Kensaku Mori Editor

The

Olfactory
System

From Odor Molecules to Motivational
Behaviors

@ Springer



The Olfactory System






Kensaku Mori
Editor

The Olfactory System

From Odor Molecules to Motivational
Behaviors

@ Springer



Editor

Kensaku Mori
Department of Physiology
The University of Tokyo
Tokyo, Japan

ISBN 978-4-431-54375-6 ISBN 978-4-431-54376-3 (eBook)
DOI 10.1007/978-4-431-54376-3
Springer Tokyo Heidelberg New York Dordrecht London

Library of Congress Control Number: 2014938039

© Springer Japan 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplication
of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

Olfaction, the sense of smell, plays a key role in the daily life of humans and
animals. Its functions include selecting palatable and nutritious foods and rejecting
spoiled foods, avoiding dangerous predators or poisonous gases, searching for a
mate, and engaging in a variety of social interactions. The olfactory system of the
vertebrate brain contains neuronal circuits that translate external odor information
into appropriate behavioral responses. One of the most basic functions of the brain
is to perceive and evaluate sensory information obtained from the external world to
induce adequate motivational and behavioral responses. Thus, exploring the basic
functional logic of the neuronal circuits in the olfactory system appears to be crucial
in understanding the workings of the complex neuronal circuits of the brain,
particularly those in the cerebral cortex.

Olfactory sensory neurons project axons directly to the telencephalon, the most
rostral segment of the embryonic brain that gives rise to the cerebral cortex. Given
that the cerebral cortex is the most prominently evolved structure in the human
brain, the olfactory system has long been considered critical to an understanding of
the cerebral cortex. When I began my study of the olfactory system 39 years ago,
few researchers in Japan had selected the central olfactory system as a major area of
investigation. Although olfactory research was a minor field at that time, I was
encouraged by the words of senior researchers who predicted the importance of
olfactory research in understanding the workings of the human brain. For example,
Sir Wilfred Le Gros Clark, a professor of anatomy at Oxford who was interested in
human evolution, mentioned in the Ferrier Lecture that

There are certain reasons why the study of the olfactory connections offers particularly
favourable opportunities for the study of the neural basis of sensory discrimination in
general.—I should perhaps emphasize that the olfactory bulb, in which the olfactory nerve
fibers terminate, is developmentally an extension forward of the cerebral hemisphere, and is
taken to be an expression of the fact that, from the evolutional point of view, the cerebral
hemispheres were initially developed in the vertebrate series in relation to the olfactory
sense (Le Gros Clark 1957).

These words convinced me that studies of the olfactory system are relevant to
important questions of the brain and mind.
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Despite the numerous important findings of the pioneers of olfactory research,
progress was relatively slow and the number of researchers was small compared with
those engaged in research into the visual, auditory, and somatic sensory systems.
Triggered by discovery of the odorant receptor gene family by Linda Buck and
Richard Axel in 1991, however, understanding of the basic biological mechanisms
of the olfactory system has advanced enormously in the last two decades. The first
objective of this book is to summarize recent advances in understanding of the
mammalian and fish olfactory systems, with particular regard to the basic neurobi-
ological mechanisms of neuronal circuit function in the olfactory system. Fortu-
nately, several researchers working in or around the Tokyo area of Japan—Hitoshi
Sakano, Kazushige Touhara, Yoshihiro Yoshihara, and Masahiro Yamaguchi—
have collaborated on workshops on the olfactory system, which included a guest
speaker, Noam Sobel. I took this opportunity to ask each of them to write a chapter of
this book to describe recent developments in olfactory research for the coming
generation of scientists: undergraduates, graduate students, and postdoctoral
researchers in the fields of neuroscience, neurobiology, chemical senses, food and
nutritional sciences, medical science, sensory psychology, and behavioral sciences.

We humans enjoy the flavor of delicious foods, as well as wonderful music and
beautiful scenery. To understand the neural mechanisms by which we enjoy this
world, an essential part of our daily life, studying the neuronal basis of flavor
perception in the olfactory and gustatory system, that of music perception in the
auditory system, and that of fine art perception in the visual system would appear to
be good and valuable ideas. Despite rapid progress in understanding the olfactory
system, however, it remains unclear how odor information is processed at levels
beyond the olfactory bulb, which include many areas of the olfactory cortex,
olfactory tubercle, amygdala, entorhinal cortex, and orbitofrontal cortex. Indeed,
it is only recently that we have begun to understand the brain mechanism for flavor
perception (Shepherd 2012). Much current research on the olfactory system is
focused on the functional logic at these higher centers of the olfactory system,
and I predict that progress in understanding the olfactory system will soon accel-
erate at an even greater pace. The second purpose of this book is to provide
perspectives on future directions in olfactory system research to next-generation
scientists. As knowledge of higher olfactory centers advances, we might even come
to understand the secret of how our brain allows us to enjoy foods and wine.

Tokyo, Japan Kensaku Mori
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Chapter 1
Unique Characteristics of the Olfactory
System

Kensaku Mori and Hiroyuki Manabe

Abstract The olfactory system in the brain plays key roles in the daily lives of
humans and animals. This chapter briefly sketches the recent rapid progress in
understanding the structure and function of the olfactory system and some unsolved
important questions regarding this system. Olfactory perception occurs in discrete
respirations (sniffs), and this chapter underscores the intimate relationship between
the function of the olfactory system and the sniff thythm. In addition, this chapter
provides basic knowledge about the unique characteristics of the olfactory neural
circuits, starting from olfactory sensory neurons in the nose through the olfactory
bulb and olfactory cortex up to the orbitofrontal cortex and olfactory tubercle.

Keywords Exhalation ¢ Inhalation « Motivational behaviors ¢ Odor molecules
e Odorant receptor ¢ Olfactory bulb ¢ Olfactory cortex ¢ Orbitofrontal cortex
* Sniff rhythm

1.1 From Odor Molecules to Behavioral Responses

One of the basic functions of the human brain is to process sensory information
about the external world. This processing is done with reference to one’s internal
state to choose and evaluate salient objects so that one can express appropriate
emotional, motivational, and behavioral responses. It is therefore natural for olfac-
tory system researchers to ask “What is the neuronal circuit logic of the olfactory
system that enables humans and animals to translate external odor information
to necessary behavioral outputs?” However, understanding this translation
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(or understanding the input—output relationship) is no easy task. The difficulty
originates from the tremendous diversity of odors in the world. It is estimated
that the human nose can detect and discriminate more than 400,000 volatile
compounds (odor molecules or odorants), each having a distinct molecular struc-
ture. Further, single objects emit a multitude of odor molecules—an apple, for
example, emits an object-specific combination of more than 100 different odor
molecules. The number of possible input patterns of odorants to the nose is beyond
count. How does the olfactory system cope with these tremendously diverse input
patterns, composed of an astronomically diverse range of odorant combinations?

As we discuss here, the discovery of the odorant receptor gene family by Linda
Buck and Richard Axel (Buck and Axel 1991) triggered elucidation of the key logic
of odorant coding (a type of combinatorial coding) at the level of the odorant
receptors, olfactory sensory neurons in the nose, and glomeruli in the olfactory
bulb. Before the identification of this key logic, relating each of the “innumerable
odors” to each of the “large variety of percepts and behavioral responses” was
considered almost impossible. However, the finding of the key logic encouraged us
to speculate whether it might in fact be possible to relate any of “approximately
390 human odorant receptors” to any of “a large variety of percepts and behavioral
responses.”

The difficulty also originates from the diversity and complexity of percepts,
motivational behaviors, and emotional behaviors. For example, while the detection
of food odor may lead to food search behaviors followed by eating, the expression
of these behaviors is also dependent on internal states such as hungriness and
thirstiness. In response to predator odors, a good strategy for rodents is to escape
from the danger, but there are numerous behavioral patterns for escape, including
the fight or flight choice. Odors or pheromones from the opposite sex may lead to a
variety of behavioral responses (Wyatt 2009), whereas distinct conspecific odors
induce diverse social behaviors (Doty 1986). Furthermore, humans and mammals
can learn to associate any neutral odorant with a reward or punishment, such that
the odor can induce specific attractive or aversive behavior based on previous
experience.

One possible strategy for the “odorant receptor input—behavioral output” trans-
lation is to form simple reflex-like neuronal connections (or so-called zombie-like
connections) between olfactory sensory neurons in the nose and the motor circuits
responsible for specific behavioral output. The spinal cord, brainstem, and midbrain
contain a rich variety of reflex pathways (or short-circuit pathways) that connect
somatosensory, gustatory, auditory, and visual inputs to motor outputs. In striking
contrast, the olfactory system is unique among the five sensory systems in that it
does not have direct connections with these regions and lacks simple reflex-like
pathways. All axons of olfactory sensory neurons synapse with neurons in the
olfactory bulb, which is developmentally an expansion forward of the cerebral
cortex. In other words, olfactory sensory neurons directly connect with cerebral
cortex networks.

Furthermore, the olfactory bulb and olfactory cortex lie in the telencephalic
segment of the brain, which includes the neocortex, paleocortex, and basal ganglia.
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Understanding the logic of olfactory sensory input—behavioral output translation
therefore requires elucidation of the cortical and basal ganglia circuit mechanism.
The discovery of odorant receptors led to rapid progress during the past two decades
in understanding the mechanism of odorant coding at the level of odorant receptors,
olfactory sensory neurons, and glomeruli in the olfactory bulb (Axel 1995; Buck
and Axel 1991; Mori et al. 1999). Nevertheless, the question of how olfactory codes
at the level of the glomeruli in the olfactory bulb are read by the olfactory cortex
and higher association areas to translate the coded olfactory information into
appropriate behavioral outputs remains largely unknown. We still lack an under-
standing of the functional logic of neuronal circuits in the olfactory cortex and
higher association areas, and extensive exploration of the olfactory cortex and
higher association areas in the paleocortex, neocortex, and basal ganglia has only
recently begun. This new focus on these regions predicts rapid near-term progress
in understanding the key logic of the neuronal circuits that translate the olfactory
inputs to emotional, motivational, and behavioral output.

After providing an overall characterization of the structure and function of the
olfactory system in Chap. 1, Kazushige Touhara summarizes in Chap. 2 recent
progress in the state of knowledge about chemosensory signals, receptors, olfactory
network, and behavioral outputs, and provides prospects for future progress and
questions to be solved. Hitoshi Sakano describes his group’s remarkable findings in
the molecular and cellular mechanisms of olfactory map formation by olfactory
sensory axons on the glomeruli in the olfactory bulb in Chap. 3. The structure and
function of olfactory maps in the mammalian olfactory bulb is briefly described in
Chap. 4. Although this book mostly describes the olfactory system of land mam-
mals, there is also rapid growth in understanding the zebrafish olfactory system,
which has become one of the most useful and important model organism in
neurobiology. Yoshihiro Yoshihara describes the zebrafish olfactory system in
Chap. 5. Masahiro Yamaguchi focuses on inhibitory interneurons in the olfactory
bulb and discusses the functional roles of adult-born granule cell inhibitory inter-
neurons in Chap. 6. Shin Nagayama, Kei Igarashi, Hiroyuki Manabe, and Kensaku
Mori discuss how odor signals are conveyed from the olfactory bulb to the olfactory
cortex in Chap. 7, focusing on parallel tufted cell and mitral cell pathways.
Chapter 8 proposes possible structural and functional organization of the piriform
cortex, olfactory tubercle, and orbitofrontal cortex. Finally, Noam Sobel summa-
rizes olfactory system neurobiology and perception in humans in Chapter 9.

1.2 Sniff Rhythm and Olfaction

Although it is controversial whether perception in general relies on discrete
processing epochs, it is agreed that conscious olfactory perception occurs in
discrete respirations (or sniffs) (Kepecs et al. 2006; Mainland and Sobel 2006;
VanRullen and Koch 2003). Sniff rhythm appears to be a conductor orchestrating
the mode of information processing globally across a wide variety of members


http://dx.doi.org/10.1007/978-4-431-54376-3_1
2
http://dx.doi.org/10.1007/978-4-431-54376-3_3
http://dx.doi.org/10.1007/978-4-431-54376-3_4
http://dx.doi.org/10.1007/978-4-431-54376-3_5
http://dx.doi.org/10.1007/978-4-431-54376-3_6
http://dx.doi.org/10.1007/978-4-431-54376-3_7
http://dx.doi.org/10.1007/978-4-431-54376-3_8

4 K. Mori and H. Manabe

Transition
phase

Transition
phase

Off-line processing of Expression Phase
stored information (initiates response)
On-line processing Sensing Phase
of external odor (receives sensory _
(sensory) inputs inputs)
1sec

Vagal tone
(rest and digest

state) ‘ ‘
Heart Rate $ * ¥

Fig. 1.1 Inhalation—exhalation sniff cycles. The topmost trace indicates the sniff rhythm of a rat
(during awake resting) recorded with a thermocouple placed in the nasal cavity. Upward swing of
trace indicates inhalation. Broken line indicates the phase of transition from inhalation to exha-
lation (Exh.). Large and small arrows below the respiration monitor illustrate possible functional
state of the central olfactory system, the autonomic parasympathetic nervous system, and heart rate

(areas) of the central olfactory system. In land mammals, each respiration cycle
consists of an inhalation phase followed by an exhalation phase (Fig. 1.1). During
the inhalation phase, odorants in the external world are drawn, together with air,
into the nasal cavity and thus activate olfactory sensory neurons in the nose.

Although it takes time for inhaled odorants to reach and then activate olfactory
sensory neurons, the response of these neurons starts at the rising phase of the
inhalation, continues during the rest of the inhalation phase, and then declines
during the exhalation phase (Wachowiak 2011; Wilson and Sullivan 1999). This
observation suggests that external odor input is processed on-line in the central
olfactory system mostly during the inhalation phase, including the transition phase
from inhalation to exhalation (Fig. 1.1). In this scenario, the inhalation phase is the
time window for the central olfactory system to “explore” the external odor
information. Because autonomic parasympathetic nervous system activity
(so-called vagal tone) decreases during the inhalation phase, on-line processing of
external odor inputs is associated with a decrease in parasympathetic activity and an
increase in heart rate (Fig. 1.1).

In contrast, during the exhalation phase, particularly the latter part of a long
exhalation, the central olfactory system is temporarily isolated from the external
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odor world and processes olfactory information off-line. In parallel, parasympa-
thetic nervous system activity increases during the exhalation phase, resulting in a
decrease in heart rate. Because parasympathetic activity is thought to represent the
“rest and digest” state of the body, we speculate that the exhalation phase is
associated with the “rest and digest” state of the central olfactory system. We
further speculate that the inhalation—exhalation sequence of a sniff cycle not only
determines the timing of external odor information sampling but also regulates the
mode of information processing in the central olfactory system. The inhalation
phase might be a “sensing phase,” specialized in the receipt of external sensory
input, and the exhalation phase might be an “expression phase,” specialized in the
processing of stored information to initiate appropriate behavioral responses.

The working of the neuronal networks in the central olfactory system, particu-
larly the information processing mode, therefore appears to depend heavily on the
sniff cycle and rhythm. This is the case during wakefulness, especially during fast
sniffs, in which animals actively explore the external odor world. However, during
sleep states with slow respiration, the central olfactory system, particularly the
olfactory cortex and higher association areas, is largely isolated from the external
odor world by behavioral state-dependent sensory gating (Murakami et al. 2005).
The information processing rhythm in the central olfactory system during sleep
states is, if present, thus largely independent of the respiration rhythm.

In humans and animals, respiration rthythm varies precisely according to behav-
ioral state, and each sniff rhythm has distinct behavioral correlates (Homma and
Masaoka 2008; Manabe and Mori 2013). Figure 1.2 and Table 1.1 summarize the
distinct sniff (or respiration) patterns that are induced during different behavioral
states. The sniff rhythm in Fig. 1.2 was recorded with a thermocouple placed in the
nasal cavity of a freely behaving rat. In addition, the sniff rhythm-paced neuronal
activity in the olfactory system was monitored by recording local field potentials in
the deep layer (granule cell layer) of the olfactory bulb, the first information
processing center in the central olfactory system. The tight coupling between
sniff rhythm and neuronal activity in the olfactory system underscores the critical
importance of monitoring sniff cycles in analyzing the functional properties of the
neuronal circuits in the olfactory system of freely behaving animals.

During walking, running, and exploratory movements, rats make a series of
small, brief, and rapid sniffs at the theta frequency range (6—10 Hz) (Fig. 1.2a). The
local field potential in the olfactory bulb shows nested gamma oscillations
superimposed on the sniff-paced oscillations of the theta frequency range. Here,
we focus on the sniff-paced theta oscillations, leaving discussion of the gamma
oscillations for Chap. 7. During the movement state, local field potentials in
the hippocampus (or hippocampal EEG) are known to show theta oscillations
(6—12 Hz). Because this hippocampal theta oscillation during the movement state
is called the “translation-movement theta oscillation” (t-theta) (O’Keefe 2007), we
call the theta sniffs “translation-movement theta sniffs” (t-theta sniffs).

When rats are immobile, showing no translation movement, but are in exploratory
behavior with arousal and attention state, they show also a train of small, brief, and
rapid sniffs of theta frequency range (3—8 Hz) followed by one or a few sniffs with a
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Fig. 1.2 Each sniff rhythm has distinct behavioral correlates. Simultaneous recordings of respi-
ration rhythm (topmost traces; upward swing indicates inhalation), local field potential in the
granule cell layer of the olfactory bulb (middle traces), and gamma oscillations of the local field
potential (bandpass filtered, 30-140 Hz; bottom traces) during moving (a), during immobile-
attentional state (b), during awake resting (c), during eating (d), during deep breath (e), during

REM sleep (f), and during slow-wave sleep (g)
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relatively long exhalation phase (Fig. 1.2b). During the theta frequency sniffs, rats
show synchronization between sniff and whisking (rapid movements of vibrissae),
with vibrissae protraction during the brief inhalation and vibrissae retraction during
the brief exhalation (Welker 1964). Local field potential in the olfactory bulb shows
the sniff rhythm-paced theta oscillatory activity with superimposed nested gamma
oscillations. During this behavioral state, hippocampal EEG shows theta oscillations
(4-9 Hz), which are called “immobile attention-related theta oscillations” (a-theta).
Accordingly, the theta sniffs during this behavioral state can be classified as “atten-
tion-related theta sniffs” (a-theta sniffs).

When rats are in the awake resting state sitting quietly, they show a slow
low-frequency sniff pattern (~2.5 Hz on average), with a sniff cycle consisting of
a slow inhalation followed by a longer exhalation. The longer exhalation phase may
reflect the dominance of the “rest and digest” state of the olfactory system. Local
field potential in the olfactory bulb exhibits sniff rhythm-paced slow oscillations
with superimposed nested gamma oscillations (Fig. 1.2¢). In contrast, the hippo-
campal EEG typically shows large irregular amplitude activity (LIA) with sharp
wave/ripple events, which are thought not to be driven by external sensory inputs
but to be generated internally based on memory traces stored during preceding
movement or exploratory behavior (Buzsaki 2006).

Eating foods is a typical daily olfactory behavior, and rats show slow
low-frequency sniffs with a relatively long exhalation phase during eating and
drinking (Fig. 1.2d). During the exhalation phase, rats sometimes stop respiration
for a short period, which may correspond to the respiration-absent period for
swallowing (swallowing apnea). The long exhalation phase of the eating slow
sniff is a unique time window in which the central olfactory system receives strong
retronasal odor stimulation from foods in the mouth (Gautam and Verhagen 2012).
Hippocampal EEG exhibits LIA with sharp wave/ripple events during this behav-
ioral state.

If you breathe slowly and deeply, your mind becomes calm. Rats also sometimes
show slow and deep breathing with an extremely long exhalation phase or apnea
phase, as exemplified in Fig. 1.2e. In synchrony with the large inhalation, the
olfactory bulb shows prominent gamma oscillations superimposed on a large
slow potential. Rich oscillatory activity also appears during the exhalation phase,
in which the olfactory bulb does not receive direct olfactory sensory inputs. The
hippocampal EEG shows LIA with sharp waves/ripples during the exhalation
phase, but these events are typically absent during the inhalation phase (Manabe
2008).

During a sleep episode, rats show several cycles of slow-wave sleep and rapid
eye movement (REM) sleep. They show very regular slow respiration of large
amplitude during the slow-wave sleep state, but strikingly irregular respirations
with a wide variety of amplitude during REM sleep. During these sleep states, the
olfactory bulb does not show sniff-paced oscillations of local field potential. During
slow-wave sleep states, the olfactory bulb shows slow irregular waves, but their
occurrence is largely independent of respiration rhythms. The hippocampal EEG
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shows characteristic theta oscillations during REM sleep (REM-theta) and LIA
with sharp waves/ripples during slow-wave sleep.

In this way, as each hippocampal EEG pattern has distinct behavioral correlates,
so also does each sniff rhythm. Researchers with rich experience in studying rat
olfactory behavior tell us that they can correctly guess the behavioral state of the rat
by monitoring the sniff pattern, even without direct observation of the rat’s behav-
ior. Furthermore, the sniff thythm depends on motivational state and the type of
motor activity. If the information processing rthythm in the central olfactory system
of arat occurs in synchrony with its sniff thythm, what is the function of this rhythm
in olfactory information processing? And if sniff rhythm is a key to olfactory
information processing, what types of information are processed at different phases
of a sniff cycle?

As already stated, each sniff cycle consists of an inhalation phase (on-line phase)
followed by an exhalation phase (off-line phase). Figure 1.2 shows that several
types of nested oscillatory activity occur sequentially in the olfactory bulb at fixed
phases of an inhalation—exhalation sniff cycle. The nested gamma oscillations
during the inhalation phase (including those that occur just after the end of
inhalation) are thought to reflect neuronal activities that are induced directly by
the odor inhalation. As shown in Fig. 1.2, however, a large amount of nested
oscillatory activities in the olfactory bulb sometimes also occurs during the subse-
quent long-exhalation phase or off-line “rest and digest” phase. Such nested
oscillatory activities occur also in the olfactory cortex and higher olfactory centers
during the long exhalation phase up to the initial part of the next inhalation, in
which the central olfactory system is nearly disengaged from the external odor
world (see Chap. 8).

Odor information is conveyed from the olfactory bulb to the olfactory cortex via
two types of projection neurons, tufted cells and mitral cells (see Chap. 7). A sniff
cycle can be divided into an inhalation phase and exhalation phase (Fig. 1.1). At
which phase of the sniff cycle do tufted cells and mitral cells send odor information
to the olfactory cortex? Recent studies by Igarashi et al. (2012) and Fukunaga
et al. (2012) indicate that tufted cells and mitral cells send odor information at
different phases of the respiration cycle. During the inhalation phase, including the
inhalation—exhalation transition phase (on-line “exploratory” phase), a subset of
tufted cells start to respond with spike discharges at the rising phase of inhalation,
which is followed by the later-onset burst discharges of many mitral cells during the
inhalation—exhalation transition phase (see Chap. 7). The initial on-line processing
of odor inputs by tufted cells during the inhalation phase might mediate initial fast
responses or initial detection of an inhaled odor. The later-onset on-line processing
by mitral cells might be important for later integration processes in the olfactory
cortex (see Chaps. 7 and 8).

It should be noted that many mitral cells also show burst discharges during the
later part of the exhalation phase. Why do many mitral cells show spike discharges
during the exhalation phase? What is the functional role of the neuronal activities of
the central olfactory system during the off-line “rest and digest” phase? Olfactory
researchers have no clear answers to these questions. One can only speculate that
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during the exhalation phase the central olfactory system is engaged in off-line
processing of odor information that is stored during the preceding inhalation
phase. The off-line processing of odor information might be used to initiate
adequate behavioral outputs. In addition, off-line processing might also be impor-
tant in inducing specific emotional and motivational states in the brain. Further-
more, the olfactory system processes retronasal odor inputs from foods in the mouth
during the off-line exhalation period, presumably for the evaluation of foods.
Off-line processing is discussed in more detail in Chap. 8.

Once you detect thythms in music, you anticipate subsequent tones in the next
rhythmic cycle. From this, we further speculate that once humans or animals detect
the sniff rhythm (or once the cerebral neocortex actively elicits the sniff rhythm),
off-line processing might be used in anticipating particular types of odor inputs
during subsequent inhalation. Monitoring the respiration cycle provides a unique
opportunity to differentiate neuronal activities in the on-line processing of odor
inputs from those in off-line processing, which occur at distinct time windows.

In all sensory systems, including the olfactory system, distinction between
on-line processing and off-line processing also occurs over a much longer time
scale, that is, on-line processing during wakefulness and off-line processing during
sleep. In the olfactory system, on-line processing during inhalation and off-line
processing during exhalation occur alternatively throughout the period of wakeful-
ness. During sleep, in contrast, off-line processing may continually occur
irrespective of respiration rhythm, as described in Chap. 8. In other words, there
are at least three distinct time windows for information processing in the central
olfactory system: during wakefulness, there is a constant alternation of on-line
processing of odor inputs at the inhalation phase and off-line processing of olfac-
tory information at the exhalation phase, whereas continuous off-line processing
occurs during sleep.

Sensory neuroscience has been markedly successful in advancing knowledge of
neuronal circuit mechanisms in the on-line processing of sensory inputs. In contrast,
progress in understanding the mechanisms of off-line processing of sensory infor-
mation is relatively slow. Future studies of the central olfactory system will
substantially contribute to advancing our knowledge of this latter point.

1.3 Unique Characteristics of Olfactory Pathways

In this section, we briefly review the characteristic structural organization of the
central olfactory pathways in the brain, starting from the olfactory sensory neurons
in the olfactory epithelium of the nose (Fig. 1.3). Olfactory information from the
external world is carried in a vast variety of odorants, small volatile compounds
with a molecular mass less than 300 Da. Odorants are drawn into the nasal cavity
during the inhalation phase of the respiration. They are received by odorant
receptors expressed on the cilial surface membrane of olfactory sensory neurons
(Buck and Axel 1991).
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Neocortex
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Olfactory Cortex

Fig. 1.3 Olfactory pathways to the orbitofrontal cortex in rodents. A schematic diagram of the
lateral view of the rodent brain illustrates the neuronal pathways from olfactory sensory neurons
through the olfactory bulb and olfactory cortex to the orbitofrontal cortex. Alv ventral agranular
insular cortex, AON anterior olfactory nucleus, APC anterior piriform cortex, Glom glomerulus,
LEA lateral entorhinal cortex, OFC orbitofrontal cortex, OSN olfactory sensory neuron, OT
olfactory tubercle, PPC posterior piriform cortex. Axons of tufted cells are shown by red; those
of mitral cells are shown by blue. (Modified from Mori et al. 2013)

In the mouse olfactory system, each olfactory sensory neuron expresses only one
type of functional odorant receptor among a repertoire of more than 1,000 different
odorant receptor types, a phenomenon called the “one cell-one receptor” rule. Each
olfactory sensory neuron projects a single axon (olfactory axon) to a single glomerulus
in the olfactory bulb, which has approximately 1,800 glomeruli spatially arranged
around its surface (Fig. 1.3). Axons of numerous olfactory sensory neurons expressing
the same type of odorant receptor converge onto two target glomeruli located at fixed
positions in the olfactory bulb (see Chap. 3). Each glomerulus therefore represents a
single type of odorant receptor (the “one glomerulus—one receptor” rule).

Within each glomerulus of the olfactory bulb, olfactory axons form excitatory
synaptic connections on the terminal tufts of primary dendrites of two types of
projection neurons, tufted cells and mitral cells (Figs. 1.3 and 1.4). Because of the
one glomerulus—one receptor rule, all the olfactory axons and all the sister tufted and
mitral cells that project to a single glomerulus form a functional module (glomerular
module or glomerular unit) that represents a single type of odorant receptor (Mori and
Sakano 2011; Shepherd et al. 2004). For information on the synaptic organization of
the olfactory bulb, we refer readers to Shepherd et al. (2004).

The olfactory cortex is defined as those areas that receive direct synaptic input
from projection neurons in the olfactory bulb (Fig. 1.5) (Neville and Haberly 2004;
Price 1985; Wilson and Sullivan 2011). Individual mitral cells have large cell
bodies in the mitral cell layer and send axons in a dispersed manner to virtually
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Fig. 1.4 Schematic diagram of the neuronal circuit of the olfactory system shows connectivity of
olfactory sensory neurons in the olfactory epithelium (upper left), projection neurons and local
interneurons in the olfactory bulb (OB), and pyramidal cells in the anterior olfactory nucleus
(AON) and anterior piriform cortex. GL glomerular layer, sEPL superficial part of the external
plexiform layer, dEPL deep part of the external plexiform layer, MCL mitral cell layer, GCL
granule cell layer, T tufted cell, M mitral cell, GC(T') tufted cell-targeting granule cell, GC(M)
mitral cell-targeting granule cell, PII pyramidal cell in layer II of the AON, P/Ib pyramidal cell in
layer IIb of the APC, PIII pyramidal cell in layer III of the APC, PPC posterior piriform cortex.
(Modified from Yamaguchi et al. 2013)

all areas of the olfactory cortex, including the piriform cortex (anterior and poste-
rior piriform cortex), areas in the olfactory peduncle (anterior olfactory nucleus,
tenia tecta, and dorsal peduncular cortex), olfactory tubercle, cortical amygdaloid
nuclei (nucleus of the lateral olfactory tract, anterior cortical amygdaloid nucleus
and posterolateral cortical amygdaloid nucleus), and lateral entorhinal area
(Figs. 1.4, 1.5, and 1.6) (Haberly and Price 1977; Igarashi et al. 2012; Luskin and
Price 1983; Neville and Haberly 2004; Shipley and Ennis 1996). Tufted cells have
smaller cell bodies that are distributed in the external plexiform layer (EPL). Each
tufted cell projects axons selectively to focal targets in the olfactory peduncle areas,
the rostroventral part of the anterior piriform cortex, and rostrolateral parts of the
olfactory tubercle (see Chap. 7).

Except for the olfactory tubercle, all areas of the olfactory cortex have a
pyramidal cell-based cortical organization (Figs. 1.4 and 1.6) (Neville and Haberly
2004). Each of these areas has a relatively simple cortical structure, typically with
three distinct layers (I, II, and III). Axons of olfactory bulb projection neurons
(afferent input) form excitatory synaptic connections (in layer Ia) on the apical
dendrites of layer II and layer III pyramidal cells (Figs. 1.4 and 1.6). The pyramidal
cells send association fibers to form excitatory synapses on neurons in the same area
and in other areas of the olfactory cortex and higher association areas. In the
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Fig. 1.5 Unrolled flattened map of olfactory bulb (OB) and olfactory cortex (ventral view). The
unrolled map of the olfactory cortex was reconstructed based on the coronal sections of the mouse
brain shown in Paxinos and Franklin (2001); that of the olfactory bulb was reconstructed by
OCAM-labeled coronal sections shown in Nagao et al. (2000). OB(/) lateral map of the olfactory
bulb, OB(m) medial map of the olfactory bulb, OB() tongue-like region of the olfactory bulb,
AONe anterior olfactory nucleus pars externa, AONd dorsal part of the AON, AON/ lateral part of
the AON, AONv ventral part of the AON, AONm medial part of the AON, TTv ventral tenia tecta,
TTd dorsal tenia tecta, DPC dorsal peduncular cortex, APC anterior piriform cortex, OT olfactory
tubercle, nLOT nucleus of lateral olfactory tract, ACo anterior cortical amygdaloid nucleus, PLCo
posterolateral cortical amygdaloid nucleus, PPC posterior piriform cortex, LEA lateral entorhinal
area. Different areas of the olfactory cortex are shown by different colors

afferent pathways (Figs. 1.4 and 1.6), direct afferent input from the olfactory bulb
terminates in layer Ia of the piriform cortex, whereas association fiber inputs
terminate mainly in layer Ib (Neville and Haberly 2004). Pyramidal cells in layers
II and III of the anterior olfactory nucleus and anterior piriform cortex also
massively project collateral axons of the association fibers to the olfactory bulb,
and thus form top-down feedback pathways (Fig. 1.4).

Figure 1.7 illustrates the major olfactory afferent pathways from the piriform
cortex to the neocortex. Pyramidal cells in layer II of the anterior piriform cortex
(APC) project axons to the orbitofrontal cortex (OFC), which includes the ventrolat-
eral orbital cortex (VLO) and lateral orbital cortex (LO). These pyramidal cells also
project axons to the ventral agranular insular cortex (Alv) of the neocortex. The
projection from the APC to the OFC/Alv is composed of two parallel pathways
(Ekstand et al. 2001): pyramidal cells in the ventral part of the APC (APCv) project
axons to the VLO, and those in the dorsal APC (APCd) send axons to the LO and Alv.
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Fig. 1.6 Olfactory afferent pathways from the olfactory bulb through the anterior olfactory
nucleus to the three subdivisions of the piriform cortex. Tufted cell axons and mitral cell axons
form two types of direct afferent pathways from the olfactory bulb and terminate in the superficial
part of layer I (layer Ia) of the olfactory cortex. AON anterior olfactory nucleus, APCv ventral
subdivision of the anterior piriform cortex (APC), APCd dorsal subdivision of the APC, PPC
posterior piriform cortex. Ib association fiber afferent pathways (/b assoc. fiber) are also shown by
arrows that terminate in the deep part of layer I (layer Ib). Py pyramidal cell; 7, /1, and /I indicate
layers I, II, and III, respectively, of the olfactory cortex

The olfactory pathway to the OFC/Alv is unique in that the orbitofrontal cortex
is only three synapses (olfactory bulb, APC, and OFC synapses) distant from
olfactory sensory neurons. However, in addition to the direct projection from the
APC to OFC/Alv, indirect transthalamic pathways are also present (Fig. 1.7). The
APCd projects axons to the endopiriform nucleus (En), which projects axons to the
mediodorsal nucleus (MD) of the thalamus. Thalamocortical neurons in the MD
project axons to the LO and Alv. The APCv connects with the pre-endopiriform
nucleus (pEn), which projects axons to the submedius nucleus (SM) of the thala-
mus. Thalamocortical neurons in the SM send axons to the VLO.

The direct projection from the piriform cortex to the neocortex shows broad
topographical organization (Figs. 1.7 and 1.8) (Ekstand et al. 2001; Ray and Price
1992). The APCv projects to the VLO, the most rostral target area of the neocortex.
The APCd directly sends axons to the LO and Alv. Pyramidal cells in the posterior
piriform cortex (PPC) project axons to the Alv and posterior agranular insular
cortex (Alp). The OFC in turn projects axons back to layer III of the piriform
cortex. This top-down projection also shows broad topography, as shown in Fig. 1.7
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Fig. 1.7 Direct and transthalamic pathways from the three subdivisions of the piriform cortex to
the neocortex. Ventral subdivision of the anterior piriform cortex (APCv), dorsal subdivision of the
anterior piriform cortex (APCd), and posterior piriform cortex (PPC) form distinct pathways to the
neocortex. VLO ventrolateral orbital cortex, LO lateral orbital cortex, Alv ventral agranular insular
cortex, Alp posterior agranular insular cortex, SM submedius nucleus of thalamus, MD
mediodorsal nucleus of thalamus, pEn pre-endopiriform nucleus, En endopiriform nucleus. Solid
arrows indicate afferent axonal connections; broken arrows show top-down connections

(Illig 2005). The lateral entorhinal cortex has reciprocal connections with the
perirhinal cortex (Fig. 1.8) (Amaral and Lavenex 2007).

The olfactory cortex is a key structure that sends olfactory sensory information
not only to the neocortex but also to other higher association areas (Fig. 1.8). For
example, the lateral entorhinal cortex sends axons to the hippocampus, forming
olfactory afferent pathways to the hippocampus. The piriform cortex and cortical
amygdaloid nuclei have rich connectivity with the amygdaloid nuclei, forming
olfactory afferent pathways to the amygdala. The piriform cortex and other areas
of the olfactory cortex also project to the lateral hypothalamus, forming the
olfactory afferent pathways to the hypothalamus.

The olfactory tubercle is unique among areas of the olfactory cortex and thus
appears to be functionally distinct from other areas of the olfactory cortex.
Although it has a cortical organization, principal neurons in the olfactory tubercle
are GABAergic medium spiny neurons (Millhouse and Heimer 1984). These
medium spiny neurons do not send association fibers to other areas of the olfactory
cortex but send inhibitory output to the neurons in the ventral pallidum. The ventral
pallidum neurons are GAB Aergic neurons that send inhibitory outputs to neurons in
the mediodorsal nucleus of the thalamus, dopaminergic neurons in the ventral
tegmental area, and neurons in the lateral hypothalamus. Together with the
accumbens, the olfactory tubercle forms the ventral striatum (Heimer 2003;
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Fig. 1.8 Major olfactory afferent pathways from the olfactory cortex to the neocortex, hippo-
campus, amygdala, hypothalamus, and ventral striatum. Unrolled map of areas in the olfactory
cortex is reconstructed based on Fig. 1.5. Olfactory peduncle areas include anterior olfactory
nucleus (AON), anterior olfactory nucleus pars externa (AONpE), tenia tecta (17), and dorsal
peduncular cortex (DPC). The three subdivisions of the piriform cortex are the ventral subdivision
of the anterior piriform cortex (APCv), the dorsal subdivision of APC (APCd), and the posterior
piriform cortex (PPC). The olfactory tubercle (OT) is part of the ventral striatum. Cortical
amygdaloid nuclei include the nucleus of the lateral olfactory tract (nLOT), the anterior cortical
amygdaloid nucleus (ACo), and the posterolateral cortical amygdaloid nucleus (PLCo). Lateral
entorhinal area (LEA) forms the pathway to the hippocampus. Each target area in the neocortex is
surrounded by a solid line. VLO ventrolateral orbital cortex, LO lateral orbital cortex, Alv ventral
agranular insular cortex, Alp posterior agranular insular cortex, PR/ perirhinal cortex

Ikemoto 2003, 2007; Ikemoto et al. 2005; Switzer et al. 1982) and is thought to have
a key role in the olfactory cortex—ventral striatum—ventral pallidum—thalamus—
frontal cortex loop (see Chap. 8).

In addition to these major afferent pathways, a variety of associational and
top-down axonal projections occur across different regions of the central olfactory
system. The central olfactory system thus forms large-scale neuronal networks that
connect local circuits in the olfactory bulb, olfactory cortex, orbitofrontal cortex,
agranular insular cortex, thalamus, hypothalamus, amygdala, hippocampus, and
ventral striatum. Olfactory researchers are now struggling to understand the
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functional logic of the large-scale networks of the central olfactory system that
enables human and animals to translate external odor information to appropriate
behavioral outputs.

As described in the previous section, the information processing mode in the
large-scale networks of the olfactory system depends heavily on the sniff cycle.
Therefore, olfactory researchers are interested in the question of “when” in the sniff
cycle the central olfactory system translates the external odor information to
behavioral outputs. During the on-line inhalation phase of the sniff, what type of
information processing occurs in the large-scale networks of the central olfactory
system? During the inhalation phase, how and via which pathways is the odor
information transferred in the large-scale networks? In parallel with the transition
from inhalation phase to exhalation phase, the information processing mode and the
direction of information streams appear to change. It is largely unknown, however,
how the large-scale networks of the central olfactory system change the information
processing mode at different phases of the sniff cycle. Future research will address
these questions, which are particularly important in understanding the workings of
the central olfactory system.
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Chapter 2
Odor and Pheromone Molecules, Receptors,
and Behavioral Responses

Kazushige Touhara

Abstract Knowledge about chemosensory signals, receptors, olfactory neural
network, and behavioral outputs has grown rapidly. Thus, the molecular logic
that mediates recognition and discrimination of chemosensory signals has been
revealed. Here, I first summarize the current understanding of mammalian olfac-
tion, from the odorant or pheromone, to the receptor, and finally to the behavioral
output. I then discuss important questions to be solved in the future and give some
insights. Specifically, how should we categorize volatile compounds that are
received by olfactory systems in animals? What should be the next focus of
research in the field of olfactory receptors? How can we connect a receptor response
to a cognate, biologically meaningful odorant or pheromone with the respective
behavioral or physiological output at the level of neural circuitry?

Keywords Chemosensory ¢ Insect « Mouse * Odorant ¢ Olfactory receptor
» Pheromone

2.1 Introduction

For terrestrial animals, most odorants are small volatile organic compounds with
molecular weights of less than 300. For fish, however, “odorants” are generally
water soluble, not volatile. Moreover, a molecule that functions as an odorant for
one species does not necessarily function as an odorant for other species. For
example, although humans cannot smell CO,, insects and mice can. Therefore, it
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is not easy to define the word odorant; nevertheless, it is fair to say that odorants are
small chemicals that are perceived by an animal’s olfactory sensory system.

The estimated number of volatile organic compounds that function as odorants
is thought to be 0.4-0.5 million, and the odor quality of each compound differs
from that of every other compound. Among various volatile organic compounds,
some molecules are biologically important for some species and function as infor-
mation about food, predators, sex, and social or metabolic status of an individual.
If compounds are utilized for communication within one species, they are usually
defined as pheromones (Karlson and Luscher 1959). However, some such odorants
may convey individuality and allow for one individual to be distinguished from
other individuals; such intraspecies odorants could then be defined as signature
odors, rather than pheromones (Wyatt 2010). Thus, volatiles can be categorized on
the basis of biological role, meaning, or function.

The mechanisms underlying volatile sensing have been debated for a long time.
After the discovery of the gene family comprising olfactory receptor (OR) genes
(Buck and Axel 1991), the stereospecific receptor theory appeared to be proven.
During the past decade or so, genome projects have generated an abundance of
information about the OR multigene family in various species (Nei et al. 2008).
Along with collection of the genomic information, many ORs have been
deorphanized, and the combinatorial coding model has become a rule used to explain
the sophisticated discriminatory power of the olfactory system (Touhara and
Vosshall 2009). However, a repertoire of synthetic odorants has been used for most
studies; therefore, the real in vivo role of each OR has not been assessed because
information about the natural odorants detected by organisms via ORs in natural
environments is generally lacking.

A signal from volatiles sensed by peripheral olfactory receptor neurons is sent to
the olfactory bulb, the first neural center of the olfactory system, and eventually to
higher brain areas (Mori and Sakano 2011). The network of neural projections
to the glomeruli in the olfactory bulb is constructed so that the combinatorial
receptor code for each odorant is sent without being mixed with any other code.
The neuronal hardwiring of odorant coding that exists in the olfactory bulb does not
seem to exist within the regions of the brain that are involved in olfaction and odor
perception (Caron et al. 2013; Sosulski et al. 2011). Molecular biology and neuro-
science techniques are being used to elucidate the neural networks and mechanisms
for odorant discrimination by the mammalian brain, but examination of these
complex phenomena has been very challenging. Furthermore, the mechanisms by
which specific behaviors or neuroendocrine changes are induced by odorants or
pheromones at the level of neural networks have not been fully elucidated.

Here, I first summarize the current understanding of mammalian olfaction from
the odorant or pheromone, to the receptor, and finally to the behavioral output;
I then focus on the three important questions I have just described and that are stated
explicitly as follows. (1) How should we categorize volatile organic compounds
that are received by olfactory systems in animals? (2) Having accumulated knowl-
edge of receptor-ligand interactions, what should be the next focus of research in
the field of olfactory receptors? (3) How can we connect, in terms of neural
networks, a receptor response to a cognate, biologically meaningful odorant with
the respective behavioral or physiological output?
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2.2 Odor and Pheromone Molecules

2.2.1 General Odorants: From Food, Predator,
or Nonrelevant Species

Among volatile odorants derived from various animals, insects, plants, and
microorganisms in the external world, odorants emitted from nonrelevant species
are neutral or do not possess any meaning for individuals of one or more species,
and thus do not elicit any specific behavior. Some odorants, however, become
important information for individuals of some species when they are emitted
from relevant foods or predators, because each individual, regardless of species,
has to find food and may have to avoid predators to survive. The odorants that are
beneficial only to perceivers, those that perceive odorant-derived information, and
not to the emitter are called kairomones. Conversely, odorants that are advan-
tageous only to emitters, such as antifeedant volatiles from plants, are called
allomones. Odorants that benefit both the perceiver and emitter are called syno-
mones. Together, all three classes of odorants—kairomones, allomones, and
synomones—are called allelochemicals (Wyatt 2003).

Allelochemicals tend to be highly volatile so that they are transmitted for a long
distance (Fig. 2.1). In other words, individual animals can sense these volatile long-
transmittable odorants as information about foods so that they can perceive food
that is far away and follow the food signal from a long distance, or as information
about predators so that they can take an action to escape while at a safe distance.
In addition, the threshold concentration of these odorants for the receptors in
perceivers is usually low, and such odorants tend to exhibit a relatively strong
smell at low concentrations. So-called general odorants include neutral odorants
from nonrelevant species and allelochemicals from relevant species.

Allelochemical | --- food or predator

may possess strong smell & high volatility

diffused space

Signature odor | --- learned individual body odor

may be secondary metabolites

im
10 cm --- intrinsic in the same species
I may be non-volatile or peptidic

source of chemosignal

Fig. 2.1 Relationship between function and chemical property of chemosensory signals
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2.2.2 Signature Odors: Recognition of Individuals
Within the Species

Recognition of conspecifics is achieved by using various sensory modalities, such
as vision and sound, which are physical information, and odorants and pheromones,
which are chemical information. Among the modalities, olfaction is the most
important tool for intraspecies communication for most animal species. Chemical
compounds that provide within-species information can be divided into two cate-
gories: signature odors, which convey differences between individuals, and phero-
mones, which are crucial signals for survival and mating (Wyatt 2010). The main
difference between signature odors and pheromones is that pheromones elicit
intrinsic, within-sex or between-sex behavioral or endocrine changes; in contrast,
signature odors are information about particular individuals and do not necessarily
cause such changes, but signature odors do mediate how the perceiver feels or
behave toward the emitter regardless of sex. For example, in humans, the prefer-
ence observed in the T-shirt experiments is the result not of pheromones but of
signature odors; in contrast, menstrual-cycle synchronization, also called the dor-
mitory effect, is caused by pheromone(s), although the active compound(s) has
(have) not been isolated. Behavioral responses to signature odors do not have to be
common among all individuals within a species; these responses can differ case by
case and from individual to individual.

Signature odors can provide information about siblings, parents, or friends.
Moreover, signature odors are not usually conveyed by a single compound, but
are the result of subtle differences in the compositions of body odors. Sources of
body odor can include sweat, urine, saliva, and tears, which are all secreted
compounds that can differ between individuals. The differences are thought to be
generated from genetic variation such as major histocompatibility complex (MHC)
molecules (Yamazaki et al. 1999). Additionally, signature odors can differ within a
single individual depending on the individual’s metabolic status. Odor composition
may change when an individual is infected by a virus or contracts a disease (Shirasu
and Touhara 2011). Signature odors are often less volatile than general odorants
because the distance between conspecific individuals is often much shorter than that
between heterospecific individuals (Fig. 2.1). The compounds that convey signature
odors may be relatively heavy, such as secondary metabolites from fatty acid
metabolism that are easily affected by health condition. Differences between
signature odors are discriminated by approximately 1,000 ORs in the main olfac-
tory system in a combinatorial fashion; in contrast, pheromones are perceived via
selective receptor(s) and pinpoint recognition.

2.2.3 Pheromones: Innate Intraspecies Signals Necessary
Jor Survival and Mating

The original definition of pheromone was an intraspecies signal that causes innate
and specific behavioral or endocrine effects in other conspecific individuals
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(Karlson and Luscher 1959). In some cases, such as the trail pheromone in ants, a
pheromone elicits a specific behavior in all animals within the same species
regardless of sex, but in most cases, pheromone signals convey sex-specific infor-
mation. Sex pheromones are the most important for the species to leave offspring.
Sex pheromones are usually species specific to ensure reproductive isolation.
However, during the course of evolution, pheromones utilized in two completely
different species may converge to become the same compound: for example, a
current elephant pheromone is a current moth pheromone (Rasmussen and Schulte
1998). Additionally, a single compound can elicit sexual behaviors in multiple
species, as is the case among even-toed ungulates such as sheep and goats. In both
such cases, pheromones are not strictly species specific; therefore, the definition of
pheromone has to be revised to include a much wider range of pheromone actions in
animals. It is important to note that pheromone-elicited behaviors are intrinsic, not
learned behaviors as are signature odor-elicited behaviors. Additionally, an odorant
that functions as a pheromone for one species could function as a kairomone or even
as a general odorant (that conveys only species-specific and not sex-specific
information) for another species.

Chemical properties vary greatly among currently known pheromones. Phero-
mones are not necessarily volatile; for example, a pheromone can be a nonvolatile
peptide or protein, so long as the compound is transmitted from one individual to
another (Touhara and Vosshall 2009). In insects, sex pheromones are generally
volatile and can attract an opposite-sex conspecific from a long distance. In contrast,
in mammals, some sex pheromones are transmitted to an opposite-sexed conspecific
via direct contact, and mammalian pheromones are sometimes peptide or proteins
(Touhara 2008) (Fig. 2.1). Many mammalian species, excluding some primates,
possess a second olfactory system called the vomeronasal system wherein many
nonvolatile peptide pheromones are sensed (Touhara and Vosshall 2009). There are
two major advantages of peptide pheromones: (1) they are encoded by the genome,
and therefore stable throughout life; (2) they are not volatile, and therefore stay at
the deposition site and are effective for a long period of time. Whether a pheromone
used is volatile or nonvolatile depends on at least three things: (1) the environmental
situation, (2) the distance the signal should be transferred, and (3) the length of time
that the signal should persist.

2.3 Olfactory Receptors: Genes and Functions

2.3.1 Vertebrate Odorant Receptors

Titus Lucretius Carus, a Roman poet and philosopher, proposed that a variety of
odors exist because each odorant possesses a unique structure (Lucretius 1995).
In the mid-twentieth century, this concept was formally established as the stereo-
specific receptor theory (Amoore 1963), and it provided an explanation for
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Fig. 2.2 Anatomical view of the olfactory systems and the numbers and ligands of chemosensory
receptors in mice. V/R vomeronasal receptor type 1, V2R vomeronasal receptor type 2, FPR
formyl peptide receptors, OR odorant receptors, TAAR trace amine-associated receptors, GC-D
guanylate cyclase D

the molecular mechanisms underlying the remarkable discriminatory power of
olfactory sensing systems. The receptor theory postulates that there are receptor
sites for odorants and that odor perception occurs only when the structure of an
odorant molecule and the binding site match. There were other theories, including
vibrational theory, puncturing theory, radiational theory, and absorption theory.
However, only the stereospecific receptor theory was consistently supported by
empirical evidence and ultimately proven with the discovery of the OR family in
1991 (Buck and Axel 1991); this family comprises thousands of proteins each
encoded by the respective gene and that recognizes a specific functional group,
molecular size, length of odorant molecule, or some combination of these (Fig. 2.2).

The vertebrate OR family belongs to the G protein-coupled receptor (GPCR)
superfamily, and most members possess a seven-transmembrane region and several
amino acid sequence motifs (e.g., the DRY and/or NPXXY motifs that are common
among GPCRs) (Touhara and Vosshall 2009). Recently solved three-dimensional
(3D) structures of GPCRs indicate that the DRY motif present at the end of trans-
membrane region 3 (TM3) is involved in G-protein coupling (Rasmussen et al. 2011).
Several amino acids in the intracellular loop and the C-terminal domain are involved
in G-protein recognition (Kato et al. 2008). ORs appear to have a coupling selectivity
for the G, family, which includes Gag, and for Goy,r as well as Gays, which is a
promiscuous G protein (Kato and Touhara 2009). The physiological endogenous G
protein in olfactory sensory neurons is Gay, which is involved in odor signal
transduction, but Gog or Ga;s is used in heterologous expression experiments to
monitor an increase in cAMP or calcium ion, respectively (Touhara 2007).
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Highly effective assays of OR function that use heterologous cells such as
HEK?293 cells or Xenopus oocytes have been developed, revealing that individual
ORs could recognize several structurally similar odorants and that each odorant
could be recognized by a subset of ORs (Touhara 2007). Thus, the discrimination of
a vast range of odorants is established by a combination of ORs that are activated by
each odorant (Touhara and Vosshall 2009). The binding pocket was identified by
mutation analyses and appears to reside within the transmembrane regions of TM3,
TM6, and TM7 (Katada et al. 2005). Relatively weak hydrophobic interactions are
thought to be the main forces driving odorant molecule recognition. Consistently,
ECsg values for OR—odorant pairs are greater than those of other GPCR-ligand
pairs; in olfactory sensory neuron and in heterologous cells, ECsy values among
OR-—odorant pairs range over two orders of magnitude, from 1 pM to several
hundred micromoles (uM). This weak binding appears to help broaden the ligand
spectrum of each OR and to ensure the role of the OR family in sensing a variety of
odorants in the environment.

Even now, 15 years after the first success in functional characterization of an OR,
only 10 % of ORs have been paired with a cognate odorant via heterologous cell
assay by screening compounds that are commercially available or can be obtained
from fragrance companies (Saito et al. 2009). In addition, approximately 90 % of
all the olfactory sensory neurons tested in one study did not respond to any of
125 synthetic odorants used in the study, although these synthetic odorants repre-
sented a wide and diverse variety of structures (Nara et al. 2011). These findings
indicate that most cognate ligands are absent from current odorant collections.
Moreover, biologically relevant naturally occurring ligands for ORs are distinct
from odorants in laboratory collections. Specifically, natural ligands are derived
from foods, predators, competitors, urine, feces, secretions of conspecific or hetero-
specific individuals, or some combination of these sources. All natural ligands
are secondary metabolites derived from the metabolism of fatty acids or of amino
acids. Recently, Yoshikawa et al. developed a highly efficient OR assay with no
background that can be used to purify natural ligands for ORs. For example, they
used crude extracts, OR assay-guided fractionation, and chemical analysis to identify
(Z)-5-tetradecen-1-ol, a putative fatty acid metabolite, as a natural ligand for OIfr288
in male urine that attracted females (Yoshikawa et al. 2013). In another study, they
identified natural ligands for OR37 and showed that these were also fatty acid
derivatives, specifically C14-C18 aldehydes (Bautze et al. 2012), although the
functional proof in heterologous cells has not been provided. This assay and approach
can be used to identify more naturally occurring ligand—OR pairs in the future.

Since the discovery of the first OR family in rats, genome projects have revealed
that many animal taxa—from Amphioxus, a primitive chordate species, to
humans—have OR proteins (Niimura 2009). Two major characteristics of the OR
gene family are that (1) the family comprises hundreds to as many as a few
thousand multigenes, and (2) a significant portion of these genes are pseudogenes
(Nei et al. 2008). OR genes in each species appear to have a history of extensive
duplication and pseudogenization that is unique to the respective species. The
proportion of pseudogenization of the family argues about the molecular evolution
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pressure by which sensory modalities are utilized to communicate in the life of each
organism. We can also speculate that duplicated ORs probably play a crucial role
for respective species in detecting important volatiles such as allelochemicals and
pheromones, and that ORs that have been lost are not critical for persistence of
the respective species within its current or recent environment. The molecular
evolution of the OR family tells us much information about the history of devel-
opment of the sensory systems in every animal species.

2.3.2 Vomeronasal Receptor

The vomeronasal organ (VNO) was discovered by a Danish surgeon, Ludwig
Jacobson, in 1813; the VNO has a dead-ended elongated “c”-shaped lumen in a
football-like capsule and is located under the nasal cavity. The VNO is considered a
second olfactory system that detects various external substances from the external
environment (Munger et al. 2009; Touhara and Vosshall 2009). Active pumping by
a blood vessel that surrounds the vomeronasal cavity is required to take up
compounds, and sniffing in rodents, or flehmen in cats or horses, is associated
with VNO-mediated olfaction. The vomeronasal cavity is open to both the nasal
and oral cavities; this anatomy indicates that there are two routes for chemical
transport into the VNO. Surgical or genetic ablation of the VNO results in a loss of
various social and sexual behaviors, suggesting that the VNO receives compounds
utilized for chemical communication between individuals, including pheromones
and allelochemicals (Dulac and Torello 2003).

Multiple types of GPCRs are expressed in the VNO (Touhara and Vosshall
2009) (Fig. 2.2). The vomeronasal receptor type 1 (V1R) subfamily belongs to the
rhodopsin type class A GPCRs and consists of 170 members that are expressed
together with Ga; in the apical layer of the vomeronasal epithelium in mice. The
V2R subfamily comprises 128 members and is expressed with Ga, in the basal
layer of the vomeronasal epithelium; this subfamily belongs to the class C GPCR
family, which is characterized by a long N-terminal domain resembling that in the
glutamate receptor. V1Rs recognize small volatile or nonvolatile organic com-
pounds, whereas V2Rs appear to sense relatively large nonvolatile cues such as
peptides and proteins (Touhara and Vosshall 2009). Formyl peptide receptors
(FPRs) are another group of GPCRs that are expressed in the VNO; FPRs are
thought to play a role in recognizing information of infected microorganisms or
diseases (Liberles et al. 2009; Riviere et al. 2009). Each vomeronasal neuron
expresses only 1 of 300 possible receptor types (VR or FPR) mutually exclusively,
except V2R2, which is ubiquitously expressed in a fashion similar to that of neurons
in the main olfactory system. The one neuron—one receptor rule is a molecular basis
for a neural network to allow for signal transmission to the brain without mixing the
information.

The VNO almost certainly has roles in sensing pheromones and allelochemicals,
yet few ligand-receptor pairs have been identified. The most likely reason for the
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delay in deorphanizing VRs is the difficulty in expressing VRs in heterologous cells
(Dey and Matsunami 2011). However, the fact that each vomeronasal neuron
expresses only one type of receptor allows us to identify a candidate receptor
by double-labeling cells with a marker for neural activation and each VR gene.
The mouse sex peptide pheromone ESP1 with its cognate receptor V2Rp5 was the
first ligand—VR pair identified with this approach (Haga et al. 2010). The recogni-
tion was confirmed by transgenic introduction of a fluorescently tagged V2Rp5
into vomeronasal sensory neurons and subsequent functional characterization of
exogenously expressed V2RpS. More expanded characterization of the VR family
in respect of chemical cues has been carried out by the same double-labeling
approach (Isogai et al. 2011). This double-labeling approach has been used to
characterize more VR family members that have a distinct function such as
recognition of sex-specific cues, predator cues, and so on. In addition, MUP and
MHC peptides were identified as cognate ligands of other VR2 proteins. Report-
edly, MHC peptides may be recognized by V2rlb (Leinders-Zufall et al. 2009).
The interaction mode between V2Rs and the cognate ligands resembles that of
glutamate receptors and taste receptors, each of which possesses a binding site
within the long extracellular N-terminal domain (Yoshinaga et al. 2013).

One family of VIR ligands constitutes sulfated steroids such as androgen,
estrogen, pregnanolone, and glucocorticoid (Isogai et al. 2011). Some V1R neurons
show high selectivity to only one type of sulfated steroid, whereas many other V1R
neurons recognize several types of sulfated steroids, as was seen with ORs; these
findings indicated that both broadly and narrowly tuned V1Rs exist in the repertoire
(Meeks et al. 2010; Nodari et al. 2008). Among these, several steroid ligand—V1R
pairs have so far been suggested (Isogai et al. 2011). V1Rs may function in sensing
not only sex information but also signature odors that represent the metabolic status
of an individual. The specificity and selectivity of V2Rs appear to be higher than
those of V1Rs. The characterization of function and structure of VRs will reveal the
purposes for which animals have developed the vomeronasal system and why
higher primate species have lost the organ.

2.3.3 Other Receptor Families and Olfactory
Subsystems in Vertebrates

Approximately 15 years after the discovery of the conventional OR family,
trace amine-associated receptors (TAARSs), a family of 7TM receptors that may
function as amine compound receptors in the brain, were demonstrated to be
expressed in a subset of olfactory sensory neurons in the olfactory epithelium
(Liberles and Buck 2006) (Fig. 2.2). Mice, humans, and zebrafish have 15, 6, and
109 TAARs, respectively. TAARs are receptors tuned to odorants with amino
groups such as phenylethylamine, methyl piperidine, thyramine, or triethyl amine
(Ferrero et al. 2012; Zhang et al. 2013). Taken together these findings indicate that
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TAARs make up a second class of the OR family. These ligands signal the presence
of dead animals or predators. TAARS, similar to conventional ORs, are expressed
in olfactory sensory neurons in a mutually exclusive manner.

In addition to the olfactory and vomeronasal epithelium, there are other tissues
or organs in the nasal cavity that express chemosensory receptors, including ORs,
VRs, FPRs, and TAARs (Munger et al. 2009) (Fig. 2.2). The septal organ is located
in the anteroventral part of the olfactory epithelium and expresses some ORs.
The function of the septal organ is not clear, but it can recognize a variety of
odorant molecules. The Grueneberg ganglion (GG) is located at the entrance of the
nose of mammals and is an olfactory subsystem that appears to express various
chemosensory receptors, including OR, VR, and TAAR. The GG may be involved
in detection of alarm pheromones (Brechbuhl et al. 2013) and cold temperatures
(Schmid et al. 2010).

2.3.4 Ligand-Gated Chemosensory Channels in Insects

Although insect ORs appear to comprise 7-TM-domain proteins, they do not share
amino acid sequence homology with GPCRs or with vertebrate ORs, indicating that
insect ORs are not GPCRs (Touhara and Vosshall 2009). Interestingly, the topology
of the TMs in insect ORs was found to be opposite to that of a typical GPCR;
specifically, the C-terminus of an insect OR is outside the cell and the N-terminus is
intracellular, suggesting that insect ORs are atypical 7-TM receptors (Benton
et al. 2006). The first indication that the insect OR may be a channel came from
the work on silkmoth pheromone receptors; specifically, the coexpression of an OR
and a conserved olfactory receptor coreceptor (Orco) resulted in a robust cation
channel activity that was distinct from any known channels present in Xenopus
oocytes (Nakagawa et al. 2005). Electrophysiological and pharmacological studies
using heterologous cells demonstrated that the insect ORs indeed formed heteromeric
ligand-gated cation channels (Sato et al. 2008; Wicher et al. 2008) and that both
subunits contribute to the formation of channel pore structure (Nakagawa et al. 2012).
There are 60—400 kinds of ORs in each insect species, suggesting that the insect OR
complex comprises the largest cation channel family. In addition to the OR family
of ion channels, another family of channels, called ionotropic receptors (IRs), also
contributes to the sensing of various odorant molecules (Rytz et al. 2013). IRs are
similar to ionotropic glutamate receptors, possess a 3-TM structure, and form a
heterocomplex as OR—Orco (Abuin et al. 2011).

Assays for insect ORs or IRs are usually carried out either in HEK293 cells or in
Xenopus laevis oocytes (Touhara and Vosshall 2009). The heterocomplex perme-
ates various cations; therefore, calcium imaging or electrophysiology can be
applied to monitor the responses to cognate ligands. The odorant-binding site of
the OR complex resides in the OR side and not in the Orco (Nichols and Luetje
2010). The activity of insect OR channels are regulated by various nonodorous
chemicals such as DEET, VUAAI, and cyclic nucleotides (Ditzen et al. 2008;
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Jones et al. 2011; Nakagawa and Touhara 2013). The regulation of activity by
various chemicals at multiple binding sites in the complex is a unique strategy that
has emerged in the insect olfactory system. The 3D structure of the complex will
reveal how similar the receptors are to other channels and how distinct they are
from vertebrate ORs.

We do not know the origin of the odorant receptor channels in insects at this
moment, but it is fair to say that insects have adapted to use ligand-gated channels
to sense chemical cues from the external environment for some purposes. Two
possible reasons for this evolutionary trajectory can be proposed. First, the response
speed of a ligand-gated channel is much faster than that of a G protein-coupled
receptor. This difference in kinetics may ensure that insects can quickly judge the
direction in which they should fly or move. Second, ligand-gated channels do not
require an energy cost, whereas ATP is required from GPCR-mediated signaling
cascades, which may be advantageous for the event that occurs in the small
intracellular environment of insect antennae. Of course, there are some drawbacks.
For example, a ligand-gated channel cannot amplify a signal as a GPCR can. Thus,
much higher density of receptors in the membrane is required for channels to give
signals equivalent to GPCRs. In any case, insects have, during the course of
evolution, acquired an olfactory sensing mechanism that is distinct from that in
vertebrate species.

2.4 Behavioral or Physiological Responses

2.4.1 Intrinsic or Learned Behavior/Releasing
or Priming Effects

Chemical signals sensed via the olfactory system elicit various behaviors and
endocrinological changes and cause animals to respond to and adapt to environmental
changes. Behaviors can be divided into two categories: intrinsic behaviors that
occur without consciousness versus learned behaviors that are acquired by experi-
ence or learning. A good example is the mammary pheromone in rabbits; the
mammary pheromone, 2-methyl-but-2-enal, in milk induces the opening of a pup’s
mouth, thereby promoting nipple attachment and subsequent suckling behavior
(Schaal et al. 2003). This behavior is intrinsic, and pups never open their mouth
to other odorants. However, if a mixture that contains the pheromone and a certain
other odorant is applied several times to a pup, the pup becomes responsive to the
other odorant without the pheromone (Coureaud et al. 2006). This is a learned
behavior, which is distinguishable from the intrinsic pheromonal behavior. In mice,
it has been reported that initiation of suckling is dependent on maternal signature
odors that are learned and recognized before the first suckling (Logan et al. 2012).
Conceivably, the neural circuitries underlying intrinsic and learned behaviors are
quite different.
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Table 2.1 Examples of ligand—receptor pairs and the corresponding behaviors

Species Ligand Receptor Behavior References

Silkmoth ~ Bombykol BmOrl Male attraction Nakagawa et al. (2005)

Silkworm  cis-Jasmone = BmOr56* Attraction Tanaka et al. (2009)

Fly cVA DmOr67d Aggregation, aggres- Kurtovic et al. (2007),
sion, courtship Datta et al. (2008)

DmOr65a Aggression, courtship Liu et al. (2011), Ejima
et al. (2007)

Fly PA IR84a Courtship Grosjean et al. (2011)

Fly Acid IR64a Avoidance Ai et al. (2010)

Fly Geosmin DmOr56a Avoidance Stensmyr et al. (2012)

Mouse ESP1 V2Rp5 Female sexual receptive ~ Haga et al. (2010)
behavior

Mouse MTMT MOR244-3*  Female attraction Duan et al. (2012)

Mouse 75:14-OH Olfr288* Female attraction Yoshikawa et al. (2013)

Mouse Amine TAARS Avoidance Dewan et al. (2013)

cVA cis-vaccenyl acetate, PA phenyl acetaldehyde, ESPI exocrine gland-secreting peptide, MTMT
methanethiomethanthiol
“Relationship between receptor and behavior has not been proved

Although an odorant or pheromone induces various obvious behaviors such as
avoidance or sexual attraction, the effects are not obvious as a specific behavior in
many cases in mammalian species. Even without an obvious output, some endo-
crinological changes occur in the brain or inside the body, and such changes affect
reproductive function or alter endocrine status to prepare for some subsequent
stimuli. An obvious behavior is called a releasing effect because the effect is
released as a phenotype, whereas the physiological or endocrinological effect is
called a priming effect because the animal becomes primed for a subsequent and
appropriately timed output. A canonical example of a releasing effect is the sexual
behavior of silkmoths. The female sex pheromone, bombykol, itself releases the full
sexual attractive behavior of male silkmoths. A canonical example of a priming
effect is puberty acceleration of female mice, which is induced by urine from
male mice, which is a prepared status for mating (Colby and Vandenberg 1974).
In humans, most intrinsic olfactory or pheromonal effects are considered priming
effects.

2.4.2 From Receptor to Behavior

Recent progress in identification of the specific receptors for various chemosignals
has made it possible to analyze the neural circuitry responsible for behavioral
outputs (Table 2.1). For example, in insects, bombykol is recognized by the specific
receptor, BmORI, and the signal is sent to the macroglomerular complex, which in
turn regulates sexual behavior (Sakurai et al. 2004). cis-Jasmone released from
mulberry leaves attracts silkworms via BmORS56 (Tanaka et al. 2009). cVA is
recognized by Or67d and Or65a in fruit flies, and the signals are sent to the specific
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glomeruli through which the sexually dimorphic behaviors are induced (Datta
et al. 2008; Ejima et al. 2007; Kurtovic et al. 2007; Liu et al. 2011). DmOr56a is
involved in innate aversion to geosmin, a microbial odorant (Stensmyr et al. 2012).
IR64a and IR84a regulate avoidance and courtship behaviors, respectively
(Ai et al. 2010; Grosjean et al. 2011). The attractive behavior of flies to apple
cider vinegar is regulated by the specific OR-glomerulus line (Semmelhack and
Wang 2009). DmGr2la and Gr63a together are sufficient for olfactory CO,
chemosensation in Drosophila (Jones et al. 2007). These pathways appear to be
labeled, and thus, if the target OR is replaced with another OR, the fly shows the
same behavior to the cognate ligand of the replaced OR.

In mammals, not many pheromone-receptor pairs have been revealed.
Currently, the most clear-cut pair is ESP1-V2Rp5 (Haga et al. 2010). The ESP1
signal, which is sent to the accessory olfactory bulb via V2RpS, is further sent to
the amygdala and ventromedial hypothalamus areas. The pheromone effect of
ESP1, as well as the neural responses in those brain regions, is completely gone
in V2Rp5 knockout mice, suggesting that the ESP1 signal is mediated by a single
specific vomeronasal receptor, V2Rp5. This narrowly tuned sensing mechanism
differs from the combinatorial coding scheme for general odorants.

In addition to the vomeronasal system, various behaviors are elicited through
the main olfactory system. For example, MTMT and Z5-14:0H, which are included
in mature male urine, attract female mice, although Z5-14:0OH requires other urinary
compound(s) for the activity. One of the ORs for MTMT is MOR244-3 (Duan
et al. 2012), and the one for Z5-14:0H is OIfr288 (Yoshikawa et al. 2013). There
appear to be a few additional ORs for these compounds. Olfactory sensory neurons
expressing all these ORs project their axons to the ventral region in the olfactory bulb.
Although it is different from the vomeronasal system, the behavioral output may be
mediated by a few OR signals that are received by a specific region in the olfactory
bulb (Kobayakawa et al. 2007). Similarly, muscone, an odorant that is used widely in
cosmetic industries because of its fascinating animalic scent, appeared to be recog-
nized by one or few ORs that include MOR215-1 and via a restricted region in the
olfactory bulb (Shirasu et al. 2014). This rather specific neural pathway for odor
perception was confirmed by a recent study; specifically, the removal of a single
TAAR gene results in a deficit in the aversion of mice to predator odors (Dewan
et al. 2013). Thus, the main olfactory system possesses both redundant and
nonredundant signal recognition abilities to survive in the environment.

2.5 Future Questions to Be Solved

2.5.1 Evolution of Chemosensory Signaling Molecules

Chemical signals in the environment are structurally diverse. Many are small volatile
organic compounds, but nonvolatile compounds such as peptides or proteins are
also signals. As I described earlier, it seems that the period or distance for which a
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compound can be conveyed through the open air space is the determinant of
whether that compound is used as a food or predator signal, as a signature signal
within the same species, or as a mating partner signal. Of course, many chemicals are
neutral for any given species. Any physiologically important signal can be supposed
to be a neutral signal for the species in the beginning, but at some point, the species
starts to use the chemical, which was originally neutral, as a physiological signal.
When this scenario happens within a single species, the chemical often becomes a
pheromone. Thus, any compound in the environment has the potential to be used as a
chemosensory signal for some species in some context. The question is how does one
compound among myriad potential odorants become useful as an important odorant
signal for individuals in the species. The selection process is supposed to be affected
by (1) the environment in which the animals live, (2) the methods they utilize to
communicate with each other, and (3) the lifestyle the animals lead. But for this
complex scenario to occur, the corresponding receptor and the neural circuitry after
the receptor activation have to be ready to send the information to the brain and
elicit appropriate behavioral or endocrine outputs. How chemosensory signals, their
receptors, and the neural network are coevolved is the next big question to be solved.

2.5.2 Odorant Dynamics and Kinetics

The sensitivity of an odorant or pheromone receptor is at most up to the nM—uM
range, which is much larger than the concentration range of hormone-receptor or
antigen—antibody interactions. Then, how can we explain the fact that the percep-
tional threshold concentration of some odorants such as mercaptan or isovaleric acid
is as low as a part per thousand (ppt) level? Odorant molecules have to enter into and
go through the olfactory mucous layer to access the receptor sites on olfactory neural
cilia. Some physical or chemical mechanisms must exist for absorbing and concen-
trating odorants from the nasal cavity into the mucus to establish concentrations high
enough to activate ORs. A binding protein hypothesis (Ko et al. 2010) is hard to
accept kinetically because odorant signaling is much faster than the time that takes to
bind to the protein and to be released from it before an odorant reaches the receptor
site. Moreover, metal such as copper enhances the sensitivity of receptors that
sense sulfuryl compounds dramatically, although this does not apply to all ORs
(Duan et al. 2012). Another question is where does an odorant in the mucus go
after it finishes activating a receptor? There are many metabolic enzymes in the
olfactory mucus that are secreted from nasal and Bowman’s glands or supporting
cells. It has been proposed that odorants are degraded and therefore removed by the
mucosal enzymes (Thiebaud et al. 2013). However, some of the enzymatic reactions
in the mucus appear to be fast and to occur before odorants reach the receptor site,
resulting in affecting the perception (Nagashima and Touhara 2010). Thus, it remains
to be shown (1) how exactly odorants travel from the air space into a receptor-binding
site to achieve a concentration high enough to activate the receptor and (2) what is
the fate of an odorant after the mission of activating an OR is completed in the
mucous layer.
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2.5.3 Physiological Odorant Receptor Function

Since the discovery of the OR family, the functional analysis of ORs has revealed the
molecular logic for odorant recognition and discrimination. This logic resembles a
combinatorial coding model in which each odorant is recognized by multiple ORs
and each OR in turn recognizes a set of structurally similar odorants. ORs are defined
as either a broadly tuned receptor or a narrowly tuned receptor depending on how
broad or specific the ligand spectrum is. However, this categorization is sometimes
biased in two aspects. One aspect is that the odorant repertoire, which is utilized for
structure—activity relationship studies of ORs, is not broad enough in terms of
structural diversity, and in addition, the repertoire includes many odorants that do
not exist at an amount to be sensed by the olfactory system in nature. Another aspect
is that natural odorants in the environment where each species lives are quite distinct
from the odorant repertoire to be used for screening ligands for ORs in the laboratory.
Even though some ORs apparently recognize a wide spectrum of odorants in labo-
ratory experiments and could therefore be called broadly tuned receptors, only one
naturally occurring ligand may exist for that OR and the structures of the natural
ligand could be totally different from those of the synthetic ligands, and thus, the
receptor should actually be categorized as a narrowly tuned receptor. Three examples
of natural ligand—-receptor pairs have been reported: Z5:14-OH-Olfr288 (Yoshikawa
et al. 2013), MTMT-MOR244-3 (Duan et al. 2012), and OR37-C14—C18 aldehydes
(Bautze et al. 2012). Olfr288 appears to recognize a broad range of lactone com-
pounds and aliphatic alcohols in laboratory experiments but is actually narrowly
tuned to Z5:14-OH in a natural environment. The most important task ahead in the
field of OR function is the construction of a complete physiological matrix of ligand-
by-OR pairs that are used as chemical communication between mice in nature. Such a
matrix could reveal the function of each mouse OR in a physiological context.

2.5.4 Development of Sensory Circuitry to Behavior

Response specificity between species and sexual dimorphism of behavior between
conspecifics are presumed to be determined by differences at the level of molecules,
receptors, and neural circuitry. The most extreme case is found in the insect phero-
mone world. The composition of pheromone molecules is slightly different even
between closely related species; the difference is discriminated by the receptors, and
this discrimination establishes reproductive isolation. Sex pheromone receptors in
moths usually exhibit sex-biased expression to ensure that the signal is received by
the opposite sex. In mammals, regulation at the level of the receptor is not that strict,
as there is no bias in expression of sex pheromone receptors. Rather, mammals
establish sexual dimorphism in the brain that is constructed depending on sex
hormones. How this specific neural circuitry is established is currently unknown.
Furthermore, we do not know how many receptors are necessary to be activated to
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elicit a certain behavior. In the case of pheromones, activation of one specific receptor
is often enough to induce a behavior. However, predator signals often activate
multiple receptors to elicit avoidance behavior, but we do not know whether activa-
tion of one among such a group of receptors is enough or whether the activation
pattern is important. Recent evidence of a TAAR-mediated nonredundant signal
supports the former hypothesis (Dewan et al. 2013). A future question to be solved
is how the sensory circuitry from receptor to brain is constructed to respond to various
external signals that are crucial for the survival of individuals.

2.6 Conclusions

In the past decade or so, the base of knowledge about chemosensory signals,
receptors, olfactory neural network, and behavioral outputs has grown rapidly.
The molecular logic that mediates recognition and discrimination of chemosensory
signals has been revealed. Nevertheless, chemosensory signals are diverse and their
functions differ between species; therefore, a comprehensive dogma of olfaction
had not been adopted. Moreover, as is obvious with the molecular evolution of
chemosensory receptor genes, the whole olfactory system is changing quickly and
this change occurs at every level of olfaction: the signal, the receptor, and the neural
circuitry. Therefore, olfactory systems develop and evolve to accomplish different
purposes for different organisms that depend on where and how the respective
organisms live. We humans use olfaction for more sophisticated purposes, such as
appreciating deliciousness when eating and sniffing aromas to relax. Deciphering
the molecular and neural mechanisms that determine how olfactory input affects
emotion and desire will definitely help understand how we sense and respond to our
external environments and how we are different from other animals. Each of these
advances in understanding will be important for eventually solving myriad human
social diseases and improving the quality of life.

Note Added in Proof The recently published book, Pheromone Signaling: Methods and Protocols
(Springer, 2013), covers a wide spectrum of experimental approaches utilized in the area of
pheromone research.
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Chapter 3
Olfactory Map Formation in the Mouse

Hitoshi Sakano

Abstract In the mouse olfactory system, each olfactory sensory neuron (OSN)
expresses only one functional odorant receptor (OR) species. Furthermore, OSN
axons bearing the same OR converge to a specific projection site in the olfactory
bulb (OB), forming a glomerular structure. Based on these two basic principles,
odor information detected in the olfactory epithelium is converted to a topographic
map of activated glomeruli in the OB. During embryonic development, the olfac-
tory map is formed by the combination of two genetically programmed processes.
One is OR-dependent projection along the anterior-posterior axis, and the other is
OR-independent projection along the dorsal-ventral axis. The map is further refined
in an activity-dependent manner during the neonatal period. Here, we discuss a
recent progress of neural map formation in the mouse olfactory system.

Keywords Axonal projection ¢ Baseline activity * cAMP ¢ Glomerular map
* GPCR ¢ Odorant receptors * Olfactory neurons

3.1 Introduction

In the mouse olfactory system, odorants are detected with approximately 1,000
different odorant receptor (OR) species expressed in the cilia of olfactory sensory
neurons (OSNs) (Buck and Axel 1991). Each OSN in the olfactory epithelium
(OE) expresses only one functional OR gene in a mutually exclusive and mono-
allelic manner (Serizawa et al. 2004). Furthermore, OSNs expressing the same OR
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species converge their axons to a specific location in the OB, forming a glomerular
structure (Mombaerts et al. 1996) (Fig. 3.1a, b). Because a given OR responds to
multiple odorants and a given odorant activates multiple OR species (Malnic
et al. 1999), the odor information detected in the OE is topographically represented
as the pattern of activated glomeruli in the OB (Mori and Sakano 2011) (Fig. 3.1c¢).

A remarkable feature of axonal projection in the mouse olfactory system is that
ORs play an instructive role in projecting OSN axons to the OB. For dorsal-ventral
(dorsoventral, D-V) projection, anatomical location of OSN cells within the OE
regulates both OR gene choice and expression levels of axon guidance molecules,
for example, Neuropilin-2 (Nrp2) and Semaphorin-3F (Sema3F), thus indirectly
correlating the OR identity to the glomerular location along the D-V axis
(Miyamichi et al. 2005; Takeuchi et al. 2010) (Fig. 3.2a, left). However, anterior-
posterior (anteroposterior, A-P) projection is totally independent of the positional
information of OSN cells, but instead dependent on the expressed OR species
(Fig. 3.2a, right). We have previously reported that A-P targeting is regulated by
OR-derived cAMP signals (Imai et al. 2006). In the OB, A-P projection molecules
such as Neuropilin-1 (Nrpl) and Plexin-A1 (PlxnAl) are detected on axon termini
of OSNs, forming a complementary gradient along the A-P axis (Imai and Sakano
2008).

OR-derived cAMP signals also regulate the expression of glomerular segrega-
tion molecules (e.g., Kirrel2 and Kirrel3) for map refinement through local sorting
of OSN axons (Serizawa et al. 2006) (Fig. 3.2b). In contrast to A-P projection
molecules, glomerular segregation molecules show mosaic distribution in the
glomerular map. A naris occlusion experiment indicated that stimulus-driven neu-
ronal activity contributes to the local sorting of OSN axons, but not to global
targeting along the A-P axis (Nakashima et al. 2013).

How is it, then, that global A-P targeting and local sorting are differentially
regulated by the expressed OR molecules? What are the sources of the cAMP
signals, and how are the signals generated? Here, we discuss recent progress of
neural map formation in the mouse olfactory system.

3.2 Axonal Projection Along the D-V Axis

For OSN projection along the D-V axis, there is a close correlation between the
anatomical locations of OSNs in the OE and their axonal projection sites in the OB
(Astic et al. 1987). The preservation of the spatial relationship of neuronal cell
bodies and their projection sites is widely seen in other brain regions, including the
visual system (McLaughlin and O’Leary 2005; Luo and Flanagan 2007; Petersen
2007). In the mouse olfactory system, two sets of repulsive signaling molecules,
Nrp2/Sema3F and Robo2/Slit1, have been reported to participate in D-V projection
(Walz et al. 2002; Cho et al. 2007; Cloutier et al. 2002) (Fig. 3.3, left). D-zone
axons expressing a guidance receptor, Robo2, navigate to the D domain of the OB
through the repulsive effects of the Slit ligands expressed in the V domain of the OB
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Fig. 3.1 The mouse olfactory system. (a) Projection and convergence of olfactory sensory neuron
(OSN) axons. MOR28-expressing OSN axons are shown in blue, stained with X-gal in the
transgenic mouse, MOR28-ires-tau-lacZ. OSNs expressing the MOR28 transgene converge their
axons to a specific glomerulus in the olfactory bulb (OB) (arrow). (b) In the olfactory epithelium
(OE), each OSN expresses only one functional OR gene in a mono-allelic manner. Furthermore,
OSN axons expressing the same OR species target to a specific site in the OB, forming a
glomerular structure. (¢) Odor signals received in the OE are converted to a topographic map of
activated glomeruli in the OB. OF olfactory epithelium, OB olfactory bulb, D dorsal, V' ventral,
A anterior, P posterior
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Fig. 3.2 Global targeting and local sorting of OSN axons. (a) OSN axons are guided to approx-
imate destinations in the OB by a combination of D-V patterning and A-P patterning. D-V
projection is regulated by the anatomical locations of OSNs within the OE. A-P projection is
achieved through cAMP signals induced by OR baseline activities. These processes, forming a
coarse map topography, are genetically programmed and are independent of neuronal activity.
(b) During the neonatal period, the map is further refined in an activity-dependent manner.
Glomerular segregation occurs via adhesive and repulsive interactions of neighboring axons.
DM dorsomedial, VL ventrolateral, D dorsal, V ventral, A anterior, P posterior, OE olfactory
epithelium, OB olfactory bulb

Embryonic OB Embryonic OB Newborn
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b |
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Fig. 3.3 OSN projection along the D-V axis. In the OE, D-zone OSNs mature first and extend
their axons to the OB. These axons express Robo2 and project to the embryonic OB with the aid of
repulsive interactions with Slitl (/eft). Axonal extension of OSNs occurs sequentially along the
DM-VL axis of the OE as the OB grows ventrally during embryonic development. In OSNs, an
axon guidance receptor, Nrp2, and its repulsive ligand, Sema3F, are expressed in a complementary
and graded manner. Sema3F is secreted in the anterodorsal region of the OB by early-arriving
D-zone axons (middle). Sequential projection of OSN axons helps to establish the topographic
order along the D-V axis. Sema3F secreted by the D-zone axons in the OB prevents the late-
arriving Nrp2* axons from invading the dorsal region of the OB (right) (Takeuchi et al. 2010). DM
dorsomedial, VL ventrolateral, D dorsal, V ventral, A anterior, P posterior, ED embryonic day
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(Cho et al. 2007). These molecules are assumed to contribute to the separation of D
and V domains (Takeuchi et al. 2010; Cho et al. 2007). Vertebrate OR genes are
phylogenetically divided into two distinct classes: class I and class II. Class I ORs,
known as fish-type receptors, are expressed exclusively in the D zone of the OE,
and OSNs expressing them project their axons to the most anterodorsal area in the
OB (Zhang et al. 2004; Tsuboi et al. 1999). In addition to the class I ORs,
approximately 300 class IT ORs are also expressed in the same D zone, but their
corresponding glomeruli reside on the periphery of the class I area in the OB
(Miyamichi et al. 2005). The remaining class II ORs are expressed in the V zone,
and their glomeruli are found in the ventrolateral area in the OB. Thus, the
glomerular map seems to be subdivided into three compartments along the D-V
axis in the OB: a dorsal domain for class I ORs (Dy), a surrounding domain for class
II ORs (Dj; domain), and a ventral domain for class II ORs (V domain)
(Kobayakawa et al. 2007; Bozza et al. 2009). More recently, D-zone OSNs
expressing trace amine-associated receptors (TAARs) were found to form a group
of glomeruli on the boundary of D; and Dy; domains in the OB (Pacifico et al. 2012).

In situ hybridization and a high-throughout microarray analysis demonstrated
that most class I OR genes were D zone specific (Zhang et al. 2004; Tsuboi
et al. 1999). Class I ORs originally identified in fish (Ngai et al. 1993) represent
the ancient group in the OR repertoire. Class I ORs in fish bind nonvolatile odorants
such as amino acids, whereas class II ORs are specialized to recognize airborne
odorants. It is possible that the ancestral class I OR genes evolved independently of
the class IT OR genes, and that both the expression zone in the OE and the projection
zone in the OB were conserved during evolution.

3.3 Projection of V-Zone Axons to the Ventral OB

Although OR genes expressed by OSNs that project to the D domain of the OB are
distributed throughout the D zone (Tsuboi et al. 1999), V-zone-specific OR genes
exhibit spatially limited expression in the OE. Each OR gene possesses its unique
expression area, which is distributed in an overlapping and continuous manner
along the dorsomedial-ventrolateral (DM-VL) axis of the OE. The relative order of
OR expression areas is very well correlated with the order of corresponding
glomeruli along the D-V axis in the OB (Miyamichi et al. 2005). How is this
positional information of neurons translated to their target sites during olfactory
map formation? Nrp2 is expressed on OSN axons in such a way to form a gradient
in the OB along the D-V axis. Loss-of-function and gain-of-function experiments
demonstrated that Nrp2 indeed regulates the axonal projection of OSNs along the
D-V axis (Takeuchi et al. 2010). In the analogy of the visual system, the repulsive
ligand, Sema3F, was initially expected to be produced by the cells in the target
OB. Curiously, however, Sema3F transcripts were detected in the OE but not in the
OB. Knockout (KO) mice in which Sema3F expression was specifically blocked in
OSNs showed mistargeting of Nrp2* axons along the D-V axis (Takeuchi
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et al. 2010). These findings indicate that, in the olfactory system, an axon guidance
receptor, Nrp2, and its repulsive ligand, Sema3F, are both produced by OSNs and
essential to the segregation of D-zone and V-zone axons.

Expression levels of D-V targeting molecules are closely correlated with the
expressed OR species. However, the transcription of Nrp2 and Sema3F is not
downstream of OR signaling (Nakashima et al. 2013). It has been reported that OR
gene choice is not purely stochastic along the DM-VL axis, but dependent upon
anatomical location in the OE (Miyamichi et al. 2005). This idea was further
supported by the experiment using transgenic mice in which the coding sequence
of the MOR2S gene is deleted and replaced by green fluorescent protein, GFP
(Serizawa et al. 2003). In these mice, the choice of the secondary OR gene in
GFP-positive OSNs was not random, and primarily limited to a group of OR genes
whose expression areas and transcription levels of the Nrp2 are comparable to those
of the coding-deleted OR gene. If D-V guidance molecules are not regulated by
OR-derived signals, how are their expression levels determined and correlated with
the expressed OR species? We speculate that both OR gene choice and Nrp2
expression levels are commonly regulated by positional information, and are likely
determined by cell lineage resulting in the use of specific sets of transcription factors.

3.4 Sequential Projection of OSN Axons
Along the D-V Axis

Complementary expression of Nrp2 and Sema3F genes in OSNSs initially suggested
that their repulsive interactions occur among OSN axons before they reach the
target. This, however, is not the case because D-zone axons and V-zone axons are
already segregated in separate axon bundles. This segregation in the trajectory of
OSN axons was not noticeably affected by the OSN-specific Sema3F KO. Where
and how, then, does Seama3F interact with Nrp2* OSN axons?

To study the developmental regulation of OSN projection, we analyzed the
embryonic OE and OB for the expression of various axonal markers (Takeuchi
et al. 2010). Robo2* D-zone OSNs were found to mature earlier than Nrp2™ V-zone
OSNs. Gap43 (a marker of growing axons) and olfactory marker protein (a marker
of mature OSNs) first appear in the D-zone OSNs and demonstrate graded expres-
sion, DM-high and VL-low, in the embryonic OE. D-zone OSNs appear to mature
earlier than V-zone OSNs. Axonal projection takes place in a sequential manner
starting with the dorsal OB and expanding toward the ventral region (Takeuchi
et al. 2010; Sullivan et al. 1995) (Fig. 3.3). These observations indicate an intrigu-
ing possibility that a repulsive ligand, Sema3F, secreted by early-arriving D-zone
axons is deposited in the anterodorsal OB to serve as a guidance cue to repel late-
arriving V-zone axons that express Nrp2 receptor (Takeuchi et al. 2010) (Fig. 3.3).

In addition, Robo2" D-zone axons are guided to the dorsal region of the OB by
repulsive interactions with secreted ligands (Cho et al. 2007; Nguyen-Ba-Charvet
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et al. 2008). One of the Robo?2 ligands, Slitl, is detected in the septum and ventral
OB during early developmental stages. In the KO for the Robo/Slit system, OSN
axons mistarget to surrounding non-OB tissues (Nguyen-Ba-Charvet et al. 2008).
Repulsive interactions between Robo2 and Slitl appear to restrict the first wave of
OSN projection to the anterodorsal OB (Fig. 3.3, left). During development, the
glomerular map expands ventrally and the embryonic OB represents the prospec-
tive dorsal OB. Spatiotemporal regulation of axonal projection of OSNs aided by
Robo2 and Slitl, and the graded expression of Nrp2 and Sema3F, contribute to
establish the topographic order in the olfactory map along the D-V axis (Takeuchi
et al. 2010).

3.5 Roles of Ensheathing Glial Cells in D-V Projection

As already described, two sets of axon guidance molecules, Nrp2/Sema3F and
Robo2/Slitl, have important roles in D-V targeting of OSN axons. It has been
shown that another set of repulsive-signaling molecules, Robol and Slits, are
required for D-V targeting (Cho et al. 2007; Nguyen-Ba-Charvet et al. 2008).
Interestingly, Robo1 is not produced by OSNs, but rather by olfactory ensheathing
cells (OECs) (Nguyen-Ba-Charvet et al. 2008). Based on the results with mutant
mice in which OSN projection is ablated, it was indicated that the OSN axons are
associated with the Robol™ OECs. These observations suggest an intriguing possi-
bility that the repulsive function of Robol is supplied to the dorsal OSN axons by
associated OECs. It has been reported that glial cells have a number of supporting
functions for neuronal cells and their axons, for example, supplying growth factors
to neurons. However, it was not previously known that glial cells supply the
repulsive function of axon guidance receptors to associated axons.

In the Robol KO, axon guidance/targeting is severely affected for D-zone
OSNs, but not for V-zone OSNs (Nguyen-Ba-Charvet et al. 2008; Aoki
et al. 2013); this probably occurs because Robol* OECs are present in the lamia
propria (LP) only when early-arriving D-zone axons go through the LP. Robol*
OECs are no longer found when late-arriving V-zone axons reach the LP (Aoki
et al. 2013). Such temporal regulation of Robol expression may explain the
differential effect of Robol KO on D- and V-zone OSN axons. What is the ligand
for Robol and where is it expressed? It has been reported that Robol interacts with
Slit] in a repulsive manner in vitro (Nguyen-Ba-Charvet et al. 2008). We also found
that Slit2 is expressed in the ventral region of the olfactory pit before ED11.5 (Aoki
et al. 2013). At later stages on ED13.5 and 15.5, Slitl is found in the septum and in
the ventral region of the OB, respectively. We hypothesize that Slit2 in the ventral
region of the olfactory pit and Slitl in the septum are needed for the proper
trajectory of dorsal OSN axons, and that Slitl in the ventral OB plays a role in
D-V targeting of OSN axons.

For D-V targeting, at least three sets of axon guidance receptors and ligands are
involved. First, the repulsive function of Robo1 provided by associated glial cells is
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essential to guide the dorsal OSN axons to the embryonic OB (Aoki et al. 2013).
Next, Robo2 is needed to restrict the targeting of D-zone axons to the embryonic
OB, and then, Nrp2 is required for establishing the topographic order along the D-V
axis (Takeuchi et al. 2010).

3.6 OR-Instructed OSN Projection Along the A-P Axis

It is well established that each OSN expresses only one functional OR gene,
regulated by a negative feedback mechanism (Serizawa et al. 2004). Furthermore,
the olfactory map is composed of discrete glomeruli, each representing a single OR
species (Mombaerts et al. 1996; Ressler et al. 1994; Vassar et al. 1994). The
instructive role of the OR protein in OSN projection was demonstrated by the
coding-swap and coding-deletion experiments of OR genes (Serizawa et al. 2003;
Wang et al. 1998; Feinstein and Mombaerts 2004). Because OSNs expressing the
same OR are scattered within the OE for A-P projection, topographic organization
must occur during the process of axonal projection to the OB. In contrast to D-V
projection, where relative positional information is preserved between the periph-
ery and target, there is no such correlation for the projection along the A-P axis.
Based on the observation that OR molecules are detected not only on cilia but also
in axon termini of OSNs (Feinstein and Mombaerts 2004; Barnea et al. 2004,
Strotmann et al. 2004), it was once thought that the OR protein itself may act as
an axon guidance receptor detecting the target cues in the OB and also mediate
homophilic interactions among “like” axons (Mombaerts 2006). Although these
models were attractive, recent studies argue against them. Instead of directly acting
as guidance receptors or axon-sorting molecules, ORs appear to regulate transcrip-
tion levels of A-P targeting and glomerular segregation molecules by OR-derived
cAMP signals (Imai et al. 2006). Supporting this idea, topographic map and
glomerular formation in the OB are severely affected by the KO of adenylyl cyclase
type III (ACIII) that is essential to cAMP production (Nakashima et al. 2013;
Chesler et al. 2007; Col et al. 2007).

We found that axons expressing a mutant OR, I7 (RDY), that cannot activate G
proteins, remained in the anterior region of the OB and failed to converge to a
specific glomerulus (Imai et al. 2006). However, coexpression of a constitutively
active G, mutant restored axonal convergence and glomerular formation defects.
Partial rescue was also observed with the constitutively active mutants of protein
kinase, PKA, and a transcription factor, CREB. Thus, transcriptional regulation
mediated by G, and PKA is required for OSN projections. Furthermore, constitu-
tively active G; or dominant-negative PKA, when coexpressed with wild-type
OR-I7, causes a posterior or anterior shift of I7 glomeruli, respectively (Imai
et al. 2006). These findings suggest that the quantitative levels of OR-derived
cAMP signals determine A-P positioning of glomeruli in the OB. OSNs producing
high levels of cAMP project their axons to the posterior OB whereas those produc-
ing low levels target the anterior OB. When protein levels of Nrpl were measured
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in axon termini of OSNs within glomeruli, Nrpl was found in an anterior-low/
posterior-high gradient in the OB. Increases or decreases of Nrpl expression in
OSNs caused posterior or anterior glomerular shifts, respectively (Imai et al. 2009).
Furthermore, the A-P topography of the glomerular map was perturbed in mice
deficient for Nrpl or Sema3A. These observations indicated that each OR species
generates a unique level of cAMP signals that regulates expression of A-P targeting
molecules, for example, Nrpl and its repulsive ligand, Sema3A.

3.7 Pretarget Axon Sorting Within Bundles

How then do the guidance molecules regulate olfactory map formation? Interest-
ingly, map order along the A-P axis emerges in axon bundles of OSNs, well
before they reach the target. For neural map formation, Sperry (1963) proposed
the “chemoaffinity model” in 1963, in which target cells present chemical cues to
guide axons to their destination. Since then, it has been thought that the topog-
raphy of the neural map is determined by interactions between guidance receptors
expressed at axon termini and positional cues present on the target (Fig. 3.4, left).
However, OSN axons projecting to distinct destinations are presorted in the
axon bundle before arrival at the OB (Imai et al. 2009; Satoda et al. 1995).

axon-target axon-axon
interactions interactions

Fig. 3.4 Axon-target versus axon—axon interactions in neural map formation. Preservation of the
relative spatial relationships of projecting axons between origin and target sites is a general feature
of neural map formation. In the vertebrate visual system, graded expression of Eph receptors on
retinal axons and their repulsive ligands, ephrins, from the superior colliculus regulates axonal
projection of retinal ganglion cells (left). In the mouse olfactory system, topographic order
emerges in axon bundles well before they reach the target, suggesting pretarget axon—axon
interactions. An axon guidance receptor, Nrpl, and its repulsive ligand, Sema3A, are both
expressed by OSNs in the OE in a complementary manner and mediate pretarget axon sorting
within the bundles (right)
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This observation suggests that pretarget mechanisms play important roles in the
topographic map formation in the mouse olfactory system (Fig. 3.4). Indeed, A-P
topography of OSN axons can be formed even in the G/i3 mutant that completely
lacks the OB (St John et al. 2003). We found that Nrpl and Sema3A are both
expressed in OSNs in a complementary manner. Within the axon bundles, Nrpl-
low/Sema3A-high axons are sorted to the central compartment of the bundle,
whereas Nrp1-high/Sema3A-low axons are confined to the outer-lateral compart-
ment (Imai et al. 2009). OSN-specific KO of Nrpl or Sema3A not only perturbed
axon sorting within the bundle, but also caused an anterior shift of glomeruli in
the OB (Imai et al. 2009). These results indicated that pretarget axon sorting
within the bundle contributes to the establishment of topographic order along the
A-P axis. Theoretically, however, axon—axon interactions alone cannot determine
the axis of the map. Guidance cues on the target, as well as intermediary cues,
may help orient the presorted axons to a correct orientation on the target.

3.8 Activity-Dependent Glomerular Segregation
and Map Refinement

During embryonic development, a coarse map topography is established by a
combination of D-V patterning and A-P patterning (Fig. 3.2a). However, neighbor-
ing glomerular structures are intermingled in the newborn animal, and discrete
glomeruli emerge during the neonatal period. After OSN axons reach their approx-
imate destinations in the OB, further refinement of the glomerular map needs to
occur through fasciculation of axon termini in an activity-dependent manner
(Serizawa et al. 2006) (Fig. 3.2b). To study how OR-specific axon sorting is
controlled, we searched for a group of genes whose expression profiles correlate
with the expressed OR species, and such genes were indeed identified (Fig. 3.5).
The genes include those that code for homophilic adhesive molecules, such as
Kirrel2 and Kirrel3 (Serizawa et al. 2006), which have an important role in the
attraction of “like” axons. Repulsive signaling molecules, such as ephrinA and
EphA receptors, are also expressed in a complementary and OR-specific manner in
OSN axons. Therefore, interactions between two subsets of axons, one that is
ephrinA-high/EphA-low and the other that is ephrinA-low/EphA-high, may be
important for the segregation of “non-like” axons (Fig. 3.5). We assume that a
specific set of adhesive and repulsive molecules, whose expression levels are
determined by OR molecules, regulate the axonal fasciculation of OSNs for map
refinement (Serizawa et al. 2006). It is not clear at this point how many sets of
sorting molecules are involved in glomerular segregation. However, several sets of
adhesion/repulsion molecules should be enough to segregate neighboring glomer-
ular structures.

Differing from the global targeting of OSN axons during embryonic development,
local sorting appears to occur in an activity-dependent manner in the neonatal animal.
Blocking neuronal activity by the overexpression of an inward rectifying potassium
channel, Kir2.1, severely affects glomerular segregation (Nakashima et al. 2013;
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Fig. 3.5 Local sorting of OSN axons for glomerular segregation. OR-specific and activity-
dependent expression of adhesion and repulsion molecules (/eff) (Serizawa et al. 2006). OSNs
expressing activity-high OR-A would produce higher levels of Kirrel2 and EphA but lower levels
of Kirrel3 and ephrin-A. In contrast, OSNs expressing activity-low OR-B would express higher
levels of Kirrel3 and ephrin-A but lower levels of Kirrel2 and EphA. Schematic diagrams depict
how Kirrel2, Kirrel3, EphA, and ephrin-A contribute to the OR-specific segregation of axon
termini (right). OSNs expressing the same type of OR fasciculate their axons by homophilic
adhesive interactions of Kirrel2 or Kirrel3. Axon termini of OSNs expressing different types of
ORs are separated by the repulsive interaction between EphA and ephrin-A

Yu et al. 2004). Mice that are mosaic KO for CNGA2, a component of cyclic
nucleotide-gated (CNG) channels, reveal segregation of CNGAZ2-positive and
CNGA2-negative glomeruli for the same OR (Serizawa et al. 2006; Zheng
et al. 2000). Interestingly, expression levels of glomerular segregation molecules
were affected by unilateral naris occlusion. In the occluded naris, Kirrel2 expression
was downregulated and Kirrel3 expression was upregulated, whereas expression of
the A-P guidance receptors Nrpl and PIxnAl was not affected (Nakashima
et al. 2013). These results indicate that stimulus-driven OR activity contributes to
the local sorting of OSN axons but does not affect global targeting along the A-P axis.

We examined whether odorous stimuli can change the expression profile of
glomerular segregation molecules (Nakashima et al. 2013). Transgenic mice in
which the MOR29B gene is tagged with IRES-gapEYFP were housed in the
presence of vanillin, a ligand for MOR29B. When the mice were exposed to
vanillin, Kirrel2 expression was dramatically increased. Interestingly, however,



50 H. Sakano

Nrpl expression was not affected by vanillin exposure in the MOR29B-positive
OSNs. These results indicate that the expression of glomerular segregation mole-
cules is regulated by ligand-induced OR signals, whereas the expression of A-P-
targeting molecules is likely to be driven by ligand-independent OR activity.

3.9 Agonist-Independent GPCR Activity
That May Regulate A-P Targeting

As already described, OR-derived signals that regulate A-P targeting molecules are
not affected by extrinsic stimuli or odor ligands. Furthermore, neuronal activity is
not involved in the regulation. Then, what kind of OR activity could be responsible
for A-P targeting, and how is it generated? We hypothesized that OR baseline
activity may be regulating A-P targeting. G protein-coupled receptors (GPCRs),
including ORs, are known to possess two different conformation states, active and
inactive (Kobilka and Deupi 2007). Agonists stabilize the receptor in an active
form, whereas inverse agonists lock it in an inactive form. In the absence of agonists
and inverse agonists, GPCRs produce a baseline level of cAMP by spontaneously
flipping between active and inactive conformations (Fig. 3.6a). For different OR
species, variable but specific levels of baseline activities can be detected
(Nakashima et al. 2013; Reisert 2010). This agonist-independent activity had long
been considered to be noise created by GPCRs, and its functional role was not fully
appreciated. Because naris occlusion did not affect the expression of A-P targeting
molecules, we assumed that the ligand-independent OR activity may regulate A-P
targeting of OSN axons. To examine this possibility, we attempted to generate the
activity mutants of ORs. The initial experiment with ORs was not successful
because of challenges of achieving adequate membrane expression in the heterol-
ogous system. In addition, the vast diversity of OR family proteins and the lack of
three-dimensional (3D) structural information made prediction and screening of
activity mutants difficult for OR molecules.

In contrast, f2-adrenergic receptor (f2-AR), a GPCR with the highest sequence
homology to ORs, is much easier to express in transfected cells and shares many
functional similarities with ORs. When expressed in OSNs with the OR gene
promoter, f2-AR maintains the “one neuron—one receptor rule,” couples with the
a-subunit of G or Gy, and substitutes ORs for receptor-instructed axonal projection
(Feinstein et al. 2004). Furthermore, 2-AR has advantages of being well character-
ized for distinct receptor functions. Based on mutational studies, the key amino acid
residues in the B2-AR that are required for G-protein coupling, ligand binding, and
the generation of agonist-independent activity are well characterized (Ballesteros
et al. 2001; O’Dowd et al. 1988; Savarese and Fraser 1992). Recently, the 3D
structures of P2-AR in its active state and in a complex with a stimulatory
G protein, G, have been determined (Rasmussen et al. 2011a, b). As a result of
these favorable features, we selected f2-AR for the transgenic analysis of the agonist-
independent GPCR activity in axonal projection of OSNs.
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Fig. 3.6 Generation of baseline activity of GPCRs. (a) G protein-coupled receptors (GPCRs)
possess two different conformations, active and inactive. Three-dimensional structures of $2-AR
(left) are modified from Rasmussen et al. (2011a, b). In the absence of ligands, GPCRs spontane-
ously interchange between the active and inactive conformations, generating agonist-independent
baseline activity (right). (b) Each OR possesses a unique level of baseline activity and generates a
specific amount of cAMP using G, but not G,). The levels of cAMP signals are converted to
transcription levels of A-P targeting molecules, e.g., Nrpl and PlxnAl. Activity-high axons
project to the posterior OB, whereas activity-low axons project to the anterior OB (Nakashima
et al. 2013). TM transmembrane domain, OR odorant receptor

3.10 Transgenic Analysis of Baseline Activity Mutants

Among the 2-AR mutations analyzed, some affected both agonist-independent
and agonist-dependent activities, whereas others affected only one of the two
activities (Nakashima et al. 2013). We predict that mutations affecting G-protein
activation would alter both agonist-dependent and -independent activities, whereas
those altering ligand interactions would change agonist-dependent activity. Muta-
tions that affect conformational transitions should alter the agonist-independent
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receptor activity. For further transgenic studies, we selected three f2-AR mutants
from the collection, which significantly altered agonist-independent receptor activ-
ity but not the agonist-dependent activity.

We generated transgenic mice expressing the mutant or wild-type (WT) p2-AR
using an OR gene promoter (Nakashima et al. 2013); this was performed by
replacing the MOR23 coding sequence with that of $2-AR in the MOR23 minigene
cassette. The glomerular locations were studied for the WT and mutant f2-ARs
tagged with different fluorescent markers. The activity-low f2-AR mutants gener-
ated glomeruli anterior to that of the WT. In contrast, the activity-high mutation
caused a posterior shift of glomeruli. This finding showed a good correlation
between the agonist-independent activities of f2-ARs and their corresponding
glomerular locations in the OB along the A-P axis. We also examined the expres-
sion levels of A-P-targeting molecules in the p2-AR glomeruli (Nakashima
et al. 2013). Nrpl expression levels in f2-AR-expressing OSNs were increased
by the activity-high mutation but lowered by the activity-low mutations (Fig. 3.6b).
Expression levels of PlxnA1 were also affected by the activity mutation. However,
the results were inverse compared with those of Nrpl because Nrpl expression is
inversely regulated by cAMP signals. It is notable that expression levels of glo-
merular segregation molecules such as Kirrel2 and Kirrel3 were not affected at all
by the baseline activity mutations, indicating that glomerular segregation molecules
are regulated by distinct OR signals.

To examine whether the correlation between the agonist-independent activities
and glomerular locations holds true for natural ORs, we performed the following
experiments. We dissected the mouse OB into three sections: anterior, middle, and
posterior. Thirty OR genes were cloned, transfected into HEK293 cells, and analyzed
for their activities without ligands (Nakashima et al. 2013) by the luciferase reporter
assay (Saito et al. 2009). ORs cloned from the anterior OB produced relatively lower
levels of agonist-independent activities, whereas those from the posterior OB gener-
ated higher levels. Therefore, the agonist-independent OR activity appears to be the
major determinant of expression levels of A-P targeting molecules. It should be noted
that for natural ORs, the promoter activities, protein stabilities, and membrane
transport could be additional factors affecting total cAMP signal levels.

3.11 Differential Usages of G5 and G, in OSNs

Our studies demonstrated that OR-instructed A-P targeting and glomerular segrega-
tion are differentially regulated by two distinct OR-derived cAMP signals. To address
how these two types of regulation are separately controlled during development, we
analyzed the onset of expression for various genes involved in axon guidance and
signal transduction in OSNs (Nakashima et al. 2013). At ED13.5, hybridization
signals were detected for A-P-targeting molecules (e.g., Nrp1), but not for glomerular
segregation molecules (e.g., Kirrel2). Kirrel2 expression became prominent only at
the late stage of embryonic development. We also analyzed the onset of Gy, Gy, and
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Fig. 3.7 Canonical and noncanonical signal transduction pathways in OSNs. (a) A-P targeting is
regulated by agonist-independent OR activity using a noncanonical signaling pathway. In imma-
ture OSNs, each OR generates a unique level of cAMP by agonist-independent baseline activity
via G and ACIIL The level of cAMP signals is converted to the transcription level of A-P targeting
molecules, e.g., Nrpl and PlxnAl, through the cAMP-activated PKA pathway, phosphorylating
the transcription factor CREB. (b) Glomerular segregation is regulated by stimulus-driven neuro-
nal activity using a canonical signal transduction pathway. In mature OSNs, different ORs
generate different levels of neuronal activity using extrinsic stimuli, which ultimately determine
the transcription levels of glomerular segregation molecules, e.g., Kirrel2 and Kirrel3. OR odorant
receptor, AC adenylyl cyclase, PKA protein kinase A, CREB cAMP responsive element-binding
protein, PDE phosphodiesterase

other signal transduction molecules. Hybridization signals were detected for G, at
EDI13.5. In contrast, Gy is expressed at ED17.5, but not at ED13.5, indicating that
G,r is not required for the expression of A-P-targeting molecules.

G, and Gy are structurally similar, sharing 88 % amino acid identity, and both
mediate OR signals and activate ACIII in OSNs. However, their functional differ-
ences in the cellular context were not fully recognized. What could be the reason
that Gg and G are differentially expressed in OSNs during development? We
examined the biochemical properties of Gy and G in mediating OR signals. We
generated G, and G; fusion proteins for different ORs, whose agonists have been
established. Both agonist-independent and agonist-dependent cAMP signals were
measured in vitro by the dual luciferase assay using Pp2-AR as a control. We
detected much higher agonist-independent cAMP signals with G than with Gy,
whereas ligand response properties were similar between Gy and G (Nakashima
et al. 2013). We concluded that G, mediates agonist-independent activity more
efficiently than Ggy;. This notion was further confirmed by the loss-of-function
experiments using KO mice of Gy and Gy It was found that expression of A-P
targeting molecules was affected by the G conditional KO in OSNs, whereas the
glomerular segregation molecules were unaffected. In contrast, G, KO affected
glomerular segregation but not A-P targeting. Taken together, our results demon-
strated that G plays a major role in regulating A-P targeting in immature OSNSs,
followed by the role of Gg; for glomerular segregation in mature OSNs (Fig. 3.7).
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3.12 Functional Modules in the Olfactory Map

The mammalian main olfactory system mediates various responses, including
aversive behaviors to spoiled foods and fear responses to predator odors. Because
a particular odorant interacts with many different odorant receptor species, multiple
sets of glomeruli are activated in both D and V domains of the OB. However, little
is known about how the topographic information in the OB is transmitted to and
interpreted in the brain to elicit various behaviors. To address these questions,
mutant mice were generated in which the OSNs in a specific area of the OE are
ablated with diphtheria toxin. Using the D-zone-specific OMACS promoter (Oka
et al. 2003), a AD mutant was made, in which the D; and Dy; domains of the OB
were devoid of glomerular structures (Kobayakawa et al. 2007). The AD mice
lacked innate responses to aversive odorants and predator smell, even though they
were capable of detecting them and could be conditioned for aversion or fear using
the remaining glomeruli in the V domain. Our unpublished observations indicate
that the D domain contains multiple subdomains for various innate responses,
including male—male aggression and female nursing behaviors. We also generated
and analyzed the AIl mutant using the class II OR promoter, in which glomeruli
were absent in the Dy and V domains of the OB (Kobayakawa et al. 2007).
Interestingly, the AIl mutant demonstrated avoidance behaviors toward aversive
odorants; for example, 2MB acid and iso-amyl amine both activate D; and V
domain glomeruli, but not Dy glomeruli. Interestingly, however, the AIl mice
failed to demonstrate innate fear responses to the smell of predators, such as fox
smell, tri-methyl-thyazoline (TMT). The D; domain appears to contain glomeruli
for aversive responses to spoiled food smell and irritating odorants, whereas the Dy
domain mediates fear responses to predators (Kobayakawa et al. 2007). It was once
thought that both D and V domain glomeruli contribute equally to the processing of
odor information in the glomerular map. However, the mouse main olfactory
system seems to be composed of at least three functional modalities: Dy, Dy;, and
V. Dy and Dy are for innate odor responses with hard-wired circuits and V is for
learned responses based on memory (Fig. 3.8). As seen in the immune system, the
mammalian olfactory system appears to have maintained innate responses in
parallel with acquired/adaptive responses during evolution.

3.13 Conclusions

The olfactory map is formed by the combination of OR-dependent (A-P targeting)
and OR-independent (D-V targeting) processes (Fig. 3.2a). These processes are
genetically programmed and are independent from neuronal activity. The map is
further refined in an activity-dependent manner during the neonatal period
(Fig. 3.2b). Our recent studies revealed that A-P targeting and glomerular segrega-
tion molecules are separately regulated by distinct signals of ORs, even though both
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Fig. 3.8 Two independent neural pathways in the mouse olfactory system. A predator odorant,
tri-methyl-thiazoline (TMT), is detected by two sets of glomeruli, one in the Dy; domain and the
other in the V domain of the OB (Kobayakawa et al. 2007). TMT activates two different neuronal
pathways: one for the innate fear response (red) and the other for the learned fear response based
on memory (green). OB olfactory bulb, OF olfactory epithelium, OC olfactory cortex

are using OR-derived cAMP as a second messenger (Nakashima et al. 2013).
Glomerular segregation is regulated by stimulus-driven neuronal activity using
the canonical signal transduction pathway, whereas A-P targeting is regulated by
agonist-independent baseline activity of ORs using the noncanonical pathway
(Fig. 3.7). How these two types of signals are separately transduced can be
explained by the following. One mechanism would be temporal insulation. Differ-
ent OR signals are processed for cAMP production at different stages of olfactory
development. Our studies indicated that cAMP signals for A-P projection and
glomerular segregation are separately processed with distinct signal transduction
molecules at immature and mature stages, respectively. Differences between the
two types of regulation may also be the result of the subcellular localization of ORs,
namely, cilia in mature OSNs compared to axon termini in immature OSNs.

Although spatial and temporal insulation of two distinct OR signals may be
important for differential regulation, the difference in the source of cAMP signals
appears to be the major basis for the difference in the distribution of A-P targeting
(graded) and glomerular segregation (mosaic) molecules in the glomerular map.
Our study demonstrated that the equilibrium of conformational transition of GPCRs
without ligands determines the steady-state levels of cAMP in immature OSNs,
which ultimately determine the expression levels of A-P-targeting molecules
(Fig. 3.6). In contrast, expression of glomerular segregation molecules is regulated
by the stimulus-driven neuronal activity in mature OSNs. Amounts of stimuli
appear to be the major determinant of the expression levels of glomerular segrega-
tion molecules (Fig. 3.5). Thus, OR-specific rate-limiting factors of cAMP produc-
tion differ between the agonist-independent and -dependent processes.
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Until recently, GPCR studies had been focused on their ligand-dependent func-
tions. As the baseline activity had long been considered to be noise created by
GPCRs, its biological role was not fully appreciated. However, recent studies of 3D
structures of f2-AR (Rasmussen et al. 2011a, b) have revealed the inner workings
of various GPCRs: the extracellular cavity determines ligand specificity and firing
rates, whereas the intracellular cavity determines the G-protein selectivity and
levels of baseline activities. The olfactory system makes use of extensive function-
ality of the largest family of GPCRs: Gq utilizes intracellular diversity of ORs for
axonal wiring specificity during development, whereas G, utilizes extracellular
diversity to detect various environmental stimuli after birth and also to regulate
olfactory map refinement (Fig. 3.7).

After 23 years since the discovery of the OR gene (Buck and Axel 1991), it is
now clear what defines the identity of OSNs in OR-instructed axonal projection.
Our studies have revealed that the equilibrium of conformational transitions set by
each OR is what determines the transcription levels of A-P targeting molecules in
OSNs (Nakashima et al. 2013).
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Chapter 4
Odor Maps in the Olfactory Bulb

Kensaku Mori

Abstract The olfactory bulb is the first relay station of the central olfactory system
in the mammalian brain and contains a few thousand glomeruli on its surface.
Individual glomeruli represent a single type of odorant receptor, and the glomerular
sheet of the olfactory bulb forms odorant receptor maps. This chapter summarizes
the spatial organization of the odorant receptor-representing glomerular maps of the
rodent olfactory bulb, focusing on (1) the domain organization of each glomerular
map, (2) “intrabulbar projections” of tufted cell axons that precisely and topogra-
phically connect the lateral and medial maps, (3) molecular feature clusters of
glomeruli in the olfactory bulb, and (4) functional compartmentalization of the
glomerular maps.

Keywords Clusters « Domains ¢ Glomeruli * Intrabulbar projections « Odor map
» Odorant receptor  Olfactory bulb « Two mirror-symmetrical glomerular maps

4.1 Glomerular Modules

As shown in Chap. 3, axons of olfactory sensory neurons (OSNs) expressing a
given odorant receptor (OR) converge to a fixed projection site, forming a glomerulus
in each of two olfactory maps in the olfactory bulb (Imai and Sakano 2007;
Mombaerts 2006; Mori and Sakano 2011). Thus, an individual glomerulus in the
olfactory bulb represents a single OR species. Within each glomerulus, OSN axons
form excitatory synapses on the terminal tufts of primary dendrites of projection
neurons, the tufted cells and mitral cells (Mori 1987; Shepherd et al. 2004). Because
each tufted or mitral cell projects a single primary dendrite to a single glomerulus,
an individual glomerulus together with its associated tufted and mitral cells form a
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single structural and functional module (glomerular module or glomerular unit)
(see Fig. 7.1 in Chap. 7). In the mouse, each olfactory bulb contains approxi-
mately 1,800 OR-representing glomerular modules that are arranged at stereotypical
positions and thus form glomerular maps (Mori and Sakano 2011; Mori et al. 2006).
In this sense, the olfactory bulb resembles primary sensory areas of the neocortex in
which functional columns are spatially arranged in a modality-specific manner and
form sensory maps.

4.2 Each Olfactory Bulb Has Two Mirror-Symmetrical
Glomerular Maps That Are Connected Precisely
with Tufted Cell Axon Collaterals

In the mouse olfactory bulb, an individual OR is typically represented by a stereotypic
pair of glomeruli located at two different sites, one at the rostrodorsolateral half and
the other at the caudoventromedial half of the olfactory bulb (Mombaerts et al. 1996;
Ressler et al. 1994; Vassar et al. 1994). Because of the dual representation, each
olfactory bulb has two mirror-symmetrical glomerular maps: a lateral map and a
medial map (Figs. 4.1b, 4.2) (Nagao et al. 2000). The lateral map receives olfactory
axon inputs from OSNs distributed in the rostrodorsolateral part of the ipsilateral
olfactory epithelium, whereas the medial map receives olfactory axon inputs from
those in the caudoventromedial part of the olfactory epithelium (Astic and Saucier
1986; Saucier and Astic 1986; Schoenfeld et al. 1994).

Each functional pair of glomerular modules is precisely and reciprocally linked
via the axon collaterals of tufted cells (external, middle, and internal tufted cells),
which are called intrabulbar projections (Fig. 4.3) (Belluscio et al. 2002; Cummings
and Belluscio 2010; Igarashi et al. 2012; Liu and Shipley 1994; Lodovichi
et al. 2003; Schoenfeld et al. 1985; Zhou and Belluscio 2008). For example, tufted
cells associated with a given glomerular module (glomerulus A or B in Fig. 4.3) in
the lateral map extend axon collaterals through the internal plexiform layer (IPL) to
the dendrites of granule cells located beneath the isofunctional glomerular module
(glomerulus A’ or B’ in Fig. 4.3) in the medial map. It can be speculated that
these granule cells are tufted cell-targeting granule cells that form dendrodendritic
reciprocal synaptic connections with tufted cell dendrites (Fig. 4.3, see also
Chap. 7). Because sister tufted cells belonging to a particular glomerulus and
tufted cell-targeting granule cells form local tufted cell circuits (see Chap. 7), tufted
cell circuits in the glomerular module A or B may interact preferentially with
tufted cell circuits of the isofunctional glomerular modules A’ or B', respectively,
via the precise “intrabulbar projections.” In striking contrast, intrabulbar axon
collaterals of mitral cells do not participate in the precise “intrabulbar projections.”

The “intrabulbar projections” of tufted cell axon collaterals are thought to
coordinate responses of two mirror-symmetrical glomerular maps, but detailed
functional roles of the precise reciprocal connections are not well understood
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Fig. 4.1 Glomerular map of the olfactory bulb. (a) Lateral view of the domain organization of
glomeruli in the lateral map of the rodent main olfactory bulb (MOB). Double-headed colored arrows
indicate the anterior-posterior (anteroposterior, A-P) axis of each domain; black arrows indicate the
dorsal-ventral (dorsoventral, D-V) axis of the lateral map. AOB accessory olfactory bulb, DI class I
part of the dorsal (D) domain, DII class II part of the D domain, Fr.C frontal cortex. (b) A dorsal
centered view of an unrolled flattened map of glomerular layer of the MOB. Double-headed gray
arrows indicate the A-P axis of each domain of the lateral and medial maps; black arrows indicate the
D-V axis of the lateral and medial maps. In mice, an individual OR is typically represented by a pair of
glomeruli: one in the lateral map and the other in the medial map. However, for a small subset of ORs,
each OR is represented only by a single glomerulus. Some of these glomeruli are located in the
tongue-like domain (asterisk). (Modified from Mori and Sakano 2011)
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Fig. 4.2 Unrolled flattened maps of glomeruli showing OCAM-positive domain (V-domain) and
OCAM-negative domain (D-domain) in the mouse olfactory bulb. The flattened glomerular layers
with OCAM-positive glomeruli ( filled spots) and OCAM-negative glomeruli (open spots) were
aligned from rostral to caudal using the dorsal edge ( filled arrows) of the frontal sections of the
olfactory bulb. A dotted line with an open triangle indicates a possible dorsal boundary between
the lateral (L) and medial (M) maps. Open arrow indicates the tongue-like domain. Unit length
along the rostrocaudal axis is twice that of the circumferential to better illustrate the organization
of glomeruli in the unrolled map. (Modified with permission from Nagao et al. 2000)
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Fig. 4.3 Intrabulbar projections of tufted cell axon collaterals. Tufted cells associated with a
given glomerular module (glomerulus A or B) in the lateral map extend axon collaterals through
the internal plexiform layer (IPL) to the dendrites of granule cells (Gr) located beneath the
isofunctional glomerular module (glomerulus A’ or B’) in the medial map. The intrabulbar
projection of tufted cell axon collaterals reciprocally connects isofunctional glomerular modules
in the lateral and medial maps. Axons of tufted cells whose somata are in the lateral map are shown
by solid lines; those in the medial map are illustrated by dashed lines
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(Cummings and Belluscio 2008). Because tufted cell circuits in each glomerular
module are thought to be responsible for the generation of sniff rhythm-paced early-
onset fast gamma oscillations (see Chap. 7), one possible functional role of the
“intrabulbar projections” is the coordination of fast gamma oscillations between
isofunctional glomerular modules. It has been shown that the precise intrabulbar
projections of tufted cell axon collaterals are achieved during postnatal develop-
ment and undergo olfactory activity-dependent refinement during both develop-
ment and adulthood (Cummings and Belluscio 2010; Marks et al. 2006). Olfactory
deprivation by naris closure disrupts the intrabulbar projection, and reopening
of the naris recovers the precise intrabulbar projection. These results suggest that
the intrabulbar projections of tufted cells maintain a continuous level of activity-
dependent plasticity throughout life.

In addition to the intrabulbar projections, each tufted cell projects axons to focal
targets in the pars externa of the anterior olfactory nucleus (AONpE) (Igarashi
et al. 2012; Schoenfeld and Macrides 1984). The axonal projection of tufted cells
to the AONPE is organized in a topographic fashion such that the dorsoventral axis
of the glomerular map in the olfactory bulb is conserved precisely in the dorsoven-
tral axis of the axonal targets in the AONpE (Schoenfeld and Macrides 1984; Yan
et al. 2008). As is described in Chap. 7, each tufted cell also projects axons to focal
targets in the pars principalis of the anterior olfactory nucleus, the rostroventral part
of the anterior piriform cortex, and the rostrolateral part of the olfactory tubercle.
Each tufted cell may send specific OR information to focal targets both in the
olfactory bulb and in the olfactory peduncle areas of the olfactory cortex.

4.3 Domain Organization of Glomerular Map

Based on the OR species (Zhang and Firestein 2002), glomeruli are grouped
into specific compartments, such as domains at stereotypical positions in the
olfactory bulb. Figure 4.1a shows the domain arrangement in the lateral view of
the olfactory bulb. Glomeruli in the main olfactory bulb are grouped into two
domains, dorsal and ventral, arranged in parallel with the anteroposterior axis of
the olfactory bulb. Glomeruli in the dorsal domain (D domain) receive olfactory
axon inputs from OSNs in the dorsal zone of the olfactory epithelium. Therefore,
D-domain glomeruli represent dorsal-zone ORs. Glomeruli in the ventral domain
(V domain) receive olfactory axon inputs from OSNs that are distributed in the
ventral zone of the olfactory epithelium (Yoshihara et al. 1997). Glomeruli in the V
domain therefore represent ventral-zone ORs. Olfactory axons that project to the
V domain express olfactory cell adhesion molecule (OCAM), whereas those that
project to the D domain lack OCAM expression (Fig. 4.2). Over the course of
embryonic development, the D-domain glomeruli are formed first in the olfactory
bulb, and the glomerular map expands ventrally (Takeuchi et al. 2010).

As shown in Fig. 4.1, the D-domain glomeruli are further grouped into two
domains, DI and DII, according to the expressed OR species (Bozza et al. 2009;
Kobayakawa et al. 2007; Tsuboi et al. 2006). The DI domain occupies the
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rostrodorsal part of the D domain and the DII domain surrounds the DI domain
(Fig. 4.1b). Glomeruli in the DI domain represent class I (fish-type) ORs, whereas
DII glomeruli represent class II (terrestrial-type) ORs. OSNs expressing class I ORs
and those expressing class II ORs are intermingled in the dorsal zone of the
olfactory epithelium. However, the two subsets of OSNs project their axons to
separate dorsal domains in the olfactory bulb.

Trace amine-associated receptors (TAARs) are a small family of evolutionally
conserved ORs (Liberles and Buck 2006). A majority of olfactory TAARs are
represented by a cluster of glomeruli located in the caudal part of the D domain near
the boundary between DI and DII domains (Pacifico et al. 2012). The cluster of
TAARs-representing glomeruli is referred as the DIII domain.

As described earlier, each of the lateral and medial maps is divided into DI, DII,
and V domains arranged in parallel to the anteroposterior axis. A comparison
between the lateral and medial maps using the unrolled flattened maps indicates
that each map has its own anteroposterior—dorsoventral axis coordinates, although
the two maps are arranged in roughly a mirror-symmetrical manner (Fig. 4.1b).

A majority of ORs are represented by a pair of glomeruli in the mouse olfactory
bulb. However, a small subset ORs is represented only by a single glomerulus.
The rostromedioventral domain (so-called tongue-like domain shown in Figs. 4.1b,
4.2, and 4.3) of the glomerular map is unique in that it contains glomeruli repre-
senting the single glomerulus ORs. For example, OSNs expressing a given member
of OR37 family genes converge axons only to a single glomerulus, and glomeruli
for the different OR37 subtypes are grouped together in the rostromedioventral
domain (Bader et al. 2012). Interestingly, mitral/tufted cells associated with the
OR37 glomeruli show a unique pattern of axonal projection. They project axons
directly to the medial amygdala, paraventricular nucleus, and supraoptic nucleus of
the hypothalamus (Bader et al. 2012).

4.4 Molecular Feature Clusters of Glomeruli

Glomeruli in the olfactory bulb can also be grouped into subsets by the odorant
selectivity, or molecular receptive range (MRR) property, of individual glomeruli.
Mapping the odor-induced glomerular activity and the MRR properties of glome-
ruli demonstrated that (1) individual glomeruli typically respond to a range of
odorants that share a specific combination of molecular features, and that (2) each
glomerulus appears to be unique in its MRR property (Kikuta et al. 2013; Mori
et al. 2006). In addition, glomeruli with similar MRR properties tend to gather and
form molecular feature clusters at stereotypical positions in the glomerular map
(Johnson and Leon 2007; Johnson et al. 2009; Matsumoto et al. 2010; Mori
et al. 2006; Takahashi et al. 2004).

Figure 4.4a shows molecular feature clusters of glomeruli superimposed on the
domain organization at the dorsal surface of mouse olfactory bulb (Matsumoto
et al. 2010). Fatty acids, aliphatic aldehydes, and amines have distinct unpleasant
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Fig. 4.4 Reconstructed glomerular map of the dorsal part of the mouse olfactory bulb.
(a) Molecular feature clusters A—J are superimposed on the domain organization of the standard
glomerular map. The large black contour line indicates the optically imaged region for determin-
ing the molecular feature clusters. DI DI domain (glomeruli shown by open spots), DIl DIl domain
(glomeruli shown by light gray spots), V V-domain (glomeruli shown by dark gray spots). The
boundaries between the DI and DII domains and between the DII and V domains are indicated by
red and blue dotted lines. A purple broken line with purple triangle indicates a possible boundary
between the lateral and medial maps. (b) Reconstructed dendritic tree of a single mitral cell
(shown by red) whose soma is located in the DII domain is superimposed on the standard
glomerular map to estimate the spatial distribution of the lateral dendrites of a single mitral cell
in reference to the domain organization of glomerular maps. The standard map and the mitral cell
were obtained from different mice. (Modified with permission from Matsumoto et al. 2010)

odors that characterize spoiled foods. Glomeruli in cluster A respond to fatty acid
and aliphatic aldehyde odorants. The cluster A glomeruli also respond to alkyl
amine odorants that contain an amino group (—NH3) and are located in the lateral
part of the DI domain adjacent to the DII domain.

A small cluster of glomeruli located caudomedially to the cluster A respond to
amine odorants including trimethylamine but not to fatty acids (this cluster is not
shown in Fig. 4.4a; cf. posteromedial amine-selective cluster in Takahashi et al. 2004).
The amine-selective cluster of glomeruli appears to correspond to the TAARs-
representing cluster of glomeruli (in DIIT domain) (Pacifico et al. 2012).

Cluster B, which responds to aliphatic alcohol odorants and a wide range of
aliphatic ketone odorants, is located in the anterior part of the DII domain. It should
be noted that the aliphatic alcohols and ketones do not activate cluster A glomeruli.
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Glomeruli in cluster C, which respond to phenol odorants (e.g., cresol and ethyl
phenol) and phenylethyl odorants (e.g., guaiacol and creosole) are located in the
DII domain just posterior to cluster B.

Cluster D glomeruli are activated by aliphatic and aromatic ketone odorants and
are located posterior to cluster C. Cluster J glomeruli that respond to thiazole and
thiazoline odorants (including the fox odor tri-methyl-thyazoline) are located in
the caudal part of the DII domain in the lateral map. Thus, clusters B, C, D, and J are
invariably arranged from the anterior to the posterior region in the DII domain.
Molecular feature clusters are also found in the V domain of the olfactory bulb
(Igarashi and Mori 2005). The spatial arrangement of the molecular feature clusters
A-D and J appears to be conserved between rats and mice (Matsumoto et al. 2010).

In human sensory psychophysical studies, a variety of correlations have been
reported between the molecular features of odorants and their perceived “odor
quality” (Amoore et al. 1964; Beets 1970; Moncrieff 1967; Mori et al. 2006;
Rossiter 1996). Although the molecular structure—odor relationships are complex
and cannot be explained in simple terms, it can be speculated that the molecular
feature clusters of glomeruli might be part of the neural representation of basic odor
quality. In addition, the molecular feature maps provide a basis for understanding
how the olfactory cortex read the odor maps in the olfactory bulb.

4.5 Functional Compartmentalization
in the Olfactory Map

Odors emitted by predators signify danger and induce fear responses such as
freezing in rodents (Dielenberg and McGregor 2001; Hebb et al. 2002, 2004).
Trimethyl thiazoline (TMT) is a fox odor known to induce a freezing response in
mice and rats. TMT activates glomeruli in cluster J of the DII domain and many
glomeruli in the V domain. Ablation of glomeruli in the D domain including the
DIl domain abolishes the TMT-induced fear response in mice (Kobayakawa
et al. 2007), suggesting that TMT-responsive glomeruli in the DII domain are
responsible for the TMT-induced fear responses.

Spoiled foods produce amines and fatty acids, and these odors induce innate
aversive responses in rats and mice (Dielenberg and McGregor 2001) and activate
multiple glomeruli in various areas of the olfactory bulb. However, only cluster
A glomeruli in the DI domain are responsible for fatty acid-induced aversive
responses (Kobayakawa et al. 2007).

These results raise the possibility of functional compartmentalization of the
glomerular map of the olfactory bulb: TMT-responsive glomeruli and other predator
odor-responsive glomeruli in the DII domain might be specialized for inducing fear
responses to the predator odors, and fatty acid and amine-responsive glomeruli in the
DI domain might be specialized for inducing aversive responses to spoiled foods.
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A single glomerular module consists of a glomerulus together with sister tufted
cells and mitral cells. Each granule cell also might mainly associate with a single
glomerular module (Willhite et al. 2006). Mitral and tufted cells belonging to a
particular glomerular module extend lateral dendrites in the external plexiform
layer and thus can interact with mitral and tufted cells belonging to other glomerular
modules via dendrodendritic reciprocal synaptic connections with granule cell
inhibitory interneuron (Migliore et al. 2010) (see Chap. 7). To estimate the extent
of dendritic projection of a single mitral cell in reference to the glomerular maps,
we superimposed the dendritic tree of a mitral cell (whose soma was located in the
DII domain) on a standard glomerular map of the dorsal surface of the mouse main
olfactory bulb (Fig. 4.4b). It can be seen that a single mitral cell extends a lateral
dendrite widely covering not only wide areas of the DII domain but also DI and V
domains. Thus, a number of glomerular modules can interact globally across wide
areas of the olfactory bulb via the long lateral dendrites of mitral cells.

In contrast, external tufted cells and middle tufted cells extend shorter lateral
dendrites, suggesting that interactions among glomerular modules via these tufted
cell dendrites are more spatially restricted. Therefore, tufted cells and mitral cells
appear to read the glomerular OR maps in a different manner, as is discussed in
more detail in Chap. 7.
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Chapter 5
Zebrafish Olfactory System

Yoshihiro Yoshihara

Abstract Similar to other animal species, fishes efficiently use the sense of smell
for locating food, detecting danger, communicating social information, and mem-
orizing beneficial and detrimental conditions. This review summarizes recent
advances in our knowledge of the olfactory system in the zebrafish (Danio rerio),
which has become one of the most useful and important model organisms in
neurobiology. Olfactory receptors belonging to the OR, VIR, V2R, and TAAR
families are differentially expressed in three types of the olfactory sensory neurons
(ciliated, microvillus, and crypt) in the olfactory epithelium. In the olfactory bulb,
nine glomerular clusters are clearly delineated by anatomical features and mole-
cular markers, serving as functional units important for odor information categori-
zation, coding, and processing. Individual output neurons of the olfactory bulb
project axons to a combination of four major target regions in the forebrain: the
posterior zone of dorsal telencephalon, the ventral nucleus of ventral telencephalon,
the posterior tuberculum, and the right habenula. Distinct modes of odor informa-
tion decoding are employed by the individual olfactory centers: either nonselective
or biased as well as either diffuse or convergent, which contribute to eliciting
different physiological and behavioral responses. By taking advantage of its small
brain, transparency of larvae, and amenability to various genetic and imaging
techniques, zebrafish will pave the way toward understanding the functional
organization of the olfactory system as a whole.
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5.1 Introduction

Many chemical cues pervade the aquatic environment of fish, activate the olfactory
system, and elicit various physiological and behavioral responses. Fish can detect a
huge variety of odorants that are emitted from objects and dissolved in the water,
such as amino acids, nucleotides, bile acids, amines, steroids, and prostaglandins.
The fish olfactory system is highly elaborated to receive and discriminate these
odorant molecules, to transmit their signals to the brain, and to evoke fundamental
behaviors important for survival of individuals and preservation of species, includ-
ing food finding, predator avoidance, social communication, mate choice, and
spawning migration (Sorensen and Caprio 1998; Zielinski and Hara 2007;
Yoshihara 2009).

Zebrafish, a freshwater small teleost fish commonly available in pet shops, offers
numerous advantages over other vertebrates for biological studies. Zebrafish are
easy to grow and produce large clutches of eggs (100-200 per mating) through
external fertilization (Westerfield 1995). The embryos develop quickly, hatching
as early as 3 days post fertilization (dpf), and start to swim at 5 dpf. The zebrafish
embryos are optically transparent throughout early developmental stages, enabling
us to observe organogenesis and morphogenesis in vivo. In particular, transgenic
expression of green fluorescent protein (GFP) and its derivatives in selected cell
types greatly facilitates the live imaging of dynamic developmental events such as
cell division, cell migration, and neural circuit formation. Furthermore, it has
recently become possible to image functional neural activities in living transgenic
embryos in which genetically engineered, highly sensitive Ca®* indicators are
expressed (Ahrens et al. 2013; Muto et al. 2013).

Another major advantage of using the zebrafish is its amenability of various
genetic engineering techniques in both forward and reverse directions, including
mutagenesis, transgenesis, gene knockdown, and gene knockout. Most recently, in
particular, the whole genome sequence of zebrafish has been reported (Howe
et al. 2013), and disruptive mutations in more than 38 % of all known protein-
coding regions were identified (Kettleborough et al. 2013). These mutant fish will
become available to the scientific community, which undoubtedly accelerate the
zebrafish research in all fields of biology. In addition to these basic techniques,
more advanced genetic methods have been developed in the zebrafish, such as the
Tol2 transposon-mediated gene trap approach combined with the Gal4/UAS system
(Asakawa et al. 2008: Koide et al. 2009), retrovirus-mediated large-scale enhancer
trap screening (Ellingsen et al. 2005), Cre/loxP- and/or Gal4/UAS-mediated single-
cell mosaic labeling analysis (Sato et al. 2007a; Miyasaka et al. 2009; Miyasaka
et al. 2014), and TALEN- or CRISPR/Cas-mediated genome editing (Bedell
et al. 2012; Hwang et al. 2013; Zu et al. 2013). Thus, the zebrafish is one of the
most useful vertebrate species with which we can perform both forward and reverse
genetic analyses, similar to Drosophila melanogaster and Caenorhabditis elegans.

This review highlights recent progress in our knowledge on the zebrafish olfactory
system with special emphasis on neuroanatomical and functional correlates.
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5.2 Olfactory Sensory Neurons

In many mammals, two functionally distinct classes of chemicals (odorants and
pheromones) are detected by different types of sensory neurons located in two
anatomically segregated olfactory organs in the nose: the olfactory epithelium
(OE) and the vomeronasal organ (Buck 2000; Mombaerts 2004). Volatile odorants
are received by a huge repertoire of odorant receptors (ORs: ~1,200 genes in mice)
expressed by ciliated olfactory sensory neurons (OSNs) in the OE, and the infor-
mation is transferred to the main olfactory bulb (OB). On the other hand, phero-
mones are mostly received by two families of vomeronasal receptors, V1Rs and
V2Rs (each ~150 genes in mice), expressed by microvillus sensory neurons in the
vomeronasal organ, which project axons to the accessory OB. In addition, recent
studies have identified trace amine-associated receptors (TAARs) as the fourth
family of olfactory receptors that are expressed by ciliated OSNs and take charge
of specific pheromone or kairomone signaling (Liberles and Buck 2006; Ferrero
et al. 2011; Li et al. 2013; Dewan et al. 2013).

In contrast, the anatomical organization of the olfactory system in fish species is
different from that of mammals. Teleost fishes including zebrafish possess only a
single type of olfactory organ called the olfactory rosette that contains three
morphologically distinct types of OSNs: ciliated, microvillus, and crypt OSNs
(Fig. 5.1) (Hansen and Zeiske 1998; Hansen et al. 2003, 2004). All these OSN
types innervate the same OB via a tightly fasciculated bundle of olfactory nerves.
Two major types of OSNs are the ciliated and microvillus neurons that differ from
one another with respect to morphology and their relative positions in the OE.
The ciliated OSNs are situated in the deep layer of the OE, project a long dendrite,
and extend several long cilia into the lumen of the nasal cavity. The microvillus
OSNSs are located in the superficial layer, project a shorter dendrite, and emanate
tens of short microvilli. The third OSN type is crypt cells, which account for only a
small population in the OE, are located in the most superficial part of the OE, and
have unique ovoid cell bodies bearing microvilli as well as submerged short cilia.

5.3 Olfactory Receptors

The ciliated, microvillus, and crypt OSNs display distinct profiles of functional
molecular expression (Yoshihara 2009). The most noteworthy and functionally
important is the expression of different families of olfactory receptors. The
zebrafish genome harbors ~140 OR-type, 6 V1R-type, ~50 V2R-type, and ~100
TAAR-type olfactory receptor genes (Alioto and Ngai 2005, 2006; Hashiguchi and
Nishida 2006, 2007; Ngai and Alioto 2007; Saraiva and Korsching 2007). The
expression of OR-type olfactory receptors is observed in ciliated OSNs in teleost
fishes, whereas V2R-type olfactory receptors are found in the microvillus OSNs
(Cao et al. 1998; Speca et al. 1999; Hansen et al. 2004; Sato et al. 2005). It has been
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Fig. 5.1 Three types of olfactory sensory neurons (OSNs) in zebrafish. The upper drawing
depicts morphological features of ciliated (orange), microvillus (green), and crypt (blue) OSNs.
Lower panels show representative electron microscopic images of three OSNs. (Courtesy of Drs.
Takumi Akagi and Tsutomu Hashikawa, RIKEN Brain Science Institute)

reported that mammalian ORs detect hydrophobic, volatile molecules, and V2Rs
recognize hydrophilic, highly water-soluble compounds (Mombaerts 2004). There-
fore, it is likely that the ciliated and microvillus OSNs in fish also take charge of
detecting chemical compounds with different physical properties (e.g., hydrophobic
bile acids vs. hydrophilic amino acids) through the two distinct families of olfactory
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receptors (ORs andV2Rs). Several lines of evidence support this notion, based
on molecular biological, electrophysiological, and activity-dependent labeling
experiments (Michel and Derbidge 1997; Speca et al. 1999; Michel 1999; Lipschitz
and Michel 2002; Nikonov and Caprio 2007). In contrast, VIR-type olfactory
receptors are expressed in either the crypt cells or a small subset of the microvillus
OSNs (unpublished observations). Intriguingly, the crypt cells express only one of
the six VIR-type olfactory receptors, VIR4 (Oka et al. 2012).

The gene repertoires of OR-, VIR-, and V2R-type olfactory receptors in
zebrafish are significantly smaller than those in mouse by an order of magnitude
(Shi and Zhang 2009). In contrast, the zebrafish genome is equipped with as many
as ~100 genes for TAAR-type olfactory receptors that far exceed TAAR genes in
any other organisms examined (e.g., 6 in human, 17 in rat, 16 in mouse, 13 in Fugu
fish) (Gloriam et al. 2005; Korsching 2009; Shi and Zhang 2009). Such a huge
diversity of TAAR genes in the zebrafish suggests the possibility that this fish
species can detect and discriminate various amine compounds. Although it remains
unknown what physiological and behavioral responses are induced by amines in
the environmental water, it is likely that these amines play some important roles as
odorants, pheromones, or kairomones in the zebrafish.

In mouse, each OSN expresses only one type of OR gene of a repertoire of
~1,200 genes equipped in the genome (Chess et al. 1994; Serizawa et al. 2003; Mori
and Sakano 2011). This “one neuron—one receptor” rule enables individual OSNs to
respond to a range of odorants that bind to the expressed ORs. In other words, OSNs
expressing a given OR are tuned to a particular molecular receptive range. Is the
one neuron—one receptor rule applicable also to the zebrafish olfactory system?
Individual OR-type olfactory receptor genes are expressed in a small population of
OSNS, ranging from 0.5 % to 2 % (Barth et al. 1996). Double-fluorescence in situ
hybridization experiments revealed that most combinations of two OR-type recep-
tor probes label nonoverlapping populations of OSNs (Barth et al. 1997; Sato
et al. 2007b). These results support the notion that the zebrafish OSNs fundamen-
tally obey the one neuron—one receptor rule. However, two exceptional cases have
been reported for particular olfactory receptors, in which “one neuron—multiple
receptors” is true. One is the case for a subpopulation of ciliated OSNs expressing
the OR103 family members: OR103-1-positive OSNs simultaneously express
OR103-2 and/or OR103-5 (Sato et al. 2007b). Coexpression of multiple
chemosensory receptors has been shown in several populations of OSNs in
C. elegans and Drosophila (Troemel et al. 1995; Goldman et al. 2005). For
example, a single AWC neuron in C. elegans expresses multiple olfactory recep-
tors, responds to various odorants without discrimination, and mediates attractive
behavior to all these odorants (Bargmann et al. 1993; Troemel et al. 1995).
By analogys, it is likely that zebrafish do not need to discriminate a range of odorants
received by the individual OR103 subfamily members. These OSNs expressing
multiple OR103 members thus may integrate odor information at the most periph-
eral level, leading to particular behavioral or endocrine responses. The other case
is a broad expression of a V2R-type receptor, OIfCcl (VRS.3; V2rll), in almost all
microvillus OSNs (Sato et al. 2005). This situation is reminiscent of Drosophila
Orco (Or83b) and mouse V2R2 olfactory receptors (Larsson et al. 2004; Martini
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et al. 2001). Drosophila Orco is broadly expressed in almost all OSNs together
with a selectively expressed OR and plays a general role as a hetero-dimerization
partner for the selected regular OR to constitute a cation channel (Sato et al. 2008;
Wicher et al. 2008). In conclusion, both “one neuron—one receptor” and “one
neuron—multiple receptor” cases are observed in zebrafish, probably depending
on the divergence of relevant functions in distinct types of OSNs.

5.4 Glomeruli

Glomeruli are spherical neuropils deployed on the surface of the OB where odor
information is transmitted across a synapse from OSNs to the second-order neurons
in the OB. Orderly arranged glomerular architecture is observed in fishes, similar to
mammals and insects. There are about 140 glomeruli in zebrafish, among which
27 glomeruli are clearly identifiable whereas others are ambiguous, tiny, or some-
times fused (Baier and Korsching 1994; Braubach et al. 2012). Although the bound-
aries of individual glomeruli in zebrafish are, in most cases, not so clear as those in
mice and Drosophila, a unique feature of glomerular organization is observed in the
zebrafish: the presence of easily discernible glomerular clusters (Fig. 5.2). Based on
their spatial locations, shapes, and molecular markers, nine glomerular clusters can be
delineated and designated as dorsal glomerular cluster (dG), dorso-lateral (dIG),
lateral (1G), medio-anterior (maG), medio-posterior (mpG), medio-dorsal (mdG),
ventro-anterior (vaG), ventro-medial (vimG), and ventro-posterior (vpG) (Braubach
et al. 2012). Individual glomerular clusters display characteristic molecular receptive
ranges and play crucial roles as functional units for coding of structurally and
functionally different odor categories (see following).

A recent study revealed that the zebrafish OB glomeruli can be classified
into two distinct groups with respect to developmental process, anatomical size,
and structural/functional stability: early-generated, highly stereotypic, large, stable
glomeruli versus later-developing, smaller, plastic glomeruli (Braubach et al. 2013).
The maturation of small glomeruli is heavily dependent on olfactory experience,
and they are variable across individuals, whereas large and identifiable glomeruli
grow steadily irrespective of sensory inputs. Thus, the two types of glomeruli form
at different times and display distinct maturation mechanisms in either sensory input-
dependent or input-independent manners, probably reflecting their involvement in
different types of olfactory outputs: experience-dependent plastic responses versus
hard-wired innate responses.

5.5 Olfactory Axon Projection

A number of neuroanatomical tracing studies were conducted for analysis of neural
circuitry in the fish olfactory system (Morita and Finger 1998; Hamdani et al. 2001;
Hamdani and Doving 2002, 2006; Hansen et al. 2003). For example, a lipophilic
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Fig. 5.2 Glomerular clusters and odor map in the zebrafish olfactory bulb (OB). (a) Whole-mount
OB immunostained with anti-SV2 antibody, viewed from dorsal, lateral, and ventral sides.
(b) Eight glomerular clusters and 29 identifiable glomeruli. (¢) Odor map. Nuc nucleotides, SE
skin extract, dG dorsal glomerular, dIG dorso-lateral, /G lateral, maG medio-anterior, mpG medio-
posterior, mdG medio-dorsal, vaG ventro-anterior, vmG ventro-medial, vpG ventro-posterior

fluorescent tracer, Dil, was injected into a small area of the OB, taken up by
olfactory axon terminals in glomeruli, and retrogradely transported to the OE.
Subsequently, the types of Dil-labeled OSNs were determined on the basis of
cellular morphology and location in the OE. Their results implied a tendency of
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axonal segregation from the distinct types of OSNs to different regions of the OB.
However, it was impossible with such a conventional tracing method to elucidate
detailed patterns of axon projection from the distinct types of OSNs to individual
glomeruli.

The introduction of genetic technology such as transgenesis and gene trap
approaches opened a new avenue in the zebrafish olfactory research and unam-
biguously solved the issue on axonal wiring from the OE to the OB (Miyasaka
et al. 2005, 2007; Sato et al. 2005, 2007b; Koide et al. 2009). The two major types
of OSNs, ciliated and microvillus OSNs, can be differentially labeled with spec-
trally distinct fluorescent proteins (e.g., RFP and Venus) under the control of
zebrafish OMP and TRPC2 gene promoters, respectively (Sato et al. 2005). In
these double transgenic zebrafish (OMP-RFP; TRPC2-Venus), fluorescence images
of whole-mount OB clearly show that the ciliated OSNs project axons mostly to the
dorsal and medial regions of the OB, whereas the microvillus OSNs project axons
to the lateral region. A careful histological analysis of OB sections indicates that
the two distinct types of OSNs innervate different glomeruli in a mutually exclusive
manner. Importantly, there is no double-positive glomerulus that receives conver-
gent inputs from both types of OSNs. Together with immunohistochemical results
with several marker antibodies (Braubach et al. 2012) and transgene expression
patterns in specific subsets of OSNs in several gene trap lines (Koide et al. 2009),
the primary olfactory projection in the zebrafish is summarized in Fig. 5.2b.
According to the nomenclature of identifiable glomeruli and glomerular clusters
in the zebrafish OB by Braubach et al. (2012), the ciliated OSNs project their axons
to the maG, vaG, dG, and dIG clusters, mpG glomerulus, IG2 glomerulus, and most
of vinG glomeruli, whereas the microvillus OSNs innervate all glomeruli in the 1G
cluster except for 1G2, one of the two vpG glomeruli, and several mdG glomeruli.
The third minor type of OSNs, crypt cells, send axons to at least one particular
glomerulus mdG2, as demonstrated by the immunohistochemical staining of the
OB with antibody against crypt cell-specific S100 calcium-binding protein
(Germana et al. 2004, 2007; Oka et al. 2012; Braubach et al. 2012). These segre-
gated neural pathways are important prerequisites for representation of distinct
olfactory information on the OB as an “odor map” (see following).

5.6 Odor Map

The odor map is a central representation of chemical structural features in odorants
that are systematically arranged on a two-dimensional glomerular sheet of the first
relay station along the olfactory neural circuitry (Mori et al. 1999; Mori and Sakano
2011). In other words, each glomerulus represents a single olfactory receptor and
is tuned to specific molecular features of odorants that can activate the receptor.
The concept of the odor map was first described in the rabbit OB by electrophysio-
logical single-unit recording of spike discharges from mitral and tufted cells to odor
stimuli (Mori et al. 1992) and subsequently confirmed in various mammalian and
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insect species upon the emergence and refinement of neural activity imaging
techniques (Rubin and Katz 1999; Uchida et al. 2000; Wang et al. 2003; Mori
et al. 2006; Vosshall and Stocker 2007; Mori and Sakano 2011).

A series of pioneering studies measuring glomerular activities with conventional
voltage-sensitive dyes or Ca®* indicators demonstrated the existence of an odor
map also in the zebrafish OB (Friedrich and Korsching 1997, 1998; Fuss and
Korsching 2001). Thereafter, genetically engineered Ca®* probes (e.g., Inverse
Pericam; GCaMP) were introduced to analyze the developmental and functional
aspects of the zebrafish OB odor map in a more detailed and comprehensive manner
(Li et al. 2005; unpublished observation). Furthermore, an immunohistochemical
analysis using anti-phosphorylated Erk (MAP kinase) antibody has recently turned
out to be a convenient and powerful tool to visualize glomerular activation upon
odorant stimulation (unpublished observation). These findings revealed that various
kinds of water-soluble compounds are represented on the surface of the OB in a
highly systematic fashion and that the glomerular clusters play important roles as
functional units for coding of different categories of odorants (Fig. 5.2¢). For
example, the dG cluster responds predominantly to bile acids, whereas the dIG
cluster is exclusively devoted to amines (see following). Although the majority of
glomeruli display specific activation to particular odorants, there is one glomerulus
in the maG cluster that responds to various different odorants without selectivity.
This glomerulus might function as a ‘“generalist” to elicit olfactory alertness,
responding to the presence of any odor stimuli (unpublished observation).

5.6.1 Amino Acids

Amino acids strongly attract fishes as food-derived odorants (Steele et al. 1990, 1991;
Koide et al. 2009). Zebrafish are capable of discriminating between different amino
acids (Miklavc and Valentincic 2012). Amino acids are detected mostly by micro-
villus OSNs through binding to V2R-type olfactory receptors (Speca et al. 1999;
Hansen et al. 2003; Luu et al. 2004) and activate multiple glomeruli in the 1G cluster
(Friedrich and Korsching 1997, 1998; Fuss and Korsching 2001). Structural features
of side chains in individual amino acids (e.g., long or short; hydrophilic or hydro-
phobic; acidic, neutral, or basic) are represented as a combinatorial code in spatially
confined glomerular groups in the lateral cluster.

5.6.2 Bile Acids

Bile acids are biliary steroids synthesized in the liver, stored in the gallbladder,
secreted into the intestine, and reabsorbed by the enterohepatic system. Interestingly,
various fishes produce species-specific bile acid derivatives, such as cyprinol
sulfate in carp (Cyprinus carpio), petromyzonol sulfate in sea lamprey
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(Petromyzon marinus), and myxinol disulfate in hagfish (Mixni) (Hagey et al. 2010),
suggesting their potential roles in olfactory-mediated social interaction. In the sea
lamprey, for example, specific bile acids are released into the environment to act as
sex and migratory pheromones, respectively (Li et al. 2002; Sorensen et al. 2005). In
zebrafish, taurocholic acid activates a population of OSNs (Michel and Lubomudrov
1995) and induces a significant attractive response (Koide et al. 2009). Bile acids
activate ciliated OSNs possibly via the OR-type olfactory receptors -Gg - cyclic
AMP signaling cascade (Hansen et al. 2003; unpublished observation). In the
zebrafish OB, various bile acids elicit strong responses in the dG cluster and the
anterior part of the vinG cluster (Friedrich and Korsching 1998; unpublished obser-
vation). The activity patterns induced by different bile acids show a similar but not
identical distribution, indicating that distinct molecular features in bile acids are
represented in the dG and vmG clusters in a combinatorial manner.

5.6.3 Amines

Although the physiological functions as odorants are enigmatic, amines should be
definitely important olfactory stimuli to zebrafish from the following three reasons.
First, the zebrafish genome is equipped with the largest number of amine receptors,
TAARs, in all animal species examined (Gloriam et al. 2005; Korsching 2009;
Shi and Zhang 2009). Second, several amine compounds induce strong electro-
olfactogram responses in the zebrafish OE (Michel et al. 2003). Third, the dIG
cluster in the OB is almost completely devoted to amine responses (unpublished
observation). The dIG is composed of several tens of small glomeruli, among which
five glomeruli (dIG1-5) are identifiable based on their unique position, morphology,
and molecular expression (Braubach et al. 2012). Distinct glomeruli in the dIG tend
to be activated by structurally different categories of amines: dlG4 by primary
amines, dIG5 by polyamines, and many glomeruli in the anterior part of dIG by
secondary and tertiary amines. Thus, there is a clear topographic map for structural
features of amines in the dIG.

5.6.4 Nucleotides

Nucleotides such as ATP, IMP, and ITP induce excitatory responses in fish OE and
bulbar neurons (Kang and Caprio 1995; Nikonov and Caprio 2001), possibly acting
as feeding cues together with amino acids (Carr 1988). An immunohistochemical
analysis with anti-phospho-Erk antibody revealed that nucleotides activate a small
population of OSNs bearing a short dendrite and locating in the apical portion of OE
(unpublished observation). However, these OSNs are positive for OMP promoter-
driven RFP, but negative for TRPC2 promoter-driven GFP (Sato et al. 2005).
Thus, nucleotides appear to activate a peculiar subset of ciliated OSNs whose
morphology is similar to that of microvillus OSNs. Because the amine moiety is



5 Zebrafish Olfactory System 81

contained in structure of purines and pyrimidines, it is likely that nucleotides are
detected by ciliated OSNs expressing TAARs. In the OB, nucleotides activate a
specific single glomerulus 1G2 belonging to the 1G cluster (Koide et al., in prepa-
ration). Although all other glomeruli in the 1G cluster are innervated by microvillus
OSNs, only the 1G2 is innervated by Gg-positive ciliated OSNs (Braubach
etal. 2012). However, it remains largely unknown what physiological or behavioral
responses are induced by nucleotides as olfactory stimulants in zebrafish.

5.6.5 Sex Pheromones

Two classes of sex pheromones, primers and releasers, acting on different steps
of reproductive responses have been identified in various teleost fishes: steroid
derivatives and prostaglandins, respectively (see following for details). In zebrafish
OB, two sex pheromones evoke neural responses in only one or two glomeruli
(Friedrich and Korsching 1998; Koide et al., in preparation). A primer pheromone,
17a,208-dihydroxy-4-pregnen-3-one-20-sulfate (17,20P-S), activates a single or
few glomeruli in the maG cluster, whereas a releaser pheromone, prostaglandin
F2a (PGF2a), activates two glomeruli in the vimG cluster.

5.6.6 Skin Extract

In various fish species, putative alarm pheromones released from the injured skin of
conspecifics induce robust aversive responses of other nearby fish (see following).
Although two candidate molecules were reported as alarm pheromones in zebrafish
(Pfeiffer et al. 1985; Mathuru et al. 2012), their validity still remains controversial.
When the conspecific skin extract, a mixture of various compounds including a
putative alarm pheromone, is applied to the OE, three glomerular foci are specifi-
cally activated in the OB: the anterior part of the dG cluster, the most anterior
glomerulus (1G4) in the 1G cluster, and one glomerulus (vpG2) in the vpG cluster
(unpublished observation). At present, however, it remains unknown which glo-
merulus (or glomerular combination) is responsible for mediating the aversive
responses to the alarm pheromone.

In addition to the aforementioned spatial representation of odorant structural
features on the OB, several electrophysiological and activity imaging studies
proposed the temporal coding of odor quality and intensity and the odor information
processing by neuronal populations in the fish OB (Kang and Caprio 1995; Frie-
drich and Laurent 2001; Friedrich et al. 2004; Niessing and Friedrich 2010;
Wiechert et al. 2010). For details, see reviews by Laberge and Hara (2001),
Friedrich (2006), and Friedrich et al. (2009).
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5.7 Higher Olfactory Centers

Odorant and pheromone information represented on the glomerular map of the OB
is next transferred via the second-order projection neurons, mitral cells, to several
distinct regions in the forebrain. In these higher olfactory centers, the information is
decoded and processed in different manners to perceive, discriminate, and memo-
rize odorants, to change hormonal secretion and reproductive activity, and to elicit
various olfactory behaviors such as attraction to foods, escape from predators,
social communication with company, and spawning migration to home rivers.
Compared with a wealth of knowledge on functional correlates in the OE and
OB, little has been elucidated on the molecular, cellular, and circuit mechanisms
underlying odor coding and processing in higher olfactory centers in fish (Nikonov
et al. 2005). However, physiological and anatomical studies have begun to shed
light on basic principles of odor information representation and computation in the
secondary olfactory circuitry of zebrafish (Yaksi et al. 2009; Miyasaka et al. 2009;
Blumhagen et al. 2011). In particular, the most recent study combining a genetic
single-neuron labeling method with the image registration system has uncovered a
nearly comprehensive axon projection map from the OB to higher bran centers in
zebrafish larvae (Miyasaka et al. 2014).

The OB output neurons project axons to the four major target regions in the
forebrain: the posterior zone of dorsal telencephalon (Dp), the ventral nucleus of
ventral telencephalon (Vv), the posterior tuberculum (PT), and the right habenula
(rHb) (Fig. 5.3). In addition, approximately one-third of OB output neurons
send axonal branches back into the OB ipsilaterally, contralaterally, or both.
The higher olfactory centers receive odor information from OB glomeruli (and
glomerular clusters) in a highly specific manner, either nonselective or biased as
well as either diffuse or convergent, which is important for eliciting different
olfactory outputs.
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Fig. 5.3 Secondary olfactory pathway from the OB to higher brain centers. The four major targets
of OB output neurons are highlighted: Dp (yellow), Vv (pink), tHb (light blue), and PT (green)
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Fig. 5.4 Odor information flows from the olfactory epithelium (OE) to the OB and further to
higher olfactory centers. Three types of OSNs express distinct receptors and other functional
molecules and project axons to different sets of glomerular clusters. The odor information received
by distinct glomerular clusters in the OB is next transferred to the four brain regions in higher
olfactory centers, where different modes of odor information decoding are performed: either
nonselective or biased and either sparse or convergent

5.7.1 Posterior Zone of the Dorsal Telencephalon (Dp)

The Dp, a pallial structure located in the dorsoposterior telencephalon, constitutes
the largest part of the secondary olfactory centers in zebrafish. Genetic single-
neuron visualization revealed that all the labeled OB output neurons project
axons to the Dp with extensive overlap. Within the Dp, the large core region
samples intermingled inputs from all the glomerular clusters (Fig. 5.4), thus trans-
forming topographic information in the OB to broad and sparse representations
(Miyasaka et al. 2014). An optical imaging study showed that individual Dp
neurons extract information about discrete combinations of odorant molecular
features from ensembles of glomeruli to establish representations of higher-order
olfactory objects (Yaksi et al. 2009). These anatomical and functional features of
the central Dp indicate that it may correspond to the piriform cortex in mammals
(Ghosh et al. 2011; Miyamichi et al. 2011; Sosulski et al. 2011; Igarashi et al. 2012)
and the mushroom body in Drosophila (Jefferis et al. 2007; Lin et al. 2007;
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Caron et al. 2013), where information from the OB and the antennal lobe is
computed for odor discrimination and olfactory memory. In contrast, the marginal
portion of Dp is divided into several subregions that receive biased inputs from
particular glomerular clusters. Thus, these Dp subregions could specifically respond
to distinct categories of odorants (Miyasaka et al. 2014). This notion is supported by
the fact that the anterior and posterior parts of Dp show biased responses to bile
acids and amino acids, respectively (Yaksi et al. 2009).

5.7.2 Ventral Nucleus of the Ventral Telencephalon (Vv)

Another telencephalic target of OB output neurons is the Vv, a subpallial region
in the ventro-anterior telencephalon. Although the Vv is thought to be equivalent to
the septum and striatum in mammals, based on the expression patterns of molecular
markers (Ganz et al. 2012; Wullimann and Mueller 2004), it remains largely
unknown what brain functions the Vv neurons exert in fish. In contrast to the Dp,
which is innervated by all the OB output neurons, the Vv receives massive inputs
from particular glomerular clusters: maG, vaG, vinG, and dG (Fig. 5.4) (Miyasaka
et al. 2014). These four glomerular clusters are innervated by ciliated OSNs expres-
sing OR-type olfactory receptors that detect socially relevant odor cues such as bile
acids and prostaglandins. Because the Vv neurons are reciprocally connected with
the preoptic and hypothalamic areas (Rink and Wullimann 2004), the Vv might
have some role in transformation of the odor and pheromone information into
various social behaviors and endocrine responses.

5.7.3 Posterior Tuberculum (PT)

In addition to the two major telencephalic targets, the OB output neurons directly
send axons to two diencephalic regions in zebrafish. One is the posterior tuberculum
(PT), a hypothalamus-related region containing groups of dopaminergic neurons
(Schweitzer et al. 2012). One or two axon branches of OB output neurons emanate
from the posterior telencephalon, extend a long distance through the medial fore-
brain bundle, and finally reach the PT (Miyasaka et al. 2014). These axons appear to
make close contacts with the dopaminergic neurons in the PT. The PT receives
convergent inputs from all the glomerular clusters (Fig. 5.4), suggesting a wide
range of responsiveness of PT neurons to various odor stimuli. In the sea lamprey,
a group of dopaminergic neurons in the PT mediates olfactory-locomotor transfor-
mation by relaying the odor information from the OB to the reticulospinal neurons
via the mesencephalic locomotor region (Ren et al. 2009; Derjean et al. 2010).
Therefore, it is likely that the OB—PT pathway drives the descending neural
circuitry for locomotion also in zebrafish, irrespective of odor classes and output
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responses, either attraction or aversion. A small population of dopaminergic
neurons in the zebrafish PT sends ascending projection to the ventral telencephalon
(Tay et al. 2011), which is reminiscent of dopaminergic neurons in the ventral
tegmental area and the substantia nigra in mammals. Thus, the OB-PT pathway
might be also involved in controlling brain functions such as motivation, reward,
and emotions.

5.7.4 Right Habenula (rHb)

The habenula is an epithalamic structure conserved among all vertebrate species.
In mammals, the habenula relays information from the forebrain to the midbrain
nuclei such as the interpeduncular nucleus, the raphe nuclei, the substantia nigra,
and the ventral tegmental area to regulate the activities of serotonergic and dopa-
minergic systems. The mammalian habenula is subdivided into medial and lateral
nuclei, which correspond to the dorsal and ventral habenula in zebrafish, respec-
tively (Amo et al. 2010). The dorsal habenula in zebrafish exhibits prominent left—
right asymmetry in terms of the developmental timing, molecular expression, and
size ratio of medial and lateral subnuclei (Bianco and Wilson 2009; Okamoto
et al. 2012). The medial and lateral subnuclei of the dorsal habenula innervate the
ventral and dorsal parts of the interpeduncular nucleus, respectively (Aizawa
et al. 2005). Two prominent features are observed in the neural connection from
the OB to the habenula. First, the habenula receives strongly biased olfactory inputs
predominantly from two glomerular clusters, mdG and vinG (Fig. 5.4) (Miyasaka
et al. 2014). Therefore, it is likely that the OB-habenula pathway may constitute
part of a hard-wired circuit conveying particular odor information to evoke stereo-
typed responses such as innate olfactory behavior. Second, the OB output neurons
project axons only to the right habenula (rHb) but not to the left habenula,
displaying clear left-right asymmetry of neural circuitry (Miyasaka et al. 2009).
Within the rHb, axon termination is specifically observed in the medial subnucleus,
suggesting that the odor information conveyed to the rHb is next transferred to the
ventral part of the interpeduncular nucleus. Two recent studies reported that the
habenula plays a crucial role in controlling fear responses in zebrafish (Agetsuma
et al. 2010; Lee et al. 2010), although the involvement of olfactory inputs has not
yet been investigated.

5.8 Olfactory Behaviors in Zebrafish

Finding foods, escaping from danger, and mating with a partner are the most basic
behaviors commonly observed in various animal species. Odorants and pheromones
in the aquatic environment activate olfactory receptors and neural circuits, media-
ting these innate behaviors also in zebrafish. In addition, zebrafish can be utilized
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for analyses of odor-associated short-term memory (olfactory conditioning), as well
as extremely long-lasting memory (olfactory imprinting) reminiscent of salmon
homing behavior.

5.8.1 Foraging Behavior

Attraction toward food sources is one of the fundamental behaviors needed for
animals to survive. Amino acids contained in the diet are indispensable for fishes
not only as nutrients but also as odorants. Zebrafish exhibit robust appetitive
behavior to amino acids including attraction and increased turning, recognizing
them as potential feeding cues (Steele et al. 1990, 1991: Braubach et al. 2009).
When a hungry zebrafish is placed into a tank of water with amino acids pumped
into one corner, the fish tend to spend more time near the amino acids (Fig. 5.5¢).
The primary olfactory circuitry mediating this attractive behavior was elucidated
by a combination of genetic, anatomical, and behavioral approaches (Koide
et al. 2009). First, three gene trap and transgenic zebrafish lines were established
in which the Gal4 transactivator is expressed in three distinct populations of OSNs
innervating different glomerular clusters (Fig. 5.5a,b). Next, synaptic transmission
from each population of OSNs to the OB neurons was selectively blocked by Gal4/
UAS-mediated expression of tetanus neurotoxin that specifically cleaves VAMP2
(synaptobrevin), a synaptic vesicle protein required for exocytocis (Fig. 5.5d).
The attractive response of zebrafish to amino acids was completely abolished
only when the synaptic transmission to the 1G cluster was silenced. These results
clearly demonstrate the functional significance of the OSNs innervating the 1G in
the amino acid-mediated feeding behavior in zebrafish. However, it remains totally
unknown how the amino acid information in the 1G is read and transformed by
neurons in higher olfactory centers to elicit the attractive response.

5.8.2 Alarm Response

In 1938, the Austrian ethologist Karl von Frisch discovered the existence of an
alarm substance, the so-called Schreckstoff (German for “scary stuff””), in minnows
(von Frisch 1938). When a minnow in a shoal was accidentally injured, von Frisch
noticed that the other fish in the same tank displayed conspicuously frightened
reactions: darting and freezing. Subsequent experiments demonstrated that putative
alarm substances are contained in specialized cells (alarm substance cells or club
cells) in the fish skin, released into water upon injury, and activate specific olfactory
neural circuitry in its shoaling company to notify the presence of danger (Lebedeva
et al. 1975; Pfeiffer 1977; Kasumyan and Lebedeva 1975). The Schreckstoff-
induced alarm response is observed in the superorder Ostariophysi that
includes approximately two-third of freshwater fish species including zebrafish.
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Fig. 5.5 Genetic dissection of olfactory neural circuitry mediating attraction to amino acids.
(a) A principle of Gal4/UAS system in zebrafish. (b) GFP fluorescence in whole-mount OBs from
three transgenic lines expressing Gal4 and GFP in different populations of OSNs. Axon innervations
of differential glomerular clusters are observed among the three transgenic lines. (¢) Left: A
behavioral assay setup. Right: Representative swimming paths of zebrafish on amino acid applica-
tion. Results are presented for every 1 min before and after the application of amino acid mixture.
(d) Synaptic transmission blockade by forced expression of tetanus neurotoxin (TeTxLC).
Left: TeTxLC-mediated blockade of synaptic transmission by specific cleavage of VAMP2 in
synaptic vesicles. Right: The attractive responses to amino acids for individual genotypes are
represented by the preference index (Y-axis). The OE-removed fish and the SAGFF27A; UAS:
TeTxLC double-transgenic fish show no preference, demonstrating the importance of the lateral
glomerular cluster in the attraction to amino acids. (Modified from Koide et al. 2009)
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Upon application of a conspecific skin extract, most zebrafish display a robust,
biphasic response in the bottom of a tank: burst swimming followed by freezing
(Speedie and Gerlai 2008). Although two structurally unrelated molecules were
reported as candidates of fish alarm substances, hypoxanthine-3N-oxide (Pfeiffer
et al. 1985) and chondroitin sulfate (Mathuru et al. 2012), the real identity of
Schreckstoff is still a mystery. As already mentioned, our calcium imaging and
anti-phospho-Erk immunohistochemical experiments have identified three glome-
rular foci in the zebrafish OB that are strongly activated by the skin extract
(unpublished observation). It is conceivable that plural components in the skin
extract activating different glomeruli may coordinately evoke the alarm response
through some coincidence-detection mechanism in higher olfactory centers.

5.8.3 Reproductive Behavior

Two types of sex pheromones, steroids and prostaglandins, that have been identified
in female goldfish are secreted at different steps of the estrus cycle and sequentially
act on male fish for successful reproduction (Sorensen et al. 1998; Sorensen and
Caprio 1998). Two steroid derivatives, 17a,20p3-dihydroxy-4-pregnen-3-one
(17,20P) and its sulfated form (17,20P-S), are secreted from female goldfish at a
preovulatory stage and act on males as primer pheromones that change the male
endocrine-gonadal responses (Stacey et al. 1989). 17,20P and 17,20P-S evoke a
rapid increase in luteinizing hormone release from the pituitary, leading to sper-
matogenesis in several hours (DeFraipont and Sorensen 1993). In zebrafish, only
17,20P-S appears an active pheromone that is sensed by a small subset of ciliated
OSNs and activates a single or few glomeruli in the maG cluster (Friedrich and
Korsching 1998; unpublished observation). During ovulation in zebrafish as well as
goldfish, prostaglandin F2a (PGF2a) and its metabolite 15-keto-PGF2a are syn-
thesized and secreted in female urine, acting on male fish as releaser pheromones
(Sorensen et al. 1988). The male sexual behavior upon stimulation with these
releaser pheromones includes increased swimming activity, attraction to females,
nudging (abdomen touch), and quivering. PGF2a and 15-keto-PGF2a activate a
selective olfactory pathway involving two glomeruli in the vmG cluster in zebrafish
(Friedrich and Korsching 1998; unpublished observation). Future studies are
awaited for the identification of pheromonal receptors for 17,20P-S and PGF2q,
and the dissection of higher-order neural circuitry mediating endocrine
and behavioral responses evoked by these sex pheromones.

5.8.4 Olfactory Conditioning

Similar to other animal species, fish can be conditioned to associate odors with
either aversive or attractive stimuli. The aversive conditioning experiments include
electrical shock to catfish (Little 1977), lithium chloride injection to goldfish
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(Manteifel and Karelina 1996), and conspecific skin extract (Schreckstoff) exposure
to zebrafish (Suboski et al. 1990), all of which were associated with particular
odorants. In contrast, fish also can associate odorants with positive reinforcement
stimuli such as food rewards (Herbert and Atema 1977; Valentincic et al. 2000;
Braubach et al. 2009; Miklavc and Valentincic 2012). Thus, zebrafish can learn and
memorize odor-associated behavioral tasks reliably in standard conditioning para-
digms. Hence, it is now possible to analyze these learning behaviors with a com-
bination of genetic, optical imaging, electrophysiological, and neuroanatomical
methods for elucidation of neural circuit mechanisms underlying olfactory memory
and behavioral plasticity.

5.8.5 Olfactory Imprinting

One of the most widely known olfactory imprinting behaviors is homing of salmon
to their mother-rivers. Juvenile salmon imprint on the odors of their natal stream,
then migrate to sea, and grow up to be adults. After several years in the sea, the
adult salmon return to their home river for reproduction by navigating through the
environment using various sensory cues including the odors of their natal stream
(Scholz et al. 1976; Dittman and Quinn 1996; Yamamoto et al. 2010). Although
zebrafish do not display homing behavior in nature, Harden et al. (2006) reported
that zebrafish in laboratories can form and retain olfactory memories experienced in
juveniles, similar to those observed in salmons. Zebrafish were exposed to an
artificial odorant, phenylethyl alcohol (PEA), for the first 3 weeks post fertilization,
then raised in ordinary water up to adult stage, and subjected to a preference test in a
Y-maze. As a result, the PEA-exposed zebrafish showed significant preference to
this odorant whereas the control fish did not. Thus, zebrafish clearly remember
the odor to which they were exposed as juveniles, rendering this fish species as
an attractive model organism for studying olfactory imprinting or long-lasting
olfactory memory.

5.9 Conclusions and Perspectives

These two decades since the discovery of odorant receptor genes by Buck and Axel
(1991) have witnessed great advances in our understanding of the functional
architecture of the primary olfactory system. Multigene families encoding odorant
and pheromone receptors were identified in various animal species (see Chap. 2 by
Touhara). The axon guidance mechanism for establishing neural connectivity
patterns from the OE to the OB was clarified (see Chap. 3 by Sakano). The concept
of the “odor map” was established as the internal representation of odorant mole-
cular features in the OB, demonstrating the importance of glomerular modules as
functional units for odor coding and processing (see Chap. 4 by Mori). Therefore, it
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is high time for us to contemplate, hypothesize, and investigate the functional
architecture of the secondary and tertiary olfactory circuitry from the OB to the
cortex and beyond, linking odor inputs to various higher-order brain functions such
as perception, emotion, memory, decision making, and consciousness. In our efforts
toward understanding the olfactory system as a whole, the zebrafish will undoub-
tedly become an ideal model vertebrate in the next decade, with its tiny but well-
organized brain, sophisticated olfactory circuits, and robust olfactory behaviors, as
well as amenability of various state-of-the-art genetic techniques.
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Chapter 6

Interneurons in the Olfactory Bulb: Roles
in the Plasticity of Olfactory Information
Processing

Masahiro Yamaguchi

Abstract Odor information is substantially modulated in the first relay of the
central nervous system, the olfactory bulb (OB). This chapter focuses on how the
large number of local inhibitory interneurons in the OB contribute to the structural
and functional plasticity of the OB neuronal circuits, and odor information
processing within them. The major OB interneurons, granule cells (GCs) and
periglomerular cells (PGCs), form the characteristic synaptic structures, called
dendrodendritic reciprocal synapses with excitatory projection neurons, the mitral
and tufted cells. Dendrodendritic synaptic inhibition of OB interneurons induces
feedback inhibition, lateral inhibition, and synchronization to mitral/tufted cells.
Dendrodendritic synaptic inhibition is regulated by various signals, including
olfactory sensory inputs, top-down inputs from the olfactory cortex (OC), and
neuromodulatory signals. Outputs from mitral/tufted cells are in turn substantially
influenced by these signals via the plasticity of dendrodendritic inhibition of OB
interneurons. A second intriguing property of OB interneurons is that they are
continually generated throughout life, conferring high plasticity on the OB neuronal
circuits. The life-and-death decision of adult-born GCs is regulated by sensory
experience and the behavioral state of the animal, indicating that the fate decision of
new OB interneurons is also under the control of multiple signals. Further, behav-
ioral analysis of mice with suppression of adult neurogenesis revealed abnormali-
ties in many kinds of odor-guided behaviors. These observations collectively
indicate that the structural and functional plasticity of OB interneurons plays crucial
roles in odor information processing, and that this plasticity contributes to the
expression of proper olfactory behaviors.
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6.1 Introduction

The olfactory bulb (OB) is the first relay of odor information processing in the
central nervous system. In rodents, the OB is located at the rostral end of the brain,
where it forms part of the telencephalon. It receives sensory input from the olfactory
sensory neurons (OSNs) in the olfactory epithelium and sends the information to
the olfactory cortex (OC). Dendrites of excitatory projection neurons in the OB, the
mitral cells and tufted cells, form synapses with OSN axons to receive odor inputs,
and their axons form synapses with dendrites of pyramidal cells in the OC to send
the odor information to higher cortical regions.

Odor information processing in the OB has been an attractive target of analysis.
One reason for this is the rather simple structure of OB neuronal circuits: different
types of neurons and their synaptic connections are well organized in a laminated
fashion, which is advantageous in both the structural and functional analysis of the
neuronal circuits. A second reason is that analysis is facilitated by the identification
of odorant receptors and axonal convergence of OSNs on topographically fixed
glomeruli.

A remarkable feature of OB neuronal circuits is that local inhibitory interneurons
outnumber excitatory projection neurons. In contrast to most brain regions, where a
smaller number of local interneurons regulate the activity of a larger number of
projection neurons, the OB has a larger number of local interneurons participating
in the regulation of mitral/tufted cells. This fact indicates that odor information
received from the OSNs is substantially modulated in the OB neuronal circuits by
local interneurons before it is transferred to the OC.

This chapter focuses on OB interneurons, with particular regard to the contribu-
tion of these interneurons to the structural and functional plasticity of OB neuronal
circuits. The structural organization and activity of OB interneurons are plastically
regulated by a variety of signal systems. These signal systems in turn plastically
modulate the outputs from mitral and tufted cells. The first topic in this chapter is
how OB interneurons regulate the activity of mitral and tufted cells via the charac-
teristic synaptic structure, dendrodendritic reciprocal synapses. Dendrodendritic
synaptic inhibition is regulated by various signals, including olfactory sensory
input, top-down inputs from the OC, and neuromodulatory signals.

The next topic of this chapter describes the adult neurogenesis of OB interneu-
rons. OB interneurons are generated throughout life, a characteristic that provides
highly plastic features to the OB neuronal circuits. Utilization of adult-born OB
interneurons is regulated by olfactory sensory inputs and also by the behavioral
state of the animal. OB interneurons undergo extensive turnover and are considered
to contribute to the maintenance and plastic reorganization of OB neuronal circuits.
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The contribution of adult-born OB interneurons to olfactory behaviors is also
discussed.

Through a comprehensive discussion of these topics, this chapter states that odor
information is substantially modulated as early as in the first relay, the OB, and that
OB neuronal circuits work in concert with other cortical and subcortical brain
regions. OB interneurons play central roles in the plastic odor information
processing in the OB neuronal circuits.

6.2 Structure and Function of Interneurons in the OB

6.2.1 Local Interneurons in the OB Form Dendrodendritic
Reciprocal Synapses with Projection Neurons

In most brain regions, a smaller number of local inhibitory neurons regulates the
activity of a larger number of excitatory projection neurons. In the OB, in contrast,
this relationship is reversed: local inhibitory neurons far outnumber excitatory
projection neurons, mitral and tufted cells, by about two orders of magnitude
(Kaplan et al. 1985; Parrish-Aungst et al. 2007). OB local interneurons consist of
the two most abundant populations, granule cells (GCs) and periglomerular cells
(PGCs) (Mori 1987; Shepherd et al. 2004). The number of GCs is one order larger
than that of PGCs. The somata of GCs are densely packed in the granule cell layer
(GCL) whereas those of PGCs are aligned around glomeruli in the glomerular layer
(GL) (Fig. 6.1).

The characteristic synaptic structure in the OB is the dendrodendritic reciprocal
synapse, between interneurons and projection neurons. In contrast to ordinary syn-
apses between axons and dendrites, dendrites of OB interneurons make synapses with
dendrites of mitral/tufted cells. The dendrodendritic synapse is reciprocal. In the case
of GCs, the dendrodendritic synapse consists of a mitral/tufted-to-granule
glutamatergic excitatory synapse and a granule-to-mitral/tufted GABAergic inhibi-
tory synapse (Fig. 6.2). Historically, pioneering work by neuroanatomists Camillo
Golgi and Santiago Ramoén y Cajal suggested that GCs in the OB lack axons (Golgi
1875; Cajal 1890). Because of this peculiar morphology, the functions of GCs,
including whether they are actually neurons, long remained obscure, although Cajal
and his student T. Blanes raised the possibility that GC dendrites may emit signals
similar to axons (Blanes 1897). Many decades later, advances in electrophysiological
recordings and computational modeling of neuronal circuits led to the suggestion that
GCs were the major source of inhibitory synaptic input to mitral/tufted cells, and the
existence of dendrodendritic reciprocal synapses was proposed (Shepherd 1963; Rall
et al. 1966). In fact, this unique synaptic structure was identified by electron micro-
scopic analysis (Hirata 1964; Andres 1965; Price and Powell 1970a, b). Eventually,
the concept of dendrodendritic reciprocal synapses was established both in structure
and in function (Rall and Shepherd 1968; for review, Shepherd et al. 2007).
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Fig. 6.1 Neuronal circuits of the olfactory bulb (OB). Layer structure of the OB. A Nissl-stained
coronal section is shown on the /eft. Names of individual layers and their abbreviations are shown
on the right. Axons of olfactory sensory neurons (OSNs) in the olfactory epithelium expressing the
same type of odorant receptors (light blue, blue, dark blue) converge onto the same glomeruli
(yellow circles). Mitral cells (M) and tufted cells (T') extend primary dendrites to a single
glomerulus. Lateral dendrites of mitral cells distribute in the deep sublamina of the EPL; those
of tufted cells distribute in the superficial sublamina of the EPL. A mitral cell-targeting granule
cell (GC) (GC (M)) forms dendrodendritic synaptic contacts with mitral cell lateral dendrites.
A tufted cell-targeting GC (GC (T)) forms dendrodendritic synaptic contacts with tufted cell
lateral dendrites. A periglomerular cell (PGC) makes dendrodendritic synaptic contacts with
mitral/tufted cells in a single glomerulus
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Fig. 6.2 Dendrodendritic reciprocal synapses between OB interneurons and mitral/tufted cells.
A schema of a dendrodendritic reciprocal synapse between the lateral dendrite of a mitral/tufted
cell (M/T) and the gemmule of a GC apical dendrite. A mitral/tufted-to-granule glutamatergic
excitatory synapse and a granule-to-mitral/tufted GABAergic inhibitory synapse are arranged side
by side in the contact site. Synaptic densities and synaptic vesicles are illustrated
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GCs are GABAergic local inhibitory interneurons that lack axons. They extend
apical dendrites into the external plexiform layer (EPL) and basal dendrites within
the GCL (Fig. 6.1). Apical dendrites of GCs form dendrodendritic reciprocal
synapses with lateral dendrites of mitral/tufted cells in the EPL. A given GC
makes such dendrodendritic reciprocal synapses with mitral/tufted cells belonging
to the same glomerular unit, namely, those extending primary dendrites to the same
glomerulus, and with mitral/tufted cells belonging to different glomerular units,
namely, those extending primary dendrites to different glomeruli. Accordingly,
GCs modulate the activity of mitral/tufted cells within and across glomerular units.

The second major type of interneuron, PGCs, typically extend dendrites into a
single glomerulus (Fig. 6.1). Within the glomerulus, PGC dendrites receive excit-
atory inputs from the OSNs via axodendritic synapses and from mitral or tufted cell
primary dendrites via dendrodendritic synapses. A PGC sends inhibitory output via
dendrodendritic synapses to mitral/tufted cell primary dendrites and thereby mod-
ulates the activity of mitral/tufted cells in a given glomerular unit (Shepherd
et al. 2004). PGCs also have axons that innervate mitral/tufted cells of different
glomerular units and thereby modulate the activity of mitral/tufted cells across
glomerular units. The OB also contains another type of inhibitory neuron called
short axon cells, whose function has attracted recent interest but remains largely
unknown (Schneider and Macrides 1978; Eyre et al. 2008; Boyd et al. 2012).

Although the dendrodendritic synapses are the sole route of output from GCs, the
synapses are not the only route of excitatory inputs to GCs. GCs also receive
glutamatergic synaptic input from pyramidal cells in the olfactory cortex (OC) via
axodendritic synapses in the GCL (Fig. 6.3). Pyramidal cells in the OC project axon
collaterals massively back to the OB. The top-down centrifugal axons distribute
mostly to the GCL of the OB and terminate on inhibitory interneurons such as GCs
and short axon cells (Luskin and Price 1983; Boyd et al. 2012; Markopoulos
et al. 2012). Thus, GCs are excited both by olfactory sensory inputs transmitted
from mitral/tufted cells via the dendrodendritic synapses and by the activities of the
OC pyramidal cells via the top-down axodendritic synapses. PGCs are also considered
to receive top-down inputs from the OC, albeit it to a lesser degree than that to GCs.

6.2.2 Physiological Properties of OB Interneurons
and Their Role in the Modulation of Mitral
and Tufted Cell Activity

Dendritic spines of GCs that form reciprocal synapses in the EPL are larger in size
than ordinary spines and are specifically called gemmules. At the site of contact of a
mitral/tufted cell lateral dendrite and a GC gemmule, a mitral/tufted-to-granule
excitatory synapse and a granule-to-mitral/tufted inhibitory synapse are positioned
side by side in close proximity. This structure efficiently generates feedback
inhibition on the lateral dendrite of the mitral/tufted cell (Fig. 6.4, left).
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Fig. 6.3 Signals to OB interneurons. GCs receive excitatory synaptic inputs from mitral/tufted
cells (M/T) via dendrodendritic synapses. These inputs represent olfactory sensory inputs (red
arrows). GCs also receive top-down excitatory synaptic inputs from pyramidal cells (Py) in the OC
via axodendritic synapses (blue arrows). These inputs represent the firing activity of OC pyramidal
cells. GCs receive neuromodulatory signals (black) including noradrenergic, cholinergic, and
serotonergic inputs

This feedback inhibition can occur at local sites at dendrites without the firing
activity of GCs (Jahr and Nicoll 1982; Schoppa et al. 1998; Isaacson and
Strowbridge 1998). The activation of a mitral/tufted-to-granule excitatory synapse
induces an increase in calcium in the GC gemmule, which then activates GABA
release at the granule-to-mitral/tufted inhibitory synapse from the GC gemmule to
the mitral/tufted cell lateral dendrite. Calcium influx in the GC gemmule through
NMDAR crucially promotes GABA release (Schoppa et al. 1998; Isaacson and
Strowbridge 1998; Chen et al. 2000; Halabisky et al. 2000).

Lateral dendrites of individual mitral or tufted cells extend as long as 1-1.5 mm,
which covers almost half of the circumference of the OB (Mori et al. 1983; Orona
et al. 1984). Because an action potential in a given mitral/tufted cell can propagate
throughout the length of the lateral dendrites (Xiong and Chen 2002; Debarbieux
et al. 2003), the firing activity of a mitral/tufted cell activates many dendrodendritic
reciprocal synapses formed with many GCs along the lateral dendrites, by which
individual dendrodendritic reciprocal synapses provide feedback inhibition to the
mitral/tufted cell dendrites. One proposed role of this feedback inhibition is regula-
tion of the spiking rate and timing of mitral/tufted cells. Pharmacological blockade of
GABAergic inputs increases the firing rate of mitral/tufted cells during odor stimu-
lation and also perturbs the prompt cessation of their firing at the end of odor
stimulation (Margrie et al. 2001).
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Fig. 6.4 Modulation of mitral/tufted cell activity by dendrodendritic synaptic inhibition from OB
interneurons. Left: A mitral/tufted cell (M/T1) receives strong olfactory sensory input and another
mitral/tufted cell (M/T2) receives weak olfactory sensory input. A GC forms dendrodendritic
reciprocal synapses with these mitral/tufted cells and fires action potentials in response to the
strong excitatory synaptic input via the dendrodendritic synapse with M/T1 (thick white arrow).
The GC sends inhibition to M/T1 (feedback inhibition; thick black arrow). The GC sends
inhibition also to M/T2 (lateral inhibition; thick black arrow), as a result of the propagation of
action potentials to the dendrodendritic synapse with M/T2. This lateral inhibition suppresses the
output from M/T2, which receives weak olfactory sensory input, and enhances the output contrast
between M/T1 and M/T2. Right: Both mitral/tufted cells (M/T1 and M/T2) receive strong
olfactory sensory input. A GC forming dendrodendritic reciprocal synapses with these mitral/
tufted cells fires action potentials in response to the strong excitatory synaptic input via the
dendrodendritic synapse with M/T1 and M/T2. Because of the propagation of action potentials
to the entire dendritic tree of the GC, the GC sends simultaneous inhibition to M/T1 and M/T2 via
the dendrodendritic synapses. The temporally coordinated inhibition of M/T1 and M/T2 leads to
the synchronized firing of M/T1 and M/T2

In addition to feedback inhibition, the dendrodendritic synapses also coordinate
the activity of individual populations of mitral/tufted cells, based on the connec-
tivity provided by the formation of dendrodendritic synapses from a given GC with
many mitral/tufted cells. One mode of this coordination is called lateral inhibition
(Fig. 6.4). Strong excitatory inputs from a subset of mitral/tufted cells induce
spiking activities in GCs. The spiking activity propagates in the entire dendritic
tree of the GCs, which then activates many dendrodendritic synapses on the GC
dendrites (Chen et al. 2000; Egger et al. 2003). The granule-to-mitral/tufted syn-
aptic inhibition is targeted not only to mitral/tufted cells involved in the GC
excitation (feedback inhibition), but also to mitral/tufted cells that do not contribute
to the GC excitation (lateral inhibition). The lateral inhibition suppresses weakly
activated or nonactivated mitral/tufted cells and contributes to the contrast enhance-
ment of mitral/tufted cell activity (Yokoi et al. 1995), and is thereby considered to
potentiate odor discrimination ability in mice (Abraham et al. 2010).
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Activation of dendrodendritic synaptic inhibition by GC firing requires voltage-
gated calcium channels (Halabisky et al. 2000; Chen et al. 2000), which is in striking
contrast to the dispensability of these channels in the feedback activation of
dendrodendritic synaptic inhibition (Schoppa et al. 1998; Isaacson and Strowbridge
1998; Chen et al. 2000; Halabisky et al. 2000). This observation suggests that
feedback inhibition and lateral inhibition are differentially regulated and differen-
tially contribute to odor information processing. Subthreshold activity of GC den-
drites can also spread in entire dendritic trees without firing activity, in which the
spread is dependent on low-threshold, voltage-gated calcium channels (Egger
et al. 2005). Lateral inhibition without GC firing is also considered to play a role in
odor information processing.

Another mode of coordination by dendrodendritic synapses is the synchronization
of mitral/tufted cells (Fig. 6.4). In local field potential (LFP) recording, the OB shows
oscillatory activity at high frequency (gamma range, 30-80 Hz) which is enhanced by
odor stimulation (Adrian 1950; Rall and Shepherd 1968). Single-unit recordings of
mitral/tufted cells showed that their firing activity is phase locked to the oscillatory
LFP, and that the synchronous firing of different mitral/tufted cell firing becomes
evident during odor stimulation (Kashiwadani et al. 1999). Pharmacological blockade
of synaptic inhibition in the MCL and EPL significantly diminishes this gamma
oscillation (Lagier et al. 2004). Further, patch clamp recordings from mitral cell pairs
showed that their synchronous firing is dependent on synaptic inhibition from GCs,
which occurs synchronously in different mitral cells (Schoppa 2006). It is likely that
synchronous recovery of mitral/tufted cells from dendrodendritic synaptic inhibition-
mediated hyperpolarization triggers synchronized firing of mitral/tufted cells
(Schoppa 2006). Although the function of this synchronized firing of mitral/tufted
cells is not yet known, it is assumed that it effectively activates pyramidal cells in the
OC that receive converged projection from many mitral/tufted cells (Mori
et al. 1999). Oscillatory strength in the OB correlates with the efficacy of olfactory
learning (Martin et al. 2006; Beshel et al. 2007).

In contrast to GCs, a given PGC typically forms dendrodendritic synapses with
primary dendrites of mitral/tufted cells in a single glomerulus. PGC dendrites also
form synapses on the axon terminals of OSNs that mediate retrograde inhibition to
OSNs (Murphy et al. 2005). PGCs are therefore considered to primarily regulate
odor-induced activities in particular glomeruli. In summary, OB interneurons
modulate the activity of mitral/tufted cells by inducing feedback inhibition, lateral
inhibition, and synchronization through dendrodendritic synaptic inhibition. Thus,
odor information received from OSNs is substantially modulated by OB local
interneurons before it is transferred to OC pyramidal cells.

6.2.3 Mechanisms of the Control of OB Interneuron Activity

Because dendrodendritic synapses are the sole outputs of GCs, the contribution of
GCs to odor information processing is ultimately attributable to their dendrodendritic
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synaptic inhibition of mitral/tufted cells. The activation of dendrodendritic synaptic
output of GCs is regulated by a variety of signals. As discussed, one notable signal is
glutamatergic input from mitral/tufted cells via dendrodendritic synapses in the EPL.
This input reflects odor information from the external world, which is received by
OSNs and transferred to GCs via mitral/tufted cells.

Another crucial signal is the glutamatergic top-down input from OC pyramidal cells
to GC dendrites in the GCL (Fig. 6.3). Although GC dendrites in the GCL also receive
axon collaterals of mitral/tufted cells, anatomical and functional studies indicate that
top-down inputs from the OC are much more massive than these mitral/tufted cell
collaterals (de Olmos et al. 1978; Haberly and Price 1978; Balu et al. 2007). Top-down
inputs to GCs in the GCL release NMDAR at dendrodendritic synapses in the EPL
from the magnesium blockade and facilitate the dendrodendritic synaptic inhibition of
mitral cells, thereby providing a “gating” signal for the dendrodendritic inhibition
(Halabisky and Strowbridge 2003). In addition, theta-burst stimulation of GC synapses
in the GCL induces long-term potentiation of the dendrodendritic synaptic inhibition of
mitral/tufted cells in the EPL (Gao and Strowbridge 2009). Recent in vivo studies have
shown that optogenetic stimulation of OC pyramidal cells suppresses spontaneous
and/or odor-induced firing activity of mitral cells (Boyd et al. 2012; Markopoulos
et al. 2012). This effect is most likely mediated by the enhanced dendrodendritic
synaptic inhibition of GCs that receive substantial top-down inputs from OC pyramidal
cells. These results indicate that dendrodendritic synaptic inhibition in the OB is under
the control of OC pyramidal cell activity.

In addition to the top-down glutamatergic synaptic inputs, the OB is targeted by
subcortical neuromodulatory systems that include cholinergic input from the hor-
izontal limb of the diagonal band of Broca, noradrenergic input from the locus
ceruleus, and serotonergic input from the raphe nuclei (Fig. 6.3) (Shipley and Ennis
1996). Most of the neuromodulatory fibers to the OB terminate on local interneu-
rons and directly regulate their activity (Shipley and Ennis 1996; Shepherd
et al. 2004). Cholinergic fibers innervate all layers of the OB, from the GCL to
the GL (Kasa et al. 1995). Effects of acetylcholine vary among different cell types
expressing different types of receptors (Le Jeune et al. 1995). Acetylcholine
increases the excitability of PGCs and mitral cells via nicotinic receptors (Castillo
et al. 1999). In contrast, the effect of acetylcholine on GCs is mainly mediated via
muscarinic receptors. Although its effect on GC excitability is controversial
(Castillo et al. 1999; Pressler et al. 2007), muscarinic receptor activation partially
suppresses the dendrodendritic inhibition from GCs to mitral cells in vivo (Tsuno
et al. 2008). Given that cholinergic input is potentiated during waking periods
(Brown et al. 2012), the cholinergic modulation of dendrodendritic synapses likely
optimizes odor information processing during waking olfactory behavior. Partial
suppression of dendrodendritic inhibition might facilitate the propagation of action
potentials in lateral dendrites of mitral/tufted cells (Xiong and Chen 2002), and may
allow an appropriate number of mitral/tufted cells to synchronize for proper odor
information processing. Although the exact mechanisms are not known, the block-
ade of cholinergic signals in the OB perturbs olfactory learning and memory (Ravel
et al. 1994; Devore et al. 2012).
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Noradrenergic fibers from the locus ceruleus are distributed predominantly in the
GCL (McLean et al. 1989), and GCs express several subtypes of adrenergic
receptors (McCune et al. 1993; Nai et al. 2009). The influence of noradrenergic
signals in dendrodendritic inhibition has been closely discussed with regard to the
accessory OB of pregnant rodents. Female mice form olfactory recognition memory
to male mouse pheromones at mating, and noradrenergic input to the accessory OB
is crucial to this memory formation. The memory trace for this is considered to be
deposited as a plastic change in dendrodendritic reciprocal synapses in the acces-
sory OB (Kaba and Nakanishi 1995). Based on the observation that noradrenalin
reduces dendrodendritic synaptic inhibition via a,-receptors (Trombley and Shep-
herd 1992), a hypothesis was proposed that the mating-induced increase in nor-
adrenalin transiently reduces granule-to-mitral dendrodendritic synaptic inhibition
and that the resultant disinhibition of mitral-to-granule synaptic excitation leads to
the long-term potentiation of granule-to-mitral dendrodendritic synaptic inhibition
(Kaba and Nakanishi 1995). On the other hand, another study of the accessory OB
showed that noradrenalin potentiates dendrodendritic synaptic inhibition via ol
receptors (Araneda and Firestein 2006). Although the results of these studies are
contradictory, the effect of noradrenalin in the main OB was found to be concen-
tration dependent: low doses of noradrenalin reduced dendrodendritic synaptic
inhibition via op-receptors whereas intermediate doses increased this inhibition
via oj-receptors (Nai et al. 2009). The actual neuronal mechanisms of noradrener-
gic function awaits further study, but the importance of noradrenergic signals in
olfactory behaviors has been widely documented. For example, activation of
noradrenergic signals in the OB lowers the threshold for odor detection and
discrimination (Escanilla et al. 2010), and blockade of signals in the OB perturbs
olfactory learning (Sullivan et al. 1989; Veyrac et al. 2009).

Serotonergic fibers from the raphe nuclei predominantly innervate superficial
layers of the OB, including GL (McLean and Shipley 1987). Serotonergic signals
activate PGCs via serotonin 2C receptors, and the increased GABA release atten-
uates glutamate release from the OSNs (Petzold et al. 2009). Thus, serotonergic
signals regulate odor inputs at a very early stage of information processing.

Taken together, these results indicate that the activity of OB interneurons and
their dendrodendritic synaptic inhibition of mitral/tufted cells are regulated not only
by odor inputs from the external world but also by the activity of the higher cortical
region, the OC, and subcortical neuromodulatory centers. Indeed, the firing activity
of mitral/tufted cells to odors is substantially modulated in a context- and behav-
ioral state-dependent manner (Pager 1983; Kay and Laurent 1999; Doucette and
Restrepo 2008; Doucette et al. 2011). Calcium imaging of the OB in vivo also
showed that mitral/tufted cell activity is plastically modulated by odor experience
(Kato et al. 2012). A large part of the plastic properties of mitral/tufted cell activity
is considered to result from plasticity in the dendrodendritic synaptic inhibition of
OB interneurons.
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6.2.4 Subtypes of OB Interneurons

Although I have referred to GCs and PGCs as the two major populations of OB
interneurons, they are in fact a heterogeneous population consisting of various
subtypes. Knowledge of individual interneuron subtypes is important to under-
standing the function of OB neuronal circuits. Because the functions of individual
subtypes are now little understood, the difference in OB interneuron subtypes in
molecular expression and morphology is described here as a basis for the future
understanding of their cooperative activity in odor information processing.

PGC:s are subdivided into three nonoverlapping populations based on molecular
expression, namely, the tyrosine hydroxylase (TH)-expressing, calretinin-
expressing, and carbindin-expressing subtypes (Kosaka et al. 1995; Parrish-Aungst
et al. 2007). A subset of TH-positive PGCs is thought to receive direct input from
OSNs and send feed-forward inhibition to mitral/tufted cells via the
dendrodendritic synapses, whereas carbindin-expressing PGCs are thought to not
receive direct input from OSNs but rather to send dendrodendritic feedback inhi-
bition to mitral/tufted cells in response to mitral/tufted-to-periglomerular excitatory
inputs (Toida et al. 1998, 2000; Shao et al. 2009).

A small subset of GCs expresses calretinin, and their somata distribute to the
MCL and the superficial sublamina of the GCL (Parrish-Aungst et al. 2007).
A different subset of GCs express 5T4, a cell adhesion molecule with leucine-
rich repeats in the extracellular domain, and their somata distribute mostly to the
MCL (Imamura et al. 2006). Some GCs in the deep sublamina of the GCL express a
calmodulin-binding protein neurogranin (Gribaudo et al. 2009). In contrast to
PGCs, however, a majority of GCs do not express known protein markers for
interneuron subtypes. Their molecular heterogeneity is therefore less understood.

The dendritic morphology of GCs differentiates GC subtypes in relationship to
their connectivity to mitral/tufted cells. A subset of GCs ramifies apical dendrites
preferentially in the deep sublamina of the EPL. They are presumed to form
dendrodendritic synapses with mitral cells, whose lateral dendrites extend into the
deep EPL (mitral cell-targeting GCs) (Fig. 6.1) (Mori 1987). Another GC subset
ramifies apical dendrites preferentially in the superficial sublamina of the EPL.
They are presumed to form dendrodendritic synapses with tufted cells, whose
lateral dendrites extend into the superficial EPL (tufted cell-targeting GCs).
5T4-expressing GCs are considered to be a small subpopulation of tufted cell-
targeting GCs (Imamura et al. 2006). The OB also contains a GC subtype whose
apical dendrites do not extend into the EPL but form reciprocal synapses specifi-
cally with the somata of mitral cells (perisomatic-targeting GCs), although
perisomatic-targeting synapses are also made by typical GCs that form
dendrodendritic synapses in the EPL (Naritsuka et al. 2009). Somata of the mitral
cell-targeting GCs tend to distribute to the deep sublamina of the GCL; those of the
tufted cell-targeting GCs to the MCL and superficial sublamina of the GCL; and
those of perisomatic-targeting GCs to the middle sublamina of the GCL (Mori
1987; Naritsuka et al. 2009).
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It has been suggested that mitral cells and tufted cells constitute parallel path-
ways that handle different submodalities of odor information (Nagayama
et al. 2004; Igarashi et al. 2012). It is possible that yet-unknown functional
differences between mitral cell-targeting GCs and tufted cell-targeting GCs con-
tribute to the different firing properties of mitral and tufted cells. In addition,
subcellular targeting of interneurons is a crucial clue to the understanding of their
function. In the hippocampus and neocortex, perisomatic-targeting interneurons
play central roles in the synchronized firing of pyramidal cells (Sohal et al. 2009). In
the OB, PGCs are targeted to the primary dendrites of mitral/tufted cells whereas
GCs are targeted to the lateral dendrites and perisoma of mitral/tufted cells.
Dendrodendritic synaptic inhibition of GCs to the proximal portion of mitral cell
lateral dendrites inhibits the propagation of action potentials to the distal portion of
the lateral dendrites (Xiong and Chen 2002), which presumably restricts the mitral/
tufted cell population participating in lateral inhibition and synchronization.
A closer understanding of the differential subcellular targeting of interneuron sub-
types would reveal their differential roles in feedback inhibition, lateral inhibition,
and synchronization of mitral/tufted cells.

6.3 Adult Neurogenesis of OB Interneurons

6.3.1 Adult OB Neurogenesis Provides Remarkable Plasticity
in the OB Neuronal Circuit

The plasticity of OB neuronal circuits is further potentiated by an intriguing
property of OB interneurons. Although the production of new neurons occurs
only during the embryonic and neonatal periods in most brain regions, interneurons
in the OB are continually generated even in adulthood (Lledo et al. 2006). In the
olfactory system, OSNs in the olfactory epithelium turn over throughout life, with
loss of old and incorporation of new cells. In spite of this turnover, the axonal
targeting of OSNs expressing a given type of olfactory receptor to topographically
fixed glomeruli is maintained (Gogos et al. 2000). OSNs are continually exposed to
noxious stimuli from the external environment, such as viral infection and
chemicals, and the continual generation of OSNs is thus considered to aid the
maintenance of neuronal circuits despite the frequent loss of damaged OSNs. OB
interneurons also turn over throughout life. In contrast to OSNs, however, turnover
of OB interneurons provides a rich opportunity for extensive remodeling of the
neuronal connectivity of OB neuronal circuits, which is likely not achievable by
preexisting interneurons alone. As is explained in the following sections, the fact
that utilization of new OB interneurons is plastically regulated by olfactory sensory
experience and the behavioral state of the animal supports the notion that OB
interneuron turnover contributes to the plasticity of neuronal circuits.
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Fig. 6.5 Adult neurogenesis in the OB. (a) Neuronal precursors are generated in the
subventricular zone (SVZ) around the lateral ventricle and migrate to the OB via a specific route
called the rostral migratory stream (RMS). (b) Adult-born GCs are visualized by retrovirus-
mediated green fluorescent protein (GFP) expression. GFP-expressing retrovirus was injected in
the SVZ and the OB was analyzed 28 days after the injection

6.3.2 Generation and Synaptic Integration
of Adult-Born OB Interneurons

Precursors of OB interneurons are produced in the subventricular zone (SVZ) of the
lateral ventricle (Fig. 6.5). Embryonic precursors of interneurons in the ganglionic
eminence and neocortex migrate to and settle down in the SVZ and continue to
generate OB interneurons throughout life (Young et al. 2007). The newly generated
neuronal precursors in the SVZ migrate along a specific route called the rostral
migratory stream (RMS) to the OB, where they differentiate into GCs and PGCs
(Fig. 6.5). Interneuron precursors in the SVZ are heterogeneous and differentiate
into distinct subtypes of OB interneurons depending on their position in the SVZ
(Merkle et al. 2007). Although generation of GCs and PGCs peaks during the late
embryonic and early neonatal periods, it continues substantially in adulthood. The
number of adult-born OB interneurons is indeed large: in rodents, at least several
tens of thousands of neurons enter the OB each day (Alvarez-Buylla et al. 2001;
Winner et al. 2002; Lledo et al. 2006), corresponding to roughly 1 % of the total
number of OB interneurons.

Similar to embryonic and neonatal-born GCs, adult-born GCs receive
glutamatergic synaptic contact from the same two major sources, mitral or tufted
cells via dendrodendritic synapses in the EPL and pyramidal cells in the OC via
axodendritic synapses in the GCL. Synaptic incorporation of adult-born GCs occurs
roughly within 1 month after their generation (Petreanu and Alvarez-Buylla 2002;
Carleton et al. 2003; Whitman and Greer 2007; Kelsch et al. 2008, 2010; Katagiri
etal. 2011): axodendritic synaptic contacts from OC pyramidal cells occurs earlier, at
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around day 14, synaptic contacts from mitral/tufted cell dendrites become apparent
later, at around day 21, and all synaptic structures become indistinguishable from
those of preexisting mature GCs by day 28.

6.3.3 Selection of New GCs for Incorporation
and Elimination

Not all new interneurons in the OB are stably incorporated into the neuronal circuit.
Under normal conditions only half of new GCs succeed in living longer than
1 month after generation: the other half are eliminated by apoptosis (Petreanu and
Alvarez-Buylla 2002; Winner et al. 2002; Yamaguchi and Mori 2005). Although
such a large loss of neurons seems to be a wasteful process, initial excess
neurogenesis and subsequent elimination commonly occur in both embryonic and
adult neurogenesis. Neuronal selection during embryonic development is crucial to
refining the neuronal circuitry for proper information processing (Buss et al. 2006),
and this seems to similarly apply to neuronal selection in adult neurogenesis. When
apoptotic elimination of adult-born OB interneurons is suppressed by a caspase
inhibitor, odor discrimination ability is disturbed (Mouret et al. 2009), possibly
because inappropriately incorporated adult-born interneurons disturb proper infor-
mation processing.

The life and death of new OB interneurons are not predetermined. The fate
decision of new OB interneurons is regulated by the olfactory sensory experience
and the behavioral state of the animal. Revealing the regulatory mechanisms of the
life-and-death decision of new OB interneurons is important to understanding how
adult-born OB interneurons contribute to the plasticity of olfactory information
processing.

6.3.4 Sensory Experience-Dependent Life-and-Death
Decision of New GCs

The life and death of adult-born GCs depends on olfactory sensory experience. An
increased survival rate of adult-born GCs was observed in mice that were repeatedly
exposed to novel odors (odor-enriched environment) (Rochefort et al. 2002). Con-
versely, the survival rate of adult-born GCs was decreased in anosmic mice lacking a
cyclic nucleotide-gated channel in OSNs (Petreanu and Alvarez-Buylla 2002) and in
the ipsilateral OB of mice with unilateral sensory input deprivation (Corotto
et al. 1994; Saghatelyan et al. 2005; Yamaguchi and Mori 2005; Mandairon
et al. 2006). Olfactory sensory deprivation by nostril occlusion remarkably increases
the apoptosis of new GCs, which can be detected immunohistochemically by the
activation of caspase-3 (Fig. 6.6a,b) (Yamaguchi and Mori 2005).
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In general, sensory experience-dependent plastic change in the central nervous
system is subject to the influence of time windows. For example, deprivation of
visual input from one eye shifts the response property of binocular zone neurons in
the visual cortex preferentially toward the nondeprived eye input (Hensch 2005).
This ocular dominance plasticity occurs during a specific period after birth, called
the critical period. Whether there is a critical period for adult-born GCs when their
life and death is strongly influenced by olfactory sensory experience was examined.
Newly generated GCs in adult mice were labeled by intraperitoneal BrdU injection,
and the mice were then deprived of olfactory sensory input by nostril occlusion at
various time periods after labeling. The results showed that sensory deprivation
during days 14-28 after GC generation greatly reduced the survival of GCs,
whereas deprivation before or after this period had no significant effect
(Fig. 6.6¢) (Yamaguchi and Mori 2005). Consistent with this, most apoptotic GCs
were aged 14-28 days. These observations indicate that the sensory experience-
dependent life-and-death decision of new GCs occurs during a critical time window
at days 14-28 after their generation.

This time window corresponds to the period when adult-born GCs make exten-
sive synaptic contacts with preexisting neurons (Petreanu and Alvarez-Buylla 2002;
Carleton et al. 2003; Whitman and Greer 2007; Kelsch et al. 2008, 2010; Katagiri
et al. 2011), suggesting that synaptic input plays a crucial role in the selection of
adult-born GCs. Morphological examination of adult-born GCs in anosmic mice
showed that young GCs destined for later elimination had already developed many
synaptic structures in the EPL (Petreanu and Alvarez-Buylla 2002). Thus, it appears
that the life-and-death decision of new GCs is conducted after they form synaptic
contacts with preexisting neurons (Fig. 6.6d). The usability of individual new GCs
may be determined with respect to their interaction with preexisting neurons in the
neuronal circuit.

6.3.5 Behavioral State-Dependent Life-and-Death
Decision of New GCs

Olfactory sensory experience is tightly linked to behavioral outputs of animals,
such as food searching/eating, mating with partners, and escaping from predators,
all of which are critical to the maintenance of life (Doty 1986). Because many odor-
guided behaviors have to be newly acquired or updated to cope with a changing
odor world, it is likely that neuronal circuits in the central olfactory system,
including the OB, are reorganized on a daily basis during the odor experience and
the acquisition/improvement of odor-guided behaviors. Thus, the life-and-death
decision of new GCs may occur in association with olfaction-related behaviors,
which consist of a sequence of different behavioral states. A remarkable alteration
in behavioral state is the wake—rest/sleep cycle: after extensive waking olfactory
behaviors, animals then take a rest or sleep. In the hippocampus and neocortex,
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Fig. 6.6 Sensory experience-dependent life-and-death decision of adult-born GCs. (a) Deprivation
of olfactory sensory input by single-nostril occlusion. Olfactory sensory input is conducted from the
open nostril (/eft) to the same side of the olfactory epithelium (OE) and OB but is not conducted to
the occluded side (right). (b) Caspase-3-activated apoptotic GCs in the OB (white spots). Compared
to the sensory input-intact OB, a large number of apoptotic GCs is seen in the sensory-deprived
OB. (c) Effect of sensory deprivation for 14 days at various periods after BrdU labeling on the
survival of BrdU-labeled new GCs. Sensory deprivation during day 14-28 decreased survival;
deprivation before or after this period showed no significant effect on survival. (d) A schema of the
life-and-death decision of adult-born GCs. The sensory experience-dependent life-and-death deci-
sion of adult-born GCs is considered to occur during or after they form synaptic contacts with
preexisting mitral/tufted cells (M/T) and pyramidal cells in the OC (Py). (Modified from Yamaguchi
and Mori 2005)

reorganization of the neural circuits that accompanies the consolidation of spatial
memory is considered to occur during the rest/sleep period that follows the spatial
learning (Buzsaki 1989; Diekelmann and Born 2010).

On the supposition that the life-and-death decision of new GCs may occur during
the time course of olfactory sensory experience and rest/sleep, we examined the fate
decision of new GCs during feeding behavior, a typical olfactory behavior that is
often followed by rest/sleep. Given that under ad libitum feeding conditions mice
show sporadic and fragmented eating behavior, which is not suitable for efficient
analysis, feeding behavior was controlled using a restricted feeding paradigm.
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Food pellets were made available only during a fixed 4-h time window (11:00—
15:00) each day (Fig. 6.7a). After habituation to this schedule, all mice showed
extensive eating behavior during the first hour of food availability (11:00-12:00),
and then showed grooming, resting, and sleeping, which are typical postprandial
(after-meal) behaviors, during the subsequent hour (12:00—13:00). In the first 1 h of
the eating period, no increase in apoptotic GCs was observed (Fig. 6.7b). Interest-
ingly, however, apoptotic GCs increased approximately twofold during the next 1 h
of postprandial behaviors. Perturbation of these postprandial behaviors remarkably
suppressed this increase in GC apoptotic elimination, suggesting that they are
important to it (Fig. 6.7b). Most of the apoptotic GCs were newly generated GCs
aged 14-28 days.

Sleep is the most characteristic behavior during the postprandial period. Among
various stages of sleep (light sleep, slow-wave sleep, and REM sleep), slow-wave
sleep plays an important role in promoting GC elimination. The length of the slow-
wave sleep roughly correlated with the number of apoptotic GCs. With regard to
REM sleep, in contrast, this was rarely observed during this period; and when it did
occur, its length showed no significant correlation with the magnitude of GC
apoptosis. Interestingly, the length of slow-wave sleep during the period was only
10-30 min in total, indicating that short time periods of slow-wave sleep in the
range of a “nap” can nevertheless strongly promote GC elimination. It should be
emphasized that, although food-restricted mice sleep without preceding feeding,
GC apoptosis did not increase during sleep periods outside the feeding time. The
increased GC apoptosis is therefore not dependent on sleep alone, but on the
combination of feeding and subsequent sleep episodes.

6.3.6 Integration of Sensory Experience and Behavioral
States in the Life—and-Death Decision of New GCs:
Two-Stage Model for Sensory Experience-Dependent
GC Selection

The extent of apoptotic GC elimination during the postprandial period is regulated
by olfactory sensory input. In mice that received unilateral sensory deprivation by
chronic occlusion of one nostril and were then subjected to restricted feeding, the
number of apoptotic GCs increased dramatically in the sensory-deprived OB during
the postprandial period (Fig. 6.7¢). Intriguingly, the number of apoptotic GCs at any
period outside the feeding time did not differ from that in the OB without sensory
deprivation, in spite of the fact that sensory deprivation was continuously
maintained by chronic occlusion of the nostril. Thus, in food-restricted mice, the
sensory experience-dependent life-and-death decision of new GCs occurred spe-
cifically during the postprandial period, indicating that this process is tightly linked
to behavioral states with the sequence of olfactory sensory experience during
feeding followed by sleep.
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Fig. 6.7 Behavioral state-dependent life-and-death decision of adult-born GCs. (a) Apoptotic
GCs increase during the feeding and postprandial periods. Mice were under restricted feeding in
which food is supplied for only 4 h (11:00-15:00; gray bar) per day. On day 10 of restricted
feeding, mice were analyzed at various circadian time points for caspase-3-activated apoptotic
GCs in the OB. (b) Postprandial behaviors including sleep are crucial to the increase in GC
elimination. After food delivery, mice were allowed to behave freely ( filled black dots) for 1 or 2 h
and then analyzed for caspase-3-activated apoptotic GCs. At 1 h after food presentation
(No disturb: 1 h), the number of apoptotic GCs was not increased compared to that just before
food delivery (pre). In contrast, at 2 h after food presentation (No disturb: 2 h), the apoptotic GC
number was considerably increased. When postprandial behaviors, including rest, grooming, and
sleep, were disturbed during the postprandial period (between 1 and 2 h after food delivery)
(Disturb: 2 h), the apoptotic GC number was significantly suppressed. (¢) In food-restricted mice,
olfactory sensory input was deprived unilaterally by chronic occlusion of one nostril. The number
of caspase-3-activated apoptotic GCs was examined at various circadian time points in the sensory
input-intact (/eft) and sensory input-deprived (right) OB. The number of apoptotic GCs increased
dramatically in the sensory-deprived OB during the postprandial period (13:00) compared to the
sensory input-intact OB. In contrast, the apoptotic GC number just before the feeding time (11:00)
and at any time period outside the feeding time were comparable between sensory-deprived and
sensory input-intact OB. In a—c, each dof represents the number of caspase-3-activated GCs in one
animal (average of left and right OBs for a and b; either side of OB for ¢). Bars represent the
average. *p < 0.05; **p < 0.01; ***p < 0.001; n.s. not significant; one-way ANOVA with post
hoc Bonferroni test. (Modified from Yokoyama et al. 2011) with permission



6 Interneurons in the Olfactory Bulb: Roles in the Plasticity of Olfactory. . . 115

waking period of olfactory behavior subsequent sleep period
(sensory experience-stage) (sleep-stage)
OSN  odor input —» -
e | odor-induced <
O * activity -
Y ) + ] !
g /I \h/ @ O O O reorganizing signal
- ~ } e
W f/ ‘\?‘/ H s
Hem L ( Hemm——
B ——r 1| memory (; — w2
I, — ra
£ ¥ 11— | SR~ 1L
} 1 | -organ
non-tagged tagged — death | survival iﬁmzaactiuily

death-tagged  survival-tagged

Fig. 6.8 Two-stage model for the sensory experience- and behavioral state-dependent life-and-
death decision of adult-born GCs. Adult-born GCs (green) make dendrodendritic reciprocal
synapses with mitral/tufted cells (yellow, M/T) and receive top-down synaptic contacts from
pyramidal cells in the OC (blue, Py). Left: During the waking period of olfactory behavior (sensory
experience stage), local sensory input from the OSNs (red arrows) activates a subset of mitral/
tufted cells. Activated mitral/tufted cells activate a subset of adult-born GCs. The activated GCs
might deposit “sensory experience-dependent tags” in the dendrodendritic reciprocal synapses or
the cells themselves (red marks). Other adult-born GCs lacking activation by sensory experience
are left “non-tagged” or “death-tagged.” Activated mitral/tufted cells further activate pyramidal
cells in the OC. The memory trace of the odor experience is deposited in the association fiber
synapses among pyramidal cells in the OC (red marks). Right: During the subsequent sleep period
(sleep-stage), association fiber synapses among pyramidal cells in the OC are reactivated and
induce synchronized firing of the pyramidal cells. This self-organized internal activity of OC
pyramidal cells (blue oval) is transferred to the adult-born GCs as synchronized top-down synaptic
inputs (thick blue arrow). The synchronized top-down synaptic inputs may contribute to the
putative “reorganizing signal” that promotes GC elimination during the postbehavioral sleep
period. Adult-born GCs that are tagged by sensory experience during the preceding waking period
survive; adult-born GCs that are not tagged (or death-tagged) are eliminated by the “reorganizing
signal”

These observations led us to propose a “two-stage model” for the sensory
experience-dependent selection of new GCs, in which the two stages represent
olfactory sensory experience during food search and eating (sensory experience
stage) followed by postprandial sleep (sleep stage) (Fig. 6.8) (Yokoyama
et al. 2011; Yamaguchi et al. 2013). During the waking period, when mice show
food-searching and eating behaviors, a subset of newly generated adult-born GCs
receives olfactory sensory inputs from mitral/tufted cells via dendrodendritic syn-
apses in the EPL, while the remaining subset does not (Fig. 6.8). We assume that
new GCs that are activated by these olfactory sensory inputs receive a kind of
synaptic tagging that works as a substrate for subsequent plastic change (Frey and
Morris 1997; Redondo and Morris 2011). These GCs may be “tagged” in the
dendrodendritic synapses or the cells themselves, whereas other GCs that are not
activated by olfactory sensory input remain “non-tagged.” Alternatively, activated
new GCs might receive a “survival tag” while nonactivated new GCs receive a
“death tag.” Top-down axodendritic synapses from the OC pyramidal cells to new
GCs might also be candidates for tagging, although whether and how a subset of
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new GCs receives olfactory sensory experience-dependent top-down inputs
remains unknown at present.

Importantly, although differential tagging of new GCs might occur during
feeding behavior, the life-and-death decision of GCs is not made during feeding.
During the subsequent postprandial period, the cell selection process is triggered
and the increased GC apoptosis occurs. We hypothesized that some sort of
“reorganizing signal” enters the OB during the postprandial period, typically during
the postprandial slow-wave sleep period, and promotes GC selection according to
the presence or absence or type of tag that the GCs received during the preceding
waking period (Fig. 6.8). Adult-born GCs “tagged” or “survival-tagged” by sensory
experience might be selected to survive by this “reorganizing signal” whereas other
“non-tagged” or “death-tagged” adult-born GCs might be eliminated by it. The fate
of individual adult-born GCs might be determined by the interplay between tagging
that reflect the olfactory sensory experience during the waking period and the
reorganizing signal that enters the OB during the subsequent sleep period.

This idea of a two-stage model of GC elimination is analogous to the two-stage
model of memory formation and consolidation in the hippocampus. This model
states that experience-dependent input induces memory trace formation during
awake learning and that replay of the experience occurs for the reorganization
and consolidation of neuronal circuits during subsequent sleep or rest (Buzsaki
1989; Diekelmann and Born 2010). Enhanced GC elimination during the postpran-
dial period also resembles homeostatic synaptic downscaling during sleep (Tononi
and Cirelli 2006; Vyazovskiy et al. 2008). It has been shown in the rodent neocortex
and hippocampus that behavioral state modulates synaptic strength, with a net
increase during waking and a reduction during sleep. Because a large number of
adult-born GCs are recruited in the OB every day, elimination of adult-born GCs is
necessary to maintaining the overall number of GCs in the entire OB within an
appropriate range. This kind of downscaling may increase the ratio of useful versus
useless GCs and thereby improve the signal-to-noise ratio for olfactory information
processing, as has been proposed for the role of synaptic downscaling (Tononi and
Cirelli 2006), and may make room for a successive cohort of new GCs to be
integrated in preparation for the next round of new olfactory experience.

6.3.7 Possible Neuronal Mechanisms Underlying Sensory
Experience- and Behavioral State-Dependent GC
Selection

What are the neuronal mechanisms for the hypothetical reorganizing signal during
postbehavioral sleep? One possibility is that the signal is contributed to by
glutamatergic top-down inputs from the OC. Manabe et al. recorded single unit
activities in the anterior piriform cortex (APC) in freely behaving rats and showed
that numerous APC neurons fire synchronously during the slow-wave sleep state
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(Manabe et al. 2011). LFP recordings further showed that the deep layer of the APC
generates repetitive sharp negative potentials during the slow-wave sleep state that
resemble hippocampal sharp waves in both shape and duration. These “olfactory
cortex sharp waves” (OC-SPWs) in the APC are associated with synchronized spike
discharges of APC neurons. Importantly, simultaneous recording of LFP in the
APC and GCL of the OB revealed that sharp wave-like potentials in the OB
occurred in close temporal proximity to OC-SPWs, indicating that the repetitive
synchronous discharge activity of APC neurons during the slow-wave sleep state is
transferred to the OB GCL as the synchronized top-down synaptic inputs. Given
that the synchronized top-down inputs occur repeatedly during slow-wave sleep but
not during waking or REM sleep (Manabe et al. 2011), these inputs are a plausible
candidate for the slow-wave sleep state-specific reorganizing signal. The synchro-
nous discharge of APC neurons during the slow-wave sleep is a self-organized
internal activity, and might be a replay of the memory trace of odor experience
formed during the waking period, which is deposited in the association fibers of the
APC neurons (Fig. 6.8) (for details please refer to Manabe et al. 2011 and
Yamaguchi et al. 2013). Further examination will clarify the causal relationship
between top-down inputs and GC elimination.

GC elimination is promoted during postprandial sleep but not during sleep
without preceding eating in food-restricted mice. However, OC-SPW-associated
synchronized top-down inputs to GCs always occur during slow-wave sleep regard-
less of the presence or absence of preceding eating (Manabe et al. 2011; our
unpublished observation). Synchronized top-down inputs from the OC alone may
thus not be sufficient to trigger GC elimination. Deposition of putative tag signals
during preceding waking may be prerequisite, and the life-and-death decision of
new GCs might be determined after collation of the top-down reorganization signal
with the putative deposited tag signals. Further, other behavioral state-dependent
signals might also be involved. Neuromodulatory signals are activated during
attentive behaviors and decline during slow-wave sleep (Brown et al. 2012). Nor-
adrenergic input to the OB is potentiated in many olfactory behaviors (Brennan
et al. 1990; Wellman 2000). Enhanced neuromodulatory signals during waking
olfactory behavior might potentiate subsequent GC elimination during slow-wave
sleep. The effects of noradrenergic or cholinergic signals on the survival of new
GCs have been well documented (Cooper-Kuhn et al. 2004; Kaneko et al. 2006;
Veyrac et al. 2009; Moreno et al. 2012).

The behavioral state-dependent life-and-death decision of adult-born GCs indi-
cates that the fate of adult-born GCs is determined by the integration of various
behavioral state-dependent signals. It is worth noting that the candidate signals,
namely olfactory sensory inputs, top-down inputs from the OC, and
neuromodulatory signals, overlap with those signals that regulate the activity of
OB interneurons and their dendrodendritic synaptic inhibition. This observation
implies that the function of OB interneurons and the life-and-death decision of
adult-born OB interneurons are regulated by shared neuronal mechanisms, both of
which would help the animal behave properly in response to ever-changing odor
circumstances by utilizing the highly plastic properties of OB interneurons.
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6.4 Coordination of Preexisting Interneurons and Newly
Generated Interneurons in the OB

6.4.1 Relationship Between Preexisting and Newly
Generated Interneurons for Constitution
of the OB Neuronal Circuit

A large number of OB interneurons are continually generated in the adult. In
rodents, roughly 1% of total OB interneurons are generated each day (Alvarez-
Buylla et al. 2001; Winner et al. 2002; Lledo et al. 2006). Although the number
declines with age, neurogenesis continues even in 2-year-old mice (Enwere
et al. 2004). One question is to what extent do adult-born interneurons contribute
to the overall constitution of the OB neuronal circuits in the adult. Although
traditional techniques of BrdU- or retrovirus-mediated labeling of new neurons
identify only a small fraction of adult-born neurons, recent advances in molecular
and developmental biology have enabled the labeling of a much larger proportion
and provided an estimation of the quantitative contribution of adult-born interneu-
rons. A number of studies have used a tamoxifen-mediated Cre recombination
system to permanently label adult-born OB interneurons by marker protein expres-
sion (Lagace et al. 2007; Ninkovic et al. 2007; Imayoshi et al. 2008). The proportion
of labeled cells among total OB interneurons differed among studies, but all showed
that the labeled cells gradually accumulate and increase in number for at least
several months after the initiation of cell labeling. In one study, labeled adult-born
GCs accounted for nearly 20 % of the total number of GCs, a proportion that
remained stable between 4 and 9 months (Ninkovic et al. 2007). In another study,
the proportion of labeled adult-born GCs continued to increase up to age 12 months
to 60-70 % of GCs (Imayoshi et al. 2008). The former observation suggests the
possibility that adult-born GCs may constitute a specific cohort of cells that are
repeatedly replaced by much younger adult-born GCs, and the latter observation
suggests that adult-born GCs may continue to accumulate and finally account for
the majority of all GCs in the adult OB. Although the actual proportion of adult-
born GCs awaits further confirmation, the two modes of contribution of adult-born
GCs, repeated replacement and continual addition, are not mutually exclusive but
rather may work together to differing extents under different conditions to maintain
and modulate the OB neuronal circuits.

Besides the continual accumulation of adult-born GCs, preexisting old GCs are
gradually lost from the neuronal circuits during adulthood. BrdU-labeled neona-
tal-born GCs decrease in number with age, by nearly half at 6 months old
(Imayoshi et al. 2008). In the case of PGCs, an in vivo time-lapse imaging
study showed the disappearance of old PGCs and appearance of new PGCs in
the same observation field, with a turnover rate of approximately 3 % per month
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(Mizrahi et al. 2006). These observations indicate that OB interneurons are
turning over, with the elimination of old cells and incorporation of new ones.
What then is the relationship between old and new interneurons in their turnover?
Interestingly, genetic ablation of adult-born GCs did not influence the rate of
neonate-born GC loss, suggesting that old GCs are lost irrespective of the supply
of new neurons (Imayoshi et al. 2008). This observation in turn suggests that
continuous neurogenesis is required to compensate for the loss of old interneu-
rons. Consistent with this, enhanced elimination of preexisting GCs in a local area
of the OB by local injection of immunotoxin facilitates the incorporation of newly
generated GCs in the local OB area (Fig. 6.9a) (Murata et al. 2011). This
observation further supports the idea that the elimination of old GCs and incor-
poration of new GCs are coordinated, such that new GCs compensate for the loss
of old GCs and contribute to the maintenance of the GC population in local
neuronal circuits of the OB. In addition to the plastic modulation of OB neuronal
circuits, adult-born interneurons play fundamental roles in the maintenance of OB
neuronal circuits.

6.4.2 Generation of Different Subtypes at Different Ages
and Subtype-Specific Replacement of OB Interneurons

OB neuronal circuits contain various subtypes of interneurons. Recent studies have
revealed that the turnover of OB interneurons is conducted in a subtype-specific
manner (Fig. 6.9b). In the experiment of immunotoxin-mediated GC ablation, a
subset of preexisting GCs that expresses metabotropic glutamate receptor type II
(mGluR?2) was specifically ablated (Murata et al. 2011). Following this subtype-
specific ablation, incorporation of new GCs was preferentially promoted for the
mGluR2-expressing subtype over the mGluR2-negative subtype. Similarly, laser
ablation of TH-expressing PGCs was compensated by the integration of new
TH-expressing PGCs in the same periglomerular positions where preexisting
TH-expressing PGCs were present before ablation (Sawada et al. 2011). The
constitution of OB neuronal circuits thus appears to be further maintained by
subtype-specific compensatory mechanisms even under extensive turnover
(Fig. 6.9¢).

Although I have so far explained the role of subtype-specific turnover of OB
interneurons in the compensation and maintenance of OB neuronal circuits,
neurogenesis at different ages generates overlapping but different populations of
interneuron subtypes. The calbindin-expressing PGC subtype is predominantly
generated during the embryonic and neonatal period, whereas adult-born PGCs
are mostly of the TH- or calretinin-expressing subtype (De Marchis et al. 2007;
Ninkovic et al. 2007; Batista-Brito et al. 2008). Calretinin-expressing GCs are
predominantly generated after birth, while 5T4-expressing GCs are generated
throughout the embryonic and postnatal periods (Batista-Brito et al. 2008). Genetic
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Fig. 6.9 Turnover of preexisting old GCs and newly generated GCs. (a) Newly generated GCs
compensate for the loss of preexisting GCs. Preexisting old GCs were ablated in the local area of
the OB by the local injection of immunotoxin. At 2 weeks after immunotoxin injection, preexisting
GCs (left panel, green; labeled by BrdU analogue CldU) decreased in the local area. In the same
local area, newly generated adult-born GCs (middle panel, magenta; labeled by another BrdU
analogue, IdU) increased. Right panel: Merged view. (b) Ablation and recovery of a GC subtype.
Calretinin-expressing GCs (white) are a subpopulation of mGluR2-expressing GCs. At 2 weeks
after immunotoxin injection, calretinin-expressing GCs decreased from mGluR2-expressing
GC-specific ablation (middle panel). At 4 weeks, calretinin-expressing GCs showed recovery in
density in the ablated area (right panel). (c) In the immunotoxin (Itx)-injected area, incorporation
of calretinin-expressing new GCs increased (left panel). This effect was not seen in the noninjected
area of the same OB (right panel). (d) Conceptual schema of subtype-specific turnover of GCs and
maintenance of OB neuronal circuits. Following the loss of a specific subtype of GC in an OB
neuronal circuit (middle panel, loss of a GC with dark green), an adult-born GC (magenta)
compensates for the lost subtype of GC (right panel, a GC with magenta). This subtype-specific
turnover maintains the constitution of OB neuronal circuits during the continual loss and incor-
poration of GCs. M mitral cell, T tufted cell. (Modified from Murata et al. 2011)
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analysis and transplantation studies of stem cells revealed that the generation of
different interneuron subtypes originates from the heterogeneity of stem cells,
rather than the putative subtype-specific instruction cues in the OB environment
(Merkle et al. 2007; Young et al. 2007).

These observations raise the interesting possibility that the subtype constitution
of OB neuronal circuits may gradually change with age, and that neurogenesis at
different ages may contribute to odor information processing differently. BrdU
labeling of new neurons showed that neonate-born GCs tend to locate in the
superficial portion of the GCL while adult-born GCs locate in the deep portion
(Lemasson et al. 2005; Imayoshi et al. 2008). Neonate-born GCs tend to extend
dendrites into the superficial sublamina of the EPL, whereas adult-born GCs do so
into the deep sublamina of the EPL (Kelsch et al. 2007). Given the distribution of
mitral cell lateral dendrites in the deep EPL sublamina (Mori 1987), adult-born GCs
may make dendrodendritic synaptic contacts preferentially with mitral cells and
contribute to the odor information processing conveyed through mitral cell
pathways.

Further analysis of the turnover of interneuron subtypes during odor-guided
learning and memory formation would give clues to understanding the functional
roles of individual interneuron subtypes and their turnover. Different interneuron
subtypes respond differently to olfactory sensory experience. Olfactory sensory
deprivation remarkably reduces the survival of TH-expressing PGCs compared to
calbindin- or calretinin-expressing PGCs (Bastien-Dionne et al. 2010; Sawada
et al. 2011). Olfactory sensory deprivation preferentially reduces the survival of
newly generated GCs in the deep sublamina of the GCL (Mandairon et al. 2006).
Proper control of interneuron subtype turnover may be important both for the
maintenance and plastic modulation of OB neuronal circuits.

6.5 Contribution of OB New Neurons in Olfactory
Behaviors

6.5.1 Methods for Addressing the Role of Adult Olfactory
Neurogenesis

A central question for adult neurogenesis is how it contributes to brain functions.
Recent studies in rodents are revealing the roles of olfactory neurogenesis in
olfactory behaviors, although contradictory observations have occasionally
appeared. The purpose of this section is to provide an overview of how adult
neurogenesis has been experimentally addressed and what kinds of functional
alteration have been observed in adult neurogenesis-modified animals. For details,
please refer also to recent reviews (Lazarini and Lledo 2011; Breton-Provencher
and Saghatelyan 2012; Kageyama et al. 2012).
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Most studies are based on the loss-of-function approach, whereby olfactory
behaviors are addressed in mice with suppressed adult olfactory neurogenesis.
Four major techniques to suppress olfactory neurogenesis have been reported to
date: antimitotic drug injection, y-ray irradiation, genetic cell ablation, and
utilization of gene-mutant mice. Each method has advantages and disadvantages.
Injection of the antimitotic drug Ara-C into the lateral ventricle (LV)/SVZ
effectively ablates proliferating cells in the SVZ and reduces the supply of new
neurons to the OB. Continual application of Ara-C continues to suppress
neurogenesis and drug removal restores it (Enwere et al. 2004). Ara-C application
can therefore address the effect of both loss and recovery of olfactory
neurogenesis. A major caveat is that application of the drug affects not only
olfactory neurogenesis but also hippocampal neurogenesis (Breton-Provencher
et al. 2009; Sultan et al. 2010). Some olfactory learning is known to depend on the
hippocampus (Sauvage et al. 2008). On the other hand, y-ray irradiation in
restricted brain areas, including the SVZ, enables specific suppression of olfac-
tory neurogenesis by sparing hippocampal neurogenesis. However, both Ara-C
treatment and irradiation may have confounding effects on preexisting neuronal
circuits, such as direct neuronal toxicity, or indirect effects through the induction
of inflammation.

The genetic method utilizing drug-induced Cre recombinase activation pro-
vides a sophisticated way of suppressing adult neurogenesis. For example,
induced expression of cytotoxic genes by tamoxifen-mediated activation of
CreER recombinase causes cell death in adult-born neurons at desired time points
(Imayoshi et al. 2008). The efficacy and specificity of this ablation system are
crucially dependent on the availability of tissue- or cell type-specific promoters
for expressing exogenous genes. Gene mutant mice showing impairment in
olfactory neurogenesis offer a variety of materials to address the role of adult
neurogenesis as well as the function of the genes of interest. Possible drawbacks
of mutant mice are abnormalities other than olfactory neurogenesis and the
recruitment of compensatory mechanisms for the gene mutation from develop-
mental stages.

Many kinds of olfactory behaviors have been examined in these
neurogenesis-suppressed mice, including spontaneous approaching behaviors
to odors, acquisition of associative olfactory memory, retention of olfactory
memory, and odor-guided social and reproductive behaviors. These behaviors
differ greatly in motivation, difficulty of tasks, and expected outcomes of the
behavioral responses. Although contradictory observations are often seen, the
overall tendency of behaviors in olfactory neurogenesis-suppressed mice seems
to be that spontaneous odor behaviors are somewhat spared, acquisition and
retention of associative olfactory memory are somehow impaired, and social and
reproductive olfactory behaviors are remarkably impaired. These effects are
explained in the next section.



6 Interneurons in the Olfactory Bulb: Roles in the Plasticity of Olfactory. .. 123

6.5.2 Possible Roles of Adult Neurogenesis in Olfactory
Behaviors

When mice are repeatedly exposed to a given odor without any reward or avoidance
cues, the exploratory time devoted to the odor gradually diminishes (habituation). If
a different odor is applied after habituation to the first odor, however, the explor-
atory time increases (dishabituation). This habituation—dishabituation paradigm is
frequently used to address a mice’s ability in odor discrimination and the odor-
detection threshold. In olfactory neurogenesis-suppressed mice, these functions do
not appear to differ from those in intact mice (Imayoshi et al. 2008; Lazarini
et al. 2009, but see Breton-Provencher et al. 2009). In contrast, when short-term
olfactory memory is assessed by this habituation—dishabituation paradigm, appar-
ent impairment is observed. When the same odor was presented twice at varying
time intervals, intact mice showed reduced sniffing to the second presentation even
after an interval of 120 min. However, mice injected with Ara-C in the LV did not
show reduced sniffing to the second presentation as early as after 30 min, indicating
that the Ara-C-injected mice did not retain memory of the odor for longer than
30 min (Breton-Provencher et al. 2009). A different odor presentation paradigm
showed that repeated exposure to two different odors improves the ability to
discriminate the odors, which is referred to as perceptual olfactory learning
(Moreno et al. 2009, 2012). Perceptual olfactory learning is impaired in Ara-C-
injected mice (Moreno et al. 2012). These observations indicate that olfactory
neurogenesis contributes to olfactory learning even when odors are experienced
without any association with reinforcing (attractive or aversive) cues.

In typical experiments of olfactory learning, animals learn to associate odor cues
with specific reinforcing outcomes. When one odor is associated with a sugar/water
reward while another odor is left unrewarded, mice become selectively attracted to
the rewarded odor. In SVZ-irradiated mice and Ara-C-injected mice, this odor—
reward associative learning was accomplished normally, but long-term retention of
the memory over days was impaired (Lazarini et al. 2009; Sultan et al. 2010). In
contrast, odor—sugar reward associative learning was maintained for more than a
week in Ara-C-injected mice (Breton-Provencher et al. 2009) and over several
months in mice with cell ablation using tamoxifen-dependent Cre-mediated cell
toxicity (Imayoshi et al. 2008).

The reason for this discrepancy is not known but it might be attributable to the
difference in the task paradigm (Lazarini and Lledo 2011; Mandairon et al. 2011;
Breton-Provencher and Saghatelyan 2012). The studies showing impaired long-
term memory utilized operant conditioning tasks, in which mice need to learn novel
procedures to retrieve a reward, such as poking the nose into odor/water ports or
searching in holes made on a platform. On the other hand, the studies showing no
impairment used nonoperant (Pavlovian) conditioning tasks, in which mice can
retrieve a reward without acquiring a novel procedure, just by digging into their
bedding where the cued odor is present. Such differences in learning paradigm may
recruit different brain regions to different extents and alter the dependency on OB
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neurogenesis. Consistent with this notion, the survival of new GCs is substantially
potentiated by performing operant tasks compared to nonoperant tasks (Mandairon
et al. 2011).

The association of odor cues with noxious stimuli is also affected in
neurogenesis-suppressed mice. When an odor was associated with electrical foot
shock delivery, mice developed freezing behavior to the odor. In SVZ-irradiated
mice, the freezing behavior occurred to the cued odor but the time duration was
shorter than in intact mice. In contrast, the irradiated mice showed normal freezing
behavior when an auditory cue was used for the association with foot shock (Valley
et al. 2009). In mice with genetic and inducible ablation of adult-born neurons,
freezing response to TMT, a predator’s odor, was compromised when TMT was
force associated with a sugar reward (Sakamoto et al. 2011).

Olfaction mediates a variety of social and reproductive behaviors, and the
suppression of olfactory neurogenesis substantially affects these behaviors. Prolif-
eration of progenitors in the SVZ of female mice is enhanced during pregnancy and
after partition, which is mediated by the increased secretion of prolactin (Shingo
et al. 2003). This prolactin-mediated enhanced neurogenesis is essential for the
proper pup-fostering behavior of mothers (Larsen and Grattan 2010), for female
mice to show preference to dominant males over subordinate males (Mak
et al. 2007), and for male mice to recognize their own offspring (Mak and Weiss
2010). Irradiation of the SVZ in females impaired their recognition of male odors
(Feierstein et al. 2010). Genetic and inducible ablation of adult-born neurons
induces impairment in male-to-male aggressive behavior, male-to-female mating
behavior, and the pup-fostering behavior of mothers (Sakamoto et al. 2011).

In addition to these loss-of-function studies, a recent optogenetic study used a
gain-of-function approach. Photoactivation of new OB interneurons during odor
discrimination learning facilitated the learning process, in which mice that received
photoactivation accomplished the learning with a smaller number of trials (Alonso
etal. 2012). Notably, this learning facilitation was evident when mice discriminated
very similar odors but not when they discriminated dissimilar odors.

Overall, these studies indicate that adult neurogenesis in the OB contributes to
various olfactory behaviors to varying extents. A possible interpretation for the
seemingly variable contribution to different olfactory tasks is that adult
neurogenesis may be much more involved in “difficult” tasks compared to “easy”
tasks. The degree of difficulty in the olfactory tasks may relate to whether the tasks
are operant or nonoperant, whether they require the discrimination of very similar
odors or dissimilar odors, and whether they require the identification and discrim-
ination of animals of the same species or different species, as well as nonliving
odorous objects. Each of the former of these paired cases may represent a more
difficult situation for the performance of proper olfactory behaviors. Difficult tasks
may require much higher attention and motivation and additional learning/memory
processes that must recruit many brain regions and signal systems. The function of
adult-born OB interneurons may be fully potentiated by, and required for, situations
in which many brain regions and signal systems are required to work in concert.
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6.5.3 Physiological Studies Addressing the Role of Adult
Neurogenesis

In contrast to the many behavioral studies, physiological analyses in adult
neurogenesis-suppressed mice are limited and controversial. Patch clamp record-
ings of mitral cells in the OB slice of Ara-C-injected mice showed a reduced
frequency of spontaneous inhibitory postsynaptic potentials, lesser strength of
dendrodendritic inhibition, and decreased synchronized activity (Breton-
Provencher et al. 2009). However, in vivo recordings under anesthesia in
SVZ-irradiated mice showed no alteration in dendrodendritic synaptic inhibition
following antidromic stimulation of mitral/tufted cells or in the odor-induced
oscillatory LFP in the OB (Valley et al. 2009). Optogenetic activation of new OB
interneurons showed that activation reduces spontaneous firing activity of mitral
cells in vitro and also in vivo in head-restrained awake mice (Alonso et al. 2012).
Interestingly, enhanced firing of mitral cells in response to odor stimuli was
suppressed by optogenetic activation of new OB neurons to different extents,
with weakly activated mitral cells showing much greater suppression than strongly
activated mitral cells, thereby enhancing the contrast of odor responses among
mitral cells (Alonso et al. 2012). The combination of behavioral analysis with
electrophysiological and imaging analysis would facilitate understanding of how
odor information processing by adult-born OB interneurons contributes to the
expression of proper olfactory behaviors. Simultaneous analysis of wide brain
regions might also be important, given the possible contribution of many brain
regions and signal systems to OB interneuron-mediated odor information
processing.

6.6 Conclusion

In the OB, odor information is substantially modulated by a large number of local
interneurons. GCs and PGCs induce feedback inhibition, lateral inhibition, and
synchronization to mitral/tufted cells via dendrodendritic synapses and regulate the
firing activity of mitral/tufted cells. Notably, the dendrodendritic synaptic inhibi-
tion of mitral/tufted cells is plastically regulated not only by the odor inputs from
the external world but also by the activity of the OC and subcortical
neuromodulatory centers. In addition, continual generation of OB interneurons
during adulthood potentiates the plasticity of OB neuronal circuits. The life-and-
death decision of new GCs is dependent on the behavioral state of the animal,
namely, the sequence of feeding behavior during waking and subsequent slow-
wave sleep, suggesting that utilization of new OB interneurons is also regulated by
the behavioral state-dependent activities of higher brain regions. The OB interneu-
rons therefore establish neuronal circuits in which integration of multiple signals
from many brain regions leads to the plastic modulation of mitral/tufted cell
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activities. The importance of this OB interneuron-mediated information processing
is supported by the behavioral analysis of adult neurogenesis-suppressed mice.
These mice show impaired behaviors, particularly in difficult olfactory tasks,
which likely require much higher attention and motivation and additional learn-
ing/memory processes and thereby recruit many brain regions and signal systems.
Given that OB interneurons consist of various subtypes, revealing the subtype-
specific functions and turnover would give further clues to understanding the
adaptive roles of OB interneurons in the acquisition and updating of proper odor-
guided behaviors in the ever-changing odor circumstances.
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Chapter 7

Parallel Tufted Cell and Mitral Cell
Pathways from the Olfactory Bulb
to the Olfactory Cortex

Shin Nagayama, Kei M. Igarashi, Hiroyuki Manabe, and Kensaku Mori

Abstract In the mammalian olfactory system, sniff-induced odor signals are
conveyed from the olfactory bulb to the olfactory cortex by two types of projection
neurons, tufted cells and mitral cells. This chapter summarizes recent advances in
knowledge of the structural and functional differences between tufted cell and
mitral cell circuits. Tufted cells and mitral cells show distinct patterns of lateral
dendrite projection and make dendrodendritic reciprocal synaptic connections with
different subtypes of granule cell inhibitory interneurons. Tufted cells and mitral
cells thus form distinct local circuits within the olfactory bulb: small-scale tufted
cell dendrodendritic circuits and larger-scale mitral cell dendrodendritic circuits.
In addition, tufted cells and mitral cells differ dramatically in their axonal projec-
tion to the olfactory cortex. Individual tufted cells project axons to focal targets in
the olfactory peduncle areas, whereas individual mitral cells send axons in a
dispersed way to nearly all areas of the olfactory cortex, including nearly all parts
of the piriform cortex. Furthermore, tufted cells and mitral cells differ strikingly in
how they respond to odor inhalation. Compared with mitral cells, tufted cells show
earlier-onset, higher-frequency spike discharges. Tufted cells are activated at a
much lower odor concentration threshold than activating mitral cells. During an
inhalation—exhalation sniff cycle, tufted cell circuits generate early-onset fast
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gamma oscillation while mitral cell circuits give rise to later-onset slow gamma
oscillation. From these structural and functional differences, we hypothesize that
the two types of projection neurons play distinct roles in sending sniff-induced odor
signals to the olfactory cortex. Specifically, tufted cells provide specificity-
projecting circuits that send specific odor information to focal targets in the
olfactory peduncle areas with early-onset fast gamma synchronization. In contrast,
mitral cells give rise to dispersed-projection feed-forward “binding” circuits that
transmit the response synchronization timing via their later-onset slow gamma
synchronization to pyramidal cells distributed across all parts of the piriform cortex.

Keywords Dispersed-projection feed-forward “binding” circuits ¢ Early-onset
responses * Fast and slow gamma synchronizations ¢ Glomerular module * Later-
onset responses ¢ Odor inhalation * Sniff cycle * Specificity-projecting circuits
« Tufted and mitral cells

7.1 Introduction

As noted by pioneering neuro-anatomists such as Cajal (1955) and Golgi (1875),
the most characteristic structure within the olfactory bulb is its numerous large
round neuropils, called olfactory glomeruli (Fig. 7.1). Individual glomeruli receive
converging axonal inputs from several thousands of olfactory sensory neurons that
express an identical type of odorant receptor (“glomerular convergence rule”).
Because of this remarkable convergence of olfactory sensory neuron axons
(olfactory axons), individual glomeruli represent a single type of odorant receptor
(“one receptor—one glomerulus rule”) and can function as a detector of odorant
molecular features.

Within each glomerulus, olfactory axons form excitatory synaptic connections
on primary dendrites of tufted cells and mitral cells (Fig. 7.1). Because each tufted
cell or mitral cell projects a primary dendrite to a single glomerulus, an individual
glomerulus and its associated tufted and mitral cells form a structural and functional
module (glomerular module or glomerular unit), which represents a single type of
odorant receptor. The stereotyped spatial arrangement of numerous glomerular
modules in the olfactory bulb seems to be equivalent to the spatial organization
of functional columns in the sensory and motor areas of the neocortex. In this sense,
the structural and functional organization of the olfactory bulb is similar to that of
the neocortex.

As shown in Chap. 4, the spatial arrangement of approximately 1,000 glomerular
modules in the rostrodorsolateral or caudoventromedial half of the mouse main
olfactory bulb forms a sensory map (odorant receptor map) that represents ~1,000
types of odorant receptors and thus functions as ~1,000 different “molecular feature
detectors.” Each olfactory bulb has two such maps arranged in mirror image fashion
(Mori et al. 1999; Mori and Sakano 2011; Nagao et al. 2000).
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Fig. 7.1 Laminar structure of olfactory bulb circuit. Olfactory sensory neurons (OSN) in the
olfactory epithelium (OF) send axons to the olfactory bulb (OB) and form synapses to dendrites of
principal cells in structures called glomeruli (g/om). The principal cells include mitral (M) cells
and tufted cells, which are further divided into external tufted (eT) cells, middle tufted (mT) cells,
and internal tufted (i7) cells. In the order from eT, mT, to iT cells, they have gradually larger cell
bodies, and the cell bodies reside in gradually deeper part of the external plexiform layer (EPL).
Mitral cells have a relatively large cell body in the mitral cell layer (MCL). Tufted cells extend
relatively short secondary dendrites to the superficial half of the EPL (sEPL), whereas mitral cells
extend long secondary dendrites in the deeper half of the external plexiform layer (dEPL). ONL
olfactory nerve layer, GL glomerular layer, /PL internal plexiform layer, GCL granule cell layer

An apple emits dozens of different odorants. Each odorant activates a specific
combination of odorant receptors. Thus, the apple activates a larger combination of
glomerular modules. To perceive the odor of an apple, the central olfactory system
needs to determine which combination of glomerular modules is activated by the
inhaled odor. How does the ensemble of activated glomerular modules (molecular
feature detectors) come to be associated to form an integrated perceptual olfactory
image of an apple? The olfactory cortex is thought to play a major role in
integrating the responses across different glomerular modules, as is described in
Chap. 8. However, before rushing to explore the largely unknown field of the
olfactory cortex, we first examine the question of how the signals of numerous
glomerular modules are transmitted from the olfactory bulb to the olfactory cortex.
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Mitral cell circuit

Fig. 7.2 Dissociation of tufted cell circuit and mitral cell circuit. (a) Tufted cells form
dendrodendritic reciprocal synapses preferentially with the superficial granule cells, which have
cell bodies in the superficial part of the granule cell layer and branch dendrites within the
superficial EPL. (b) In contrast, mitral cells form synapses preferentially with the deep
granule cells, which have cell bodies in the deep part of the granule cell layer and branch dendrites
within the deep EPL

Odor signals received by glomerular modules are further processed by two distinct
local circuits in the olfactory bulb: tufted cell circuits and mitral cell circuits
(Fig. 7.2). The processed odor signals are then transmitted to the olfactory cortex
via two parallel pathways: axons of tufted cells (tufted cell pathway) and axons of
mitral cells (mitral cell pathway). It might be asked why the transmission of odor
information from the olfactory bulb to the olfactory cortex requires two parallel
pathways, and what functional role each pathway plays in odor information
processing in the olfactory cortex. After reviewing the emerging view of the struc-
tural organization and functional properties of the two parallel pathways, we propose
a model in which tufted cell and mitral cell pathways convey distinct signals to the
olfactory cortex at different time windows of the inhalation—exhalation sniff cycle.

7.2 Structural Characteristics of Tufted Cells and Mitral
Cells in the Mammalian Olfactory Bulb

The olfactory bulb has a cortical structure with a well-defined laminar organization
(Fig. 7.1). Odor information is conveyed by olfactory axons that pass through the
olfactory nerve layer and converge onto each glomerulus in the glomerular layer.
Within the glomerulus, the odor signals are transferred to the terminal tuft of
primary dendrites of tufted and mitral cells. Individual mitral cells have large cell
bodies in the thin mitral cell layer. They extend remarkably long secondary (lateral)
dendrites in the deep half of the external plexiform layer (EPL). Although morpho-
logical variations of mitral cells have been reported (Kikuta et al. 2013; Orona
et al. 1984), many studies have considered them a single neuron type. Tufted cells
show medium to small cell bodies distributed in the EPL and periglomerular region.
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They have relatively shorter secondary dendrites in the superficial half of the EPL.
Tufted cells are further classified into three subtypes. External tufted cells (eT in
Fig. 7.1) have relatively small cell bodies in the periglomerular region and at the
border between the glomerular layer and EPL. Middle tufted cells (mT) are
medium-sized neurons whose somata are distributed in the superficial two-thirds
of the EPL. Cell bodies of internal tufted cells (iT) are scattered sparsely in the
deeper one-third of the EPL. Internal tufted cells are similar to mitral cells in
size and morphology and are often called displaced mitral cells.

Tufted and mitral cells also differ in their development. Mitral cells are born in
an earlier embryonic stage (E10-13d) than tufted cells (E13-17d) (Hinds 1968;
Imamura and Greer 2013). The ascending axons of earlier-born mitral cells tend to
pass through the deeper part of lateral olfactory tract (LOT), whereas axons of later-
born cells pass through the superficial part (Inaki et al. 2004). Thus, tufted cell
axons and mitral cell axons are segregated within the LOT. In addition, tufted cell
axons are thinner than mitral cell axons in the LOT (Price and Sprich 1975). The
difference in axon diameter is associated with the difference in spike conduction
velocity in the LOT.

Tufted and mitral cells receive dual inhibitory interneuron controls, by
GABAergic periglomerular cells in the glomerular layer and GABAergic granule
cells in the granule cell layer. Interestingly, granule cells whose cell bodies are in
the superficial part of the granule cell layer (superficial granule cells) tend to branch
dendrites within the superficial EPL, whereas granule cells with their cell body in
the deep part of the granule cell layer (deep granule cells) tend to branch dendrites
within the deep EPL (Fig. 7.2) (Mori et al. 1983). Because tufted cells project
secondary dendrites to the superficial EPL, tufted cells may form dendrodendritic
reciprocal synapses preferentially with the superficial granule cells. The subtype of
granule cells that have their dendrites in the superficial EPL is thus called tufted
cell-targeting granule cells (Fig. 7.3). In contrast, mitral cells send long lateral
dendrites to the deep EPL and thus preferentially form dendrodendritic reciprocal
synapses with deep granule cells. These granule cells with dendrodendritic connec-
tions with mitral cells are called mitral cell-targeting granule cells (Fig. 7.2b).

As shown in Fig. 7.3, dozens of sister tufted cells and sister mitral cells project
primary dendrites to a single glomerulus (Kikuta et al. 2013). Glomeruli in the
rabbit olfactory bulb have a large diameter (160—210 pm) (Allison and Warwick
1949). Allison and Warwick counted the total number of glomeruli, tufted cells, and
mitral cells in the rabbit main olfactory bulb, and estimated that a single glomerulus
receives primary dendrites from an average of 68 sister tufted cells and 24 sister
mitral cells (Allison and Warwick 1949). However, Royet reestimated these num-
bers and reported that each glomerular module is formed of an average of 10 sister
mitral cells in rabbits (Royet et al. 1998). In mice, individual glomeruli are
relatively small (50-120 pm) (Royet et al. 1988) and expect to receive about
20 sister mitral cells (Royet et al. 1998). From our data (Kikuta et al. 2013), we
roughly estimate that a single glomerular module receives primary dendrites from
about 20 sister mitral cells and 50 sister tufted cells.
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Horizontal view Lateral view

Lat. J

Fig. 7.3 Three-dimensional (3D) reconstruction of glomerular module. Left and right images
show horizontal and lateral views of the single glomerular module, respectively. Sister cells
associated with the glomerulus were labeled by single glomerulus dye injection and imaged by
in vivo two-photon microscopy. Arrowhead in the horizontal view indicates the view angle for
lateral view. Gray glomerulus, red juxtaglomerular cells (including periglomerular and external
tufted cells), blue middle tufted cells, green mitral cells, Post. posterior, Lat. lateral. Bar 50 pm.
(Reproduced, with permission, from Kikuta et al. 2013)

7.3 Tufted Cells and Mitral Cells Differ
in Their Response to Odor Inhalation

Olfaction is mediated discretely by respiration (sniff) cycles, with each cycle
composed of an inhalation phase followed by an exhalation phase (see Chap. 1).
So, any study of the signal timing of neurons in the olfactory system should
consider monitoring the sniff cycles of the test animals. One convenient method
is to place a thermocouple in the nasal cavity and measure the temperature change
that accompanies each sniff cycle: inhalation of external cool air causes cooling
of the nasal cavity whereas exhalation of warm lung air causes warming. Simulta-
neous recording of the spike activities of tufted or mitral cells in response to odor
inhalation will show that these are typically phase locked with the sniff cycle.

Recent studies show that tufted cells and mitral cells differ in their response to
odor inhalation (Fukunaga et al. 2012; Igarashi et al. 2012; Nagayama et al. 2004;
Phillips et al. 2012). For example, the odor concentration threshold for inducing
spike responses in tufted cells is much lower than that for activating mitral cells.
Tufted cells respond to odors at low concentration, whereas mitral cells respond
only to those at high concentration. When the concentration of a stimulus odor is
gradually increased, only the tufted cells respond when the concentration is low,
whereas both types respond at the higher concentration.
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The two cell types also differ in the firing frequencies of their odor responses.
Tufted cells show high-frequency burst discharges, whereas mitral cells respond
with lower-frequency burst discharges (Fig. 7.4).

A particularly noteworthy difference between tufted and mitral cells is their
signal timing in reference to the inhalation—exhalation sniff cycle. The two types
show spike responses at different phases of the sniff cycle (Fig. 7.4) (Fukunaga
et al. 2012; Igarashi et al. 2012). In both freely behaving and anesthetized animals,
tufted cells start to respond earlier than mitral cells. Tufted cells respond with early-
onset high-frequency burst discharges, which start at the middle of the inhalation
phase. In contrast, mitral cells respond with later-onset lower-frequency burst
discharges that start at the transition phase from inhalation to exhalation.

Regarding the time window of signaling during the sniff cycle, external tufted
cells and a subset of middle tufted cells show early-onset spike discharges that start
at the rising phase of inhalation and continue up to the early or middle part of
exhalation, suggesting that the spike output of these tufted cells strongly reflects
the input from olfactory sensory neurons. In contrast, the signal timing of many
mitral cells does not appear to reflect the direct input of olfactory sensory neurons.
In addition to responses during the inhalation—exhalation transition phase, which
might reflect direct inputs, many mitral cells also show spike discharges much later
during the long exhalation phase, when the olfactory bulb is isolated from the
external odor world (Fukunaga et al. 2012; Igarashi et al. 2012). In other words,
many mitral cells show burst discharges during the off-line phase (see Chap. 1).
Furthermore, some mitral cells show prolonged spike discharges even after the
cessation of odor stimulation, suggesting that these responses are not directly driven
by olfactory sensory neurons but may represent odor afterimages (Matsumoto
et al. 2009; Patterson et al. 2013).

7.4 Neuronal Circuit Mechanisms for the Inhalation-
Induced Early-Onset Responses of Tufted Cells
and Later-Onset Responses of Mitral Cells

What mechanisms underlie the early-onset activity of tufted cells and later-onset
activity of mitral cells? Recent studies using patch-clamp recordings from these
cells showed that a single electrical stimulation of the olfactory axons induces two
types of excitatory inputs, early-onset direct short-latency excitatory synaptic
inputs and later-onset indirect slow depolarizing inputs (De Saint Jan et al. 2009;
Gire and Schoppa 2009; Hayar et al. 2004; Najac et al. 2011). Recordings from
external tufted cells show that olfactory axon stimulation induces strong short-
latency excitatory synaptic responses, mediated by direct excitatory synaptic input
from olfactory axon terminals (De Saint Jan et al. 2009). By contrast, mitral cells
respond to a single electrical stimulation of olfactory axons with a small short-
latency depolarization followed by a larger and long-lasting depolarization.
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Fig. 7.4 Odor signal timing is faster in tufted cells than mitral cells. (a) Morphological reconstruc-
tion of an external tufted cell and a mitral cell that responded to fox odor, 2,4,5-trimethylthiazoline
(TMT). Cell bodies, axons, primary dendrites, and lateral dendrites are indicated by blue, yellow,
green, and magenta, respectively. Layer structure is shown as GL glomerular layer, EPL external
plexiform layer, MCL mitral cell layer, /PL internal plexiform layer, GCL granule cell layer.
White circles in GL indicate glomeruli. A anterior, D dorsal. (b) Timing of spike responses of the
cells shown in (a). Top: Respiration cycles. Middle: Raster plots of spike trains evoked by the
inhalation of TMT (red or blue, top plots) or by blank air (gray, middle plots). Each row corresponds
to a single trial. The darker and lighter colored shadings behind rasters show respiration inhalation
and exhalation, respectively. Bottom: Peri-stimulus time histogram of spike response to TMT
stimulation (red or blue) and blank (gray). In all analyses, time O is shown by aligning at the first
onset of odor inhalation. (c) Plots of response reliability index of the cells in a as a function of time.
Reliability index, calculated as an index for reliability of the spike response of a neuron to a stimulus
compared to spontaneous activities, was plotted using six different bin widths (10-320 ms; blue to
red). Black circles indicate a statistically significant reliability index value of the response of each
cell. Arrows indicate earliest significant reliability index, indicating the timing when responses of the
cell are reliable from spontaneous firings. (Modified from Igarashi et al. 2012)
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The slow and long-latency component of depolarization is an indirect
feed-forward excitation mediated by intraglomerular dendrodendritic extra-synaptic
inputs from sister tufted cells and mitral cells (Carlson et al. 2000; De Saint Jan
et al. 2009; Gire and Schoppa 2009). Stronger electrical stimulation of olfactory
axons is required to activate the long-latency indirect inputs. These results suggest
that the spike output of a subset of tufted cells is shaped mainly by the fast direct
synaptic input from olfactory axons, which may reflect instantaneous odor signals
from the external world. By contrast, the spike output of mitral cells depends not only
on direct input but more heavily on the slow indirect inputs that may reflect the
activity state of sister tufted cells and mitral cells. The later-onset responses of mitral
cells may be the result of the slow indirect inputs.

In addition, mitral cells are shown to receive inhibitory inputs from periglo-
merular inhibitory interneurons during the early phase of inhalation (Fukunaga
et al. 2012). The early inhibitory inputs during inhalation are also thought to be
responsible for the later-onset responses of mitral cells.

7.5 Tufted Cell Circuits and Mitral Cell Circuits Mediate
Distinct Gamma Oscillations in the Olfactory Bulb

If you record local field potentials in the mammalian olfactory bulb, you will
immediately notice prominent sine wave-like oscillatory potentials that occur in
response to each odor inhalation (Fig. 7.5). The frequencies of the main compo-
nents of these odor inhalation-induced oscillations range from 30 Hz to more than
100 Hz. Oscillation within this frequency range is called gamma-range oscillation.

As early as 1942, Adrian discovered that odor inhalation induces gamma oscilla-
tions of local field potentials in the olfactory bulb of the hedgehog brain (Adrian
1942). Since then, a number of studies have demonstrated these odor inhalation-
induced gamma oscillations in the mammalian olfactory bulb (Adrian 1942;
Bressler 1984; Buonviso et al. 2003; Cenier et al. 2008; Freeman 1975; Mori and
Takagi 1977; Neville and Haberly 2003; Rosero and Aylwin 2011). The gamma
oscillations accompany synchronized spike discharges of projection neurons, tufted
cells, and mitral cells (Figs. 7.6, 7.7) (Kashiwadani et al. 1999; Mori and Takagi
1977). Dendrodendritic reciprocal synaptic interactions between the projection
neurons and granule cells participate in the generation of gamma oscillations
(Fig. 7.8) (Friedman and Strowbridge 2003; Lagier et al. 2004; Mori and Takagi
1977; Rall and Shepherd 1968; Shepherd et al. 2004).

Mitral cells extend long lateral (secondary) dendrites in the deeper sublamina of
the external plexiform layer and form numerous dendrodendritic reciprocal synaptic
connections, mainly with mitral cell-targeting granule cells. Each dendrodendritic
reciprocal synapse consists of a pair of a mitral-to-granule excitatory synapse and
adjacent granule-to-mitral inhibitory synapse (Fig. 7.8). Because individual mitral
cell-targeting granule cells have several hundreds of dendrodendritic synaptic
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Fig. 7.5 Sniff-rhythm-paced gamma oscillations in the olfactory bulb. Simultaneous recordings
of respiration (fopmost trace; upward swing indicates inhalation and downward swing shows
exhalation), local field potential in the granule cell layer of the olfactory bulb (middle trace), and
gamma oscillations of the local field potential (bandpass filtered, 30-140 Hz; trace). Wavelet
power spectrogram of gamma oscillations is shown below the tracings. Dashed line indicates
inhalation onset. f fast gamma oscillations, s slow gamma oscillations, exk-s exhalation slow
gamma oscillations. Abscissa indicates the frequency of oscillation (Hz); ordinate indicates time
(ms). (Modified, with permission, from Manabe and Mori 2013)
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Fig. 7.6 Spike timing of a mitral cell against gamma oscillations. Simultaneous recordings of
intracellular potential of a mitral cell (lower trace including spikes) and local field potential in the
granule cell layer (upper thin trace of gamma oscillation) of the olfactory bulb induced by odor
stimulation (amyl acetate) with artificial inhalation. Upper traces indicate odor-induced initial
response of mitral cell; lower traces show later part of the response. Note that the spike responses
of the mitral cell occurred at the rising phase of each gamma oscillation cycle of the local field
potential. The recordings were obtained from the olfactory bulb of a urethane-anesthetized rabbit.
(From Mori and Takagi, unpublished data)



7 Parallel Tufted Cell and Mitral Cell Pathways from the Olfactory Bulb. .. 143

20 msec
0.2 mV

Fig. 7.7 Synchronization of intracellular membrane potentials and gamma oscillations.
Superimposed line drawings of odor-induced gamma oscillations (two cycles) of the local field
potential in the granule cell layer (lower traces) and corresponding intracellular potentials (upper
traces) recorded from a mitral cell (a) and a presumed granule cell (b) These potentials were
recorded from the olfactory bulb of a urethane-anesthetized rabbit. Note that membrane potentials
of the presumed granule cell (b) are in phase with the gamma oscillation of the local field potential
while membrane potentials of the mitral cell (a) precede those of the local field potential gamma
oscillation. Broken lines indicate action potentials. (From Mori and Takagi 1977)

connections in the deep sublamina of the EPL, each granule cell may form
dendrodendritic synapses with many sister mitral cells associated with the parental
glomerulus. In other words, approximately 20 sister mitral cells associated with a
single parental glomerulus (and thus belonging to a glomerular module) in the mouse
olfactory bulb may have numerous dendrodendritic reciprocal synaptic connections
with a group of mitral cell-targeting granule cells, forming the mitral cell circuit of
the glomerular module (Fig. 7.2b).

If these sister mitral cells are activated by olfactory sensory inputs to the parental
glomerulus, they may activate a number of mitral cell-targeting granule cells
via the mitral-to-granule dendrodendritic excitatory synapses. Because individual
granule cells form granule-to-mitral dendrodendritic inhibitory synapses on many
sister mitral cells, the activated granule cells might then synchronously inhibit
the sister mitral cells. The inhibition of mitral cell activity diminishes the activity
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Fig. 7.8 Dendrodendritic synapses between mitral/tufted cells and granule cells. Mitral cells
project secondary dendrites tangentially for long distances and make numerous dendrodendritic
reciprocal synapses with deep granule cell dendrites in the EPL. The reciprocal synapses consist of
a mitral — granule glutamatergic excitatory synapses (white arrows) and a granule — mitral
GABAergic inhibitory synapses (black arrows). Activation of a mitral cell results in feedback
inhibition of the cell, as well as lateral inhibition of neighboring mitral cells. Because the EPL
contains a great amount of such synapses that serve as current sinks, these synapses serve as a
generator of gamma oscillations in the OB. Note that tufted cells make dendrodendritic synapses
with superficial granule cells (see Fig. 7.2)

of mitral-to-granule dendrodendritic excitatory synapses, resulting in the decay of
granule cell activity and granule-to-mitral inhibition. When the inhibitory synaptic
inputs from granule cells have decayed, the sister mitral cells might recover
from the hyperpolarization and fire again synchronously either by post-inhibitory
rebound activity or by enduring synaptic and extra-synaptic inputs within
the glomerulus, and then synchronously activate the mitral cell-targeting granule
cells again. In this way the mitral cell circuit has the ability to repeat the cycle and
generate gamma oscillatory activity (Figs. 7.6, 7.7).

Because mitral cells associated with a given activated glomerular module project
very long lateral dendrites, these mitral cells may have large-scale dendrodendritic
interactions and synchronize with mitral cells associated with other coactivated
glomerular modules that are distributed over a wide area of the olfactory bulb.

The lateral dendrites of internal and middle tufted cells extend into the superficial
half of the EPL. External tufted cells typically extend short dendrites at the most
superficial part of the EPL. The tufted cell dendrites form dendrodendritic reciprocal
synaptic connections mainly with tufted cell-targeting granule cells (Fig. 7.2a).
Each reciprocal synapse is composed of a pair consisting of a tufted-to-granule
dendrodendritic excitatory synapse and a granule-to-tufted dendrodendritic inhibitory
synapse (Fig. 7.8). We speculate that about 50 sister tufted cells of a glomerular
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Fig. 7.9 Each sniff induces a fast gamma—slow gamma oscillation sequence. Uppermost trace
indicates respiration rhythm. Middle trace shows sniff rhythm-paced gamma oscillations recorded
from the olfactory bulb of a freely behaving rat. This trace was obtained by averaging the sniff-
induced local field potentials (n = 277 sniffs) of the olfactory bulb in reference to the peak of
gamma oscillation (downward arrow). Bottom trace shows averaged local field potentials were
bandpass filtered (30—140 Hz). Sniff onset is indicated by a vertical broken line and upward arrow.
ffast gamma oscillations, s slow gamma oscillations. (Modified, with permission, from Mori et al.
2013)

module in the mouse olfactory bulb have numerous dendrodendritic synaptic
connections with a group of tufted cell-targeting granule cells, forming a tufted cell
circuit of the glomerulus module (Fig. 7.2a). As discussed with the mitral cell circuit,
the tufted cell circuit also has the potential to generate gamma oscillatory activity.
Because of the relatively short lateral dendrites of tufted cells, tufted cells of a given
activated glomerular module may show small-scale synchronization with tufted cells
belonging to other coactivated glomerular modules in the neighborhood.

Which of the tufted cell circuits or mitral cell circuits generates the odor-induced
gamma oscillations in the olfactory bulb? It is possible that both circuits generate
these oscillations, and that each circuit generates distinct gamma-range oscillations
with a different frequency range. To address these questions, the temporal structure of
the sniff-induced gamma oscillations was studied in the olfactory bulb of freely
behaving rats (Manabe and Mori 2013). As shown in Figs. 7.5 and 7.9, simultaneous
recordings of respiratory rhythm and local field potentials in the olfactory bulb
showed that each sniff induces early-onset fast gamma oscillations (65-100 Hz)
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that are nested at the inhalation phase, followed by later-onset slow gamma
oscillations (40-65 Hz) that are nested at the transition phase from inhalation to
exhalation. A similar sequence of fast and slow gamma oscillations is also observed
in the mouse olfactory bulb (Lepousez and Lledo 2013).

A close inspection of Fig. 7.5 shows that nested slow gamma oscillations also
occur during the long exhalation phase (exh-s in Fig. 7.5). This chapter does not
discuss these exhalation-phase slow gamma oscillations but rather concentrates on
inhalation-induced fast and slow gamma oscillations.

The time window of the early-onset fast gamma oscillations corresponds well
with that of the early-onset high-frequency burst discharges of tufted cells
(Fig. 7.9), suggesting that the sniff-paced early-onset fast gamma oscillations are
mediated mainly by tufted cell circuits. The late-onset slow gamma oscillations
that start at the inhalation—exhalation transition period or early part of exhalation
correspond in timing and frequency with the later-onset lower-frequency burst
discharges of mitral cells. We therefore speculate that the later-onset slow gamma
oscillations are largely caused by the activity of mitral cell circuits. In other words,
the tufted cell circuits may function as early-onset fast gamma oscillators and the
mitral cell circuits as a later-onset slow gamma oscillators.

Compared with the relatively short lateral dendrites of tufted cells, lateral
dendrites of mitral cells extend for longer distances covering a wider area of the
olfactory bulb. We therefore suggest that fast gamma synchronization of tufted
cell circuits involves neurons in a relatively small area whereas slow gamma
synchronization of mitral cell circuits recruits more neurons in a larger area of
the olfactory bulb.

Because tufted cells and mitral cells convey odor signals to the olfactory cortex,
these results suggest that during the inhalation phase and the inhalation—exhalation
transition phase of a sniff cycle:

1. Tufted cells send odor information to the olfactory cortex with early-onset fast
gamma synchronization, and

2. Mitral cells send their signals to the olfactory cortex with later-onset slow
gamma synchronization.

7.6 Size Principle in the Olfactory Bulb

The onset of sniff-paced fast gamma oscillation in the rat olfactory bulb precedes
that of slow gamma oscillation by an average of about 45 ms (Fig. 7.9). During the
inhalation phase and inhalation—exhalation transition phase of a sniff cycle, tufted
cells are initially activated and mitral cells are subsequently recruited. If the
activation timing is compared among three subtypes of tufted cells, nearly 100 %
of external tufted cells, 70 % of middle tufted cells, and 40 % of internal tufted cells
show only the early-onset response, which corresponds in timing with the early-
onset fast gamma oscillations. However, 28 % of middle tufted cells and 60 % of
internal tufted cells show both the early-onset response at the rising phase of
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inhalation and the later-onset responses during the early part of exhalation.
Although simultaneous recordings from the three subtypes of tufted cells belonging
to the same glomerulus are lacking, these results suggest that external tufted
cells tend to be activated first during a sniff cycle, followed by middle tufted
cells and finally internal tufted cells. Forty-five percent of mitral cells show a
weak early-onset response and a strong later-onset response, whereas 55 % show
only later-onset responses, suggesting that mitral cells may be activated last during
a sniff cycle.

Based on these observations, we speculate that during the inhalation phase of a
sniff cycle the activated glomerular module may initially recruit only external
tufted cells and a subset of middle tufted cells, which have relatively small cell
bodies. These tufted cells may have the lowest odor concentration threshold.
At a later phase of inhalation, the activated glomerulus then recruits subsets of
middle and internal tufted cells, which have middle-sized cell bodies. Finally, at the
inhalation—exhalation transition phase, mitral cells and a subset of internal tufted
cells (or displaced mitral cells) appear to be recruited. The mitral cells may have the
highest odor concentration threshold.

The length and extent of dendritic projection of tufted cells and mitral cells
increase according to their soma size. Thus, external tufted cells have the shortest
dendrites and middle tufted cells extend relatively short lateral dendrites covering a
small area of the olfactory bulb. These small tufted cells may form small-scale
dendrodendritic circuits in a restricted area and generate early-onset fast gamma
oscillations. Internal tufted cells project long lateral dendrites and mitral cells
extend the longest lateral dendrites to wide areas of the olfactory bulb. These
large-size projection neurons may form larger-scale dendrodendritic circuits and
generate the later-onset slow gamma oscillations.

Such sequential recruitment of tufted and mitral cells according to cell size
resembles Henneman’s size principle of orderly recruitment of motoneurons
(Henneman et al. 1965). During reflex activation, motoneurons with the smallest
cell bodies have the lowest threshold and motoneurons with the largest cell bodies
have the highest. Motor units are recruited according to their size as a voluntary
contraction increases from zero to the maximal voluntary force level. Motoneurons
in the spinal cord and principal neurons in the olfactory bulb might have a similar
logic of sequential activation according to their size.

7.7 Tufted Cells and Mitral Cells Differ in the Pattern
of Axonal Projection to the Olfactory Cortex

Do tufted cells and mitral cells differ in the manner of axonal projection to the
olfactory cortex? Gross anatomical studies indicate that tufted cells send axons
only to the olfactory peduncle areas (anterior olfactory nucleus and tenia tecta),
rostrolateral part of the olfactory tubercle, and the rostroventral part of the anterior
piriform cortex. In striking contrast, mitral cells project axons to all areas of the
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Fig. 7.10 Ventral view
of reconstructed mitral
and tufted cells. Left:
Ventral view of a single
TMT-responsive middle
tufted cell. Axons and
dendrites are indicated

by magenta and yellow,
respectively, on a
transparent view of the
brain. Right: Ventral view
of a single TMT-responsive
mitral cell. Axons and
dendrites are indicated

by cyan and yellow,
respectively. Note that
tufted axons cover a
confined region whereas
mitral axons cover very
wide areas in the olfactory
cortex

olfactory cortex: in addition to the aforementioned olfactory peduncle areas, mitral
cells project to whole parts of the anterior piriform cortex, olfactory tubercle,
posterior piriform cortex, anterior cortical amygdaloid nucleus, posterolateral
cortical amygdaloid nucleus, nucleus of the lateral olfactory tract, and lateral
entorhinal cortex.

Single-cell labeling studies show that individual tufted cells project axons
densely to focal targets only in the anterior olfactory nucleus (a major area of the
olfactory peduncle), rostrolateral part of the olfactory tubercle, and ventrorostral
part of the anterior piriform cortex (Fig. 7.10). Given that tufted cells project axons
to focal targets in or near the olfactory peduncle, the early-onset signals of tufted
cells might be sent to the focal targets with fast gamma synchronization.

In striking contrast to tufted cells, individual mitral cells project axons in a
dispersed manner to nearly all areas of the olfactory cortex, including nearly all
parts of the piriform cortex (Fig. 7.10) (Igarashi et al. 2012). Sister mitral cells
belonging to a given glomerulus project their axons to the piriform cortex in a
highly dispersed pattern, with their terminals distributed throughout the piriform
cortex (Ghosh et al. 2011; Nagayama et al. 2010; Sosulski et al. 2011). Given that
mitral cell circuits generate later-onset slow gamma oscillatory activity, we specu-
late that sister mitral cells belonging to an activated glomerulus provide a mecha-
nism for the dispersion of later-onset slow gamma oscillatory activity across whole
parts of the piriform cortex and even across many different areas of the olfactory
cortex (Mori et al. 2013).
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7.8 Gamma Oscillation Coupling Between Olfactory
Bulb and Olfactory Cortex

How are the early-onset fast gamma oscillatory signals of tufted cells and later-onset
slow gamma oscillatory signals of mitral cells transmitted to the areas of the olfactory
cortex? Because sniff-paced burst discharges of tufted cells occur earlier than those
of mitral cells during an inhalation—exhalation sniff cycle, it is natural to suppose
that tufted cell inputs arrive in the olfactory cortex earlier than mitral cell inputs.
Early-onset fast gamma synchrony of tufted cell activity might be transmitted first to
the olfactory cortex. After a delay of approximately 45 ms, the later-onset slow
gamma synchrony of mitral cell activity would be subsequently transmitted to the
olfactory cortex.

To address this question, Manabe and colleagues made simultaneous recordings of
local field potentials in the granule cell layer of the olfactory bulb and in layer III of
the anterior piriform cortex (Fig. 7.11) (Manabe, unpublished data) (Mori et al. 2013).
Manabe found that local field potentials in the anterior piriform cortex show sniff-
paced fast and slow gamma oscillations, and that the fast and slow gamma oscilla-
tions in the anterior piriform cortex phase-couple those in the olfactory bulb.
The early-onset fast gamma oscillations in the anterior piriform cortex correspond
in timing and frequency with the early-onset fast gamma oscillations in the olfactory
bulb, which are mainly generated by tufted cell circuits. Meanwhile, the later-onset
slow gamma oscillations in the anterior piriform cortex correspond in timing and
frequency with later-onset slow gamma oscillations in the olfactory bulb, which are
mainly generated by mitral cell circuits.

In addition to these sniff-paced fast and slow gamma oscillations during the
inhalation and inhalation—exhalation transition phases, the anterior piriform cortex
occasionally shows slow gamma oscillations during the long exhalation phase
(exh-s in Fig. 7.11). These slow gamma oscillations during the exhalation phase
in the anterior piriform cortex typically phase-couple with those in the olfactory
bulb, indicating a rich communication between anterior piriform cortex and
olfactory bulb during the off-line exhalation phase (see Chap. 1).

7.9 Tufted Cells May Provide Specificity-Projecting
Circuits, Whereas Mitral Cells Give Rise
to Dispersedly-Projecting “Binding” Circuits

What is the functional role of the tufted cell pathway and mitral cell pathway in
odor information processing in the olfactory cortex? Do tufted cell and mitral cell
pathways differ in how they convey information to the olfactory cortex? To address
these questions, we need first to understand axonal target regions of tufted and
mitral cells that belong to specific functionally relevant glomerular modules.
For this purpose, we focused on tufted and mitral cells that respond to fox odor,
2,4,5-trimethylthiazoline (TMT).
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Fig. 7.11 Gamma oscillation couplings across the olfactory bulb, anterior piriform cortex, and
orbitofrontal cortex. Simultaneous recordings of respiratory pattern (Resp; upward swing indicates
inhalation), local field potential in the granule cell layer of the olfactory bulb (Bulb), local field
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Foxes, cats, and weasels are dangerous predators to mice and rats. To flee
unharmed from these predators, rats and mice have innate neuronal circuits that
can detect predator odors at a very low concentration. For example, the odor
molecule TMT secreted from the anal glands of foxes induces fear responses in
rodents. Although TMT-responsive glomeruli are distributed both in the DII
domain and V domain of the glomerular map of the rodent olfactory bulb (see
Chap. 4), the fear responses themselves are induced only by glomeruli in the DII
domain (Kobayakawa et al. 2007). We thus analyzed the spike responses and
axonal projection targets of tufted and mitral cells located in the DII domain that
respond to the fox odor TMT.

During the early phase of a sniff cycle inhaling the fox odor TMT, the olfactory
bulb shows early-onset fast gamma oscillations, and TMT-responsive tufted
cells show burst discharges. However, mitral cells do not yet start to discharge at
this early phase. To which region of the olfactory cortex do TMT-responsive tufted
cells send these early-onset signals? Figure 7.12 shows that these early-onset
signals are sent to focal target neurons at specific regions in the anterior olfactory
nucleus, olfactory tubercle, and anterior piriform cortex.

One of the focal targets of axons of TMT-responsive tufted cells is the dorsolateral
corner of the pars externa of the anterior olfactory nucleus (AONpE) (Figs. 7.12,
7.13). Within the AONpE, axons of TMT-responsive tufted cells form dense terminal
bushes (Fig. 7.13). These terminal bushes do not occur in any other part of the
AONDE. Previous studies have shown a topographic relationship between the posi-
tion of tufted cells in the glomerular map of the olfactory bulb and the position
of their axon terminals in the AONpE (Schoenfeld and Macrides 1984; Yan
et al. 2008). The AONpE has a U-shaped structure, and position within it is thought
to represent a specific category of odorants (Kikuta et al. 2008, 2010). It has been
shown that individual neurons in the AONpE show sniff-paced burst discharges and
can distinguish the right or left position of an odor source by referencing signals from
the right and left nostrils. Based on these results, we speculate that at the early phase
of a sniff cycle, the tufted cells rapidly send the TMT signal to the topographically
fixed position (dorsolateral corner) of the AONpE to compute the right or left
localization of the odor source (Kikuta et al. 2008, 2010).

Another example of a focal target of TMT-responsive tufted cells is a relatively
small region in the posteroventral subdivision of the anterior olfactory nucleus
(AONpv) (Figs. 7.12, 7.13). Pyramidal cells in this region receive inputs from the
TMT-responsive tufted cells and project axons (Ib associational axons) to the
ventral part of the anterior piriform cortex (APCv), including the most rostroventral
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Fig. 7.11 (continued) potential in layer III of the anterior piriform cortex (APC), and that in the
deep layer of the orbitofrontal cortex (OFC), during micro-arousal. Red broken line indicates fast
gamma oscillations, blue broken line shows slow gamma oscillations, vertical broken lines and
arrows show onset of inhalation. Wavelet power spectrograms of the local field potentials are
shown in the lower three figures. f fast gamma oscillations, s slow gamma oscillations, exh-s
exhalation slow gamma oscillations. (Modified from Mori et al. 2013)
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Fig. 7.12 Axonal projection patterns of mitral cells and tufted cells to the olfactory cortex.
(a) Axonal projection of TMT-responsive middle tufted cell. The 3-D brain reconstruction
containing the cell was rotated to a ventrolateral view. Dendrites (magenta) and axons (yellow)
are shown with the mitral cell layer of the olfactory bulb and layer II of each region of the
OC. Inset: Medial view of axons in the tenia tecta, which is hidden in the ventrolateral view.
(b) Axonal projection of a TMT-responsive mitral cell. (¢) A schematic diagram for parallel
pathways of mitral cells and tufted cells from the olfactory bulb to the olfactory cortex.
The segregated projections of mitral cells and tufted cells suggest the existence of parallel mitral
cell (MC) and tufted cell (TC) pathways in the central olfactory system. The axonal projections of
the two cell types are represented on the left (tufted cells, red) and right (mitral cells, blue) sides of
the diagram of the ventral-viewed mouse brain. In the olfactory cortex, tufted cells route fast odor
information to the pars externa of anterior olfactory nucleus (AONpE), posteroventral part of the
anterior olfactory nucleus (AONpy), anterolateral part of the olfactory tubercle that corresponds to
the cap part of the olfactory tubercle (OTcap), and the ventrorostral part of the anterior piriform
cortex (APCyg). These regions are represented as tufted cell areas (pink). In the olfactory bulb
(OB), tufted cells in the lateral map target the intrabulbar projection axons to the confined small
area in the intrabulbar projection (/BP) area. By contrast, mitral cells route slower odor informa-
tion widely to the dorsal part of the anterior olfactory nucleus (AONp), cortical part of the olfactory
tubercle (OT¢p), dorsal part of the anterior piriform cortex (APCp), tenia tecta (T7T), posterior
piriform cortex (PPC), lateral entorhinal cortex (LEC), nucleus of the lateral olfactory tract
(nLOT), anterior cortical amygdaloid nucleus (ACO), and posterolateral cortical amygdaloid
nucleus (PLCO) (mitral cell area, cyan). OFE olfactory epithelium
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Fig. 7.13 Possible target region of early-onset signals of TMT-responsive tufted cells. Axonal
projection pattern of tufted cells was schematized in the unrolled map of the olfactory cortex.
Tufted cells route fast odor information to the pars externa of anterior olfactory nucleus (AONpE),
posteroventral part of the anterior olfactory nucleus (AONpy,), anterolateral part of the olfactory
tubercle that corresponds to the cap part of the olfactory tubercle (OTcap), and the ventrorostral
part of the anterior piriform cortex (APCyg)

part of the anterior piriform cortex (APCvr). Therefore, the early-phase signals of
TMT-responsive tufted cells might be relayed by the pyramidal cells in the AONpv
and then sent via Ib associational axons to the APCv. TMT-responsive tufted cells
also send axons directly to the APCvr. Pyramidal cells in the APCv project axons to
the anterior and posterior piriform cortex. Therefore, early-onset TMT signals are
presumably conveyed to the piriform cortex via tufted cell axons—Ib associational
fiber pathways. Although the connectivity patterns of the di-synaptic or polysyn-
aptic pathways originating from tufted cells are not understood in any detail, we
speculate that the tufted axon—Ib associational fiber pathways are the major route of
transmitting specific TMT signals to the piriform cortex.

Interestingly, pyramidal cells in the APCvr project axons to the ventrolateral
orbital cortex (VLO) (see Chap. 1), which also receive nociceptive inputs
(Ekstrand et al. 2001), the information that threatens the life of rodents. These
results suggest that tufted cells carrying information about predator odor send the
early-onset signal with fast gamma synchronization via the APCvr to the VLO.
Early-onset fast-gamma synchronization might be advantageous in rapidly con-
veying the predator odor information through the tufted cell-APCvr-VLO pathway
at the early phase of the sniff cycle.

The TMT-responsive tufted cells also project axons to focal targets in the
lateral cap region of the olfactory tubercle (OTcap in Figs. 7.12, 7.13). As explained
in Chap. 8, the olfactory tubercle appears to play a role as an interface between


http://dx.doi.org/10.1007/978-4-431-54376-3_1
http://dx.doi.org/10.1007/978-4-431-54376-3_8

154 S. Nagayama et al.

olfactory signals and a variety of motivational behaviors, and is thought to
contain motivation modules, including an “appetitive motivation module” and
“aversive motivation module.” We speculate that the lateral cap region is part of
the “alert motivation module” and that specific signals of the predator odor TMT
are rapidly sent to the lateral cap region via the early-onset responses of the
TMT-responsive tufted cells.

Extrapolating the foregoing results to whole glomerular modules, we speculate
that tufted cells provide specificity-projecting circuits, which send information
from specific odorant receptors by early-onset fast gamma oscillations to focal
targets in the olfactory peduncle areas, the APCv and olfactory tubercle. The idea of
specificity-projecting circuits sending specific sensory information is reasonable
and of no particular interest, because similar specificity-projecting circuits are
present everywhere in the visual, auditory, somatosensory, and gustatory systems.
These specificity-projecting circuits seem to be essential for perceiving sensory
reality.

However, a major surprise and difficult questions arise when considering the
axonal projection targets of TMT-responsive mitral cells. Dye-labeling of
TMT-responsive mitral cells showed that individual mitral cells project axons in a
dispersed manner to nearly all areas of the olfactory cortex, including nearly all parts
of the piriform cortex (Figs. 7.10, 7.12) (Igarashi et al. 2012). In other words,
TMT-responsive mitral cells appear to disperse their signal throughout a wide area
of the piriform cortex, in striking contrast to the focal projection of TMT-responsive
tufted cells. Labeling of sister mitral cells belonging to a single glomerulus also
showed that they project axons in a highly distributed fashion throughout the piriform
cortex (Ghosh et al. 2011; Nagayama et al. 2010; Sosulski et al. 2011). It appears
that sister mitral cells send the odorant receptor information to nearly all pyramidal
cells of the piriform cortex. For what functional purpose do sister mitral cells
distribute their signals widely throughout the piriform cortex?

Given that mitral cell circuits in the olfactory bulb generate later-onset slow
gamma oscillatory activity, we speculate that sister mitral cells belonging to an
activated glomerulus provide a mechanism for the dispersion of later-onset slow
gamma oscillatory activity across whole parts of the piriform cortex (Fig. 7.14).
Because mitral cells extend long lateral dendrites and have extensive dendro-
dendritic reciprocal synaptic connections, mitral cells belonging to different
glomerular modules are able to synchronize their discharges at the slow gamma
frequency when coactivated by an odor inhalation. Therefore, mitral cells that are
coactivated by odor inhalation would likely provide later-onset synchronized inputs
at slow gamma frequency to pyramidal cells across whole parts of the piriform
cortex (Fig. 7.14).

Although individual pyramidal cells receive only weak input from individual
mitral cell axons, nearly simultaneous arrival of the synchronized inputs from many
mitral cells may effectively summate their excitatory postsynaptic potentials
(EPSPs) and thereby strongly modulate pyramidal cell activity in synchrony with
the slow gamma oscillatory inputs. We hypothesize that the gamma-synchronized
coincident inputs from many mitral cell axons coordinate the response timing of
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Fig. 7.14 Structural organization of tufted cell circuits and mitral cell circuits in the olfactory
bulb and olfactory cortex. In the olfactory bulb (OB), tufted cells (7, red) extend relatively short
lateral dendrites in the superficial sublamina of the EPL and make dendrodendritic reciprocal
synaptic connections mainly with tufted cell-targeting granule cells (Gr(T)). Mitral cells (M, blue)
extend long lateral dendrites in the deep sublamina of the EPL and form dendrodendritic synapses
mainly with mitral cell-targeting granule cells (Gr(M)). Tufted cells project axons (red and orange
lines) to focal targets in the olfactory peduncle areas including AON. Mitral cells project axons
(blue lines) dispersedly to nearly all areas of the olfactory cortex. Layers of the olfactory bulb: GL
glomerular layer, EPL external plexiform layer, MCL mitral cell layer, GCL granule cell layer.
Layers in the olfactory cortex: la layer la, Ib layer Ib, II layer 11, 11l layer III. LOT lateral olfactory
tract, Ib assoc, Ib associational axon. Red P indicates pyramidal cells in the AON. Black P shows
pyramidal cells in the APC. Glom glomerulus

pyramidal cells that are spatially distributed across whole parts of the piriform
cortex over a sustained time window. This mitral cell-induced synchronized
activity of pyramidal cells across whole parts of the piriform cortex may have a
key role in “binding” together the spike activities of numerous coactivated pyra-
midal cells with different odor tuning specificity, as described in more detail in
Chap. 8. Based on these speculations, we hypothesize that mitral cells provide
dispersedly-projecting feed-forward “binding” circuits, sending the response
synchronization timing with slow gamma synchrony to pyramidal cells across
whole parts of the piriform cortex (Fig. 7.14).

As just described, sniff-paced early-onset fast and later-onset slow gamma
oscillatory activity in the anterior piriform cortex (APC) corresponds in timing
and frequency with the early-onset fast and later-onset slow gamma oscillatory
activity of the olfactory bulb. This observation raises the possibility that the activity
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of APC pyramidal cells during early-onset gamma oscillation may be the result of
the tufted cell axon—Ib association fiber inputs whereas that during later-onset slow
gamma oscillation is induced by the combination of preceding tufted cell axon—Ib
associational axon inputs and later-onset synchronized inputs from many mitral
cells. If so, the later-onset synchronized inputs from mitral cells may cause
profound synchronization of those pyramidal cells that had been depolarized by
preceding early-onset inputs from tufted cell axon—Ib association axon inputs, but
have little influence on those pyramidal cells that had not been depolarized by the
tufted cell axon—Ib association axon inputs.

These scenarios of the possible functional role of tufted cell and mitral cell
pathways are preliminary and require development and experimental evaluation.
However, they may provide a working hypothesis for a framework of the functional
differentiation of tufted and mitral cell pathways in odor information processing in
the olfactory system.

7.10 Fast and Slow Gamma Oscillations
in the Piriform Cortex and Hippocampus

Sniff-paced gamma oscillatory inputs from tufted cells and mitral cells arrive in the
APC at different phases of a sniff cycle. Early-onset fast gamma activity of tufted
cells begins to arrive in the piriform cortex (via pyramidal cells in the olfactory
peduncle) at the middle of the inhalation phase. Later-onset slow gamma activity of
mitral cells may start to arrive in the piriform cortex at a later phase of inhalation or
at the transition phase from inhalation to exhalation. As explained previously, the
time lag between fast gamma input from specificity-projecting tufted cell-Ib
association fiber pathways and slow gamma input from dispersedly-projecting
mitral cell pathways can play a critical role in information processing in the
piriform cortex.

A similar time lag between fast and slow gamma inputs has been reported in
the hippocampus, a structure critical to spatial and episodic memory (Fig. 7.15). The
CAL1 region of the hippocampus receives direct inputs from the entorhinal cortex and
the CA3 region. In this circuit, gamma oscillatory inputs from the medial part of the
entorhinal cortex (MEC) and CA3 arrive in CAl at different phases of the theta
cycle (Colgin et al. 2009; Colgin and Moser 2009). Fast gamma oscillations in CA1
are synchronized with fast gamma oscillatory inputs from the MEC, an area that
provides specific information about the animal’s current position. The fast gamma
oscillations normally occur at the trough of theta oscillations. In contrast, slow
gamma oscillations in CA1 are coherent with slow gamma oscillatory inputs from
CA3, an area essential for storage of positional information. The slow gamma
oscillations are maximal near the falling phase of theta oscillations. The fast and
slow gamma oscillations usually occur at different theta cycles but sometimes coexist
in the same cycle. In these cycles, they are thought to be discriminated by CA1 using
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Fig. 7.15 Comparison between the olfactory system and hippocampal system. Top: In the
olfactory system, odor information is sent from the olfactory bulb (OB) to the olfactory cortex
via two pathways. Tufted cells (red) send odor information carried on fast gamma oscillations to
tufted area. Mitral cells (blue) send information riding on slow gamma oscillations to the piriform
cortex. In piriform cells, this slow signal may be integrated with fast gamma information sent from
tufted area. Bottom: In the hippocampal system, fast gamma oscillations from medial entorhinal
cortex (MEC) and slow gamma oscillations from hippocampal CA3 region are integrated in
neurons in hippocampal CA1 region

phase information. In the piriform cortex, similar phase information in relationship to
sniff rhythms (see Chap. 1) might be used by pyramidal cells to discriminate
specificity-conveying tufted-related fast gamma input and dispersedly-projecting
mitral-related slow gamma input.

In the entorhinal-hippocampal circuit, the frequency of slower “carrier” oscilla-
tions, theta oscillations in this case, varies in different animal states and can also be
a mechanism for gating input from different brain regions. When rats are perfor-
ming olfactory-cued association tasks, theta oscillations of around 6-7 Hz are
abundant in the CA1-EC circuit while rats are immobile and attending to cues
(Igarashi, unpublished data). These theta oscillations (so-called a-theta) are slower
than those of 8-12 Hz (so-called t-theta) normally observed when animals are
actively running in the environment. In the foregoing experiment, with these slower
theta oscillations, 2040 Hz oscillations emerged in both CAl and the lateral
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entorhinal cortex (LEC) and are synchronized across two regions during the
learning of the task. Thus, to discriminate input from the MEC and LEC, CAl
uses subtypes of not only fast oscillations (60-100 Hz gamma vs. 2040 Hz
oscillations, respectively) but also theta oscillations (t-theta vs. a-theta, respec-
tively). The shift in frequency might reflect not only the functional nature of inputs
between the MEC and LEC but also different roles of these two regions in different
animal states (running vs. attention, respectively).

In the olfactory system, slow “carrier” oscillations correspond to sniff rhythms
with frequencies ranging from 2 to 10 Hz in mice. As described in Chap. 1, the
behavioral state and degree of attention correlate with sniff rhythm and sniff
pattern, raising the possibility that sniff rhythm also contributes to the gating of
inputs from different regions. Although the presence of oscillatory activities in the
piriform cortex has long been known, their functional properties in terms of
information flow remain largely unknown. Future work will elucidate the neuronal
circuit mechanisms that generate these oscillations and their functional roles in
olfactory information processing and transmission in large-scale networks of the
central olfactory system.
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Chapter 8
Piriform Cortex and Olfactory Tubercle

Kensaku Mori

Abstract This chapter describes perspectives on the possible functional logic of
neuronal circuits in the central olfactory system. The central olfactory system has
multiplex pathways and loops that connect the olfactory bulb, olfactory cortex,
neocortex, thalamus, ventral striatum, amygdala, hippocampus, and hypothalamus.
Among the complex circuits, this chapter focuses on the possible functional differ-
entiation of “olfactory bulb axon-Ib association axon (afferent) circuits” and “deep
association axon (recurrent and top-down) circuits” in the piriform cortex. It is
hypothesized that the activity of the former circuits is induced mainly by olfactory
sensory inputs during the on-line inhalation phase of the sniff cycle, whereas
activity of the latter circuits may occur mainly during the off-line exhalation
phase. This chapter also discusses the possible function of motivation modules in
the neuronal circuits of the olfactory tubercle.

Keywords Deep association axons ¢ Endopiriform nucleus ¢ Ib association axons
* Medium-sized spiny neurons ¢ Olfactory bulb « Olfactory tubercle ¢ Orbitofrontal
cortex ¢ Piriform cortex » Thalamus  Ventral striatum

8.1 Introduction

Two types of projection neurons in the olfactory bulb, tufted cells and mitral cells,
convey odor inhalation-induced signals to the olfactory cortex, which includes the
piriform cortex and olfactory tubercle. In Chap. 7, Nagayama et al. described the
hypothesis that the two types of projection neurons play distinct roles in sending
sniff rhythm-paced odor signals from the olfactory bulb to the olfactory cortex
during the inhalation phase. Tufted cells may provide specificity-projecting circuits
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Fig. 8.1 Schematic diagram of central olfactory pathways and loops in the rodent brain. Areas in
the olfactory cortex: AON anterior olfactory nucleus, APC anterior piriform cortex, PPC posterior
piriform cortex, LEA lateral entorhinal area, OT olfactory tubercle. En endopiriform nucleus.
Areas in the orbitofrontal cortex (OFC): VLO ventrolateral orbital cortex, LO lateral orbital cortex.
Areas in the medial prefrontal cortex (mPFC): PL prelimbic cortex, /L infralimbic cortex, MO
medial orbital cortex. Alv ventral agranular insular cortex. Thalamic nuclei: MD mediodorsal
nucleus of thalamus, SM submedius nucleus of thalamus. VP ventral pallidum, VTA ventral
tegmental area, DA neuron dopaminergic neuron. Arrows with solid lines indicate afferent
excitatory synaptic connections; arrows with broken lines show top-down excitatory synaptic
connections. T-shaped axonal terminals indicate inhibitory synaptic connections. Glom glomeru-
lus, OSN olfactory sensory neurons. (Modified from Mori et al. 2013)

that send specific odor information to focal targets in the olfactory peduncle areas of
the olfactory cortex with early-onset fast gamma synchronization. In contrast,
mitral cells may give rise to dispersed-projection feed-forward “binding” circuits
that transmit the response synchronization timing via their later-onset slow gamma
synchronization to pyramidal cells across all parts of the piriform cortex as well as
all areas of the olfactory cortex.

This chapter describes perspectives on the possible functional logic of neuronal
circuits in the piriform cortex and olfactory tubercle. For this purpose, I briefly
summarize structural organization of afferent pathways in the olfactory cortex and
large-scale neuronal pathways and loops that originate from the piriform cortex.
The latter pathways include (1) piriform cortex — neocortex — piriform cortex
loops, (2) piriform cortex — thalamus — neocortex — piriform cortex loops, and
(3) piriform cortex — ventral-striatum (olfactory tubercle) — ventral pallidum —
thalamus — neocortex — piriform cortex loops (in which — indicates excitatory
synaptic connection and — indicates inhibitory synaptic connection) (Fig. 8.1).
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Fig. 8.2 Possible organization of afferent and top-down connections among olfactory bulb,
anterior olfactory nucleus (AON), ventral subdivision of the anterior piriform cortex (APCv),
dorsal subdivision of the anterior piriform cortex (APCd), and posterior piriform cortex (PPC).
Solid lines with arrowheads indicate afferent axons of tufted cells and mitral cells and Ib
association axons of pyramidal cells of the olfactory cortex. Broken lines with arrowheads show
top-down collaterals of “deep association axons” of pyramidal cells that project to the deep layers
of the olfactory bulb and AON. Layers in the AON: [ layer I, /I layer II. Layers in the piriform
cortex: la layer Ia, Ib layer Ib, I layer I, II layer II, II] layer III. Py pyramidal cell

The piriform cortex is the largest area of the olfactory cortex, composed of the
anterior piriform cortex (APC) and posterior piriform cortex (PPC), although the
definition of the boundary between the APC and PPC varies among researchers
(Figs. 8.1, 8.2; see also Fig. 1.5 in Chap. 1) (Haberly 1983; Neville and Haberly
2004; Shipley and Ennis 1996). The anterior piriform cortex is further subdivided
into ventral subdivision (APCv) and dorsal subdivision (APCd). Based on the direct
afferent inputs from the olfactory bulb and the connectivity pattern of Ib association
fibers of pyramidal cells in the olfactory cortex (Fig. 8.2), a major direction of
afferent olfactory information flow is suggested as follows (Luskin and Price
1983a, b; Neville and Haberly 2004) : olfactory bulb (OB) — anterior olfactory
nucleus (AON) — APCv — APCd — PPC (in which — indicates excitatory syn-
aptic connection). The AON also send direct Ib association axons to the APCd.
APCYv also directly project Ib association axons to the PPC. In addition, each area of
the piriform cortex project Ib and deep recurrent association fibers to its own area and
other areas (Fig. 8.3). It should be noted that the bottom-up afferent pathways from
the OB are typically associated with top-down feedback axonal projections, forming
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Fig. 8.3 Possible organization of “olfactory bulb (OB) axon—Ib association axon circuits” and
“deep association axon circuits” in the olfactory cortex. AON anterior olfactory nucleus, APC
anterior piriform cortex, PPC posterior piriform cortex. PII layer II pyramidal cells, PIII layer 111
pyramidal cells. “OB axon-Ib association axon circuits” are shown by solid lines with arrow-
heads; “deep association axon circuits” are indicated by broken lines with arrowheads.
Endopiriform nucleus (not shown) is involved in the “deep association axon circuits”. Layers in
the piriform cortex: /a layer Ia, Ib layer Ib, I layer 1, II layer 11, III layer 111

neuronal loops, including OB — AON — OB loops and OB — APC — OB loops.
The piriform cortex also sends top-down inputs to the AON (Figs. 8.2, 8.3).

The endopiriform nucleus (En) is located deep to the piriform cortex and
reciprocally connected with the piriform cortex (Fig. 8.1) (see also Fig. 1.7 in
Chap. 1), suggesting that the two regions form piriform cortex — En — piriform
cortex loops. Pyramidal cells in the APC or neurons in the En project axons to
higher association areas such as orbitofrontal cortex, thalamus, hypothalamus, and
ventral striatum, including the olfactory tubercle (Fig. 8.1).

One of the major olfactory afferent streams beyond the APC is the information
flow to the orbitofrontal cortex (OFC) and further to the medial prefrontal cortex
(mPFC). The OFC receives multimodality sensory inputs including olfactory and
gustatory inputs and is thought to be involved in conscious perception of the
olfactory image of objects (Li et al. 2010; Plailly et al. 2008). In rodents, the
OFC plays a key role in the sensory cue-reward association learning (Schoenbaum
et al. 2007), whereas mPFC is important in action—outcome association learning.

The layer II pyramidal cells of the APC project axons directly to the layer I of the
OFC. As described in Chap. 1, this projection from the APC to the orbitofrontal
cortex is composed of two parallel pathways: APCv projects to the ventrolateral
orbital cortex (VLO) and the APCd sends axons to the lateral orbital cortex (LO).
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Neurons in the OFC send the information to the mPFC, which includes the
prelimbic cortex (PL), infralimbic cortex (IL), and medial orbital cortex (MO).

In addition, the OFC project axons back to the APC. For example, the VLO send
top-down axons to the APCv, indicating the presence of APCv — VLO — APCv
loops. The LO project back to the APCd, forming the APCd — LO — APCd loops.
APCd also directly and reciprocally connects with the ventral agranular insular cortex
(Alv), forming the APCd — Alv — APCd loops. The posterior piriform cortex has
reciprocal connections with Alv and the posterior agranular insular cortex (Alp)
(see Fig. 1.7 in Chap. 1). Thus, the piriform cortex gives rise to piriform cortex —
orbitofrontal cortex/agranular insular cortex — piriform cortex loops.

Neurons in the endopiriform nucleus project axons to the thalamus.
Pre-endopiriform nucleus neurons (pEn) that are associated with the APCv project
axons to the submedius nucleus of thalamus. The thalamocortical neurons in the
submedius nucleus reciprocally connect with the VLO, forming thalamocorti-
cothalamic loops. Because VLO project axons back to the APCv, these connections
form APCv < pEn — submedius nucleus «» VLO < APCv loops (in which <
indicates reciprocal excitatory projections).

Endopiriform nucleus neurons that are associated with APCd project to the
central segment of the mediodorsal nucleus (MDc) of the thalamus.
Thalamocortical neurons in the MDc reciprocally connect with the LO and Alv.
These connections thus form APCd <+ En — MDc < LO/Alv < APCd loops. In
summary, the piriform cortex gives rise to piriform cortex < endopiriform nucleus
— thalamus < orbitofrontal cortex/agranular insular cortex « piriform cortex
loops.

The piriform cortex also projects massively to the olfactory tubercle (Fig. 8.1).
However, there is no direct feedback projection from the olfactory tubercle to the
piriform cortex. Together with the accumbens nucleus, the olfactory tubercle forms
the ventral striatum, which is thought to have a key role as an interface between
sensory signals and motivational behaviors (Ikemoto 2007). Principal neurons in
the olfactory tubercle are GABAergic medium-sized spiny neurons, and axons of
the medium-sized spiny neurons terminate on GABAergic neurons in the rostral
part of the ventral pallidum, forming the olfactory tubercle — ventral pallidum
pathway (in which — indicates inhibitory synaptic connection).

The neurons in the ventral pallidum send inhibitory output to the lateral hypo-
thalamus, ventral tegmental area, and most notably the MD and SM of thalamus
(ventral pallidum — thalamus pathway). Because ventral pallidum neurons toni-
cally inhibit target neurons in the thalamus, hypothalamus, and ventral tegmental
area, activation of olfactory tubercle appears to disinhibit the target neurons. Thus
the piriform cortex < endopiriform nucleus — thalamus < orbitofrontal cortex/
agranular insular cortex < piriform cortex loops are controlled by the piriform
cortex — olfactory tubercle — ventral pallidum — thalamus pathways.

Besides these large-scale pathways and loops, the piriform cortex is known to
give rise to the piriform cortex (cortical amygdaloid nuclei) — amygdaloid nucleus
(including the bed nucleus of stria terminalis) pathways and the piriform cortex —
entorhinal cortex — hippocampus pathways.
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Looking at these large-scale pathways and loops in the central olfactory system
(Fig. 8.1), it is tempting to raise questions of how and when in the sniff (respiration)
cycle the olfactory information is transferred along each of these pathways and
loops. Another interesting question is for what purpose the olfactory information is
transferred along a variety of pathways and loops. Does each pathway or loop play
distinct functional roles in the process of the odor input-behavioral output transla-
tion? Future studies are needed to answer these questions. In the following sections,
I briefly summarize basic knowledge of neuronal circuits of the piriform cortex and
olfactory tubercle, hoping that the knowledge is helpful for addressing important
questions regarding the workings of the large-scale networks of the central olfac-
tory system.

8.2 Neuronal Circuits in the Piriform Cortex

The piriform cortex is thought to use spatially distributed overlapping ensembles of
active pyramidal cells to represent odors (Neville and Haberly 2004; Wilson and
Sullivan 2011). At the level of the OB, individual glomeruli represent a single type
of odorant receptor and thus respond to particular molecular features of odorants
(Kikuta et al. 2013; Mori et al. 1999). On the other hand, individual neurons in the
piriform cortex respond not to individual features but to combinations of features
(Haberly 2001; Litaudon et al. 2003; Poo and Isaacson 2011; Wilson and Sullivan
2011; Yoshida and Mori 2007).

Piriform cortex neurons that respond to a given odor are dispersedly distributed
across the wide space of the piriform cortex without spatial preference (Illig and
Haberly 2003; Litaudon et al. 1997; Mitsui et al. 2011; Rennaker et al. 2007,
Stettler and Axel 2009). As already stated, excitatory responses of individual
neurons in the piriform cortex are tuned to specific combinations of stimulus
odorants. The two characteristic properties of the piriform cortex (“sparse distribu-
tion of the odor-induced activity” and “selective odor tuning of individual neu-
rons”) resemble those of the hippocampus (“sparse distribution of CA1 pyramidal
cells (place cells) that fire at a particular place” and “individual pyramidal cells
have the property of well-tuned place cell”). Based on these properties and its
characteristic anatomical structure, the hippocampus has been proposed to be a
giant cortical module (Buzsaki 2006). Similarity between piriform cortex and
hippocampus implies that the piriform cortex might also be categorized as a giant
cortical module.

Recurrent axon collaterals of pyramidal cells in the piriform cortex form excit-
atory synaptic connections on dendrites of other pyramidal cells that are distributed
widely in the piriform cortex (Fig. 8.3) (Chen et al. 2003; Franks et al. 2011;
Haberly and Presto 1986; Johnson et al. 2000; Yang et al. 2004). These recurrent
axon collaterals are classified into those that terminate in layer Ib (Ib association
axons) and those that terminate in layers II and III (deep association axons).
Association axons in the bottom-up afferent pathway tend to be dominated by the
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Fig. 8.4 “OB axon-Ib association circuit” activity is induced by olfactory sensory inputs during
the inhalation phase (and the transition phase), whereas “deep association axon circuit” activity
may occur mainly during the exhalation phase. Upper trace indicates the respiration cycle during
awake resting state. Upward swing shows inhalation and downward swing indicates exhalation.
Abscissa shows time (one sniff cycle is about 500 ms). O onset of inhalation, T period of transition
from inhalation to exhalation. Tufted—Ib, activities of “tufted cell axon—IB association axon
circuits” in the olfactory cortex. Mitral-Ib, activities of “mitral cell axon—Ib association axon
circuits” in the olfactory cortex. Deep assoc, activities of “deep association axon circuits” in the
olfactory cortex

Ib association axons, whereas those in the top-down pathway tend to be the deep
association axons. For example, recurrent axons collaterals of pyramidal cells in the
PPC terminate mostly on basal dendrites of other pyramidal cells in layer III of the
whole piriform cortex, and only a small percentage of them terminate on apical
dendrites in layer Ib (Haberly 2001).

As described in Fig. 8.2, a major direction of olfactory afferent information flow to
the piriform cortex is OB — AON — APCv — APCd — PPC. The afferent stream
of odor information is conveyed by axons of tufted and mitral cells in the OB
(OB axons) and Ib association axons of pyramidal cells in the AON and piriform
cortex. It should be underscored that both the OB axons and Ib association axons form
excitatory synaptic terminals on apical dendrites (in layer I) of pyramidal cells in the
piriform cortex, forming “OB axon-Ib association axon circuits” (Figs. 8.2, 8.3).

As discussed in Chap. 1, each sniff cycle consists of a sequence of the inhalation
phase (or on-line phase) followed by the exhalation phase (or off-line phase). Odor-
inhalation activates the OB axon-Ib association axon circuits during the inhalation
phase, including the inhalation—exhalation transition phase, as shown in Chap. 7. In
other words, OB axon-Ib association axon circuits are active mainly during the
on-line inhalation phase of the sniff cycle (Fig. 8.4). Furthermore, the activity of
OB axon-Ib association axon circuits during the inhalation phase consists of an early-
onset fast gamma oscillation phase (mediated by tufted cell circuits) and a later-onset
slow gamma oscillatory phase (mediated by mitral cell circuits) (Fig. 8.4).
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Pyramidal cells in the piriform cortex also emit recurrent association axons that
terminate in layers II and III of the piriform cortex and on neurons of the
endopiriform nucleus. Because pyramidal cells in the piriform cortex extend
basal dendrites in layers II and III, the deep association axons form excitatory
synaptic terminals mainly on the basal dendrites of other pyramidal cells, forming
the “deep association axon circuits” (Fig. 8.3). Hiroyuki Manabe and Kimiya
Narikiyo in my laboratory recently found that the deep association axon circuits
are active mainly during the later part of the long exhalation phase (off-line phase)
of the sniff cycle in freely behaving animals. These results suggest that the OB
axon-Ib association axon circuits and the deep association axon circuits in the
piriform cortex are activated at different phases of the sniff cycle (Fig. 8.4).

Physiological analysis of the piriform cortex circuits during wakefulness and
sleep also suggests the link between the activity of the deep association axon
circuits and the off-line processing of olfactory information. During slow-wave
sleep (off-line period) in which the OB axon-Ib association axon circuits are
suppressed by behavioral state-dependent sensory gating (Murakami et al. 2005),
numerous neurons in the APC generate synchronized spike activities that are
associated with sharp waves (Manabe et al. 2011). Current source density analysis
of the sharp waves indicated that the deep association axon circuits including the
endopiriform nucleus are responsible for generating the synchronized spike dis-
charges of APC neurons during slow-wave sleep. The sharp wave-associated
synchronized discharges of APC neurons travel also to the deep layer (granule
cell layer) of the olfactory bulb (Manabe et al. 2011) and to the deep layer of the
olfactory tubercle (Narikiyo et al. 2013), sending synchronized synaptic inputs
repeatedly to these regions during slow-wave sleep.

It is not well understood at present how the activity of the OB axon-Ib associ-
ation axon circuits during the on-line inhalation phase is transmitted to the deep
association axon circuits in the piriform cortex and generates the activity of the
latter circuits that occurs mainly during the off-line exhalation phase. In addition, it
is not clear what types of neurons in the piriform cortex are involved in the OB
axon—Ib association axon circuits and the deep association axon circuits in the
piriform cortex. For example, semilunar cells whose cell bodies are located in the
superficial subdivision of layer II (layer Ila) of the piriform cortex appeas to be
associated with the OB axon-Ib association axon circuits because these cells
project apical dendrites widely to layer I and lack basal dendrites. Inhibitory
interneurons in layer I such as large horizontal cells and layer Ia neuroglial cells
(Bekkers 2013) might also be involved in the OB axon-Ib association axon circuits.
Fast-spiking large multipolar cells are GABAergic inhibitory neurons whose
somata are distributed in layers II and III (Suzuki and Bekkers 2012). Because
they receive deep recurrent association axon inputs, they may be involved in the
deep-association axon circuits in the piriform cortex. Further studies are needed to
elucidate the neuronal substrates for the OB axon-Ib association axon circuits that
works mainly during the inhalation phase and those for the deep association axon
circuits that are activated during the later part of long exhalation phase.
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8.3 Plasticity of Recurrent Association Fiber Synaptic
Connections Among Pyramidal Cells in the Piriform
Cortex

Piriform cortex networks have been described as containing a combinatorial,
auto-associative array capable of content addressable memory (Haberly 2001;
Wilson and Sullivan 2011). Both Ib and deep recurrent association axons of
pyramidal cells in the piriform cortex form excitatory synaptic connections on
dendritic spines of other pyramidal cells that are distributed widely in the piriform
cortex (Figs. 8.3, 8.5) (Chen et al. 2003; Haberly and Presto 1986; Johnson
et al. 2000; Yang et al. 2004). It has been proposed that Ib and deep association
axon synaptic connections among pyramidal cells in the piriform cortex form
networks with an iterative recurrent reexcitatory pattern that can store input patterns
from the OB by plastically changing their synaptic connections (Barkai et al. 1994;
Haberly 2001; Marr 1971; Neville and Haberly 2004; Wilson and Sullivan 2011).

Based on the idea of spike timing-dependent plasticity (Feldman 2012), it can be
speculated that during the learning or storage of input patterns the association axon
synaptic connections would be strengthened between pyramidal cells with different
odorant-tuning specificity that are coactivated by odor inhalation, whereas the
association axon synaptic connections would be weakened between activated and
nonactivated pyramidal cells (Fig. 8.5). After learning the olfactory input pattern,
the strengthened association axon synaptic connections could temporally synchro-
nize the spike activity of those coactivated pyramidal cells with different odorant-
tuning specificity when the same or similar input patterns arrive from the olfactory
bulb (Neville and Haberly 2004). Computer modeling studies showed that the
recurrent association axon networks can store and retrieve multiple input patterns
that may include olfactory images of numerous different objects (Barkai
et al. 1994). The recurrent association axon connections among pyramidal cells
can thus provide a mechanism for feedback binding of coactivated pyramidal cells
based on the memory traces of previously stored input patterns.

Based on the foregoing considerations, Mori, Manabe, Narikiyo, and Onisawa
hypothesized that the late-onset synchronous gamma oscillatory inputs from mitral
cells cause temporal “binding” of the spike activities of numerous pyramidal cells
with different tuning specificity that are coactivated via tufted cell axon—Ib associ-
ation axon pathways during odor inhalation (Mori et al. 2013) (Fig. 8.5). The mitral
cell-induced spike synchronization of pyramidal cell activities would facilitate the
strengthening of the association axon synaptic connections among the coactivated
pyramidal cells during the storage of input patterns that are provided by tufted cell—
Ib association axon pathways. In summary, Mori et al. proposed a model in which
mitral cell pathways provide feed-forward binding circuits, sending the spike
synchronization timing to facilitate the storage of olfactory sensory inputs patterns
by causing the spike synchronization of coactivated pyramidal cells at the gamma
frequency, and thus strengthening association axon synaptic connections among
coactivated pyramidal cells with different tuning specificity.
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Fig. 8.5 Schematic diagram of possible functional differentiation between the tufted cell pathway
and mitral cell pathway in odor information processing in the neuronal circuits of the piriform
cortex. In this model, red, yellow, and pink glomeruli are assumed to be activated simultaneously
by an odor inhalation. Activated tufted cells (T; shown by red, orange, or pink) send the odor
information with early-onset fast gamma synchrony to specific target pyramidal cells in the
anterior olfactory nucleus (AON), which in turn send the information presumably with fast
gamma synchrony with specific target pyramidal cells in the piriform cortex. Activated mitral
cells (M, shown by blue) provide dispersedly-projecting feed-forward binding circuits transmitting
the spike synchronization timing with later-onset slow gamma synchrony to whole pyramidal cells
in the piriform cortex. Pyramidal cells (P) in layer II of the anterior piriform cortex project axons
directly to the orbitofrontal cortex (OFC). Pyramidal cells in the piriform cortex form recurrent
association axon synaptic connections (/b assoc. and deep assoc.) with other pyramidal cells,
forming feedback binding circuits. These pyramidal cells project axons also to the endopiriform
nucleus (En), olfactory tubercle (OT), and amygdaloid nuclei (Amyg). Neurons of the endopiriform
nucleus send axons to the mediodorsal nucleus (MD) of thalamus. The MD provides
thalamocortical projections to the OFC, and OFC sends feedback corticothalamic connections to
the MD. Neurons in the OT send inhibitory output to the ventral pallidum (VP), which sends
inhibitory output to the MD and ventral tegmental area (VTA). la, Ib, II, III are layers in the
piriform cortex. Pyramidal cells with green nucleus in the piriform cortex indicate neurons
coactivated by an odor inhalation. Recurrent collateral excitatory synaptic connections (deep
assoc) among these neurons form feedback binding circuits. (Modified from Mori et al. 2013)

If this scenario is correct, the next question is to which neuronal circuits the
coactivated pyramidal cells of the piriform cortex send the synchronized spike
outputs. Because the olfactory tubercle receives association fiber inputs from
virtually all parts of the piriform cortex, the olfactory tubercle is one of the
candidate targets that receive the synchronized inputs from the piriform cortex.
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8.4 The Olfactory Tubercle Is Part of the Ventral Striatum
and Receives Axonal Projection from the Olfactory
Bulb, Piriform Cortex, and Frontal Cortex

The olfactory tubercle is an area of the olfactory cortex and part of the ventral
striatum that has a key role in a variety of motivational behaviors (Heimer 2003;
Heimer et al. 1987; Ikemoto 2003, 2007; Switzer et al. 1982). The olfactory
tubercle has a layered structure that consists of superficial layer I, dense cell layer
(layer II), and deep layer (layer III), although these layers have undulations and are
interrupted by CAP-like regions and islands of Calleja (Fig. 8.6) (Millhouse 1987,
Millhouse and Heimer 1984). Although the olfactory tubercle has a cortex-like
layered structure, it has a striatum-like organization consisting of GABAergic
medium-sized spiny neurons (MSNs) as major output neurons (Millhouse and
Heimer 1984).

The olfactory tubercle contains cortex-like regions and CAP regions (Fig. 8.6).
In the cortex-like region, two types of MSNs (dopamine D1 receptor-expressing
MSNs and D2 receptor-expressing MSNs) are intermingled. These MSNs extend
apical dendrites superficially in layer I and basal dendrites in layers II and III. In the
CAP region, smaller MSNs (dwarf cells) are packed in the layer II (dense cell
layer). In the CAP region, layer Ib is very thin and apical dendrites of the smaller
MSNss are distributed mostly in layer Ia. In both CAP and cortex-like regions of the
olfactory tubercle, axons of MSNs make inhibitory synaptic connections on den-
drites of neurons in the rostral part of the ventral pallidum (Fig. 8.6) (Heimer
et al. 1987; Luskin and Price 1983a; Newman and Winans 1980; Tripathi
et al. 2013).

Tufted and mitral cells in the olfactory bulb project axons to layer Ia of the
olfactory tubercle and form excitatory synaptic connections on the spines of apical

CAP region Cortex like region

Fig. 8.6 Principal neurons
and neuronal circuits in the
olfactory tubercle and
ventral pallidum (VP).
Olfactory tubercle can be
subdivided into CAP region
(left) and cortex-like region
(right). MSN medium-sized
spiny neuron in the cortex-
like region, MSN(s) smaller
MSN (dwarf cells) in the
CAP region. Layers in the
olfactory tubercle: /a layer
Ia, Ib layer Ib, II layer 11
(dense cell layer), 111

layer III
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dendrites of MSNs (Price 1973). Association axons originated from pyramidal cells
in the piriform cortex terminate in layers Ib, II, and III of the olfactory tubercle
(Luskin and Price 1983a; Price 1973). Based on the classification of Ib association
axons and deep association axons in the piriform cortex, the association axon inputs
from the piriform cortex pyramidal cells to the olfactory tubercle can be classified
into two subsets: “Ib association axon inputs” and “deep association axon inputs.”
The Ib association axon inputs may reflect the OB axon—Ib association axon circuit
activity and may terminate on apical dendrites (in layer I) of MSNs whereas the
deep association axon inputs may be associated with the activity of deep association
axon circuits in the piriform cortex and mainly terminate on basal dendrites (layers
II and III) of MSNs.

The olfactory tubercle is thought to contain motivation behavior modules that
function as gateways for odor information to induce specific motivation behaviors
(Ikemoto 2007). In line with this idea, Koshi Murata in my laboratory found, in
mice, that the regions or modules within the olfactory tubercle do not represent
odors but rather are activated when mice show specific motivational behaviors.
Activation of MSNs in a specific motivation behavior module may lead to the
expression of the motivational behavioral outputs via the olfactory tubercle —
ventral pallidum — thalamus/hypothalamus/ventral tegmental area pathways
(Heimer et al. 1987; Zahm and Heimer 1987; Zahm et al. 1987) (Figs. 8.1, 8.6).
This observation suggests that the olfactory sensory pathways to the olfactory
tubercle provide an excellent model neuronal circuit for analyzing the neuronal
mechanism of the odor input—behavioral output translation.

There are multiple neuronal pathways from the olfactory sensory neurons to the
olfactory tubercle (Fig. 8.1). First, tufted and mitral cells in the olfactory bulb
project axons directly to the olfactory tubercle, forming direct pathways from the
olfactory bulb. Second, the olfactory tubercle receives association axon inputs from
many areas of the olfactory cortex including the AON, tenia tecta, piriform cortex,
cortical amygdaloid nuclei, and entorhinal cortex, forming the OB — olfactory
cortex — olfactory tubercle pathways. In these pathways, odor signals are first
processed in the neuronal circuits of the olfactory cortex, possibly in reference to
olfactory memories, and then the processed results are sent to the motivation
behavior modules in the olfactory tubercle.

Third, the olfactory tubercle receives inputs from the amygdaloid nuclei, thus
forming the OB — olfactory cortex (including cortical amygdaloid nuclei) —
amygdala — olfactory tubercle pathways. Fourth, the olfactory cortex receives
inputs from the OFC and mPFC, thus forming OB — olfactory cortex — frontal
cortex — olfactory tubercle pathways. Thus, odor signals are processed first in the
olfactory cortex and then in the frontal cortex. After the integration of olfactory
signals with other sensory and motor signals, the frontal cortex may send the signal
to the olfactory tubercle. Therefore, multiplex parallel pathways rather than a single
pathway convey olfactory information from the olfactory bulb to the olfactory
tubercle (Fig. 8.1).

Furthermore, neurons in the ventral pallidum, which receives inputs from the
olfactory tubercle, project axons to the ventral tegmental area. Dopaminergic
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neurons in the ventral tegmental area are involved in the expectancy of reward and
project axons densely back to the olfactory tubercle.

At present, it is unclear how these multiple olfaction-related pathways to the
olfactory tubercle work during the inhalation—exhalation sniff cycle. It is a great
challenge of future studies to understand the function and its neuronal mechanism
of each pathway as well as those that coordinate the functions of these multiple
pathways to the olfactory tubercle.

The foregoing speculations regarding the multiple parallel neuronal pathways to
the olfactory tubercle can be extrapolated to many other pathways and loops in the
central olfactory system. Intensive research on the piriform cortex, olfactory tuber-
cle, and higher association areas has started only recently, and a number of
important questions remain unanswered or even questions themselves remain
unknown. Recent studies suggest that there will be a rapid acceleration of the
understanding of the structure and function of the large-scale networks in the
central olfactory system in the near future. Finally, neuronal circuits in the central
olfactory system provide an excellent model system with which to study the
functional organization of the cortical, thalamic, and basal ganglia networks for
the translation of external sensory information to appropriate motivational and
emotional behaviors.

References

Barkai E, Bergman RE, Horwitz G, Hasselmo ME (1994) Modulation of associative memory
function in a biophysical simulation of rat piriform cortex. J Neurophysiol 72:659-677

Bekkers JMSN (2013) Neurons and circuits for odor processing in the piriform cortex. Trends
Neurosci 36:429-438

Buzsaki G (2006) Rhythms of the brain. Oxford University Press, New York

Chen S, Murakami K, Oda S, Kishi K (2003) Quantitative analysis of axon collaterals of single
cells in layer III of the piriform cortex of the guinea pig. J Comp Neurol 465:455-465

Feldman DE (2012) The spike-timing dependence of plasticity. Neuron 75:556-571

Franks KM, Russo MJ, Sosulski DL, Mulligan AA, Siegelbaum SA, Axel R (2011) Recurrent
circuitry dynamically shapes the activation of piriform cortex. Neuron 72:49-56

Haberly LB (1983) Structure of the piriform cortex of the opossum. I. Description of neuron types
with Golgi methods. J Comp Neurol 213:163—-187

Haberly LB (2001) Parallel-distributed processing in olfactory cortex: new insights from morpho-
logical and physiological analysis of neuronal circuitry. Chem Senses 26:551-576

Haberly LB, Presto S (1986) Ultrastructural analysis of synaptic relationships of intracellularly
stained pyramidal cell axons in piriform cortex. J Comp Neurol 248:464-474

Heimer L (2003) A new anatomical framework for neuropsychiatric disorders and drug abuse. Am
J Psychiatry 160:1726-1739

Heimer L, Zaborszky L, Zahm DS, Alheid GF (1987) The ventral striatopallidothalamic projec-
tion: 1. The striatopallidal link originating in the striatal parts of the olfactory tubercle. J Comp
Neurol 255:571-591

Ikemoto S (2003) Involvement of the olfactory tubercle in cocaine reward: intracranial self-
administration studies. J Neurosci 23:9305-9311

Ikemoto S (2007) Dopamine reward circuitry: two projection systems from the ventral midbrain to
the nucleus accumbens-olfactory tubercle complex. Brain Res Rev 56:27-78



174 K. Mori

Illig KR, Haberly LB (2003) Odor-evoked activity is spatially distributed in piriform cortex.
J Comp Neurol 457:361-373

Johnson DM, Illig KR, Behan M, Haberly LB (2000) New features of connectivity in piriform
cortex visualized by intracellular injection of pyramidal cells suggest that “primary” olfactory
cortex functions like “association” cortex in other sensory systems. J Neurosci 20:6974—6982

Kikuta S, Fletcher ML, Homma R, Yamasoba T, Nagayama S (2013) Odorant response properties
of individual neurons in an olfactory glomerular module. Neuron 77:1122-1135

Li W, Lopez L, Osher J, Howard JD, Parrish TB, Gottfried JA (2010) Right orbitofrontal cortex
mediates conscious olfactory perception. Psychol Sci 21:1454-1463

Litaudon P, Datiche F, Cattarelli M (1997) Optical recording of the rat piriform cortex activity.
Prog Neurobiol 52:485-510

Litaudon P, Amat C, Bertrand B, Vigouroux M, Buonviso N (2003) Piriform cortex functional
heterogeneity revealed by cellular responses to odours. Eur J Neurosci 17:2457-2461

Luskin MB, Price JL (1983a) The laminar distribution of intracortical fibers originating in the
olfactory cortex of the rat. ] Comp Neurol 216:292-302

Luskin MB, Price JL (1983b) The topographic organization of associational fibers of the olfactory
system in the rat, including centrifugal fibers to the olfactory bulb. J Comp Neurol
216:264-291

Manabe H, Kusumoto-Yoshida I, Ota M, Mori K (2011) Olfactory cortex generates synchronized
top-down inputs to the olfactory bulb during slow-wave sleep. J Neurosci 31:8123-8133

Marr D (1971) Simple memory: a theory for archicortex. Philos Trans R Soc Lond B Biol Sci
262:23-81

Millhouse OE (1987) Granule cells of the olfactory tubercle and the question of the islands of
Calleja. J] Comp Neurol 265:1-24

Millhouse OE, Heimer L (1984) Cell configurations in the olfactory tubercle of the rat. ] Comp
Neurol 228:571-597

Mitsui S, Igarashi KM, Mori K, Yoshihara Y (2011) Genetic visualization of the secondary
olfactory pathway in Tbx21 transgenic mice. Neural Syst Circuits 1:5

Mori K, Nagao H, Yoshihara Y (1999) The olfactory bulb: coding and processing of odor molecule
information. Science 286:711-715

Mori K, Manabe H, Narikiyo K, Onisawa N (2013) Olfactory consciousness and gamma oscilla-
tion couplings across the olfactory bulb, olfactory cortex, and orbitofrontal cortex. Front
Psychol 4:743

Murakami M, Kashiwadani H, Kirino Y, Mori K (2005) State-dependent sensory gating in
olfactory cortex. Neuron 46:285-296

Narikiyo K, Manabe H, Mori K (2013) Sharp wave-associated synchronized inputs from the
piriform cortex activate olfactory tubercle neurons during slow-wave sleep. J Neurophysiol
111:72-81

Neville KR, Haberly LB (2004) Olfactory cortex. In: Shepherd GM (ed) The synaptic organization
of the brain. Oxford University Press, New York, pp 415-454

Newman R, Winans SS (1980) An experimental study of the ventral striatum of the golden
hamster. II. Neuronal connections of the olfactory tubercle. J] Comp Neurol 191:193-212

Plailly J, Howard JD, Gitelman DR, Gottfried JA (2008) Attention to odor modulates
thalamocortical connectivity in the human brain. J Neurosci 28:5257-5267

Poo C, Isaacson JS (2011) A major role for intracortical circuits in the strength and tuning of odor-
evoked excitation in olfactory cortex. Neuron 72:41-48

Price JL (1973) An autoradiographic study of complementary laminar patterns of termination of
afferent fibers to the olfactory cortex. J Comp Neurol 150:87-108

Rennaker RL, Chen CF, Ruyle AM, Sloan AM, Wilson DA (2007) Spatial and temporal distribu-
tion of odorant-evoked activity in the piriform cortex. J Neurosci 27:1534—1542

Schoenbaum G, Saddoris MP, Stalnaker TA (2007) Reconciling the roles of orbitofrontal cortex in
reversal learning and the encoding of outcome expectancies. Ann N'Y Acad Sci 1121:320-335

Shipley MT, Ennis M (1996) Functional organization of olfactory system. J Neurobiol 30:123-176



8 Piriform Cortex and Olfactory Tubercle 175

Stettler DD, Axel R (2009) Representations of odor in the piriform cortex. Neuron 63:854-864

Suzuki N, Bekkers JM (2012) Microcircuits mediating feedforward and feedback synaptic inhi-
bition in the piriform cortex. J Neurosci 32:919-931

Switzer RC 3rd, Hill J, Heimer L (1982) The globus pallidus and its rostroventral extension into
the olfactory tubercle of the rat: a cyto- and chemoarchitectural study. Neuroscience
7:1891-1904

Tripathi A, Prensa L, Mengual E (2013) Axonal branching patterns of ventral pallidal neurons in
the rat. Brain Struct Funct 218:1133-1157

Wilson DA, Sullivan RM (2011) Cortical processing of odor objects. Neuron 72:506-519

Yang J, Ul Quraish A, Murakami K, Ishikawa Y, Takayanagi M et al (2004) Quantitative analysis
of axon collaterals of single neurons in layer Ila of the piriform cortex of the guinea pig. J
Comp Neurol 473:30-42

Yoshida I, Mori K (2007) Odorant category profile selectivity of olfactory cortex neurons. J
Neurosci 27:9105-9114

Zahm DS, Heimer L (1987) The ventral striatopallidothalamic projection. III. Striatal cells of the
olfactory tubercle establish direct synaptic contact with ventral pallidal cells projecting to
mediodorsal thalamus. Brain Res 404:327-331

Zahm DS, Zaborszky L, Alheid GF, Heimer L (1987) The ventral striatopallidothalamic projec-
tion: II. The ventral pallidothalamic link. J Comp Neurol 255:592-605



Chapter 9
Human Olfaction: A Typical Yet Special
Mammalian Olfactory System

Tali Weiss, Lavi Secundo, and Noam Sobel

Abstract In this chapter we concentrate on human olfaction, asking what the study
of human olfaction has taught us about mammalian olfaction in general, and what it
has shown as uniquely human olfactory structure and function. We first briefly
highlight the superb olfactory capabilities of humans, starting with keen detection
and discrimination, through unlikely tasks such as scent tracking, and culminating in
complex social chemosignaling. We then describe the neural organization of human
olfaction subserving these tasks, noting unique human olfactory sampling strategies,
apparently unique organizational features of the human olfactory epithelium and
bulb, and functional specializations in olfactory cortex. Although these attributes
may constitute nuances of sensory system organization, the most unique aspect of
human olfaction, and indeed of humans in general, remains coding into language. It is
this language-based key that has allowed uncovering a small but significant portion
of the rules by which molecular structures transform into olfactory percepts.

Keywords Functional imaging ¢ Human chemosignaling ¢« Human olfaction

* Odor space ¢ Olfactory coding ¢ Olfactory space ¢ Sniffing

9.1 Introduction

9.1.1 Humans Have Keen Olfactory Abilities
Used for Social Chemosignaling

In contrast to popular notions, behavioral studies have repeatedly found that
humans have a superbly keen sense of smell (Shepherd 2004; Zelano and Sobel
2005). Human olfactory performance in terms of detection thresholds and
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Fig. 9.1 Humans can scent-track. On the left is a figure from National Geographic depicting
scent-tracking strategies in the dog (Gibbons 1986). On the right is a depiction of a human subject
conducting a similar task (Porter et al. 2007). The yellow line denotes the scent track, and the red
line denotes tracking pattern

discrimination is often close to, or on par with, that of other mammals (Laska and
Freyer 1997; Laska et al. 1999a, b). For example, the odorant ethyl mercaptan,
which is often added to propane as a warning agent, can be detected at concentra-
tions less than 1 part per billion (ppb) and perhaps as low as 0.2 ppb (Whisman
et al. 1978). This concentration is equivalent to approximately three drops of
odorant within an Olympic-size swimming pool; given two pools, a human could
detect by smell which pool contained the three drops of odorant. Moreover, this
performance can improve with practice. For example, men and women who were
completely unable to detect the odor of androstenone developed the ability to detect
it after repeated exposure (Wysocki et al. 1989; Mainland et al. 2002), and detection
thresholds for everyday odors improved with repeated exposure, but only in women
and not in men (Dalton et al. 2002). Humans not only detect and discriminate odors;
they can also act on them in complex ways. For example, as can many microsmatic
animals, humans can track a scent trail in a field, and again further improve their
performance with practice (Porter et al. 2007) (Fig. 9.1). In fact, after only 4 days of
scent-tracking practice, the rate-limiting factor on human performance was their
rate of crawling; humans could scent-track as fast as they could crawl.

Finally, similar to all mammals, humans make extensive use of social
chemosignaling (Wysocki and Preti 2004). Perhaps the best known example of
human chemosignaling is the phenomenon of menstrual synchrony, whereby
women who live in close proximity, such as roommates in dormitories, synchronize
their menstrual cycle over time (McClintock 1971). This effect is mediated by an
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Fig. 9.2 The smell of fear drives fearful facial expressions. Mean impact of the olfactory (fear,
no fear) message on EMG from the medial frontalis and corrugator supercilii activity over time.
Error bars indicate 68 % confidence intervals (de Groot et al. 2013)

odor in sweat. This concept was verified in a series of studies where experimenters
obtained underarm sweat extracts from donor women during either the ovulatory or
follicular menstrual phase. These extracts were then deposited on the upper lips of
recipient women, where follicular sweat accelerated ovulation, and ovulatory sweat
delayed it (Russell et al. 1980; Stern and McClintock 1998). Moreover, variation in
menstrual timing can be increased by the odor of other lactating women (Jacob
et al. 2004), or regulated by the odor of male hormones (Cutler et al. 1986; Wysocki
and Preti 2004).

Menstrual synchrony is not the only human behavior regulated or impacted by
chemosignals. A second case that has recently been studied extensively is that of the
smell of fear. Fear or distress chemosignals are prevalent throughout animal species
(Pageat and Gaultier 2003; Hauser et al. 2008). In an initial study in humans, Chen
and Haviland-Jones (Chen and Haviland-Jones 2000) collected underarm odors on
gauze pads from young women and men after they watched funny or frightening
movies. They later asked other women and men to determine, by smell, which was
the odor of people when they were “happy” or “afraid.” Women correctly identified
happiness in men and women and fear in men. Men correctly identified happiness in
women and fear in men. A similar result was later obtained in a study that examined
women only (Ackerl et al. 2002). Moreover, women had improved performance in a
cognitive verbal task after smelling fear sweat versus neutral sweat (Chen
et al. 2006), and the smell of fearful sweat biased women toward interpreting
ambiguous expressions as more fearful, but had no effect when the facial emotion
was more discernible (Zhou and Chen 2009). Moreover, subjects had an increased
startle reflex when exposed to anxiety-related sweat versus sports-related sweat
(Prehn et al. 2006), and fear-related sweat induced fearful facial expressions as
estimated by facial EMG (Groot et al. 2013) (Fig. 9.2). Finally, imaging studies
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Fig. 9.3 Human emotional tears contain a chemosignal. (a) In a three-alternative forced-choice
task, 30 subjects could not discriminate tears from saline. (b) The odorless tears induced brain
activation in the limbic system. (c¢) The odorless tears drove a reduction in salivary testosterone.
The insert reflects the number of subjects who expressed the effect (bars) and the mean values
(dotted line)

have revealed dissociable brain representations after smelling anxiety sweat versus
sports-related sweat (Prehn-Kristensen et al. 2009). These differences are evident in
the amygdala, a brain substrate common to olfaction, fear responses, and emotional
regulation of behavior (Mujica-Parodi et al. 2009). Taken together, this body of
research strongly suggests that humans can discriminate the scent of fear from other
body odors and that this chemosignal influences behavior.

Human chemosignals are not limited to sweat alone. Two additional sources that
have been examined are vaginal secretions (Doty et al. 1975; Cerda-Molina
et al. 2013) and emotional tears (Gelstein et al. 2011; Oh et al. 2012). Sniffing of
apparently odorless (Fig. 9.3a) emotional tears drives a host of psychological,
physiological, and hormonal responses; these include reductions in autonomic
arousal as measured with skin conductance, reductions in neural activity measured
with functional magnetic resonance imaging (fMRI) throughout the limbic system
including the hypothalamus (Gelstein et al. 2011) (Fig. 9.3b), and reductions in
salivary testosterone (Gelstein et al. 2011; Oh et al. 2012) (Fig. 9.3c). These results
imply a chemosignaling function for emotional tears similar to that observed in
rodents, where lachrymal secretions alter both aggressive (Shanas and Terkel 1997)
and sociosexual behavior (Kimoto et al. 2005, 2007). Finally, rather than using the
potential signal carriers such as sweat and tears, several candidate signaling mol-
ecules have been identified in the signaling media, synthesized, and tested inde-
pendently. Most of these are androgen-related steroids, the one called
androstadienone (4,16-androstadien-3-one, AND) receiving the most attention.
AND is found in axillary secretions at levels up to 20 times higher in men than in
women, and when smelled, it induces a host of behavioral (Grosser et al. 2000;
Jacob et al. 2001a; Bensafi et al. 2003b, 2004; Bensafi 2004; Lundstrom and Olsson
2005; Hummer and McClintock 2009), hormonal (Wyart et al. 2007), and brain
(Jacob et al. 2001b) responses that are sex specific (Savic et al. 2001) and sexual
orientation specific (Savic et al. 2005).

The foregoing examples highlight how human olfaction is in many ways a
typical example of mammalian olfaction. Human olfaction, however, is also unique
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Fig. 9.4 Recording a local field potential (LFP) from the human olfactory epithelium (OE).
(a) Experimental apparatus. (b) Average electro-olfactograms (EOGs) from 16 subjects (thin
lines), as well as grand average (thick lines) for the odorants vanillin (Van, black) and ammonium
sulfide (AmS, red), showing clear separation. (¢) The difference in EOG response between any two
odors was related to the difference in pleasantness between those two odors

and special in several ways, and most critically in its translation into language.
Later we detail how this uniqueness has recently advanced our understanding of
what is arguably the central question in olfaction research, namely, the triangular
relationship between odor structure, neuronal coding, and perception.

9.1.2 We Can Measure Neural Activity
in the Human Olfactory System

The study of human olfaction is not limited to behavior and perception alone.
Although most studies on the anatomy and physiology of olfaction are conducted
in animals, new techniques allow researchers to measure neural responses in human
subjects in vivo. At the peripheral level, the accessibility of the olfactory sensory
neurons (OSNs) allows researchers to place an electrode on the olfactory epithe-
lium (OE) and measure the combined electrical activity of thousands of OSNs in
response to odor stimulation. This response is referred to as an electro-olfactogram
(EOQG) (Fig. 9.4) (Kobal and Hummel 1991; Knecht and Hummel 2004; Hummel
et al. 2006; Lapid et al. 2009, 2011; Lapid and Hummel 2013). An additional
promising method for measuring odor-driven activity of human OSNss is by intrin-
sic optical signal (IOS) imaging. Changes in blood oxygenation, blood flow, and
light scattering related to vascular and metabolic activities caused by neuronal
activation can be measured using a light source and CCD camera mounted on a
nasal endoscope (Ishimaru et al. 2007, 2011). At the cortical level, methodological
advances in techniques for functional neuroimaging such as positron emission
tomography (PET) and fMRI allow visualizing human brain activity in response
to odorant stimulation and olfactory tasks (Gottfried 2010). A critical advantage to
making all these measurements in humans rather than in other animals is that they
can coincide with simultaneous perceptual estimates provided by the subjects: this
may allow formulation of rules linking neural responses and olfactory perception.
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9.2 The Study of Humans Uncovers Novel Aspects in Brain
Organization of Olfaction

As in other mammals, human olfaction starts with stimulus acquisition or sniffing,
which is followed by transduction at OSNs that line the OE in the nose. Information
is then transmitted via the olfactory nerve, through the cribriform plate, and to
the olfactory bulb (OB) in the brain. OB output is transmitted via the lateral
olfactory tract to the primary and secondary olfactory cortices, mainly the piriform
and the orbitofrontal cortex (OFC), respectively (Price 1990) (Fig. 9.5). This
organization is bilateral and symmetrical, and although structural connectivity
appears largely ipsilateral (i.e., from the left epithelium to the left bulb to the left
cortex), functional studies in humans have implied that connectivity to the cortex
may follow contralateral pathways as well (Savic and Gulyas 2000; Porter
et al. 2005).

Fig. 9.5 Schematic of the human olfactory system. Odorants are transduced at the olfactory
epithelium (OE) (/). Different receptor types (three illustrated, ~400 in humans) converge via the
olfactory nerve onto common glomeruli at the olfactory bulb (OB) (2). From here, information is
conveyed via the lateral olfactory tract to the primary olfactory cortex (3). From here, information
is further relayed throughout the brain, most notably to the orbitofrontal cortex (OFC) (5), via a
direct and indirect route through the thalamus (4)
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Fig. 9.6 Simultaneous
orthonasal and retronasal
stimulation. A magnetic
resonance image (MRI)
from Small et al. (2005)
shows placement of the
nasal cannulae at the
external nares, to achieve
orthonasal delivery, and at
the retropharynx, to achieve
retronasal delivery

9.2.1 Nostril-Specific Sniffs Drive Nostril-Specific
Odor Perception

Before air-borne stimuli are processed, they first must be acquired. An odorant
molecule may reach the OE primarily through two routes; sniffed through the nose
(orthonasal), or whereby an odorant enters the mouth and then propagates back up
the throat into the nose (retronasal). Retronasal olfaction may be particularly
important for processing the odors of foods. In what was perhaps the most techni-
cally challenging human olfaction study published to date, Small and colleagues
alternately delivered odorants either orthonasaly or retronasaly through an inserted
catheter (Fig. 9.6), and simultaneously measured the brain response with fMRI
(Small et al. 2005). They found that a given odor will induce a different pattern of
brain activation as a function of method of acquisition (i.e., orthonasal or
retronasal). Most strikingly, retronasal delivery induced greater activity than
orthonasal delivery in the perigenual cingulate and medial OFC only for the
food-related odor of chocolate, but not for the non-food-related odorants of laven-
der, butanol, or farnesol. This study implies unique brain representation of odors
that reflect a food and are perceived retronasaly.

Mechanisms of retronasal acquisition may be common across human and
nonhuman mammals, but human orthonasal acquisition is unique. Specifically,
although most mammals engage in highly stereotypical olfactory sniffing bouts at
4-12 Hz (Deschenes et al. 2012), humans use much slower and more variable sniffing.
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This behavior was extensively characterized by Laing and colleagues, who found that
human sniffs are typically ~1.6 s in duration, that they occur either as single sniffs or
short bouts of ~0.5 s sniffs, and that an individual’s sniffing pattern remains optimal
for that individual (Laing 1983). Moreover, although in rodents the relationship
between sniffing patterns and perception remains controversial (Rojas-Libano and
Kay 2012; Cenier et al. 2013), humans predictably modify their sniff in accordance
with odorant properties in what has been termed the sniff response. In the sniff
response, humans reduce sniff magnitude for both intense (Laing 1982, 1983;
Frank et al. 2003; Mainland et al. 2005) and unpleasant odorants (Bensafi
et al. 2003a; Arzi et al. 2012), and they start doing this within ~160 ms of sniff
onset (Johnson et al. 2003). This robust phenomenon provides a nonverbal measure of
olfactory perception that can serve in a host of investigations on olfactory function in
health and disease.

The study of human sniffing behavior also uncovered what may be a central
organizational feature of mammalian olfaction. Specifically, as in other mammals,
airflow through the human nasal passages is asymmetrical, that is, resistance to
airflow is usually greater in one nostril than in the other, resulting in higher airflow
in one nostril over the other (the reader can easily sense this difference in nasal
airflow by blocking one nostril at a time and inhaling). This difference is a reflection
of increased blood flow to one nostril over the other, resulting in increased volume
of the nasal turbinates on one side, which then physically block airflow. This
asymmetry alternates across left and right nostrils over time in what is referred to
as the nasal cycle (Stoksted 1953; Shannahoff-Khalsa 1991). The nasal cycle is
regulated by the autonomic nervous system, and its implications for general health
and performance remain unclear. For olfaction, however, given the influence of
nasal airflow on odorant sorption (Mozell and Jagodowicz 1973; Scott et al. 2014),
the implication of this cycle is that each nostril is better tuned to specific odorants as
a function of airflow in that nostril. In other words, with each sniff the nose sends
the brain two offset images of olfactory content (Sobel et al. 1999). How the brain
utilizes this offset in perception remains unclear, although it likely serves a critical
function in spatial localization of odors (Porter et al. 2005, 2007; Rajan et al. 2006;
Parthasarathy and Bhalla 2013).

9.2.2 The Olfactory Epithelium Is Organized Along
Perceptual Axes

Once sniffed, an odorant makes its way up the nasal cavity toward the OE
located mainly on the cribriform plate (known as the olfactory cleft). Recent studies
suggest that human OE can also be found on the surface of the superior turbinate,
middle turbinate, and the upper portion of the nasal septum (Feron et al. 1998;
Leopold et al. 2000; Escada et al. 2009). The OE contains four major cell types:
bipolar OSNs, supporting cells, basal cells, and duct cells of Bowman’s glands.
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As in other mammals, olfactory receptors (ORs) expressed by OSNs are mostly
seven-transmembrane domain proteins that activate G protein-based signaling
cascades when activated by odorants. Although the mammalian genome contains
approximately 1,300 OR gene subtypes, with ~1,100 of them functional (Young
2002; Zhang and Firestein 2002), humans have ~400 functional OR genes subtypes
and ~600 putative OR pseudogenes (Gilad and Lancet 2003; Mainland et al. 2014).
Additionally, the rodent main OE contains a smaller family of trace amine-
associated receptors (TAARs), which may be involved in detecting social
chemosignals (Liberles and Buck 2006; Zhang et al. 2013). In humans,
OMP-positive nasal biopsies scanned for TAAR cDNAs revealed five intact
human TAAR genes, although it is still unknown whether they are expressed in
OSNs (Carnicelli et al. 2010).

Linking genetic variation in olfactory receptors to olfactory perception has been
challenging (Frumin et al. 2013). One of the best characterized cases is that of a
receptor named OR7D4, which responds to the previously noted odorant
androstenone. Androstenone psychophysics are rather unusual. Most of the popu-
lation perceives it as a sweaty and rather unpleasant smell, but a proportion of the
population perceives it as very mild and pleasant, and an additional proportion
cannot smell it at all and are referred to as androstenone anosmic. Such specifically
anosmic individuals indeed had particular variants of OR7D4 (Keller et al. 2007).
Similarly, the receptors OR11H7P and OR10G4 respond to isovaleric acid and
guaiacol respectively, and indeed, polymorphisms in each alter human perception
of their respective ligands (Menashe et al. 2007; Mainland et al. 2014). Together,
these studies confirm that an individual’s OR gene repertoire influences their
olfactory perception.

The spatial organization of OSNs expressing different OR subtypes at the OE is
unclear. Several expression studies in rodents have suggested that OR subtypes are
randomly distributed in each of four topographically distinct zones (Ressler
et al. 1993). In contrast, directly measuring epithelial response, both electrically
and optically, revealed potential order in the organization of the olfactory receptive
surface. As mentioned in the Introduction, OSNs are in direct contact with the
environment; therefore, it is possible to record a local field potential (LFP), termed
an EOG in vivo in humans. A recent study from our laboratory found that different
recording sites along the OE were differently tuned, implying that dispersion of OR
subtypes is neither uniform nor random. Furthermore, the same study found that
pairwise differences in odorant pleasantness predicted pairwise differences in
neuronal response; that is, a location that responded maximally to a pleasant
odorant was likely to respond strongly to other pleasant odorants, and a location
that responded maximally to an unpleasant odorant was likely to respond strongly
to other unpleasant odorants (Lapid et al. 2011) (Fig. 9.4c). These results imply a
clear link between OE topography and olfactory perception.
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Fig. 9.7 Morphology and variability among human OB glomeruli shown with NCAM (green),
VGlut2 (red), and DRAQS (blue). (a) Mouse glomeruli are spherical and evenly spaced. (b—e)
Human OB glomeruli show a broader range of morphology and variability. (f) The number of
human OB glomeruli in seven individuals. Bars 100 pm. (From Maresh et al. 2008)

9.2.3 The Human Olfactory Bulb Contains ~5,500 Glomeruli

From the OE signals are transmitted to the OB. The OB is an ovoid shape structure
located in the anterior cranial fossa, above the cribriform plate of the ethmoid bone,
under the frontal lobe. In healthy subjects, the average OB volume is ~70 mm® for
men and ~65 mm® for women. Although there is large variation between individ-
uals, within-individual variation (i.e., right vs. left) is relatively small. OB volume
varies as a function of olfactory sensitivity in healthy subjects and is decreased in
patients with olfactory disorders (i.e., post-infectious, post-traumatic, or sinunasal
olfactory loss) (Buschhuter et al. 2008).

The OB is perhaps the least accessible component of the human olfactory
system. On one hand, its location renders it inaccessible to intranasal recording
electrodes. In turn, its proximity to the sinuses renders it a poor source of
fMRI signal. It is assumed that the human OB has the same basic laminar organi-
zation arranged in six circular layers as in other mammals, yet recent studies
questioned the similarity between human and rodent OB regarding both anatomy
and physiology. One difference is in the OR subtypes to glomeruli convergence
ratio. In rodents, axons of OSNs expressing the same subtype of OR converge on
one, or at most, a few glomeruli within the OB, with an average convergence ratio
of ~2:1. Recent human postmortem studies revealed an average of ~5,500 glomeruli
per bulb (Maresh et al. 2008) (Fig. 9.7f). Given the ~400 human OR subtypes, this
implies a convergence ratio of more than ~10:1. The functional significance of this
difference between rodents and humans remains unclear, and whether human
glomeruli are OR subtype specific as they are in rodents remains unknown.
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Another possible difference between human and rodent OB coding follows OB
neurogenesis. It has been suggested that adult neurogenesis constitutes an adaptive
mechanism to optimally encode olfactory information (Sahay et al. 2011).
In rodents, the subventricular zone (SZ) of the lateral ventricles produces
neuroblasts that migrate along the rostral migratory stream (RMS) toward the OB
where they differentiate into granular and periglomerular interneurons. The exis-
tence of human OB neurogenesis is debated; although the SZ maintains the ability
to produce neuroblasts (Johansson et al. 1999), there is no clear evidence of
migration of neuroblasts from the SZ to the OB (Sanai et al. 2004; Curtis
et al. 2007; Wang et al. 2011) (for review, see Huart et al. (2013)). Limited
neurogenesis in adult human OB was also implied by a recent study that measured
nuclear bomb test-derived '*C concentrations in postmortem OB genomic DNA.
In this study, "*C concentration in neuronal cells was very close to that present in
the atmosphere at the time of birth of the individuals; thus, the annual turnover was
estimated to be negligible, corresponding to <1 % of neurons exchanged after
100 years, whereas in rodents approximately 50 % of the OB neurons are
exchanged annually. Together, these studies imply meaningful potential differences
between rodent and human OB coding.

9.2.4 Right Orbitofrontal Cortex May Be Responsible
Jor Olfactory Awareness

From the OB, olfactory information is projected via the olfactory tract to primary
olfactory cortex (POC). By current definition, POC consists of all brain regions that
receive direct input from the mitral and tufted cell axons, including (by order along
the olfactory tract) the anterior olfactory nucleus, the ventral tenia tecta, anterior
hippocampal continuation and indiusium griseum, the olfactory tubercle, piriform
cortex, the anterior cortical nucleus of the amygdala, the periamygdaloid cortex,
and the rostral entorhinal cortex (Carmichael et al. 1994). Given that this vast neural
architecture is likely responsible for assorted neuronal computations, a stricter
application of the term POC is for piriform cortex alone. The piriform cortex is a
three-layered allocortex (paleocortex), which lies along the olfactory tract at the
junction of the frontal and temporal lobes and continues on to the dorsomedial
aspect of the temporal lobe. It may be divided into two different sections: an
anterior (frontal) part (APC), and a posterior (temporal) part (PPC). A recent
fMRI study found that the two parts are functionally distinct: representations of
odorant structure were encoded in the anterior part and representations of odor
perceptual quality were encoded in the posterior part (Gottfried et al. 2006). A finer-
grained examination of odor quality encoding using multivariate analysis tech-
niques revealed that odor categorical perception was reflected in distributed spatial
ensembles in the posterior part (Howard et al. 2009) (Fig. 9.8).
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Fig. 9.8 Odorant-specific spatial maps in the posterior piriform cortex (PPC). Three-dimensional
representations of odorant-evoked activity in the PPC from two subjects were projected onto
two-dimensional (flat) maps, allowing visualization of voxel-wise odor patterns within a single
plane. Maps depict the odorant-evoked BOLD percent signal change in all odor-active voxels
(liberally thresholded at P < 0.5), averaged across trials for each of the four odorants. The
pseudocolor scale spans the full range of BOLD percent signal change within each map, from
minimum (deep blue) to maximum (bright red). Each odorant elicited a distributed pattern of
fMRI activity within the left PPC (white outline) that overlapped with, but was distinct from, the
other odorants. Unique distributed, overlapping profiles were also observed in the right PPC (not
shown). A anterior, L lateral, M medial, P posterior. (From Howard et al. 2009)

From the POC, olfactory information is distributed widely throughout the brain,
most prominently to the OFC and agranular insula. Projection from the piriform
cortex may reach the OFC either directly or indirectly through the mediodorsal
nucleus of the thalamus. The functional significance of this thalamic path remains
unclear, yet one hypothesis is that it may mediate attention to odors (Plailly
et al. 2008; Tham et al. 2009). The OFC participates in a wide variety of higher-
level operations related to multisensory integration, reward processing, and asso-
ciative learning (Gottfried et al. 2006). A notable recent suggestion is that the right
OFC plays a major role in conscious olfactory perception: this followed the study of
a patient who became completely anosmic after traumatic damage to the right OFC.
Despite this anosmia, the patient maintained left OFC odorant-induced activation
but not right OFC activation (Fig. 9.9). This observation implied a special role for
right OFC in odor awareness (Li et al. 2010).

One should keep in mind that odor representation in the brain is highly plastic,
consistent with observed changes in odor perception following experience and
learning. Different paradigms have been used to test the behavioral or neural
plasticity in odor representation: among these are repeated exposure (Mainland
et al. 2002; Wang et al. 2004), aversive conditioning (Li et al. 2008), odor
habituation (Li et al. 2006), and, most recently, prolonged odor deprivation
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Fig. 9.9 Role of the right OFC in conscious perception of smell.Behavioral, physiological, and
imaging evidence of unconscious olfactory processing in patient S. Graph in (a) shows the
percentage of “yes” responses (indicating that S. detected an odor) in each condition of the odor
detection task. Unpleasant odors (“Unpl”), neutral odors (“Ntrl”), and air only were delivered in
separate trials to the left nostril (L) and the right nostril (R). The dashed line indicates the chance
percentage of “yes” responses (80 %), reflecting the fact that 80 % of trials contained odors.
(b) Areas in the left OFC showing greater activation in response to odors delivered to the left
nostril, in comparison with air only. Cyan curves demarcate the right OFC lesion. Amplitudes of
the skin conductance response (SCR) to odor presentation are shown in (c), and areas showing
greater left anterior OFC activity following unpleasant odors, compared with neutral odors,
delivered to the left nostril are shown in (d). Display threshold for images in (b) and (d) is
p < 0.005, uncorrected. Error bars in ¢ represent standard deviations. (From Li et al. 2010)

(Wu et al. 2012). In this study, occlusion of both nostrils for 7 days induced
reversible changes in odor-evoked fMRI activity in piriform cortex and OFC.
Moreover, multivariate analysis suggested that deprivation influenced odor quality
coding in the OFC, that is, categorical specificity in the OFC was disrupted, and this
change in brain activity pattern was correlated with ratings of perceived similarity
between odorants.

9.2.5 The Brain Response to Odors Is Extensive

In addition to probing the function of previously recognized olfactory brain struc-
tures, functional imaging in humans has identified brain components not previously
associated with the olfactory system. Notably, the cerebellum is consistently
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activated by odors across imaging studies (Sobel et al. 1998; Ferdon and Murphy
2003; Cerf-Ducastel and Murphy 2006). We had initially hypothesized that the
cerebellar role in olfaction was related to sniffing, and this was largely verified in a
study of patients with focal cerebellar lesions who failed to modulate their sniffing
in accordance with odorant content (Mainland et al. 2005). Moreover, the cerebel-
lum is also involved in cognitive appraisal of odors regardless of sniffing (Qureshy
et al. 2000). Although the cerebellar olfactory role has been further investigated,
there remain a host of brain structures not previously implicated in olfaction yet
routinely activated in imaging studies of olfaction. These structures go well beyond
the limbic system and include components of classic higher-order visual and
auditory cortices (Royet et al. 2000, 2001; Kjelvik et al. 2012). Whether these
structures were activated because of nonolfactory task components, or whether
these are odorant-induced activations per se, remains to be investigated. What is
clear, however, is that tasks involving odor drive extensive activity well beyond the
classic neuroanatomy of olfaction.

9.2.6 Human Have a Vomeronasal Duct
That Is Considered Vestigial

All mammals perceive airborne signals in more than the main olfactory system
alone. In humans, most odorants activate not only OSNs but also trigeminal nerve
endings in the nose. This trigeminal activation provides the cooling sensation
associated with odorants such as menthol, or the stinging sensation associated
with odorants such as ammonia or onion. Only a few odors may be considered as
“pure olfactants,” as they activate the olfactory nerve alone (Doty et al. 1978).
Trigeminal activation may then interact with pure olfactory activation in complex
ways (Hummel and Livermore 2002; Albrecht et al. 2010).

Rodent social chemosignaling is largely, although not exclusively, dependent on
an accessory olfactory system, complete with its independent sensory epithelia: the
vomeronasal organ (VNO) within a vomeronasal duct (VND) (Keverne 1999). The
VNO is lined with dedicated receptors belonging to at least two multigene families,
VIR and V2R, which encode seven-transmembrane proteins (Ihara et al. 2013).
From the VNO, information is transmitted via the vomeronasal nerve to the
accessory olfactory bulb, and from there toward the amygdala and the anterior
hypothalamus (Brennan 2001). Given the previously detailed extensive evidence
for social chemosignaling in humans, one may ask whether they have an accessory
olfactory system? In the human embryo, the VNO is detectable and contains bipolar
cells similar to other species; however, no structures other than the VND are
detectable at birth (Meredith 2001). In adults, the opening of the VND can be
detected in the anterior nasal septum, unilaterally or bilaterally (Trotier et al. 2000;
Abolmaali et al. 2001). However, most findings indicate that the human VND is
vestigial, especially because there are no nerves connecting to or from the VND
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(Witt and Hummel 2006; Trotier 2011). Lack of human VNO functionality is
further indicated by several studies: First, there is no apparent difference in
response to social chemosignals between adults with and without a visible VND
(Knecht et al. 2003; Frasnelli et al. 2011); second, occlusion of the VND did not
alter perception or brain activity (Knecht et al. 2003; Frasnelli et al. 2011); and
finally, although initial studies reported a chemosignal-induced LFP recorded
directly from the VND (Grosser et al. 2000), later studies implied that this may
have been a trigeminal artifact (Witt and Hummel 2006). Taken together, the
human VNO may be functional in some way in the human fetus, but there is
currently little if any evidence for its functionality in the adult.

9.3 Human Language Uncovers Links Between Odorant
Structure and Odorant Perception

Olfaction remains an “unsolved” sensory system. The sense in which it is unsolved
was elegantly stated 100 years ago by no other than Alexander Graham Bell:

Can you measure the difference between one kind of smell and another? It is very obvious
that we have very many different kinds of smells, all the way from the odor of violets and
roses up to asafetida. But until you can measure their likenesses and differences you can
have no science of odor (Bell 1914) (Fig. 9.10a).

As noted in the Introduction, the most exceptional aspect of human olfaction is
its coding into language: this allows us to collect language descriptors for odors and

T
&

o

8
o o
§ 8

@ 703
% " 0.35 E
£ . - 5 &
z %0 : 8 034 §
k 5 ' = g
Ve 3 : . 033 5
9 ﬁ £ 50 k> . 40 g
‘> gdo ) e ey 032 g
o .t 031
20
30 v Mg :
. h 10 03
o 0T 02 05 04 085 Ottt
Optimized angle distance metric (rad) Violet Asafetida Asafetida

Fig. 9.10 Predicting odorant similarity from odorant structure. (a) A schematic depicting Bell’s
question. (b) Performance of the optimized angle distance model. Each dot represents a compar-
ison between two mixtures (ranging in size from 4 to 40 components) tested in 24 subjects. The
model provided a strong prediction of mixture perceptual similarity from mixture structure alone
(Snitz et al. 2013). (¢) Bell’s question answered: Predicting the perceptual difference between rose,
violets, and asafetida. We bought rose and violet perfumes from a local perfumer and asafetida at a
local spice market. We modeled the odorants based on their primary constituents in the published
record (gray bars). Ten subjects then rated pairwise similarity (black bars). The angle distances
between the three odorants were in strong agreement with perception: rose and violet are similar to
each other, and both are dissimilar from asafetida, yet violet is closer to asafetida than rose
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use these in an effort to generate a “measure” or “metric” of the type Bell implied.
Several groups have recently set out on this path (Madany Mamlouk et al. 2003;
Khan et al. 2007; Haddad et al. 2008a, b; Zarzo 2008, 2011; Koulakov et al. 2009;
Kermen et al. 2011; Castro et al. 2013; Gabler et al. 2013; Snitz et al. 2013), and
here we describe our own efforts in this direction. This work started with reanalysis
of a previously collected dataset, namely the “Atlas of Odor Character Profiles”
amassed by Andrew Dravnieks and colleagues in the 1980s (Dravnieks 1985). This
text contains numerical ratings provided by about 150 experts who rated 138 mono-
molecular odorants along 146 verbal descriptors (e.g., “flowery,” “tar like,”
“almond like,” “sickening”). We hypothesized that the functional dimensionality
of this data is lower than its apparent dimensionality of 146, and therefore applied
principal components analysis (PCA). PCA takes data consisting of N points in an
M-dimensional space (e.g., 138 odorants in the 146-dimensional odor descriptor
space) and finds a rotation matrix that rotates the N points onto a new
M-dimensional space such that the new dimensions, called principal components
(PCs), successively explain a maximal portion of the variance. Thus, PC1 explains
the most variance of any linear transform applied to the original data space, PC2
explains the largest amount of the remaining variance, and so on. The application of
PCA to the “Atlas of Odor Character Profiles” uncovered two important facts. First,
a small number of PCs explained the majority of variance in the data, with ~30 % of
the variance explained by the first PC (PC1) alone. In other words, in contrast to the
notion of a high-dimensional percept, this implied a low-dimensional olfactory
percept dominated by one perceptual axis. Second, and consistent with numerous
previous studies (Yeshurun and Sobel 2010), the primary dimension of olfactory
perception (PC1) reflected odorant pleasantness, that is, an axis ranging from very
unpleasant to very pleasant (Khan et al. 2007). The primacy of this perceptual axis
is further borne out in its mapping onto activity patterns in the human OE (Lapid
et al. 2011). Moreover, it is likely not limited to human olfaction alone, as
evidenced in the identification of receptors that are specific for aversive odors in
rodents (Dewan et al. 2013), identification of aspects on the rodent olfactory bulb
that are innately tuned to aversive odorants (Kobayakawa et al. 2007), and identi-
fication of valence as a coding axis in the fly brain (Knaden et al. 2012).

Next, we used modern analytical chemistry software to obtain ~1,600 chemical
descriptors for each of ~1,500 odorant molecules. Again, hypothesizing that
the functional dimensionality of this data is lower than its apparent dimensionality
of ~1,600, we applied PCA, and again characterized a small number of PCs that
explained a large proportion of the variance in the data. Moreover, PC1 of the
odorant structure, which also explained ~30 % of the variance, was strongly
influenced by molecular size and compression, and we tentatively refer to it as
compactness. We next asked whether any of the PCs of perception were correlated
with any of the PCs of structure. Strikingly, we identified such a privileged
correlation between PC1 of perception (pleasantness) and PC1 of structure
(compactness) (Khan et al. 2007). In other words, the primary dimension of
olfactory perception is linked to a fundamental physical regularity in nature
(Khan et al. 2007; Zarzo 2011). This link allowed us to develop an algorithm that
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Fig. 9.11 A metric for olfaction. In all panels, each dot represents an odor. (a) The metric predicts
odorant pleasantness across cultures. (b, ¢) Although a shows that principal component 1 (PC1) of
perception (pleasantness) is linked to PC1 of structure, in the following panels we see that the same
PC1 of perception is linked to PC1 of the responses of human and mouse ORs to odorants in vitro
(b). (¢) An animal analogue for PC1 of perception, namely, the behavior of approach or with-
drawal, is also linked to PC1 of neural response in Drosophila larvae

cross-culturally successfully predicts a modest but significant portion of odorant
pleasantness from odorant structure alone (Khan et al. 2007) (Fig. 9.11a).

Given that PC1 of odorant structure also predicted behavior in mice (Mandairon
et al. 2009), we next asked whether it is reflected in animal neural activity. We
collected neural response data from 12 published data sets using seven species
(Haddad et al. 2010). Neural recordings are multidimensional in space and time,
and again assuming that functional dimensionality is lower than apparent dimen-
sionality, we applied PCA. Again, we found that a small number of PCs explained
the majority of the variance in neural activity. Moreover, we found that PC1 of
neural activity, which explained ~25 % of the variance, reflected overall neural
response magnitude. In other words, in contrast to the notion of a high-dimensional
combinatorial neural code underlying olfaction, this implied that a simple neural
code may underlie much of olfactory computation. We next asked whether this axis
of neural activity is related to olfactory perception. We found that PC1 of neural
activity was related to PC1 of odorant perception, which we recall is related to PC1
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of odorant structure (Haddad et al. 2010). In other words, the primary dimension of
odorant structure (compactness) is coded in the primary dimension of odorant-
induced neural activity (total neural response) that is reflected in the primary
dimension of olfactory perception (pleasantness). These relationships allowed us
to generate modest but significant predictions across odorant structure, odorant-
induced neural activity, and odorant-induced perception (Fig. 9.11).

In the foregoing analyses we represented each odorant with a single value
reflecting its structure. We arrived at this value by first generating a
multidimensional representation of the odorant across ~1,600 structural features
and then reducing this to a single value with PCA. This single value, namely
projection on PC1, or compactness, proved to be a reasonably useful olfactory
metric in that it allowed us to compare between odorants and their induced
perception and neural activity. PCA, however, is not the only way to represent a
multidimensional odorant structure. For example, the single chemical variable of
“molecular complexity” successfully predicted the number of discreet olfactory
notes, or perceptual complexity attributed to an odorant (Kermen et al. 2011).
Alternatively, a single value reflecting the vibrational spectra of a molecule
predicted responses in olfactory receptors of flies (Gabler et al. 2013). Another
alternative is to continue representing each odor using many structural features
(e.g., ~1,600), and then computing the distance between any two odorants by the
square root of the sum of squares of the differences between the descriptors: this is
referred to as Euclidean distance. We found that Euclidean distance effectively
predicted the difference in neural response induced by any two odorants (Haddad
et al. 2008b). Moreover, using this approach one can optimize the number of
features needed, that is, ask which of the ~1,600 physicochemical features we
modeled are most important in the olfactory response. This approach allowed
derivation of various optimized descriptor lists that further improved predictions,
albeit in a species-specific manner (Haddad et al. 2008b; Saito et al. 2009).

All the foregoing description constitutes an initial effort to generate a metric
space for olfaction, but has this brought us any closer to answering Bell’s question
posed at the outset? Although these efforts were all using monomolecular odorants,
the real olfactory world that contains rose, violet, and asafetida is made up of
mixtures often containing hundreds of components. How can one apply a single
metric value to such mixtures? We tested two alternatives: one was comparing
between mixtures by conducting all the pairwise Euclidian comparisons between all
molecular components in both mixtures (Fig. 9.12a), and the other was to first
generate a single vector reflecting the mixture (e.g., by normalized summation), and
then compare the single vectors (Fig. 9.12b).

We compared the single vectors by measuring the angle between them,
generating what we refer to as the “angle distance metric.” We found that only
the latter approach provided valid predictions of odorant mixture perceptual
similarity based on odorant mixture structure (Snitz et al. 2013) (Fig. 9.10b).
This finding is consistent with the view of how the mammalian brain treats
odors: synthesizing a singular odor percept for an odorant mixture rather than
analytically extracting individual odorant features reflecting mixture components
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Fig. 9.12 Modeling odorant mixtures as singular objects rather than component amalgamations.
The top panels represent one mixture (¥) made of three monomolecular components and the
bottom panels represent a different mixture (X) made of two monomolecular components.
The distance between X and Y can be calculated as the mean of all pairwise distances between
all the components of X and Y (a). (b) Alternatively, one can represent both X and Y as single
vectors reflecting the sum of their components, and define the distance between them as the angle
between these two vectors within a physicochemical space of n dimensions. Only the latter
approach predicted mixture perceptual similarity (Snitz et al. 2013)
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(Wilson and Sullivan 2011). This outcome had two implications. First, the averag-
ing involved in the metric calculation implied that as one adds more and more
components that span olfactory space to each of two mixtures, these mixtures
should smell more and more similar to each other, despite sharing no components
in common. This trend continues to a point where all mixtures are predicted to smell
the same. We called this point olfactory white, and obtained experimental data to
support its existence (Weiss et al. 2012). A second implication of this result is that it
allowed answering Bell’s question. We computed the distances between rose,
violet, and asafetida, and per Bell’s challenge, accurately predicted their
“likenesses and differences” (Fig. 9.10c). To conclude this path, we used perception
to generate physicochemical metrics for smell. These metrics predicted modest but
significant portions of perception and neural activity. The current best-performing
metric is the one we refer to as the angle distance metric (Snitz et al. 2013), yet this
is likely not the final step in the evolution of these metrics. For example, the current
metric does not account for component concentrations and intensities within a
mixture, and this remains a critical necessary step for olfactory metrics in the future.

9.4 Conclusions

Studying human olfaction has served to verify many findings initially made in
rodents, yet it has also uncovered novel aspects of structural and functional
systems-level mammalian neurobiology. Some structural findings, primarily altered
receptor-to-glomeruli ratio, may be unique to the human olfactory system. That
said, we consider them unique because they differ from the heavily studied rodents.
However, it is not beyond consideration that the human example may be as equally
representative of mammalians as the lab rat or mouse. Notable functional findings
first made in humans include finding that each nostril provides the brain with a
different image of the olfactory world, that the cerebellum takes part in odor
processing, and that brain representation is different for orthonasal versus retronasal
olfactory perception. However, although the foregoing could have equally been
discovered in rodents, other key discoveries could not. Notable among these are that
the right OFC may be a key for odor awareness. Finally, it is only with the help of
human verbal reports that we have made initial progress in systematically linking
odorant structure to odorant perception, a task that remains the primary target of
olfaction research.
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