdown, while the others were transferred to R2 immediately after R1. Both
rats experienced a dip in performance, which may lead to lower average performance and larger
variance for R2.

Odor volatility plays a role in retronasal odor learning as we see some evidence of
retronasal learning transfer to orthonasal discrimination for high volatility odorants (He et al.,
2021). Consistent with the hypothesis, the result shows a main effect of volatility (F(2,95) =
4.42, p<0.016, n> =0.14). The odor pair with the highest volatility, HEX and MV, has better
average performance (84.6%, SE:0.9%), compared to the mid-volatility odor set, AA and EMB
(81.3%, SE:2.0%, p = 0.046) and the low-volatility odor set, HEP and MB (average 80.4%, SE:
1.9% p =0.037). There was no difference between the low and medium volatility odor sets (p=1).
This partially aligns with our original hypothesis that high-volatility odorants may be perceived

as strong and easier to discriminate.
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Figure 4.3. Performance of retronasal discrimination task grouped by (A) learning phases (T, R1,
R2) and (B) odor pairs.
Respiration changes over time in a trial

I first examined the respiratory signal during the resting state to establish a baseline for
the thermocouple electrode and OB theta recording. Figure 4.3A shows an example 5-second
LFP recording from the OB and the nasal thermocouple (TC). Both signals are band-passed with
a theta band 2-12Hz filter. The OB LFP closely follows the thermocouple signal in phase and
amplitude, and a more detailed analysis is devoted to coherence relationships between OB LFP
and respiration in Chapter 6.

The respiratory frequency for the resting state is calculated using a 50-second baseline
recording collected prior to the experiment. The number of cycles is tallied for each second in
each baseline recording, and ten baseline recordings are used for each animal (n=8). Figure 4.4

shows the distribution of respiratory cycle frequencies. The average respiratory frequency
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extracted from the thermocouple electrode is 6.6 Hz, and the standard deviation is 1.34Hz. The

average frequency of OB LFP is lower at 6.3 Hz (std: 1.3, p <0.01).
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Figure 4.4. (A) Sample recording from OB LFP and thermocouple (TC) electrode. (B)
Distribution of respiratory frequency recorded in the OB (blue) and TC (red).

Next, [ examined the respiration rate change over a behavioral trial. An average
respiratory frequency is calculated for each type of trial (CS+, CS-) and for sucrose
reinforcement licking and post-CS- waiting time for each session (rat=8, a total of 110 sessions
were used, and only sessions with a >50% attempt rate were used). Trials are aligned to the
delivery of the odorized solution at time 0. The breathing rate extracted from the thermocouple
electrode and OB theta show similar trends. The respiratory rate is higher before the odor onset
at ~7 Hz and is maintained for the first second. Unpaired sample t-tests show that the breathing
rates for CS+ and CS- start to diverge 1-second after onset and stay at ~6Hz for CS+ and ~6.5 Hz

for CS-.
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Figure 4.5 Respiration Frequency during retronasal odor discrimination experimental trials.
Average respiratory frequency for each second (n=8, session = 110) with SEM recorded from
(A) the thermocouple electrode or (B) extracted from the OB theta
Lick dynamics over time in a trial

Licking frequency is calculated by counting the number of licks in each second from one
second prior to the onset of odor delivery (t=0) and 10 seconds after (Figure 4.6). Two licks are
needed to activate the lick spout, and the lick rates are similar for CS+ and CS- at the beginning
of a trial before t=1. CS+ licking frequency for the first second is significantly different from that
of CS-, suggesting that rats only need a few licks within 1 second to discriminate two odorants.

Rats continue licking at a high frequency ~5-6Hz for CS+ even after the solution is sucked away

by the vacuum. The licking pattern extracted from ventral PC or OT LFP is consistent with the
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licking pattern in Experiment 1, with a high licking rate for the reinforcement sucrose (7.3 +

2.5Hz) and low for quinine (2.7 + 1.7Hz).
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Figure 4.6. Licking behavior during retronasal GNG trials was analyzed with the LFP lick
extraction method. Average licking frequency (rat = 6, session = 96) plotted over 10 seconds
(Mean £SEM). Time =0 denotes the onset of delivery of odorized solution (CS+ or CS-), and
time = 6 denotes the onset of the reinforcer (sucrose or quinine).
Discussion

In this chapter, I provide a description of acquisition and rule transfer for retronasal
learning and its related task-related experience. The average session performance showed
significant main effects of the odor pairs that vary by volatility and the training phase. Similarly,
orthonasal discrimination tasks (He et al., 2021; Rojas-Libano & Kay, 2012) show that chemical

properties such as high sorption (tendency to be absorbed into water/mucus) and high volatility

(tendency to leave a pure odor solution to the air) correlate with a stronger perceptual experience
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and ease of discrimination. Consistent with the hypothesis, rats perform best at discriminating
the two most volatile odorants, HEX and MV in the retronasal tasks. HEX and MV are also the
high-volatility odorant pair that showed evidence of transfer to orthonasal learning in Chapter 3.
The effect of volatility was elaborated in the discussion in Chapter 3.

The behavioral responses are stereotypic for the retronasal odor cues. CS+ is associated
with continuous licking on the lick spout and a decrease in respiratory rate, whereas CS- is
associated with a lower licking rate and higher respiratory rate. In this study, the rats are
discriminated retronasal odorants in under 1 second, because the divergence of licking and
respiratory rate both happen after 1 second of licking the odorized solutions. Although the
retronasal route is considered to be slower, the results are consistent with the rapid identification
of orthonasal odorants with a few sniffs and that of tastants within a lick (Weiss & Di Lorenzo,

2012).

Retronasal vs orthonasal odor sampling

Odor sampling behaviors in orthonasal olfactory discrimination tasks have been well
characterized. Rats can discriminate monomolecular odorants in about 300 ms with a few (1-3)
sniff cycles and often with an increase in sniff frequency (Uchida & Mainen, 2003; Kepec et al.,
2007) The sampling duration required to discriminate two odorants may be affected by many
factors such as sorption of chemicals (Rojas-Libano & Kay, 2012), type of tasks (Slotnick, 2007;
Frederick et al., 2017) or even nose movement (Parker et al., 2020) just to name a few. The
systematic sniffing behavior change is argued to be important for odor-guided behaviors and

facilitates odor identification (Wesson et al., 2008).
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In the retronasal trials, the respiration rate is on average higher beginning at the
beginning of the trials and drops for both CS+ and CS- (Figure 4.5). The sniff rate may still be
elevated because it is higher than the average baseline breathing recorded before the experiment,
and the fast sniffing may be due to the expectation of a trial signaled by the house light 1 second
before the rat can initiate a trial. This may suggest that fast sniffing for odor sampling is a
universal characteristic not exclusive to orthonasal olfaction.

Licking may also modulate breathing frequency since the breathing rate is low when rats
are actively consuming CS+ or CS-. Licking can also drive coherent neural activity by providing
orosensory, taste and olfactory input in a rhythmic manner. Spiking of neurons in the insular
cortex, amygdala, and orbitofrontal cortex are coherent with licking when rats lick a pleasant
tasteful solution, and the coherence increase as the rats acquire a taste discrimination task
(Gutierrez et al., 2010). Retronasal olfaction often involves oral movements like licking, chewing
and swallowing during food consumption. A difference in the licking behavior may indicate a

difference in stimulus input to the olfactory system.
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CHAPTER 5: Oscillations in the Olfactory System: Frequency Analysis

Neural oscillations (See Chapter 1) in the olfactory system are a beautiful demonstration
of dynamic processing in the brain. Instead of viewing the brain as a passive, stimulus-
responsive organ, we should understand sensory processing in the brain as a dynamic process
with both bottom-up and top-down modulations. To understand how the olfactory system is
engaged in retronasal olfactory learning, I recorded LFP signals from the OB, OT, PC, and GC,
intending to characterize how gamma and beta oscillations may change in response to odor
delivery route, odor volatility, and learning. I begin by questioning whether the retronasal
perceptual experience is characterized by the same set of physiological patterns as the orthonasal
processes previously characterized in the lab (Kay & Beshel, 2010; Frederick et al., 2016).

Retronasal olfaction is associated with weaker nasal stimulus, prolonged and damped
activation of glomeruli (Gautam & Verhagen, 2012; Furudono et al., 2013), and different
contexts and behaviors (licking). Functional connectivity in the olfactory system is extensively
researched in orthonasal paradigms but has not been characterized for retronasal olfaction.
Gamma and beta coherence are hypothesized to facilitate inter-regional communication (Buzsaki
& Schomburg, 2015; Engel & Fries, 2010), and the strength of beta OB-PC coherence is
enhanced for orthonasal olfactory discrimination tasks when animals transfer learning to another
task (Martin et al., 2004; Kay & Beshel, 2010; Frederick et al., 2016). The previous studies have
laid the foundation and led me to speculate whether the oscillatory patterns of retronasal
olfaction resemble those seen in orthonasal oscillation.

First, for the local network in the OB that generates gamma and beta oscillations, I

hypothesize that gamma oscillations driven by respiration and odor stimuli may result in weaker
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amplitude than in orthonasal smelling, especially in the later odor sampling trial as we see a
decrease in respiratory rate. Beta oscillation power and coherence may increase due to the
coordination within the network over learning. If beta coherence plays a functional role in task
acquisition, I should expect the OB to become more coherent with other brain structures for the
retronasal tasks.

Secondly, PC and OT receive direct and indirect inputs from the olfactory bulbs and
show odor-specific responses (PC: Stettler & Axel, 2009; Bekker & Suzuki, 2013; OT: Xia et al.,
2015). GC receives direct input from the PC (Maier, 2017). Gamma oscillations are also reported
in the piriform cortex (Luna & Schoppa, 2008; Gonzalez et al., 2022) and the OT (Carlson et al.,
2014), but whether population dynamics in these structures sustain a local excitatory-inhibitory
network that generates gamma during retronasal olfaction remains unknown. Long-range
coordination between brain regions in the beta frequency band has been widely reported in the
brains when animals engage in learning and motor preparation (Bowyer, 2016). The coordination
suggests that beta power in all structures may increase when animals engage in taste-driven,
retronasal tasks.

Besides the differences in oscillatory patterns in brain structures, the setup of retronasal
olfactory learning tasks allows me to examine the effect of the learning phase, odor hedonics,
and volatility on both the temporal structure (duration) and the population dynamics of the neural
network.

The strength of LFP coherence with the sensorimotor processes (respiration and licking)
may indicate how sensorimotor inputs drive the network in different behavioral states. As

discussed in Chapter 4, CS+ and CS- evoke different behavioral responses, I therefore
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investigate these sensorimotor inputs to the olfactory system by examining the coherence
between LFPs, respiration, and licking. These common sensorimotor inputs may entrain the
LFPs in the olfactory or gustatory system as a shared input to the structures involved in

retronasal odor processing.

Methods

This chapter focused on the frequency analysis of the LFP signals collected during
Experiment 3. Chapter 2 provides details on the experiment paradigm and spectral analysis, and
Chapter 4 summarizes the behavioral analysis from Experiment 3. Power and coherence for
gamma and beta oscillations are calculated by the multitaper method, and the parameters are set

as 5 time-bandwith products and 9 tapers for optimal frequency solutions.

Statistical Analysis of Power & Coherence in retronasal tasks

To understand the systematic effect of the odor cue valence (CS+ vs. CS-), the learning
phase (training odor set T, rule transfer odor sets R1 and R2), and odor volatility (high-,
medium-, low-volatility odor sets). I first process the data so that I can directly compare the
difference between sessions and rats. I extracted raw LFP signals aligned to the odor onset: 1
second of pre-odor (Pre), 2 seconds of early odor sampling (Early), and 4 seconds of late (Late)
odor sampling. I then calculated the power of the gamma and beta bands of the three segments
for each trial. I perform normalization by dividing the early-odor and late-odor power by pre-
odor power and subtracting from 1 to center the data for each trial at 0. For example, if an early-

odor trial has a change in power of -0.1, it means that the power is dropped by 10% compared to
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the amplitude of the pre-odor baseline. We then calculate the average changes in a session by
averaging changes in power for all the correct and artifact-free trials in a session sorted by CS+
and CS-.

The chance coherence level between two brain structures is calculated by randomly
shuffling 80 2-second LFP trials recorded during resting states before the experiment. The
coherence between mismatching trials is around 0.3 for all possible combinations.

The effects of the independent variables are examined by a mixed model ANOVA by
setting the effect of rats on the data as a random factor while other variables, including recording
site, odor hedonics, odor sampling period, learning phase, and volatility, as fixed factors.
Separate analyses were performed for gamma and beta power. Multiple comparison analyses
with Bonferroni correction are then conducted for different levels within the same variable in

order to understand the drivers of the main effects.

Signal Validation: Orthonasal odor-evoked oscillation

I first demonstrate the characteristics of LFP responses to odors for the orthonasal route.
Figure 5.1A shows an example of the LFP signals in the recorded brain regions in response to
repeated passive orthonasal exposure of amyl acetate, which is in the high volatility range
(Lowry & Kay, 2007). The power is prominent in the beta frequency range in the OB (15-30Hz;
Figure 5.1B; parameters: 5 time-bandwidth product, 9 tapers). Highly volatile odorants sensitize
the olfactory network and induce strong beta oscillations over repeated presentations (Lowry &
Kay, 2007). Coherence spectrograms (Figure 5.1C) for the sample recordings show high

coherence in the beta band between OB-PC, OB-GC, and PC-GC.
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Figure 5.1. Single-trial orthonasal odor-evoked LFP. (A) Odor evoked beta in the brain structures
recorded in response to amyl acetate. (B) Power spectrogram in the OB of the same signal

displayed in A, showing high power magnitude in beta frequency (C) Coherence Spectrograms
for OB and PC; OB and GC, and PC and GC calculated from LFPs in (A).
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Figure 5.2. Power spectra during orthonasal odor presentation in the four brain areas. Three
odorants, ethyl methylbutyrate (EMB), amyl acetate (AA), geraniol (GER) and a clean cotton
swab. Power is averaged from 12 trials recorded in one session. Volatile odorants EMB and AA
evoke elevated power in the beta frequency range in OB, OT, PC and GC. A low volatility
odorant, geraniol, and an unodorized swab evoke little beta power.
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Figure 5.3. Coherence between brain structures during orthonasal odor presentations shows high
coherence in the beta band. Black line (z-coherence=0.3) indicates coherence between
mismatching signals.

Power spectra from (Figure 5.2) the OB signal are averaged across all clean trials out of
the 12 trials for three odorants and clean swabs for one rat. High volatility odorants, such as ethyl
methylbutyrate (EMB) and amyl acetate (AA), elicit strong beta power after sensitization, while
low-volatility odorants, such as geraniol (Ger), show no significant difference from the

unodorized swab in the beta range. The power spectra also verify the quality of signals that they

are free from 60 Hz line noise. If signals were contaminated, one would expect a square-shaped
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or single frequency increase in the power spectra around 60 Hz, which is not observed in the
data.

Coherence between structures is plotted for the same orthonasal presentation sessions
(Figure 5.3), and high coherence in the beta range is evident for the same odorants EMB and AA
that elicited strong beta power. The odor-elicited and frequency specific coherence can also rule
out the explanation that the high coherence is caused by volume conduction. If the signals were

contaminated by volume conduction, one would expect high coherence across more frequencies.

Results

Figure 5.4 shows a sample of raw LFP signals recorded in a retronasal odor
discrimination trial when the rat was actively sampling amyl acetate via the lick spout. In the
sample data, it is apparent that the amplitude in the OB decreases once the rat starts licking the
odorized solution and returns to normal amplitude about 1 second after the onset of licking. The
respiration signal shown in red is extracted from the nasal thermocouple electrode, which

matches the low frequency from the OB signals.
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Figure 5.4. Raw LFP signal samples for 2.5 seconds were recorded in the OB, PC, OT, GC, and
HPC during a retronasal odor discrimination trial. Signals are aligned to the onset of the odor at
t=0. Amplitudes of the signals are all normalized by the standard deviation of a baseline
recording with no motion artifacts and are on the same scale.

Spectrograms in Figure 5.5 show that the power of OB gamma and beta band oscillations
changes over time. The spectrograms shown are averages of all trials in one sample session
sorted by trial type (CS+, CS-) or the response periods (sucrose for trials on which they licked
correctly after CS+ and waiting when the rat stopped licking after CS-). Gamma power drops
when rats lick the odorized solution for both CS+ and CS-, and the power returns to pre-lick

levels after 2 seconds. The 2-second gamma suppression is consistent across animals and

sessions and aligns with the 2-second prolonged but lower mitral cell firing in response to
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retronasal olfactory stimulus (Craft et al., 2021), suggesting that 2 seconds is a reasonable
timeframe to examine the effect of retronasal odor exposure and discrimination.

Both gamma and beta power recover after 2 seconds from the decrease during odor
sampling for CS-. For analysis, the waiting period for CS- trials is aligned to 6 seconds after the
onset of the odor. Only the correct CS- trials were used for plotting the spectrogram so it is
certain that the animals are not licking or sampling odor during the waiting period. The elevated
power is not a result of odor input but could be caused by a sensitized olfactory network or

centrifugal input from higher cortices required in learning discrimination.
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Figure 5.5. Spectrograms of gamma (upper row) and beta (lower row) power from one recording
session. The colors in the spectrograms are plotted on the same log scale in gamma and beta
bands for comparison and are categorized according to trial types, CS+ (n=42), CS- (n=43), and
their responding period sucrose consumption after correctly responding to CS+ (n=49) and the
waiting period after correctly withholding a response to CS- (n=25). Odorants used in the session
are amyl acetate and hexanone. The y-axis of the spectrogram indicates frequency in Hz, and the

x-axis indicates time in seconds.



Figure 5.5. Continued.
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Gamma power during retronasal learning tasks

The previous section shows a qualitative picture of the LFP during retronasal odor
discrimination and response. Here, I analyze these effects across all rats and odor sets. Figure
5.6A shows beta and gamma power changes across the odor sampling periods. The odor cue
(CS+ vs CS-) has the largest effect on both gamma (F(1,2013) =90.23 , p<0.001, n*= 0.035) and
beta power (F(1,2013) =137.34, p<0.001, n?> = 0.037). Multiple comparisons showed that during
the early odor sampling period (first 2 seconds) gamma power in the OB is significantly weaker
compared to the baseline. Gamma suppression during the first 2 seconds is more prominent for
CS+ (power change =-.03, std = 0.0024) compared to CS- (power change =-0.015, std = 0.0016,
p<.001). During late odor sampling of CS-, gamma power returns to the pre-odor baseline
(power change = 0.004, p=1), while CS+ gamma remains suppressed (power change = 0.004)
and is significantly different from the late odor sampling period for CS- (p<0.01).

Gamma power in the OT and anterior PC were similar to the OB. In the OT (Figure
5.6B), gamma power suppression is observed for both CS+ (power change =-0.01, std = 0.0021,
p<0.001) and CS- (power change =-0.005, std = 0.0019, p<0.001) during the early odor sampling
period. The suppression lasts into the later odor period for CS+ (power change =-0.01, std =
0.0021, p<0.001). Interestingly, the gamma power for CS- increases above the pre-odor period
(power change =0.011, std = 0.0019, p<0.001) during the late odor period. Although the pattern
of power dynamics is similar for PC (Figure 5.6C), gamma power for CS+ is only significantly
different from the pre-odor period during the early odor period (power change=-0.0053, std =
0.0014, p =0.016) but not the late odor period (power change = -0.0048, std = 0.0016, p =0.063).

CS- does not decrease gamma power in the PC at the early stage of odor sampling (power
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change = -0.0034, std = 0.0007, p =1), but gamma power increases significantly above the pre-
odor baseline during the later odor sampling period (power change = 0.011, std = 0.0016, p
<0.001).

Gamma power in GC is relatively stable throughout the retronasal odor discrimination
trials. The only significant effect is between the early (power change =0.003, std = 0.0015) and

late-odor sampling period (power change =- 0.0012, std = 0.0018, p <0.001) for CS+.
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Figure 5.6 Average changes in power with SEM for gamma bands in (A) OB, (B) OT, (C) PC,
and (D) GC. A horizontal line with black asterisks and letters denotes the significance level
between two different time points aligned to odor onset for CS+; a horizontal line with red
asterisks denotes that for CS-. An asterisk (*) indicates a significant level p<0.05, and any value
above that is considered not significant (i.e., n.s.).

Beta power during retronasal learning tasks

The amplitude of beta power also decreased, similar to gamma, in the OB during the
early odor sampling period (power change = -0.0156, std = 0.0022, p=0.008; Figure 5.7A). This
suggests that the amplitude of raw LFP may be compressed when rats lick an odorized solution.
CS- does not change the power in the beta band relative to the pre-odor period when rats sample
the odor in the early odor period (power change =0.0025, std = 0.0017, p=1). Beta power is
enhanced significantly during the later odor sampling period (power change =0.015, std =
0.0021, p<0.001).

Beta power tends to rise in both the OT and the PC during the retronasal odor
discrimination trial. The power in OT increases significantly in the late odor sampling period for
CS+ (power change = 0.001, std = 0.0013, p = 1), and in both the early (power change = 0.001,
std = 0.0015, p<0.001) and late periods (power change = 0.025, std = 0.0025, p<0.001) for CS-.
Piriform cortex also shows elevated beta power for both CS+ (early: power change =0.005, std =
0.0013, p=1; late: power change = 0.014, std = 0.0013, p<0.001) and CS- (early: power change
=0.011, std = 0.00185, p<0.001; late: power change = 0.034, std = 0.0026, p<0.001).

Even though GC shows an apparent increase in beta power for both CS+ and CS-, the
effect is not significant for CS+ (early: power change = 0.0087, std = 0.002, p = 1; late: power

change = 0.013, std = 0.0025, p = 0.36). The lack of significance may be due to the large

variance in the changes in power recorded in GC. Beta power is significantly increased for CS -,
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(early: power change =0.002, std = 0.0015, p = 0.007; late: power change = 0.012, std = 0.0017,

p<0.001).
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Figure 5.7. Average changes in power with SEM for gamma bands in (A) OB, (B) OT, (C) PC,
and (D) GC. A horizontal line with black asterisks and letters denotes the significance level
between two different time points aligned to odor onset for CS+; a horizontal line with red
asterisks denotes that for CS-. An asterisk (*) indicates a significant difference (p<0.05), and any
value above that is considered not significant (i.e., n.s.).
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Coherence between brain structures

Coherence between structures ranges from 0.4 to 1.2, which is above the baseline
coherence calculated by the mismatching trials, and the results are summarized in Figure 5.8.
Both gamma and beta band coherence show an overall increasing pattern over time within a trial,
despite the fact that gamma and beta power decreases in the olfactory bulb and other areas. This
is consistent with our understanding of coherence. It does not have to correlate with the increase
of power in the frequency band, because coherence is a measure of the consistency of phase
relationships between signals within matched frequencies and not the size of those signals.

Odor cue (CS+ vs. CS-) affects beta coherence (F(1,3033) =25.2, p<0.001, 1?>=0.002) but
not gamma coherence (F(1,3033) =27, p=0.6). The effect size is small for the odor cues, and the
presentation of odor stimulus can activate the coordination of the network regardless of the
predictive value of the olfactory input. GC is more coherent with PC and OT in the beta
frequency for CS- than CS+ (Figure 5.8. E and F). Interestingly, the olfactory cue's predictive
value may evoke a more coherent pattern in the GC with OT and PC when a taste stimulus is

absent, and when the predictive cue is aversive.
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Figure 5.8. Coherence between brain structures in the gamma and beta range. An asterisk (*)
indicates a significant difference (p<0.05), and any value above that is considered not significant

(i.e., n.

s.).

The effect of learning phases

The previous results summarize the power and coherence for all sessions regardless of

whether the oscillation pattern changes during learning the three odor sets in sequence. The

difference in performance across learning phases (see result in Chapter 4) also licenses me to

investigate its effect on the oscillatory events. To understand whether olfactory oscillations

change over the sequence of learning three odor sets, all data are grouped into three learning

phases, training odor set (T1), rule transfer odor set 1 (R1), and rule transfer odor set 2 (R2) - the

odor pairs used for each were counterbalanced across rats.
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ANOVA analysis showed main effects of training phase for both gamma and beta power
(gamma: F(2,2013) = 15.94, p<0.001, #?>=0.1; beta: F(2,2014)=15.32, p<0.001, #>=0.015). The
small effect size suggests that the training phase variable only accounts for a small portion of the
variance in the model. After investigating further with multiple comparison analyses, we
observed that gamma power changes (Figure 5. 9A) are not significantly different over the three
learning phases when separated by odor cue and odor sampling period (i.e.,CS+ early, CS+ late,
CS- early, and CS- late). OB, OT, and PC show similar temporal dynamics in that gamma power
is suppressed throughout the early odor sampling of CS+ and elevated back or beyond the
baseline pre-odor sampling period in the late odor sampling period. Fluctuation in gamma power
in GC remains insignificant over the sequence of three learning phases.

Beta oscillatory power demonstrates a similar retronasal odor-evoked response for the
three training phases. OB beta power decreases during CS+ and early CS- sampling periods, and
PC and OT beta powers are elevated from the pre-odor sampling period. The pairwise
comparison for beta power change showed no significant difference for learning phase in the
OB, the OT, and the PC. In the GC, the beta power increase in CS- trials during early odor
sampling for R2 is significantly higher than for T1 (p<0.001, Figure 5.9), and beta power
increase at later odor onset for R2 is significantly higher than for R1 (p<0.001). Most
comparisons that examine beta power change in T1, R1 and R2 do not show significant
differences. With this data set, I fail to reject the hypothesis that beta power may increase over
learning and may be enhanced at the rule transfer stage. However, we can observe from OT, PC
and GC that beta power is higher for R2 compared to T1 consistently in all three higher cortical

areas but not the OB. This pattern is also observed across sessions and different animals. It is
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likely that learning modulates the olfactory network among higher order cortical areas in this

retronasal task.
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Figure 5.9. Power change grouped by learning phase. Changes in gamma power (A) are not
significantly different among the three learning phases. (B) Beta power in GC shows a
significant difference between T and R2. Black lines indicate significant differences (p<0.05).

Although the analysis of power did not indicate large effects of the learning phase,
learning may still have an effect by changing the network coherence. The learning phase does
have a significant effect on beta coherence (F(2,3033)=3.46, p=0.031, n>= 0.002) and gamma
coherence (F(2,3033)=11.79, p <0.01, n?> = 0.07).

Multiple comparison tests are used to identify how the effect progresses over learning. In
accordance with the small effect size, multiple comparison tests reveal no significant differences
among the three learning phases. Gamma coherence between OB and GC is higher for R2 than
for T (Figure 5.10). This is contrary to the original hypothesis that beta coherence would
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increase, but the fact that GC shows significant network changes may suggest that retronasal

olfaction is supported by a different olfactory network pattern and driving the different percept.
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Figure 5.10. Gamma coherence grouped by learning phase. OB-GC coherence is significantly
higher for R2 than T1, as indicated by the black line on the top right panel.

Alternatively, the learning effect can be examined by comparing data collected at
different performance levels over learning from novice to expert in the task. Unfortunately, the
data set we collected has limited our analysis of this learning effect for two reasons. First, rats
are neophobic and may quit attempting after 2-3 quinine trials on the first day, making the novice

data biased to CS+ recordings with few CS- trials. Secondly, rats can pick up the task quickly
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and reach 60% accuracy within a few days (Figure 4.2), making the data set biased to recordings

during high performance.

The effect of odor volatility

A similar analysis was performed to compare effects that may be due to the different
volatilities of the three odor sets that were counterbalanced in order across the subjects (Figure
5.11). Pairwise comparison reveals no significant effect between the three odor sets in the early
or late odor sampling phase, suggesting the odor-evoked dynamics are similar across odor sets.
Previous research (Kay & Beshel, 2010) suggested that beta oscillations may increase as a
function of volatility, and which led to our original prediction that high-volatility odorants like
hexanone (HEX), methyl valerate (MV) may elicit stronger beta compared to low volatility
odorants, heptanol (HEP) and methyl benzoate (MB). However, such a difference was not found

in our results.
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Figure 5.11. Beta power change shows effects between odor sets of different volatility levels.

Sensorimotor entrainment of LFP signals

CS+ and CS- in the retronasal discrimination task involve different behavioral patterns
(Chapter 4), and I hypothesized that the two sensorimotor inputs, licking and respiration, may
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modulate the neural network during retronasal discrimination tasks. The coherence between the
LFP signals and the sensorimotor signals, respiration extracted from the thermocouple electrodes
and licking extracted with PC LFP, should be high, and licking coherence should only occur
when rats are licking. Figure 5.12A shows LFPs recorded in OB, OT, PC and GC are strongly
coherent with respiration and peak at the respiratory frequency of around 6-8Hz. Licking is only
coherent with LFP signals recorded in the CS+ and sucrose trials when rats are actively licking

(Figure 5.12B).
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Figure 5.12. Respiratory and licking signals are coherent with LFPs. (A) The respiratory signal is
coherent with LFPs recorded during CS+ and CS- trials and the corresponding response periods
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at the respiratory frequency between 5-10Hz. (B) The licking signal is coherent with LFPs
recorded during CS+ trials and the following sucrose licking period.

Discussion

In this chapter, I investigated the temporal dynamics of LFPs in the olfactory system with
a focus on the change in gamma and beta band power. The olfactory network during retronasal
odor discrimination is characterized during three different time points, pre-, early- and late-
retronasal odor sampling periods. The two odor cues, CS+ and CS-, are associated with different
behavioral responses and oscillatory patterns in the olfactory system during retronasal odor
sampling. CS+ elicits constant licking and suppression of gamma and beta power in the OB but
increases beta power in the PC, OT, and GC. Withdrawal from the odor-port in response to CS-
increases gamma and beta oscillation power in the OB during the late odor period. The higher
cortical areas display similar patterns with elevated beta power for both CS+ and CS-. Coherence
in the beta and gamma range increases over odor sampling, with no odor-cue effect. The effects
of the learning phase and volatility were also examined but showed no differences between

levels, suggesting that the dynamics are stereotypic in retronasal odor discrimination.

Change in oscillatory power reflects retronasal odor sampling characteristics
Gamma in OB

Previous studies (Beshel et al., 2007; Frederick et al., 2016) focusing on the functional
role of gamma oscillations in orthonasal olfaction paradigms demonstrate an increase of gamma
power in the OB when animals discriminate extremely similar odorants, like heptanol and
hexanol, two alcohols one carbon away in a difficult task (Beshel et al., 2007) or the same odor

with different trace contaminants in an easier task (Frederick et al., 2016). One of my original
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hypotheses was that retronasal delivery routes are associated with weaker perceptual intensity
and higher detection threshold (Hummel & Heilmann, 2008; Furudono et al., 2013; Gautam &
Verhagen, 2012), which would result in an increase in task demand and gamma power. However,
retronasal tasks for the odor pairs selected are not difficult; rats acquire the task and perform
above chance on the first day of training, and a gamma power increase might not be expected
due to the low task demand.

OB gamma is suppressed during retronasal odor sampling. The suppression of OB
gamma is also reported in research using Go/No-Go orthonasal odor tasks in rodents (Ravel et
al., 2003; Martin et al., 2004; Martin et al., 2007; Liu et al., 2020), and gamma power returns to
baseline after the odor sampling period. This pattern is observed in CS- trials in which gamma
power decreases at the beginning of odor sampling and then recovers, but not CS+, which stays
low compared to the baseline. This is the time period where rats are actively licking and
breathing slower, and it suggests that gamma is suppressed not only when animals engage in
easy odor-cued discrimination tasks but can also be affected by behavioral states like licking.

The OB excitatory-inhibitory network can be modulated as the input pattern changes.
Craft et al. (2021) recorded the spiking activity of OB mitral cells in anesthetized rats with retro
and orthonasal stimuli and found that retronasal stimuli elicited a higher firing rate but with low
covariance in spiking across neurons. They were able to replicate mitral cell activities for retro-
and orthonasal olfaction by modeling OSN inputs as slowly increasing to peak amplitude with a
long decay time for retronasal inputs and faster increase, fast decay of input for orthonasal

olfaction. Although urethane anesthesia can decrease gamma and beta oscillations OB (Li et al.,
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2012), the simulation of OSN inputs may resemble how retronasal odorants bind to OSNs in

freely behaving animals, leading to less synchronous firing and decreased gamma.

Gamma in PC, OT & GC

During retronasal sampling, gamma power decreases in PC and OT but remains stable in
GC. The oscillatory patterns may shed light on coordination within the olfactory-gustatory
network. Suppression of PC gamma during licking confirms earlier observations by Freeman
(1960).

A recent study in mice by Gonzalez et al. (2022) shows that PC gamma is driven by
respiration, and optogenetic activation OB mitral cell projections trigger feedback inhibition-
based gamma oscillations. Their findings replicate the phase-locking results of pyramidal cell
activity and gamma (Litaudon et al., 2008) and showed odor decoding accuracy using principal
component analysis correlates with the amplitude of gamma in PC, suggesting that PC gamma
plays a significant role in odor processing.

Potential mechanisms for PC suppression may involve a reduction or desynchronized
mitral cell firing. OT receives inputs from both mitral and tufted cells in the OB, and the
modification in odor inputs may also exert a similar effect of reducing gamma power in the local

network in OB.
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Beta

I hypothesized that beta power and coherence may change in the retronasal olfactory
discrimination task because of the role of beta power and coherence in orthonasal learning
(Martin et al., 2004, 2007; Kay & Beshel, 2010; Frederick et al., 2016).

OB beta power is significantly affected by the odor cues and the types of response
elicited. CS+ associated with continued licking decreases beta, while CS- associated with
withdrawing from the port is usually accompanied by increased beta power in the later odor
sampling period. This increase in beta may be similar to the beta oscillation power increases
observed in orthonasal olfaction that occurs later in the orthonasal discrimination tasks,
coincident with preparing to leave the odor port and produce a trained response (Frederick et al.,
2016).

Interestingly, beta band coherence between OB and higher cortical regions PC, OT, and
GC increases through the odor sampling period, regardless of which odor cue is present or the
beta power in the OB. The results show strong beta coherence across the olfactory-gustatory
system, which supports the argument that beta oscillations are more global than gamma and
facilitate information processing.

Beta oscillations in the motor cortex are related to movement preparation (Leventhal et
al., 2012; Khanna & Carmena, 2015). One limitation with Go/No-Go tasks is that sometimes it is
difficult to distinguish whether a phenomenon is elicited by the perceptual experience or by the
response type. Unfortunately, the time point when a rat withdraws from an odor port was not
recorded. Therefore, I was unable to align LFPs to transitional behaviors other than the

respiration and licking cycle in this experiment.
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CHAPTER 6: Sleep Analysis for Retronasal Olfactory Learning

The olfactory network is modulated by learning, and plasticity in cortical activities has
been reported by many (Barnes et al., 2014; Manabe et al., 2011; Narikiyo et al., 2014; Wilson &
Yan, 2010). The OB LFP shows state-dependent oscillations and can be leveraged to identify
sleep stages (Wake/REM/NREM). Retronasal olfaction may induce similar changes in the
olfactory system post-training.

In this chapter, I first replicate a sleep scoring algorithm proposed by Bagur et al. (2018)
that leverages OB gamma and hippocampal LFP for sleep stage classification. To explore how
learning modifies the olfactory network and sleep behaviors, sleep stages are classified over
several days when rats were transferred to new odor sets. I summarize my findings about sleep
behaviors and related physiological patterns observed in olfactory LFP recordings collected from

pre- and post-retronasal olfactory task training.

Methods

Sessions were recorded on the day when rats were transferred to a new learning context
(i.e., when CS- was first introduced, from T to R1, and from R1 to R2). 4 of the rats (2M) from
the original 8 rats in Experiment 3 were used for this analysis. 12 pre-training and 12 post-
training sleep periods were recorded (3 from each rat). A repeated measure ANOVA was used to

examine the effect of learning on sleep behavior and SPW-R probability.
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Sleep stage identification

OB and HPC LFPs were used to classify sleep stages using the sleep scoring algorithm
(Bagur et al., 2018). For sleep/wake states, OB LFPs are first band-passed through a gamma (45-
100Hz) frequency filter and then Hilbert transformed for instantaneous gamma power. The
instantaneous gamma is binned by 5-second windows, and its distribution can be fitted by the
sum of two Gaussian functions (Figure 6.1). The Gaussian distributions correspond to sleep (low
gamma power) and awake (high gamma power) states. The threshold for dividing the two states
is determined by the intersection of the two Gaussian functions. A time window with OB gamma
power below the threshold is identified as sleep, and above the threshold is identified as waking.

REM and NREM sleep are classified by the HPC theta (5-10 Hz) to delta (1-4Hz) ratio.
Theta and delta power are calculated using the multitaper method for power spectral density and
then summing the power within the frequency bands. A time window of 5 seconds is used for
good temporal resolution of microarousal states (Soltani et al., 2019). The distribution of HPC
theta and delta ratio is fitted by a Gaussian distribution, and the threshold is determined to be 2
standard deviations above the center of the distribution.

Videos recorded during sleep sessions before and after training were manually coded to
identify motion and sleep states by 4 coders for validity check. A long (>15 seconds) and
immobile period is identified as sleep, and visible micro-arousals are reported in manual coding.
The rat’s home cage, in which sleep recordings were made, has a small hole (diameter ~1cm),
and rats sometimes poke their nose into the hole. This behavior looks very similar to that of odor
sampling, usually accompanied by fast sniffing and low LFP amplitudes (observations during the

experiment and also seen in Rojas-Libano et al., 2014). Therefore, this nose-in-hole (NIH)
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behavior is also coded for data exploration. The video coders coded the same 5 videos together

to check for consistency and coded the rest of the videos separately.

Identification of Sharp Wave Ripples

Hippocampal LFP recorded during home cage activity pre- and post-training is first
filtered for high frequency 150-250 Hz and Hilbert-transformed to obtain the envelope for the
high-passed signal. A gaussian window of 32 msec was used to smooth the signal and 3 standard
deviations above the mean were the threshold. SPW-Rs are identified as >50 msec with elevated

fast-frequency activity (Jadhav et al., 2012).

Results
Sleep stage scoring

Figures 6.1 and 6.2 show samples of how the hippocampal theta-to-delta (T/D) ratio and
OB gamma can be utilized for sleep stage classification in one sleep session. The thresholds for
wake, REM and NREM are extracted from the probability density function of their distributions
(Figure 6.1A). Sleep stages for each 5-second period are classified according to the algorithm, as
the three main clusters shown in the four quadrants of Figure 6.1B.

Spectrograms of OB and hippocampal LFPs (Figure 6.2A, C) show characteristics
corresponding to previous research on OB gamma decreases during sleep (Barnes & Wilson,
2014; Bagur et al., 2018), and hippocampal slow waves dominate NREM (Buzséki, 2006).

Similar distribution patterns were observed in the 4 rats I used for the sleep analysis (Figure 6.3).
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Figure 6.1. Sleep stage classification method. (A) The probability density function (PDF) of HPC
theta to delta ratio and OB gamma power are fitted by gaussian distributions. The threshold for
NREM and REM is identified as 2 standard deviations above the mean of the theta-to-delta ratio.
The threshold for the wake and sleep stage is the intersection between the two gaussian
distributions fitted on gamma power. (B) The Sleep States grouped classified by the algorithm
include three main clusters: wake (red), REM (green), and NREM (blue)
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Figure 6.3. Distribution for all 4 rats used in the sleep analysis. Similar probability distribution
functions for T/D ratio and OB gamma power are observed.

To check for consistency between the manual scoring (MS) and the algorithm scoring, I

compare the sleep/awake states from the algorithm with that identified by the coders manually.

Video coding cannot discriminate between REM or NREM but can identify micro-arousals that

are noted in the hand coding. The conditional probabilities are calculated with 3000 5-second

windows randomly selected from the four rats. Figure 6.4 shows the overlapping sleep stages

(i.e., same states by both methods) divided by the number of sleep stages using either method.
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The sleep scores overlapped between the two methods are above 80%, and future
direction of this project may include improving the accuracy of the sleep coding algorithm using

signals from other brain structures.

Sleep Scoring Consistency
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Figure 6.4. Verification of algorithm vs. manual scoring of sleep and wake stages. AS -
algorithm scored; MS - manually scored.
Training Effect on sleep LFP

I expected the sleeping time to be longer in the 90-minute recording for olfactory
memory consolidation. The percentages of time spent in the Wake, REM, and NREM states in a
recording session are plotted in Figure 6.5. Paired-sample t-tests show that rats are awake longer
(Pre- M: 33.3%; SD: 14.2%; Post- M: 49.5%; SD: 10.1%; p=0.004; Figure 6.5A) and have less
REM sleep (Pre- M: 2.8%; SD:2.2%; Post- M: 1.3%; SD: 0.1%; p=0.048; Figure 6.5B) post-
training compared to pre-training. No significant difference was found between the percentages

of time spent sleeping pre- and post-training.
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The results are the opposite of my prediction. An alternative explanation for the longer
wake time may be a circadian effect. Nocturnal rats sleep less later in the day as the time for
waking approaches. In addition, it could be that the task is relatively easy, and therefore little

consolidation was needed.
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Figure 6.5. Comparison between time spent in sleep stages and sharp wave ripples pre and post-
sleep. The black line indicates significant differences (p<0.05). For REM and NREM,
percentages refer to portions of the total time. SPW-R rate in D is the rate per second during
NREM.
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Figure 6.6. Examples of sleep SPW-R. (A) Hippocampal SPW-R shows fast, high amplitude
oscillations (B) LFPs in OB, OT, PC, and GC recorded during the top left panel of SPW-R.

One hypothesis about the effect of training is that it induces SPW-R after training to

consolidate olfactory memory (Eschenko et al., 2008). I test this hypothesis with the data set and

investigate whether retronasal olfactory learning can increase hippocampal SPW-R in the NREM

period during post-training. SPW-R occurrence rate (numbers of ripple per second) in NREM

showed no significant difference between the pre- (M: .02; STD: 0.02) and post-training (M:

0.03, STD: 0.043; p=0.623).
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CHAPTER 7: Conclusions

In this dissertation, I addressed the question: can one odorant generate the same or
different percept retronasally and orthonasally.

The answer is mixed. In Chapter 3 I showed that retronasal experience affects orthonasal
learning of the same odorants if they are strong (highly volatile), suggesting that there could be a
shared percept that potentiates learning in one route when an odorant has been experienced from
the other (He et al., 2021).

I used a retronasal olfactory discrimination paradigm to try to understand how the
retronasal route engages the olfactory and gustatory network (Chapters 4 and 5). The
electrophysiological study does not directly answer the question about the shared percept, but it
describes the oscillatory patterns evoked by retronasal olfaction that have not previously been
characterized, such as suppression of gamma power in the olfactory system, including OB, PC,
and OT, and the coupling between LFPs and sensorimotor inputs during retronasal odor
sampling. Retronasal OB beta power increases for CS- similarly to the increase of beta usually
observed in orthonasal tasks, but CS+ odors showed the opposite effect - decreases in OB beta.
However, beta coherence between OB and higher cortical regions increases over odor sampling.
While the same network is engaged in retronasal olfaction, the oscillatory patterns can look very
different from orthonasal olfaction, and this different pattern may contribute to the different
percepts.

The retro- and orthonasal dual-percept theory (Rozin, 1982) has fascinated me since I
first learned about it. It is intriguing that if we think of human or animal brains as information

processors, why would the CPU process the same input (i.e., same chemical) to generate two
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different outputs (i.e., qualitatively different percepts)? Our own body serves as a mediator of the
signal by adjusting the concentration, inhalation, etc. The computer analogy could be that the
information is also pre-processed by rubbing against the monitor.

However, I am not sure if the computer would be a good analogy to understand olfaction,
because the assumption here is that the chemical structure of an odorant should dominate the
quality of olfactory percept, and that was why it was particularly surprising when the effect of
olfactory route overshadowed this chemical effect.

Olfaction has many other functions beyond odor identification and discrimination.
Odorants usually have a hedonic value (Richard & Zucco, 1989), and people either like or dislike
an odor. Khan et al. (2007) argue that olfactory pleasantness can be innate and predicted by the
odor structure, and it is also the primary predictor of odor perception. If we consider the
retronasal and orthonasal olfactory percepts in the framework of odor pleasantness, not chemical
components of odorants, we may expect the two routes to overlap significantly as their functions
converge in food consumption. Olfaction also plays a role in spatial navigation (Jacobs, 2012;
Poo et al., 2022), which almost exclusively involves orthonasal but not retronasal olfaction. The
discussion of retro- and orthonasal olfaction would be incomplete without considering the

ethological functions of olfaction.
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