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Neurogenesis in the Olfactory System: The Functional Activity of Immature Olfactory
Sensory Neurons and Postnatal-Born Granule Cells

Szu Wei (Jane) Huang, PhD

University of Pittsburgh, 2022

Adult neurogenesis in the rodent olfactory system provides a continuous source of
olfactory sensory neurons (OSNs) in the olfactory epithelium (OE) and granule cells (GCs) in the
olfactory bulb (OB). These new neurons must integrate into established circuitry without
disrupting pre-existing functions. In the OE, OSNs project their axons to the glomerular layer of
the OB, where they synapse with the neurons of the OB. Immature OSNs express the olfactory
receptors and proteins required for signal transduction, but it is unknown whether they form
functional synapses with OB neurons and contribute to odor processing. Here, | show that
immature OSNs make monosynaptic connections with superficial tufted cells in the OB, and that
these connections were formed within five days after terminal cell division. This data suggest that
immature OSNs may play a previously unappreciated role in odor processing alongside their
mature counterparts.

In the OB, the somata of early postnatal-born GCs are found in the superficial granule cell
layer (GCL), and their dendrites occupy the superficial external plexiform layer (EPL), whereas
the somata of late postnatal-born GCs are found in the deep GCL, and their dendrites are found in
the deeper EPL. The lateral dendrites of mitral cells (MCs) and tufted cells (TCs), the primary
output neurons of the OB, are also segregated in the EPL, where they form dendrodendritic
synapses with GCs. In this dissertation, | tested whether birth date related anatomical differences

between subpopulations of GCs could lead to differential connectivity with MCs and TCs. By



selectively photoactivating either an early or late postnatal-born population of GCs, | found that
the overall population of MCs receive greater inhibition from both early and late postnatal-born
GCs compared to TCs. The difference in inhibition was more pronounced following activation of
late postnatal-born GCs, which may be explained by a trend for late postnatal-born GCs to
preferentially connect with MCs. Together, these data provide evidence for functional differences
in connectivity resulting from anatomical differences between subpopulations of postnatal-born
GCs, which may in turn differentially modulate the parallel odor processing streams formed by

MC and TC output.
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1.0 Introduction

Most brain regions in vertebrates do not display adult neurogenesis (Gould, 2007). Two
key regions in the adult mammalian brain—the olfactory bulb and the hippocampus, areas
responsible for olfactory processing and learning and memory, respectively— are the exception
and continue to generate new neurons into adulthood (Altman, 1969; Altman and Das, 1965). Each
new adult-born neuron must integrate into established circuitry without disrupting pre-existing
functions. Sensory experience and activity modulate the survival and integration of these new
neurons, which in turn may shape the neural representation of external sensory stimuli (Alonso et
al., 2006; Lemasson et al., 2005; Santoro and Dulac, 2012; Watt et al., 2004).

Here, | leverage the well-defined functional organization of the mouse olfactory system to
study how adult neurogenesis contributes to the processing of sensory stimuli. The peripheral
olfactory system also exhibits adult neurogenesis in the continuous generation of olfactory sensory
neurons. These neurons perform the first step in olfactory processing by binding odorant molecules
and transducing the information about chemicals in the environment to patterns of activity in
olfactory sensory neurons (Caggiano et al., 1994; Graziadei and Graziadei, 1979).

| first examine whether immature olfactory sensory neurons generated via adult
neurogenesis in the olfactory epithelium are capable of transducing odor stimuli and providing
input to olfactory bulb neurons. This knowledge will be important for understanding how these
new neurons establish appropriate functional connections and how function is maintained during
the turnover of these neurons that occurs throughout life. Next, I investigate how adult-born
olfactory bulb granule cells form connections with the two principal neuron types of the olfactory
bulb—mitral and tufted cells. Specifically, | test whether known birth date related anatomical

1



differences in postnatal-born granule cells lead to differences in functional connectivity with the
principal neurons of the olfactory bulb. Understanding the contribution of adult neurogenesis to
sensory processing bears implications for both experience-dependent plasticity in the healthy brain

and regeneration following disease or injury.

1.1 Overview of olfaction

Olfaction, or the sense of smell, allows an animal to gather and discriminate between
signals originating from chemical substances in its environment. The olfactory system transforms
the odor information into meaningful neural representations that help guide behavior and survival
in the world. In terms of evolution, olfaction is the oldest sensory system and is vital for sensing,
engaging with, and adapting to the outside world. Animals use olfaction for a wide range of
behaviors critical for survival, including food-gathering, breeding, and predator avoidance (Ache
and Young, 2005; Capaldi et al., 2004; Coopersmith and Leon, 1984; Levy et al., 2004;
Sarafoleanu et al., 2009).

It is difficult for humans, who rely heavily on the visual system, to fully appreciate the
importance of olfaction. The common belief that human olfaction is impoverished and
inconsequential to daily life originates from Brocca’s work in the 1800s, in which he noted the
relatively small size of the human olfactory bulb compared to the rest of the brain (McGann, 2017).
Humans have about 400 olfactory receptor genes—a number that, although small compared to the
~1200 olfactory receptor genes found in mice, is still quite large (Glusman et al., 2001; Godfrey
et al., 2004; Malnic et al., 2004; Young et al., 2002; Zhang and Firestein, 2002). In 2014, Keller

and colleagues tested human subjects on panels of odorant mixtures and estimated that humans



can discriminate between an astonishing number of 1 trillion olfactory stimuli (Bushdid et al.,
2014). However, a follow-up study by Gerkin and Castro disputes this claim and argues that the
results presented by Bushdid and colleagues are skewed by problematic experimental parameters
and analysis frameworks (Gerkin and Castro, 2015). Although the exact number of smells a human
can distinguish has yet to be conclusively determined, recent studies suggest that human olfaction
is far more powerful than originally assumed (Shepherd, 2004a).

It is an indisputable fact that a healthy olfactory system is necessary to a satisfactory quality
of life in humans. Odors—whether pleasant or aversive, familiar or unfamiliar—can influence
autonomic nervous system responses, heighten stress levels, and provoke involuntary facial
expressions or avoidance behavior (He et al., 2014; Joussain et al., 2014; Smeets and Dijksterhuis,
2014). There are also studies linking an individual’s unique human leukocyte antigen (HLA)
expression with the specific odor the person produces (Secundo et al., 2015), which some have
dubbed a person’s “body odorcocktail” (Lundstrém and Olsson, 2010; McGann, 2017; Milinski et
al., 2013). Perception of other people’s body odorcocktail has been linked to mate choice and
processing of social signals such as aggression and stress in humans (Libke and Pause, 2015;
Pause, 2012; Roberts and Roiser, 2010).

Olfactory dysfunction is also present in many diseases. Millions of people suffer from
olfactory deficits and anosmia in their lifetimes, and the prevalence of these disorders are increased
in the aged populations or patients with neurodegenerative diseases (Boesveldt and Parma, 2021).
Especially relevant is the ongoing pandemic and the common COVID-related symptom of
anosmia; likely tens of millions of people around the world have experienced olfactory loss in the
past two years (Butowt and von Bartheld, 2021). Patients with olfactory disorders suffer from a

severely reduced quality of life along with increased emotional and social distress (Neuland et al.,



2011). Although the work described in this dissertation specifically focuses on the role of adult
neurogenesis in the olfactory circuitry, understanding how newly generated neurons integrate into
pre-existing circuitry in the olfactory system may provide insights into potential therapeutic targets

for repair following disease outside the olfactory system (Durante et al., 2020).

1.2 Organization of the olfactory system

Olfactory processing in the mammalian system begins in the nasal turbinates of the nose
when odorant molecules bind to olfactory sensory neurons (OSNSs) that reside in the olfactory
epithelium (OE). The OSNs then relay this information to the olfactory bulb (OB); neurons in the
OB further process the odor information before transmitting it to higher cortical regions (lgarashi
et al., 2012; Nagayama et al., 2010). The following sections describe the olfactory components

involved in odor transduction from the nose to the OB.

1.2.1 Olfactory sensory neurons

OSNss are bipolar neurons found in the OE. On the apical side, they extend dendrites to the
epithelial surface. Each dendrite that protrudes into the nasal cavity has 10-30 cilia that express
olfactory receptors (ORs), which allow them to bind odorant molecules carried into the nose (Falk
et al., 2015). On the basal side, OSNs extend an axon that travels through the cribriform plate to
the OB (Buck, 1996). The axons of OSNs terminate in spherical regions of neuropil called
glomeruli (Vassar et al., 1994), and axons expressing the same OR converge onto the same

glomerulus (Ressler et al., 1994; Serizawa et al., 2000). One study using C57BL/6J mice estimated



that each OR gene is expressed by a median number of 5,983 OSNs, for a total of ~6.6 million
OSNs expressing ~1,100 total OR genes in the murine genome (Bressel et al., 2016).

ORs are G-protein coupled receptors, and the binding of odorant molecules initiates a
signaling cascade that leads to the production of CAMP (Connelly et al., 2015; Kato and Touhara,
2009). cAMP opens cyclic nucleotide-gated (CNG) channels, allowing Ca?* and Na* influx and
subsequent CI- efflux through Ca?*-activated chloride channels. The movement of these ions leads
to the depolarization of the membrane potentials of OSNs and generation of action potentials
(APs). About 1,100 OR genes are found in the murine genome. One OR can recognize multiple
odorants, and multiple ORs can detect the same odorant (Adipietro et al., 2012; Buck and Axel,
1991; Nei et al., 2008). ORs also function in a combinatorial manner such that different

combinations of ORs detect different odorants or odorant mixtures (Malnic et al., 1999).

1.2.2 The olfactory bulb: the glomerular layer

The OB is composed of multiple well-defined lamina, with distinct neuronal cell types
occupying each lamina (Figure 1) (Price and Powell, 1970a). Following odorant binding by OSNs,
the next step in olfactory processing occurs in the glomerular layer (GL) of the OB, in which OSN
afferents are organized into glomeruli. Each mouse brain is thought to contain four glomeruli for
each OR, with two glomeruli in each bulb. The exact total number of glomeruli in the brain is
disputed, though estimates range from 1,800 to 3,600 (Richard et al., 2010; Royet et al., 1988;
Zapiec and Mombaerts, 2015). The locations of glomeruli are also stereotyped and conserved both

between animals and across species (rat and mouse) (Soucy et al., 2009).
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Figure 1. Schematic of olfactory bulb circuitry

Due to the OSNs’ ability to bind and respond to multiple ligands, the binding of an odorant
molecule is transduced into a stereotyped map of activated glomeruli in the OB (Vassar et al.,
1994). Odor information is thus represented by the pattern of glomerular activation (Rubin and
Katz, 1999). Aside from OSN afferents, each glomerulus also consists of the processes of local
juxtaglomerular cell types and the apical dendrites of mitral cells (MCs) and tufted cells (TCs), the
principal output neurons of the OB (Mombaerts, 1996; Mombaerts et al., 1996). Each glomerulus
functions as a microcircuit where both the OSN axons and the input received by MCs and TCs are
modulated by the surrounding juxtaglomerular neurons, a broad umbrella term for cell types found

around glomeruli in the GL.



Juxtaglomerular neurons include periglomerular cells (PGCs), superficial short-axon cells
(SSACs), and external tufted cells (ETCs) (Pinching and Powell, 1971a). The vast majority of
juxtaglomerular neurons are GABAergic (Kiyokage et al., 2010; Parrish-Aungst et al., 2007), the
most numerous type of which are the PGCs, representing 60% of all cells in the GL (Parrish-
Aungst et al., 2007). PGCs possess a short dendrite that usually only innervates one glomerulus
and has a more limited range compared to the dendrites of ETCs; PGC dendrites mainly mediate
intraglomerular connections (Pinching and Powell, 1971a).

SSACs, unlike PGCs, are sparser in number and send extensive processes to neighboring
glomeruli. About 80% of sSACs express GAD67, and the remaining only express GADG65 or co-
express GADG65 and Gad67 (Parrish-Aungst et al., 2007). They release both dopamine and GABA
onto ETCs and form weak connections with MCs and TCs (Burton, 2017; Liu et al., 2013; Vaaga
etal., 2017). sSACs are unique in that they mediate both excitatory and inhibitory input onto ETCs,
MCs, and TCs through separate signaling pathways (Liu et al., 2013; Liu et al., 2016; Vaaga et al.,
2017).

ETCs are a glutamatergic cell type characterized by a lack of lateral dendrites (Hayar et al.,
2004a; Hayar et al., 2004b); they receive strong monosynaptic input from OSNs and in turn
provide input onto both MCs and TCs (De Saint Jan et al., 2009; Najac et al., 2011). A study has
also suggested that the majority of excitatory OSN input received by MCs is actually via a

disynaptic signaling pathway mediated by ETCs (Gire et al., 2012).

1.2.3 The olfactory bulb: the external plexiform and mitral cell layers

The external plexiform layer (EPL) lies beneath the GL, and the much narrower mitral cell
layer (MCL) lies below the EPL. STCs are found at the border between the GL and the EPL (Mori

7



et al., 1983; Orona et al., 1984). Like ETCs, STCs receive direct monosynaptic input from OSNs
(Sunetal., 2020), but unlike ETCs, they possess long lateral dendrites in the EPL and exhibit non-
bursting spike patterns without a depolarizing envelope (Antal et al., 2006; De Saint Jan et al.,
2009; Hayar et al., 2004b; Jones et al., 2020; Liu et al., 2012; Liu and Shipley, 2008).

TCs, whose cell bodies are scattered throughout the EPL, and MCs, which are found tightly
packed in a single layer in the mitral cell layer (MCL), share a number of similarities (Mori et al.,
1983; Orona et al., 1984). Both MCs and TCs are large projection neurons with a primary dendrite
that extends to a single glomerulus in the GL and lateral or secondary dendrites that extend
horizontally in the EPL (Mombaerts, 1996; Mombaerts et al., 1996; Shepherd, 2004b). “Sister”
cells with apical dendrites projecting to the same glomerulus share correlated responses to odors
(Dhawale et al., 2010). Additionally, both MCs and TCs provide glutamatergic input onto granule
cells (GCs) and receive inhibition in turn via dendrodendritic synapses (Christie et al., 2001;
Schoppa et al., 1998).

The morphology of TCs is diverse, and TCs can be further divided into subtypes based on
either the location of their somata in the EPL or their dendritic morphology. As described
previously, ETCs are found in the GL, whereas STCs reside at the border between the GL and the
EPL. The TCs described in this section are found throughout the EPL and are sometimes known
as middle TCs; we refer to them simply as TCs in this dissertation. A small number of TCs are
also found in close proximity to the MCL,; their large size and physiological similarity to MCs
have led some to label them as “displaced” MCs (Belluscio et al., 2002; Nagayama et al., 2014;
Orona et al., 1984; Pinching and Powell, 1971b; Shepherd, 2004b).

The dendrites and axonal projections of MCs and TCs are also spatially segregated like

their somata. MC lateral dendrites are mostly found in the deeper section of the EPL, whereas TC



dendrites course along the superficial and middle regions of the EPL (Mori et al., 1983; Orona et
al., 1984). TCs project their axons to the anterior olfactory nucleus and anterior piriform cortex,
whereas MC projections are more distributed and target all areas of the olfactory cortex (lIgarashi
etal., 2012; Nagayama et al., 2010).

Aside from anatomical differences, MCs and TCs differ in their physiology and responses
to odor stimuli. TCs have lower odorant response thresholds and increased spiking activity in
response to odorant input compared to MCs, possibly due to receiving weaker lateral inhibition
than MCs (Christie et al., 2001; Geramita et al., 2016; Nagayama et al., 2014; Nagayama et al.,
2004). Compared to MCs, TCs also receive stronger direct OSN input, fire earlier in the sniff cycle,
have a shorter onset latency, and respond to a wider range of odor concentrations (Fukunaga et al.,
2012; Gire et al., 2012; lgarashi et al., 2012). These differences suggest that MC and TC outputs

represent two parallel streams of olfactory processing (Geramita et al., 2016).

1.2.4 The olfactory bulb: the granule cell layer

GCs are small GABAergic interneurons that make up the majority of the cells in the granule
cell layer (GCL) and are found in clusters of 2-10 cells (Price and Powell, 1970b). They outnumber
MCs by a factor of 50-100; the much larger number of inhibitory vs. excitatory neurons is the
inverse of the proportions observed in the cortex and hippocampus (Shepherd, 2004b). GCs are
biochemically diverse; subtypes expressing different markers such as calretinin, CaMKlIlIa, and
5T4 occupy different regions of the GCL and may be generated at different times in the animal’s
life (Hardy et al., 2018; Imamura et al., 2006; Malvaut et al., 2017; Takahashi et al., 2016).

The dendrites of GCs may be found in the superficial or deep regions of the EPL, depending
on the location of the GC somata in the GCL. The dendrites of superficial GCs occupy the
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superficial regions of the EPL, and the dendrites of deeper GCs occupy the deeper regions of the
EPL. (Mori et al., 1983; Orona et al., 1983). Although GCs do not have axons, they receive
glutamatergic input from and provide GABAergic output onto MCs and TCs via dendrodendritic
synapses with the lateral dendrites of the output neurons (Egger and Urban, 2006; Price and
Powell, 1970b). GCs also receive excitatory input in their proximal apical and basal domains,
mediated by axodendritic synapses formed with the axon collaterals of MCs and TCs. Excitation
of GCs at axodendritic synapses is fast and mediated by AMPA receptors (Balu et al., 2007;
Isaacson, 2001; Isaacson and Strowbridge, 1998). Although GCs do not have axons, they are
capable of firing sparse APs with long latencies in response to stimulation, and these APs are
triggered more readily by excitatory inputs at axodendritic synapses than at dendrodendritic
synapses (Burton, 2017; Burton and Urban, 2015; Halabisky and Strowbridge, 2003).

Current evidence suggests that GC-mediated inhibition can occur independently of APs by
two mechanisms (Wienisch and Murthy, 2016). First, each spine on the dendrite acts as a mini-
neuron capable of GABA release following local spine depolarization (Egger and Urban, 2006).
Ca?" influx through voltage-dependent Ca?* channels and NMDA receptors leads to
neurotransmitter release onto MCs and TCs, resulting in lateral or recurrent inhibition (Egger et
al., 2005; Isaacson and Strowbridge, 1998; Lage-Rupprecht et al., 2020; Schoppa et al., 1998).
Second, each dendritic branch can also function as an independent unit by generating local
spikelets mediated by Nay channels, leading to Ca?* entry through high-voltage-activated Ca?*
channels and GABA release (Burton and Urban, 2015; Bywalez et al., 2015; Egger et al., 2005).
Global release resulting from sodium APs generated by glomerular inputs has also been observed.

Here, AP generation leads to a long-lasting depolarization involving NMDA receptors,
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nonselective cation conductance lcan channels, and transient receptor potential (canonical) (TRPC)
channels, followed by Ca?* entry through T-type Cay channels (Egger, 2008; Stroh et al., 2012).

GC-mediated inhibition has both a fast and a slow component, resulting in prolonged
inhibition of MCs and TCs and asynchronous release of GABA (Isaacson and Strowbridge, 1998;
Schoppa and Westbrook, 1999). There are two forms of GC-mediated inhibition of MCs and TCs:
recurrent inhibition and lateral inhibition. In recurrent inhibition, MC or TC excitation of a GC
causes the GC to release GABA back onto the original MC or TC; in lateral inhibition, MC or TC
excitation of a GC causes the GC to inhibit MCs and TCs of neighboring glomeruli (Egger and
Kuner, 2021; Margrie et al., 2001). Lateral inhibition modulates MC and TC activity by
decorrelating their odor responses, which sharpens the patterning of unique glomerular responses
to odor stimuli and improves odor discrimination (Arevian et al., 2008; Gschwend et al., 2015;
Urban and Sakmann, 2002; Yokoi et al., 1995).

The bulk of feedback projections in the OB originating from the cortex targets GCs.
Excitatory feedback from the piriform cortex drives inhibition of odor-evoked MC and TC activity
(Boyd et al., 2015; Boyd et al., 2012; Wu et al., 2020). GCs also receive glutamatergic feedback
from anterior olfactory nucleus axons along with direct projections from the hippocampus and
entorhinal cortex (Markopoulos et al., 2012; Padmanabhan et al., 2019). Additionally, GABAergic
feedback originating from the forebrain modulates local oscillations in the OB (Gracia-Llanes et

al., 2010; Villar et al., 2021).
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1.3 Adult neurogenesis

The dominant dogma for over a century has been that mammalian neurogenesis only occurs
during the embryonic stage in the central nervous system (Cajal, 1913). In recent decades,
however, this dogma has been overturned starting with work by Joseph Altman, who demonstrated
evidence for newly generated GCs in the postnatal rat hippocampus and OB (Altman, 1969;
Altman and Das, 1965). The development of bromodeoxyuridine (BrdU), a thymidine analogue
that labels dividing precursor cells (Kuhn et al., 1996), revolutionized the field of adult
neurogenesis. It is now widely accepted that adult neurogenesis in mammals occurs in two
neurogenesis zones: the subgranular zone (SGZ) and the subventricular zone (SVZ). In non-
primate mammals, the SGZ generates the dentate granule cells of the hippocampus, and the SVZ
generates the interneurons of the OB (Ming and Song, 2011; Paredes et al., 2016). In this process,
newly generated neurons become functionally mature and integrate into pre-existing circuitry
(Alvarez-Buylla and Lim, 2004; Belluzzi et al., 2003; Carleton et al., 2003; Lledo et al., 2006).

In hippocampal neurogenesis, radial glial cells in the SGZ first differentiate into
intermediate progenitors and then neuroblasts. Immature neurons migrate to the dentate granule
cell layer, from which they send axons to CA3 of the hippocampus and dendrites to the molecular
layer (Toda et al., 2018).

The olfactory system is the only sensory system to display ongoing neurogenesis. This
unique property allows the animal to respond to injury and insult of the olfactory organs with
robust regeneration and repair. In the below sections, | describe in further detail adult neurogenesis

in the olfactory system.
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1.3.1 Adult neurogenesis in the olfactory epithelium

In the healthy OE, globose basal cells act as progenitors to OSNs and undergo continuous
mitotic division to generate transitional nascent OSNs. Following injury, horizontal basal cells are
activated instead to repopulate the OE (Caggiano et al., 1994; Graziadei and Graziadei, 1979; Iwai
et al., 2008). The intermediate cells generated from globose or horizontal basal cells migrate
apically and transiently express Achaete-scute homolog 1 (Ascll) before differentiating into
immature OSNs, which express growth-associated protein 43 (GAP43) and G-protein y-subunit
(Gy8) but do not exhibit extended cilia (MclIntyre et al., 2010; Murdoch and Roskams, 2007; Ryba
and Tirindelli, 1995; Verhaagen et al., 1989).

Onset of OSN maturity is defined by expression of the olfactory marker protein (OMP)
and concomitant downregulation of the expression of GAP43 and Gy8 (Miragall and Graziadei,
1982; Schwob, 2002). OSNs expressing the same ORs extend their axons through the basal surface
of the OE to converge onto the same glomerulus in the olfactory bulb (OB), where they provide
odor input to OB neurons. The entire maturation process of an OSN is completed within 7-8 days
after cell division (Liberia et al., 2019; Savya et al., 2019). The turnover time for OSNs averages
one month, but another study has also found a half-life of one month (Graziadei and Graziadei,
1979; Holl, 2018).

Survival of newly generated OSNs is activity-dependent: activation extends OSNs’
lifespan, and odorant stimuli enhance survival (Santoro and Dulac, 2012; Watt et al., 2004).
Conversely, the number of OSNs decreases following naris occlusion (Cavallin et al., 2010). Some
studies have also found that the rate of neurogenesis decreases with age, leading to a reduced

overall turnover rate in aged animals (Kondo et al., 2010; Loo et al., 1996).
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1.3.2 Adult neurogenesis in the olfactory bulb

The rodent OB receives a steady stream of newly generated neurons throughout the
animal’s life, supplied by neuroblasts originating in the SVZ. Adult neurogenesis in the OB begins
with astrocytes residing in the SVZ, which lines the anterior wall of the lateral ventricle. These
astrocytes act as neural stem cells that then give rise to transient amplifying cells, which
differentiate into neuroblasts (Lledo et al., 2006; Ming and Song, 2011). The neuroblasts form a
chain and migrate via the rostral migratory stream (RMS) to the OB. Anywhere from 30,000 to
80,000 SVZ-derived neuroblasts arrive in the OB daily (Alvarez-Buylla et al., 2001). Upon
reaching the core of the GCL, they migrate radially toward the GL. The vast majority of the
neuroblasts differentiate into GABAergic interneurons, with about 95% becoming GCs and the
rest becoming PGCs (Lledo and Saghatelyan, 2005).

Newborn GCs exhibit dendritic spines as early as 14 days after birth, and by 30 days, all
newly generated GCs show mature morphology such as elaborate dendritic arbors (Petreanu and
Alvarez-Buylla, 2002). Functional maturity accompanies morphological maturity: synapses on the
dendritic spines are functional by four weeks after birth. GCs generated via adult neurogenesis
express GABAA and AMPA receptors while still migrating in the RMS, and NMDA receptor
expression begins upon arrival in the GCL. These GCs are non-spiking for most of the maturation
process, and inhibitory and excitatory synaptic events are detected before voltage-dependent Na*
currents. This developmental pattern is the inverse of that observed in prenatally-generated GCs,
in which AP generation precedes synaptic activity (Carleton et al., 2003).

Half of all postnatal-born neurons are eliminated between 15-45 days after birth (Lin et al.,
2010; Petreanu and Alvarez-Buylla, 2002; Winner et al., 2002); without odor input between 14-20

days after birth, more postnatally-generated GCs die during this critical window (Yamaguchi and
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Mori, 2005). Other studies have also shown that enriched olfactory experience increases postnatal
neurogenesis, as do olfactory discrimination tasks (Alonso et al., 2006; Kamimura et al., 2022;
Lemasson et al., 2005). Sensory deprivation via nostril occlusion, in contrast, decreases the number
of postnatal-born GCs in the OB and the complexity and numbers of their dendritic spines
(Saghatelyan et al., 2005). Additionally, as is the case with OSNs, GC neurogenesis decreases with
age, especially during the first two months of the animal’s life (Daynac et al., 2016; Enwere et al.,
2004; Magavi et al., 2005).

A unique feature of postnatal neurogenesis in the OB is that postnatal-born GCs exhibit a
laminar distinction in their somata location depending on birth date. GCs generated prenatally and
between P3-7 occupy the superficial GCL, whereas those generated at P14 and onwards occupy
the deeper regions of the GCL (Lemasson et al., 2005). The turnover rate of GCs is also much
higher in GCs generated in the early postnatal period compared to those generated in the later
postnatal period: by two months after terminal cell division, half of the GCs generated at P60 are
eliminated, whereas virtually no GCs generated between P3-P7 are lost (Imayoshi et al., 2008). It
is important to note, however, that a recent study suggested that the elimination of later postnatal-
born GCs should be attributed to BrdU toxicity and that GC neurogenesis is an additive

phenomenon (Platel et al., 2019).

1.3.3 Adult neurogenesis and olfactory processing

Ongoing neurogenesis in the olfactory system provides a substrate for neuronal plasticity
to interact with sensory experience. On a short time scale, sensory adaptation allows neurons to
modulate their stimulus-evoked responses when exposed to prolonged stimulation, restricting
sensory information to only the most relevant (Benda, 2021; Martelli and Storace, 2021). On a
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longer time scale, as an animal moves through different environments and encounters diverse
sensory stimuli over the course of its life, its collective sensory experiences also alter the sensory
system circuitry to shape the neural representations of the external world.

It has been hypothesized that the repertoire of ORs expressed in an animal’s nose could be
altered to reflect the animal’s odor environment and to extract the maximum amount of olfactory
information from its surroundings (Tesileanu et al., 2019). In support of this hypothesis, postnatal
odorant exposure alters the molecular and cellular structures of OSNs (Cadiou et al., 2014), and
expression of ORs and OSN subtype diversity can be altered by genetic and environmental factors
(Ibarra-Soria et al., 2017). A recent study by Datta and colleagues compared OSN gene expression
in mice housed in either regular home cages or in two different odor-enriched environments
(Tsukahara et al., 2021). The OSNs of mice housed in each odor environment showed OR-
dependent differential expression of over 70 genes related to OSN function. The particular
expression profile of these genes in each OSN was also correlated with the odor response
properties of the given OSN. Thus, neural representations of olfactory experiences can be altered
at the level of peripheral OSNs to better inform behavioral responses to future olfactory
experiences.

Postnatal-born GCs are also critical in olfactory processing, though their exact contribution
has been difficult to disentangle due to variations in experimental design. When performing an
odor-reward task, adult-born GCs were differentially activated compared to neonatal-born GCs,
and activation of adult-born GCs via optogenetics enhanced olfactory learning (Alonso et al., 2012;
Grelat et al., 2018). Ablation of adult-born GCs resulted in impaired short-term olfactory memory,
but interestingly, performance in long-term olfactory memory tasks was not impaired (Breton-

Provencher et al., 2009). Another study by Mandairon and colleagues showed that adult-born GCs
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are necessary for olfactory perceptual learning, and their survival is modulated by olfactory
experience (Moreno et al., 2009). Adult-born GCs have also been implicated in mediating
responses to aversive odors, odor discrimination, and pattern separation (Enwere et al., 2004;

Hardy et al., 2018; Li et al., 2018; Muthusamy et al., 2017).

1.4 Goals of the dissertation

Given that both the OE and OB are supplied with a continuous source of newly generated
neurons, the mouse olfactory system is able to adapt neural representations of odor information to
the environment and show robust recovery following injury and insult. Broadly, my goal in this

dissertation is to study the role that postnatal neurogenesis plays in olfactory circuitry.

1.4.1 Chapter 2 overview

Due to the constant turnover of OSNs in the mammalian OE, both mature and immature
OSNs coexist in a heterogeneous population (Mclintyre et al., 2010). Immature OSNs express ORS
as early as 4 days after basal cell division and before the onset of mature markers (Rodriguez-Gil
et al., 2015). Previous studies, including work from our lab, have also shown that immature OSNs
express the proteins necessary for transmitting odor stimuli to the OB and that immature OSN
axons form synapses in the OB (Cheetham et al., 2016; Hanchate et al., 2015; Nickell et al., 2012).
No study to date, however, has specifically studied whether these immature OSNs are capable of

making monosynaptic connections with OB neurons.
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In Chapter 2, | investigated whether immature OSNs make functional connections with the
OB and whether these connections differ from those formed by their mature counterparts. Using
optogenetics, | selectively activated either mature or immature OSN axons in OB slices and
performed whole-cell patch clamp recordings of STCs in the OB. | successfully recorded
monosynaptic, light-evoked excitatory currents in STCs following activation of immature OSN
axons, and the kinetic properties of the light-evoked currents were similar to those of currents
evoked by activation of mature OSN axons. Additionally, | showed that these connections were
formed by immature OSN axons as early as five days after terminal cell division. These results
collectively demonstrate that immature OSNs may play a previously unappreciated role in

olfactory processing alongside mature OSNSs.

1.4.2 Chapter 3 overview

The laminar organization of OB neurons has been well-described over the past few
decades: morphological studies by several classic papers show that the lateral dendrites of TCs are
found in the superficial EPL, whereas those of MCs are found in the deep EPL (Mori et al., 1983;
Orona et al., 1984). GCs with somata in the deeper regions of the GCL have dendrites in the deep
EPL, whereas GCs with somata in the superficial GCL have dendrites in the superficial EPL (Mori
et al., 1983; Orona et al., 1983). Interestingly, postnatal-born GCs also show a distinct spatial
segregation depending on their birth date, with GCs born in the early postnatal period occupying
the superficial GCL, and GCs born in the later postnatal period occupying the deeper GCL
(Lemasson et al., 2005).

The proximity of TC dendrites and superficial/early postnatal-born GC dendrites in the
superficial EPL, along with the proximity of MC dendrites and deep/late postnatal-born GC

18



dendrites in the deep EPL, provides an intriguing possibility of differential connections between
MCs and TCs and subpopulations of postnatal-born GCs. In Chapter 3, | tested whether the
anatomical segregation observed led to differences in functional connectivity. | selectively
activated either early postnatal-born or late postnatal-born GCs using optogenetics and recorded
inhibitory currents in MCs and TCs. My results showed subtle differences in both the probability
for early and late postnatal-born GCs to be connected with MCs vs. TCs and the strength of the
connection when present. These data suggest that anatomical differences do indeed lead to
functional differences in connectivity.

Our lab has previously demonstrated greater recruitment of superficial GCs vs. deep GCs
following glomerular activation, and that MCs and TCs are subject to lateral inhibition at different
firing rates—likely due to preferential recruitment of superficial vs. deep GCs by TCs and MCs
(Geramita et al., 2016). Differential connectivity with subpopulations of GCs could underlie many
of the differences between MCs and TCs, such as excitability, strength of OSN input, and latency
of odor-evoked responses (Fukunaga et al., 2012; Gire et al., 2012; Igarashi et al., 2012). The
findings described in Chapter 3 provide additional evidence that the parallel processing streams
formed by MC and TC output may be mediated by subpopulations of postnatal-born GCs.

Collectively, the experiments described in this dissertation highlight a unique role for adult
neurogenesis in both transducing odor signals to the OB and modulating the neural representation

of odor information.
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2.0 Chapter 2: Immature Olfactory Sensory Neurons Make Functional Monosynaptic

Connections with Olfactory Bulb Neurons

2.1 Introduction

Olfactory sensory neurons (OSNSs) in the olfactory epithelium (OE) are continuously
replaced throughout an animal’s life, endowing the olfactory system with significant plasticity and
remarkable resilience against environmental insults and trauma (Graziadei et al., 1978; Schwob,
2002). Continuous mitotic division of globose basal cells in the OE generates transitional nascent
OSNs, which express GAP43 and Gy8, markers for immaturity; the transitional nascent OSNs
migrate apically to the surface of the OE but do not yet extend cilia (Mclntyre et al., 2010; Murdoch
and Roskams, 2007; Ryba and Tirindelli, 1995; Verhaagen et al., 1989). OSN maturity is typically
defined by the expression of OMP and decreased expression of GAP43 and Gy8 (Miragall and
Graziadei, 1982; Schwob, 2002). Mature OSNs send their axons through the basal surface of the
OE and the cribriform plate to the olfactory bulb (OB), where the axons form spherical regions of
neuropil called glomeruli. OSN axons expressing the same odorant receptors converge onto the
same glomerulus; each glomerulus is innervated by the apical dendrites of mitral cells and tufted
cells, the primary output neurons of the OB (Ressler et al., 1994; Serizawa et al., 2000).

The maturation process from terminal cell division to expression onset of the maturation
marker OMP takes about 7-8 days (Liberia et al., 2019; Savya et al., 2019). Under normal
conditions, the average turnover time for OSNs is one month, although one study has also
suggested a mean half-life of one month for the OSN population (Graziadei and Graziadei, 1979;

Holl, 2018). The continuous turnover of OSNs means that at any given time, there is a mixed
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population of mature and immature OSNs of different ages (Mclntyre et al., 2010). Immature
OSNs thus face the challenge of integrating successfully into pre-existing circuitry without
disrupting the olfactory information flow established by mature OSNs. Additionally, whether
immature OSNSs play any meaningful roles in odor signal transduction alongside mature OSNs is
unknown.

Studies show that immature OSNs express olfactory receptors (ORs) four days after basal
cell division, before onset of OMP expression, and their axons reach the OB 3-4 days after terminal
cell division (Rodriguez-Gil et al., 2015). Immature OSNSs also express proteins involved in the
signal transduction of odor molecules (Hanchate et al., 2015; Nickell et al., 2012). Given that
OSNs possess the molecular machinery required for signal transduction even in their immature
state, it is possible that immature OSNs can both bind odor molecules and transduce the
information to the OB. Our lab has shown using in vivo 2-photon imaging that immature OSN
axons in many glomeruli in the OB respond to odor stimulation (Huang et al., 2021) (under
review). Additionally, immature Gy8-expressing OSN axons contain boutons with presynaptic
vesicles apposed to the postsynaptic densities of OB neurons, suggesting that they form functional
synapses with OB neurons. Optogenetic activation of Gy8-expressing OSN axons elicited robust
firing in the glomerular, external plexiform, and mitral cell layers, though the in vivo
electrophysiology technique used precluded accurate determination of monosynaptic connectivity
or the specific cell types that received input from Gy8-expressing OSN axons (Cheetham et al.,
2016).

Here, | use optogenetics to demonstrate that immature OSNs make monosynaptic
connections with superficial tufted cells (STCs) in the OB, and that the excitatory inputs from

immature OSNs are similar to that from their mature counterparts. | also show that immature OSNs
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form these connections within five days after terminal cell division, thus providing evidence that

immature OSNs may play a part in odor processing before reaching full maturity.

2.2 Results

2.2.1 Immature OSN axons can be selectively activated using an optogenetic approach.

To address the question of whether immature olfactory sensory neuron (OSN) axons
provide monosynaptic input to olfactory bulb (OB) neurons, | used P18-25 Gy8-tTA*;tetO-
ChIEF-Citrine*" (referred to as Gy8-ChIEF-Citrine) mice and OMP-tTA*";tetO-ChIEF-Citrine*-
(referred to as OMP-ChIEF-Citrine) mice. In these animals, tetracycline transactivator (tTA)
expression is driven by Gy8 or OMP promoters in immature or mature OSNs, respectively
(Tirindelli and Ryba, 1996). The tTA system allows for tight control of expression that can be
restricted to a developmental window. Expression of the blue-light activated cation channel ChlEF
fused to the yellow fluorescent protein Citrine is driven by the tetracycline-responsive promoter.
For this first set of experiments, mice were raised on normal diet in the absence of doxycycline,
allowing active expression of ChlEF-Citrine in OSN axons. Immature or mature OSN axons can

then be selectively activated using optogenetic stimulation (Cheetham et al., 2016) (Figure 2).
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Figure 2. Expression of ChlIEF-Citrine in immature (Gy8*) and mature (OMP*) OSN axons.
A. Schematic of breeding strategy to generate mice expressing CHIEF-Citrine in either immature or mature OSNs
under control of the Gy8 or OMP promote, respectively. B. Schematic of relevant OB glomerular circuitry. Whole-
cell voltage clamp recordings were made from STCs in either Gy8-ChIEF-Citrine or OMP-ChIEF-Citrine mice. C.
Quantification of the density of ChIEF-Citrine-expressing axons in OMP-ChIEF-Citrine and Gy8-ChIEF-Citrine
mice. i. Widefield fluorescence images showing ChIEF-Citrine-expressing axons in OMP-ChIEF-Citrine and Gy8-
ChIEF-Citrine mice. ii. Integrated density of Citrine fluorescence per pum? of the glomerular layer in OMP-ChIEF-
Citrine and Gy8-ChIEF-Citrine mice (n = 3 per group). Symbols: values for individual mice. The data in Figure 1C

were collected by Alyssa Lauer and Alex Rangel.

I then made whole-cell recordings of superficial tufted cells (STCs), which are known to
receive direct monosynaptic input from mature OSNs (Sun et al., 2020). These recordings were
made in slices of olfactory bulbs. STCs were identified using morphological and physiological
criteria: they reside at the border between the glomerular layer (GL) and external plexiform layer
(EPL), possess a lateral dendrite in the EPL in addition to a primary apical dendrite, and exhibit
regular or irregular non-bursting spiking patterns without the depolarizing envelope characteristic
of external tufted cells (ETCs) (Antal et al., 2006; De Saint Jan et al., 2009; Hayar et al., 2004b;
Jones et al., 2020; Liu et al., 2012; Liu and Shipley, 2008; Sun et al., 2020) (Figure 3A, B). |
targeted STCs located close to the glomeruli innervated by ChIEF-expressing axons, voltage
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clamped them at -70 mV, and recorded their excitatory responses to multiglomerular optogenetic
stimulation (Figure 3C, D). Responses were made with APV (20 uM) in the bath to isolate fast
AMPA-mediated currents; light-evoked responses were observed following optogenetic

stimulation of both immature and mature ChlEF-Citrine-expressing axons.
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Figure 3. Identification and whole-cell patch-clamp recordings of superficial tufted cells (STCs).

A. Visualization of a STC filled with AF594, showing an apical dendrite, a lateral dendrite, and a cut axon. B. Example
trace of membrane oscillations in a STC, indicative of an intact apical dendrite. C. Example of a STC spike train
evoked by step current injection, showing an irregular spiking pattern without a depolarizing envelope or rhythmic
bursting. D-E: Recordings from STCs made in normal ACSF containing 20 uM APV (control) and in ACSF
containing 10 uM NBQX in addition to APV, demonstrating the presence of monosynaptic input from OSN axons.

D. Example responses from two STCs elicited by 1 ms, 100% intensity light pulse photoactivation of immature Gy8-
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ChIEF-Citrine-expressing OSN axons. E. Example responses from two STCs elicited by 1 ms, 100% intensity light
pulse photoactivation of mature OMP-ChIEF-Citrine-expressing OSN axons. All traces are averages of 10 trials. Blue

line: 1 ms light pulse photostimulation.

2.2.2 A similar proportion of STCs receive monosynaptic input from mature and immature

OSN:s.

| generated a power curve for each STC by systematically increasing the LED intensity
(from 10 to 20, 50, 80, and 100%) for each of three light stimulus durations (0.25, 1, and 2 ms)
(Figure 4). The shortest stimulus condition that reliably and consistently evoked responses (1 ms

at 100% light intensity) was selected and used for all subsequent analyses.
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Figure 4. Power curve for a STC recorded in an OMP-ChIEF-Citrine mouse.
A. Light-evoked EPSCs recorded in response to light pulses of increasing duration and light intensity. B. Relationship

between light pulse intensity and duration and EPSC amplitude for the same STC. All traces are averages of 10 trials

per stimulus condition.

26



| compared responses evoked by photoactivation of mature vs. immature OSN axons and
considered a cell as receiving monosynaptic input from OSNs if the onset latency of its
photoactivated response was shorter than 2 ms (Sun et al., 2020). A similar proportion of STCs
from OMP-ChIEF-Citrine and Gy8-ChIEF-Citrine mice showed inward currents in response to
optogenetic stimulation (OMP-ChIEF-Citrine responsive cells: 7/19; Gy8-ChIEF-Citrine
responsive cells: 4/11; Fisher’s exact test, p > 0.99) (Figure 5A). For a subset of recorded neurons,
I confirmed that the responses were AMPA-mediated as they were completely abolished by bath

application of NBQX (10 uM) (Figure 3C, D).
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Figure 5. A similar proportion of STCs from both OMP-ChIEF-Citrine and Gy8-ChIEF-Citrine mice show
light-evoked responses.
A. A similar proportion of recorded STCs from both OMP-ChIEF-Citrine and Gy8-ChIEF-Citrine mice responded
monosynaptically to photoactivation (Fisher’s exact test, p > 0.99, n = 19 cells from 10 OMP-ChIEF-Citrine mice and
n =11 cells from 5 Gy8-ChlEF-Citrine mice). One STC from the Gy8-ChlEF-Citrine group showed a monosynaptic
response to optogenetic stimulation with a 1 ms, 50% intensity light pulse, but its dataset was incomplete and lacked
sweeps for the 1 ms, 100% intensity light stimulation, so it was not included for further analysis (see Methods). B. |
recorded roughly numbers of dorsal and ventral STCs, and the proportion of responsive STCs that were dorsal or

ventral did not differ between the two genotypes (OMP responses vs. Gy8 responses: Fisher’s exact test, p > 0.99, n
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= 7 cells from 5 OMP-ChIEF-Citrine mice and n = 4 responsive cells from 3 Gy8-ChIEF-Citrine mice). C. The
visualization of an apical dendrite or tuft did not guarantee the presence of a light-evoked monosynaptic response in
recorded STCs from OMP-ChIEF-Citrine mice. A similar proportion of responsive cells and cells without light-
evoked responses showed the presence of an apical dendrite or tuft (Fisher’s exact test, p = 0.62, n = 19 cells from 10
OMP-ChIEF-Citrine mice). D. The visualization of an apical dendrite or tuft did not guarantee the presence of a light-
evoked monosynaptic response in recorded STCs from Gy8-ChlEF-Citrine. A similar proportion of responsive cells
and cells without light-evoked responses showed the presence of an apical dendrite or tuft (Fisher’s exact test, p >

0.99, n = 11 cells from 5 OMP-ChIEF-Citrine mice).

Approximately equal numbers of STCs from the dorsal and the ventral surfaces of the OB
for both genotypes were recorded (OMP-ChIEF-Citrine: 10 dorsal, 9 ventral; Gy8-ChIEF-Citrine:
6 dorsal, 5 ventral). This enabled me to corroborate our in vivo calcium imaging data demonstrating
odor-evoked responses in immature OSN axons (Huang et al., 2021) (under review), which were
obtained from the dorsal OB. I also obtained recordings from the ventral OB, which receives robust
innervation by immature OSN axons at this age (Cheetham et al., 2016; Eerdunfu et al., 2017).
The proportion of responsive cells that were dorsal or ventral was not significantly different
between OMP-ChIEF-Citrine and Gy8-ChIEF-Citrine mice, suggesting that there was no
difference in whether dorsal vs. ventral STCs were more likely to receive input from either mature
or immature OSN axons (OMP-ChIEF-Citrine responsive cells: 3/7 dorsal, 4/7 ventral; Gy8-
ChIEF-Citrine responsive cells: 2/4 dorsal, 2/4 ventral; Fisher’s exact test, p > 0.99) (Figure 5B).

The presence of an intact apical dendrite may be correlated with the responsiveness of an
STC. To account for this factor, I filled every recorded cell with AF594 to visualize cell
morphology on the rig microscope and noted whether | was able to see an apical tuft or intact
apical dendrite (Figure 3A). | also observed oscillatory membrane potentials in some cells, which

is indicative of an intact apical dendrite (Figure 3B) (Carlson et al., 2000; Hayar et al., 2005;
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Schoppa and Westbrook, 2001). There were responsive cells in which | could not visualize an
apical dendrite, and there were also cells that displayed apical dendrites but no responses (Figure
5C, D). In both OMP-ChIEF-Citrine and Gy8-ChIEF-Citrine mice, a similar proportion of
responsive cells and non-responsive cells showed the presence of an apical dendrite or tuft (OMP-
ChIEF-Citrine cells with apical dendrite/tuft: 4/7 responsive cells, 9/12 non-responsive cells,
Fisher’s exact test, p = 0.62; Gy8-ChIEF-Citrine cells with apical dendrite/tuft: 3/4 responsive
cells, 4/7 non-responsive cells, Fisher’s exact test, p > 0.99). The inability to visualize apical
dendrites in some responsive cells may be explained by their apical dendrites running deep within

the slice.

2.2.3 The excitatory input from immature OSNs does not differ from input from mature

OSN:Ss.

Next, | compared the properties of the excitatory inputs received by STCs from OMP-
ChIEF-Citrine axons vs. Gy8-ChlEF-Citrine axons (n = 7 cells from 5 OMP-ChIEF-Citrine mice;
n = 3 cells from 2 Gy8-ChIEF-Citrine mice) (Figure 6A). There was no significant difference in
the peak amplitude of EPSCs evoked by optogenetic stimulation of mature vs. immature OSN
axons (OMP-ChIEF-Citrine: -667.8 (565.4) pA, Gy8-ChIEF-Citrine: -74.6 (1050) pA, Mann-
Whitney test, p = 0.517; data are reported as median (IQR)) (Figure 6B). Light-evoked EPSCs
recorded in STCs from both genotypes displayed short onset latencies (OMP-ChIEF-Citrine: 1.4
(0.6) ms, Gy8-ChlEF-Citrine: 1.4 (0.8) ms, Mann-Whitney test, p = 0.667) and had low trial-to-
trial jitter (OMP-ChIEF-Citrine: 0.07 (0.2), Gy8-ChIEF-Citrine: 0.9 (0.8), Mann-Whitney test, p
= 0.067) (Figure 6C, D), consistent with previously reported kinetics of monosynaptic
transmission from OSNs to STCs (Sun et al., 2020; Vaaga and Westbrook, 2016). EPSC time to
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peak was also similar between the two genotypes (OMP-ChIEF-Citrine: 1.4 (0.7) ms, Gy8-ChIEF-
Citrine: 2.3 (1.0) ms, Mann-Whitney test, p = 0.667) (Figure 6E). Overall, the responses evoked
by stimulation of Gy8-ChIEF-Citrine axons were kinetically similar to responses evoked by
stimulation of OMP-ChIEF-Citrine axons, providing clear evidence that immature OSNs form
monosynaptic glutamatergic connections with STCs. Due to the difficulty and low probability of
recording monosynaptic responses in STCs following photoactivation of Gy8-ChIEF-Citrine-
expressing OSN axons, the sample size of STCs from Gy8-ChlEF-Citrine mice is quite small.
Future experiments with a larger and sufficiently powered sample size could unveil robust

differences in the kinetic properties of inputs from mature vs. immature OSN axons.
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Figure 6. The kinetic properties of excitatory inputs from mature vs. immature OSN axons are similar.
A. Properties of each light-evoked response analyzed: time to peak, response onset, and peak amplitude. B. Median
peak amplitude was not significantly different between OMP-ChIEF-Citrine and Gy8-ChlEF-Citrine mice (Mann-
Whitney test, p = 0.517). C. Median onset latency was not significantly different between OMP-ChIEF-Citrine and
Gy8-ChIEF-Citrine mice (Mann-Whitney test, p = 0.667). D. Median onset jitter was not significantly different
between OMP-ChIEF-Citrine and Gy8-ChlEF-Citrine mice (Mann-Whitney test, p = 0.067). E. Median time to peak

was not significantly different between OMP-ChIEF-Citrine and Gy8-ChIEF-Citrine mice (Mann-Whitney test, p =

32



0.183). n =7 cells from 5 OMP-ChIEF-Citrine mice, and n = 3 cells from 2 Gy8-ChIEF-Citrine mice. Bars: median,

symbols: values for individual neurons.

2.2.4 Photoactivation of OSN axons 3-5 days after methimazole treatment elicits light-

evoked responses in STCs.

My data thus far demonstrate that immature Gy8-ChlEF-Citrine axons can be
photoactivated and provide monosynaptic glutamatergic input onto STCs, but the exact birth date
of these axons is unknown. In order to investigate whether newly generated Gy8-expressing OSNs
can synapse with OB neurons, | generated a mouse model with its mature OSNs ablated.
Methimazole (MMZ) is an antithyroid drug that selectively induces cell death in OSNs when
injected intraperitoneally in rodents (Bergstr'om et al., 2003; Kikuta et al., 2015; Sakamoto et al.,
2007). The progenitor basal cells in the olfactory epithelium (OE) are spared and generate new
OSNs over the next month (Bergman et al., 2002). At early time points after MMZ injection, the
OE should contain only immature but not mature OSNSs.

Histological analysis of mice injected with MMZ validated this assumption (Figure 7),
showing that OE width and the number of immature GAP43* OSNs increased in number from 3-
7 dpi MMZ (Figure 7B-E), whereas mature OMP* OSNs were absent until 7 dpi (Figure 7Fi).
Even at 7 dpi, OMP-expressing OSNs were only present in very small numbers (0.48% of the
saline-injected control mice, vs. Gy8-expressing axons, which recovered to 55.9% of control

levels) (Figure 7Fii).
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Figure 7. The olfactory epithelium contains immature but not mature OSNs at early time points after
methimazole administration.
A. Maximum intensity projections of 2-photon z-stacks of coronal OE sections stained for GAP43 or OMP from mice
that had received either MMZ 3 — 7 d previously or saline. B. OE width is significantly reduced 3 days post-MMZ
compared to saline-injected mice (One-way ANOVA on Ranks, p < 0.001, Kruskal-Wallis statistic = 12.4. Dunn’s
multiple comparisons tests, 3-day, p = 0.004, Z = 3.29; 5d, p = 0.071, Z=2.37; 6d, p = 0.94, Z = 1.19; 7d, p = 0.68,
Z = 1.37; vs. saline. n = 3 mice per group). C. OE width increases linearly between 3 and 7 days post-MMZ (Linear
regression, R? = 0.80, p < 0.001, n = 3 mice per group). D. Linear density of GAP43* OSNss is significantly reduced
at 3 and 5 days post-MMZ compared to saline-injected mice (One-way ANOVA on Ranks: p < 0.001, Kruskal-Wallis
statistic = 13.4. Dunn’s multiple comparisons tests. 3d MMZ, p = 0.005, Z = 3.24; 5d MMZ, p = 0.048, Z = 2.51; 6d
MMZ, p = 0.40, Z = 1.65; 7d MMZ, p = 1.00, Z = 0.82; vs. saline-injected mice. n = 3 mice per group). E. Linear
density of GAP43* OSNs increases linearly between 3 and 7 days post-MMZ (Linear regression. R? = 0.88, p < 0.001,
n = 3 mice per group). F. OMP* OSNs are absent from the septal OE at 3-6 days post-MMZ and very sparse at 7 days
post-MMZ. Note different y-axis scales in i and ii. B-F. Bars: mean values per group, symbols: values for individual

mice. The data in this figure were collected and analyzed by Claire Cheetham.

34



With this validation that MMZ administration results in only the presence of immature
OSNss at early time points post injection, three separate cohorts of mice were injected for slice
electrophysiology experiments at different time points (Figure 8A): Gy8-ChIEF-Citrine mice
sacrificed for slice experiments at 3 dpi (n = 3 mice), when | expect no newly generated immature
OSN axons in the OB, OMP-ChIEF-Citrine mice sacrificed at 5 dpi (n = 3 mice), when there
should be no mature OSN axons present, and Gy8-ChIEF-Citrine mice sacrificed at 5 dpi (n =3
mice), when newly generated immature OSN axons have begun to recover in meaningful numbers
in the OB (Figure 7D). Light-evoked responses in recorded STCs following photoactivation of
OSN axons in these mice would suggest that newly generated OSNs do make monosynaptic

connections with OB neurons.

35



A B

MMZ
Injection
v
3 dpi MmZ | | Slice/Perfuse
5 dpi MMZ | | Slice/Perfuse

L 3 3 3 3 i

|
1 2 3 4 5
P23-27 4oi  dpi  dpi  dpi  dpi

(@)

No response
Bl Response

N
S

—

# Responding Cells
o (3] $ ()]

SR

3dpi 5dpi 5dpi
Gy8 OMP Gy8

O

\ — — 3 dpi MMZ cell 1

400 pA 3 dpi MMZ cell 2
25ms

Figure 8. Photoactivation of methimazole-treated OSN axons elicits light-evoked responses in STCs.
A. Schematic of the methimazole (MMZ) injection timeline for OMP-ChIEF-Citrine and Gy8-ChlEF-Citrine mice.
B. Widefield fluorescence images showing ChIEF-expressing axons in an Gy8-ChIEF-Citrine mouse 3 days after
MMZ injection (3 dpi). Note that lipofuscin, which is commonly observed in MMZ-injected animals due to debris
clearance, is visible as autofluorescent puncta. Scale bars: 150 um. C. STCs from both Gy8-ChIEF-Citrine mice
sacrificed at 3 dpi and OMP-ChIEF-Citrine mice sacrificed at 5 dpi responded monosynaptically to photoactivation
(n = 12 cells from 3 Gy8-ChIEF-Citrine mice at 3 dpi, n = 7 cells from 3 OMP-ChIEF-Citrine mice at 5 dpi, and n =
11 cells from 3 Gy8-ChlEF-Citrine mice at 5 dpi). D. Example responses from two STCs elicited by 1 ms 100%
intensity light pulse photoactivation of Gy8-ChIEF-Citrine-expressing OSN axons at 3 dpi MMZ. Blue line: 1 ms light
pulse photostimulation. The data in Figure 8B were collected by Taryn Brechbill, Alex Rangel, and Claire Cheetham.

MMZ injections were performed by Taryn Brechbill, Alex Rangel, and Tenzin Kunkhyen.
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To my surprise, | was able to identify ChIEF-expressing axons in the OB of an Gy8-ChlEF-
Citrine mouse three days after MMZ injection. (Figure 8B). Equally surprisingly, | also recorded
monosynaptic responses in STCs after photoactivation of axons in 3 dpi Gy8-ChIEF-Citrine mice,
in which there should be no newly generated Gy8-ChlEF-Citrine-expressing axons present in the
OB (n = 4/12 responsive cells), and in 5 dpi OMP-ChIEF-Citrine mice, in which there should be
no newly generated OMP-ChIEF-Citrine-expressing axons present in the OB (n = 1/7 responsive
cells). Photoactivation of Gy8-ChIEF-Citrine-expressing axons five days after MMZ injection did
not elicit any monosynaptic responses (n = 0/11 responsive cells) (Figure 8C).

Light-evoked responses in 3 dpi Gy8-ChlEF-Citrine mice resembled those recorded in
untreated Gy8-ChlEF-Citrine mice (Figure 8D). Comparison of the kinetic properties of light-
evoked responses in 3 dpi Gy8-ChlEF-Citrine mice vs. untreated Gy8-ChlEF-Citrine mice also
revealed no significant differences, with the peak amplitude (3 dpi: -95.7 (675.4) pA, untreated: -
74.6 (1050) pA, Mann-Whitney test, p = 0.629), onset latency (3 dpi: 1.5 (0.6) ms, untreated: 1.4
(0.8) ms, Mann-Whitney test, p > 0.99), trial-to-trial jitter (3 dpi: 0.7 (1.8), untreated: 9 (0.8),
Mann-Whitney test, p > 0.99), and time to peak (3 dpi: 20.1 (37.4) ms, untreated: 2.3 (1.0) ms,
Mann-Whitney test, p = 0.257) all being similar between STCs recorded in the two groups (Figure
9).

No newly generated mature or immature OSNSs should be present in the OB at the time of
slice recordings in these animals; photostimulation in these OB slices should not evoke
neurotransmitter release in the absence of ChIEF-Citrine-expressing OSN axons. Therefore, |
hypothesized that the light-evoked responses | observed were mediated by release from the axons
of degenerating ChIEF-Citrine-expressing OSNs. Previous studies have reported the persistence

of high numbers of degenerating immature OSN axons at 5-6 dpi MMZ (Blanco-Hernandez et al.,
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2012; Kikuta et al., 2015; Tsai and Barnea, 2014). Here, | was unable to differentiate between the
two possible sources of light-evoked input onto STCs: 1) the degenerating axons of pre-existing
ChIEF-Citrine-expressing OSNs, whose somata in the OE were ablated by MMZ administration,

and 2) newly generated OSNs, which emerged after MMZ administration.
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Figure 9. The Kinetic properties of excitatory inputs from immature OSNs at 3 dpi MMZ are similar to those
from untreated immature OSNSs.
A. Median peak amplitude was not significantly different between Gy8-ChIEF-Citrine mice at 3 dpi MMZ and
untreated Gy8-ChIEF-Citrine mice (Mann-Whitney test, p = 0.629). B. Median onset latency was not significantly
different between Gy8-ChIEF-Citrine mice at 3 dpi MMZ and untreated Gy8-ChlEF-Citrine mice (Mann-Whitney
test, p > 0.99). C. Median onset jitter was not significantly different between Gy8-ChIEF-Citrine mice at 3 dpi MMZ
and untreated Gy8-ChIEF-Citrine mice (Mann-Whitney test, p > 0.99). D. Median time to peak was not significantly
different between Gy8-ChIEF-Citrine mice at 3 dpi MMZ and untreated Gy8-ChlEF-Citrine mice (Mann-Whitney
test, p = 0.257). n = 4 cells from 2 Gy8-ChlEF-Citrine mice at 3 dpi MMZ, and n = 3 cells from 2 untreated Gy8-

ChIEF-Citrine mice. Bars: median, symbols: values for individual neurons.
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2.2.5 Restricting ChlEF-Citrine expression to newly generated OSNs reveals that newly

generated immature OSNs provide monosynaptic input to STCs.

In order to disentangle photoactivated release mediated by degenerating Gy8-ChIEF-
Citrine-expressing axons from that mediated by newly generated Gy8-ChlEF-Citrine-expressing
axons, | leveraged theTet-Off expression system to suppress ChlEF-Citrine expression in OSNs
prior to MMZ ablation. Four cohorts of Gy8-ChIEF-Citrine mice were given doxycycline-fortified
chow (Dox food) starting at P7 and injected with MMZ. Six hours after MMZ injection, the mice
were taken off Dox food and given normal chow until they were sacrificed for slice
electrophysiology experiments (Figure 10A). This strategy ensured that any OSNs that pre-existed
before MMZ ablation did not express ChIEF-Citrine, since expression was suppressed by
doxycycline. Removal of Dox food after MMZ injection allowed newly generating OSN axons to
express ChlEF, enabling the selective activation of newly generated OSN axons without activating

degenerating axons.
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Figure 10. Doxycycline restricts expression of ChlEF-Citrine expression to newly generated OSN axons.
A. Schematic of the methimazole (MMZ) injection and Dox food administration timeline for Gy8-ChIEF-Citrine mice.
B. Widefield fluorescence images showing no ChlEF-Citrine fluorescence in the OE of a Gy8-ChlIEF-Citrine mouse
that was kept on Dox food until time of sacrifice (Dox Control). Scale bars: 150 um. C. Widefield fluorescence images
showing no ChIEF-Citrine fluorescence in the OB of a Gy8-ChlEF-Citrine mouse at 3 dpi MMZ/Dox. Note that
lipofuscin, which is commonly observed in MMZ-injected animals due to debris clearance, is visible as
autofluorescent puncta. Scale bars: 100 um. D. Widefield fluorescence images showing the presence of ChIEF-Citrine
fluorescence OSN axons in the OB of a Gy8-ChlEF-Citrine mouse at 5 dpi MMZ/Dox. Scale bars: 100 um. The data

in this figure were collected by Taryn Brechbill, Jordan Gregory, Alex Rangel, and Claire Cheetham.
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Unless otherwise specified, the following experiments used mice that were given Dox food
from P7 until six hours after MMZ injection; “dpi MMZ/Dox" refers to days post MMZ injection
and removal of Dox food. In these mice, ChIEF-Citrine expression should be absent in
degenerating axons. The absence of ChIEF-Citrine fluorescence in the OE of a non-injected
control animal that was given Dox food until time of sacrifice confirmed that ChIEF-Citrine
expression was suppressed by Dox food (Figure 10B). There was also no ChIEF-Citrine
fluorescence in a Gy8-ChlEF-Citrine mouse at 3 dpi MMZ/Dox (Figure 10C). By 5 dpi
MMZ/Dox, | was able to observe some ChIEF-Citrine-expressing OSN axons in the OB,
suggesting that newly generated immature OSN axons do arrive into the bulb five days after
terminal cell division (Figure 10D).

In a control mouse that was given Dox food until being sacrificed for slice recording at 3
dpi MMZ, | did not observe any light-evoked responses in STCs following photostimulation as
expected (n = 0/6 responsive cells). Similarly, | did not observe light-evoked responses in STCs
from animals sacrificed at 3 and 4 dpi MMZ/Dox (n = 0/3 and 0/10 responsive cells, respectively).
By 5 dpi MMZ/dox, however, | observed evidence for monosynaptic input onto one STC (n = 1/13
responsive cells) following photoactivation of Gy8-ChIEF-Citrine-expressing axons (Figure 11A).
Gy8-ChIEF-Citrine-expressing axons were also visible in a fixed electrophysiology OB slice from
a Gy8-ChIEF-Citrine mouse at 5 dpi MMZ/Dox (Figure 11B). The light-evoked response in the
STC resembled those recorded in untreated Gy8-ChlEF-Citrine mice, albeit with a larger onset
jitter and longer time to peak (peak amplitude: -24.5 pA; onset latency: 1.7 ms; onset jitter: 2.7;

time to peak: 17.0 ms; Figure 11C).
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Figure 11. Newly regenerated immature OSN axons provide monosynaptic input to STCs.
A. Immature OSNs treated with MMZ and Dox food do not provide monosynaptic input onto recorded STCs until 5
dpi MMZ/Dox food (n = 6 cells from 1 Gy8-ChIEF-Citrine mouse at 3 dpi MMZ and stayed on Dox food (Dox Ctrl),
n =3 cells from 1 Gy8-ChIEF-Citrine mouse at 3 dpi MMZ/Dox, n = 10 cells from 2 Gy8-ChIEF-Citrine mice at 4
dpi MMZ/Dox, and n = 13 cells from 3 Gy8-ChlEF-Citrine mice at 5 dpi MMZ/Dox). B. Example of a Gy8-ChlEF-
Citrine-expressing axon in an OB slice from a Gy8-ChIEF-Citrine mouse at 5 dpi MMZ/Dox, fixed after slice
recording. Note that the axon is well within the glomerular layer. C. Example response from an STC elicited by 1 ms
100% intensity light pulse photoactivation of Gy8-ChIEF-Citrine-expressing OSN axons at 5 dpi MMZ/Dox. Blue

line: 1 ms light pulse photostimulation.

The low probability of recording from an STC with a light-evoked response in an animal
sacrificed at 5 dpi MMZ/Dox was likely due to the sparsity of newly generated Gy8-ChIEF-
Citrine-expressing axons in the OB at that time point. Despite this sparsity, the possibility that the

light-evoked response | observed was mediated by monosynaptic input onto STCs is supported by
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previous behavioral work in our lab. At 3 dpi MMZ, all mice were unable to perform odor detection
when assessed by the buried food task but showed recovery in odor detection ability by 5 dpi MMZ
(Figure 12A-C). A two-choice odor detection assay also showed that mice failed to detect the food
odorant at 3 dpi MMZ, but, as in the buried food assay, showed recovery of food detection by 5
dpi MMZ (Figure 12D, E). In both these tasks, mice showed improvement in olfactory detection
from 5-7 dpi MMZ, suggesting that the mice were able to detect odors using only immature OSNs.

The ability for some mice to successfully perform odor detection at just 5 dpi MMZ
necessitates that newly generated immature OSNs extend their axons into the OB and make
monosynaptic connections with OB neurons. Thus, these data collectively demonstrate that newly
generated immature OSNs are capable of forming functional synapses with STCs in the OB just

five days after terminal cell division.
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Figure 12. Mice show recovery of olfactory deficits starting at 5 dpi MMZ.
A. Experimental design for behavior assays. Mice received an i.p. injection of MMZ or saline and were food deprived
for 16 h prior to beginning the behavior assays. B. All mice failed to detect the buried food at 3 days post-MMZ; food
detection behavior then gradually improved with increasing time post-MMZ (One-way ANOVA on Ranks, p < 0.001,
Kruskal-Wallis statistic = 31.6. Dunn’s multiple comparisons tests, Saline, p < 0.001, Z =5.10; 5d MMZ, p > 0.99, Z
=0.86; 6d MMZ, p =0.47, Z = 1.56; 7d MMZ, p = 0.017, Z = 2.86; all vs. 3d MMZ, n = 12 per group). Bars: mean
per group. Filled circles: values for individual mice. C. No difference between time spent digging during the 5 min
acclimation period for mice that found the buried food (success) or failed to find the buried food (Mann-Whitney test,
p =0.44, U = 367, n = 58 mice). Lines: median. Circles: values for individual mice. D. Time spent sniffing mineral
oil (MO) vs. Nutter Butter (Odor) for mice injected with saline or MMZ. MO and Odor values for individual mice are
linked by solid lines. E. Investigation ratio is significantly higher in saline, 5d MMZ, 6d MMZ and 7d MMZ mice
than in 3d MMZ mice (One-way ANOVA, p < 0.001, Fs26 = 11.96. Sidak’s multiple comparisons test, Vs. saline: 3d
MMZ, p <0.001, t=6.43; 5d MMZ, p =0.20,t=1.88; 6d MMZ, p =0.20,t=1.73; 7d MMZ, p =0.23,t = 1.24. Vs.
3d MMZ: 5d MMZ, p < 0.001, t = 4.54; 6d MMZ, p < 0.001, t = 4.70; 7d MMZ, p < 0.001, t = 5.18). The data

presented in this figure were collected and analyzed by Tenzin Kunkhyen, Alex Rangel, and Claire Cheetham.
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2.3 Discussion

Here, | have shown that immature OSNs provide monosynaptic input onto OB neurons. By
activating immature Gy8-ChlEF-Citrine-expressing OSN axons and recording light-evoked
EPSCs in STCs, | demonstrate that the input received by STCs from immature OSNs is similar to
that from mature OSNSs. 1 also restricted ChlEF-Citrine expression to only newly generated Gy8
axons and show that these monosynaptic connections are formed within 5 days of the OSN’s birth
date. Together, these findings corroborate data from our previous in vivo study showing that
photoactivation of immature OSNs elicits firing of neurons in multiple OB layers (Cheetham et

al., 2016).

2.3.1 Immature OSNSs provide direct monosynaptic input to STCs.

My goal in this study was to determine whether immature OSNs provide monosynaptic
input to OB neurons. In order to address this question, I chose to record from STCs (Figure 3),
which reside at the border between the glomerular layer (GL) and the external plexiform layer
(EPL), and are known to receive monosynaptic input from mature OSNs (Sun et al., 2020). STCs
are less specialized than ETCs and more closely resemble the classic category of middle TCs
(mTCs) that function as OB output neurons (De Saint Jan et al., 2009; Griff et al., 2008; Hayar et
al., 2004a; Hayar et al., 2004b; Jones et al., 2020). Compared to mTCS, however, STCs are easier
to identify and more homogeneous as a population than mTCs, whose cell bodies are scattered
sparsely throughout the EPL (Nagayama et al., 2014; Shepherd, 2004b). As a practical
consideration, the apical dendrites of STCs are also more likely to be intact following slicing than

those of deeper TCs.
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The light-evoked responses I observed in STCs following photoactivation of Gy8-ChlEF-
Citrine-expressing OSN axons are characteristic of monosynaptic responses (Figure 6). Light-
evoked EPSCs showed onset latencies of less than 2 ms with low trial-to-trial jitter, which is
consistent with previously reported monosynaptic mature OSN input to STCs (Sun et al., 2020).

| also observed that the presence of a visualized apical dendrite did not guarantee
monosynaptic input from photoactivated mature or immature OSNs (Figure 5C). Aside from the
obvious explanation that perhaps the recorded STC was not connected to a ChlEF-Citrine-
expressing OSN, the lack of a light-evoked response could also be explained by the subtypes of
STCs | recorded from. For example, vasopressin-expressing STCs do not show excitatory input
following electrical olfactory nerve stimulation (Lukas et al., 2019). Although I did not distinguish
between the possible subtypes of STCs included in my dataset, it is plausible that some non-
responsive cells belonged to a physiologically distinct group from the responsive cells. The
inability to visualize apical dendrites/tufts in some responsive cells may be explained by their
apical dendrites running deep within the slice. Indeed, | observed oscillatory resting membrane
potentials in many of the cells, which is correlated with intact apical dendrites (Figure 3B) (Carlson

et al., 2000; Hayar et al., 2005; Schoppa and Westbrook, 2001).

2.3.2 Degenerating OSN axons are capable of neurotransmitter release.

After demonstrating that immature OSNs form monosynaptic connections with STCs, |
wanted to investigate whether these connections were formed within a certain time window after
terminal cell division. My initial strategy consisted of first ablating all OSNs in the OE using
MMZ, then performing slice recording experiments at various time points after MMZ injection.
Intraperitoneal injection of MMZ results in almost total loss of all OSNs in the OE, with less than
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0.2% of OSNs remaining (Figure 8A) (Blanco-Hernandez et al., 2012; Kikuta et al., 2015; Tsai
and Barnea, 2014). Given our previous histological analysis of animals injected with MMZ (Figure
7), | was surprised to observe light-evoked responses at time points at which there should be no
newly generated ChlIEF-Citrine-expressing axons present in the OB (Figure 8).

The most logical explanation for the light-evoked responses that | observed in these
animals is that the degenerating axons of MMZ-ablated ChIEF-Citrine-expressing OSNs are still
capable of neurotransmitter release. OSN axons are slow to degenerate following MMZ treatment;
a high density of degenerating immature OSN axons remain in the OB up to 5-7 days post-MMZ
(Blanco-Hernandez et al., 2012; Kikuta et al., 2015; Tsai and Barnea, 2014). Beyond noting the
presence of degenerating axons, however, previous studies using MMZ do not characterize or
identify release from degenerating axons. The response Kinetics evoked by activating these
putative degenerating Gy8-ChIEF-Citrine-expressing axons were similar to those evoked by
activating healthy Gy8-ChIEF-Citrine-expressing axons from untreated mice (Figure 9). To my
knowledge, there are few or no physiological studies characterizing neurotransmitter release from
degenerating synapses or axons; most studies are found within the field of neurodegeneration or
spinal injury and describe the cellular and anatomical changes occurring in synaptic degeneration
(Gillingwater and Ribchester, 2001; Neukomm and Freeman, 2014; Pemberton et al., 2020).

Beyond the immediate relevance to my study, neurotransmitter release mediated by
degenerating axons also bears significant consequences. Optogenetic stimulation of acutely
severed axons in slices is widely used to look at long-distance inputs to neurons (Boyd et al., 2012;
Markopoulos et al., 2012), and it is assumed that acutely severed axons are sufficiently similar to
intact axons such that release from severed axons can provide insight into release from intact axons

under physiological conditions. This assumption is difficult to test due to the nature of slice
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electrophysiology experiments. In the OB slice electrophysiology experiments described in this
chapter, the degenerating axons mediating release have already lost their somata several days ago
due to MMZ treatment and are thus already severed, in a sense, prior to being cut during tissue
slicing for slice electrophysiology. Release from degenerating axons in an OB slice could be
affected by both the initial loss of these axons’ somata and by the subsequent severance during
tissue slicing.

Physiological characterization of degenerating axons would also be complicated by the fact
that most studies of synaptic transmission involve presynaptic manipulations and postsynaptic
response measurements, and there are likely limitations to how degenerating axons can be
manipulated. It would be interesting in the context of this study to characterize the time course of
axonal release mediated by degenerating axons. To do this, | could administer Dox food to an
OMP-ChIEF-Citrine mouse starting at P7 and inject the mouse with MMZ to ablate OSN somata
in the OE. The mouse would be maintained on Dox food until time of sacrifice to suppress ChlEF-
Citrine expression in newly generated OSN axons; only OSNs axons that were generated before
P7 and whose somata were ablated with MMZ treatment would express ChIEF-Citrine. | could
then record light-evoked responses in these OMP-ChIEF-Citrine mice and see when the responses

begin to disappear over time.

2.3.3 Newly generated immature OSNs form monosynaptic connections with STCs.

In order to restrict ChIEF-Citrine expression to only newly generated Gy8-ChIEF-Citrine
OSN axons, | revised my experimental design to incorporate the use of Dox food. Administration
of Dox food prior to MMZ injection ensured that ChIEF-Citrine expression was suppressed in
OSNs existing prior to MMZ ablation, and replacement of Dox food with normal chow after MMZ
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injection allowed ChIEF-Citrine to be expressed in only newly generated immature OSNs (Figure
10A). This enabled me to selectively activate only newly generated Gy8-ChlEF-Citrine OSN
axons without the confounding contribution of ChlEF-Citrine expression in degenerating Gy8-
ChIEF-Citrine axons. | observed a light-evoked response in one STC at 5 dpi MMZ/Dox (Figure
11), suggesting that immature OSNs are capable of providing monosynaptic input onto STCs just
5 days after terminal cell division. This finding is corroborated by previous behavioral data from
our lab showing partial recovery of odor detection behavior by 5 dpi MMZ (Figure 12).

Ample evidence exists for immature OSNs to be functional. Both GAP43* and Gy8" OSNs
express ORs before reaching maturity. The P2 OR is expressed well before the downregulation of
GAP43 (lwema and Schwob, 2003), and mRNA transcripts for multiple ORs are expressed in
immature OSNs (Hanchate et al., 2015; Tan et al., 2015). Additionally, immature OSNs also
express some proteins involved in the signal transduction of odor molecules (Hanchate et al., 2015;
Nickell et al., 2012). Transmission electron microscopy also shows that Gy8-expressing axons
have boutons that contain presynaptic vesicles and are structurally similar to those found on OMP-
expressing axons, and synaptophysin is present in immature OSNs at five days after terminal cell
division, suggesting that immature OSN axons can form axodendritic synapses with OB neurons
(Cheetham et al., 2016; Marcucci et al., 2011).

Together, my data provide evidence that immature OSNs form functional monosynaptic
connections with STCs in the OB, and that these connections are formed as early as five days after
an OSN’s terminal cell division. Although beyond the scope of this study, it would be interesting
to catalog the different types of OB cell types that receive monosynaptic inputs from immature
OSNs and whether those types differ from cell types that receive input from mature OSNs. Future

directions could also include more extensive characterization of the properties of immature OSNs,
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such as release probability (Murphy et al., 2004) and the presynaptic inhibition received from
periglomerular cells or short axon cells (Kiyokage et al., 2010; McGann, 2013; Shao et al., 2009),
and how these properties could vary with OSN developmental timeline. Increased understanding
of immature OSNs would provide valuable insights into the role they play in regeneration as well

as olfactory processing alongside their mature counterparts.

2.4 Materials and Methods

2.4.1 Experimental design and animals

All animal procedures were in compliance with guidelines established by the Institutional
Animal Care and Use Committee at the University of Pittsburgh. Genotypes of mice used were
Gy8-ChIEF-Citrine [Gy8-tTA*;tetO-ChIEF-Citrine*] or OMP-ChIEF-Citrine [OMP-tTA*;tetO-
ChIEF-Citrine*]. Generation of the Gy8-tTA (Nguyen et al., 2007), OMP-IRES-tTA (Yu et al.,

2004), and tetO-ChIEF-Citrine (Cheetham et al., 2016) mice have been described previously.

2.4.2 Slice electrophysiology

For non-MMZ-treated data sets (Figures 2-6), P18-25 Gy8-ChIEF-Citrine (n = 5) and
OMP-ChIEF-Citrine (n = 10) mice were deeply anesthetized with isoflurane and decapitated into
ice-cold oxygenated artificial cerebrospinal fluid (ACSF). The olfactory bulbs (OB) were
dissected, and horizontal slices (310 pum thick) were prepared using a vibratome (Ci 5000 mz2;

Campden Instruments). Slices recovered in ACSF at 35°C for 20 min. ACSF contained (in mM):
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125 NaCl, 25 glucose, 2.5 KCI, 25 NaHCOs3, 1.25 NaH2PO4, 1 MgCly, and 2.5 CaCl,, pH 7.4.
Slices were then incubated in ACSF at room temperature until recording. Slices were continuously
superfused in ACSF at 35°C while recording. Current clamp and voltage clamp recordings were
made using electrodes filled with (in mM): 120 K-gluconate, 2 KCI, 10 HEPES, 10 Na-
phosphocreatine, 4 Mg-ATP, 0.3 NasGTP, 0.2 EGTA and 0.025 Alexa Fluor 594.

Whole-cell patch-clamp recordings were made using a Multiclamp 700A amplifier
(Molecular Devices) and an ITC-18 acquisition board (Instrutech) controlled by Igor Pro
(WaveMetrics). STCs were identified under an upright microscope (SliceScope, Scientifica) with
IR-DIC by their shape and location in OB laminae. Their identity was confirmed by visualization
of AF594-filled lateral dendrites and/or spike patterns characteristic of STCs (Figure 3A, C) (Antal
et al., 2006; Sun et al., 2020). STCs close to glomeruli innervated by ChlEF-Citrine-expressing
OSN axons were selected for recording. Pharmacological agents used were the NMDA receptor
antagonist DL-2-amino-5-phosphonovaleric acid (APV, 20 mM), and the AMPA receptor
antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX, 10 mM). Cells were

excluded from analysis if their resting membrane potential was depolarized above -45 mV.

2.4.3 Optogenetic stimulation

At least 10 minutes elapsed between cell selection and the start of photoactivation
experiments. For photoactivation of immature or mature OSN axons, slices were illuminated using
a 490 nm CoolLED (pe-100; CoolLED Ltd) passed through a 40x/0.8NA water-immersion
objective (Olympus) centered on the GL. An open field stop was used to enable multiglomerular
activation. Light evoked EPSCs were isolated in the presence of APV. | generated a power curve
for each STC by systematically increasing the LED intensity (from 10 to 20, 50, 80 and 100 %)
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for each of three light stimulus durations (0.25, 1 and 2 ms) (Figure 4).10 trials per stimulus
condition were recorded for each cell. NBQX was applied at the end of a subset of recordings to

confirm that the recorded responses were AMPA-mediated.

2.4.4 Electrophysiology data analysis

For analysis of my recordings, | selected the shortest stimulus (1 ms at 100 % intensity)
that reliably and consistently evoked responses and used data from these trials for all subsequent
analysis. For each recording, the mean baseline over a 350 ms window before stimulus onset was
subtracted from the recorded current trace. EPSC peak amplitude was defined as the most negative
value of the baseline-subtracted current trace in a 250 ms window after stimulus onset for each
trial. The response onset latency was defined as the time interval from optogenetic stimulus onset
to the time at which the current trace reaches 5% of its peak value. Jitter was calculated by taking
the standard deviation of the onset latencies of all trials collected using the same stimulus
parameters (Diez et al., 2019). The time to peak was defined as the interval of time from response
onset to the time of the EPSC peak.

A cell was classified as having a response if the EPSC peak amplitude exceeded three
standard deviations of the pre-stimulus baseline current. Only STCs showing responses with an
onset latency shorter than 2 ms were defined as receiving monosynaptic input from OSN axons
(Sun et al., 2020; Vaaga and Westbrook, 2016). In the dataset from Gy8-ChlEF-Citrine mice, one
STC showed consistent light-evoked monosynaptic responses, but its power curve was incomplete
and lacked response sweeps for the 100% intensity and 1 ms duration stimulus parameter.
Therefore, | included this cell in the response counts but not in the amplitude and Kinetic analysis
due to stimulus parameter mismatch.
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2.4.5 Methimazole ablation of olfactory sensory neurons for electrophysiology experiments

P23-27 Gy8-ChlEF-Citrine (n = 13) and OMP-ChIEF-Citrine (n = 3) mice received a
single intraperitoneal injection of methimazole (MMZ; 75 mg/kg in sterile saline). Animals were
weighed each day after injection to ensure normal growth and health. At 3-5 dpi, mice were deeply
anesthetized with isoflurane and transcardial perfusion was performed with ice-cold oxygenated
Ringer solution containing the following (in mM): 125 NaCl, 25 glucose, 2.5 KCI, 25 NaHCOs,
1.25 NaH2POs, 3 MgCl,, and 1 CaCls, pH 7.4. Slices were then transferred to ACSF at 35°C for
20 min. The Ringer solution used for recovery and recording was identical to that used for
perfusion and slicing except with lower MgCl., (1 mM) and higher CaClz (2.5 mM) concentrations.
Whole-cell patch-clamp recording and optogenetic stimulation were performed as described

previously.

2.4.6 Dox food administration

The normal diet of Gy8-ChlEF-Citrine mice was replaced with mouse chow formulated
with 200 mg/kg doxycycline (Dox food) (Bio-Serv) once the pups reached the age of P7. Upon
weaning, mice were still given the doxycycline-supplemented diet until receiving MMZ injections.
With the exception of control mice that remained on Dox food until time of sacrifice, six hours
after each mouse received the MMZ injection, Dox food was replaced with normal diet until time

of sacrifice.
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2.4.7 Perfusion, immunohistochemistry, and image analysis

Mice were anesthetized with either 200 mg/kg ketamine and 20 mg/kg xylazine or 5 %
isoflurane in 1 I/min O.. Transcardial perfusion, preparation and immunohistochemical staining of
OB and OE sections were performed as described previously (Cheetham et al., 2016). All sections
were mounted with Vectashield containing DAPI (Vector Labs).

Citrine fluorescence was quantified for 3 OB sections per mouse (left and right OBs at
25%, 50% and 75% along the anterior-posterior axis) for Gy8-ChIEF-Citrine and OMP-ChIEF-
Citrine mice (n = 3 per group). Images (pixel size 0.64 mm) of entire sections were collected using
an Eclipse 90i large area-scanning widefield microscope equipped with a Plan-Apo 10x/ 0.45NA
air objective and Elements software (Nikon). Camera settings were the same for all images. Total
integrated fluorescence intensity in the Citrine channel was normalized to the area of the GL for
each section using Fiji.

For histological analysis in MMZ- and saline-injected mice, OE sections (3 per antibody
per mouse at 25%, 50% and 75% along the anterior-posterior axis) were stained for GAP43 as a
marker of immature OSNs (anti-GAP43 primary antibody, 1:1000 for 48 h at 4 °C, NB300-143,
Novus Biologicals; donkey anti-rabbit-Alexa Fluor 546 secondary antibody, 1:500 for 1 h at room
temperature), or OMP (anti-OMP primary antibody, 1:5000, 96 h at 4 °C, catalog #544-10001,
Wako Chemicals; donkey anti-goat-Alexa Fluor 546 secondary antibody, 1:500, 1 h at room
temperature) as a marker of mature OSNs. 2-photon z-stacks of ~1 mm of the dorsal septal OE
were collected using the Bergamo system with 2-photon excitation at 800 nm. Image analysis was
performed in Fiji. OE width (from the basal lamina to the apical surface) was measured at 3
different locations each on the left and right sides of the OE and averaged for each section. The

grand mean width for the three sections per mouse was then calculated. GAP43" and OMP* OSNs
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were counted in each image, and the mean value expressed as linear density (cells per mm) was
calculated for each mouse. Widefield fluorescence images of turbinates were collected using a
Revolve widefield microscope equipped with an Olympus Plan-Apo 20x/ 0.80NA air objective

and Echo software (Echo).

2.4.8 Odor detection and discrimination assays

A buried food assay (Yang and Crawley, 2009) and two-choice odor detection assay
(Pankevich et al., 2004) were used to test odor detection. Mice were transported to the behavioral
testing room at least 30 min prior to commencing the assay(s). All trials were videoed.

8-week-old C57BL/6J mice performed the buried food assay (12 mice per group, injected
with MMZ or saline 3 — 7 d prior to testing). Protocols were based on a previously published
method (Yang and Crawley, 2009), with some refinements. Mice were food deprived for 16 h prior
to the assays. Videos were collected from two angles for analysis. Each mouse that performed the
buried food assay received a single Froot Loop (Kellogg’s) for odorant familiarization at the start
of food deprivation. All mice consumed this Froot Loop. For the buried food assay each mouse
had 5 min to acclimate to the test cage, which contained a 1.5 cm depth of Sani-Chips bedding
(P.J. Murphy). Time digging during this 5 min session was quantified from videos. The mouse
was then briefly removed, a Froot Loop was buried near the center of the cage, and the mouse was
returned to the test cage. The time to locate the buried Froot Loop was then measured; mice failed
the task if they had not located the buried food within 10 min.

A separate group of 8-week-old C57BL/6J mice performed the two-choice odor detection
assay (6 mice per group). Male and female mice were housed in groups of three. For two
consecutive days, each mouse was transferred to a clean cage and given 1.5 g Nutter Butter cookie
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(Nabisco). Mice were returned to their home cage once they had eaten the cookie. The next day,
mice received a saline or MMZ injection. Mice were food deprived for 16 hours prior to testing,
which occurred 3 — 7 d after saline or MMZ injection. Each mouse was transferred to a test cage
and given 10 min to acclimate. Mice then had 10 minutes to investigate filter paper squares
odorized with mineral oil (MO) or Nutter Butter cookie suspended in mineral oil (Odor). Mice
could not make direct contact with the filter paper squares. The total time spent sniffing each filter
paper square was scored manually from videos. Investigation ratio was calculated as the time spent
sniffing Odor divided by the total time spent sniffing Odor plus MO, i.e., a value of 0.5 indicates
no odor detection. An investigation ratio of 0.75 (i.e., duration sniffing Odor was three times that

of sniffing MO) was defined as indicating significant odor detection.

2.4.9 Statistical analyses

Electrophysiological recordings were analyzed using custom scripts written in Python. All
statistical analyses were performed using Prism 9 (GraphPad). Fisher’s exact test was used to
compare proportions of responding neurons. Mann-Whitney rank sum tests were used to compare
two groups, whereas one-way ANOVA on Ranks with Dunn’s multiple comparisons were used to

compare multiple groups. Data are reported as median (IQR) in the text.
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Table 1 Key Resources

Reagent or Resource

Source

Identifier

Goat polyclonal anti-olfactory marker protein

Wako Chemicals

#544-10001
RRID:AB_664696

Rabbit polyclonal anti-GAP43

Novus Biologicals

NB300-143
RRID:AB_10001196

Donkey anti-goat 1gG (H+L) Alexa Fluor 546
conjugated

Thermo Fisher
Scientific

Al11056
RRID:AB_142628

Donkey anti-rabbit 1IgG (H+L) Alexa Fluor 546
conjugated

Thermo Fisher
Scientific

A10040
RRID:AB_2534016

Donkey anti-rabbit 1gG (H+L) Alexa Fluor 647
conjugated

Thermo Fisher
Scientific

A31573
RRID:AB_2536183

GFP-Booster-Atto-488

Chromotek

gba-488-100
RRID:AB_2631386

VECTASHIELD Antifade Mounting Medium Vector Labs H-1200

with DAPI

Methimazole Millipore Sigma M8506-25G
CAS: 60-56-0

Mouse: OMP-IRES-tTA The Jackson JAX:017754,

B6;129-Omptm1(tTA)Gogo/J Laboratory RRID:IMSR_JAX:017754
Mouse: tetO-ChlEF-Citrine (Cheetham et al., N/A
2016)
Mouse: Gg8-tTA (Nguyen et al., 2007) N/A
Primers for Gg8-tTA, OMP-IRES-tTA, tetO- (Cheetham et al., N/A

ChIEF-Citrine

2016)

Fiji (Schindelin et al., https://imagej.net/Fiji
2012)

Python Python 3.8 https://python.org
Pyzo https://pyzo.org

Prism GraphPad

Nikon Elements Nikon

Thorlmage ThorLabs

Igor Pro Wavemetrics

Echo Echo
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3.0 Chapter 3: Early and Late Postnatal-Born Granule Cells Show Differential Functional

Connectivity with Mitral and Tufted Cells

3.1 Introduction

In rodents, about 30,000 to 80,000 subventricular zone (SVZ)-derived neuroblasts arrive
in the olfactory bulb (OB) daily; 95% percent of these neuroblasts differentiate into olfactory
granule cells (GCs), and the remaining differentiate into periglomerular cells (PGCs) and other
cell juxtaglomerular cell types (Alvarez-Buylla et al., 2001; Belluzzi et al., 2003; Kaplan et al.,
1985; Lledo and Saghatelyan, 2005). About 50% of postnatal-born GCs are lost within four weeks;
the surviving GCs mature and integrate into the preexisting circuitry (Mouret et al., 2009; Petreanu
and Alvarez-Buylla, 2002; Yamaguchi and Mori, 2005). The cell bodies of GCs born in the
prenatal and early postnatal periods (P3-7) occupy more superficial regions of the granule cell
layer (GCL) and those born in the later postnatal period (P14-60) occupy the deeper regions
(Lemasson et al., 2005). The morphological differences of GCs based on which GCL regions they
occupy are well-established: the dendrites of deeper GCs are found in the deeper regions of the
external plexiform layer (EPL), and those of superficial GCs are found in more superficial regions
of the EPL (Mori et al., 1983; Orona et al., 1983). Therefore, the dendrites of GCs born early in
life will tend to be found in the more superficial regions of the EPL, whereas those of GCs born
later will predominantly be found in the deeper portions of the EPL.

Olfactory GCs form dendrodendritic synapses with mitral cells (MCs) and tufted cells
(TCs), whose secondary dendrites travel in the EPL (Isaacson and Strowbridge, 1998; Mori et al.,

1983). At these synapses, GCs are excited via glutamatergic input from MCs and TCs and in return
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provide GABAergic inhibition back onto the principal neurons (Pressler and Strowbridge, 2020;
Schoppacetal., 1998). Early anatomical work indicates that TC cell bodies can be found throughout
the EPL, with their secondary dendrites occupying the middle and superficial regions of the EPL.
In contrast, MC cell bodies are only found in the mitral cell layer (MCL), and the majority of their
dendrites are found in the deeper EPL (Orona et al., 1984).

Differential connectivity with GC subpopulations may explain the differences in how MCs
and TCs encode odor information (Ezeh et al., 1993; Griff et al., 2008). Compared to MCs, TCs
receive stronger monosynaptic excitatory input from OSNs (Burton and Urban, 2014; Gire et al.,
2012; Kikuta et al., 2013). In response to odor presentation and OSN stimulation, TCs display
higher firing rates than MCs (Nagayama et al., 2014). Our lab has demonstrated that the much
higher intrinsic excitability of TCs is a strong predictor of their higher OSN-evoked firing rates
(Burton and Urban, 2014). Additionally, odor-evoked activity of TCs and not MCs is correlated
with that of OSN inputs, suggesting that odor response maps are transformed differently by the
two cell types (Adam et al., 2014).

In response to odor presentation, TCs respond with a shorter latency and lower
concentration threshold compared to MCs (Igarashi et al., 2012; Kikuta et al., 2013). Interestingly,
odor-evoked responses in MCs were subject to lateral inhibition when the odorant was mixed with
another odorant that activated a nearby glomeruli. Lateral inhibition was not observed in the odor
responses of TCs, however (Nagayama et al., 2014). This observation is supported by work from
our lab showing that MCs receive stronger lateral inhibition than TCs (Geramita et al., 2016). Both
MCs and TCs exhibit subthreshold membrane oscillations that are coupled with the animal’s sniff
cycles, but they are locked to different phases: TCs are locked to the exhalation phase, whereas

MCs are locked, with a delay, to the inhalation phase. Increasing the odor concentration causes
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TCs to increase their odor-evoked firing rates, whereas MCs show phase advancement. Inhibition
onto MCs is responsible for the delay in their phase lock (Fukunaga et al., 2012). As a population,
TCs show greater subthreshold resonance, which results in strong synchrony among TCs in both
the fast and slow gamma frequencies; MC synchrony, however, is weak and restricted to the slow
gamma frequencies (Burton and Urban, 2021).

If different subtypes of GCs mediate inhibition at different depths of a single glomerular
microcircuit, then the representation of the odor signal could be different at each layer depending
on connectivity with MCs or TCs. Different components of the odor signal would be processed
and sent to different cortical areas for further processing (Fukunaga et al., 2012; Kikuta et al.,
2013; Nagayama et al., 2010; Nagayama et al., 2004). This possibility is supported by the fact that
the projection targets of MCs and TCs are also spatially segregated, with TC axons projecting to
the anterior olfactory nucleus (AON) and the anterior piriform cortex (PCx), and MC axons
projecting to all areas of the olfactory cortex (lgarashi et al., 2012; Nagayama et al., 2014). The
two segregated projection pathways from MCs and TCs could represent parallel processing
streams that provide different components of the odor signal to higher cortical areas. Given the
differences in odor-evoked responses between the two cell types, TCs may be primarily used in
coarse olfactory behaviors requiring speed and fast reaction times, whereas MCs could be recruited
later for more difficult olfactory discrimination or decision tasks (Nagayama et al., 2014).

This anatomical segregation of MC and TC dendrites and of deep vs. superficial GCs in
the EPL suggests that different populations of GCs may form different preferential contacts with
either MC or TC dendrites. It is thus plausible that early postnatal-born GCs preferentially form
synapses with TCs, whereas later postnatal-born GCs preferentially form synapses with MCs. A

direct link between subpopulations of postnatal-born GCs and their differential connectivity with
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MCs and TCs has yet to be established. Here, I selectively label and activate an early postnatal-
born (P2) subpopulation of GCs and a late postnatal-born (P14) subpopulation of GCs and assess
the strength of their inhibition onto MCs and TCs. | find subtle differences in the strength of the

inhibition from early and late postnatal-born GCs onto MCs and TCs.

3.2 Results

3.2.1 Timed viral injections label postnatal-born GC subpopulations with different birth

dates

To label two subpopulations of postnatal-born GCs, one in the early postnatal period and
one in the later postnatal period, | performed virus injections in two cohorts of mice at P2 and P14,
respectively (Figure 13A, right). The adeno-associated virus AAV2-hSyn-hChR2(H134R)-EYFP
was targeted into the rostral migratory stream (RMS) to transduce migrating neuroblasts (Figure
13A, left). Slice electrophysiology experiments were performed at four weeks post injection in
both cohorts to allow neuroblasts to develop into mature GCs (Carleton et al., 2003; Petreanu and
Alvarez-Buylla, 2002). This timeline ensured that the GCs activated by photostimulation in both
P2- and P14-injected cohorts were of similar developmental age, despite differences in the
animals’ ages. Both P2 and P14 injections resulted in reliable expression of ChR2-EYFP in
postnatal-born GCs in the olfactory bulb (OB) (Figure 13B). Transduced GCs displayed spiny
branched dendrites that extended to the glomerular layer (GL). Consistent with previous work

(Lemasson et al., 2005), | observed that the somata of EYFP* GCs tended to occupy more
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superficial regions of the GCL in P2-injected animals, whereas they occupied deeper regions of

the GCL in P14-injected animals (Figure 13C).
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Figure 13. Timed virus injections label postnatal-born GC subpopulations with different birth dates.
A. Schematic of virus injection strategy (left) and timeline of virus injection and slice experiments for P2- and P14-

injected cohorts. B. Example sagittal OB sections from a P2-injected mouse (top row) and P14-injected mouse (bottom
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row). Scale bars: 500 um. C. Closer view of superficial EYFP* GCs in a P2-injected mouse (left) and deeper EYFP*

GCs in a P14-injected mouse (right). Scale bars: 200 um.

3.2.2 Timed viral injections enable optogenetic activation of transduced postnatal-born GC

subpopulations.

I next demonstrated that transduced postnatal-born GCs (Figure 14A) can be activated via
photostimulation in slice electrophysiology. Photostimulation was performed using a 100 ms blue
light pulse to mimic physiological sniff conditions (Geramita et al., 2016; Labarrera et al., 2013)
while performing whole-cell voltage recordings from fluorescent GCs. Light pulses evoked spikes
and photoactivated currents in EYFP* transduced GCs (P2: n = 1 cell, max firing rate = 80 Hz;

P14: n = 1 cell, max firing rate = 30 Hz) (Figure 14B).
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Figure 14. Virus injections enable optogenetic activation of transduced postnatal-born GCs.
A. Example of an EYFP* transduced GC in a OB slice from a P14-injected animal, fixed after slice recording. Scale
bar: 200 um. B. Example cell-attached (left) and after break-in (right) recordings of an EYFP* GC from a P2-injected
animal during photostimulation. Blue rectangles: 100 ms light pulse photostimulation. C. Light stimulation evoked
reliable IPSCs (left) in a MC from a P14-injected animal that were (right) abolished by bath application of 50 uM

gabazine. Control recording solution included 20 uM APV and 10 uM NBQX.

| then tested whether | could observe GABAergic input from light-activated GCs in MCs
and TCs, as has been observed previously (Bardy et al., 2010; Mandairon et al., 2018; Valley et
al., 2013). | recorded MCs and TCs in P2- and P14-injected animals using a high-chloride internal.
| held the cells at -70 mV while activating GCs using 100 ms light pulses and demonstrated light-

evoked inward currents that were observable in the presence of APV (20 uM) and NBQX (10 uM)
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but abolished by bath application of gabazine (50 uM) (Figure 14C), confirming the GABAergic
nature of the light-evoked response. In both the MCs and TCs of the P2- and P14-injected cohorts,
photoactivation of postnatal-born GCs resulted in IPSCs that were diverse in amplitude, frequency,
and latency (Figure 15), suggestive of asynchronous release of GABA from GCs (Schoppa et al.,
1998). Barrages of IPSCs, when present, also resembled IPSCs observed in MCs after glomerular
stimulation, activation of lateral inhibition, or depolarizing local GC dendrites (Isaacson and
Strowbridge, 1998). Together, these results showed that photostimulation of transduced postnatal-

born GCs resulted in GABAergic inhibition onto MCs and TCs.
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Figure 15. Examples of IPSCs evoked by optogenetic activation of postnatal-born GCs.
A. Example light-evoked IPSCs in MCs and TCs from P2-injected animals. B. Example light-evoked IPSCs in MCs

and TCs from P14-injected animals. Blue rectangles: 100 ms light pulse photostimulation. Traces are individual trials.
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3.2.3 The MC population receives greater overall inhibitory input from both P2- and P14-

transduced GCs than does the TC population.

Having established that I can photoactivate GCs and that these cells then provide inhibitory
input to MCs and TCs, | was interested in determining whether there were any differences in the
photoactivated currents observed in MCs and TCs. | calculated the mean current traces from all
the stimulation trials for each recorded cell and measured the peak amplitude of the mean current
trace. The mean trace peak amplitudes of MCs and TCs recorded from the same slice did not show
statistically significant correlations (Spearman rank-order test, P2: rs = 0.468, p = 0.091; P14: rs =
0.468, p = 0.091; Figure 16), which allowed me to pool cells from across different slices together

into one dataset for each cell type per injection cohort.

68



>
W

2 o 2
X 6 20468 ® 6 r=0.273
o
o p = 0.091 & p = Q446
Q 8
S 4 c 4 ® @
= = &
- c ./
S 2 o 2 °
s =
o 2 °
g o0 (_)x 0
= B :
N -2 3 -2 &
0 2 4 6 3 4 5 6 7

P2 MC Log Mean Trace Peaks P14 MC Log Mean Trace Peaks

Figure 16. The mean current trace peak amplitudes of MCs and TCs recorded from the same slice are not
correlated.
A. The average MC mean trace peak amplitude was not correlated with the average TC mean trace peak amplitude
from the same slice in P2-injected animals (Spearman rank-order test, rs = 0.468, p = 0.091; n = 23 MCs and 18 TCs
from 16 slices and 8 animals ). B. The average MC mean trace peak amplitude was not correlated with the average
TC mean trace peak amplitude from the same slice in P14-injected animals (Spearman rank-order test, rs = 0.468, p =

0.091; n =21 MCs and 15 TCs from 10 slices and 7 animals ).

| found that the peak amplitude of the mean traces of MCs was larger than that of TCs
following activation of both P2- and P14-transduced GCs (P2: MC =-19.1 £+ 5.5 pA, TC=-5.7
1.3 pA, unpaired t-test, p = 0.046; P14: MC =-131.5+ 47.7 pA, TC = -16.5 + 8.8 pA; unpaired t-
test, p = 0.020; values are reported as mean £ SEM; Figure 17). This result suggests that, on the

whole, MCs receive greater inhibition from postnatal-born GCs compared to TCs.
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Figure 17. The mean current trace peak amplitude of MCs is higher than that of TCs.
A. The peak amplitude of mean current traces was higher in MCs than in TCs, for both P2- and P14-injected animals
(P2: unpaired t-test on magnitudes, p = 0.046, n = 14 MCs and 11 TCs from 5 animals; P14: unpaired t-test on log-
transformed magnitudes, p = 0.020, n = 20 MCs and 14 TCs from 7 animals ). B. Plot of the log-transformed mean
trace peak amplitudes shown in A. to display the spread of individual values. Bars: mean £ SEM, symbols: individual

cells.

Next, | compared the mean current trace peak amplitudes between MCs and TCs recorded
from the same slice for both cohorts (Figure 18A, B). In order to determine whether the average
mean trace peak amplitude of MCs was larger than that of TCs from the same slice, | calculated
the ratio of the average TC mean trace peak amplitude/the average MC mean trace peak amplitude
and plotted the distribution of the ratios for both P2- and P14-injected cohorts (Figure 18C). The
distribution of ratios in the P2-injected cohort showed a strong trend toward being smaller than 1,
but the difference did not reach significance (P2: 0.67 (1.3); one-sample t-test on log-transformed
ratios, p = 0.060; values are reported as median (IQR)). In P14-injected animals, however, the
ratios were significantly smaller than 1 (P14: 0.32 (1.2); one-sample t-test on log-transformed
ratios, p < 0.001; Figure 18C). I counted the number of MC-TC pairs in which the mean trace peak

amplitude of the MC was larger than that of the MC and compared the proportion of those pairs
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between the P2- and P14-injected cohorts. Although the proportion of MC-TC pairs with larger
MC mean trace peak amplitudes was higher in the P14-injected cohort than the P2-injected cohort,
the difference was not statistically significant (P2: MC > TC = 59.3%, P14: MC > TC = 70.6%,
Fisher’s exact test, p = 0.422; Figure 18D). Nevertheless, P14-transduced GCs provided stronger

inhibition onto MCs than TCs as quantified by the mean trace peak amplitudes.
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Figure 18. Within-slice comparisons for MC and TC mean current trace peak amplitude.

A. The average log-transformed peak amplitudes of mean current traces from MCs and TCs in P2-injected animals.
Shades of blue represent individual slices, and lines connect MCs and TCs recorded from the same slice. B. The
average log-transformed peak amplitudes of mean traces from MCs and TCs in Pl4-injected animals. C. The
distribution of log-transformed TC/MC amplitude ratios from P2 and P14-injected animals. Dashed line represents
TC/MC ratio = 1. Solid colored lines indicate mean ratios for each cohort. The ratios from P2-injected animals did not
differ significantly from 1. The ratios from P14-injected animals were significantly less than 1. (One-sample t-tests
on log-transformed ratios, P2: p = 0.060, P14: p < 0.001). D. The proportion of MC-TC pairs in which the MC mean
trace peak amplitude was larger than that of the TC mean trace peak amplitude was not significantly different between

the P2- and P14-injected animals (Fisher’s exact test, p = 0.422). P2: n = 27 pairs from 14 slices and 8 animals; P14:

n = 34 pairs from 10 slices and 7 animals.
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3.2.4 The probability of a connection with P2- and P14-transduced GCs is not significantly

different between MCs vs. TCs.

For subsequent analyses, | performed comparisons between cell types within the same
injection cohort. Comparisons were not made between injection cohorts due to differences in P2
vs. P14 injection techniques, which may lead to differences in expression levels and introduce
confounding variables in these comparisons (see Section 3.3.1). Moreover, the most direct method
to address whether postnatal-born GCs born at a particular age make preferential connections with
MCs or TCs is to compare inhibition in MCs vs. TCs following activation of postnatal-born GCs
with the same birth date.

Following the initial analysis comparing the mean traces of all recorded cells in both P2-
and P14-injected cohorts, | next compared only the inhibition received by MCs and TCs connected
to either P2- or P14-transduced GCs. For each recorded cell, in addition to calculating the peak
amplitude of the mean current trace (Figure 17, Figure 19A bottom), | calculated the frequency of
light-evoked IPSCs over a 1500 ms response window following stimulus onset (Figure 19A top,
middle). The frequency of IPSCs was first used to determine the connectivity of the recorded cell;
subsequent analysis of IPSC frequency will be discussed in Results section 3.2.6. A cell was
considered to have a light-evoked response and be connected to the transduced GCs if 1) the
average frequency of IPSCs within the stimulus window was statistically higher than the frequency
of IPSCs in the baseline window preceding stimulus onset (as evaluated by paired t-tests, Figure
19B), and 2) the peak amplitude of its mean current trace exceeded 4 standard deviations of the

baseline current.
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Figure 19. Example analysis for one cell.
A. Raster plot of IPSC times across multiple trials (top), the PSTH of IPSC times with frequency shown in the purple
line (middle), and the mean current trace of all 30 trials (bottom). Blue rectangles: 100 ms light pulse photostimulation.
B. Comparison of IPSC frequency between light-evoked vs. baseline conditions from the same cell shown in A (Paired

t-test, p = 0.003).

In the P2-injected cohort, about half of both MCs and TCs showed light-evoked IPSCs,

suggesting similar connectivity in both cell types with P2-transduced GCs (P2: MC responses =
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52.2%, n = 12/23 cells; TC responses = 50.0%, n = 9/18 cells; Fisher’s exact t test, p > 0.999;
Figure 20A). In the P14-injected cohort, a higher proportion of MCs showed light-evoked IPSCs
than TCs, but the difference did not reach statistical significance (P14: MC responses = 81.0%, n

= 17/21 cells; TC responses = 46.7%, n = 7/15 cells; Fisher’s exact t test, p = 0.071; Figure 20B).
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Figure 20. Late postnatal-born GCs show a trend of being preferentially connected to MCs
A. A similar proportion of MCs and TCs showed light-evoked IPSCs in response to photoactivation of P2-transduced
GCs ( Fisher’s exact test, p >0.999, n =23 MCs and 18 TCs from 8 animals). B. A higher proportion of MCs responded
to photoactivation of P14-transduced GCs than TCs, but the difference in proportions between the cell types was not

statistically significant (Fisher’s exact test, p = 0.071, n = 21 MCs and 15 TCs from 7 animals).

To test whether the variations | observed (in both the proportion of cells with light-evoked
responses and the IPSC frequency in those cells) were due to differences in the number of
transduced GCs in each recorded slice, | fixed a subset of OB slices after recordings were
concluded and quantified the EYFP* fluorescence of the GCL in each slice. The fluorescence
intensity was normalized to the area of the GCL to obtain the integrated intensity density. The
integrated intensity density for each slice was then plotted against 1) the proportions of cells with

a response from that slice (Spearman rank-order test, rs = -0.292, p = 0.272; Figure 21A) and 2)
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the mean peak frequency of IPSCs observed in the cells from that slice (Spearman rank-order test,
rs = -0.077, p = 0.803; Figure 21B). I did not observe any correlations in either comparison,
suggesting that differences in the probability of a cell showing a light-evoked response and in the
frequency of light-evoked IPSCs were independent of slice-to-slice variations in slicing or animal-
to-animal differences in virus infection rate. A potential caveat to this analysis is that the fixed
slices could be subject to bleaching following ChR2 photoactivation. More robust methods to

control for variations in GC transduction will be described in the Discussion section 3.3.1.
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Figure 21. Fluorescence intensity in electrophysiology slices does not correlate with the probability or
frequency of light-evoked IPSCs.
A. The proportion of cells that showed light-evoked IPSCs was not correlated with the EYFP fluorescence intensity
in that slice (Spearman rank-order test, rs = -0.292, p = 0.272). B. The peak frequency of light-evoked IPSC events in
recorded cells was not correlated with the EYFP fluorescence intensity of the slice recorded (Spearman rank-order
test, rs = -0.077, p = 0.803). n = 52 cells from 16 slices and 10 animals. Symbols: averaged value from all the cells

within a given slice (at least 2 cells per slice).
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3.2.5 Connected MCs and TCs show no difference in the strength of inhibitory input from

P2- and P14-transduced GCs

Previously, | showed that, for all recorded cells, the peak amplitude of the mean current
traces of MCs was larger than that of TCs in both P2- and P14-injected cohorts (Figure 17). |
repeated this analysis but only included the peak amplitudes of cells showing light-evoked
responses. In other words, | restricted my subsequent analyses to only cells with a clear connection
to transduced postnatal-born GCs. The mean trace peak amplitude of light-evoked responses was
similar between MCs and TCs in the P2-injected cohort (P2: MC = -117.4 + 78.7 pA, TC = -88.5
+70.8 pA; Anderson-Darling test, p = 0.103). Although the mean trace peak amplitude was slightly
larger in MCs than in TCs in the P14-injected cohort, this difference did not reach statistical
significance (P14: MC = -227.5 + 83.8 pA, TC = -65.4 £ 23.1 pA; Anderson-Darling test, p >
0.250; Figure 22A, B). The time to peak of the mean trace was similar between cell types in both
cohorts (P2: MC =68.5 £ 13.5 ms, TC =50.6 + 12.7 ms; Anderson-Darling test, p > 0.250; P14

MC =26.5+5.9ms, TC = 31.0 £ 9.1 ms; p > 0.250; Figure 22C).
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Figure 22. The mean trace peak amplitude of connected MCs trends larger than that of connected TCs.
A. The mean trace peak amplitude of light-evoked responses was similar between MCs and TCs in the P2-injected
cohort but slightly larger in MCs than in TCs in the P14-injected cohort, though the difference was not statistically
significant (Two-sample Anderson-Darling tests, P2: p = 0.103; P14: p > 0.250). B. Plot of the log-transformed mean
trace peak amplitudes shown in A. to display the spread of individual values. C. The time to peak of the mean trace
was slightly higher in MCs than in TCs in the P2-injected cohort, but the difference was not statistically significant.
The time to peak was similar between MCs and TCs in the P14-injected cohort (Two-sample Anderson-Darling tests,
P2: p>0.250; P14: p>0.250). P2: n = 12 MCs and 9 TCs from 5 animals; P14: n =17 MCs and 7 TCs from 7 animals.

Bars: mean + SEM, symbols: individual cells.

| next compared the IPSC event frequency observed in MCs and TCs in the P2- (Figure
23) and P14-injected (Figure 24) cohorts and analyzed properties of the IPSC frequency (Figure

25A), which would provide insight into the properties of the postnatal-born GC subpopulations

activated by photostimulation.
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Figure 23. Example IPSC frequency of MCs and TCs in the P2-injected cohort.
The IPSC frequency of example MCs (A) and TCs (B) in the P2-injected cohort. IPSC frequency was calculated by

gaussian smoothing of the PSTH. Blue rectangles: 100 ms light pulse photostimulation.
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Figure 24. Example IPSC frequency of MCs and TCs in the P14-injected cohort.
The IPSC frequency of example MCs (A) and TCs (B) in the P14-injected cohort. IPSC frequency was calculated by

gaussian smoothing of the PSTH. Blue rectangles: 100 ms light pulse photostimulation.

Similar to the trends observed in the mean traces, the peak IPSC frequency was higher in
MCs than in TCs for both P2- and P14-injected cohorts, though the differences did not reach
statistical significance (P2: MC = 38.2 £ 8.2 Hz, TC = 25.0 £ 7.8 Hz; Anderson-Darling test, p >

0.250; P14: MC =37.3 £6.7 Hz, TC = 30.5 £ 6.1 Hz; p > 0.250; Figure 25B). Interestingly, both
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MCs and TCs of the P14-injected cohort had a higher baseline IPSC frequency compared to the
P2-injected cohort, but because the baseline frequency was not different between cell types in
either cohort, the higher baseline frequency at P14 was likely due to age-related differences in the
overall OB circuitry (P2: MC =1.8 £ 0.5 Hz, TC = 1.6 £ 0.5 Hz; Anderson-Darling test, p > 0.250;
P14: MC =8.1 £ 2.1 Hz, TC = 10.8 £ 1.9 Hz; p > 0.250; Figure 25C). The rise time was similar
between MCs and TCs in both cohorts (P2: MC =45.8 + 11.2 ms, TC = 33.3 £ 9.9 ms; Anderson-

Darling test, p =0.077; P14: MC =32.4 £ 4.4 ms, TC = 37.1 £ 4.7 ms; p = 0.224; Figure 25D).
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Figure 25. The kinetics of the population IPSC frequency are similar between MCs and TCs.
A. Schematic of the IPSC frequency properties quantified for each cell. B. The peak frequency of light-evoked IPSCs
were higher in MCs than in TCs in both P2- and P14-injected cohorts, but the difference was not statistically significant
(Two-sample Anderson-Darling tests, P2: p > 0.250; P14: p > 0.250). C. The baseline frequency of IPSCs outside the
photostimulation window was similar between MCs and TCs in both P2- and P14-injected cohorts. Note the higher
baseline frequency displayed by both MCs and TCs in the P14-injected cohort compared to cells in the P2-injected
cohort, likely due to age-related differences (Two-sample Anderson-Darling tests, P2: p > 0.250; P14: p > 0.250). D.
The rise time of peak IPSC frequency was higher in MCs than in TCs in both P2- and P14-injected cohorts, but the
difference was not statistically significant (Two-sample Anderson-Darling tests, P2: p = 0.077; P14: p = 0.224). P2: n
=12 MCs and 9 TCs from 5 animals; P14: n = 17 MCs and 7 TCs from 7 animals. Bars: mean £ SEM, symbols:

individual cells.

In some cells, light stimuli evoked barrages of IPSCs that persisted over a longer post-
stimulus window (Figure 15A, bottom left) than other cells in which light-evoked IPSCs were
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fewer in number and restricted to a shorter post-stimulus window (Figure 15A, top left). | wanted
to see whether a correlation between the peak frequency and the rise time to peak frequency could
capture some of these features. Neither the P2- nor P14-injected cohorts showed significant
correlations between the peak frequency and peak frequency rise time in either MCs or TCs (P2:
MC: Spearman rank-order test, rs = 0.404, p = 0.193; TC: rs = -0.495, p = 0.175; P14: MC: rs = -
0.334,p=0.191,n=17 cells; TC: rs=0.318, p = 0.487; Figure 26). The lack of correlation between
the peak frequency and peak frequency rise time, along with similar a peak frequency rise time
between MCs and TCs in both cohorts (Figure 25D), suggests that the timing of the barrages of

light-evoked IPSCs was not different between cell types.
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Figure 26. The peak frequency of IPSC events is not correlated with the rise time of the peak frequency in
MCs and TCs from the P14 cohort.
A-B. The rise time of the peak frequency of IPSC events was not significantly correlated with the peak frequency in
either MCs (A) or TCs (B) in the P2-injected cohort (Spearman rank-order tests: MCs: rs = 0.404, p =0.193, n =11
cells; TC: rs = -0.495, p = 0.175, n = 9 cells). C-D. The rise time of the peak frequency of IPSC events was not
significantly correlated with the peak frequency in MCs (C) and in TCs (D) from the P14-injected cohort (Spearman
rank-order tests: MCs: rs =-0.334, p =0.191, n = 17 cells; TC: rs = 0.318, p = 0.487, n = 7 cells). Symbols: individual

cells.
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3.2.6 Photoactivating P2- and P14-transduced GCs results in larger IPSCs in MCs

compared to trials without photostimulation.

Following the analyses of the overall population of light-evoked IPSCs, | next compared
the properties of individual light-evoked IPSCs. First, for each cohort and within each cell type, |
compared the kinetics of IPSCs in two stimulus conditions (Light vs. Light Off) and in two
windows (Response Window (RW) and Outside Window (OW)). RW is defined as the 1500 ms
following stimulus onset; OW is defined as the rest of the trial after RW; Tables 2 and 4). In the
P2-injected cohort, the IPSC amplitude of MCs in the Light RW condition was significantly larger
than the IPSC amplitude in both the Light Off RW and Light Off OW conditions (Figure 27A;
Tables 2-4). The absence of a significant difference in IPSC amplitude between Light RW and
Light OW could be due to the persistence of some light-evoked events beyond the 1500 ms window
following photostimulation (Table 4). In contrast to MCs, the IPSC amplitude of TCs was similar
across all conditions (Figure 27B; Tables 2, 3). The rise time and decay constant tau of MCs and

TCs were also similar across all conditions in the P2-injected cohort (Figure 27C-F; Tables 2, 3).
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Figure 27. The IPSC amplitude is larger in MCs following activation of P2-transduced GCs.
A. The IPSC amplitude of MCs within the response window during Light condition (Light RW) was larger than the
amplitude both within the response window but without Light (Light Off RW) and outside the response window and
without light (Light Off OW) (Two-way repeated measures ANOVA, effect of light: p = 0.046, F1, 11 = 5.055; effect
of response window: p = 0.603, F1, 11 = 0.286; interaction: p = 0.505, F1, 11 = 0.476. Dunnett’s multiple comparisons:

Light RW vs. Light Off RW: p = 0.004; Light RW vs. Light OW: p = 0.741; Light RW vs. Light Off OW: p = 0.005).
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B. IPSC amplitude was similar in TCs across all Light and window conditions. (Two-way repeated measures ANOVA,
effect of light: p = 0.503, F1, s = 0.492; effect of response window: p = 0.675, F1, s = 0.190; interaction: p = 0.758, Fy,
g = 0.101). C-D. The rise time of IPSCs within and outside the response window, in both Light and Light Off trials,
was similar in MCs (C) and TCs (D) (Two-way repeated measures ANOVAs, MC: effect of light: p = 0.243, F1, 11 =
1.524; effect of response window: p = 0.800, F1,1; = 0.067; interaction: p = 0.073, F1,11 = 3.919; TC: effect of light: p
=0.685, F1,5 = 0.177; effect of response window: p = 0.430, F1, s = 0.693; interaction: p = 0.321, F1, s = 1.120). E-F.
The decay constant of IPSCs within and outside the response window, in both Light and Light Off trials, was similar
in MCs (E) and TCs (F) (Two-way repeated measures ANOVAs, MC: effect of light: p = 0.466, F1, 11 = 0.570; effect
of response window: p = 0.513, F1, 11 = 0.457; interaction: p = 0.786, F1, 11 = 0.077; TC: effect of light: p = 0.464, F1,
g = 0.592; effect of response window: p = 0.304, F1,s = 1.209; interaction: p = 0.070, F1,s =4.364). n =12 MCs and 9

TCs from 5 animals. Bars: mean = SEM, symbols: individual cells.

Table 2. IPSC Kinetic properties of MCs and TCs in the P2-injected cohort

Injection Cohort Cell Type | Window IPSC Amplitude (pA) Rise time (ms) | Tau (ms)
P2 MC Light RW -47.4 +6.3 0.91+0.04 47+03
P2 TC Light RW -334+4.6 1.02 £ 0.07 3.7+05
P2 MC Light Off RW -32.2+4.2 1.04 £ 0.07 48+04
P2 TC Light Off RW -31.8+58 1.07+£0.10 35+04
P2 MC Light OW -44.4 + 6.6 0.99 + 0.05 44+0.3
P2 TC Light OW -33.3+5.0 1.00 £ 0.08 36+0.3
P2 MC Light Off OW [ -32.7+3.6 0.99+0.03 45+03
P2 TC Light Off OW [ -30.4+6.3 1.01+£0.10 45+0.50
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Table 3. Results of two-way repeated measures ANOVA on IPSC kinetic properties in the P2-injected cohort

Cohort Cell Type Measure Light effect Window effect Interaction
P2 MC Amplitude p =0.046 p =0.603 p =0.505

F1,11=5.055 F1,11=0.286 Fi,11=0.476
P2 TC Amplitude p =0.503 p=0.675 p=0.758

F1,8=0.492 F1,6=0.190 F1,6=0.101
P2 MC Rise time p=0.243 p = 0.800 p=0.073

F1, 11=1.524 Fl, 11 = 0.067 F1, 11 =3.919
P2 TC Rise time p=0.685 p = 0.430 p=0.321

F1, g =0.177 Fl, g =0.693 F1, §=1.120
P2 MC Tau p = 0.466 p=0513 p=0.786

F1, 11 = 0.570 Fl, 11 = 0.457 F1, 11 =0.077
P2 TC Tau p = 0.464 p = 0.304 p =0.070

F1, g =0.592 Fl, g =1.209 F1, s = 4.364

Table 4. Dunnett’s multiple comparisons IPSC Kinetic properties with significant Light effect in the P2-

injected cohort

Cohort | Cell Type | Measure Comparison p value
P2 MC Amplitude Light RW vs. Light Off RW 0.004
P2 MC Amplitude Light RW vs. Light OW 0.741
P2 MC Amplitude Light RW vs. Light Off OW 0.005

88




In the P14-injected cohort, the amplitude of light-evoked IPSCs in MCs was significantly
higher in Light RW than in Light Off RW, Light OW, and Light Off OW, suggesting that
photostimulation elicits IPSCs with larger amplitudes than when no stimulus is present (Figure
28A; Tables 5-7). In contrast, the IPSC amplitude of P14 TCs was similar across all conditions
(Figure 28B; Tables 5, 6). The rise time and decay constant of both cell types were also similar
across all conditions, similar to the P2-injected cohort (Figure 28C-F; Tables 5, 6). There was a
significant Window effect (i.e. RW vs. OW) on the decay constant of MCs in the P14 cohort, but
given that there was not a significant Light effect, the difference observed was likely not directly

related to the activation of transduced GCs (Table 6).
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Figure 28. The IPSC amplitude is larger in MCs following activation of P14-transduced GCs.
A. The IPSC amplitude of MCs within the response window during Light condition (Light RW) was larger than the
amplitude within the response window but without Light (Light Off RW), outside of the response window but with
light (Light OW), and outside the response window and without light (Light Off OW) (Two-way repeated measures
ANOVA, effect of light: p = 0.015, F1, 16 = 7.467; effect of response window: p = 0.073, F1, 16 = 3.674; interaction: p

=0.045, F1,16 = 4.716. Dunnett’s multiple comparisons: Light RW vs. Light Off RW: p = 0.001; Light RW vs. Light
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OW: p = 0.028; Light RW vs. Light Off OW: p = 0.001). B. IPSC amplitude was similar in TCs across all Light and
window conditions. (Two-way repeated measures ANOVA, effect of light: p = 0.996, F1, ¢ = 2.611e-005; effect of
response window: p = 0.292, F1 ¢ = 1.337; interaction: p = 0.697, F1, 6 = 0.167). C-D. The rise time of IPSCs within
and outside the response window, in both Light and Light Off trials, was similar in MCs (C) and TCs (D) (Two-way
repeated measures ANOVAs, MC: effect of light: p = 0.385, F1, 16 = 0.797; effect of response window: p = 0.418, Fy,
16 = 0.691; interaction: p = 0.795, F1, 16 = 0.070; TC: effect of light: p = 0.356, F1, ¢ = 1.000; effect of response window:
p = 0.356, F1,6 = 1.000; interaction: p = 0.356, F1, 6 = 1.000). E-F. The decay constant of IPSCs within and outside the
response window, in both Light and Light Off trials, was similar in MCs (E) and TCs (F) (Two-way repeated measures
ANOVAs, MC: effect of light: p = 0.431, F1, 16 = 0.654; effect of response window: p = 0.006, F1, 16 = 10.24;
interaction: p = 0.008, F1,16 = 9.016; TC: effect of light: p =0.121, F1, 6 = 3.265; effect of response window: p = 0.146,
F1,6 =2.784; interaction: p =0.512, F1,6=0.485). n =17 MCs and 7 TCs from 7 animals. Bars: mean + SEM, symbols:

individual cells.

Table 5. IPSC Kinetic properties of MCs and TCs from the P14-injected cohort

Injection Cohort Cell Type | Window IPSC Amplitude (pA) Rise time (ms) Tau (ms)
P14 MC Light RW -78.1+15.2 0.93+0.04 44+0.2
P14 TC Light RW -40.2+ 4.2 0.84£0.02 3.9+£05
P14 MC Light Off RW -40.3+4.9 0.97 £ 0.07 41+£04
P14 TC Light Off RW -40.6 + 5.7 0.81+0.03 35+£05
P14 MC Light OW -54.0+8.0 0.92+0.05 39+0.2
P14 TC Light OW -38.6 +4.3 0.84 £ 0.02 3.9+£0.6
P14 MC Light Off OW | -41.8+5.2 0.95 £ 0.07 3.9+£03
P14 TC Light Off OW | -38.1+4.3 0.83+0.04 33105

91



Table 6. Results of two-way repeated measures ANOVA on IPSC kinetic properties in the P14-injected cohort

Cohort Cell Type Measure Light effect Window effect Interaction
P14 MC Amplitude p =0.015 p =0.073 p =0.045

F1,16 = 7.467 F1,16 = 3.674 F1,16 =4.716
P14 TC Amplitude p =0.996 p =0.292 p = 0.697

F1 6 =2.611e-005 F1,6 =1.337 F16=0.167
P14 MC Rise time p =0.385 p=0.418 p=0.795

F1, 16 = 0.797 Fl, 16 = 0.691 F1, 16 = 0.070
P14 TC Rise time p =0.356 p =0.356 p =0.356

F1, 6 =1.000 Fl, 6 =1.000 F1, 6 = 1.000
P14 MC Tau p=0.431 p = 0.006 p = 0.008

F1, 16 = 0.654 Fl, 16 = 10.24 F1, 16 = 9.016
P14 TC Tau p=0.121 p =0.146 p=0.512

F1, 6 =3.265 Fl, 6=2.784 F1, 6 =0.485

Table 7. Dunnett’s multiple comparisons IPSC kinetic properties with significant Light effect in the P14-

injected cohort

Cohort | Cell Type | Measure Comparison p value
P14 MC Amplitude Light RW vs. Light Off RW 0.001
P14 MC Amplitude Light RW vs. Light OW 0.028
P14 MC Amplitude Light RW vs. Light Off OW 0.001
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| next restricted my analyses to only IPSCs recorded in Light trials during the Response
Window (Light RW) and compared the kinetic properties between cell types in each cohort. The
amplitude of light-evoked IPSCs in MCs was slightly higher than that in TCs, but the difference
was not statistically significant (P2: MC =-47.4 + 6.3 pA, TC =-33.4 + 4.6 pA; Anderson-Darling
test, p =0.108; P14: MC =-78.1 £ 15.2 pA, TC =-40.2 £ 4.2 pA, p = 0.156; Figure 29A). The rise
time was comparable between the cell types in both cohorts (P2: MC =0.91 £ 0.04 ms, TC = 1.02
+ 0.07 ms; Anderson-Darling test, p = 0.222; P14: MC =0.93 £ 0.04 ms, TC =0.84 £ 0.02 ms; p
= 0.176; Figure 29B). In both P2- and P14-injected cohorts, the decay constant tau showed a non-
significant trend of being larger in MCs than in TCs (P2: MC = 4.7 £ 0.3 ms, TC = 3.7 £ 0.5 ms;
Anderson-Darling test, p = 0.136; P14: MC = 4.4 £ 0.2 ms, TC = 3.9 £ 0.5 ms; p = 0.062; Figure

29C).
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Figure 29. The amplitude of individual IPSCs in connected MCs trends larger than that of connected TCs.
A. The amplitude of light-evoked IPSCs was slightly higher in MCs than in TCs for both P2- and P14-injected cohorts,
but the difference was not statistically significant (Two-sample Anderson-Darling tests, P2: p =0.108; P14: p = 0.156).
B. The rise time of light-evoked IPSCs was similar between MCs and TCs for both P2- and P14-injected cohorts
(Two-sample Anderson-Darling tests, P2: p = 0.222; P14: p = 0.176). C. The decay constant of light-evoked IPSCs
was slightly larger in MCs than in TCs for both P2- and P14-injected cohorts, but the difference was not statistically
significant (Two-sample Anderson-Darling tests, P2: p = 0.136; P14: p = 0.062). P2: n = 12 MCs and 9 TCs from 5

animals; P14: n =17 MCs and 7 TCs from 7 animals. Bars: mean £ SEM, symbols: individual cells.

Next, | tested for correlations between kinetic properties of the events. First, | plotted the
peak amplitude of light-evoked IPSCs against the rise time and observed significant negative
correlations between the two measurements in the MCs of both P2- and P14-injected cohorts (P2
MC: Spearman rank-order test, rs =-0.878, p <0.001; P14 MC: rs =-0.548, p = 0.023; Figure 30A,
C). In contrast, there was no significant correlation in the TCs of either cohort (P2 TC: Spearman

rank-order test, rs = -0.395, p = 0.293; P14 TC: rs = 0.577, p = 0.175; Figure 30B, D).
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Figure 30. The peak amplitude of IPSCs in MCs is negatively correlated with the rise time.
A-B. The peak amplitude of light-evoked IPSCs was negatively correlated with the rise time in MCs (A) but not in
TCs (B) in the P2-injected cohort (Spearman rank-order tests, MC: rs=-0.878, p <0.001, n = 11 cells; TC: rs=-0.395,
p =0.293, n = 9 cells). C-D. The peak amplitude of light-evoked IPSCs was negatively correlated with the rise time
in MCs (C) but not in TCs (D) in the P14-injected cohort (Spearman rank-order tests, MC: rs=-0.548, p = 0.023, n =

17 cells; TC: rs= 0.577, p = 0.175, n = 7 cells). Symbols: individual cells.

Further analyses did not reveal strong correlations between the peak amplitude and decay
constant (P2: MC: Spearman rank-order test, rs =0.021, p =0.948; TC: rs =-0.433, p = 0.244; P14:
MC: rs =-0.252, p = 0.328, n = 17 cells; TC: rs = 0.714, p = 0.071; Figure 31) or between the rise
time and decay constant (P2: MC: Spearman rank-order test, rs = 0.120, p = 0.709; TC: 0.193,p =

0.618; P14: MC: rs =0.220, p =0.397, n = 17 cells; TC: rs = 0.577, p = 0.175; Figure 32).
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Figure 31. The peak amplitude of IPSCs is not correlated with the decay constant.
A-B. The peak amplitude of light-evoked IPSCs was not correlated with the decay constant in either MCs (A) or TCs
(B) in the P2-injected cohort (Spearman rank-order tests, MC: rs=0.021, p = 0.948, n =11 cells; TC: rs=-0.433, p =
0.244, n = 9 cells). C-D. The peak amplitude of light-evoked IPSCs was not correlated with the decay constant in
either MCs (C) or TCs (D) in the P14-injected cohort (Spearman rank-order tests, MC: rs=-0.252, p = 0.328, n = 17

cells; TC: rs=0.714, p = 0.071, n =7 cells). Symbols: individual cells.
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Figure 32. The rise time of IPSCs is not correlated with the decay constant.
A-B. The rise time of light-evoked IPSCs was not correlated with the decay constant in either MCs (A) or TCs (B) in
the P2-injected cohort (Spearman rank-order tests, MC: rs=0.120, p = 0.709, n = 11 cells; TC: rs= 0.193, p = 0.618,
n = 9 cells). C-D. The rise time of light-evoked IPSCs was not correlated with the decay constant in either MCs (C)
or TCs (D) in the P14-injected cohort (Spearman rank-order tests, MC: rs= 0.220, p = 0.397, n = 17 cells; TC: rs=

0.577, p=0.175, n = 7 cells). Symbols: individual cells.

The absence of correlations in these latter comparisons suggests that the negative
relationship observed between the peak amplitudes and rise times in MCs is likely not due to
dendritic filtering or series resistance errors (Tran-Van-Minh et al., 2015; Zhou and Hablitz, 1997).
Given that | observed a trend toward higher IPSC amplitudes in MCs compared to TCs (Figure

29A), it is not surprising that MCs would have a stronger relationship between peak amplitude and
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rise time, which may result from synapses located closer to the soma (Banks et al., 1998; Pearce,
1993). The absence of significant differences between IPSC rise time and tau across light
conditions and response windows, and between IPSC amplitude across Light Off conditions,
suggests that the synapses recruited in each condition may share similar properties, such as size,
location, number of receptors, and receptor subunits (Adlaf et al., 2017; Lagier et al., 2007).

As a control experiment, | next tested whether the initial differences observed in the mean
current trace peak amplitude (Figure 17) or the correlations found above between IPSC amplitude
and rise time (Figure 30) could be attributed to differences in the animals’ absolute age. To address
this possibility, | injected a separate cohort of animals at P2 and waited six weeks post injection
before performing slice electrophysiology experiments, resulting in slices from animals that were
the same age as those from the P14-injected cohort (Figure 33A). Surprisingly, the proportions of
both MCs and TCs that showed light-evoked IPSCs were lower than in slices from animals injected
at P2 and sacrificed four weeks later. (P14: MC responses = 19.6%, n = 10/51 cells; TC responses
=22.7%, n = 5/22 cells; Figure 33B). The few cells with light-evoked responses showed unusually
large currents and frequent temporal summation (Figure 33C). Due to the presence of APV and
NBQX in the recording bath solution, it is unlikely that these responses were due to recurrent
excitation from activated MCs or TCs with spurious expression of ChR2 (Aroniadou-Anderjaska
et al., 1999). The low probability of observing a light-evoked response in this cohort could be due
to the longer time of virus expression, which may have adversely impacted GC cell health while
at the same time increasing the size of photoactivated currents observed in cells that were
connected to those transduced GCs that did survive. | did not further analyze the data from this

cohort because of the possible technical complications.
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Figure 33. MCs and TCs recorded at 6 weeks post P2-transduction have a low probability of a light-evoked
response.
A. Timeline of virus injection for the P2-injected, 6 wpi cohort. B. A low proportion of both MCs and TCs showed
light-evoked IPSCs (n = 51 MCs and 22 TCs from 15 animals). C. Example trace of light-evoked IPSC from a MC,

showing a large current and multiple overlapping peaks. Blue rectangles: 100 ms light pulse photostimulation.

3.3 Discussion

In this study, my goal was to investigate whether anatomical differences in postnatal-born
GC subpopulations can lead to differences in functional connectivity of the GCs with OB principal
neurons. My data show that two distinct subpopulations of early (P2-transduced) and late (P14-
transduced) postnatal-born GCs can be selectively activated using virus injections and

optogenetics (Figure 14), and that they display differences in functional connectivity with the
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principal output neurons of the OB. In my initial analysis, | found that both P2- and P14-transduced
GCs provide stronger inhibition onto the overall population of MCs compared to TCs (Figure 17).

In subsequent experiments attempting to understand the factors that contributed to this
difference, | observed non-significant differences in both the probability of being connected to P2-
or P14-transduced GCs and the strength of the inhibition when present. In the P2-injected cohort,
both MCs and TCs showed a similar probability of being connected to transduced GCs, whereas
MCs were more likely than TCs to show light-evoked IPSCs in response to activation of P14-
transduced GCs, but this difference was not statistically significant (Figure 20). Both the frequency
(Figure 25) and amplitude (Figure 29) of light-evoked IPSCs showed a trend of being higher in
MCs compared to TCs in both cohorts, and this difference was more pronounced in the P14-
injected cohort despite not reaching statistical significance. Nevertheless, the trends observed in
the probability of a connection with P2- vs. P14-transduced GCs and the strength of that connection
may contribute to the differences observed in the overall MC and TC populations (Figure 17).
These findings provide evidence for subtle differences in the connections formed by early and late
postnatal-born GCs onto MCs and TCs that may result from anatomical differences in the

postnatal-born GC subpopulations.

3.3.1 Timed viral injections label different subpopulations of postnatal-born GCs

Labeling and activation of early and late postnatal-born GCs were achieved using the viral
vector AAV2-hSyn-hChR2(H134R)-EYFP injected into the RMS. Other expression strategies
such as lentiviral vectors, the tamoxifen approach, or the GADG65-Cre mouse line have been
utilized successfully in other studies (Alonso et al., 2012; Kohwi et al., 2007; Nunez-Parra et al.,
2013; Platel et al., 2019; Shani-Narkiss et al., 2020). | selected an AAV vector because it does not
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infect dividing neural precursors unlike lentiviruses, which would preclude accurate birth-dating.
Additionally, AAV2 and its related hybrid serotypes have been used previously to effectively
transduce olfactory GCs (Gschwend et al., 2015; Muthusamy et al., 2017), show a more limited
spread and higher preference for neurons compared to other serotypes (Davidson et al., 2000;
Haery et al., 2019; Hammond et al., 2017), and have a reduced possibility of introducing
compensatory mechanisms in development compared to using transgenic animals.

It is possible that differences in injection strategies for the P2-injected (free-hand
injections) vs. P14-injected (stereotaxic surgery) cohorts may lead to differing viral expression
levels. Although 1 pl of viral vector solution was used in both P2 and P14 injections, the smaller
size of the mouse brain at P2 means that the RMS would be infected by a relatively larger volume
of virus compared to a brain at P14. Both the higher rate of postnatal neurogenesis and the relative
closeness of brain regions at P2 compared to P14 could also lead to more neuroblasts being
transduced by the virus (Enwere et al., 2004; Magavi et al., 2005), resulting in an increased number
of transduced cells in the OB. The analyses described in this chapter involve quantification of the
size of synaptic inputs onto MCs and TCs and are directly influenced by the number of transduced
cells in each slice. To eliminate possible confounds due to technique-related differences in virus
expression, | only made comparisons between cell types in the same injection time point.

P2 injections occasionally resulted in nonspecific expression of ChR2-EYFP in the internal
plexiform layer (IPL) and EPL, likely due to mistargeting of regions outside of the RMS during
P2 injections (Muthusamy et al., 2017). Mistargeting of the AON could result in transduction of
AON neurons whose feedback projections are found in the IPL and EPL (Figure 13B top, Figure
13C left). GCs receive glutamatergic input from centrifugal feedback fibers originating in the AON

and PCx (Boyd et al., 2015; Markopoulos et al., 2012; Otazu et al., 2015; Rothermel and
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Wachowiak, 2014) and other cortical regions (Padmanabhan et al., 2019). Additionally, GCs also
receive GABAergic input from the basal forebrain, but these inputs do not target MC or TCs (Case
etal., 2017; Diez et al., 2019; Hanson et al., 2020; Nunez-Parra et al., 2013).

With my experimental design, | was able to eliminate sources of synaptic input onto MCs
and TCs other than inhibition from transduced GCs. First, | did not record from any slices with
visible ChR2-EYFP expression outside of GCs. Second, glutamatergic transmission in all
recordings was blocked by using APV and NBQX in the bath. The presence of glutamatergic
blockers in the recording bath also prevents disynaptic inhibition onto MCs and TCs from AON
feedback fibers (Boyd et al., 2012; Brunjes et al., 2005; Markopoulos et al., 2012). Application of
gabazine in a subset of successful recordings abolished light-evoked IPSCs, confirming the events
as being GABAergic (Figure 14C). The synaptic events recorded from both injection cohorts were
similar. Photostimulation of both P2- and P14-transduced GCs using a 100 ms light pulse (a longer
stimulus, to simulate in vivo odor presentation) (Labarrera et al., 2013) evoked asynchronous
inhibitory events (Figure 15) that resembled IPSCs previously reported in MCs following
activation of lateral inhibition or depolarization of local GC dendrites (Isaacson and Strowbridge,
1998; Kapoor and Urban, 2006; Schoppa et al., 1998). Finally, I did not observe any correlation
between the EYFP* fluorescence intensity in a slice and the light-evoked response probability or
strength of the responses recorded from that slice (Figure 21), allowing me to conclude that
nonspecific transduction in the OB did not significantly impact my results.

More rigorous histological analysis of virus injections could also be performed to control
for the rate of transduction in each injection cohort. Although the density of fluorescent fibers
often observed in the GCL of P2-injected animals precluded this analysis, quantification of the

number of transduced GC cell bodies in the GCL could provide a better estimate of the transduction
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rate and viral spread in each injected animal. The rate of transduction could then be correlated with
the proportion of cells that had a light-recorded response in each animal and the mean IPSC
frequency of all the cells from that animal.

Although 95% of postnatal-generated neuroblasts differentiate into GCs, a small
percentage do develop into PGCs residing in the GL (Belluzzi et al., 2003; Lledo and Saghatelyan,
2005). In age-matched P2- and P14-injected animals sacrificed for histology, | observed fewer
than one fluorescent PGC per animal, suggesting that very small numbers of postnatal-born PGCs
were transduced by my injections. This observation is supported by data showing that generation
of GL interneurons decreases dramatically between E12.5 and PO, concomitant with an increase
in the generation of GCL interneurons at the same time points (Batista-Brito et al., 2008).
Additionally, a previous study did not report any light-evoked IPSCs in MCs after photoactivation
of postnatal-born cells in the GL (Bardy et al., 2010). Thus, | do not anticipate postnatal-born
PGCs to make any meaningful contribution to the light-evoked IPSCs recorded from MCs and

TCs.

3.3.2 Subtle differences exist in the strength of inhibition from P2- and P14-transduced

GCsonto MCs vs. TCs

The initial analysis of all recorded cells, regardless of whether they showed a light-evoked
response, revealed a higher mean trace peak amplitude in MCs than in TCs (Figure 17). This
measure combines both the probability of there being a connection with postnatal-born GCs and
the strength of that connection, when it does exist. | next disentangled the two factors contributing
to the overall difference | observed and found that the differences in neither factor were statistically
significant. MCs and TCs showed a similar probability of being connected to P2-transduced GCs.
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MCs were more likely than TCs to be connected to P14-transduced GCs, but the difference in
proportion was not statistically significant (Figure 20).

When 1 restricted my analyses to only cells that showed a light-evoked response, | found
that there were no statistically significant differences between the mean trace peak amplitude of
MCs vs. TCs in either cohort, although the amplitude in MCs trended higher, especially in the P14-
injected cohort (Figure 22). Analysis of IPSC event frequency demonstrated that in both cohorts,
the peak frequency of IPSCs trended higher in MCs than in TCs, though the difference was not
statistically significant (Figure 25). Previous studies have demonstrated similar increased
inhibitory tone in MCs than in TCs (Arnson and Strowbridge, 2017; Geramita et al., 2016).

Comparison of individual IPSC properties also revealed similar differences as the
population properties. In the MCs from both P2- and P14-injected cohorts, IPSC amplitudes were
significantly larger in the 1500 ms window following photoactivation compared to either Light
Off or outside response window conditions (Figures 27, 28; Tables 2, 5). The effect was more
pronounced in the P14-injected cohort: the IPSC amplitude in the Light, Response Window was
significantly higher than that in all three of the Light Off or outside response window conditions
(Figure 28A, left; Tables 6, 7). Rise time and decay tau did not differ between light conditions,
suggesting that the properties of the synapses providing light-evoked IPSCs were similar to those
of synapses providing spontaneous IPSCs (Figures 27, 28). In basal conditions without light
stimulation, spontaneous GABAergic release occurs at synapses between transduced GCs and
MCs/TCs; with photoactivation, however, the stimulus triggers simultaneous release from multiple
synapses that are also capable of spontaneous release. Given that the MC IPSC amplitude during
the Light, Response Window condition was larger than the amplitude during the Light Off

conditions in both P2- and P14-injected cohorts, the number or strength of the synapses formed
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between transduced GCs and MCs may be such that photoactivation resulted in greater summation
of IPSCs from multiple synchronized synapses (Figures 27A, 28A). And, similar to the mean
current trace peak amplitude, the difference in the IPSC amplitude in MCs between light conditions
was more pronounced in the P14-injected cohort compared to the P2-injected cohort.

My subsequent analysis was restricted to IPSCs in the Light condition within the response
window. IPSC kinetics were similar between MCs and TCs in both cohorts, which was expected
given that MCs and TCs likely receive inhibition from a similar pool of transduced GCs (Figure
29). The IPSC amplitude trended higher in MCs compared to TCs, especially in the P14-injected
cohort, but the difference was not statistically significant (Figure 29A). | additionally assessed
correlations between the kinetic properties of IPSCs and found that the amplitude of IPSCs was
negatively correlated with the rise time in the MCs of both P2- and P14-injected cohorts (Figure
30A, C). IPSCs with fast rise times and larger amplitudes arise from synapses located closer to the
soma (Banks et al., 1998; Goswami et al., 2012; Lazarus and Huang, 2011; Maccaferri et al., 2000;
Pearce, 1993; Xiang et al., 2002). Although there were no differences in the IPSC kinetics between
MCs and TCs, this correlation displayed in MCs suggests that a higher proportion of light-evoked
IPSCs in MCs may arise from synapses closer to the soma.

Photoactivation sometimes evoked a long-lasting barrage of events (Figure 15A, bottom
left) that was visible in both MCs and TCs. These events are mediated by asynchronous
GABAergic release from GCs (Isaacson and Strowbridge, 1998; Kapoor and Urban, 2006;
Schoppa et al., 1998). The timing of these barrages as assessed by the rise time of peak population
IPSC frequency did not differ between MCs and TCs in either the P2- or P14-injected cohorts

(Figure 25D).
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In summary, the differences in both the probability for MCs vs. TCs to connect with P2-
and P14-transduced GCs and the strength of those connections were not statistically significant
and thus cannot be said to wholly account for the initial differences observed in the overall strength
of inhibition onto MCs vs. TCs. Nevertheless, the trends in these two measurements suggest that
they may be at least contributing factors to the overall difference, and this possibility is supported
by the increased IPSC amplitudes in MCs following photostimulation and the more pronounced

difference in the P14-injected cohort.

3.3.3 Differences in functional connectivity may arise from anatomical segregation of

postnatal-born GCs

Overall, I observed a trend for P14-transduced GCs to form more connections with MCs
than with TCs (Figure 20), and the strength of inhibition was also more pronounced in P14 MCs
(Figure 28). The difference in the strength of inhibition was also statistically significant in the P2-
injected cohort, but differences between MCs and TCs were more subtle (Figure 27). The
preferential connection of P14-transduced GCs with MCs is supported by previous anatomical
work showing that the dendrites of both MCs and deep GCs are located in the deeper EPL (Mori
etal., 1983; Orona et al., 1983). If P14-transduced GCs were located deeper in the GCL compared
to P2-transduced GCs given their birth dates (Lemasson et al., 2005), then their dendrites would
be more likely to contact the dendrites of MCs than of TCs.

P2-transduced GCs appeared equally likely to target both MCs and TCs (Figure 20), which
could be explained by dendrodendritic synapses forming all along a GC’s apical dendrite as it
courses up toward the GL. GC-mediated inhibition onto MCs and TCs occurs primarily outside of
the GL on secondary dendrites or perisomatic sites, and MCs with truncated apical dendrites show
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little decrease in the rate of sSIPSCs compared to MCs with intact apical dendrites (Arnson and
Strowbridge, 2017). Thus, a more superficial P2-transduced GC could make dendrodendritic
synapses with MCs on its proximal apical dendrite and synapses with TCs on its distal apical
dendrite.

One caveat is that | only targeted middle TCs in the middle region of EPL for recordings
and did not include external TCs, superficial TCs, or internal TCs. External TCs are a population
of juxtaglomerular cells that establish excitatory connections with other juxtaglomerular neurons
and do not have basal dendrites (De Saint Jan et al., 2009; Hayar et al., 2004a; Hayar et al., 2004b).
Superficial TCs reside at the border between the GL and the EPL and display short apical dendrites
and basal lateral dendrites (Griff et al., 2008; Jones et al., 2020). Internal TCs are located in the
deepest section of the EPL, often adjacent to the mitral cell layer, and have large cell bodies and
physiological properties resembling those of MCs (Orona et al., 1984). By limiting my analysis to
middle TCs, | hoped to limit the heterogeneity observed within cells from the same cell type and
eliminate confounding variables such as differences in somatic or dendritic locations (Nagayama
et al., 2014). This decision may also have biased my recordings to only a subset of middle TCs.
Despite the sparsity of TC somata in the EPL, more comprehensive and systematic recordings of
TCs occupying the superficial, middle, and deep portions of the EPL may reveal more pronounced
differences in their connectivity with subpopulations of postnatal-born GCs.

| performed my slice recording experiments in both P2- and P14-injected cohorts at four
weeks post injection; therefore, the subpopulations of transduced GCs activated by
photostimulation in both cohorts should be developmentally identical. Studies have shown that
postnatal-born GCs are fully mature by four weeks after birth (Carleton et al., 2003; Petreanu and

Alvarez-Buylla, 2002). Dendritic development in both P14- and adult-transduced GCs is stable
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four weeks after injection, showing similar spine dynamics and turnover rates (Sailor et al., 2016).
Additionally, there are no differences in the dendritic morphology of P12- and adult-transduced
GCs at five weeks post injection (Hardy et al., 2018). | did attempt to perform recordings in a
separate cohort of P2-injected animals at six weeks post injection (Figure 21) but encountered
technical difficulties; nevertheless, given that IPSC kinetics were similar between both cohorts, |
concluded that the transduced-GCs in both cohorts were comparable (Figure 29).

Although the segregation of postnatal-born GC somata according to their birth date is well-
established (Imayoshi et al., 2008; Lemasson et al., 2005; Orona et al., 1983; Sakamoto et al.,
2014), to my knowledge, there has been no study specifically investigating the correlation of
postnatal-born GC dendrite locations with their birth date. One study has identified two
populations of postnatal-born GCs, with their soma and dendrites occupying either the deep or
superficial EPL (Carleton et al., 2003), but the authors did not differentiate between the birth dates
of the GCs. It is also likely that the anatomical segregation of postnatal-born GCs resembles a
gradient rather than a stark division. In a study comparing the somatic locations of PO- vs. P42-
transduced GCs, the authors found that both subpopulations occupy both the deep and superficial
GCL, albeit at different proportions of the overall transduced population (PO-transduced: 20% in
SsGCL, 20% in dGCL,; P42-transduced: 30% in sGCL, 45% in dGC) (Muthusamy et al., 2017).

In summary, | demonstrate subtle differences in the overall strength of inhibition of P2-
and P14-transduced GCs with MCs vs. GCs. Though these differences are slight, they do cohere
with known anatomical differences in the dendritic locations of postnatal-born GCs and of MCs
and TCs, suggesting that anatomical segregation of dendrites in the EPL does result in differences

in functional connectivity between subpopulations of postnatal-born GCs and OB output neurons.
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3.4 Materials and Methods

3.4.1 Experimental design and animals

All animal procedures, mouse breeding, and animal housing were in compliance with
guidelines established by the Institutional Animal Care and Use Committee at the University of
Pittsburgh (Protocol #18103723). All animals used were C57BL/6J mice of both sexes purchased
from Charles River. The adeno-associated virus AAV2-hSyn-hChR2(H134R)-EYFP (titer:
5.6e1012 iu/ml) was purchased from UNC Vector Core and used to drive expression of
channelrhodopsin-2 (ChR2) and the fluorescent protein EYFP in neuroblasts migrating in the
RMS. For the early postnatal-born cohort (n = 8 mice), mice were injected with AAV2-hSyn-
ChR2-EYFP virus at P2, weaned at P21, then sacrificed for electrophysiology experiments
between P28-33. For the late postnatal-born cohort (n = 7 mice), mice were injected with the same

virus at P14, weaned at P21, then sacrificed for experiments between P42-44.

3.4.2 Neonatal AAV2 injection

Injection of neonatal pups was performed as described previously (Cheetham et al., 2015).
P2 mouse pups were cryoanesthetized by placement on a wet paper towel, which was then placed
on ice to avoid direct contact of the mice with ice. Anesthetization was confirmed by lack of
response to toe pinch. Injections were made using a pulled glass micropipette connected via tubing
to a 1 ml syringe. Negative pressure was applied using the syringe to draw up 1 pl of virus into the
micropipette. The anesthetized pup was then placed on the bench surface and the head secured.

The tip of the micropipette was inserted through the skull to a depth of 2 mm. Gentle positive
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pressure was applied via the syringe to inject the virus into the brain. Injection site was targeted
relative to the visible landmarks; injections were made halfway between lambda and the
intersection of the inferior cerebral vein and the superior sagittal sinus and 0.5 mm lateral to the
superior sagittal sinus for both hemispheres. Following injection, the pups were placed on a heated

pad and returned to their cages once awake.

3.4.3 Stereotaxic surgery

P14 animals were anesthetized using vaporized isoflurane and checked for complete
sedation via toe pinch reflex and breathing rate patterns. Animals were then placed on the
stereotaxic instrument, the surgical site shaved and sterilized, and a small craniotomy performed
above the injection site. Injection coordinates were (in mm): Antero-Posterior, 1.0; Medio-Lateral,
+1.0, for both right and left hemispheres, respectively, Dorso-Ventral: 2-2.5. About 500 nl virus
was injected at the depths of 2.0 and 2.5 mm in each hemisphere. Depth of anesthesia was
monitored throughout the surgical procedure. Following surgery, animals were returned to their

cages and given standard post-op care.

3.4.4 Slice electrophysiology

Mice were deeply anesthetized with isoflurane and decapitated into ice-cold oxygenated
slicing solution containing (in mM): 93 N-Methyl-D-glucamine (NMDG), 2.5 KCI, 1.2 NaHCOs3,
30 NaHCOs3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgCly,
and 0.5 CaCly, pH 7.4 (Ting et al., 2014). The olfactory bulbs were dissected, and coronal slices

(310 pum thick) were prepared using a vibratome (Ci 5000 mz2; Campden Instruments). Slices
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recovered in ACSF at 35°C for 15 min in a solution containing (in mM): 92 NaCl, 2.5 KCl, 1.2
NaHCOs3, 30 NaHCO3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate,
2 MgCly, and 2 CaCly, pH 7.4 (Ting et al., 2014). Slices were rested at room temperature until
recording. Slices with visible ChR2-EYFP expression in cell types other than granule cells (GCs)
were not used for recording.

During recording, slices were continuously superfused in Ringer solution warmed to 35°C.
The recording Ringer solution contained (in mM): 125 NaCl, 25 glucose, 2.5 KCI, 25 NaHCOg3,
1.25 NaH2PO4, 1 MgCly, and 2.5 CaCly, pH 7.4. Voltage clamp recordings were made using
electrodes filled with (in mM): 10 HEPES, 150 CsCl, 10 sodium phospho- creatine, 3 Mg-ATP,
and 0.3 Na3GTP, 10 mM QX-314, and 0.025 Alexa Fluor 594 (Life Technologies, Carlsbad, CA).
Pipettes were pulled from borosilicate capillary tubing (King Precision Glass) to a resistance of 5-
8 MQ on a P-97 Flaming/Brown Micropipette Puller (Sutter Instruments) and fire polished.

Whole-cell patch-clamp recordings were made using a Multiclamp 700A amplifier
(Molecular Devices) and an ITC-18 acquisition board (Instrutech) controlled by custom software
written in Igor Pro (WaveMetrics) (MIES, Allen Institute). Electrophysiological data were low-
pass filtered at 4 kHz and sampled at 25 kHz for the P2 dataset and 10 kHz for the P14 dataset.
MCs and TCs were identified under an IR-DIC microscope by shape and location in olfactory bulb
laminae. | only targeted TCs residing in the EPL to ensure a homogeneous population of recorded
TCs. Pharmacological blocking agents used were the GABA. receptor antagonist gabazine (50
HM), the NMDA receptor antagonist DL-2-amino-5-phosphonovaleric acid (APV, 20 uM), and
the AMPA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX,
10 uM). Cells were only included for analysis if their holding current at -70 mV was less than -

300 pA. Recordings were excluded from analysis if the series resistance exceeded 35 MQ.
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3.4.5 Optogenetic stimulation

At least 10 minutes elapsed between cell selection and the start of photoactivation
experiments. For photoactivation of postnatal-born GCs, slices were illuminated (100 ms light
pulse) by a 75 W xenon arc lamp passed through a YFP filter set and 60x water-immersion
objective centered on the glomerular layer. An open field stop was used to activate all GCs
expressing ChR2 in the slice. IPSCs were recorded in the presence of APV and NBQX for 5.5 s
following optogenetic stimulation, for 30 Light trials per cell. The inter-trial interval was 12s.
Thirty Light Off trials per cell were also collected using identical parameters as the Light trials but
without optogenetic stimulation. Gabazine was applied at the end of successful recordings to

confirm that the recorded photoactivated currents were GABAergic.

3.4.6 Identification of IPSCs

All data were analyzed using custom scripts written in Python and MATLAB (Mathworks).
IPSCs were detected using a machine-learning optimal-filtering method (MOD) developed by
members of Dr. Peter Jonas’ group at the Institute of Science and Technology Austria (Zhang et
al., 2021). Briefly, two trials at both the beginning and end of each set of trials for each cell were
manually scored to identify all IPSCs. The algorithm was then trained to predict the manual scoring
and obtain the optimal coefficients of a Wiener filter. This process generates a raw detection trace
that closely matches the manual scoring trace and has a high signal-to-noise ratio. Next, the optimal
detection threshold was calculated by finding the threshold that maximized Cohen’s k coefficient,
and the threshold was used to convert the raw detection trace into a binary detection trace, which

then determined whether a point on the trace was an event.
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3.4.7 Analysis of IPSC kinetics and frequency

For each set of trials (Light and Light Off), the mean current trace was obtained by taking
the average of all trials within the set. The baseline was calculated by taking the mean current
values before stimulus onset. The peak of the mean trace was obtained by identifying the most
negative value within 150 ms after stimulus onset, and the mean trace time to peak was defined as
the amount of time elapsed from response onset (5% of peak) to time of peak.

Peristimulus time histograms (PSTHSs) for IPSCs were calculated using a bin width of 10
ms and pooling the events across all trials in each set of trials. The frequency of IPSC rates for
each cell was calculated by fitting firing rates in the PSTH with a Gaussian smoothing function
(Olson et al., 2000). As with the mean current trace, the baseline frequency of each set of trials
was calculated by taking the mean frequency value before stimulus onset. The peak frequency was
obtained by finding the maximum value within 150 ms after stimulus onset, and the rise time was
calculated using 20-80% of peak frequency.

The amplitude of each IPSC was obtained by finding the peak value in a window around
each MOD-identified event position and subtracting the baseline value (defined as the “root” point
before event onset). The rise time was defined as 20-80% peak, and a single decay exponential
was fit to each event to obtain the decay constant tau. Spurious events with amplitude < 10 pA or

tau > 100 ms were excluded from analysis.

3.4.8 Perfusion, immunohistochemistry, and image analysis

Mice were anesthetized with 0.4 ml ketamine (20 mg/ml)/xylazine (3.3 mg/ml) and

transcardially perfused with ice-cold 1% NaCl in 0.1 M phosphate buffer (PB), followed by 4%
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paraformaldehyde (PFA). The brains were then dissected, fixed overnight in PFA, then sunk in
30% sucrose. Following fixation, brains were sliced into 25 pum thick sections using a sliding
microtome (Leica, SM2000R) into 12-well plates with 1 ml of 0.1 M PB solution containing 0.05%
Na azide and 0.005% Tween 20. Following washing with PB, sections were labeled with Alexa
Fluor 488 donkey anti-mouse antibody (Invitrogen) at 1:600 in PB containing 2% NDS and 0.05%
Tween 20 with 1:40,000 Hoechst 33342 (Invitrogen) for 1 h at RT in the dark. After a final three
washes in PB, sections were mounted on collagen coated slides with gelvatol for imaging and
analysis. Images were collected using Eclipse 90i large area-scanning widefield microscope
equipped with a Plan-Apo 10x/0.45 NA air objective and Elements software (Nikon).
Quantification of fixed electrophysiology slice sections (n = 9 for P2 dataset, n = 7 for P14
dataset) was performed by quantifying the total integrated intensity for the GCL in each section,
then normalizing the intensity to the area of the GCL to obtain an integrated density/area value for
each section. The integrated density/area value was plotted against the proportions of cells that had
a light-evoked response recorded in each slice and the mean IPSC frequency of all the cells from

that slice.

3.4.9 Statistical analyses

Electrophysiological recordings were analyzed using custom scripts written in Python and
MATLAB (Mathworks). All statistical analyses were performed using Python scripts or Prism 9
(GraphPad). Fisher’s exact test was used to compare proportions of responding neurons. Paired t-
tests were used to determine whether a cell had a light-evoked response after stimulus onset. Two-
way repeated measures ANOVA with Dunnett’s multiple comparisons test was used to compare
event Kinetics between different response windows within the same cell type. Two-sample
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Anderson-Darling tests were used to compare between MCs vs. TCs. Correlations between

measurements were tested using the Spearman rank-order test.
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4.0 Discussion

In this dissertation, | investigated how postnatal neurogenesis in the olfactory epithelium
(OE) and olfactory bulb (OB) contribute to olfactory circuitry. First, | demonstrated that immature
olfactory sensory neurons (OSNs) can make functional monosynaptic connections with superficial
tufted cells (STCs) of the OB as soon as five days after terminal cell division. Analysis of the
kinetic properties of these connections showed that the excitatory inputs from immature OSNSs are
similar to those from mature OSNs. These results from Chapter 2 suggest that immature OSNs are
capable of transducing odor signals to the OB and may participate in normal olfactory processing
alongside mature OSNS.

Next, | studied whether the birth date related anatomical segregation of postnatal-born
granule cells (GCs) in the OB results in preferential connectivity with mitral cells (MCs) or tufted
cells (TCs). By selectively activating either early or late postnatal-born GCs using optogenetics
and recording inhibitory currents in MCs and TCs, | showed that subtle differences exist in the
functional connectivity of early and late postnatal-born GCs. Early postnatal-born GCs show a
similar probability of being connected to MC and TCs, whereas late postnatal-born GCs show a
trend of being preferentially connected to MCs. Additionally, inhibition from both subgroups of
postnatal-born GCs is stronger onto the overall population of MCs than TCs. Collectively, the
results from Chapter 3 suggest that anatomical differences do indeed translate to functional
differences in connectivity between postnatal-born GCs and the principal output neurons of the

OB.
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4.1 The functional connectivity of immature OSNs

The data in Chapter 2 showed that Gy8-expressing OSN axons provide monosynaptic
excitatory inputs to STCs. About 98% of Gy8" axons also express GAP43, a classical marker of
OSN immaturity (Cheetham et al., 2016). The distribution of Gy8 expression in the olfactory
epithelium (OE) and its subcellular localization are similar to those of GAP43, and both markers
are expressed in similar developmental stages (Tirindelli and Ryba, 1996). My initial set of
experiments did not differentiate between Gy8-expressing axons of OSNs born at different times;
in order to disentangle any age-related differences between immature OSN axons, | used a
methimazole (MMZ) ablation model in which only immature OSNs are present at time points
shortly following MMZ treatment.

At five days after MMZ treatment, | was able to record monosynaptic excitatory currents
in 1 out of 13 STCs following photoactivation of Gy8-expressing OSN axons, suggesting that the
functional connection between an immature OSN and the OB can be formed as early as five days
after terminal cell division. In these experiments, | administered doxycycline-fortified chow to
mice to restrict ChIEF-Citrine expression to only newly generated Gy8-expressing OSN axons and
not degenerating axons of OSNs that were ablated with MMZ. Although the axons of newly
generated OSNs will have arrived into the OB by five days (Rodriguez-Gil et al., 2015), given the
nature of acute slice electrophysiology experiments, the density of these axons in any given OB
slice is low, resulting in a low probability of recording light-evoked EPSCs at five days post MMZ
treatment. In future experiments, | could increase the number of animals recorded at different time
points post MMZ treatment in order to obtain a clearer timeline for functional synapse formation

by immature OSNs.

117



The current set of experiments involved recording light-evoked EPSCs in STCs, which are
known to receive monosynaptic input from mature OSNs; STCs are relatively abundant in number
and easy to identify in the glomerular layer (GL) compared to other subtypes of TCs (Sun et al.,
2020). TCs are also subject to weaker lateral inhibition than MCs (Geramita et al., 2016), and
given that | used multiglomerular optogenetic stimulation to activate labeled OSN axons, recording
from cells receiving weaker lateral inhibition would increase the probability of observing light-
evoked excitatory currents. Both MCs and TCs receive mature OSN input, although the connection
is weaker in MCs compared to TCs (Bourne and Schoppa, 2017; Najac et al., 2011). Most studies
characterizing TCs have focused on STCs and external tufted cells (ETCs), both of which receive
strong direct OSN input (De Saint Jan et al., 2009; Gire et al., 2012; Najac et al., 2011; Sun et al.,
2020). Evidence does exist, however, for stronger OSN input onto classic middle TCs compared
to MCs (Burton and Urban, 2014; Gire et al., 2012). Characterizing the innervation of MCs and
other TC subtypes by immature OSNs and comparing these connections with those formed by
mature OSNSs could provide more comprehensive insight into maturity-dependent differences in
the connectivity of OSNs onto OB neurons. Additionally, whether immature OSNs also provide
input to GL interneurons is unknown and would be a valuable question for future study.

Given that immature OSNs provide odor input to the OB much earlier than previously
thought, they may play a role in olfaction that is complementary to mature OSNs. In normal
development, immature OSNs must receive odor input and form functional synapses with OB
neurons in order to survive (Watt et al., 2004). The dependence of immature OSNs on sensory
input is supported by the fact that naris occlusion reduces the number of OSNs in the OE (Cavallin
et al., 2010). Additionally, immature OSNs may provide odor information on a more rapid or

dynamic time scale compared to information provided by mature OSNs. Immature OSNs display
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a higher rate of synapse formation and elimination compared to mature OSNs, and this level of
synaptic plasticity was reduced with naris occlusion (Cheetham et al., 2016). The plasticity of
immature OSN synapses makes them uniquely suited to encode dynamically updated information,
such as novel odor experience when the animal is adapting to new sensory environments. The
ability for immature OSNSs to respond to novel odor input would also be particularly valuable
during both the animal’s developmental stage and periods after injury or disease, when there are

no mature OSNs present but odor processing is critical to the animal’s survival.

4.2 Neurotransmitter release from degenerating OSN axons

While optimizing the MMZ treatment experiments, | was surprised to observe light-evoked
EPSCs in OB slices at early time points when there should be no newly generated ChlEF-Citrine-
expressing OSN axons present in the OB. After limiting ChlEF-Citrine expression to only newly
generated OSN axons, | no longer observed any light-evoked EPSCs until five days post MMZ
treatment, which was in agreement with the developmental timeframe of OSNs (Liberia et al.,
2019; Rodriguez-Gil et al., 2015; Savya et al., 2019). This unexpected observation could be
explained by neurotransmitter release from degenerating, ChIEF-Citrine-expressing OSN axons
in recorded OB slices; a similar observation was made by Grubb et al. when they observed EPSCs
in STCs following electrical stimulation of the olfactory nerve layer at seven days post MMZ
treatment (Browne et al., 2022). Ablation with MMZ causes cell death in the somata of OSNSs,
which are found in the OE, but leaves residual degenerating axons in the OB. There has been no
characterization of these degenerating axons beyond noting their presence (Blanco-Hernandez et

al., 2012; Kikuta et al., 2015; Tsai and Barnea, 2014). Understanding the physiological properties
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of neurotransmitter release from degenerating synapses and axons may provide additional insight
into circuit changes during neurodegeneration or spinal injury (Gillingwater and Ribchester, 2001;
Neukomm and Freeman, 2014; Pemberton et al., 2020).

It is tempting to speculate on the functional significance of neurotransmitter release
mediated by degenerating axons, especially following injury to the olfactory system. Release from
degenerating axons may act as guiding signals for axonal targeting of new OSNs to maintain or
re-establish glomerular targeting patterns. Of all the OE ablation techniques, MMZ treatment
exhibits the best regenerated glomerular map (Rodriguez-Gil et al., 2015), followed by other
chemical ablation methods (Cheung et al., 2014; John and Key, 2003), then surgical transection
(Christensen et al., 2001; Costanzo, 2000). Treatment with dichlobenil, an olfactory toxicant,
ablates the OE and results in axonal mistargeting that persists at four months after ablation (John
and Key, 2003; Vedin et al., 2004). Ablation using other chemical methods such as intranasal zinc
sulfate administration and methyl bromide also results in alteration or loss of the glomerular map
(Burd, 1993; Schwob et al., 1995). Conventional surgical transection techniques cause damage to
the outer layers of the OB and to the cribriform plate (Costanzo, 2000; Kobayashi and Costanzo,
2009), resulting in extensive injury that disrupts the structures provided by support cells and glia
involved in axonal guidance (John and Key, 2003).

Unlike the ablation methods described above, MMZ treatment spares the lamina propria of
the OE, a region responsible for early fasciculation and organization of OSN axon bundles for
axonal targeting (Blanco-Hernandez et al., 2012). The presence of both residual degenerating
axons in the OB, combined with an intact lamina propria, may contribute to improved regeneration
of the glomerular map by allowing newly generated OSN axons to use degenerating axons for

guidance and re-innervation of previously targeted glomeruli.
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Despite the sparsity of responses | observed in MMZ-treated animals that were previously
given doxycycline-fortified chow, it is also possible that MMZ ablation and deafferentation could
result in an overall increased gain in OB activity. A previous study reported increased gain in odor
responses following sensory deprivation with nose plugs (Barber and Coppola, 2015).
Additionally, sensory deprivation using a variety of techniques such as zinc sulfate treatment, naris
occlusion, and deafferentation leads to changes in GIuR1 expression levels in the GL, external
plexiform layer (EPL), and mitral cell layer (MCL) (Hamilton and Coppola, 2003; Hamilton et al.,
2008; Tyler et al., 2007). Modulation of AMPA receptor expression could act as a form of gain
control in response to changes in sensory input. It would be interesting to measure the intrinsic
properties of MCs and TCs after MMZ treatment to see whether odor deprivation could cause

changes in the intrinsic excitability of OB output neurons.

4.3 Differences between subtypes of GCs

To my knowledge, the results presented in Chapter 3 are the first to specifically investigate
differences in the functional connections between early and late postnatal-born GCs and MCs vs.
TCs. Our lab has previously shown that, in response to activation of a single glomerulus, a higher
proportion of superficial GCs are recruited and show larger EPSC amplitudes compared to deep
GCs. Superficial GCs have a more hyperpolarized action potential (AP) threshold and higher firing
rates in response to step current injections, which may explain the differences observed in the study
(Geramita et al., 2016).

Accordingly, I also attempted to record from postnatal-born GCs transduced at P2 and P14

and compare both the intrinsic properties of and feedforward excitation onto early vs. late
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postnatal-born GCs, but technical difficulties prevented me from obtaining any meaningful data.
However, a previous study has noted that the distribution of presynaptic GABAgRL1 in postnatal-
born synapses is different in GCs born at P6 vs. P60, and that presynaptic GABAgRL regulates
GABA release from P60 GCs but not P6 GCs. The authors also recorded light-evoked IPSCs in
MCs following activation of either GC subgroup and found that the amplitude of light-evoked
IPSCs was not significantly different following activation of P6 vs. P60 GCs (Valley et al., 2013).

Characterizing the strength of excitation from MCs vs. TCs onto early and late postnatal-
born GCs would complement my current data, but current markers for labeling MCs vs. TCs may
not be selective enough for this purpose. PCdh21 and Thx21 label both MCs and TCs and have
been used to optogenetically activate both populations (Faedo et al., 2002; Haddad et al., 2013;
Mitsui et al., 2011; Wachowiak et al., 2013). Markers selective for MCs are limited: in some
transgenic lines, Thyl is somewhat selectively expressed in MCs (Arenkiel et al., 2007; Chen et
al., 2012; Dana et al., 2014; Nishizumi et al., 2019), though a recent study has also identified the
Lbhd2 gene to be specifically expressed in MCs (Koldaeva et al., 2021). Candidates for TC-
specific markers are more promising: CCK appears to be preferentially expressed in TCs over MCs
(Cheetham et al., 2015; Seroogy et al., 1985), but most applications rely on anatomical segregation
and involve comparisons of STCs and MCs (Economo et al., 2016; Short and Wachowiak, 2019).
A subset of STCs also express vasopressin (Lukas et al., 2019). Ongoing advances in bulk and
single-nucleus RNA sequencing have identified additional molecular markers that could be used
to selectively label MCs and all TC subtypes (Zeppilli et al., 2021). Expressing a channelrhodopsin
in MCs or TCs labeled by these markers would allow selective optogenetic activation of the cell

types and enable direct comparison of their excitatory inputs onto subpopulations of GCs.
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A logical follow-up to characterizing the synapses between postnatal-born GCs and MCs
and TCs would be to compare whether the GC subpopulations differentially modulate MC and TC
output. | briefly attempted to address this question by injecting step currents in MCs and TCs to
evoke spike trains while optogenetically activating P2 or P14 GCs on interleaving trials, but I did
not observe any difference in spiking activity and encountered additional technical problems, so |
abandoned this direction. Lledo and colleagues previously expressed ChR2 in a single population
of adult-born GCs and demonstrated a clear reduction in MC output during photoactivation of
GCs. Interestingly, they also noted a dramatic increase in synapse formation between four to six
weeks after virus injection into the rostral migratory stream (RMS) (Bardy et al., 2010). It is
possible that 1 did not observe any reduction in MC and TC spiking activity in my limited
experiments because the number of synapses present at four weeks post injection was not sufficient
to produce a noticeable effect.

Another possible difference among postnatal-born GCs is their biochemical identity;
different biochemical subpopulations of GCs correspond to different birth windows and are
implicated in odor discrimination (Batista-Brito et al., 2008). Calretinin- GCs are superficial in the
granule cell layer (GCL), and pharmacogenetic inhibition leads to impaired olfactory
discrimination (Hardy et al., 2018); although they represent a small proportion of prenatally-
generated GCs, they are the most numerous biochemical subgroup out of all postnatally-generated
GCs (Batista-Brito et al., 2008). CaMKIIa* GCs are found in all depths of the GCL and required
for odor discrimination (Malvaut et al., 2017). 5T4" GCs are located even more superficially than
Calretinin® GCs in the GCL and can sometimes be found in the MCL; they form synapses with
ETCs and MCs, and mice with genetic knockout of 5T4 show impairments in odor discrimination

(Imamura et al., 2006; Takahashi et al., 2016). In agreement with the superficial location of their
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somata, a slightly higher proportion of 5T4* GCs are generated prenatally, but they also continue
to be generated throughout the animal’s life (Batista-Brito et al., 2008). | was interested in whether
my P2 and P14 viral injections transduced biochemically distinct subpopulations of GCs, but the
antibodies | used failed to provide accurate staining.

This dissertation focuses on differences between P2 vs. P14-transduced GCs, but it would
also be interesting to compare subgroups of GCs born at time points that are farther apart. Although
the experiments may be technically challenging given the age of the mice at time of recording, |
could perform viral injections in mice at P30 or P60 and compare the transduced GCs with GCs
labeled at P2 and P14. A previous study compared PO vs. P60 adult-born GCs and showed that
increasingly complex olfactory learning tasks recruited additional numbers of P60 adult-born GCs,
and the P60 GCs displayed increased spine plasticity all along their apical dendrites; these changes
were limited in PO GCs and only occurred after increasing the complexity of the olfactory tasks
(Forest et al., 2020). In utero electroporation (Sanchez-Gonzélez et al., 2020) or embryonic
injections of AAV vectors (Togashi et al., 2020) could also be used to label prenatally-generated

GCs with high specificity, allowing for comparisons between prenatal and postnatal-born GCs.

4.4 The dendritic properties of GCs

| initially expected early postnatal-born GCs to preferentially connect with TCs for two
reasons: 1) early postnatal-born GCs occupy the superficial layers of the GCL (Lemasson et al.,
2005) and the dendritic arbors of superficial GCs are found in the superficial EPL, and 2) the
dendrites of TCs are mostly found in the superficial EPL (Mori et al., 1983; Orona et al., 1984).

My data from Chapter 3, however, show that early postnatal-born (P2-transduced) GCs show an
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equal probability of being connected to MCs and TCs, whereas late postnatal-born (P14-
transduced) GCs show a trend of being preferentially connected with MCs.

This observation is supported by anatomical work showing the existence of not only GCs
with dendritic spines either in the superficial or deep EPL, but also of GCs with widespread
distribution of gemmules from the MCL to superficial EPL (Geramita et al., 2016; Mori, 1987;
Mori et al., 1983; Shepherd et al., 2007). The depths of the somata of these GCs have not been
characterized, but it is possible that their somata occupy the intermediate EPL, or that my P2
injections transduced GCs from this population. GCs with gemmules along the entire length of
their dendrites would be able to form synapses with both MCs and TCs, and evidence exists for
GCs that synapse with both MCs and TCs (Arnson and Strowbridge, 2017). Differential functional
organization of spines along the dendrite could also lead to differential inhibition onto subsets of
MCs and TCs (Woolf et al., 1991). Axodendritic synapses are found on the proximal apical and
basal dendrites of GCs, where GCs receive excitatory inputs from the axon collaterals of MCs,
TCs, and feedback projection fibers; there is no evidence for GC-mediated GABAergic release
from these sites (Mori, 1987). Thus, GABAergic release from the proximal apical and basal
dendrites of GCs is unlikely to mediate the light-evoked IPSCs shown in my data.

Additionally, it is also possible that the somata of early vs. late postnatal-born GCs are
found at a spectrum of depths in the EPL instead of only occupying the superficial or deep regions.
A more graded difference in either the distribution of gemmules or GC somata within the EPL
between P2- and P14-transduced GCs would result in the subtle differences in connectivity that |
observed in my data. Comparison of time points that are farther apart, such as GCs transduced at

P2 vs. P60, may reveal more distinct anatomical differences.
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4.5 Implications for olfactory circuitry

A glomerular column, simplified for our purposes, consists of the MCs and TCs whose
apical dendrites innervate a particular glomerulus and the GCs receiving excitation from those
MCs and TCs (Burton and Urban, 2014; Egger, 2008; Kim et al., 2011; Schoppa et al., 1998;
Willhite et al., 2006). Modeling studies suggest that APs generated by MCs during olfactory
experience and learning propagate down the lateral dendrites of MCs, where they contact GCs
(Migliore et al., 2007). The synaptic activity strengthens MC-GC synapses located along those
contacting dendrites and contributes to the formation of a glomerular column. GC dendrites extend
in a range of around 25-100 um and are capable of contacting 3-5 glomeruli (Arnson and
Strowbridge, 2017; Kim et al., 2011; Orona et al., 1983; Price and Powell, 1970b). A GC that
belongs to one glomerulus can enable lateral inhibition of MCs and TCs that belong to another
glomerulus (Chatterjee et al., 2016; Egger and Kuner, 2021). Lateral inhibition mediated by GCs
is involved in the decorrelation of odor-evoked responses in MCs and TCs, which is critical in the
patterning of glomerular maps and odor discrimination (Arevian et al., 2008; Gschwend et al.,
2015; Urban and Sakmann, 2002; Yokoi et al., 1995).

Inhibition from GCs also modulates gamma and beta oscillations in the local field
potentials of the OB, which have been shown to reflect synchronized neural activity during
olfactory processing, memory, and learning (Lagier et al., 2007; Martin and Ravel, 2014; Schoppa,
2006). MC-to-GC synapses that are proximal on the lateral dendrite of the MC play a large role in
MC synchrony, whereas distal MC-to-GC synapses are negligible, as expected. Distant MCs can
be synchronized if they share GCs via their lateral dendrites (McTavis et al., 2012). It is possible

that TCs are also more strongly modulated by more proximal synapses with GCs.
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Spatially distinct inhibitory connections that are dependent on the birth date of the GC
could promote the formation of glomerular columns that are also birth date-dependent. A given
glomerular column contains both early and late postnatal-born GCs (Willhite et al., 2006), which
may preferentially mediate lateral inhibition with MCs or TCs. For example, the survival of
superficial early postnatal-born GCs is more sensitive to odor exposure, and superficial 5T4-
expressing GCs show sensory input-dependent dendritic plasticity (Lemasson et al., 2005;
Yoshihara et al., 2012). Early postnatal odorant exposure increases the strength of lateral inhibition
onto TCs but not MCs, which could be due to the putative preference for superficial, early
postnatal-born GCs to connect with TCs (Geramita and Urban, 2016). Different glomerular
columns could be recruited in different olfactory behaviors (Bear et al., 2016), and stronger lateral
inhibition of the TCs or MCs in each column bears consequences for how odor signals are
represented and transformed before they are sent to higher cortical areas for further processing

(Fukunaga et al., 2012; Kikuta et al., 2013; Nagayama et al., 2010; Nagayama et al., 2004).

4.6 Contributions of adult neurogenesis

The healthy brain must maintain a balance between stability and plasticity. New neurons
must integrate without disrupting existing functions, but at the same time, the brain should also be
able to adapt to changes in the environment, learn new information, and repair injuries. A central
question is whether new neurons generated via adult neurogenesis bring unique contributions to
the circuitry. In this dissertation, | show that immature OSNs make functional connections with
the OB, suggesting that they may provide an additional layer of plasticity along with mature OSNSs.

Additionally, I demonstrate that the functional connectivity of postnatally-generated GCs with OB
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output neurons show subtle differences depending on whether the GCs were born in the early vs.
late postnatal period. Differences in functional connectivity lead to differential inhibition of MCs
vs. TCs, which have wide implications for olfactory processing.

If adult-born neurons are eliminated in response to environmental or behavioral states, this
suggests that adult neurogenesis is also a means of shaping the sensory system to better represent
the odor environment, rather than simply replenishing neurons via turnover. Two previous studies
of postnatal-born GCs from the Lledo group support this hypothesis. In agreement with previous
work demonstrating that the bulk of GC turnover occurs in late postnatal-born GCs (Lemasson et
al., 2005), Lledo and colleagues showed that olfactory learning altered turnover only in deep GCs,
which are composed of mostly late postnatal-born GCs (Mouret et al., 2008). Perhaps the type of
olfactory learning assessed by the authors preferentially involved late postnatal-born GCs and
specifically activated MC-GC synapses. MCs and TCs experience lateral inhibition at different
firing rates and perform odor discriminations at different concentration ranges (Geramita et al.,
2016), so it is possible for different olfactory tasks and behaviors to preferentially employ GC
inhibition of MCs or TCs.

Another study from the Lledo group found that increased adult neurogenesis following
olfactory learning was not uniformly distributed across the GCL, but GCL depths were not
analyzed (Alonso et al., 2006). The difference in the location of GC changes observed in this study
compared to the Mouret et al., 2008 study could be explained by the learning paradigms used: the
2008 study used a go/no-go odor discrimination task, whereas Alonso et al., 2006 used a buried
food task. Despite these variations in experimental design, both studies showed that different
postnatal-born GC subpopulations are sensitive to changes induced by olfactory tasks. Postnatal-

born neurons may represent a pool of neurons with enhanced synaptic plasticity and
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responsiveness to olfactory learning and act as the primary mediators in neural representations of

a changing environment.

4.7 Plasticity in adult-born olfactory neurons

In the OE, the continuous replacement of OSNs allows an animal to constantly adapt its
olfactory receptors (ORs) to its environment. The fact that immature OSNs form functional
synapses with OB neurons (as shown in Chapter 2) adds another level of plasticity to an already
highly plastic system. The genetic profiles of OSNs are sensitive to the animal’s odor environment,
and transcriptional changes influence the response properties of OSN odor-evoked responses
(Tsukahara et al., 2021).

In the OB, postnatal-born GCs show uniquely plastic properties in both the immature and
mature stages (Hardy and Saghatelyan, 2017; Livneh et al., 2014). During synaptic development
in adult-born GCs, odor deprivation reduces glutamatergic input at the distal apical and basal
dendrite but increases glutamatergic synapses in the proximal apical dendrite. After synaptic
development is complete, however, odor deprivation increases synapses in the proximal apical
dendrite and not the basal and distal dendrite. This difference in dendritic domain suggests that the
proximal apical dendrite may have synaptic plasticity that persists longer than that in the basal and
apical dendrite (Kelsch et al., 2009). Unlike the somatosensory and visual systems that show a
refinement of excitatory connections during maturation (Gordon and Stryker, 1996; Iwasato et al.,
1997), the sensory maps of GC odor-evoked activity are broadened as the GCs mature, and these
changes are accompanied by increased excitatory inputs onto the GCs. Sensory experience

accelerates these features of maturation. Interestingly, sensory deprivation via naris occlusion
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modifies the sensory maps and synaptic connections of immature but not mature GCs (Quast et
al., 2017).

Even in maturity, the apical dendrites of all GCs remain plastic throughout life (Sailor et
al., 2016). After the dendritic morphology of adult-born GCs stabilizes in development, their
spines remain dynamic as the animal ages (Mizrahi, 2007). The persistence of spine plasticity is
not observed in either cortical interneurons or MCs and TCs (Lee et al., 2005; Mizrahi and Katz,
2003; Trachtenberg et al., 2002). Odor enrichment, learning, and sensory deprivation can all
change the spine dynamics and turnover of mature adult-born GCs (Dahlen et al., 2011; Livneh
and Mizrahi, 2012). Reward-associated olfactory learning increases spine density in the proximal
apical and basal dendrites of adult-born GCs, where they receive cortical feedback projections
(Lepousez et al., 2014). Implicit and explicit olfactory learning have opposite effects on spine
density in adult-born GCs and sIPSC amplitudes recorded in MCs; the authors theorized that
decreased inhibition in MCs could enhance the neural representation of only the conditioned odor
(Mandairon et al., 2018). This possibility is supported by a study showing that odor associative
learning increases the strength of excitation from MCs onto GCs within odor-activated regions and
sharpens the GC-mediated inhibition back onto the MCs (Huang et al., 2016).

During olfactory learning, spine density increases on the apical dendrites of adult-born GCs
along with the strength of excitatory odor responses, but these changes do not occur in resident
GCs (Wu et al., 2020). The spines of mature adult-born GCs can relocate in response to local
synaptic input from MCs (Breton-Provencher et al., 2016). A recent in vivo calcium imaging study
found that mature adult-born olfactory cells (including both PGCs and GCs) have higher levels of
spontaneous activity compared to resident cells. Compared to resident cells, fewer mature adult-

born cells respond reliably to odor stimulation, and their response amplitudes are smaller than
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those of resident cells. Mature adult-born cells, unlike resident cells, are also strongly modulated
by serotonergic inputs (Fomin-Thunemann et al., 2020). Collectively, these data show that adult-
born GCs appear to be more sensitive to sensory experience compared to resident or prenatally-
generated GCs and support the possibility that adult-born neurons perform additional functions

beyond replenishing dying neurons.

4.8 External and internal states affecting neurogenesis

Both environmental factors and the animal’s internal state can influence neurogenesis in
behaviorally relevant ways (Lledo and Valley, 2016). As discussed previously, neurogenesis in the
OE and OB is sensitive to sensory input. Increased activation of OSNs or odor activity increases
the survival of newly generated OSNs (Santoro and Dulac, 2012; Watt et al., 2004). Conversely,
reducing sensory input using naris occlusion decreases the number of OSNs present in the OE
(Cavallin et al., 2010). In the OB, an enriched odor environment and olfactory learning promote
GC neurogenesis (Alonso et al., 2006; Kamimura et al., 2022; Lemasson et al., 2005), whereas
naris occlusion decreases the generation and survival of GCs (Saghatelyan et al., 2005).
Neurogenesis in both the OE and OB also decreases with age (Daynac et al., 2016; Enwere et al.,
2004; Kondo et al., 2010; Loo et al., 1996; Magavi et al., 2005); perhaps neurogenesis naturally
declines later in the animal’s life because learning and adaptation are no longer as critical to
survival as earlier in life, or the neurogenic potential of stem cells diminishes with age (Child et
al., 2018).

Aside from sensory experience and aging, there are additional studies linking neurogenesis

to behaviors that guide survival. Mice show increased apoptosis among adult-born GCs during
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feeding and post-feeding time windows; this effect was not observed in hippocampal GCs, which
is expected given that feeding is a behavior mediated by olfaction (Yokoyama et al., 2011). The
authors proposed that a subset of adult-born GCs is recruited by the mice’s food-finding and eating
behavior. After eating, the activated GCs survive, and the adult-born GCs that were not recruited
or activated undergo apoptosis. This hypothesis is supported by the fact that blocking apoptosis in
adult-born GCs impaired response times in spontaneous odor exploration and odor discrimination
(Mouret et al., 2009).

A previous study has also found that pregnancy stimulates the production of adult-born
GCs via prolactin, suggesting that newly generated neurons may be involved in maternal behavior
and bonding with offspring (Shingo et al., 2003). A subsequent study using lactating mice reported
that adult-born GCs show more stable dendritic spine numbers and a lower spine density,
suggesting increased dendritic integration of adult-born GCs following giving birth (Kopel et al.,
2012).The studies cited above are but a few examples linking adult neurogenesis in the olfactory
system to behaviors that are essential to survival; they demonstrate that adult neurogenesis is
intertwined with plasticity and environmental adaptation. It would be interesting to investigate
whether there is any coupling between OE neurogenesis and OB neurogenesis and whether

manipulating one can affect the other.

4.9 Shared similarities with hippocampal neurogenesis

Hippocampal adult neurogenesis in the dentate gyrus is also sensitive to the environment
and sensory experience. An early study in chickadees found that the birds show increased

neurogenesis in the hippocampus during the fall, when birds are storing food for the winter (Barnea
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and Nottebohm, 1994). The rate of neurogenesis was lower in captive birds compared to free-
ranging birds. Increased recruitment of new hippocampal neurons may be critical in the formation
of new spatial memories used in food storage, which is more important for free-range birds than
captive birds. Additionally, mice raised in an enriched environment with littermates, novel objects,
and running wheels show increased hippocampal neurogenesis (Kempermann et al., 1997).

Changes in the environment also affect the maturation and integration of adult-born dentate
gyrus GCs (Kirschen et al., 2017; Piatti et al., 2011). Presynaptic connections to dentate gyrus GCs
can be modified in an enriched environment, and a degree of plasticity persists beyond the critical
window when most of the changes occur (Bergami et al., 2015). Just like in the OB, hippocampal
neurogenesis is sensitive to the internal or physiological state of the animal: stress, maternal
separation, depression, pregnancy, hormones, and aging all reduce dentate gyrus neurogenesis
(Gould et al., 1997; Kuhn et al., 1996; Mirescu et al., 2004; Montero-Pedrazuela et al., 2006;
Snyder et al., 2011; Tanapat et al., 1999).

Adult-born dentate GCs are involved in a variety of functions, including memory retrieval
(Gu et al., 2012) and memory clearance (Akers et al., 2014; Epp et al., 2016). Similarly to OB
GCs, dentate gyrus GCs mediate pattern separation, which facilitates discriminating between
similar events or locations (Clelland et al., 2009; Deng et al., 2013; Toda et al., 2018). The role of
adult neurogenesis in other hippocampal-dependent tasks such as initial memory acquisition,
Morris water maze navigation, and fear conditioning is more disputed (Toda et al., 2018).
Nevertheless, robust evidence exists for hippocampal adult neurogenesis involvement in aging and
disease. Hippocampal neurogenesis declines with age (Spalding et al., 2013), and a recent study
suggested that age-associated cognitive decline could be prevented or slowed by restarting

hippocampal adult neurogenesis (McAvoy et al., 2016). Hippocampal neurogenesis in both
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humans and mouse models is also impaired in Alzheimer’s disease, Parkinson’s disease,
depression, and epilepsy (Crews et al., 2010; Hattiangady et al., 2004; Li et al., 2008; Lucassen et
al., 2010; Winner et al., 2012).

Changes in hippocampal adult neurogenesis have farther-reaching implications in behavior
compared to neurogenesis in the OB simply because of the hippocampus’ involvement in a diverse
range of functions. Insights obtained from studying adult neurogenesis in the OB, however, may

illuminate the mechanisms regulating the generation and integration of new hippocampal neurons.

4.10 Conclusion

Adult neurogenesis is an essential feature of the healthy rodent brain, allowing it to
replenish neurons during normal turnover and to adapt to the animal’s external environment. In
this dissertation, | utilize the well-characterized circuitry of the OB to study the contribution of
neurogenesis in the olfactory system. | show that immature OSNs make monosynaptic connections
to neurons in the OB, providing evidence that immature OSNSs play a previously unappreciated
role in odor processing. | also show that birth date related differences in the functional connectivity
of postnatal-born GCs lead to differential inhibitory inputs onto MCs and TCs. Collectively, these
data suggest that adult neurogenesis plays a unique role in olfactory processing and challenge the

notion that the sole function of new neurons is to replace old dying neurons.
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