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The canonical olfactory sensory neurons (OSNs) and olfactory bulb glomeruli within the
main olfactory system play critical roles in the recognition of odors. However, it is now
recognized that within the main olfactory system there are several distinct subsystems,
such as the GC-D-expressing (GC-D+) OSN/necklace glomeruli (GC-D/necklace)
subsystem, that play specialized chemosensory roles. Little is known about how these
olfactory subsystems process sensory information, although previous finding from our
lab suggest that the GC-D/necklace subsystem uses a coding strategy distinct from the
combinatorial coding employed by the canonical main olfactory system. For example, the
necklace glomeruli exhibit extensive interglomerular connections and, in contrast to
canonical glomeruli of the main olfactory bulb (MOB), receive heterogeneous sensory
inputs. This arrangement suggests an integrative circuit that could associate food odors
with the social cues that have been shown to stimulate GC-D+ OSNs. To better
understand the functional circuitry associated with the necklace glomeruli, and by
extension core principles of sensory processing within this olfactory subsystem, my
dissertation establishes an approach, novel to the olfactory system, where stimulusinduced increases in intrinsic flavoprotein and NAD(P)H fluorescence signals can be

used to map functional circuits in the main olfactory bulb that are associated with single,
identified glomeruli. This approach allowed me to examine the spatiotemporal spread of
stimulus-dependent intrinsic signals following stimulation of individual canonical
glomeruli as well as the functional connectivity between neighboring glomerular circuits.
Results of my studies suggest the presence of reciprocal connections between the
interglomerular-interneuron and mitral-granule-mitral pathways under disinhibited
conditions. Additionally, my examination of the functional circuitry associated with the
necklace glomeruli suggests that the GC-D/necklace subsystem is functionally integrated
with the canonical main olfactory system within the MOB. Together, these studies
introduce and employ a novel and accessible tool to examine connectivity within the
MOB circuitry to provide new insights into canonical and subsystem-specific odorant
processing.
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INTRODUCTION

The sense of smell, or olfaction, has always intrigued. However, prior to modern
science, our understanding about the sense of smell was more abstract and often relegated
to the philosophers to describe and interpret. Plato himself favored the senses of sight and
hearing to be more important, intellectual, and “noble,” while brushing aside smell as the
embodiment of physical pleasure. Even scientists of the 18th century have regarded
olfaction as something ambiguous and intangible, often providing more sociological,
naturalistic, or philosophical explanations than scientific. However, since the dawn of
modern research, we’ve gained a much better understanding of the sense of smell and the
olfactory system. Thanks in large part to the seminal works of Santiago Ramon y Cajal
and other neuroscientists, we see a direct connection between the brain and the outside
environment. The olfactory system turns out to be highly organized with distinct
cytological structures. Based on many recent studies, we see that the olfactory system is
not just a simple a detector of chemicals in the environment; rather, it turns out to be
composed of specialized subsystems that are anatomically and molecularly distinct and
are closely tied to distinct behaviors.
The goal of my studies is to improve our understanding of how olfactory
information is processed in the central nervous system (CNS). Most odors are
encountered as complex mixtures of individual odorants. Thus, information regarding
single odorant types must be processed in the context of other olfactory information (e.g.,
other odorants) if we are to make sense of our olfactory world. Olfactory areas of the
CNS, including the main olfactory bulb (MOB) and olfactory cortex, are principally
1

responsible for processing odor information so that an animal can (1) recognize an odor,
(2) put that odor percept in the context of other sensory information as well as the
animal’s experience and motivation, and (3) initiate an appropriate response. Significant
progress has been made in understanding olfactory processing in the CNS, but much
remains to be understood. This is particularly true for specialized olfactory subsystems
that may be dedicated to processing olfactory information relevant to social interactions.
One such subsystem within the main olfactory system, the GC-D/necklace subsystem,
plays a critical role in the detection of a social odor that promotes food preference and
learning1. Our laboratory showed that olfactory sensory neurons (OSNs) expressing the
guanylyl cyclase GC-D (GC-D+ OSNs) are highly sensitive to the social cue carbon
disulfide1 (CS2) and uroguanylin2; when mice are presented with a food odor, exposure to
CS2 or uroguanylin can induce a robust preference for that food. GC-D+ neurons project
to ~13 glomeruli that ring the caudal MOB (the necklace glomeruli, or NGs)3,4. These
NGs exhibit extensive interglomerular connections and, in contrast to canonical
glomeruli (CG) of the MOB, receive heterogeneous sensory inputs4. This arrangement
suggests an integrative circuit that could associate food odors with social cues. By
comparing the functional circuitry associated with identified canonical and necklace
glomeruli, I intended to understand a novel strategy for encoding olfactory stimuli.
Therefore, I hypothesized that there will be fundamental differences in how the GCD/necklace subsystem processes olfactory information as compared to the canonical main
olfactory system.
To better understand core principles of sensory processing within the main
olfactory subsystem, including the GC-D/necklace subsystem, I have developed an
approach for mapping functional circuitry in the olfactory bulb. This approach measures
2

stimulus-induced increases in intrinsic flavoprotein and NAD(P)H fluorescence5-7 to map
functional circuits associated with single, identified glomeruli across synapses.
Functional optical imaging in general has been a valuable tool for examining and
understanding the connectivity of neuronal circuits. Advantages of my approach lie in its
ability to assess the activity of multiple neuronal populations, to provide anatomical
context to neuronal activity, and to examine neuronal activation across synapses.
Recently, there has been interest in utilizing intrinsic fluorescent signals, which does not
require the introduction of external dyes or the use genetically modified mice, to assess
neuronal activation.
In Chapter I, I provide a review of the main olfactory system, including details of
the MOB circuitry and our understanding of the connectivity associated with the various
subsystems, including the GC-D/necklace subsystem. In Chapter II, I review the
principles of intrinsic flavoprotein and NAD(P)H fluorescence imaging, their application
and insights in CNS circuitry and function. In Chapter III, I address the application of
intrinsic fluorescence imaging to MOB slices and its representation of the glomerular
circuit. In Chapter IV, I address the ability of the imaging technique to assess the
functional circuitry associated with both CG and NG, and provide new functional insights
into the interactions between these two regions of the main olfactory system. In the final
chapter, I will summarize and discuss my new findings and their implications.

3

CHAPTER 1: CIRCUIT ORGANIZATION OF THE MAIN OLFACTORY BULB

1.1 INTRODUCTION
For many, the olfactory system is thought to have a solitary function in detecting
odors. But the complexity required for detecting, discriminating, and conveying the
meaning of odors is often ignored. Since the early studies performed by Santiago Ramon
y Cajal, our knowledge and understanding about the olfactory system has changed
significantly. We now understand that the olfactory system is crucial for identifying food,
assessing food quality, perceiving flavors, warning about pathogens or toxins, locating
potential mates or competitors, and relaying social information. In this chapter, I review
our current understanding of how the main olfactory system (MOS) detects odorants and
processes odor information. In particular, I will detail the circuit connectivity within the
canonical main olfactory bulb (MOB) and describe the olfactory subsystems within the
MOS that utilize alternative signaling pathways and/or anatomical connections within the
mammalian brain.

1.2

THE MAIN OLFACTORY SYSTEM

1.2.1

The olfactory epithelium
Odor perception begins at the level of the main olfactory epithelium (MOE).

Lining the surface of the nasal cavity, the MOE houses multiple cell types that are
responsible for structural support, maintenance of the microenvironemt and chemical
sensation. The principle cells involved with odorant detection are the olfactory sensory
neurons (OSNs) (a.k.a., olfactory receptor neurons or ORNs). OSNs are characterized by
4

a bipolar morphology, with a single apical dendrite terminating in a dendritic knob and
basal axon extending through the cribriform plate and into the olfactory bulb in
mammals. From the dendritic knob extend many hair-like cilia that project onto the
surface of the epithelium. The cilia of the OSNs contain the highest concentration of
odorant receptors (ORs) and other olfactory transduction machinery. Dissociated OSNs
show greatest response when odorants were exposed to the cilia versus other regions of
the OSNs8.
The sustentacular (supporting) cells are responsible for the structural, metabolic,
and trophic support of OSNs9. These cells are characterized by their apical positioning
within the OE, extension of apical microvilli, and columnar shape. Their basal aspect
extends to the basal membrane. Recently, sustentacular cells were shown to be
electrically and molecularly coupled through gap junctions10,11. This cellular coupling
was presumed to synchronize the sustentacular cells to maintain the ionic composition of
the MOE microenvironment.
In addition to OSNs and sustentacular cells, the MOE contains basal cells, which
are located next to the basal lamina. There are two categories of basal cells: globose and
horizontal basal cells. Globose basal cells are known for being the source of neuroglial
progenitor cells, which are capable of replenishing OSN and sustentacular cell
populations12-14. Horizontal basal cells are identifiable by expression of ICAM and α,βintegrin15. Compared to globose basal cells, horizontal basal cells are relatively quiescent,
but exhibit the ability to differentiate to OSNs and glia15,16. Finally, embedded in the
MOE are tubular structures called Bowman’s (olfactory) glands. Within the Bowman’s
glands are glandular cells responsible for the production and secretion of the olfactory
mucus, which helps protect the surface of the MOE from infection and dehydration17.
5

1.2.2

The main olfactory bulb
OSNs from the MOE project their axons through the cribriform plate and onto the

olfactory bulb. Developmentally an evagination of the telencephalon, the olfactory bulb
is anatomically divided into two distinct structures: the main olfactory bulb (MOB) and
the accessory olfactory bulb (AOB). The MOB receives afferent fibers from the MOE,
septal organ of Masera and the Grueneberg ganglion, while the AOB receives afferent
input from the vomeronasal organ. The MOB is organized into six main layers based on
cytoarchitecture (Figure 1.1): the olfactory nerve layer (ONL), glomerular layer (GL),
external plexiform layer (EPL), mitral cell layer (MCL), internal plexiform layer (IPL),
and granule cell layer (GrL). Upon entering the MOB, OSN axons coalesce and converge
to structures called glomeruli (singular, glomerulus). Axonal distribution follows a
unique organization at the MOB, where one or a few glomeruli receive axons from OSNs
expressing the same OR. This one glomerulus-one receptor rule is mediated by OR
expression and OR-dependent activity of OSNs18,19. OSN axonal guidance and sorting are
facilitated by two mechanisms, which control the anterior-posterior and dorsal-ventral
positioning20. The anterior-posterior positioning is dependent on cAMP levels in
immature OSNs and neuronal activity in mature OSNs21. The current model for dorsalventral positioning involves the interaction differential expression of axonal guidance
molecules, such as Slit1-Robo2 and Sema3F-Nrp222.
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Figure 1.1 Main olfactory bulb
Schematic of the main olfactory bulb organization and cell types. ONL, olfactory nerve
layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL,
internal plexiform layer; GrL, granule cell layer; PGC, periglomerular cell; SAC, short
axon cell; ETC, external tufted cell; sTC, superficial tufted cell; mTC, middle tufted cell;
dTC, deep tufted cell; MC, mitral cell; GC, granule cell.
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1.3

THE CANONICAL MAIN OLFACTORY SYSTEM

1.3.1

Olfactory sensory neurons of the canonical MOS
OSN cilia are the site of olfactory transduction. The plasma membranes of these

OSN cilia contain odorant receptors (ORs), which are members of the class A, rhodopsinlike family of G protein-coupled receptors. Consisting of ~1000-1300 known receptors,
this family constitutes nearly ~3% of the mammalian genome23,24. Individual OSNs
express only a single OR25,26. Selection of the single OR gene follows a model involving
a locus control region, which leads to a stochastic activation of a single OR gene27,28.
Once single OR is selected and expressed, the single OR expression is maintained
through a negative feedback mechanism mediated by the expressed OR. Forced
expression of an OR in mature OSNs has led to suppression of the endogenous OR
expression, highlighting the inhibitory effect of OR expression27,28.
Binding of the odorant molecule to the OR causes a conformational change
resulting in the activation of the Golf subunit, an OR-specific Gα subunit. The activated
Golf in turn leads to the activation of adenylyl cyclase type III (ACIII), which catalyzes
the conversion of adenosine triphosphate (ATP) to 3’5’-cyclic adenosine monophosphate
(cAMP) and initiation of the cAMP second messenger-signaling cascade29,30. This cAMP
then binds to and opens nonspecific cation cyclic nucleotide gated (CNG) channels
composed of three subunits: CNGA231,32, CNGA433,34, and CNGB1b35,36. The opening of
the CNG-channels allow for the influx of Ca2+ and other cations leading to depolarization
of the OSN. The increase in intracellular Ca2+ levels also results in the opening of Ca2+activated chloride channels TMEM16A37 and TMEM16B38. The opening of the chloride
channels lead to the efflux of Cl- ions into the cytosol, generating a depolarizing chloride

8

current38-41. The combined effects further depolarize the OSN and initiate the generation
of action potentials.
Under prolonged odorant stimuli, OSNs exhibit an adaptive response that
prevents the continual activation of the neurons42,43. This adaptation coincides with the
increase in intracellular Ca2+ levels 44 and Ca2+ binding to calmodulin (CaM)45. The Ca2+CaM complex principally binds to the N-terminal region of CNG channels45. The binding
causes a conformational change leading to a disruption of individual CNG subunit
interactions and closure of the pore46. Additional inhibition occurs at the level of cAMP
production, where the Ca2+-CaM complex activates the Ca2+-CaM-dependent protein
kinase II (CaMKII), which leads to the binding and inhibition of ACIII47. The Ca2+-CaM
complex also enhances the activity of the phosphodiesterase 1C2 (PDE1C2), which
hydrolyzes cAMP and depletes the available cAMP pool48.

1.3.2

Neurocircuitry of the canonical MOB
The MOB circuitry begins at the glomerulus within the GL. At the glomerulus,

the olfactory nerve fibers form axo-dendritic excitatory synapses with the primary
dendrites of projection (relay) neurons, mitral and tufted cells49-53 (Figure 1.1). Tufted
and mitral cells are characterized by lateral dendrites that occupy the EPL and a
prominent apical dendrite that terminates in a tuft. Tufted and mitral cells are
distinguished by the positioning of their soma, where tufted and mitral cells occupy the
EPL and MCL, respectively. It is estimated that anywhere from 20 to 30 mitral cells can
associate with a single glomerulus18. However, these “sister” mitral cells display different
tuning curves in respect to glomerular or odor-evoked stimulation54. Cross
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communication between sister mitral cells and mitral cells of different glomeruli occur
through dendrodendritic synapses between mitral cell lateral dendrites and granule cell
primary dendrites55,56. Mitral cells then project their axons through the lateral olfactory
tract where they extend to various regions of the cerebrum including the anterior
olfactory nucleus, olfactory tubercle, amygdala, entorhinal cortex, and piriform cortex.
In addition to projection neurons, OSN axons form synapses with several
interneurons in the GL, collectively called juxtaglomerular cells due to their proximity to
glomeruli. It is estimated that an average of 680 juxtaglomerular cells could associate to a
single glomerulus57,58. Juxtaglomerular cells include multiple cell types, the most
common of which are the external tufted (ET) cells, periglomerular (PG) cells and short
axon (SA) cells59. ET cells exhibit a prominent dendritic tuft and commonly associates
with a single glomerulus receiving direct input from OSN axons. Functionally, ET cells
are characterized by spontaneous spike bursting60-63. Stimulation of a single ET cell has
been shown to activate multiple PG cells64, as well as to generate the long-lasting
depolarizations in mitral cells65. It is believed that ET cells are involved in the
synchronization of the mitral cell response and the coordination of glomerular
activity60,65.
The most abundant and molecularly diverse of the juxtglomerular cells are
periglomerular (PG) cells57,58. More than half of PG cells are GABAergic, a category that
can be further subdivided based on their expression of either of two glutamatic acid
decarboxylase isoforms (GAD65 or GAD67)66,67. A fraction of PG cells receive direct
synapses from OSN axons, while the majority is driven indirectly through external tufted
cells68. Functionally, PG cells primarily form inhibitory synapses onto mitral and tufted
cell, but some exhibit presynaptic inhibition onto OSN axons through GABAB receptor
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signaling69. The final major population of juxtaglomerular cells is the short axon (SA)
cells. Unlike ET and PG cells that associates with a single glomerulus (uniglomerular),
SA cells were found to associate with multiple glomeruli with some extending their
dendrites as far as 1mm across the MOB59,70. Some SA cells have been shown to
associate with as many as 5-12 glomeruli (oligoglomerular) or ~50 glomeruli
(polyglomerular)67. The association of SA cells with multiple glomeruli generates a
network, along with the mitral and granule cells, that forms the lateral communication
within the MOB.

1.3.3
1.3.3.1

Odor information processing in the canonical MOS
Combinatorial coding
One of the prominent questions regarding the main olfactory system is how it

processes odorant information. In particular, what strategy is implemented to discriminate
between two or more odors? A simplistic and straightforward approach would be to have
individual odorants be represented by their own ORs. But this approach is largely
impractical after considering the number of unique ORs required to represent the variety
of odors present in the environment. Molecular binding assays and physiological
responses show that ORs respond to a diverse repertoire of odorants71,72. Conversely,
individual odorants were capable of interacting with multiple ORs72. Based on the
cellular and molecular responses, the prevailing theory of odorant recognition follows a
combinatorial coding strategy. Rather than having specific odorants be represented by
individual ORs, the model suggests that each OR and population of OSNs recognizes a
structural feature of odorants. Therefore, each odorant is capable of activating different
11

populations of OSNs and thus generating a unique combination of glomerular responses.
This combinational response is reflected from in vivo imaging of the MOB surface.
Imaging of odorant-evoked activity in the MOB has exhibited distinct odorant maps on
the surface, where different odorants generated unique or similar pattern of activity20,73.
Odorants sharing the same functional group exhibited overlapping odorant maps on the
surface of the MOB, while odorants that have distinct functional groups do not have
overlapping odorant maps on the surface of the MOB20,73.

1.3.3.2

Lateral inhibition through interglomerular pathways
The broad tuning of ORs generates flexibility in odor detection, but lends itself to

the generation of overlapping odorant maps for similar odors on the surface of the MOB.
Therefore, odorant perception requires a system that allows for discriminating an odorant
from its background or from other similar odorants. A common strategy employed by
other sensory systems has been lateral inhibition or the related center-surround inhibition.
This strategy has been employed by other sensory systems including vision, audition, and
somatosensation74-77. The general principle of lateral inhibition is that activity within a
central neuron results in inhibitory signaling that lowers the probability of neighboring
neuron excitation. Lateral inhibition works as a strategy of contrast enhancement, where
the suppression of weakly activated glomeruli by strongly activated glomeruli enhances
the differences between similar odors78-83. These interglomerular pathways are believed
to function as a way of sharpening an olfactory signal81. This interglomerular inhibition
has also been suggested to be involved in other functions, such as normalization of
olfactory signals to compensate for concentration differences84.
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At the GL, lateral inhibition proceeds through the local glomerular network
involving ET, PG, and SA cells. The network begins with axo-dendritic synapses
between the OSN nerve fibers and ET cells. ET cells in turn form dendrodendritic
synapses with SA cells. SA cells are distinguished by their dopaminergic and GABAergic
characteristics, and are responsible for interglomerular connectivity over long
distances67,85-88. Tracing studies show that SA cells are either oligoglomerular or
polyglomerular. The oligoglomerular network includes SA cells interacting with 5-12
glomeruli, with 30% of these SA cells being driven by the ON and 70% driven by the ET
cells67. Structurally, the oligoglomerular network coincides with clusters of the glomeruli
that respond to similar odorants, or “molecular feature clusters” that is made up of 10-15
glomeruli83,89,90. On the other hand, the polyglomerular network includes SA cells that
interact between 30-50 glomeruli and that extend as far as 1mm67. These SA cells are
exclusively driven by ET cells67,87. SA cells form synapses with the juxtaglomerular cells
and/or mitral cells of neighboring or distant glomeruli49,59,85,87,91,92. Recently, a
subpopulation of SA cells expressing TH and GAD67 were shown to co-release GABA
and dopamine onto ET cells following optogenetic stimulation88. The co-release of
GABA and dopamine by the SA cells lead to a biphasic inhibition-excitation response in
ET cells88.
Along with the lateral inhibition at the GL, deep lateral inhibition occurs at the
level of the EPL through the mitral-granule-mitral pathway. Inhibition within the EPL is
mediated by the apical dendrites of granule cells making reciprocal dendrodendritic
synapses onto the lateral dendrites of mitral and tufted cells93-95 (Figure 1.2). Transsynaptic tracing studies demonstrated connectivity between the granule cells and the
mitral/tufted cell lateral dendrites96-98. Estimations of the area covered by the lateral
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dendrites associated with a single glomerulus demonstrate radial coverage of 1800µm,
with a high concentration of trans synaptic labeling close to the targeted glomerulus96.
This mitral-granule-mitral connectivity functions similar to that of self-inhibition, where
glutamate is released by the lateral dendrites resulting in the local activation of granules
cells and the release of GABA onto the lateral dendrites93. Recently, a subpopulation of
corticotropin releasing hormone (CRH)-expressing interneurons was discovered in the
EPL99. These CRH+ EPL interneurons demonstrate a similar reciprocal synapse with the
mitral cell lateral dendrites. Optogenetic stimulation of the EPL interneurons has been
shown to inhibit the spontaneous activity of the mitral cells and function similar to that of
granule cells99.
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Figure 1.2 Interglomerular circuits
Schematic of the interglomerular interneuron and mitral-granule-mitral pathways across
the glomerular and external plexiform layers, respectively. ONL, olfactory nerve layer;
GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL,
internal plexiform layer; GrL, granule cell layer; PGC, periglomerular cell; oSAC,
oligoglomerular short axon cell; pSAC, polyglomerular short axon cell; ETC, external
tufted cell; MC, mitral cell; CRH+, corticotropin releasing hormone expressing
interneurons; GC, granule cell.
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1.4

MAIN OLFACTORY SUBSYSTEMS
The canonical sensory neurons and olfactory bulb glomeruli within the main

olfactory system play critical roles in the recognition of odors. However, it is now
recognized that within the main olfactory system there are several distinct subsystems
that utilize alternative intracellular signaling mechanisms and may play specialized
chemosensory roles100. These subsystems include OSNs that are sensitive to
semiochemicals and that express atypical olfactory receptors, such as trace amineassociated receptors (TAARs)101,102 and the receptor guanylyl cyclase (GC-D)1,3,103-106, or
that may utilize alternative effector mechanisms, such as the transient receptor potential
(TRP) channel isoform Trpc2107,108.

1.4.1. GC-D/necklace subsystem
1.4.1.1 GC-D-expressing OSNs
A small subpopulation of OSNs do not express most components of the canonical
cAMP-mediated olfactory transduction cascade but instead express the receptor guanylyl
cyclase type D (GC-D) and other components of a cGMP-mediated signaling cascade103.
The GC-D+ OSNs are distinguished in the OE by their absence of G protein (Golf), ACIII,
and CNGA2 channel subunit expressions103,104. The GC-D receptor is one of a family of
membrane-bound guanylyl cyclases and is structurally made up of an extracellular ligand
binding domain, a single membrane-spanning transmembrane domain, and intracellular
regulatory and catalytic domains. Ligand binding to the GC-D receptor initiates the
conversion of guanosine triphosphate (GTP) to the 3',5'-cyclic guanosine monophosphate
(cGMP) at the catalytic domain. Utilizing a cGMP signaling cascade, the cGMP binds to
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and opens a cGMP-specific CNG-channel (CNGA3), where the OSN is subsequently
depolarized104,109. GC-D+ OSNs also expresses a cGMP-sensitive phosphodiesterase
(PDE2A) that co-localizes with the GC-D receptor at the OSN cilia104. The GC-D+ OSNs
were stimulated when exposed to guanylin peptides and carbon disulfide (CS2), which are
found in urine and in mammalian breath, respectively1,105. Identified OSNs from GC-D or
CNGA3 knockout mice fail to respond to the natriuretic peptides or CS2. Intriguingly,
GC-D+ OSNs demonstrated heterogenic responses to the peptide agonists, where
individual cells are responsive to uroguanylin, guanylin, or both105. The exact mechanism
for the heterogenic responses is unclear, but it is possible that the variation in responses
may be attributed to splice variants, post-translational modifications, or variations in
receptor subunits.

1.4.1.2 The necklace glomeruli
The axons from GC-D+ OSNs project to and coalesce at the caudal end of the
MOB. Unlike the canonical OSNs, which project to and form a single or pair of
glomeruli, GC-D+ OSNs instead form 9-40 glomeruli of varying sizes encircling the
caudal MOB3,104,105. Given the organization of the glomeruli, which circle the caudal OB,
they are collectively referred to as the “necklace glomeruli.” The axonal guidance of GCD+ OSN axons and formation of the necklace glomeruli are dependent on the functional
interaction between Nrp2 and Sema3f3. Knockout of either Nrp2 or Sema3f disrupts the
location and formation of the glomeruli3. Detailed examination of individual GC-D+
necklace glomeruli shows a heterogeneous composition of OSN axonal fibers (Figure
1.3a). This contrasts with the canonical glomeruli where each glomerulus receives
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homogeneous afferent input4,110. The necklace glomeruli are made up of OMP+ and GCD+/PDE2A+ OSN axons4. Tracing studies of the interneurons associated with individual
necklace glomeruli show that there is extensive interglomerular connectivity between
necklace and non-necklace glomeruli4 (Figure 1.3a).

1.4.1.3 Food-related social learning
Functionally the GC-D necklace subsystem has been directly linked with the
social transmission of food preference behavior among mice. Observer mice develop
food preferences based on the food odors present on the demonstrator mice, following
social interaction. This behavior is dependent on the concurrent detection of food odors
and social cues. CS2 and uroguanylin has been shown to promote the acquisition of food
preference that was mediated through GC-D+ OSN signaling1,2. When compared to wild
type mice, GC-D knockout mice fail to acquire preferences toward the paired food odor.
The association of the GC-D/necklace subsystem and social transmission of food
preference suggest that the GC-D/necklace system is involved in the integration of
general odors and semiochemical cues. The heterogenous composition of the necklace
glomeruli could serve a potential mechanism for odorant integration4 (Figure 1.3b).
Another mechanism could come from the interaction between the necklace and nonnecklace glomeruli through interneurons. However, functional studies have been limited.

18

Figure 1.3 GC-D necklace glomeruli circuitry
(A) Schematic of the GC-D+ necklace glomeruli circuitry in the main olfactory bulb. The
necklace glomeruli are made up of a hetergenous population of olfactory sensory neuron
axons. This contradicts the homogenous composition of canonical glomeruli. Besides
glomeruar composition, tracing studies have indicated extensive interglomerular
communication between the necklace and neighboring canonical glomeruli. (B) The GCD+ necklace glomeruli subsystem is theorized to participate in the integration of general
and semichemical cues, which is necessary for the social transmission of food preference
behavior. (from Cockerham and colleagues4)

A

B
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1.4.2

TAAR subsystem

1.4.2.1 TAAR-expressing OSNs
First discovered in 2001 and later found within a subpopulation of OSNs in the
OE, trace amine-associated receptors (TAARs) are a family of GPCRs named after the
receptors’ ability to respond to trace amines100-102. Structurally, TAARs share domain
similarities to serotonin and dopamine receptors101. All but one of the Taar family
members, Taar1, are expressed in the MOE, where ~0.1% of OSNs express a Taar102.
Much like canonical OSNs, these OSNs express only a single Taar isoform. While these
OSNs do not express ORs, they have been shown to express Golf, suggesting cAMPdependent intracellular signaling102.

1.4.2.2

Predator avoidance
The ligands for TAARs are diverse with different family members responding to

primary amines (i.e. isopentylamine, 2-phenylethylamine, and cadaverine) or tertiary
amines (i.e. trimethylamine, N,N-dimethylalkylamines, N-methyl- piperidine, and Nmethylpiperidine), both of which can be found in urine or decomposing tissue102,111.
Taar4 is responsive to 2-phenylethylamine, which is enriched in carnivore urine. When
exposed to 2-phenylethylamine, rats and mice display an avoidance behavior112. A
knockout of Taar4 eliminates the avoidance behavior. Taar5 is highly responsive to
trimethylamine, a compound found in male mouse urine, but not in female urine113.
Exposure to trimethylamine elicits species-specific behavioral responses, with rats
avoiding the odor while mice are attracted to lower concentrations and avoid higher
concentrations113. The attraction to lower concentrations of trimethylamine was abolished
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in Taar5 knockout mice, but the aversion to higher concentrations remains. Little is
known about how the Taar-signals are processed in the MOB and higher-level cortices.
However, Taar+ OSNs project their axons toward the MOB where they converge onto
glomeruli located on the dorsal medial surface114.

1.4.3

Trpc2-expressing OSNs
Transient receptor potential (TRP) channels are a group cation channels that

mediate the flux of Na+ and Ca2+ across the plasma membrane115. TRP channels exist as
either homo- or heterotetramers of TRP proteins and activation of the channel leads to the
influx of cations, resulting in the depolarization of the cell. To date there are 28 known
TRP channels divided into two main groups with the isoforms TRPC1, TRPC2, TRPC4,
TRPC6, TRPM4, and TRPM5 expressed in the MOE100,116,117. Trpc2 is found in most, if
not all, sensory neurons of the vomeronasal organ107. More recently, at least two
populations of Trpc2+ MOE neurons were discovered, with one population coexpressing
ACIII108. Trpc2 was also found in the microvillous OSNs in zebrafish MOE, where the
OSNs axons project and segregate themselves to the lateral region of the OB118.
Additionally, Trpc2+ cells were expressed in the main olfactory and vomeronasal
systems of Xenopus laevis larvae119.
Trpm5 is expressed in both microvillar cells and mature OSNs within the mouse
MOE, primarily along the ventrolateral aspects120. The Trpm5+ OSNs express
components of both phosphoinositide and cAMP-mediated signaling cascades, with their
axons projecting toward the ventral surface of the MOB. Recently, electroolfactograms
and isolated OSN recordings have demonstrated that Trpm5+ OSNs respond specifically
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to putative pheromones, urine, and major histocompatibility complex peptides, but not to
regular odors or pheromones of other species121,122.
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CHAPTER 2: INTRINSIC FLAVOPROTEIN AND NAD(P)H FLUOESCENCE
IMAGING IN NEUROSCIENCE

2.1 INTRODUCTION
Functional optical imaging has been a valuable tool for examining and
understanding the connectivity of neuronal circuits. Advantages of this approach lie in its
ability to assess the activity of multiple neuronal populations and provide anatomical
context to neuronal activity. To date, there are multiple optical techniques to asses
neuronal activity, including: 1) externally applied and genetically encoded Ca2+
indicators, 2) externally applied and genetically encoded voltage indicators, 3) other ionsensitive indicators, 4) pH-sensitive indicators, 5) hemodynamic optical signals, and 6)
intrinsic fluorescence signals. Recently, there has been interest in the utilization of
intrinsic fluorescence signals that do not require the introduction of external dyes or the
use genetically modified cells. In the following chapter, I will provide an overview on the
fundamentals of intrinsic flavoprotein and nicotinamide adeninde dinucleotide
(phosphate) [NAD(P)H] fluorescence imaging, and how intrinsic fluorescence imaging
has been applied to neuroscience.

2.2

INTRINSIC FLUORESCENCE AND INDICATOR OF METABOLISM

2.2.1

Intrinsic fluorescence
The discovery and application of fluorophores has been paramount for the

advancement of biomedical and clinical research. The use of fluorescent molecules has
provided insights into gene expression, molecular structure, protein folding, protein
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localization, molecular interactions and cellular activity. Fluorescence is due to the
energy states of electrons in molecules (for additional details see Principles of
Fluorescence Spectroscopy by Lakowicz, 2006). Freely moving electrons can exists in a
lower energy “ground state” or in a higher energy “excited state.” Electrons of
fluorescent molecules are characterized by having low energy transition (π  π*), thus
resulting in highly excitable electrons. Electrons reach the excited state when they absorb
energy from photons, with the energy required to reach the excited state is proportional to
wavelength of the photons. Fluorescence occurs when the electron returns to the ground
state, emitting heat and photons in the process. The most intense and common fluorescent
molecules are those with aromatic compounds, which exhibit the lowest π  π* energy
transition.
The most common application of fluorophores has been as a label or tag for gene
expression, protein localization and cell markers in tissues. But with a greater
understanding of fluorophore chemistry and the discovery of the new fluorescent
molecules, the methodology has shifted from a simple static label to a reporter or
indicator of the cellular microenvironment. Fluorescent indicators can be defined as
fluorophores whose fluorescent properties are impeded by molecular conformation or
other intramolecular forces, until the binding of an ion or ligand reestablishes the
fluorescent conformation. Examples of fluorescent indicators include indicators sensitive
to changes in free intracellular Ca2+ levels and cellular membrane potentials. These
fluorescent indicators allow researchers to optically examine intracellular conditions and
activity in living cells and tissues without the need for tissue fixation or extensive
processing. However, the use of fluorescent indicators is not without limitations. Many
fluorescent indicators must be introduced externally as dyes, most of which are toxic to
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cells at high concentrations or after prolonged exposure123. Additional effects of extrinsic
dyes include intracellular buffering and the induction of non-intrinsic events124,125.
Alternatives to extrinsic dyes include genetically encoded indicators, which are expressed
endogenously within the cells. But this is also hindered by the availability of genetic
strains or viral expression of the indicator. Much like extrinsic dyes, expression of
genetically encoded indicators also encounters cytotoxicity due to long-term expression
of the protein126.
Within the last decade, advances in optics, microscopes and optical recording
devices have opened alternative fluorescent indicators in the form of intrinsic fluorescent
molecules. Intrinsic fluorescent molecules are broadly defined as molecules having
naturally fluorescent properties, which include amino acids, peptides, proteins, cofactors,
vitamins, and vitamers. Of the various intrinsically fluorescent molecules, the cofactors
of flavoproteins and nicotinamide adeninde dinucleotide (NAD+/NADH) became
promising fluorescent indicators due to their ubiquity and signal strength. Originally
observed and described in studies examining the impact of blood oxygen levels127-130,
flavoproteins and NAD+/NADH exhibited unique fluorescent properties that are tied to
their reduction-oxidation (redox) states131-134. In the following section, I will discuss the
principles of intrinsic flavoprotein and NAD+/NADH fluorescence and how these
intrinsic signals are indicative of cellular metabolism and activity.

2.2.2

Principles of flavin and flavoprotein fluorescence
Flavin compounds are naturally occurring compounds characterized with a 7,8-

dimethyl-10-alkylisoalloxazine tricyclic aromatic ring131-133. Derived from the Latin word
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“flavus” meaning “yellow,” flavin compounds have a distinct yellow-orange color when
first isolated. The most abundant and most understood is riboflavin and its derivatives
flavin mononucleotide (FMN+/FMNH2) and flavin adenine dinucleotide (FAD+/
FADH2). FMN+/FMNH and FAD+/ FADH2 are well known for their participation in
oxidation-reduction reactions within enzymes (Figure 2.1a). This is due to the
isoalloxazine aromatic ring, which has the ability to transfer one-electron or twoelectrons131,135,136. This is the case with FMN+/FMNH2 and FAD+/FADH2, which play
critical roles in the transfer of electrons through the electron transfer chain during
mitochondrial oxidative phosphorylation.
Shortly after its discovery, riboflavin and its derivatives became known for
exhibiting unique optical properties127,135,136. Besides the ability to transfer electrons, the
isoalloxazine aromatic ring displayed unique optical properties depending on its redox
state135,137 (Figure 2.1a). In the oxidized state, flavins exhibit four absorbance peaks at
around ~220, ~265, ~375, and ~445 nm135,137. Flavin fluorescence occurs when the
molecule is excited at ~450nm (to a lesser extent at ~350nm) and emits light at ~500nm
and ~545nm131-133,137. FMN+ and FAD+ share the same optical properties, but there are
shifts in the peak excitation and emissions to 447 and 370 nm, and 526 nm, respectively,
depending on the preparation132,133,138. In the reduced state, flavins display a similar
absorbance profile except for the loss of the ~450nm peak absorbance, which is the
wavelength necessary for excitation136,139-142. Therefore, flavins in their reduced states,
such as FMNH2 and FADH2, fail to exhibit fluorescence.
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2.2.3

Principles of NADH and NADPH fluorescence
Nicotinamide adeninde dinucleotide (NAD+/NADH) is ubiquitously found in

cells and functions as a cofactor for many enzymes. Consisting of nicotinamide and
adenine bases joined through phostphate groups, NAD+/NADH participates in multiple
oxidation-reduction reactions with the nicotinamide base acting as the site for electron
transfer (Figure 2.1b). NAD+/NADH is notably involved in glycolysis and oxidative
phosphorylation during cellular metabolism. Similar to flavins, NAD+/NADH exhibit
optical properties that are dependent on its oxidation-reduction states127,129,130,134. In the
reduced state, NADH exhibits two absorbance peaks at ~260nm and ~340nm, which
correspond to the absorbance of the adenine and nicotinamide moieties,
respectively143,144. Primary excitation in the reduced state occurs at ~340nm with
emission at ~460nm134,145. There is a secondary excitation peak at 260nm with emission
peaks at 260nm and 340nm corresponding to the adenine moiety143,144,146. In the oxidized
state (NAD+), only the ~260nm absorbance peak is retained and NAD+ could no longer
be excitable with ~340nm light143. However, in its oxidized state, NAD+ gains a new
absorbance peak at ~223nm corresponding to the oxidized nicotinamide145,147,148.
Although the majority of the optical response is due to NAD+/NADH, the
nicotinamide adenine dinucleotide phosphate (NADP+/NADPH) derivative exhibited a
nearly identical response145,147. Derived from NAD, a phosphate group is attached the 2’
position of the ribose ring associated with the adenine moiety by ferredoxin-NADPH
reductase. NADP+/NADPH has the same function for transferring electrons, but is
commonly involved in anabolic reactions such as lipid synthesis, cholesterol synthesis,
fatty acid chain elongation, and nucleic acid synthesis. NADP+/NADPH share the same
absorbance, and excitation/emission properties as NAD+/NADH, respectively145,147,148.
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Distinction of the optical signals can only be made based on their kinetics through
fluorescence lifetime imaging, where the enzyme-bound NADPH exhibited a larger
fluorescence lifetime than enzyme-bound NADH149. Examination and estimations of the
optical signals from cardiac tissue suggested that ~80% of the signal originates from the
mitochondria and of NAD+/NADH origin150. As NADPH and NADH signals cannot be
easily differentiated under standard epifluorescent recording parameters, both signals will
be referred to as NAD(P)H for this chapter and subsequent chapters.
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Figure 2.1 Intrinsic fluorescent molecules
(A) Intrinsic flavoprotein fluorescent imaging is dependent on the reduction-oxidation
state of the alkyisalloxazine ring within the flavin mononeculeotide and flavin adenine
dinucleotide molecules. (B) Intrinsic NADH fluorescent imaging is dependent on the
reduction-oxidation state of the nicotinamide adenine dinucleotide molecule.
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2.2.4

Indicators of cellular metabolism
The involvement of flavoproteins (FMN+/FMNH and FAD+/ FADH2) and

NAD+/NADH in cellular respiration and metabolism has been well documented151-153.
Because their redox states are coupled to their optical properties, many studies have taken
advantage of the relationship to optically assess and quantify the metabolic state of cells
and tissues under various states or pharmacological treatments127,130,154.
Cellular respiration begins with glycolysis within the cytosol, where a single
molecule of glucose yields two pyruvate molecules, ATP, and the reduction of NAD to
the fluorescent NADH (Figure 2.2). The pyruvate molecules are subsequently transported
into the mitochondria and converted into acetyl-coenzyme A (acetyl-CoA) via pyruvate
dehydrogenase complex (PDC). The activity of PDC yields another NADH and the
double oxidation of FAD to its non-fluorescent state, FADH2. Acetyl-CoA then enters the
tricarboxylic acid cycle (TCA cycle), where a series of enzymes produces three more
NADH molecules and a succinate molecule. The NADH products enters the electron
transport chain at complex I, where a donation of an electron is necessary to generate the
proton gradient for driving the production of ATP by ATP-synthase. At complex I, the
donated electron leads to the reduction of FMN+ to the non-fluorescent FMNH2, which is
subsequently oxidized as electrons are transferred to ubiquinone and the pumping of
protons to the mitochondrial intermembrane space. Following an alternate electron
transport pathway at complex II, succinate donates an electron as it is converted into
fumarate. Within complex II, the donated electron leads to the reduction of FAD+ to the
non-fluorescent FADH2, which is subsequently oxidized as electrons are transferred into
ubiquinone leading to the proton gradient in the mitochondrial intermembrane space. The
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potential energy stored by the proton gradient across the intermembrane space then drives
the ATP synthase to produce ATP from ADP and inorganic phosphate.
The depletion of the ATP pool initiates the consumption of NADH and the
recruitment of mitochondrial response155. The net effect of high metabolic demand on
intrinsic fluorescence is an immediate reduction in NADH signal and an increase in
flavoprotein signal, corresponding to the depletion of the NADH pool and the recruitment
of more mitochondria and increased electron transport chain activity. Cells generally
maintain a steady state of ATP/ADP levels, where ATP is constantly produced by the
cellular respiration and consumed by housekeeping enzymes153. However, metabolic
demand increases with increased cellular activity156-160. These distinct changes have been
observed in rapidly dividing stem cells161,162 and in cancer tissue160,163. Some studies
include the examination of cellular differentiation162,164 and response, such as in
pancreatic cells145,151.
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Figure 2.2 Principles of intrinsic fluorescence imaging
Consumption of ATP results from the activity of multiple cellular processes ranging from
biosynthesis, molecular trafficking, and cell signaling. The increase in metabolic demand
initiates the regeneration of ATP levels. This activity process includes increase in
glycolytic and mitochondrial activities. For intrinsic NAD(P)H fluorescence imaging,
depletion NADH signals are observed when pools of NADH are reduced as electrons are
transferred to complex I of the electron transport chain. Conversely in intrinsic
flavoprotein fluorescence imaging, increases in flavoprotein signals are observed when
flavin mononucleotide (FMN+) and flavin dinucleotide (FAD+) are oxidized in complex I
and II, respectively. Both intrinsic fluorescent signals are attributed to increases in
mitochondrial activity, which is the consequence of increased metabolic demand. (1)
ATP consumption, (2) glycolysis, (3) lactate dehydrogenase (LDH), (4) pyruvate
dehydrogenase (PDC), acetyl-coenzyme A (aCoA), (5) tricarboxylic acid cycle (TCA),
(6) electron transport chain, (7) ATP-synthase.
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2.3

INTRINSIC FLAVOPROTEIN AND NAD(P)H FLUORESCENCE IN

NEURONAL TISSUE
2.3.1

Neuronal metabolism
The relationship between neuronal activity and energy consumption has long been

known in the field of neuroscience. Compared to other organs, the central nervous system
alone consumes nearly 20% of blood oxygen and glucose of the entire body, despite
comprising only 2% of the body mass165. This energy demand is reflected by the
mitochondrial density, where 17.3% of cellular volume in neurons is devoted to
mitochondria versus ~11% in glia. Not surprisingly, the highest concentrations of
mitochondria within neurons are dendrites (62%) and axons (36%), areas that
prominently involved with synaptic activity and action potential propagation166.
Mitochondria are transported from the soma, where they are generated, to the neuronal
processes via the cytoskeleton167,168. The large consumption of energy can be attributed to
the high cost of maintenance for neurons, which includes the maintenance of the
electrochemical gradient, cellular structure (axons and dendrites), synaptic vesicle pools,
and receptor pools152,166. The energy demand is proportional to neuronal activity, where
repeated action potential generation, and pre- and postsynaptic activity, consumes more
ATP. Estimations suggest that a 1Hz increase in cortical neuron firing rate results in a
16% increase in ATP production152,166,169.
Based on the mitochondrial density, the pre- and postsynaptic regions are one of
the more metabolically active regions of a neuron170. Synaptic function in intact nerve
terminal was reduced when treated with protonophores, dinitrophenol, or sodium azide,
which disrupts mitochondrial activity or inhibit ATPase activity171,172. The reduced
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synaptic function was partially rescued by the addition of glucose, which presumably
increases glycolytic response and ATP production at the nerve terminal171. Additionally,
in mitochondria-deficient drp1 mutant Drosophila, synaptic deficiencies at the
neuromuscular junction were partially rescued with the introduction of exogenous
ATP173. The consumption of ATP at the synapse can be attributed to several processes
that include synaptic vesicle priming, vesicular endocytosis, vesicular loading of
neurotransmitters, and the transport and mobilization of reserve pools of vesicles174-178.
The ability of synapses to mobilize and utilize the reserve vesicular pools is especially
sensitive to changes in ATP levels and the mitochondrial proximity174.
Considering the whole neuron, the majority of ATP consumption is attributed to
Na+/K+ ATPase activity166 (Figure 2.3). The Na+/K+ ATPase, or Na+/K+ pump, is
responsible for maintaining the electrochemical gradient and reestablishing the resting
membrane potential after action potential generation. During and after action potential
generation, the Na+/K+ ATPase work to simultaneously pump Na+ ions out the cell while
pumping K+ ions into the cell. The net result of this process is to shift the membrane
potential of the neuron back to the resting membrane potential. Estimates of energy
consumption have indicated that Na+/K+ ATPase activity accounts for nearly 60% of the
energy consumption of a neuron166,179.
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Figure 2.3 Energy consumption in neuronal tissue
ATP consumption occurs through multiple neuronal processes that include vesicular
recycling and response to membrane potential. Intrinisc fluorescent signal changes
correlate with neuronal activity through increases in metabolic demand as a cosequence
ionic pumps and synaptic activity. (1) Mobilization and recruitment of reserve synaptic
vesicle pools, (2) synapse and synaptic NMDA and AMPA receptors, (3) Na+/K+ and
Ca2+ ATPases, (4) voltage-gated Na+ and Ca2+ channels, (5) glycolysis, (6) lactate
dehydrogenase (LDH), (7) pyruvate dehydrogenase (PDC), acetyl-coenzyme A (aCoA),
(8) tricarboxylic acid cycle (TCA), (9) electron transport chain.
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2.3.2. Intrinsic flavoprotein fluorescence imaging of the central nervous system
In the last decade, intrinsic flavoprotein imaging has caught the interest of several
groups as a rapid and accessible tool for circuit mapping and assessing neuronal activity.
The technique bypasses some of the technical limitations of other functional imaging
techniques that require dye impregnation or utilize specific mouse strains. Intrinsic
flavoprotein imaging requires the neuronal tissue to be excited with blue light (430480nm, band-pass filter) and recorded at green light (520-590nm, band-pass filter). It is
critical to use the band-pass filter in order to eliminate the possible contribution of
hemodynamic artifacts, which operate at longer wavelengths180. While most studies have
utilized a standard epifluorescence microscope and CCD camera, multiphoton
microscopy has been used to increase spatial and temporal resolutions of the
recordings134,151.
Activity-dependent intrinsic flavoprotein signals in neuronal tissue are
characterized by a biphasic fluorescent response profile. Upon electrical or sensory
stimulation there is a rapid increase in fluorescence signal (light phase), followed by a
long decrease (dark phase) prior to returning to pre-stimulus levels7,181-183. This biphasic
response was neuronal in origin, where tetrodotoxin treatment of abolished stimulusdependent response181,182. Flavoprotein light and dark phase amplitudes were sensitive to
changes in stimulation parameters. Increasing stimulation amplitude, frequency, or train
duration resulted in increases in flavoprotein signal amplitudes181,182. Local or bath
applied ionotropic glutamate receptor antagonists eliminates the majority of the stimulusdependent flavoprotein responses, suggesting the stimulus-dependent responses in
neuronal tissues were predominantly postsynaptic in origin7,181,184. Similarly, blocking
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synaptic transmission with Ca2+-free ACSF eliminated the stimulus-dependent
flavoprotein response181.
The mitochondrial origin of the signal was verified by treating slices and tissues
with diphenelyleneiodium or sodium cyanide, known mitochondrial activity inhibitors.
Treatment with mitochondrial inhibitors abolished the stimulus-dependent flavoprotein
responses181,182. Additional insight into the origins of the light and dark phase comes from
replacing the metabolic substrates. By replacing glucose with either lactate or pyruvate,
the glycolysis step of metabolic pathway is bypassed. By changing the metabolic
substrate, studies have demonstrated a significant reduction in the stimulus-dependent
dark phase, while the light phase remained unchanged6,181,184. These observations suggest
that the dark phase is largely attributed to glycolytic activity. However, it remains unclear
what fraction of the response originates from neurons or glia. Treatment with
fluoroacetate, an inhibitor of glial metabolism, resulted in decreases in stimulusdependent dark phase6, suggesting that the dark phase is glial in origin. Others have
suggested the contribution of hemodynamic responses, where there is overlap between
hemoglobin absorbance and flavoprotein emission and similarities in the temporal
response of these two processes182,185.

2.3.3. Intrinsic NAD(P)H fluorescence imaging of the central nervous system
Prior to intrinsic flavoprotein imaging, intrinsic NAD(P)H imaging was used due
to the relatively larger stimulus-dependent response, but was limited based on the
phototoxicity of the excitation wavelength. With improved optics, intrinsic NAD(P)H
imaging has garnered similar interest in assessing neuronal activity and neurometabolism.
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Intrinsic NAD(P)H imaging involves exciting the neuronal tissue with ultraviolet light
(340-360nm, band-pass filter) and recorded at blue light (430-450nm, band-pass filter).
Much like the flavoprotein signal, the stimulus-dependent NAD(P)H signal is
characterized by a biphasic but inverse response. Upon electrical stimulation, there is a
rapid decrease in fluorescence signal (initial dip), followed by a long increase (overshoot)
prior to returning to prestimulus levels177,186,187. Treatment with ionotropic glutamate
receptors blockers in brain slices abolished both the initial dip and the overshoot,
suggesting postsynaptic origins177,186. This biphasic response was also abolished when
brain slices were treated with rotenone, a mitochondrial toxin that binds to complex I of
the electron transport chain188. Similar to the stimulus-dependent flavoprotein signal, the
biphasic response of the NAD(P)H signal garnered interest on the individual responses.
The initial dip and the overshoot have been linked to neuronal and glial response,
respectively. These observations were based on imaging studies of hippocampal slices
labeled with neuronal and glial markers189. Regions of interest from either neurons or glia
demonstrated that the initial dip was restricted to neurons, while the prolonged overshoot
is restricted to labeled glia.

2.4.

FUNCTIONAL CIRCUIT MAPPING USING INTRINSIC

FLAVOPROTEIN AND NAD(P)H FLUORESCENCE IMAGING
Since the seminal studies performed by Briton Chance and colleagues127,128,190-193,
the use of intrinsic flavoprotein and NAD(P)H fluorescence imaging to assess the
functional circuitry has expanded to various brain regions. Improvements in the optics
and detectors have enhanced the temporal and spatial resolutions for many recordings.
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This has allowed many studies to not only gain insight on neurometabolism, but to assess
functional connectivity and synaptic response in vivo and in vitro.

2.4.1. Intrinsic imaging of the cerebellar parallel fiber-Purkinje cell circuit
The positioning of the cerebellum makes it accessible for in vivo intrinsic
fluorescence imaging. Current studies have primarily utilized intrinsic flavoprotein
signals, due to the relatively stronger signal and lower optical toxicity181,194 (Reinert et al,
2007; Barnes et al, 2011). Electrical stimulation of the cerebellar surface at crus I and
crus II generated a transverse “beam-like” signal across the folium (~2.5mm long, 120µm
width)181,184,195. This transverse signal spread was consistent with the activation of
parallel fibers and their postsynaptic targets, Purkinje cells and molecular layer
interneurons. In addition to the on-beam observations, the same group highlighted the
patches of parasagittal “off-beam” response. The off-beam response was a stimulusdependent decrease in intrinsic flavoprotein signal. The off-beam response was abolished
when the surface of the cerebellum was treated with bicuculine, a GABAA receptor
antagonist195. This suggests that the off-beam decrease in flavoprotein signal results from
activation of inhibitory interneurons. Field potential recordings of the on-beam and offbeam intrinsic flavoprotein signals confirm the excitatory and inhibitory responses,
respectively195. Stimulus-dependent flavoprotein signals also reflect long-term
potentiation in the cerebellar circuits196. Following a conditioning stimulus, increases in
both synaptic response and the flavoprotein signal suggest the coupling of long-term
potentiation and metabolic conditions of postsynaptic neurons.
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2.4.2. Intrinsic imaging in the hippocampus
The hippocampus was one of the first brain regions to which intrinsic
fluorescence imaging was applied. In vivo imaging of anesthetized cats was used to link
the intrinsic NAD(P)H fluorescent signal response and extracellular K+ concentrations, a
proxy of Na/K-ATPase activity197. Later studies have since confirmed the association
between the intrinsic NAD(P)H signal response and neuronal activity using dissected
mouse or rat hippocampal slices177,186,188,189. Application of intrinsic fluorescence
imaging to study the hippocampal circuitry has been limited, with the hippocampal
circuit primarily used to dissect the metabolic components of the NAD(P)H and
flavoprotein signal profiles. However, these studies highlighted the ability to observe
intrinsic NAD(P)H signal response within the entorhinal cortex following Schaffer
collateral stimulation188. In a recent study, intrinsic flavoprotein imaging was utilized to
examine the impact of periventricular nodular heterotopia from excised hippocampi from
patients198. Stimulation of either the nodules or hippocampal subiculum demonstrated
connectivity between the two areas. This supports past studies that nodules interact, and
potentially disrupt and interfere, with the hippocampal circuitry198.

2.4.3. Intrinsic imaging in the thalamocortical circuit
The thalamocortical circuit is known to relay projections from the thalamus to the
middle and upper layers of the cortex. These projections relay sensory information from
thalamic nuclei to the somatosensory, visual, and auditory cortices. Intrinsic flavoprotein
imaging, with modified thalamocortical slices, was used as a rapid method of mapping
thalamic nuclei projections to the cortex7,199-201. Connectivity maps were generated
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between the ventral posterior nucleus of the thalamus and the thalamic reticular nucleus;
as well as connectivity between the ventral posterior nucleus of the thalamus and the
primary somatosensory cortex-barrel field7. The significance of this circuit comes from
its potential role mediate information processing from neighboring whiskers202. The
experiment utilized photostimulation via glutamate uncaging7,201. The detailed map
yielded not only the spatial connectivity, but also the extent of the areas activated. From
the studies, the group developed a novel map of the ventral posterior nucleus of the
thalamus and the thalamic reticular nucleus, indicating a precise topographic relationship
along the dorsoventral axis7. Other studies have looked at the afferents fibers from the
lateral mammillary body and cortical afferents via internal capsule to the anterodorsal
thalamic nucleus203. These studies found that the mammillothalamic pathway acts as a
driver pathway while the corticothalamic pathway acts as a modulatory pathway.

2.4.4. Intrinsic imaging in the sensory cortices
Intrinsic fluorescent imaging has been widely used in different areas of the
somatosensory cortex182,185,204-206, as well as generate functional maps within the
auditory180,199 and visual cortices207-209. Mapping of the somatosensory cortex was
performed following a natural stimulus by delivering a mechanical stimulus to the surface
of the left plantar forepaw of the rat182. From the same rat, hindpaw stimulation produced
activation of the different area of the cortical surface. When compared to field potential
recordings, the flavoprotein signal directly corresponds to the electrical activity. Shortterm plasticity visualized with flavoprotein imaging in the somatosensory cortex of
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anesthetized rats206. The highlight of the study is simply the observation of synaptic
plasticity (both LTP and LTD) with equivalent differences in spatiotemporal spread.
Takahashi and colleagues180 utilized intrinsic flavoprotein imaging to examine the
impact of experience-dependent plasticity on tonotopic maps. Recordings from
anesthetized mice, the group observed increases in flavoprotein response amplitude and
area relative to increased tonal frequency. The response maps exhibited potentiation,
where mice previously exposed to an auditory stimulus displayed larger stimulusdependent response amplitude and area, than untreated mice180. Similar flavoprotein
responses were observed in mice receiving auditory trauma199. However, the cortical
slices from mice receiving auditory trauma exhibited diminished sensitivity to GABAA
receptor blockers.
Within the visual cortex, intrinsic flavoprotein imaging was applied to the
examination of the retinotopic organization in the mouse and cat primary visual
cortices209. The flavoprotein response was imaged while the animal was presented with a
horizontal bar drifting through the visual field. The bar stimulus activated a sizeable, but
restricted, band in the primary visual cortex (V1). Similarly, a visual map was also
produced in the cat area 17 of the visual cortex in response to drifting horizontal squarewave gratings208,209. These spatial flavoprotein signals correlated with the hemodynamic
signal in the same animals, but with much better spatial resolution and rapid response.
This improved spatial and temporal mapping was also observed in primary visual cortex
(V1) of alert macaque monkeys, noting faster response time and a more precise signal
spread compared to the hemodynamic response207.
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2.4.5. Intrinsic imaging in other CNS regions
In addition to the abovementioned regions, individual studies have utilized
intrinsic fluorescence imaging in the motor cortex210, spinal cord183, and olfactory bulb211.
Within the motor cortex, Anderson and colleagues210 used flavoprotein imaging, in
conjunction with layer specific markers, to examine the laminar flow of information
following photostimulation of layer 2/3. At spinal cord, Jongen and colleagues183 utilized
flavoprotein imaging to demonstrate close spatiotemporal correlation of electrically
evoked nociceptive input and flavoprotein signal. In addition to validating the technique,
this group demonstrated the impact of subcutaneous sensitization by capsaicin treatment
enhances the flavoprotein signal and size. Within the olfactory bulb, Chery and
colleagues211 demonstrated the overlap of intrinsic flavoprotein signal with hemodynamic
response during odor-evoked activation of the olfactory bulb in anesthetized mice211.
Modeling of the observed signals suggested the signals to originate predominantly from
the glomerular layer212.
Collectively, these studies demonstrate the flexibility of intrinsic fluorescence
imaging for various regions of the CNS. However, use of the technique to understand
details regarding functional connectivity beyond the cerebellar and thalamocortical
circuits has been limited. This is especially true for the main olfactory bulb, which has a
unique circuit organization. The technique’s ability to map functional connectivity and
relative accessibility, should allow for the examination of the long-distance connections
within the main olfactory bulb.
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2.5.

COMPARISON TO OTHER FUNCTIONAL IMAGING TECHNIQUES
Intrinsic fluorescence imaging falls into a unique category that has broad signal

response characteristics whose fluorescent signal is completely endogenous to the cell or
tissue (Figure 2.4). Depending on recording setup and conditions, intrinsic fluorescence
imaging can vary in acquisition rates from as low as 2Hz to as high as 20Hz200 under
some conditions, with amplitudes varying from 1% ∆F/F to 10% ∆F/F132,187,200. Adding
to the accessibility and flexibility of the technique is its ability to visualize the intrinsic
signals through standard epifluorescent, confocal, or multi-photon microscopes in vitro or
in vivo. In the following section, I will go over how intrinsic fluorescence imaging
compares to other functional imaging techniques.

2.5.1. Comparison to voltage-sensitive and calcium imaging
Traditional Ca2+ and voltage-sensitive imaging rely on the cellular uptake of
externally-applied indicator dyes, the fluorescent properties of which provide a direct
measurement of intracellular Ca2+ levels or change in membrane potential, respectively.
Ca2+ indicators fall into a category of chemical (chemical-sensing) indicators and are a
series of calcium chelators derived from 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’tetraacetic acid) (BAPTA). The majority of calcium indicators experience a
conformational change and shift in optical properties when bound to free calcium
ions213,214. Unlike Ca2+ dyes that normally occupy the cytosol, voltage-sensitive dyes are
commonly bound to the cellular membrane. Voltage-sensitive dyes are characterized by a
membrane anchor and a chromophore region, whose optical properties change relative to
membrane potential215,216. The change in membrane potential alters the molecular
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positioning of the dye relative to the surface of the membrane either by exposing or
reorienting the chromophore region216.
More recently, there have been advances in the development of geneticallyencoded Ca2+ and voltage indicators. Genetically encoded calcium indicators (GECI),
such as GCaMPs, which are generated by fusing the Ca2+-binding domain of calmodulin
with green fluorescent protein (GFP) variant217,218. Similarly, genetically encoded voltage
indicators (GEVI), are generated by fusing the voltage-sensing domain of Kv-type
potassium channels to a fluorescent protein215,219,220 or by modifying voltage-sensitive
bacterial rhodopsins221,222. Together, both imaging techniques have served as valuable
tools in the understanding the spatiotemporal spread of neuronal activity through
neuronal circuits in vitro and in vivo.
Direct comparisons between intrinsic fluorescence imaging to either Ca2+ or
voltage imaging is limited182,186. However, there is sufficient technical knowledge from
either technique to compare the advantages and disadvantages. Fluorescence signal
amplitudes, especially from Ca2+ dyes, are much greater than those achieved with either
flavoprotein or NAD(P)H imaging. In vitro setups using Ca2+ imaging can range between
5-100% ∆F/F both in vivo and in vitro214, which exceeds the 1-10% ∆F/F amplitudes of
either flavoprotein or NAD(P)H signals132,187,200. There are also differences in the kinetics
and stimulation parameters of these techniques. For both Ca2+ and voltage imaging,
signal response occurs after stimulus onset. For intrinsic fluorescence imaging, stimulusdependent responses occasionally take seconds prior to reaching peak amplitude and
require a train stimulus to elicit a strong response6,181,182,187.
Another advantage with the imaging techniques that utilize genetically-encoded
indicators is that neurons that express these indicators are specifically labeled. Thus,
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studies can assess the activity of certain neuronal populations following activation of the
circuit. This also allows for the observation of single cell response and kinetics that
would be difficult to isolate from dye impregnation and intrinsic fluorescence imaging.
However, despite the advantages in the spatiotemporal kinetics and resolution of
Ca2+ and voltage imaging, implementation of the technique still remains the largest
hurdle. Traditional Ca2+ and voltage imaging requires exposure of the cells and tissue
with potentially cytotoxic dyes and the amount of dye incorporated is unlikely to be
uniform. Although genetically encoded indicators ameliorate some of limitations of dye
impregnation, there is still the problem of accessibility of the correct animal line to
perform the imaging studies. Intrinsic fluorescence imaging circumvents some of these
limitations by being endogenously present in all cell types, thus making the technique
accessible despite its limitations on the kinetics and temporal resolutions.

2.5.2. Hemodynamic responses and flavoprotein/NAD(P)H signal imaging
Flavoprotein/NAD(P)H fluorescence imaging has been commonly compared to
the recording and measurement of hemodynamic responses, traditionally known as
intrinsic signal imaging (ISI) (a.k.a. intrinsic optical imaging, IOI). ISI is similar to
flavoprotein/NAD(P)H fluorescence imaging in that it relies on endogenous signals as
indicators of neuronal activity and metabolism. ISI techniques take advantage of changes
in optical responses that accompanies oxygenation/deoxygenation of hemoglobin,
changes in blood volume and cortical surface reflectance204,223-225.
Calculations of the flavoprotein/NAD(P)H fluorescence and hemodynamic
kinetics show key differences in the time course between the two signals, with the
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hemodynamic response being slower than the flavoprotein/NAD(P)H fluorescence
signals212. Simultaneous recordings of intrinsic flavoprotein and hemodynamic responses
demonstrated the differences in temporal response in the auditory cortex, with the
hemodynamic response taking twice as long to reach its peak180. The difference in the
signal kinetics is due in part to the direct coupling between intrinsic signals and neuronal
responses, while hemodynamic signals are coupled to blood flow and require signaling
between neuronal tissue and the vasculature185.
The largest difference between flavoprotein/NAD(P)H fluorescence imaging and
ISI is the spatial representation of neuronal activity. Studies that performed simultaneous
recordings of flavoprotein signals and hemodynamic signals indicate a much more
restricted spread of stimulus-dependent flavoprotein fluorescence response185,207,209. In
mapping the retinotopic organization of the mouse and cat visual cortices, a drifting
horizontal bar stimulus activated a sizeable, but restricted, flavoprotein signal band in the
primary visual cortex (V1)209. The orientation preferences on the visual cortex from the
study demonstrated more defined borders generated from the flavoprotein signal than
seen in the hemodynamic responses. Other direct comparisons come from studies in the
rat barrel cortex185. Direct comparisons between the cerebral blood flow examination and
flavoprotein/NAD(P)H flavoprotein imaging in the rat barrel cortex exhibit differences in
signal strength and spatiotemporal resolutions185. Although cerebral blood flow
examination generates a much higher signal to noise ratio, there is a delay in the response
time and a much larger area of activation. The flavoprotein signal response much more
rapid in comparison and the area of activation much smaller. Much like the differences in
the response kinetics, the difference in spatial representation of the
flavoprotein/NAD(P)H and hemodynamic signals is the due to the vasculature. The
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spatial resolution of the flavoprotein/NAD(P)H signal is principally limited by the
resolution of the capillary bed supplying the brain225-227. Thus, maps generated from ISI
and hemodynamic responses grossly over-represent the area of neuronal activation.
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Figure 2.4 Table of neuroimaging techniques
Generalized comparison of neuroimaging and functional imaging techniques. GFP-CaM
fusion protein (GCaMP), genetically encoded calcium indicator (GECI), genetically
encoded voltage indicator (GEVI), voltage-sensitive fluorescence protein (VSFP).
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2.6

SUMMARY
Overall, the use of intrinsic fluorophores has been extremely beneficial tool for

understanding multiple biological mechanisms. The use of the intrinsic
flavoprotein/NAD(P)H fluorescence imaging specifically has opened opportunities to
examine the cellular activity and metabolism without the need of complicated equipment.
Due to the strong relationship between neuronal activity and metabolism, the imaging of
flavoprotein/NAD(P)H signals has garnered interest in examining synaptic activity and
neuronal connectivity. Intrinsic flavoprotein and NAD(P)H fluorescence imaging was
accessible at different regions of the CNS in vitro and in vivo. Compared to other
neuroimaging techniques, flavoprotein/NAD(P)H signals do not require the exposure to
external dyes as Ca2+/voltage-sensitive indicators, while having a more precise
spatiotemporal response than hemodynamic signals, The combination of accessibility and
response characteristics makes intrinsic flavoprotein/NAD(P)H fluorescence imaging an
ideal technique to rapidly assess neuronal connectivity.
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CHAPTER 3: UNDERSTANDING THE MAIN OLFACTORY BULB
CIRCUITRY USING INTRINSIC FLAVOPROTEIN AND NAD(P)H IMAGING.

3.1 INTRODUCTION
Functional optical imaging has been a valuable tool for examining and
understanding the connectivity of neuronal circuits. Advantages of this approach lie in its
ability to assess the neuronal activity in the context of spatial positioning. Intrinsic
fluorescence imaging relies on the fluorescent properties of either oxidized flavoproteins
(excitation: 430-480/emission: 520-590) or reduced nicotinamide adenine dinucleotide
(phosphate) [NAD(P)H] (excitation: 340-360/ emission: 430-450)181,184,187. The changes
in flavoprotein and NAD(P)H fluorescence signals are associated with mitochondrial
activity, where both molecules participate in electron transport chain that leads to ATP
synthesis (Figure 3.1a). There is a strong coupling between neuronal activity and
metabolism due to the high energetic demands of neurons166,182. The high metabolic
demand has been attributed to the activity of the Na+/K+-ATPase and Ca2+-ATPase
following action potential generation and synaptic signaling166,182 (Figure 3.1b). Thus,
increases in action potential generation and repeated spiking would produce larger
changes in intrinsic flavoprotein and NAD(P)H signal response.
Intrinsic flavoprotein and NAD(P)H imaging are highly stable, sensitive and
specific markers for neuronal activation both in vivo and in vitro7,182,199,209. Flavoprotein
imaging in particular has been used to map the functional connectivity within the
auditory180,199, thalamocortical7,201, and cerebellar systems181,182,209. Despite the
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technique’s application in these systems, it has not been used to gain similar insights into
the structure and function of the olfactory system and the main olfactory bulb (MOB).
The MOB receives axonal input from olfactory sensory neurons (OSNs) within
the main olfactory epithelium. Upon entering the MOB, these afferent fibers are
reorganized such that axons from OSNs expressing the same odorant receptor coalesce to
innervate individual structures called glomeruli18,19 (Figure 3.2). At the glomerulus, OSN
axons synapse with juxtaglomerular and mitral/tufted cells to form the glomerular circuit,
which both participates in the processing of olfactory information and relays that
information to higher areas of the brain18,19,49-53. Several tracing and functional imaging
studies have elucidated the connectivity and complexity of the glomerular circuit228,229;
however, technical limitations and accessibility of the techniques hinders the
understanding of the long-distance functional connectivity of the circuit.
This study establishes a novel and alternative tool for understanding how the
olfactory bulb circuit is organized and how olfactory information is processed in the
MOB. Utilizing horizontal MOB slices, the flavoprotein and NAD(P)H spatiotemporal
signal profile and spread were imaged following an electrical train stimulation of the
olfactory nerve layer. Both stimulus-dependent signals exhibited a translaminar spread
from the glomerular layer toward the mitral cell layer. The responses were sensitive to
changes in stimulation parameters and metabolic substrate substitution. These signals
were ablated in the presence of mitochondrial toxin and glutamate receptor antagonists.
The signal amplitude and spatiotemporal spread were enhanced in the presence of
GABAA receptor antagonist. Together, the results show that intrinsic flavoprotein and
NAD(P)H imaging are viable tools to examine the functional connectivity of the
olfactory bulb circuitry.
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Figure 3.1 Principles of intrinisic flavoprotein and NAD(P)H fluorescent imaging.
(A) Instrinsic flavoprotein and NAD(P)H fluorescent signals are attributed to
mitochondrial activity. Decrease in NAD(P)H fluorescent signals are observed when
pools of the NADH are reduced as electrons are transferred to complex I of the electron
transport chain. Conversely, increases in flavoprotein fluorescent signals are observed
when flavin mononucleotide (FMN+) and flavin dinucleotide (FAD+) are oxidized in
complex I and II, respectively. (B) Intrinisc fluorescent signal changes correlate with
neuronal activity through increases in metabolic demand resulting from ionic pumps and
synaptic activity. (1) Na+/K+ and Ca2+ ATPases, (2) synaptic NMDA and AMPA
receptors, (3) voltage-gated Na+ and Ca2+ channels, (4) glycolysis, (5) lactate
dehydrogenase (LDH), (6) pyruvate dehydrogenase complex (PDC), acetyl-coenzyme A
(aCoA), (7) tricarboxylic acid cycle (TCA), (8) electron transport chain.
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Figure 3.2 Olfactory bulb circuit.
Schematic of stimulus electrode positioning on the main olfactory bulb with an individual
glomerular circuit (highlighted). ONL, olfactory nerve layer; GL, glomerular layer; EPL,
external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GrL,
granule cell layer; MC, mitral cell; PGC, periglomerular cell; SA, short axon cell; GC,
granule cell.
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3.2. MATERIALS AND METHODS
3.2.1 Animal handling and Slice Preparation
All studies were approved by the University of Maryland, Baltimore IACUC
committee. Olfactory bulbs were harvested from 3-6 week old C57BL6/J mice. Animals
were anesthetized with saturated isoflurane vapor, decapitated, and the olfactory bulbs
surgically removed and immediately placed in 4°C oxygenated sucrose-artificial
cerebrospinal fluid (sucrose-ACSF) containing (in mM) 26 NaHCO3, 1NaH2PO4, 3 KCl,
5 MgSO4, 0.5 CaCl2, 10 glucose, and 248 sucrose, equilibrated with 95% O2-5% CO2, pH
7.38. Horizontal slices (380-400 µm thick) were cut with a Leica VT1000 vibratome
(Leica). Slices were incubated in oxygenated ACSF (containing, in mM, 124 NaCl, 26
NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, and 15 glucose equilibrated with
95% O2-5% CO2, pH 7.4) at 30°C for 20–30 min then at room temperature (22°C) in
ACSF for ~1 hr prior to use. For imaging sessions, individual slices were transferred to a
custom recording chamber and perfused with ACSF at a rate of 2.5 ml/min maintained at
a constant 30°C (Bipolar Temperature Controller, Norfolk, VA).
In some experiments, drugs or other compounds were added to the ACSF solution
and perfused into the chamber. The pharmacological agent, substrate change or washouts
were perfused into the chamber for 15 min prior to the start of each recording.
Pharmacological agents used for the experiments include mitochondrial toxin
diphenyleneiodium (DPI), voltage-gated Na+ channel toxin tetrodotoxin (TTX), AMPA
receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione
(NBQX), NMDA receptor antagonist (2R)-amino-5-phosphonovaleric acid; (2R)-amino5-phosphonopentanoate (AP-V), and GABAA receptor antagonist 4-[6-imino-3-(4-
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methoxyphenyl)pyridazin-1-yl] butanoic acid hydrobromide (gabazine, GBZ). In some
experiments, sodium lactate (15 mM) and sodium pyruvate (15 mM) were added to the
ACSF solution as a substitute for glucose.

3.2.2 Stimulation Protocol
Single target glomeruli were electrically stimulated at the apical border, within
10-20 µm of the olfactory nerve layer, using a 5 µm tip, pulled-theta glass electrode.
Unless otherwise indicated, glomeruli received a train stimulus of 100 µA, 50 Hz
(pulses/s), 1 ms pulse width, with a duration of 2 sec. This baseline stimulation parameter
yielded the most robust and reproducible intrinsic response. For experiments examining
the impact of stimulation parameters, the stimulation strength (10µA to 100µA),
stimulation frequency (10Hz to 50Hz), or train duration (0.5s to 6.0s) were varied. All
stimulation protocols were delivered through a Cygnus stimulus-isolating unit and driven
by a Cygnus PG4000 digital stimulator.

3.2.3 Intrinsic flavoprotein and NAD(P)H imaging
Images are collected using a Retiga EXi CCD camera (QImaging) attached to a
fluorescent microscope (Olympus BX51WI) with a 10x water immersion objective lens
(0.30 NA) or a 4x lens (0.13 NA) with a customized water immersion adaptor. Dichroic
mirrors were varied to optimize for flavoprotein (excitation: 430–500 nm; emission: 520–
590 nm) or NAD(P)H (excitation: 300-400 nm; emission: 430–500 nm) imaging. In order
to limit the photoxic effects of continuous light exposure, neutral density filters were
installed in the microscope. For flavoprotein imaging a 0.3 optical density (OD) filter was
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used for imaging at 4x, while 0.3 OD and 0.6 OD were used for NAD(P)H imaging at 4x
and 10x, respectively. All images were acquired through the Matlab Image Acquisition
Toolbox (Mathworks, Matlab v2011b) at 2 frames/s (500ms exposure). The field of view
was focused to the placement of the electrode. The images were subsequently processed
and analyzed on a pixel-by-pixel basis using the Matlab Image Processing Toolbox
(Mathworks, Matlab v2011b) using a modified script from Theyel and colleagues200. For
each imaging session, 60 images were collected and image size was 360x260 pixels (px)
(using 4x4 hardware binning). The first 10 frames of pre-stimulus images were used to
determine the relative fluorescence intensity (ΔF/F) or [(Fn–Fm)/F], and multiple
recordings were averaged. To remove additional background fluorescence, such as
fluorescent photobleaching, imaging sessions were repeated without electrical stimulation
and were subsequently subtracted from stimulated recordings.

3.2.4 Signal quantification
All flavoprotein and NAD(P)H signal analyses were performed after averaging
and background subtraction. Point region of interests (ROIs) were 8x8 px (20x20 µm) for
recordings at 10x magnification and 5x5 px (50x50 µm) for recordings at 4x
magnification. Glomerular layer ROIs were positioned at the center of the stimulated
glomerulus. External plexiform layer ROIs were directly below the glomerular ROI and
midway between the apical and basal EPL borders. Signal amplitudes, full duration at
half-maximal (FDHM), time-to-peak, and time-to-trough were determined based on the
GL and EPL ROI traces, using a custom MATLAB script. Vertical heat maps were
generated using vertical ROIs at 8 px (20 µm) and 5 px (50 µm) widths for 10x and 4x
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magnifications, respectively. Horizontal heat maps were generated using horizontal ROIs
midway to the depth of the GL and EPL at 8 px (20 µm) and 5 px (50 µm) widths for 10x
and 4x magnifications, respectively. Signal full width at half-maximal (FWHM) was
generated by averaging the horizontal ROI traces during the 2s stimulation period.

3.2.5 Statistical analysis
Unless specified, repeated measures analysis of variance (RM-ANOVA) with
Tukey post-hoc was performed to assess statistical significance. All statistical analyses
used Sigmaplot (Sigmaplot version 12).

3.3. RESULTS
3.3.1 Glomerular stimulation elicits translaminar spread of flavoprotein response.
Stimulus-dependent flavoprotein responses from horizontal MOB slices were
imaged using a standard CCD-equipped epifluorescence microscope (see Section 3.2.3)
that allowed visualization of six distinct layers of the MOB: the olfactory nerve layer
(ONL), glomerular layer (GL), external plexiform layer (EPL), mitral cell layer (MCL),
internal plexiform layer (IPL), and granule cell layer (GrL) (Figure 3.2). Train
stimulation (100µA, 50Hz, 2s train) of individual glomeruli evoked a relative increase in
fluorescence (∆F/F) signal spread visible at low (4x) and high (10x) magnifications
(Figure 3.3a and 3.3b, respectively). Due to the organization of the glomerular circuit and
the distinct compartmentalization of the neurons involved in the circuit, analyses focused
on signals in the GL and EPL. Vertical ROIs taken perpendicular to the bulb surface and
centered on the stimulated glomerulus exhibited the stimulus-dependent signal spread
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across the different layers of the MOB (Figure 3.4a, right). Horizontal ROIs taken from
the middle of the GL and EPL exhibited a lateral stimulus-dependent signal spread
(Figure 3.4a, bottom). Point ROIs taken from the stimulated glomerulus and the EPL
exhibited a rapid rise in ∆F/F signal (light phase), followed by slow decrease in signal
(dark phase) before returning back to baseline levels (Figure 3.4b-c). This biphasic
response is indicative of a flavoprotein response observed in other brain regions7,181.
Quantification of signal responses exhibited differences in the signal characteristics
between the GL and EPL. The light and dark phase amplitudes the GL were 1.5-fold
higher at 4.9 ± 0.4% (F(50,1)=78.1, p<0.001, n=51) and -3.5 ± 0.3% (F(50,1)=42.6,
p<0.001, n=51) (Figure 3.4d), while the EPL response exhibited a 2-fold longer full
duration at half-maximum (FDHM) (F(50,1)=51.6, p<0.001, n=51) (Figure 3.4e).
Differences in the signal kinetics were also observed between the two layers, where the
EPL response exhibited longer time-to-peak (F(50,1)=16.4, p<0.001, n=51) and time-totrough (F(50,1)=34.4, p<0.001, n=51) (Figure 3.4f-g). All together, a stimulus-dependent
change in fluorescent signal was robust, with signal profiles indicative of a flavoprotein
response.
Flavoprotein signals in other brain regions exhibited sensitivity of the flavoprotein
signal to changes in stimulation parameters7,181. To further characterize and verify the
flavoprotein signal in MOB slices, imaging experiments were repeated under increasing
stimulation strengths, train frequencies, and train durations (Figure 3.5a-c). Increasing the
stimulation strength from 10µA to 100µA, while holding the other stimulation parameters
constant (50Hz, 2s-train, 100µs-pulse) resulted in increased light and dark phase
amplitudes at the GL and EPL (Figure 3.5a). However, the light phase amplitude plateaus
at stimulations greater than 50µA. Consistent with the baseline stimulation, the signal
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amplitude remained larger in the GL than the EPL. Increasing the stimulation frequency
from 10Hz to 50Hz, while holding the other parameters constant (100µA, 2s-train,
100µs-pulse) resulted in a similar increase in light and dark phase amplitudes with an
exception to the EPL light phase (Figure 3.5b).
Increasing the stimulation train duration from 0.5s to 6.0s, while holding the other
parameters constant (100µA, 50Hz, 100µs-pulse), resulted in an increase in light phase
amplitude in the GL and EPL, plateauing after 2s train duration (Figure 3.5c). Unlike the
other changes in parameters, the change of train duration had no impact on the dark phase
amplitude. Changes in stimulation train duration also had an influence on the kinetics of
the flavoprotein signal, where the increase of train duration resulted in a prolonged GL
signal FDHM duration (Figure 3.5d), as well as the time-to-peak (Figure 3.5e) and timeto-trough (Figure 3.5f). Together, the results exhibited a coupling between the
flavoprotein response and neuronal activity. Additionally, the experiments highlight
differences in response characteristics between the GL and the EPL.
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Figure 3.3 Intrinsic flavoprotein signal response in olfactory bulb upon electrical
stimulation of canonical glomerulus.
(A) (left) Raw fluorescent image of a horizontal MOB slice under 10x magnification. Tip
of the electrode (asterisk), slice orientation, and MOB layers are indicated. (right)
Representative overlaid pseudo-colored ∆F/F images indicating the signal spread in
response to a train stimulus at 0s. (B) (left) Raw fluorescent image of the same horizontal
MOB under 4x magnification. (right) Representative ∆F/F images from the low
magnification recordings. (ONL, olfactory nerve layer; GL, glomerular layer; EPL,
external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GrL,
granule cell layer; R, rostral; C, caudal; Scale bar A = 150µm; Scale bar B = 400µm)
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Figure 3.4 Flavoprotein signal profile in the glomerular and external plexiform
layers.
(A) (top) 10x magnification flavoprotein image at 2.5s post-stimulation with the indicated
MOB layers and stimulation site (asterisk). (right) Vertical ROI heat map across the
MOB layers exhibit stimulus-dependent trans-laminar spread over time. (bottom)
Horizontal ROI heat maps from the GL and EPL exhibiting stimulus dependent lateral
spread over time. (B and C) Representative ROI individual (gray) and mean (black)
traces from the activated (B) glomerulus and (C) EPL area, indicated in A. (D) Mean
signal amplitude of the light (F(50,1)=78.1, p<0.001) and dark phases (F(50,1)=42.6,
p<0.001) between the GL and EPL areas. (E) Mean FDHM between the GL and EPL
(F(50,1)=51.6, p<0.001). (F and G) Flavoprotein signal (F) time-to-peak (F(50,1)=16.4,
p<0.001) and (G) time-to-trough (F(50,1)=34.4, p<0.001) between the GL and EPL.
(Scale bar = 150µm)
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Figure 3.5 Flavoprotein signal responses are sensitive to changes in stimulation
parameters.
(A-C) Mean flavoprotein signal amplitude of the light phase (black) and dark phase
(gray) from the GL (solid) and EPL (dash) as a function of train stimulus (A) strength
(F(12,4)=14.7, p<0.001), (B) frequency (F(20,2)=9.1, p<0.001), and (C) duration
(F(16,4)=9.2, p<0.043). (D-F) GL flavoprotein signal (D) FDHM (F(16,4)=30.7,
p<0.001), (E) time-to-peak (F(16,4)=23.3, p<0.002), and (F) time-to-trough
(F(16,4)=35.0, p<0.001) increases as a function of train stimulus duration.
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3.3.2 Metabolic origins of intrinsic flavoprotein fluorescent signal.
The flavoprotein fluorescent signal results from an increase in metabolic
activity181,182. Dissection of the flavoprotein response has shown the light and dark phases
to be the result of mitochondrial and glycolytic activities in neurons, respectively184. To
verify the mitochondrial origins of the flavoprotein signal light phase, MOB slices were
treated with diphenyleneiodium (DPI), a mitochondrial toxin that irreversibly binds to
components of the electron transport chain, thus preventing its activity and associated
flavoprotein oxidation230-232. As expected, DPI (10µM) treatment abolished the stimulusdependent light phase (F(3,2)=55.9, p<0.001, n=4), while the dark phase remained
unchanged (Figure 3.6a). In order to verify the glycolytic origins of the flavoprotein
signal dark phase, representative slices were treated ACSF in which glucose was replaced
with either lactate (15 mM) or pyruvate (15 mM). This exchange permits the glycolytic
processes to be bypassed while maintaining the necessary substrate for mitochondrial
activity184 (Figure 1b). Lactate substitution resulted in the reduction of the stimulusdependent GL dark phase response (F(6,2)=7.6, p=0.015, n=7), while the light phase
amplitudes remained unchanged (Figure 3.6b). Similarly, pyruvate substitution reduced
the stimulus-dependent dark phase response (F(2,6)=6.9, p=0.031, n=4) (Figure 3.6c).
Together, the components of the biphasic flavoprotein signal response from MOB slices
can be attributed to key metabolic processes and supports the interpretation that the
observed fluorescence response is due to changes in flavoprotein oxidation.
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Figure 3.6 Flavoprotein signal response originates from mitochondrial activity.
(A) Mean flavoprotein signal amplitude of the light phase (black) and dark phase (gray)
from the GL (solid) and EPL (dash) with treatment of 10 µM of diphenylene iodium
(DPI), mitochondrial toxin. (F(3,2)=55.9, p<0.001,) (B) Mean flavoprotein signal
amplitude of the light and dark phases with 15 mM lactate ACSF substitution.
(F(6,2)=7.6, p=0.015) (C) Mean flavoprotein signal amplitude of the light and dark
phases with 15 mM pyruvate ACSF substitution. (F(3,2)=6.9, p=0.031,)
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3.3.3 Neuronal and post-synaptic origins of flavoprotein signal.
The coupling of metabolic response and neuronal activity can be characterized in
several brain regions due to the high metabolic demand of action potential
generation152,166. This metabolic demand results to a great extent from the increased
Na+/K+-ATPase and Ca2+-ATPase activity that follows action potential generation
(Figure 3.1b). In order to examine the coupling between action potential generation and
flavoprotein response in this preparation, MOB slices were treated with tetrodotoxin
(TTX), which inactivates and irreversibly binds to voltage-gated Na+ channels.
Application of TTX (2 µM) abolished the stimulus-dependent flavoprotein response from
the GL light phase (F(4,1)=12.0, p=0.026, n=5) and dark phase amplitudes (F(4,1)=57.7,
p=0.002, n=5) (Figure 3.7a), indicating that neuronal activity is necessary for the
generation of stimulus-dependent flavoprotein responses.
Next, I examined the postsynaptic origin of the flavoprotein signal. MOB slices
were treated with the AMPA-type glutamate receptor antagonist NBQX, the NMDA-type
glutamate receptor antagonist AP-V, or both. These antagonists have been shown to
block synaptic transmission from the nerve layer to the glomerular circuit12,87,233,234.
Treatment with NBQX (10 µM) abolished the flavoprotein response in the GL
(F(3,2)=8.2, p=0.016, n=4) (Figure 3.7b). Similarly, individual treatment of APV (50
µM) decreased the flavoprotein response in the GL (F(5,2)=31.9, p<0.001, n=6) and EPL
(F(5,2)=15.0, p=0.001, n=6) (Figure 3.7c). A cocktail of the two glutamate receptor
antagonists similarly abolished the stimulus-dependent flavoprotein response in the GL
(F(7,2)=70.5, p<0.001, n=8) and EPL (F(7,2)=23.8, p<0.001, n=8) (Figure 3.7d). In each
case, responses partially recovered after washout of the antagonist(s). Together, these
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results indicate that most, if not all, of the flavoprotein response observed after
glomerular stimulation results from transynaptic activation.
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Figure 3.7 Flavoprotein signal response is dependent on neuronal and synaptic
activity.
(A) Mean flavoprotein signal peak light phase (black) and dark phase (gray) of GL (solid)
and EPL (dash) with treatment of 10µM tetrodotoxin (TTX), a voltage-gated Na+ channel
blocker. TTX treatment resulted in decreased GL light phase (F(4,1)=12.0, p=0.026) and
dark phase (F(4,1)=57.7, p=0.002), as well as decreased EPL dark phase (F(4,1)=18.2,
p=0.013) amplitudes. (B-D) Mean signal peak light phase and dark phase amplitudes
with treatment of ionotrophic glutamate receptor blockers; (B) 10µM NBQX (F(3,2)=8.2,
p=0.016), (C) 50µM AP-V in the GL (F(5,2)=31.9, p<0.001) and EPL (F(5,2)=15.0,
p=0.001), or (D) both in the GL (F(7,2)=70.5, p<0.001) and EPL (F(7,2)=23.8, p<0.001).
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3.3.5 Flavoprotein signal response is shaped by inhibitory input.
The processing of odorant information across the glomerular circuit is heavily
modified by local, inhibitory GABAergic interneurons67,85,87,235. These local inhibitory
interneurons include the periglomerular cells within the GL and granule cells, the
processes of which extend into the EPL. These interneurons produce tonic inhibition onto
glomerular circuits and are involved in activity-dependent, center-surround inhibition
between neighboring glomerular circuits87,235. In the following set of experiments, I
examined how local inhibitory input shapes the flavoprotein signal and spatiotemporal
spread in MOB slices. To address this, MOB slices were treated with gabazine (GBZ), a
GABAA receptor antagonist known to enhance postsynaptic response52,87,201. Upon GBZ
(10 µM) treatment, stimulus-dependent flavoprotein response and spatiotemporal spread
were enhanced in both the GL and EPL, with signals exceeding the field of view (Figure
3.8a). ROI traces from the GL and EPL demonstrated increased amplitudes (Figure 3.8bc), with a 2-fold increase in the EPL amplitude (F(5,2)=6.7, p=0.02, n=6). In addition to
enhancement of signal amplitude, there was an increase GL time-to-peak (F(5,2)=6.4,
p=0.021, n=6), but no change in the calculated FDHM duration (Figure 3.8e-f). Next, I
asked whether the response was due to transynaptic activation, as post-synaptic MOB
neurons exhibit an increased sensitivity to direct stimulation after GABAA receptor
inhibition236. To verify the postsynaptic response, GBZ-treated slices were subsequently
treated with a cocktail containing GBZ, NBQX, and AP-V. This treatment resulted in a
loss of flavoprotein signal response in the GL (F(4,3)=65.8, p<0.001, n=5) and EPL
(F(4,3)=7.7, p=0.005, n=5) when compared to GBZ treatment alone in (Figure 3.8g).
Together, the results highlight the influence of inhibitory input in shaping the stimulusdependent flavoprotein signal response and spatiotemporal spread.
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Figure 3.8 GABAAR antagonist enhances flavoprotein signal response
(A) Stimulus-dependent flavoprotein response (left) before treatment, (middle) during
bath applied GABAAR blocker (10 µM GBZ), and (right) wash at 1.5 s. GBZ treatment
increased trans-laminar and lateral signal spread across the GL and EPL. (B and C) ROI
traces from the (B) GL and (C) EPL from all three treatment conditions indicated in A.
(D) Mean signal peak (black) and trough (gray) from the GL (solid) and EPL (dash),
exhibiting increases in amplitude in the EPL following GBZ treatment (F(5,2)=6.7,
p=0.02). (E and F) While GBZ treatment does not influence (E) FDHM, treatment
increased (F) signal time-to-peak in the GL (F(5,2)=6.4, p=0.021). (G) Additional
treatment with 10 µM NBQX and 50 µM AP-V abolished the flavoprotein response in
the GL (F(4,3)=65.8, p<0.001) and EPL (F(4,3)=7.7, p=0.005), indicating postsynaptic
activation. (Scale bar = 150 µm)
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3.3.6 Lateral spread of stimulus-dependent flavoprotein signal
The glomerular circuit has a unique anatomical organization, where neuronal
connectivity is centered on a single glomerulus. Based on tracing studies, there is a
distinct differences in the horizontal distribution of the neurons within the glomerular
circuit228. Mitral and tufted cells exhibit a broad horizontal distribution in the EPL,
compared to juxtaglomerular cell distribution in the GL228. I next determined whether the
stimulus-dependent intrinsic response was representative of the glomerular circuit
anatomy. Repeating the recordings under lower magnification, I observed prominent
translaminar and lateral spread across all the MOB layers (Figure 3.3a & Figure 3.9a).
Horizontal ROIs from the GL and EPL exhibit the lateral spatiotemporal spread of the
flavoprotein signal (Figure 3.10b-c, top). Signal spread profiles generated from averaging
the response across the stimulation period show a symmetrical rostro-caudal spread from
the stimulated glomerulus (Figure 3.10b-c, bottom). Quantification and calculation of the
full width half maximal (FWHM) exhibited broader lateral spread in the EPL compared
to the GL (ANOVA on Ranks, p<0.05, n=21). Next, I determined if the lateral spread
was dependent on the stimulation parameters, which has an impact on the signal response
and presumably would impact its anatomical representation. The lateral spread of the
flavoprotein signal was consistent across different stimulation strengths (Figure 3.10a-b)
and frequencies (Figure 3.10c-d). Together, the results show that the lateral
spatiotemporal spread is consistent with our understanding of the anatomical distribution
of the glomerular circuit.
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Figure 3.9 Quantification of lateral flavoprotein signal spread.
(A) (top) Raw fluorescent and (bottom) ∆F/F flavoprotein response images from
horizontal MOB slice. (B and C) Horizontal ROIs (8 pixel, height) from the (B) GL and
(C) EPL. Representative mean (black) and individual (gray) traces depicting lateral
spread of signal averaged across the first 2.5 s of the light phase within the GL and EPL.
The “0” value indicating the central midline of the stimulated glomerulus, with the
negative and positive values indicating rostral and caudal direction, respectively. (D)
Mean full-width at half-maximum of the signal exhibited a symmetrical lateral spread
perpendicular from the y-axis, where the FWHM signal spread is larger in the EPL
compared to the GL. (ANOVA on Ranks, p<0.05) (Scale bar = 400 µm)
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Figure 3.10 Lateral signal spread is independent of stimulus parameters.
(A and B) FWHM signal spread in the GL (A) and EPL (B) were not influenced by
changes in stimulus strength. (C and D) FWHM signal spread in the GL (C) and EPL (D)
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3.3.7 Characterization of NAD(P)H signals in the olfactory bulb
Intrinsic NAD(P)H imaging has also been applied in the functional mapping of
neuronal circuits albeit to a lesser extent177,186,188. It has an advantage in that its excitation
and emission wavelengths do not overlap with green fluorescent protein, a common
cellular marker used in studies of MOB circuitry. In contrast to the flavoprotein signal,
the NAD(P)H signal is inverted, with an initial stimulus-dependent decrease in signal
followed by a prolonged overshoot186. To better understand stimulus-dependent
NAD(P)H signaling in the MOB, I characterized key parameters for intrinsic NAD(P)H
imaging in MOB slices. Electrical stimulation of the glomerular circuit produced robust
NAD(P)H signal in MOB slices that was observable at 10x and 4x magnifications (Figure
3.11a-b). Much like intrinsic flavoprotein imaging, the stimulus-dependent NAD(P)H
response displayed translaminar and lateral signal spread (Figure 3.12a). Consistent with
other brain regions189,237,238, ROI traces from the GL and EPL displayed the stimulusdependent decrease in fluorescent signal followed by an overshoot (Figure 3.12b-c).
Quantification of the signal amplitudes exhibited a larger dark phase in the GL than in the
EPL (F(11,1)=57.0, p<0.001, n=12) (Figure 13d), but no differences in the kinetics of the
signal (Figure 3.12e-g). Much like the flavoprotein response, the NAD(P)H response
exhibited sensitivities to changes in stimulation strength, frequency, and duration (Figure
14a-c). The kinetics of the NAD(P)H signal in the GL was affected by changes in the
stimulus train duration, resulting in increases in GL FDHM duration (F(3,4)=9.6,
p=0.043, n=4) and time-to-peak (F(3,4)=13.9, p=0.01, n=4) (Figure 3.13d-e). The lateral
spatiotemporal spread was also examined, showing the same characteristics of
flavoprotein signal spread. The NAD(P)H signal displayed the larger spread in the EPL
(F(13,3)=51.7, p<0.001, n=14) (Figure 3.14a-d) that is insensitive to change in
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stimulation parameters (Figure 3.14e-h). All together, the stimulus-dependent NAD(P)H
response characteristics displayed many similarities to the flavoprotein signal in MOB
slices.
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Figure 3.11 Intrinsic NAD(P)H signal response in olfactory bulb upon electrical
stimulation of canonical glomerulus.
(A) (left) Raw fluorescent image of a horizontal MOB slice under 10x magnification. Tip
of the electrode (asterisk), slice orientation, and MOB layers are indicated. (right)
Representative overlaid pseudo-colored ∆F/F images indicating the signal spread in
response to a train stimulus at 0 s. (B) (left) Raw fluorescent image of the same
horizontal MOB under 4x magnification. (right) Representative ∆F/F images from the
low magnification recordings. (ONL, olfactory nerve layer; GL, glomerular layer; EPL,
external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GrL,
granule cell layer; R, rostral; C, caudal; Scale bar A = 150µm, Scale bar B = 400 µm)
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Figure 3.12 NAD(P)H signal profile in the glomerular and external plexiform layers.
(A) (top) 10x magnification NADH image at 2.5 s post-stimulation with the indicated
MOB layers and stimulation site (asterisk). (right) Vertical ROI heat map across the
MOB layers exhibit stimulus-dependent trans-laminar spread over time. (bottom)
Horizontal ROI heat maps from the GL and EPL exhibiting stimulus dependent lateral
spread over time. (B and C) Representative ROI individual (gray) and mean (black)
traces from the activated glomerulus (B) and EPL area (C), indicated in A. (D) Mean
signal amplitude of the initial dip (F(11,1)=57.0, p<0.001) and overshoot between the GL
and EPL areas. (E) Mean FDHM duration between the GL and EPL. (F and G) NADH
signal time-to-peak (F) and time-to-trough (G) between the GL and EPL. (Scale bar =
150 µm)
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Figure 3.13 NAD(P)H signal response to changes in stimulation parameters.
(A-C) Mean NAD signal peak (black) and trough (gray) in the GL (solid) and EPL (dash)
as a function of train stimulus (A) strength (F(3,4)=9.3, p=0.012, n=4), (B) frequency
(F(3,3)=16.6, p=0.017, n=4), and (C) duration (F(3,4)=14.8, p=0.006, n=4). (D) NAD
signal FDHM duration in the GL increases as a function of train stimulus duration
(F(3,4)=9.6, p=0.043). (E) EPL signal exhibit increases in time-to-trough as a function of
train stimulation duration (F(3,4)=13.9, p=0.01).
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Figure 3.14 Lateral NAD(P)H signal spread is independent of stimulus parameters.
(A) Raw fluorescent (top) and stimulus-dependent NADH response (bottom) images of
the MOB slice. (bottom) (B and C) Horizontal ROIs (8 pixel, height) from the GL (B)
and EPL (C). Representative mean (black) and individual (gray) traces depicting lateral
spread of signal averaged across the first 2.5 s of the light phase within the GL and EPL.
(D) Mean full-width at half-maximum of the signal exhibited a symmetrical lateral spread
perpendicular from the y-axis, where the FWHM signal spread is larger in the EPL
compared to the GL (F(13,3)=51.7, p<0.001). (E and F) FWHM signal spread in the GL
(E) and EPL (F) were not influenced by changes in stimulus strength. (G and H) FWHM
signal spread in the GL (G) and EPL (H) were not influenced by changes in stimulus
frequency. (Scale bar = 400 µm)
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3.4. DISCUSSION
The results presented here are the first detailed characterization of intrinsic
flavoprotein and NAD(P)H imaging in MOB slices. I found that the signal amplitude,
kinetics, and spatiotemporal spread of flavoprotein and NAD(P)H signals after
glomerular stimulus differed between the GL and EPL. ROI examination of both layers
revealed the biphasic flavoprotein and NADH signal profiles similar to those observed in
other brain regions156,181,184,186,237. The intrinsic flavoprotein and NAD(P)H signal
responses were sensitive to changes in stimulation parameters, but these changes do not
influence the lateral spatiotemporal spread of the signals. Stimulus-dependent
flavoprotein responses were specifically metabolic, neuronal, and postsynaptic in origin.
Inhibition of GABAAR-mediated signaling enhanced the signal amplitude and
spatiotemporal spread in both the GL and EPL. This signal enhancement suggests that the
responses seen in untreated slices are heavily shaped by inhibitory input, similar to other
brain regions181,186,195,199.

3.4.1 Technical considerations
The results presented in this study outline a unique method to examine the
functional circuitry of the MOB without the use of complex equipment, external dyes, or
genetically modified mice. The accessibility of the technique in the olfactory system has
been suggested before, when intrinsic fluorescence imaging was used to examine in vivo
odor-evoked responses on the surface of the olfactory bulb211. However, neither intrinsic
flavoprotein nor NAD(P)H imaging has previously been utilized to dissect the flow of
olfactory information within the MOB circuitry. Intrinsic flavoprotein imaging generated
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robust and reproducible responses, with amplitudes reaching 4.9 ±0.4% at the GL. It is
important to note that the flavoprotein signal response is sensitive to changes in glucose
and oxygen concentrations within the ACSF, and the temperature of the recording
chamber182. Although the NAD(P)H imaging generated similar signal amplitudes and
spatiotemporal spreading, repeated recording sessions were limited due to the phototoxic
effects of prolonged UV exposure. Prolonged NAD(P)H imaging was achieved by
installing neutral density filters into the epifluorescence microscope to reduce the
excitation light intensity.
Positioning of the stimulating electrode has been a concern in other studies52,68,
where placing the pipette further away from the ON bundle fascicles generated weaker
postsynaptic responses. Positioning of the stimulus electrode closer to the glomerulus is
necessary to generate a robust response. This is consistent with the anatomy of the OSNs
converging onto the glomerulus, resulting in thicker axonal bundles239. Electrical
stimulation of the glomerular circuit was sufficient to generate intrinsic fluorescence
responses, with train stimulation yielding the most robust response. Although studies in
other brain regions noted stimulus-dependent responses from single pulse stimuli181,
single pulses were insufficient to generate a robust response from MOB slices (data not
shown). Delivery of a train stimulus is presumably required to increase the metabolic
demand of stimulated neurons and recruitment of activated neurons, thus enhancing the
flavoprotein and NAD(P)H signals. In addition to electrical stimulation, both
ionophoretic application of glutamate186 and laser photostimulation through glutamate
uncaging7,200 have been used to elicit flavoprotein signal responses. However, in my
hands picrospritzer application of glutamate puffs resulted in a diffuse activation of MOB
circuitry (data not shown). However, concerns that flavoprotein signals results from
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passive current spread are reduced by demonstrating the dependence of the signal on
glutamate-mediated synaptic signaling. Overall, intrinsic fluorescence imaging is an
accessible technique that can be utilized in conjunction with other physiological
approaches to map functional circuitry in the MOB.

3.4.2 Intrinsic signal difference between MOB layers
Another unique component of the responses observed here is the difference in
signal amplitude across the MOB layers, especially between the GL and EPL. The
differences in the intrinsic signal response can be attributed to several factors, but it is
most likely due to the cellular density and the energy demands of a single glomerulus.
Compared to other parts of the olfactory bulb, the glomerular layer has a high density of
capillaries and increased blood flow during odor-evoked responses240,241. The higher
blood flow within the region suggests higher energetic demand of the GL that can be
attributed to the high density of postsynaptic responses within the glomerulus. The
glomerulus is packed with processes from the terminal nerve fibers, juxtaglomerular cells,
as well as mitral and tufted cell the apical dendrites242. Estimations of glomerular
volumes suggest that ~30% of the volume is occupied by presynaptic components51,
while approximately ~45% of the volume is attributed to postsynaptic processes from
juxtglomerular, mitral, and tufted cells243. Besides the metabolic demand and cellular
density, others have noted differences in the optical responses at different areas of the
mitral cells. Ca2+ imaging of mitral/tufted cells noted differences in the response
amplitudes, where the dendritic tuft exhibited higher response amplitude than the cell
soma244. It is possible that this differential response within mitral/tufted cells contributes
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to the different intrinsic fluorescence between the MOB layers.

3.4.3 Representation of glomerular circuit
The intrinsic signal spread seen in the MOB after stimulation of a single
glomerulus exhibited similarities with the horizontal distribution of neurons associated
with individual glomerular circuits. Based on the calculated FWHM, the stimulusdependent signal spread ranges between 150-200 µm radially from the central midline of
the stimulated glomerulus. Tracing studies of juxtaglomerular cells from Kikuta and
colleagues demonstrated an average distance of 69 µm from the midline of the
glomerulus, with some cell bodies extending as far as 150 µm198. Other studies have also
observed that at least 50% of juxtaglomerular cells were found around 400 µm from
label-injected glomeruli67,87. Overall, the calculated FWHM signal spread falls within the
range of neuronal distributions determined from the previous studies67,87,228. Furthermore,
the shape of the horizontal ROI traces resembles the bimodal distribution of
juxtaglomerular cell dendritic processes67. While the bimodal distribution of the tracing
study was attributed to the different populations of SA cells67, the distribution of the
horizontal ROI traces are most likely representative of the uniglomerular ET and PG cells,
and the multiglomerular SA cells.
Based on the calculated FWHM spread in the EPL, the intrinsic signal spread
ranges between 300-400 µm from the center of the stimulated glomerulus. This range
exceeds the mean distribution observed by other studies, with an average distance from
the midline of mitral cell and tufted cell bodies (111.6 ±9.4 µm and 116.0 ±4.8 µm,
respectively)228. The intrinsic signal spread also exceeds the distribution estimates from

91

other studies, where 80% of mitral cells are found within 111µm from the center of an
individual glomerulus245,246. However, these estimates do not factor the contribution of
neuronal processes from juxtaglomerular and the lateral dendrites from mitral/tufted cells.
Studies looking at the dendritic densities of mitral and tufted cells estimate the dendritic
distances from the glomerulus to be 620 µm and 400 µm in mitral and tufted cells,
respectively246. Additional estimates also have indicated the average lateral dendrites path
length of mitral/tufted cells to extend as far as 750 µm from the soma247. Others have
suggested the lateral dendrites of projection neurons can extend to at least 1500 µm from
the soma within the EPL248,249. Overall mitral/tufted cell dendritic distributions have been
estimated to extend as far as 1800µm for 68.2% and 1800-2900µm for 95.4% of the
dendrites97. Factoring in the contribution of neuronal processes, the calculated FWHM
signal spread in the EPL provide a conservative estimate of the lateral distribution of
neurons. Together, the basic intrinsic signal spread between the GL and EPL follow the
observed distributions from tracing studies within the GL and EPL. Thus, they provide an
adequate representation of distribution of the neuronal populations associated with
individual glomerular circuits.

3.5. CONLCUSIONS
There are several benefits to the use intrinsic flavoprotein and NADH imaging to
understand the circuitry of the MOB. The method is largely accessible and can be applied
to either in vitro or in vivo preparations. The observed stimulus-dependent intrinsic
signals were predominantly due to postsynaptic responses and largely follow our
understanding of the glomerular circuit anatomy and cellular distribution. Overall,
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intrinsic fluorescence imaging can be used to rapidly address the organization and
connectivity of the MOB circuitry and to assess the flow of olfactory information through
the MOB.
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CHAPTER 4: INTERGLOMERULAR CONNECTIVITY WITHIN THE
CANONICAL MAIN OLFACTORY SYSTEM AND GC-D/NECKLACE
SUBSYSTEM

4.1. INTRODUCTION
The canonical sensory neurons and olfactory bulb glomeruli within the main
olfactory system play critical roles in the recognition of odors. However, it is now
recognized that within the main olfactory system there are several distinct subsystems,
such as the GC-D /necklace glomerulus subsystem that may play specialized
chemosensory roles100. Little is known about how such olfactory subsystems process
sensory information, although previous finding from our lab suggest that the GCD/necklace glomeruli subsystem uses a olfactory coding strategy distinct from the
combinatorial coding used by the canonical main olfactory system4.
Through the canonical main olfactory system, odorant information is highly
processed within the main olfactory bulb (MOB). This processing of the odorant
information is mediated by lateral interglomerular connections within the
interglomerular-interneuron and mitral-granule-mitral pathways87,94 (Figure 4.1). The
interglomerular-interneuron pathway is made up of network interneurons in the GL67,87,
while the mitral-granule-mitral pathway involves dendrodendritic synapses between
interneurons and mitral cell lateral dendrites within the EPL94,250,251. These lateral
pathways participate in lateral or center-surround inhibition of neighboring glomerular
circuits87,94. This mechanism of suppressing the activity of neighboring circuits and
neurons is a fundamental strategy used by several neuronal circuits in order to enhance
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the activity of a central circuit or neuron. The strategy of lateral inhibition has been
employed by other sensory systems in the central nervous system, such as audition,
vision, and somatosensory as a method of contrast enhancement74-77.
While our understanding of interglomerular connectivity within the canonical
glomerular circuitry has grown, little progress has been made to understand glomerular
processing within the GC-D/necklace glomeruli subsystem. The GC-D/necklace
glomeruli subsystem mediates a powerful type of social learning, called the social
transmission of food preference. This behavior is dependent on the simultaneous
detection of a food odor and a particular social odor. The acquisition of the food
preference is dependent on the signaling through the GC-D/necklace glomeruli subsystem,
as mice in which chemosensory transduction is disrupted in GC-D-expressing OSNs
(GC-D+ OSNs) fail to acquire the preference1,2. The mechanisms by which olfactory
information is processed in the GC-D/necklace glomeruli subsystem is largely unknown,
although previous findings in the Munger lab suggest the necklace glomeruli could
integrate semiochemical cues (such as CS2 and uroguanylin) and general odor stimuli1,2.
This model is supported by neuronal tracing studies that show necklace glomeruli
exhibiting extensive connections with canonical glomeruli and, in contrast to those
canonical glomeruli, receive heterogeneous sensory inputs4.
To better understand the functional circuitry associated with the necklace
glomeruli, and by extension core principles of sensory processing within this olfactory
subsystem, I have developed an approach, novel to the olfactory system, where stimulusinduced increases in intrinsic fluorescent signals can be used to map functional circuits in
the olfactory bulb that are associated with single, identified glomeruli. Treatment with
gabazine, a GABAA receptor antagonist, revealed strong lateral signal spread following
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stimulation of canonical glomeruli in MOB slices. Utilizing surgical microcuts to isolate
the lateral pathways, I found that the lateral spread was dependent on both GL and EPL
pathways. Similarly, treatment of MOB slices containing necklace glomeruli with
gabazine revealed extensive stimulus-dependent lateral spread without evidence of
preferential connectivity between individual necklace glomeruli (NGs). Overall, these
results demonstrated the feasibility of the intrinsic fluorescence imaging to examine the
MOB canonical circuitry, as well as highlight the functional integration of the NGs
within the MOB.
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Figure 4.1 Interglomerular pathways.
Schematic of the main olfactory bulb circuit with the interglomerular-interneuron and
mitral- granule-mitral pathways highlighted (top and bottom, respectively). ONL,
olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral
cell layer; IPL, internal plexiform layer; GrL, granule cell layer; PG, periglomerular cell;
SA, short axon cell; ET, external tufted cell; MC, mitral cell; GC, granule cell.
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4.2. MATERIALS AND METHODS
4.2.1 Animal handling and Slice Preparation
All studies were approved by the University of Maryland, Baltimore IACUC
committee. Olfactory bulbs were harvested from 3-6 week old C57BL6/J mice. For NGs
experiments and coronal slice, olfactory bulbs were harvested from GCD-EGFP
(B6;129P2-Gucy2dtm2Mom/MomJ) mice, which express a tau-EGFP fusion protein after
an IRES element placed downstream of the native stop codon for Gucy2d (a.k.a., GC-D).
Animals were anesthetized with saturated isoflurane vapor, decapitated, and the OBs
surgically removed and immediately placed in 4°C oxygenated sucrose-artificial
cerebrospinal fluid (sucrose-ACSF) containing (in mM) 26 NaHCO3, 1NaH2PO4, 3 KCl,
5 MgSO4, 0.5 CaCl2, 10 glucose, and 248 sucrose, equilibrated with 95% O2-5% CO2, pH
7.38. Horizontal slices (380-400 µm thick) were cut with a Leica VT1000 vibratome
(Leica). Slices were incubated in oxygenated ACSF (containing, in mM, 124 NaCl, 26
NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, and 15 glucose equilibrated with
95% O2-5% CO2, pH 7.4) at 30°C for 20–30 min then at room temperature (22°C) in
ACSF for ~1 hr prior to use. For imaging sessions, individual slices were transferred to a
custom recording chamber and perfused with ACSF at a rate of 2.5 ml/min maintained at
a constant 30°C (Bipolar Temperature Controller, Norfolk, VA).
For surgical microcut experiments, horizontal MOB slices were first placed on top
agar. Surgical mircocuts were delivered through the olfactory nerve layer (ONL),
glomerular layer (GL), and/or external plexiform layer (EPL) using a 15°-angled stab
knife (Premier Edge) under a dissecting microscope. All surgical microcut procedures
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were performed on oxygenated ACSF submerged slices, prior to the 30°C incubation step
indicated above.
Coronal MOB slices were prepared to incorporate portions of the caudal MOB
including the necklace glomeruli. Isolated brains were given a vertical surface 60° from
the MOB ventral surface. The vertical surface was then placed on the stage with the blade
of the vibratome moving from the ventral to dorsal surface of the MOB. Coronal slices
were incubated in oxygenated ACSF treated under the same conditions as the horizontal
MOB slices.
In some experiments, drugs or other compounds were added to the ACSF solution
and perfused into the chamber. The pharmacological agent, substrate change, or washouts
were perfused into the chamber for 15 min prior to the start of each recording.
Pharmacological agents used for the experiments include GABAA receptor antagonist 4[6-imino-3-(4-methoxyphenyl)pyridazin-1-yl] butanoic acid hydrobromide (gabazine,
GBZ).

4.2.2 Stimulation Protocol
Single target glomeruli were electrically stimulated at the apical border, within
10-20 µm of the olfactory nerve layer, using a 5 µm tip, pulled-theta glass electrode.
Unless otherwise indicated, glomeruli received a train stimulus of 100 µA, 50 Hz
(pulses/s), 1 ms pulse width, with a train duration of 2 sec. This baseline stimulation
parameter yielded the most robust and reproducible intrinsic response. All stimulation
protocols were delivered through a Cygnus stimulus-isolating unit and driven by a
Cygnus PG4000 digital stimulator.
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For microcut experiments in the caudal MOB, the stimulus electrode was always
placed on the caudal side of the microcut to reduce the likelihood of stimulating nerve
fibers in passage and to ensure that lateral spread was attributed to either the GL or the
EPL. For all slices receiving microcuts, activity and responses were assessed on rostral
and caudal sides of the microcut to ensure that the glomerular circuit was intact on either
side.
NGs were identified based on the presence of a GFP signal. Unless otherwise
indicated, MOB slices received a standard train stimulus (1 s) of 100 µA, 50 Hz
(pulses/s), 1 ms pulse width. All stimulation protocols were delivered through a Cygnus
stimulus-isolating unit and driven by a Cygnus PG4000 digital stimulator.

4.2.3 Intrinsic flavoprotein and NAD(P)H imaging
Images are collected using a Retiga EXi CCD camera (QImaging) attached to a
fluorescent microscope (Olympus BX51WI) with a 10x water immersion objective lens
(0.30 NA) or a 4x lens (0.13 NA) with a customized water immersion adaptor. Dichroic
mirrors were varied to optimize for flavoprotein (excitation: 430–500 nm; emission: 520–
590 nm) or NAD(P)H (excitation: 300-400 nm; emission: 430–500 nm) imaging. In order
to limit the photoxic effects of continuous light exposure, neutral density filters were
installed in the microscope. For flavoprotein imaging a 0.3 optical density (OD) filter was
used for imaging at 4x, while 0.3 OD and 0.6 OD were used for NAD(P)H imaging at 4x
and 10x, respectively. All images were acquired through the Matlab Image Acquisition
Toolbox (Mathworks, Matlab v2011b) at 2 frames/s (500ms exposure). The field of view
was focused to the placement of the electrode. The images were subsequently processed
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and analyzed on a pixel-by-pixel basis using the Matlab Image Processing Toolbox
(Mathworks, Matlab v2011b) using a modified script from Theyel and colleagues200. For
each imaging session, 60 images were collected and image size was 360x260 pixels (px)
(using 4x4 hardware binning). The first 10 frames of pre-stimulus images were used to
determine the relative fluorescence intensity (ΔF/F) or [(Fn–Fm)/F], and multiple
recordings were averaged. To remove additional background fluorescence, such as
fluorescent photobleaching, imaging sessions were repeated without electrical stimulation
and were subsequently subtracted from stimulated recordings.

4.2.4 Signal quantification
All flavoprotein and NAD(P)H signal analyses were performed after averaging
and background subtraction. Point region of interests (ROIs) were 5x5 pixels (50x50µm)
for all recordings. Glomerular layer ROIs were positioned at the center of the stimulated
glomerulus. External plexiform layer ROIs were directly below the glomerular ROI and
midway between the apical and basal EPL borders. Signal amplitudes, full duration at
half-maximal (FDHM) was determined based on the GL and EPL ROI traces, using a
custom MATLAB script. Vertical heat maps were generated using vertical ROIs at (50
µm) widths. Horizontal heat maps were generated using horizontal ROIs midway to the
depth of the GL and EPL 5px (50µm) widths. Signal full width at half-maximal (FWHM)
was generated by averaging the horizontal ROI traces during the 2s stimulation period.
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4.2.5 Statistical analysis
Unless specified, repeated measures analysis of variance (RM-ANOVA) with
Tukey post-hoc was performed to assess statistical significance. All statistical analyses
used Sigmaplot (Sigmaplot version 12).

4.3. RESULTS
4.3.1. GABAA receptor antagonists reveal lateral excitatory connections
As shown in Chapter III, the stimulus-dependent spread of intrinsic fluorescent
signals follow our general understanding of the canonical glomerular circuit anatomy.
Electrical stimulation of the olfactory nerve layer in horizontal MOB slices generated a
translaminar signal spread across the MOB layers as demonstrated by a dynamic heat
map of the vertical ROI from the stimulated glomerulus (Figure 4.2a-right). In addition to
the translaminar spread, I observed stimulus-dependent lateral spread across the GL and
the EPL as indicated by the dynamic heat maps of horizontal ROI (Figure 4.2amiddle,bottom). The lateral connectivity is made up of excitatory and inhibitory
interneurons, which generates both tonic inhibition and lateral inhibition63,67,68. In order
to examine the lateral excitatory components, MOB slices were treated with a GABAA
receptor antagonist, gabazine (10 µM GBZ). Treatment of GBZ enhanced the stimulusdependent signal spread across the MOB layers (Figure 4.2b-right), and laterally across
the GL (Figure 4.2b-middle) and EPL (Figure 4.2b-bottom).
ROIs taken from the stimulated glomerulus and the neighboring glomeruli (Figure
4.2a) demonstrated enhanced stimulus-dependent response amplitude at the GL following
GBZ treatment (F(16,2)=49.2, p=0.002, n=9) (Figure 4.2c). A similar increase in
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response amplitude was observed from the EPL areas directly below the GL ROIs
(F(16,2)=5.4, p<0.001, n=9) (Figure 4.2d. Along with increased signal amplitude, there
was increased stimulus-dependent signal spread. Calculated full-width at half-maximal
(FWHM) spread at the GL (F(8,2)=14.0, p=0.018, n=9) (Figure 4.2e) and EPL
(F(8,2)=21.2, p=0.009, n=9) (Figure 4.2f) increased two-fold following GBZ treatment.
Together, the results demonstrated the large stimulus-dependent increase in response
following the block of GABAA signaling. The treatment of GBZ resulted in both
increased signal amplitude at the central and neighboring GL and EPL areas, and spread
of the intrinsic signal.
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Figure 4.2 GABAAR antagonist enhances lateral flavoprotein signal spread in the
GL and EPL.
(A and B) Stimulus-dependent flavoprotein response before treatment (A) and during
bath application of 10 µM GBZ (B). (top) Overlay of the ∆F/F images at 2.5s with the
MOB layers and stimulation site (asterisks) depicted. (right) Heat map of the vertical ROI
signal response over time. (bottom) Heat map of the horizontal ROI signal response from
the GL and EPL over time. (C and D) Mean signal peak of the (C) GL (F(16,2)=49.2,
p=0.002) and (D) EPL (F(16,2)=5.4, p<0.001) at 360µm rostral (black), center (white),
and 360µm caudal (gray) of the stimulated glomerulus. (E and F) Upon GBZ treatment,
the mean FWHM lateral spread in the (E) GL (F(8,2)=14.0, p=0.018) and (F) EPL
(F(8,2)=21.2, p=0.009) increased when compared to pretreated slices. (Scale bar = 400
µm)
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4.3.2. GBZ-induced lateral spread requires an intact interglomerular-interneuron
pathway
There are two known lateral pathways in the MOB: the interglomerularinterneuron pathway in the GL67,87 and the mitral-granule-mitral pathway in the
EPL250,251 (Figure 4.1). The interglomerular interneuron pathway connects neighboring
and distant glomeruli circuits through a network of external tufted, short axon, and
periglomerular cells in the GL67,87. The mitral-granule-mitral pathway is generated from
dendrodendritic synapses between the mitral cell lateral dendrites and the granule cell
apical dendrites within the EPL250,251. In order to understand the contribution of the
interglomerular-interneuron and mitral-granule-mitral pathway to the stimulus-dependent
lateral spread, I performed surgical microcuts87,235,252 at the GL (Figure 4.3a) or the EPL
(Figure 4.5a), respectively.
To examine the contribution of the interglomerular-interneuron pathway to the
lateral spread, a surgical microcut was performed on the GL (Figure 4.3a-b). Electrical
stimulation of the glomerular circuit caudal to the microcut generated a robust lateral
signal spread across both the GL and EPL toward the caudal end of the MOB. Stimulusdependent signal spread was observed rostral to the microcut within the EPL but not the
GL (Figure 4.3c-top). The amplitude and distance of this asymmetrical spread was
enhanced following GBZ treatment (Figure 4.3c-bottom). ROI amplitudes of the
neighboring GL areas demonstrated a larger response amplitude on the caudal versus the
rostral side of the microcut during GBZ treatment (F(2,1)=7.3, p=0.019, Bonferroni t-test,
n=6) (Figure 4.3d). This asymmetrical response was also observed across the EPL
(F(2,1)=4.8, p=0.043, Bonferroni t-test, n=6) (Figure 4.3e). To examine the lateral
spread, horizontal ROIs were taken from the GL and EPL (Figure 4.4). The mean
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normalized traces from the GL (Figure 4.4a) and EPL (Figure 4.4c) indicated that there
was failure of stimulus-dependent response spread across the microcut in the GL.
However, while there was signal spread across the microcut in the EPL, it was unaffected
by GBZ treatment (Figure 4.4c). Quantification of the FWHM in recordings of both
untreated and GBZ-treated tissue further supported an asymmetrical signal spread in the
GL (F(5,2)=7.2, p<0.001, n=6) (Figure 4.4b) and EPL (F(5,2)=0.7, p=0.02, n=6) (Figure
4.4d) upon stimulation of glomeruli caudal to the microcut. Together, these results
demonstrate that interglomerular circuitry is required for the spread of neuronal activity
through the GL.
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Figure 4.3 GL microcut deminished stimulus-dependent lateral signal spread.
(A) Schematic of the MOB circuitry with GL surgical microcut, and preservation of the
mitral-granule-mitral pathway (red highlights). (B) Fluorescent image of MOB slice
indicating the microcuts and placement of stimulus electrode (asterisk). (C) Stimulusdependent responses before (top) and during GBZ treatment (bottom). (D) Mean signal
peak of the GL (D) (F(2,1)=7.3, p=0.019, Bonferroni t-test) and EPL (E) (F(2,1)=4.8,
p=0.043, Bonferroni t-test) at 360µm rostral (black) and 360µm caudal (gray) of the
stimulated glomerulus. (Scale bar = 400µm)
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Figure 4.4 Lateral signal spread is dependent on interglomerular pathway.
(A and C) Mean horizontal signal traces in the GL (A) and EPL (B), before (black) and
during GBZ treatment (red). (B and D) Mean FWHM signal spread in the GL (B)
(F(5,2)=7.2, p<0.001) and EPL (D) (F(5,2)=0.7, p=0.02).
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4.3.3. GBZ-induced lateral spread requires an intact mitral-granule-mitral pathway
To examine the contribution of the mitral-granule-mitral pathway to the lateral
spread, I examined stimulus-dependent signal spread in horizontal MOB slices receiving
an EPL surgical microcut (Figure 4.5a-b). Utilizing the same stimulation and recording
protocols as above, the signal spread across the microcut in the GL but not the EPL
(Figure 5c-top). This asymmetrical spread was enhanced following GBZ treatment
(Figure 5c-bottom). Neighboring ROI amplitudes of the neighboring GL (F(2,1)=17.3,
p<0.001, Bonferroni t-test, n=7) (Figure 4.5d) and EPL (F(2,1)=13.7, p=0.002,
Bonferroni t-test, n=7) (Figure 4.5e) areas demonstrated a larger response amplitude on
the caudal versus rostral side of the microcut during GBZ treatment. GBZ treatment did
not enhance signal spread across the microcut in the GL (Figure 4.6a) or EPL (Figure
4.6c). Similar to the GL microcut, quantification of the FWHM in recordings of both
untreated and GBZ-treated tissue supported an asymmetrical signal spread in the GL
(F(8,2)=12.6, p<0.001, n=7) (Figure 4.4b) and EPL (F(8,2)=6.6, p<0.001, n=7) (Figure
4.6d). These results demonstrated that the EPL microcut prevented spread across the EPL
and impacted the spread across the GL. Additionally, signal spread in the GL was not
enhanced by GBZ treatment, suggesting that EPL pathways are required for the normal
spread of neural activity in both layers.
Comparisons of the horizontal traces during GBZ treatment exhibit differences in
the rostral signal response in the GL (Figure 4.7a) and EPL (Figure 4.7c) between intact
MOB slices and slices receiving the microcuts. Quantification of the neighboring ROI
amplitudes in the GL (F(2,2)=6.9, p<0.002) (Figure 4.7b) and EPL (F(2,2)=8.2, p<0.001)
(Figure 4.7d) also exhibited the differences in response between intact and microcut
MOB slices, verifying the effectiveness of the surgical manipulations. Together, these
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results demonstrate that both GL and EPL pathways are required for normal spread of
neural activity in both layers.
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Figure 4.5 EPL microcut deminished stimulus-dependent lateral signal spread.
(A) Schematic of the MOB circuitry with EPL surgical microcut, and preservation of the
interglomerular-interneuron pathway (red highlights). (B) Fluorescent image of MOB
slice indicating the microcut and placement of stimulus electrode (asterisk). (C) Stimulusdependent responses before (top) and during GBZ treatment (bottom). (D) Mean signal
peak of the (D) GL (F(2,1)=17.3, p<0.001, Bonferroni t-test) and (E) EPL (F(2,1)=13.7,
p=0.002, Bonferroni t-test) at 360µm rostral (black) and 360µm caudal (gray) of the
activated glomerulus. (Scale bar = 400µm)
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Figure 4.6 Lateral signal spread is dependent on mitral-granule-mitral pathway.
(A and C) Mean horizontal signal traces in the GL (A) and EPL (B), before (black) and
during GBZ treatment (red). (B and D) Mean FWHM signal spread in the (B) GL
(F(8,2)=12.6, p<0.001) and (D) EPL (F(8,2)=6.6, p<0.001).
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Figure 4.7 Signal response comparison between normal and microcut MOB slices.
(A and C) Mean horizontal signal traces of from the (A) GL and (C) EPL of intact MOB
slices and slices receiving microcuts in the presence of GBZ. (B and D) Mean signal peak
of the (B) GL (F(2,2)=6.9, p<0.002) and (D) EPL (F(2,2)=8.2, p<0.001) from ROIs
located 360µm rostral of the activated glomerulus.
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4.3.4. Necklace glomeruli do not exhibit preferential functional connections
Initial characterizations of the NGs suggested the possibility that these glomeruli
form a unique subdomain of the MOB with preferential interglomerular connections253.
However, more recent tracing studies show that NGs targeted by GC-D+ OSNs show
extensive interglomerular connections to both canonical glomeruli and other NGs4. Even
so, it remains unclear if NGs have preferential functional connections with other NGs. To
address this issue, I created angled coronal slices incorporating multiple, adjacent NGs
from the MOBs of mice expressing green fluorescent protein (GFP) under the control of
the Gucy2d promoter3 (Figure 4.8a). These angled coronal slices allow for the
observation and recording of multiple NGs and their associated circuitry the medial
surface of the MOB (Figure 4.8b). From these coronal slices I recorded stimulusdependent intrinsic flavoprotein (Figure 4.8c-top) and NAD(P)H (Figure 4.8c-bottom)
responses within the necklace glomeruli and surrounding areas. Intrinsic signal
characteristics within the GL and EPL following stimulation of necklace glomeruli (NG)
and canonical glomeruli (CG) had lower amplitudes than those observed in CGs in
horizontal MOB slice recordings (Figure 4.8e-f). The smaller response was most likely
due to differences in regional anatomy, as the caudal region of the MOB has fewer cells
and processes resulting in thinner MOB layers. Next, I assessed the intrinsic signal spread
after NG stimulation with or without GBZ. Stimulus-dependent flavoprotein (Figure
4.9b) and NAD(P)H (Figure 4.9c) signal response increased across the medial surface of
the MOB following GBZ treatment. ROIs of the stimulated CG and NG and the adjacent
EPL exhibited increased intrinsic signal amplitude following GBZ treatment
(F(1,2)=18.8, p<0.004) (Figure 9d). ROIs of the EPL areas also exhibited increased
signal amplitude following GBZ treatment (F(1,2)=21.4, p<0.001) (Figure 9e). The
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increase in lateral spread in the presence of GBZ indicated the presence of the lateral
connectivity within the coronal slices.
Based on earlier tracing studies, extensive interneuron connectivity was observed
between NG and CG4. Utilizing the angled coronal slices, I quantified the intrinsic signal
response of neighboring NGs (nNG) and CGs (nCG) following stimulation of an
individual NG (Figure 10a). Normalized amplitudes exhibited increased intrinsic signal
amplitude in the presence of GBZ. However, I observed no difference in the normalized
amplitude between NGs and CGs that were equidistant from the stimulated NG (Figure
10b-c) with or without GBZ treatment. Overall, these results show that the angled coronal
slices could isolate intact NG circuitry and that NGs do not share preferential functional
connections.
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Figure 4.8 Mapping of intrinsic flavoprotein and NAD(P)H fluorescence signal
spread following necklace glomerulus stimulation.
(A) Visualization of the necklace glomeruli innervated by GC-D+ OSNs (arrows) from
Gucy2d-GFP mice. (Anterior olfactory nucleus, AON; Lateral olfactory tract, LOT;
Anterior piriform cortex, aPCX; Olfactory bulb, OB). (right) Schematic of angled coronal
slice generation, where the slices were made 60O from the ventral surface of the MOB.
(B) Fluorescent image of coronal MOB slice, with the stimulus electrode on a single
necklace glomerulus (asterisk). (C) Representative stimulus-dependent flavoprotein (top)
and NAD(P)H (bottom) response at 1.5s. (D and E) Mean signal peak of the (D) GL
(H=20.18, 2 df, p<0.05) and (E) EPL (F(2,66)=7.0, p=0.002, SNK) from stimulated
necklace glomerulus (NG), and canonical glomeruli from coronal slices (CG) and
horizontal slices (H-CG). (Scale bar = 400µm)
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Figure 4.9 GBZ enhanced lateral signal spread following necklace glomerulus
stimulation.
(A) Fluorescent image of coronal MOB slice with stimulus electrode on a single necklace
glomerulus (asterisk). (B and C) GBZ-treated slices exhibit increased stimulus-dependent
flavoprotein (B) and NAD(P)H (C) signal response and spread. (D and E) Mean signal
peak of the (D) GL (F(1,2)=18.8, p<0.004) and (E) EPL (F(1,2)=21.4, p<0.001) from the
stimulated necklace (NG) and canonical glomeruli (CG). (Scale bar = 400µm)
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Figure 4.10 Necklace glomeruli do not exhibit preferenital intrinsic signal response.
(A) Diagram indicating stimulation of a central necklace glomerulus (NG) and ROIs
(squares) taken from the neighboring CG (nCG, blue) and neighboring necklace
glomeruli (nNG, green), and their respective EPL areas. (B) Normalized mean signal
peak from nNG (white) and nCG (gray), following individual necklace glomeruli
stimulation. (F(2,2)=32.2, p<0.001) (C) Normalized mean signal peak from the EPL
below neighboring necklace and canonical glomeruli. (F(2,2)=24.9, p<0.002)
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4.4. DISCUSSION
The lateral connectivity within the main olfactory bulb plays a significant role in
the processing of olfactory information prior to its projection to cortex. In this study, I
used intrinsic fluorescence imaging and surgical microcuts to examine the functional
connectivity between neighboring glomerular circuits. I found that the stimulusdependent lateral spread was enhanced by blocking GABAA receptor signaling with GBZ
treatment. The long distance lateral spread was dependent on both pathways in the GL
and EPL. Intrinsic fluorescence imaging of the GC-D necklace glomeruli circuitry
revealed robust responses and similar increases in lateral spread following GBZ
treatment. My results also indicated that there was no preferential activation between
neighboring necklace glomeruli.

4.4.1. Lateral excitatory pathways and involvement of reciprocal connections
The interglomerular-interneuron and the mitral-granule-mitral pathways are
thought to be the main means for interglomerular connectivity within the MOB. Many
studies have indicated that the resulting output of the pathways is the lateral inhibition of
neighboring glomerular circuits87,94. However, the extent to which excitatory components
of these lateral networks are involved is less clear. Early voltage-sensitive dye imaging of
deafferented MOB surface slices showed that stimulation of individual glomeruli resulted
in widespread depolarization across the GL87. One critical component of lateral excitation
within the interglomerular-interneuron circuit is the external tufted cell. These cells
exhibit spontaneous spike bursts60-63 and form excitatory synapses with mitral,
periglomerular and short axon cells62,65. Short axon cells also play a critical role in
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interglomerular connectivity. Tracing studies have shown that short axon cells interact
with 5-12 glomeruli49,59,67,91. Populations of TH+/GAD67+ short axon cells can generate
inhibition-excitation responses at distant external tufted cells, resulting in enhanced
spontaneous bursting88. Within the mitral-granule-mitral pathway, lateral excitation is
thought to involve dendrodendritic synapses between mitral cells through glutamate
spillover236,254. It is possible that train stimulation of the glomerular circuit under
disinhibited conditions was sufficient to generate glutamate spillover leading to the
excitation of the neighboring mitral cells. Alternatively, others have suggested a role for
lateral excitation through reciprocal synapses between granule cells and the lateral
dendrites of mitral cells93. However, the mechanisms and the functional significance of
the excitatory pathways remain unclear, especially the existence of reciprocal
connections between the two pathways.
Given that lateral excitation through the GL requires an intact EPL, and vice versa
(Figure 4.11b-c), my results suggest there are reciprocal connections between the
interglomerular-interneuron and mitral-granule-mitral pathways under disinhibited
conditions (Figure 4.11d). To date, our understanding of the reciprocal connectivity
between the GL and EPL are limited. One possible source of reciprocal connectivity
could come from centrifugal fibers. Centrifugal fibers are categorized as either
neuromodulatory fibers or fibers from cortical neurons. Neuromodulatory fibers originate
from areas outside of the olfactory cortices and release monoamine neurotransmitters,
such as norepinephrine255,256, serotonin257-259, and acetylcholine260,261. Detailed studies on
increased serotonergic signaling within the MOB displayed increased external tufted cell
bursting259, while blocking of cholinergic signaling within the MOB impacts olfactory
discrimination262,263. On the other hand, fibers from cortical neurons originate from
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olfactory cortices that include the anterior olfactory nucleus, tenia tecta, cortical
amygdaloid nucleus, piriform cortex, and the lateral olfactory tract264-267. Together, the
centrifugal fibers are understood to modulate the processing of odorant information
within the MOB, with implications for neuronal plasticity268-270 and amplification of
mitral cell inhibition271. Along with centrifugal fibers, deep short axon cells may also
participate in the reciprocal connection with some populations extending processes from
the IPL to the EPL and GL272-274. The majority of the deep short axon cells were shown to
express GABAA receptor and voltage-gated K+ channel subunits274. Anatomical and
functional examination of the centrifugal fibers show preferential targeting some
populations of deep short axon cells that result in the inhibition of granule cells. Despite
the potential for reciprocal connections, additional studies are required to determine
which connections are involved and the identity of the interneurons.
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Figure 4.11 Summary and model of lateral signal spread.
(A) Schematic of glomerular stimulation-dependent lateral spread under disinhibited
conditions. (B and C) Summary of lateral spread following glomerular stimulation in
MOB slices receiving (B) GL microcut or (C) EPL microcut. (D) Both the GL and EPL
pathways were required for extensive lateral excitation, suggesting reciprocal
communication between the pathways for lateral spread.
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4.4.2. Functional implications of the GC-D necklace glomeruli circuitry
One of the challenges in studying the function of NGs has been the accessibility
of the circuit. The caudal positioning of NGs has made it difficult to perform traditional
physiological recordings commonly utilized to study the canonical circuitry. Unlike other
regions of the MOB, the glomerular circuitry at the caudal end of the bulb is deflected
anteriorly and inferiorly due to the growth and development of the accessory olfactory
bulb. In order to consistently obtain intact NGs circuitry, angled coronal slices were used
instead of horizontal slices. These angled coronal slices generated intact glomerular
circuits with visible MOB layers. These slices also allowed for the visualization of
multiple necklace glomeruli within the same slice. As expected from the caudal region of
the MOB, the angled coronal slices received fewer OSN fibers and had lesser cell
density. This cytoarchitecture results in a reduction of thickness of the MOB layers,
which corresponds to a reduced intrinsic signal response. Stimulation of individual NGs
generated robust intrinsic responses, which was enhanced in the presence of GBZ. The
enhanced response amplitude and lateral spread were similar to responses to those seen
when CGs were stimulated in either coronal or horizontal slices, suggesting that NGs and
CGs utilize a similar circuitry.
It remains unclear how the GC-D/NG subsystem integrates social and food odors
to promote the acquisition of socially transmitted food preferences. Tracing studies
suggest that odorant information integration could occur within the NGs because each
NG receives heterogeneous afferent input, and exhibits interglomerular connections with
both necklace and non-necklace glomeruli4. Here, my results indicate that NG stimulation
generated similar intrinsic signal spread to CG stimulation, and that NGs are functionally
connected to both NGs and CGs. These findings confirm earlier anatomical studies
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performed within the lab; these studies showed that the GC-D/NG subsystem is
integrated with the canonical main olfactory system within the MOB4. This integration
has implications on how semiochemical cues are processed in the context of general
odors, such as altering the odorant-evoked output of the neighboring canonical circuits.
The distribution of the NGs along the caudal end of the MOB allows for subsystem to
interact with multiple canonical glomerular circuits, as well as glomerular clusters that
exhibit anatomical and functional topographical organizations20,25,26,73,246,275. Glomeruli
on the surface of the MOB exhibited distinct topographical organization, with groups of
glomeruli responding to specific odorant molecular functional groups20,73,275, along with
the broader zonal organization that correspond to the distribution of OSNs on the
olfactory epithelium18,81. The ability of the GC-D/NG subsystem to interact with multiple
glomerular clusters suggests that the initial associations of social and food odors
necessary for food preference formation could occur at the level of MOB. While the
current study highlights the functional connectivity of the NG circuitry, additional studies
are required to characterize the interglomerular pathways and to determine how NGs
activity modulates the output of neighboring glomerular circuits. Besides the potential
ability of NGs to modulate CG output, it would be interesting to examine whether the CG
activation could impact the output from NGs. Now that NGs circuitry can be isolated in
vitro, subsequent studies examining the details of the circuitry would benefit greatly from
traditional electrophysiological recordings and targeted stimulation of glomeruli.
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4.5. CONLCUSIONS
These functional studies highlight the complexity and the extensive
interglomerular connectivity within both the canonical main olfactory system and the
GC-D/NG subsystem. These findings point out the unique relationship between the GL
and EPL pathways for lateral excitation and intrinsic signal spread within and between
both regions of the main olfactory system. Additionally, the functional integration of the
NGs circuitry within the MOB suggests the potential of the NGs to modulate the activity
of neighboring canonical glomeruli. Determining the connections and cell types that
mediate these interactions are critical next steps in understanding how these pathways
affect the output of the odorant information.
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SUMMARY AND CONCLUDING REMARKS

5.1 PROPOSED STUDY
The long-term goal of my studies was to understand how olfactory information is
processed within the main olfactory system and its subsystems. The GC-D/necklace
subsystem has garnered my interest due to differences in the circuit organization within
the main olfactory bulb. In contrast to the homogeneous sensory innervation of canonical
glomeruli, necklace glomeruli receive afferent inputs from at least two distinct sensory
cell populations (one expressing GC-D, the other of unknown identity)4. The GCD/necklace subsystem also plays a critical role in the detection of social cues that
promote the acquisition of socially transmitted food preferences1,2. By comparing the
functional circuitry associated with identified canonical and necklace glomeruli, I
intended to understand a novel strategy for encoding olfactory stimuli. Therefore, I
hypothesized that there will be fundamental differences in how the GC-D/necklace
subsystem processes olfactory information as compared to the canonical main olfactory
system. To better understand the functional circuitry associated with the necklace
glomeruli, and by extension core principles of sensory processing within this olfactory
subsystem, I have developed an approach, novel to the olfactory system, where stimulusdependent responses in intrinsic flavoprotein and NAD(P)H fluorescence signals were
used to map functional circuits associated with single, identified glomeruli.
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5.2 Characterization of intrinsic flavoprotein and NAD(P)H fluoresce within MOB
slices following stimulation of individual glomeruli.
I utilized intrinsic flavoprotein and NAD(P)H fluorescence imaging to gain
insights into the structure and function of the main olfactory system and the GCD/necklace subsystem. Chapter III described my characterization of intrinsic flavoprotein
and NAD(P)H imaging in horizontal MOB slices. This approach allowed me to examine
the spatiotemporal spread of stimulus-dependent intrinsic signals following stimulation of
individual canonical glomeruli. The biphasic intrinsic signal profiles exhibited the same
characteristics observed in other brain regions156,177,181,184,186. The intrinsic signal
responses were sensitive to changes in metabolic substrates and treatment with a
mitochondrial toxin, indicating the mitochondrial origin of the signal. The stimulusdependent responses were also sensitive to treatments of various neurotransmitter
receptor antagonists, indicating the neuronal and postsynaptic origins of the signal.
Although both intrinsic signals generated robust and reproducible responses, repeated
NAD(P)H recordings were less sustainable without the use of appropriate neutral density
filters, due to phototoxic effects of continuous UV exposure. Measurements of the
spatiotemporal signal spread fall within the cellular distribution within the GL67,198 and
EPL198,247, thus providing a realistic representation of individual glomerular circuits.
Together, the results from the Chapter III demonstrated the viability of the intrinsic
flavoprotein and NAD(P)H imaging as a tool for examining the MOB circuitry.
Intrinsic fluorescence imaging has several benefits when compared to other
traditional functional imaging techniques. Unlike Ca2+ and voltage-sensitive imaging,
intrinsic fluorescence imaging does not require the application of external dyes nor does
it require genetic modified mice. When compared to other intrinsic imaging techniques,
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such as MRI, PET, or hemodynamic responses, intrinsic fluorescence imaging has the
flexibility to be performed in vivo or in vitro using a standard epifluorescence microscope.
This flexibility has allowed previous studies to generate cortical sensory maps with
higher accuracy than hemodynamic responses208,209. Along with the technical flexibility,
intrinsic fluorescence imaging displayed the ability to detect short-term and long-term
neuronal plasticity196,206. Despite the advantages, there are limitations to the technique
that must be considered. One concern of intrinsic fluorescence imaging is the temporal
resolution, whose acquisition rates exist between those of standard Ca2+-imaging and
hemodynamic responses. This range lies outside the ability to detect rapid neuronal
activities. Besides temporal resolution, it is difficult to determine whether the intrinsic
fluorescence signal is originating from excitatory or inhibitory neurons. Instead the
stimulus-dependent responses are likely due to the net effect of the postsynaptic
excitation and inhibition. Thus, the contribution of inhibitory neurons must be inferred
from the disinhibited circuit through pharmacological treatments. Despite the caveats,
intrinsic fluorescence imaging remains a rapid and accessible imaging tool for assessing
functional circuitry.
The accessibility of the imaging technique makes it an ideal tool to complement
other physiological methodologies and open new avenues of research. For example, the
technique can serve as verification of intact or normal circuitry prior to patch-clamping a
cell. The incorporation of this additional step would save time in locating the ideal areas
for patch clamp recordings within a circuit. Aside from being applied for functional
mapping of neuronal circuits, intrinsic fluorescence imaging allows for the direct
observation of neurometabolism. To date, the direct relationship between neuronal
response and metabolic energy consumption has been derived from the detailed
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calculations of Attwell and colleagues166,169,179. With the continual advancement of
microscopy and multiphoton imaging, we should be able to examine the subcellular
metabolic responses relative to the electrophysiology. These future studies should
provide insight on how neurons moderate the metabolic load associated with repeated
stimulation or patterns of stimulation. Overall, intrinsic fluorescence imaging introduces
an accessible and flexible technique to examine the MOB circuitry, as well as, other
neuronal circuits.

5.3 Lateral spatiotemporal signal spread is dependent on the lateral pathways in the
GL and EPL.
Lateral connectivity plays a significant role in the processing of odorant
information within the main olfactory bulb. These lateral connections are composed of
the interglomerular-interneuron and the mitral-granule-mitral pathways within the GL
and EPL, respectively. In Chapters III and IV, I used intrinsic fluorescence imaging and
surgical microcuts to examine the functional connectivity between neighboring
glomerular circuits. Treatment with gabazine, a GABAA receptor antagonist, enhanced
the translaminar intrinsic signal spread following glomerular stimulation. Utilizing
surgical microcuts to isolate either the GL or EPL, I determined the lateral spread to be
dependent on both layers. These pathways within the GL and EPL are largely understood
to participate in the lateral inhibition of the MOB circuitry. Details about the mechanisms
involved are unclear, although it possible that lateral excitation is mediated by the short
axon and external tufted cells within the GL, while dendrodendritic synapses and
glutamate spillover between mitral cell dendrites are responsible within the EPL. Tracing
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studies have shown that 30% of oliglomerular and 100% of polyglomerular short axon
cells receive input from external tufted cells, while synapsing onto the external tufted
cells of neighboring or distant glomeruli67,87,88. Extensive lateral propagation could be
achieved within the GL by a network comprised of alternating short axon and external
tufted cells, thus forming a daisy-chain network that leads to the lateral excitation of
multiple glomerular circuits across the surface of the MOB. A similar organization could
occur within the EPL through a network of mitral or tufted cells.
What was intriguing about the results from the microcut experiments was that
lateral excitation through the GL requires an intact EPL, and vice versa. These results
suggest there are reciprocal connections between the interglomerular-interneuron and
mitral-granule-mitral pathways under disinhibited conditions. Candidates for this
reciprocal connectivity include the various extrabulbar centrifugal fibers, as well as, deep
short axon cells found within the EPL, IPL, and GrL. The centrifugal fibers and deep
short axon cells are believed to be involved in a feedback circuit that results in the
increased odorant-evoked inhibition within the MOB271 and/or the modulation of odorant
processing by the secretion of monoamine neurotransmitters255,256,258,260,261,276. Additional
studies will be required to elucidate details of the connections, and their impact on how
odorant information is processed within the canonical olfactory circuitry. Future
experiments would include introducing monoamine neurotransmitter receptor agonists or
antagonists to examine their impact on lateral signal spread under normal or microcut
conditions. Serotonergic and dopaminergic signaling are of specific interests due to the
former’s ability to increase external tufted cell bursting259 and the latter’s release from
short axon cells88. These future studies, along with the current observations, should add to
our understanding of how lateral excitation is involved in the odorant processing within
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the MOB. Furthermore, it highlights the use of intrinsic fluorescence imaging as a
valuable tool for studying circuit organization.

5.4 Mapping of intrabulbar functional circuitry associated with identified NGs
The GC-D/necklace subsystem is critical for the acquisition of socially
transmitted food preferences in response to the coincident detection of food and social
odors. Anatomical studies suggest that the GC-D/necklace subsystem could serve to
integrate these two olfactory signals due to the heterogeneous sensory innervation and
extensive interglomerular connections of NGs. However, functional studies surrounding
the necklace glomeruli have been limited due in part to the positioning of the glomeruli.
My study sought to address the functional connectivity between the NG and CG, by
examining the stimulus-dependent intrinsic signal responses following NG stimulation.
Based on the anatomical studies, I predicted that there should be difference in the signal
response between neighboring NGs and neighboring CGs, following single NG
stimulation. In Chapter IV, I utilized an angled coronal slice to functionally examine
intact necklace glomeruli circuitry. Intrinsic fluorescence imaging of the NG revealed
robust responses and signal spread after NG stimulation that resembled those seen with
canonical glomeruli. Furthermore, neighboring necklace and canonical glomeruli were
not preferentially activated following NG stimulation. These observations suggest that
the NGs are functionally integrated with the canonical main olfactory system in the
MOB. Although the heterogeneous composition of the NG suggests an alternative
mechanism of odorant processing, this difference was not observed at the level of the
MOB. The functional integration of the GC-D/NG subsystem with the canonical

131

olfactory system has broad implications on how general odors and semiochemical cues
are processed to generate the socially transmitted food preference. The observation
implies that the NGs could potentially interact and modify the output of neighboring CG
circuits. Combined with the spatial distribution of the NGs around the caudal end of the
olfactory bulb; the activation of the NGs has the potential to modulate multiple CG
circuits. How the odorant information from the CGs is modified by the NG activity
remains unclear. The next step would be to identify the neurons and pathways responsible
for the interglomerular connectivity, and to record the physiological effects on CGs
mitral cell activity, following NG stimulation.
The GC-D/NG subsystem is unique to the olfactory system in its anatomy and its
relationship to the social transmission of food preference behavior. Based on our current
understanding of the system, the integration of social cues and general odors may occur
within the MOB prior to the higher-level processing at the level of the olfactory cortices.
This immediate processing of such odorant information suggests an innate significance of
the GC-D/NG subsystem. Our understanding of the social transmission of preference is
that it would benefit highly social animals by aiding recognition of a safe source of food
without the risk of trial and error. Thus, it would benefit these animals to have immediate
integration and odorant association to occur early in the information processing. From a
basic circuit level, we know very little how the odorant information is processed within
the GC-D/NG subsystem. It would be interesting to determine whether the resulting
output of the mitral cells from the odorant integration unique to the GC-D/NG subsystem
or is shared by neighboring canonical glomeruli. Regardless, the current observation
expands our understanding of the GC-D/NG subsystem and introduces a methodology
that isolates an intact NGs circuit.
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5.5 CONCLUDING REMARKS
From odorant detection to odorant information processing, our understanding of
the canonical main olfactory system and its subsystems has expanded significantly over
recent years. The establishment of intrinsic fluorescence imaging within the main
olfactory system provides an additional and accessible tool that can be used to assess
functional connectivity within the olfactory bulb circuitry. Based on my observations, the
lateral connectivity within the main olfactory bulb is strongly shaped by the activity of
neighboring circuits. Examination of the NG connectivity, demonstrates the integration of
NGs with the canonical main olfactory system. This integration along with anatomy
suggests the GC-D/necklace subsystem follows a unique strategy by which olfactory
information is processed. However, additional physiological studies of the GCD/necklace subsystem are required to elucidate the types of neurons involved in the
interglomerular communication as well as to understand how these circuits modulate
neighboring odorant signals. Further investigation into the role of olfactory bulb circuitry
in the integration of olfactory subsystems will illuminate fundamental principles by
which odorant information is processed.
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