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Chapter 1

Introduction

The mammalian olfactory system

Mammals rely on olfaction to fulfill essential needs such as feeding and mating, as
well as avoiding predators and harmful substances. Olfaction is among the oldest sensory
systems and its signal transduction involves the largest family of receptor proteins in the
mammalian genome (Hildebrand and Shepherd, 1997). The large set of olfactory receptors
(OR) genes (~1,000 in rodents) (Buck and Axel, 1991), is thought to provide animals with
an enormous discriminatory power (Eisenberg and Kleiman, 1972). Airborne molecules
gain access to a neuroepithelium lining the back of the nasal cavity, where olfactory
sensory neurons (OSN) transform chemical cues into electrical impulses. Generally, each
OSN expresses a single or few types of ORs (Mombaerts, 2004), which confers a particular
odor receptive field to each OSN. The tuning of OSNs for odor molecules ranges from
narrow to broad (Araneda et al., 2000, 2004), thus odor activation of neurons in the
olfactory epithelium results in the recruitment of a unique combination of OSNs, which is
enhanced in complexity by odor antagonism and potentiation at the receptor level (Oka et
al., 2004; Inagaki et al., 2020; Pfister et al., 2020; Xu et al., 2020; Zak et al., 2020).

Olfactory stimuli can be broadly divided into two main groups based on the type of
information they convey: common odors and pheromones. Accordingly, the mammalian

olfactory system processes odor stimuli through two separate sensory organs: the main
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The olfactory system in rodents

Right, volatile odor molecules activate olfactory sensory neurons of the main olfactory
epithelium (MOE). These sensory neurons project to the main olfactory bulb (MOB) where
the olfactory information is first processed. MOB output neurons project to multiple cortical
areas including the tenia tecta (TT), anterior olfactory nucleus (AON), olfactory tubercle (Tu),
piriform cortex (PC), nucleus of the lateral olfactory tract (nLOT), anterior cortical and
posterolateral cortical amygdaloid nuclei (ACN and PLCN, respectively), and entorhinal
cortex (EC). Left, non-volatile molecules activate sensory neurons of the vomeronasal organ
(VNO), which in turn project to the accessory olfactory bulb (AOB). The AOB output neurons
project to multiple targets in the limbic system including the posterior bed nucleus of the stria
terminalis (BNSTp), medial (MeA/MeP) and posteromedial cortical amygdaloid nucleus
(PMCN), anterior cortical nucleus (ACN) and posterolateral cortical amygdaloid nucleus
(PLCN). Neuronal projections from both olfactory pathways converge into hypothalamic
nuclei, including the medial preoptic area (MPOA) and the ventromedial hypothalamus
(VMH). Modified from C. Dulac & S. Wagner, 2006.



olfactory epithelium (MOE), which mainly detects common odorants, and the vomeronasal
organ (VNO) which is most sensitive to pheromones. In the VNO, pheromones activate a
class of receptors unrelated to the receptors expressed in the MOE, the V1R and V2Rs
(Dulac and Axel, 1995; Liman, 1996; Herrada and Dulac, 1997). V1R expressing neurons
lie in the apical layer of the VNO, while V2R expressing neurons preferentially reside in
its basal layer suggesting these two receptor classes convey distinct pheromonal
information (Jia and Halpern, 1996; Rodriguez et al., 1999). Despite this anatomical
separation, simultaneous activation of MOE and VNO appears to be essential for normal
pheromone-mediated behaviors (Dulac and Torello, 2003; Dulac and Wagner, 2006).
OSNs in the MOE project a single axon to the surface of the main olfactory bulb (MOB)
where they synapse onto apical dendrites of the MOB output neurons, the mitral (MC) and
tufted cells (TC), in a neuropile structure termed glomerulus (Shepherd, 2004). OSNs
expressing the same OR type bundle within the olfactory nerve (ON) to exclusively
innervate two glomeruli in the mouse MOB (Shibuya and Shibuya, 1963; Mombaerts et
al., 1996). This arrangement suggests that at least at the glomerular level, odor signals are
organized in a labeled line fashion, where a given glomerulus exhibits the same odor tuning
as the OSNs that innervate it. Odor signals conveyed by activation of OSNs are integrated
in the glomeruli by MCs and TCs, which in turn broadcast these signals to multiple brain
areas (Figure 1). MC and TC axons bundle in the lateral olfactory tract (LOT), which
primarily targets the piriform cortex (PC) and the anterior olfactory nucleus (AON), as well
as the olfactory tubercle (Tu), nucleus of the lateral olfactory tract (nLOT), entorhinal
cortex (EC) and tenia tecta (TT) (Figure 1, blue arrows) (Shepherd, 2004; Dulac and

Wagner, 2006). The output neurons of the OB also innervate regions of the limbic system



including the posterolateral cortical amygdaloid nucleus (PLCN) and the anterior cortical
nucleus (ACN), which in turn provide inputs to hypothalamic areas such as the medial
preoptic area (MPOA).

In contrast, VNO sensory neurons project to the accessory olfactory bulb (AOB),
where they convey pheromonal information to the output neurons of the AOB, which are
less well defined than in the MOB and termed M/TCs (Brennan, 2001). Unlike in the MOB,
axons from AOB MCs avoid cortical areas and instead project to nuclei of the limbic
system; among them the posteromedial amygdaloid cortical nucleus (PMCN), medial
amygdaloid nucleus (MeA), bed nucleus of stria terminalis (BNST) and nucleus of the
accessory olfactory tract (Figure 1, orange arrows) (Dulac and Wagner, 2006). In turn,
these AOB target regions convey pheromonal information to hypothalamic nuclei
associated to social behaviors such as the ventromedial hypothalamus (VHM) and MPOA

(Petrovich et al., 2001).

Synaptic organization of the olfactory bulb

Early stages of odor processing in the OB are characterized by prominent local
inhibitory circuits that shape the activity of MCs and TCs (Shepherd, 2004; Nagayama et
al., 2014). Glomeruli are surrounded by local GABAergic neurons collectively called
juxtaglomerular cells, and among them, the most abundant are the periglomerular cells
(PGC) (Figure 2). These axonless neurons are primarily GABAergic and target the apical
dendrites of MCs and TCs as well as the axon of OSNs, thereby modulating the incoming
odor signals (Shipley and Ennis, 1996). Presynaptic inhibition of OSN axons by PGCs is

4



thought to function as a sensory gain mechanism (Wachowiak and Cohen, 1999;
Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001; Wachowiak et al., 2005; Shao et al.,
2012). The activity of PGCs is driven by glutamate release from the dendritic tuft of MCs
and TCs, and direct inputs from sensory afferents (Shepherd, 2004). In addition, a subtype
of juxtaglomerular neurons termed short axon cells (SACs), allow long-range interactions
between multiple glomeruli (Aungst et al., 2003; Kiyokage et al., 2010). These
interneurons have been proposed to implement normalization of the OB output signal and
decorrelation of odor representations (Zhu et al., 2013a; Banerjee et al., 2015).

MCs and TCs extend long lateral dendrites into the external plexiform layer (EPL)
of the bulb where they form ubiquitous dendrodendritic synapses (DDS) with another type
of inhibitory neuron, the granule cells (GC) (Figure 2A). Functionally, GCs regulate MCs
and TCs activity through two types of inhibitory mechanisms: dendrodendritic inhibition
(DDI) and lateral inhibition. DDI results from recurrent local release of y-aminobutyric
acid (GABA) from the dendritic spines of GCs, activated by the glutamate release from a
connected MC’s lateral dendrite (Yokoi et al., 1995; Isaacson and Strowbridge, 1998;
Christie et al., 2001; Schoppa and Urban, 2003; Shepherd, 2004). Lateral inhibition
involves a global GC depolarization and dendritic Ca?* increase, leading to a broader
release of GABA. GCs make DDS with several MCs (and TCs); thus an active MC can
inhibit surrounding MCs. This latter mechanism is proposed to generate contrast
enhancement and center-surround inhibition in analogy with retinal visual processing
(Isaacson and Strowbridge, 1998; Mori et al., 1999; Egger et al., 2003; Shepherd, 2004;
Arevian et al., 2008). DDI and lateral inhibition are thought to shape the output signal of

MCs both in the temporal and spatial domains (Yokoi et al., 1995; Isaacson and



Strowbridge, 1998; Schoppa, 1998; Mori et al., 1999; Egger et al., 2003; Lagier et al., 2007,
Arnson and Strowbridge, 2017). Unlike in other sensory modalities, the axons of MCs and
TCs directly reach the cortex, bypassing the thalamus (Figure 1); therefore, several models
propose that important aspects of olfactory coding occur in the OB, including those that
contribute to odor discrimination and concentration invariance of odor perception (Storace
and Cohen, 2017; Wilson et al., 2017).

Less is known about the processing of pheromonal signals by the AOB. The
synaptic arrangement of the AOB differs from the MOB in that AOB MCs extend apical
dendrites to multiple glomeruli (Figure 2B). Studies have shown that a significant fraction
of AOB MCs receive inputs from glomeruli associated to different sensory neurons, but
expressing closely related vomeronasal receptors (Wagner et al., 2006), which contrasts
the labeled line connectivity of the MOB, suggesting early integration of sensory inputs
from the VNO (Keverne, 1999; Wagner et al., 2006). Nevertheless, like in the MOB, the
most abundant neuronal type in the AOB are local inhibitory neurons that serve a similar
inhibitory role, and are therefore proposed to have a similar role in pheromonal coding (Jia

et al., 1999; Mohrhardt et al., 2018).

Olfactory processing

Odors with different molecular structure activate loosely clustered arrays of
glomeruli in the bulb (Rubin and Katz, 1999; Johnson and Leon, 2000; Uchida et al., 2000;
Wilson and Mainen, 2006). For instance, aldehydes tend to activate glomeruli in the
anterior portion of the bulb surface, while alcohols activate disproportionally more

6
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Fig. 2: Morphological differences between the main and accessory olfactory bulb

(A) Left, nuclear staining (dapi) of a horizontal slice of the MOB reveals the different cellular
layers of the MOB, shown as a scheme on the right. Signals from sensory neurons in the nose
innervate the surface of the OB forming the olfactory nerve layer (ONL). The OB output
neurons mitral and tufted cells (gray) convey the sensory stimuli and in turn activate local
GABAergic neurons in the glomerular layer (GL, yellow) and granule cell layer (GCL, cyan),
which shape MC and TC activity. (B) Left, nuclear staining of a sagittal slice of the AOB.
Right, peripheral inputs from the VNO innervate the glomerular layer of the AOB. The AOB
output neurons MCs locate in the external cellular layer (ECL) and project to multiple

glomeruli. The AOB internal cellular layer (ICL) contains the inhibitory GCs.

glomeruli in the medial part. These observations lead to propose that inputs to the bulb are
organized in a chemotopic map. However, when glomerular responses to a large set of
odors are explored on a finer scale, neighboring glomeruli show considerably different
responses to structurally similar odors (Bozza et al., 2004; Soucy et al., 2009; Ma et al.,
2012). These findings argue against the existence of chemotopic representations in the
MOB and the possible role of lateral inhibition as a mechanism for contrasts enhancement
of odor signals as originally postulated (Yokoi et al., 1995).

As respiration is inherently related to the access of odor molecules to the nose, the

activity of the OB output neurons often correlates with the respiration rhythm (Macrides
7



and Chorover, 1972; Onoda and Mori, 1980). The firing of MCs and TCs precisely locks
to particular times of the sniff cycle (Cury and Uchida, 2010; Shusterman et al., 2011;
Smear et al., 2011; Wachowiak, 2011). Individual OB output neurons show odor specific
temporal patterns with a trial-to-trial timing precision on the order of 10 ms in awake mice,
yet these patterns are highly diverse across populations of neurons (Shusterman et al.,
2011). Importantly, in experiments where the olfactory input was optogenetically
controlled by expressing channelrhodopsin-2 (ChR2) in the OSNs, mice were able to
discriminate between brief light stimulations across different sniff phase points shifted by
as little as 10 ms (Smear et al., 2011). This evidence suggests that the olfactory system of
rodents can encode fast temporal patterns in an exquisitely precise manner, with a temporal
precision comparable to that reported in the auditory and visual systems (Wehr and Zador,
2003; Butts et al., 2007).

Network oscillations are a prominent feature of the OB (Adrian, 1942), and have
been proposed to provide a substrate for the encoding of information by MCs and TCs
(Kay et al., 2009; Fukunaga et al., 2014). Oscillations in the recorded local field potential
(LFP) can be observed across a wide spectrum of frequencies, ranging from 4 to 100 Hz
(Kay, 2015). Different frequency bands of the LFP are thought to arise as a consequence
of the interaction between output neurons and local GABAergic circuits (Fukunaga et al.,
2014; Kay, 2014). For instance, oscillations in the 6 frequency band (~4 to 12 Hz),
entrained by the respiratory cycle, are partly orchestrated by PGCs (Lagier et al., 2004;
Fukunaga et al., 2014), while y oscillations (~40 to 80 Hz) arise from the recruitment of
GC inhibition (Rall and Shepherd, 1968; Kay, 2014). In addition, B-range oscillations (~20

Hz) are present in both the OB and PC and are associated with odor learning (Martin et al.,



2007; Kay et al., 2009). Some of the fast electrical oscillations and rhythmic patterns are
present across olfactory areas ex vivo, suggesting that this activity likely originates from
intrinsic circuit properties (Balu et al., 2004; Hayar, 2004; Schoppa, 2006; Pandipati et al.,
2010; Pandipati and Schoppa, 2012; Villar et al., 2021a).

Despite the undisputed existence of network oscillatory activity across olfactory
areas, their relevance for olfactory processing remains highly debated, mainly because
ablating oscillations typically requires interrupting basic neural circuit function (Kay et al.,
2009). The strongest argument for the role of odor-evoked neural synchronization in odor
perception and the involvement of inhibitory neurons in this process has come from studies
in the antennal lobe (AL) of insects, an analogue structure to the mammalian OB.
Projection neurons (PN) in the AL, which are analogous to MCs and TCs, respond with an
odor-specific synchronized firing pattern (Laurent et al., 1996). This synchronized firing is
sculpted by the interaction of PNs with local inhibitory neurons (Laurent and Davidowitz,
1994). Thus, when fast inhibitory transmission is pharmacologically inhibited in the AL,
the oscillatory synchronization of PNs is abolished and the discrimination of molecularly
similar odors is impaired, however, the response profile and odor-specificity of the PNs
remain unaltered (MacLeod and Laurent, 1996; Stopfer et al., 1997). Thus, local
GABAEergic inhibition in early olfactory areas of insects appears to participate in neuronal
synchronization but not in odor response tuning. Furthermore, in mice the intensity of y
oscillations in the OB correlates positively with the excitability of the local GABAergic

network and olfactory discriminatory power (Nusser et al., 2001).



Neuromodulatory regulation of olfactory circuits

Odor processing in the bulb is profoundly influenced by behavioral states through
top-down innervation from several neuromodulatory systems. Among these, the
noradrenergic, cholinergic and GABAergic afferences represent the main sources of
neuromodulation of the OB (Shipley et al., 1985; Zaborszky et al., 1986, 2012; McLean et
al., 1989; Voytko et al., 1994; Voytko, 1996). Noradrenergic projections originate in the
locus coeruleus and its activity strongly correlates with wakefulness, alertness and arousal
(Foote et al., 1980; Florin-Lechner et al., 1996; Aston-Jones and Cohen, 2005). Adrenergic
modulation of the OB circuit have been implicated in important olfactory processes,
including odor learning (Sullivan et al., 1989; Doucette et al., 2007), network oscillatory
dynamics (Manella et al., 2017; Ramirez-Gordillo et al., 2018) and promoting adult
neurogenesis of the inhibitory neurons of the OB (Moreno et al., 2012). Throughout the
brain, noradrenaline acts through three classes of adrenergic receptors: a1, a2 and f3, all of
which are expressed in the OB (Pieribone et al., 1994; Woo and Leon, 1995; Day et al.,
1997; Small et al., 2003; Hein, 2006). Activation of the different types of adrenergic
receptors gives rise to diverse cellular responses due to coupling to different intracellular
transduction pathways. In the OB, adrenergic activation modulates DDI by directly acting
on a1 and P receptors in GCs (McLean et al., 1989; Araneda and Firestein, 2006; Smith et
al., 2009; Nai et al., 2010; Pandipati et al., 2010; Pandipati and Schoppa, 2012; Zimnik et
al., 2013), producing a long-lasting increase in GABAergic inhibitory inputs onto MCs. At
the circuit level, the actions of noradrenaline are complex due to the diversity of receptor

types expressed in the different cell types, yet overall adrenergic activation excites MCs in
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the MOB due to a direct excitatory action on a1 receptors (Hayar et al., 2001), while inhibits
MCs of the AOB by acting on the inhibitory GCs (Araneda and Firestein, 2006; Doyle and
Meeks, 2017).

Context-dependent neuromodulation of the OB also originates in the basal
forebrain (BF) (Voytko et al., 1994; Voytko, 1996). The BF broadly integrates cortical and
subcortical information, which can be relayed to the bulb through extensive cholinergic
innervation of all bulb layers (Zaborszky et al., 1986, 2012). OB projecting cholinergic
neurons reside in the nucleus of the horizontal limb of the diagonal band of Broca (HDB).
In addition to the bulb, HDB cholinergic neurons send projections throughout the cortical
mantle, including the olfactory cortex. The release of acetylcholine by these neurons is
highly influenced by the behavioral state, and has profound impacts on a diverse array of
cognitive processes ranging from arousal, attention, learning and cognitive performance
(Hasselmo and Sarter, 2011; Lee and Dan, 2012; Ballinger et al., 2016; Jiang et al., 2016).
In the bulb, acetylcholine acts predominantly through the activation of muscarinic
acetylcholine receptors (MAChRs) (Castillo et al., 1999; Ghatpande et al., 2006; Pressler
et al., 2007a; Smith et al., 2015), and nicotinic receptors (NAChRs) (Castillo et al., 1999;
Araneda and Smith, 2010; D’Souza et al., 2013). Muscarinic receptors are divided into five
subclasses: M1, M3 and M5, which couple to phospholipase C having an overall excitatory
effect, and M2 and M4, which inhibit adenyl cyclase leading to an overall inhibitory effect
(Thiele, 2013). The distribution of MAChRs in the OB shows complex patterns across
layers and the functional role for such diversity remains unknown. Optogenetic activation
of cholinergic afferents in vivo reduces the spontaneous firing of MCs and TCs and

sharpens their olfactory responses, while it broadens odor responses in GABAergic
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interneurons (Ma and Luo, 2012; Rothermel et al., 2014). At the cellular level, cholinergic
activation drives opposite effects in the output neurons of the MOB and AOB. Muscarinic
activation drives a strong depolarization of AOB MCs mediated by the activation of M1-
MAChRs (Araneda and Smith, 2010), while MOB MC are inhibited by M2-mAChRs
activation (Smith et al., 2015). Similar opposing effects are observed in the regulation of
GCs. Activation of M1-mAChRs increases the excitability of AOB GCs, while M2-
MAChRs activation hyperpolarizes MOB GCs, together with inducing a slow
afterdepolarization (Pressler et al., 2007a; Araneda and Smith, 2010; Smith et al., 2015).
These differences in the modulatory action of acetylcholine across the similar circuits of
the MOB and AOB could be related to the processing of distinct sensory signals, which are

relevant in different behavioral contexts.

Descending cortical inputs to early olfactory processing areas

Early olfactory processing in the OB is also regulated by extensive top-down
projections from olfactory-cortical regions. Glutamatergic projections from the PC, AON
and EC innervate the local inhibitory neurons in the granule cell layer (GCL) and
glomerular layer (GL) (Shipley and Adamek, 1984; Boyd et al., 2012; Markopoulos et al.,
2012; Rothermel and Wachowiak, 2014). Fast excitation of GCs and PGCs by these
glutamatergic signals produces a strong disynaptic inhibition in the output neurons (Boyd
et al., 2012; Markopoulos et al., 2012). The excitatory feedback from the PC targets
exclusively local GABAergic cells, including the deep-short axon cells (ASACs), which
represent a local source of inhibition to GCs (Boyd et al., 2012). Functional studies have
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shown that the odor-driven recruitment of the PC glutamatergic feedback to the OB is
sparse and specific to the odor identity, likely reflecting a sparse odor coding in the PC
(Poo and Isaacson, 2009). Pharmacological inactivation of the PC increases responsiveness
and correlation of bulb output neurons. These findings propose that the PC corticobulbar
feedback allows for decorrelation of MCs, thus enabling odor discrimination (Otazu et al.,
2015). Furthermore, studies in vivo have shown that glutamatergic feedback projections
from the AON, another cortical area targeted by the MCs and TCs, contribute to the
generation of precisely timed spikes in MCs and control of basal firing, suggesting that the
AON can modulate ongoing odor representations in the OB output neurons (Markopoulos

etal., 2012).

Top-down GABAergic innervation of the olfactory bulb

Unlike numerous sources of fast glutamatergic feedback, only few areas have been
reported to provide GABAergic innervation to the OB. The BF is a main source of long-
range projecting GABAergic cells which broadly innervates cortical and subcortical
structures (Zaborszky et al., 1986; Gritti et al., 1997, 2003). BF GABAergic innervation to
the OB originates in a nucleus called the magnocellular preoptic area (MCPO) (Gracia-
Llanes et al., 2010; Nunez-Parra et al., 2013), in which GABAergic and cholinergic cells
intermingle (Zaborszky et al., 1986). Although traditionally BF GABAergic neurons have
been studied in the context of cortical arousal and sleep (Yang et al., 2014a, 2017; Brown
and McKenna, 2015; Kim et al., 2015a; Lin et al., 2015; Xu et al., 2015; Zant et al., 2016;
McKenna et al., 2021), recent evidence suggest that these neurons have also a role in
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sensory processing (Melzer et al., 2012; Gonzalez-Sulser et al., 2014; Kim et al., 2015a).
Particularly, chemogenetic silencing of the MCPO GABAergic neurons greatly impairs
fine odor discrimination in mice (Nunez-Parra et al., 2013). Furthermore, a recent study
showed the existence of a smaller population of OB-projecting GABAergic neurons in the
AON, which can inhibit spontaneous and odor evoked activity of MCs and TCs in vivo.
Chemogenetic silencing of these projections, as with the MCPO, also impairs odor
discrimination (Mazo et al., 2020).

While recent studies have shed new light on the mechanisms of action of top-down
GABAEergic regulation of the OB (Sanz Diez et al., 2019; Boéhm et al., 2020; Hanson et al.,
2020; Villar et al., 2021a), the activation dynamics of OB-projecting MCPO GABAergic
neurons and their functional role in modulating odor representations in olfactory circuits

remain unknown and are the main focus of this dissertation.

Specific aims

The OB receives rich excitatory and inhibitory descending projections from cortical
and subcortical areas, which fine tune local neurons and ultimately modulate the circuit
outputs (De Olmos et al., 1978; Luskin and Price, 1983; Shipley and Adamek, 1984;
Matsutani and Yamamoto, 2008). Over the last decade, several studies revealed the features
of the cortical excitatory glutamatergic feedback in the OB and their role in olfactory
processing. In contrast, little is known on the activation of descending inhibitory
GABAergic projections from the BF, and their functional role in controlling olfactory
representations. A central hypothesis of this dissertation is that MCPO GABAergic neurons
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are recruited by a direct input from the piriform cortex, which serves to produce a fast top-
down influence to local processing in the OB (Figure 3). | tested this hypothesis in three
independent aims, in which we (1) identified the postsynaptic targets of MCPO
GABAergic neurons in the OB and determined their impact on circuit function, (2)
examined the connectivity of the piriform cortex with MCPO GABAergic neurons and
studied the activity dynamics of MCPO GABAergic projections in the OB in response to
odors in awake mice, and (3) characterized the cell type diversity among OB projecting

MCPO GABAergic neurons.

Specific aim 1

Identify postsynaptic targets of BF GABAergic neurons within the OB and define
the impact of this inhibitory input on the activity of the bulb output neurons. Previous
neuroanatomical studies have suggested targets of MCPO GABAergic inputs onto the OB
(Gracia-Llanes et al., 2010) and showed functional connections with GCs (Nunez-Parra et
al., 2013), however, it remains unknown the full extent of axonal targeting of MCPO
GABAergic neurons in the OB, their synaptic properties and how they impact the OB
output neurons. As a step towards understanding these questions, we conducted targeted
electrophysiological recordings across different neuronal types in OB slices, while
optogenetically stimulating MCPO GABAergic axons to characterize postsynaptic
inhibitory responses and to evaluate the circuit effects of this inhibition on the activity of

MCs.
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Specific aim 2

Examine the connectivity of piriform cortex excitatory neurons with MCPO
GABAergic neurons and investigate the activity dynamics of MCPO GABAergic
projections in the OB, in responses to odors in behaving mice. To date, the function of fast
inhibitory inputs from MCPO GABAergic neurons in controlling olfactory representations
remains unknown. A main question is whether the activity of these neurons is directly
modulated by inputs from the piriform cortex during odor-driven behaviors. In the second
aim of this dissertation, | used whole-cell electrophysiology and optogenetics to examine
direct inputs from the PC onto OB projecting MCPO GABAergic cells and multiphoton
calcium imaging in awake mice to investigate how the activity of MCPO GABAergic
projections to the OB is modulated by odor stimuli and characterized their activity

dynamics as a function of odor identity and concentration.

Specific aim 3

Determine the diversity of OB-projecting MCPO GABAergic neurons, their
projections to the OB and their activation by piriform cortex excitatory inputs. The BF
represents a heterogeneous collection of neurons with poorly defined connectivity. In the
third aim of this dissertation, | examined the inhibitory inputs to the OB using whole-brain
imaging and immunohistochemistry to characterize the subpopulation diversity of
GABAergic neurons in the MCPO and their projections to the OB. In addition, using

whole-cell electrophysiology and optogenetics | evaluated the targets of these projections
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in the OB and the existence of specific inputs from PC to different MCPO populations of

neurons.

Fig. 3: Schematic representation of the main hypothesis

Stimulus-driven feedforward excitation in the olfactory bulb (OB) drives activation of the
piriform cortex (PC), which in turn sends feedforward excitation (FFE) to the magnocellular
preoptic area (MCPO) to recruit the activity of long-range GABAergic cells. In response to
the stimulus-driven excitation (red arrows), MCPO GABAergic cells send feedback inhibition

(FBI) to the OB to regulate ongoing early sensory processing (blue arrow).
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Summary

Local interneurons of the olfactory bulb (OB) are densely innervated by long-range
GABAergic neurons from the basal forebrain (BF), suggesting that this top-down
inhibition regulates early processing in the olfactory system. However, how GABAergic
inputs modulate the OB output neurons, the mitral/tufted cells, is unknown. Here, in male
and female mice acute brain slices, we show that optogenetic activation of BF GABAergic
inputs produced distinct local circuit effects that can influence the activity of mitral/tufted
cells in the spatiotemporal domains. Activation of the GABAergic axons produced a fast
disinhibition of mitral/tufted cells consistent with a rapid and synchronous release of
GABA onto local interneurons in the glomerular and inframitral circuits of the OB, which
also reduced the spike precision of mitral/tufted cells in response to simulated stimuli. In
addition, BF GABAergic inhibition modulated local oscillations in a layer-specific manner.
The intensity of locally evoked 6 oscillations was decreased upon activation of top-down
inhibition in the glomerular circuit, while evoked y oscillations were reduced by inhibition
of granule cells. Furthermore, BF GABAergic input reduced dendrodendritic inhibition in
mitral/tufted cells. Together, these results suggest that long-range GABAergic neurons
from the BF are well suited to influence temporal and spatial aspects of processing by OB

circuits.
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Introduction

The basal forebrain (BF), a brain region that supports wakefulness, attention and
cognition (Anaclet et al., 2015; Xu et al., 2015; Ballinger et al., 2016), has an important
role in the state-dependent regulation of sensory circuits (Yang et al., 2014b; Hangyaetal.,
2015; Zant et al., 2016). Among the diverse group of BF neurons, the largest population
corresponds to GABAergic projection neurons (Sarter and Bruno, 2002). Yet, unlike the
extensive insight on the function of the neighboring BF cholinergic neurons in sensory
processing (Hasselmo, 1995; Linster and Cleland, 2002; Wilson et al., 2004; Parikh and
Sarter, 2008; Hellier et al., 2012; Zaborszky et al., 2012; Chapuis and Wilson, 2013;
Rothermel et al., 2014), the function of BF GABAergic projections in modulating sensory
circuits is not understood. Recent evidence suggests GABAergic neurons provide an
important parallel neuromodulatory output from the BF (Gritti et al., 2003; Henny and
Jones, 2008; McKenna et al., 2013; Kim et al., 2015a; Yang et al., 2017). BF long-range
GABAEergic neurons (BF-LRGNS) influence the hippocampus and cortex by acting on local
inhibitory circuits and modulating the generation of neuronal oscillations, which support
essential aspects of the timing of neural activation in these structures (Freund and Antal,
1988; Freund and Meskenaite, 1992; Hangya et al., 2009; Melzer et al., 2012; Gonzalez-
Sulser et al., 2014; Kim et al., 2015a). Network oscillations are prominent in the OB, the
initial site for odor processing, and they are thought to provide a temporal structure for the
encoding of odor information (Adrian, 1942; Macrides and Chorover, 1972; Beshel et al.,
2007; Schaefer and Margrie, 2007; Junek et al., 2010). The role of local GABAergic

neurons in the generation of network rhythms during odor discrimination tasks is well-
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established (Stopfer et al., 1997; Fukunaga et al., 2014; Osinski and Kay, 2016). In
addition, the OB local GABAergic circuits have been involved in decorrelation of principal
neurons allowing for discrimination of similar odor (Abraham et al., 2010; Gschwend et
al., 2015; Li et al., 2018). Thus, we hypothesize that by modulating local inhibitory circuits
BF-LRGNs could influence odor processing in the OB. In agreement with this possibility,
chemogenetic silencing of LRGNSs of the magnocellular preoptic nucleus (MCPO), a main
source of BF GABAergic inhibition to the OB (Gracia-Llanes et al., 2010), produces a
notable reduction in the discrimination of similar odors (Nunez-Parra et al., 2013);
however, how this BF inhibition influences neuronal circuits in the OB remains unclear.
Here, we used a combination of conditional genetics, immunohistochemistry, and
electrophysiology in acute brain slices to define the physiological framework by which the
BF GABAergic projections modulate, at the circuit level, the spatiotemporal dynamics of
the output neurons in the OB. We first established that MCPO Gad2 neurons, which
comprise the main inhibitory projections to the OB, appear phenotypically homogeneous,
using GABA as the main transmitter, unlike other GABAergic neurons in the BF (Saunders
et al., 2015; Case et al., 2017). In agreement with previous work (Gracia-Llanes et al.,
2010), immunohistochemical analysis revealed that BF-LRGNs extensively innervate the
granule cell layer (GCL) and to a lesser extent the glomerular layer. Consistent with this
anatomical distribution, phasic activation of BF GABAergic axons, elicited fast inhibitory
responses in local inhibitory neurons, including the granule cells (GCs) and periglomerular
cells (PGCs); however, inhibitory responses were absent in the output neurons, the mitral
and tufted cells (MC and TCs, respectively). Functionally, the selective activation of the

GABAergic axons in the OB results in a disinhibitory effect of the output neurons;
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activation of BF inhibition increased the firing rate of active MCs. We show that this
increase in firing rate can result from a reduction in the inhibition by glomerular inhibitory
neurons and by a reduction in dendrodendritic inhibition at GC-MC synapses. In addition,
top-down inhibition decreased the spike precision of MCs in response to simulated sensory
stimuli. Importantly, activation of BF GABAergic inputs produced a significant reduction
in the power of local 6 and y oscillations, thus desynchronizing the rhythmic activity in the
OB. Together, these results indicate that fast BF GABAergic inhibition is well suited to

modulate early stages of odor processing by regulating spatiotemporal dynamics of MCs.

Methods

Animals. All experiments were conducted following the US National Institute of
Health guidelines and approved by the Institutional Animal Care and Use Committee of
the University of Maryland, College Park. For our experiments we used wild type C57BL/6
(JAX, stock #664) and Gad2-IRES-Cre mice (JAX, stock #010802) of both sexes, ranging

in age from one to four months, from breeding pairs housed in our animal facility.

Stereotaxic injections. Deep anesthesia of Gad2-Cre mice was induced with 2%
isoflurane at a rate of 1 L/min and adjusted (1-1.5%) over the course of the surgery. Body
temperature was maintained using a heating pad. An intraperitoneal injection of carprofen
(5 mg/Kg) was used as analgesic and a solution of povidone-iodine (Betadine) as antiseptic.
During the surgery, eyes were lubricated using a petrolatum ophthalmic ointment
(Paralube). GABAergic projection neurons in the basal forebrain were retrogradely labeled
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using a unilateral injection of AAVrg-hSyn-DIO-eGFP in the OB (50 nL, Catalog #50457-
AAVrg, Addgene), guided with a stereotaxic apparatus (Kopf, Catalog #940), and using
the following stereotaxic coordinates (mm): —D/V 0.4, +M/L 0.8, A/P +6. This retrograde
injection in the OB sparsely labeled neurons in the anterior olfactory nucleus, as recently
shown (Hanson et al., 2020). To express channelrhodopsin-2 (ChR2) in LRGNs, Gad2-
Cre mice were bilaterally injected with AAV5-CAG-Flex-ChR2-tdTomato (200 nL,
Catalog #18917, Addgene) in the MCPO region of the BF using the following stereotaxic
coordinates (mm): D/V —5.4, M/L £1.63, A/P +0.14. For histology experiments, the control
virus AAV5-CAG-Flex-tdTomato (200 nL, Addgene) was used to anterogradely label
MCPO GABAergic axons. For both retrograde and anterograde labelling of LRGNS,
electrophysiological or histological experiments were conducted 3 weeks, or later, post-

surgery.

Confocal imaging and immunofluorescence. To directly visualize the expression of
the reporter gene (tdTomato or eGFP), mice were transcardially perfused with cold 4%
PFA diluted in 0.1 M PBS, pH 7.4. Brains were then harvested and post fixed overnight at
4°C in the same fixative. Brain tissue was sliced in sections of 50 um on a vibratome, the
nuclei stained with DAPI (1:1500, Catalog #D1306, Invitrogen) and mounted in a solution
of Mowiol-DABCO. Mowiol mounting media was made in batches of 25 mL containing
9.6% wi/v mowiol (Catalog #475904, Millipore), glycerol 24% wi/v, 0.2 M Tris (pH 6.8),
2.5% w/v DABCO (antifade reagent, Catalog #D2522, Sigma) and Milli-Q water. For
immunofluorescence experiments, free floating brain sections (50 wm) were first blocked

with donkey serum (10%, Catalog #S30-M, Millipore) in PBS supplemented with Triton
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X-100 (0.1% v/v, Catalog #T18787, Millipore, PBS-T) for 1 h at room temperature to block
unspecific biding sites. Samples were then incubated overnight at 4°C with a goat primary
antibody anti-ChAT (1:500, Catalog #AB144, Millipore) and 2.5% donkey serum in PBS-
T with gentle rocking. The primary antibody was then washed with PBS-T for at least 30
min before incubation with a donkey anti-goat antibody coupled to Alexa-647 (1:750,
Catalog #A-21447, Invitrogen). Finally, slices were stained with DAPI, dried and mounted
using Mowiol-DABCO. Control sections not exposed to the primary antibody were devoid
of immunostaining and were used to set background values on the microscope. Images
were acquired using a Leica SP5X confocal microscope, with appropriate brightness and

contrast adjustments, and immunostained cells counted blindly using ImageJ (NIH).

Whole cell recordings. Patch clamp recordings in brain slices were conducted as
previously described (Nunez-Parra et al., 2013) using a dual EPC10 amplifier (HEKA).
Briefly, we used a vibratome (VT1000S, Leica) to obtain horizontal 250 pum slices.
Sectioning was done using a cold low Ca?* (0.5 mM) and high Mg?* (3 mM) artificial
cerebrospinal fluid solution (ACSF). Slices were then placed in normal Ca?* and Mg?*
ACSF and left to recover for 30-45 min at 37°C. The normal ACSF had the following
composition (in mM): 125 NaCl, 25 NaHCOs, 1.25 NaH2PO4, 3 KCI, 2 CaClz, 1 MgClz, 3
myo-inositol, 0.3 ascorbic acid, 2 Na-pyruvate and 15 glucose, and it was continuously
oxygenated with 95% O2 and 5% CO2. After recovery, slices were transferred to a
recording chamber on an Olympus BX51W1 DIC microscope. Neurons were visualized
using a 40x objective (LUMPIlanFI/IR, Olympus). The evoked inhibitory postsynaptic

currents (elPSCs) were recorded at a holding potential of 0 mV using an internal solution
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with the following composition (in mM): 125 Cs-gluconate, 4 NaCl, 10 Na-
phosphocreatine, 10 HEPES-K, 2 Na-ATP, 4 Mg-ATP and 0.3 GTP. Alternatively, the
e[PSCs were recorded at =70 mV using an internal solution of the following composition
(in mM): 150 CsCl, 4.6 MgClz, 0.1 CaClz, 10 HEPES, 0.2 EGTA, 4 Na-ATP and 0.4 Na-
GTP. The pH of internal solutions was adjusted to pH 7.3 with CsOH. Current clamp
experiments were performed using pipettes filled with an internal solution of the following
composition (in mM): 120 K-gluconate, 10 Na-gluconate, 4 NaCl, 10 HEPES-K, 10 Na-
phosphocreatine, 2 Na-ATP, 4 Mg-ATP and 0.3 GTP, adjusted to pH 7.3 with KOH. In
some experiments, CaClz was replaced by equimolar amounts of SrClz in the ACSF. No
Ca?* chelators were added to this solution. To confirm the identity of the recorded neurons,
and morphological reconstruction, the fluorophore Alexa-594 (20 uM, Invitrogen) was
included in the internal solution in a subset of experiments. Post-recording filled neurons
were fixed overnight at 4°C in PFA 4% and mounted with Mowiol-DABCO. Neurons were
imaged under a confocal microscope and reconstructed using Neurolucida (MBF
Bioscience) or neuTube (Feng et al., 2015). Recordings were performed at room
temperature (21°C). Patch pipettes were pulled using a horizontal puller (P-97, Sutter
Instrument) from thick wall borosilicate glass capillaries (Sutter Instrument), having a
resistance of ~3-6 MQ. All chemicals were obtained from Sigma Aldrich. Drugs were
prepared from stocks stored at —20°C and diluted into ACSF; gabazine (Catalog #1262,
Tocris), mecamylamine hydrochloride (Catalog #2843/10, Tocris), atropine (Catalog

#A0132, Millipore-Sigma), kynurenic acid sodium salt (Catalog #3694, Tocris).
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LFP recordings and optogenetic stimulation. Local field potentials in the OB were
recorded in 250 um brain slices using 200-300 KQ glass electrodes filled with ACSF. To
induce oscillations in the OB, a brief stimulation (100 pA, 100 Hz during 50 ms) was
delivered to the ON using a stimulus isolation unit (1ISO-Flex, A.M.P.1) controlled by the
amplifier. Olfactory sensory neuron (OSN) axon bundles were readily seen under DIC
optic. For optogenetic stimulation of the GL or GCL a collimated LED (473 nm, Thor
Labs) was used to deliver brief light pulses through a 40x objective focused on either layer
(which were at least ~400 pm apart), controlled by a TTL pulse triggered by amplifier. The
intensity of the light beam was adjusted depending on the level of ChR2 expression from
1-3 mW mm~2, measured after the objective. Trials were alternated between control and

optogenetic stimulation conditions.

Data analysis. Electrophysiology data was analyzed using the IgorPro
(WaveMetrics) and MATLAB (MathWorks) software. Only events with fast current
Kinetics were included in the analyses (rise time <4 ms and decay time <100 ms). For the
quantification of the currents elicited by light stimulation, we calculated the transferred
charge by integrating the current within a 300 ms window following the end of the light
pulse and subtracting the baseline charge before the light pulse. The decay time was
measured by fitting a double exponential decay function to the current relaxation and
computing the weighted time constant (zw) as Tw= (ait1 + az2r2)/ (a1 + az), where a and 7 are
the amplitude and time constant of the first (1) and second (2) exponentials, respectively.
The rise time was estimated by measuring the time elapsed from 10 to 90% of the current

peak amplitude. The onset time was measured by fitting a sigmoid function from stimulus
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onset to the response peak and then computing the maximum curvature point by solving
the 4™ derivative of the fitted curve set equal to zero (Fedchyshyn and Wang, 2007). Spike
jitter was measured as total standard deviation of the timing of the action potential peaks
(Mainen and Sejnowski, 1995; Gutkin et al., 2003). Spike-triggered averages were
calculated using an average of the current stimuli corresponding to the 100 ms prior to each
action potential. For LFP analysis, stimulus artifacts were digitally removed, and traces
were filtered with a 2" order 300 Hz Butterworth low-pass filter. Spectral analysis was
then conducted using the Chronux toolbox (http://www.chronux.org) using a multitaper
spectral estimation (Bokil et al., 2010), using a 250 ms moving window (shifted in 10 ms
increments) and seven tapers (K= 7), permitting a time-bandwidth product of 2 (Tw= 2).
The LFP power was normalized with respect to the pre stimulation period (Winkowski et
al., 2013; James et al., 2019). Normalized power spectra were averaged over a window of
1 s and over experiments for all conditions. y power was averaged between 30 to 80 Hz,
while 6 power between 4 to 12 Hz. For the histograms of axonal density, the cellular layers
of different field of views were aligned horizontally using the nuclear staining as a
reference. Mean pixel intensity values were computed across the horizontal axis and
normalized to the overall maximal intensity value. Data is shown as the mean £ S.E.M,
unless otherwise specified. Statistical analysis was done using a two-tailed t-test and
significance was set at p<0.05 (*= p<0.05, **= p<0.01). Statistical power was evaluated

using G*Power (Faul et al., 2009).
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Results

GABAergic neurons in the MCPO innervate inhibitory circuits of the OB

Previous studies have shown that OB projecting LRGNSs are clustered in a lateral
region of the BF, the MCPO (Gracia-Llanes etal., 2010). To broadly label these projections
neurons we used Gad2-Cre mice, as the GABAergic marker Gad2 is abundantly expressed
in the MCPO (Nunez-Parra et al., 2013). Gad2-Cre mice were injected with the
anterograde virus AAV5-Flex-tdTomato in the MCPO (Figure 1A, diagram). In agreement
with previous work (Gracia-Llanes et al., 2010; Nunez-Parra et al., 2013), this anterograde
injection resulted in extensive labelling of fibers in the OB, with a distinct pattern of
labelling across its cellular layers. Fluorescently labeled axons of LRGNs exhibited a non-
uniform distribution pattern throughout all the layers of the OB, with dense labelling in the
GCL and to a lower extent in the external plexiform layer (EPL) (Figure 1A). Similarly,
there was significant innervation around juxtaglomerular neurons in the glomerular layer
(GL) (mean normalized pixel intensity GL, 0.35+0.07; EPL, 0.15 £ 0.02; GCL, 0.7 £ 0.09;
n= 6 slices, 3 mice). At a cellular level, the GABAergic axons were characterized by thick
and smooth processes running along the distinct cellular layers, with profuse ramifications
and axonal boutons (Figure 1B, arrow heads).

To specifically access the population of OB-projecting GABAergic neurons in the
MCPO we used an AAV variant that produces efficient retrograde labeling, the rAAV2-
retro virus (Tervo et al., 2016; in ’t Zandt et al., 2019). This virus was injected unilaterally

into the OB of Gad2-Cre mice (Figure 1C, diagram). Approximately three weeks after
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injection, transduced GABAergic neurons were abundant in the ipsilateral hemisphere and
confined to the MCPO (Figure 1C). Recent work has shown that in the medial
septum/diagonal band of Broca axis (MS/DBB), a subregion of the BF, some neurons
express both GABAergic and cholinergic markers, suggesting that MCPO GABAergic
neurons could exhibit a mixed phenotype (Saunders et al., 2015; Takécs et al., 2018). To
evaluate this possibility, we immuno-stained retrolabeled GABAergic MCPO neurons with
an antibody directed against the enzyme choline acetyl transferase (ChAT), a cholinergic
marker. As shown in Figure 1D, several putative cholinergic neurons are labeled in this
region, however, we observed minimal labelling of ChAT protein among retrolabeled
MCPO GABAergic neurons, with sections showing only a ~1 % of colocalization (GFP*=
832 neurons; ChAT*=468; GFP*/ChAT*= 10; n= 12 slices, 3 mice). This observation is in
agreement with a recent study showing absence of colocalization of OB projecting BF
neurons with ChAT (Hanson et al., 2020). In contrast, when Cre-dependent expression of
the fluorescent protein eGFP was achieved by direct transduction in the MCPO, 16.5% of
Gad2 positive (Gad2*) neurons displayed colocalization with the cholinergic marker, as
previously reported (Saunders et al., 2015; Sanz Diez et al., 2019) (GFP*= 510 neurons;
ChAT*=423; GFP*/ChAT"= 84; n= 9 slices, 3 mice). Thus, although we cannot rule out
the possibility of low levels of expression of ChAT that were undetected by our
immunoassay, or the presence of other neurotransmitters released by Gad2* neurons, our
data indicates that MCPO GABAergic neurons that project to the OB exhibit mostly a

GABAergic phenotype (see also Figure 3C).
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Fig. 1:
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different from cholinergic neurons

(A) Left, diagram of the anterograde approach to label MCPO GABAergic neurons; a AAV5-
Flex-tdTomato virus was injected in the MCPO of Gad2-Cre mice. Right, confocal image of a
section of the main olfactory bulb (MOB; n= 6) showing the distribution pattern of Gad2-
tdTomato axons (shown in white, to enhance the contrast of the staining) across the different
cell layers, revealed by the nuclear dye dapi (blue). The mean normalized pixel intensity across
layers is shown on the right. The densest distribution of Gad2 axons is found in the granule
cell layer (GCL) and the glomerular layer (GL) of the MOB. MCL, mitral cell layer; EPL,
external plexiform layer. (B) MCPO GABAergic axons innervating the GL (top) and GCL
(bottom) exhibit numerous boutons (yellow arrowheads). (C) Left, diagram of the approach to
retrogradely label the MCPO GABAergic neurons; a AAVrg-DIO-eGFP virus was injected
unilaterally in the OB of Gad2-Cre mice. Right, confocal micrograph showing that transduced
Gad2-eGFP positive neurons (green) are clustered in the MCPO (CPu, caudate putamen; PC,
piriform cortex; Tu, olfactory tubercle; Sl, substantia innominata; MCPO, magnocellular
preoptic area). (D) High magnification confocal micrographs of the MCPO containing GFP
transduced Gad2 neurons (green), immunostained with antibody against the cholinergic
marker ChAT (magenta). Several neurons are positive for ChAT in the MCPO region;
however, this representative image illustrates the lack of colocalization of the cholinergic
marker and the GABAergic neurons retrolabeled from the OB (white arrowheads). Similar

results were found in the accessory olfactory bulb and are shown in Figure 1-1 (Appendix B).
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Activation of LRGN produces a fast inhibition in local inhibitory neurons of the OB

We next examined the influence of endogenously released GABA from BF
GABAergic axons in the most prominent components of the OB circuit. To selectively
activate GABA release from GABAergic axons in the main OB (MOB), we expressed the
light-gated cation channel channelrhodopsin-2 (ChR2) in the MCPO of Gad2-Cre mice
and conducted targeted recordings from different cell types across the OB (Figure 2). We
maximized the probability of detecting evoked GABA currents, by performing these
recordings in symmetrical chloride conditions (see Methods), in which GABA elicits large
inward currents. Light stimulation, reliably evoked short latency inhibitory postsynaptic
currents (elPSCs) in two of the most prominent inhibitory neurons of the MOB; the GCs
and the PGCs (Figure 2B; onset: GCs, 6.8 £ 0.7 ms, n=14; PGCs, 7.2 + 1 ms, n=5). The
amplitude and kinetics of the currents was variable among these different cell types.
Quantification of the transferred charge (see Methods) indicated that average inhibitory
responses were significantly larger in the GCs (Figure 2B, GCs, —15.3 £ 5 pC, n= 16 vs
PGCs, —2.4 £ 0.8 pC, n=5; p= 0.02), and that GCs also exhibited eI[PSCs with a slower
decay time (GCs, 60.3 = 7.2, ms n= 16 vs. PGCs, 31.7 = 4.8 ms, n= 5, p= 0.04).
Additionally, short-latency GABAergic responses were also observed in EPL medium-
sized interneurons (EPL-I), which presumably correspond to the fast-spiking (FS)
interneurons described in this region (EPL-I1, —2.6 +2.2 pC, n= 3, Figure 2A, B) (Hamilton
et al., 2005; Huang et al., 2013). In contrast, light stimulation failed to produce any
detectable inhibitory current in the output neurons of the OB, the MCs and TCs (MCs, —0.4

+0.5pC, n=11; TCs, 0.2 £ 0.3 pC, n=10). These results are consistent with a recent report
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Fig. 2:
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(A) Upper drawings, example of distinct reconstructed neurons, post-recording; 1, granule cell
(GC); 2, mitral cell (MC); 3, tufted cell (TC); 4, periglomerular cell (PGC): 5, external
plexiform layer interneuron (EPL-1). The morphology of the neurons was reconstructed from
confocal images of fixed cells that were filled with Alexa Fluor-594 during the recordings. The
scale bar is 100 um. Bottom, example of e[PSCs recorded at =70 mV in symmetrical chloride
conditions, upon stimulation of GABAergic axons expressing ChR2 with blue light (5 ms).
LED stimulation elicited large inward currents in GC, PGC and EPL-I but not in output
neurons, the MC or TC. (B) Bar graph showing the total charge transferred during the
GABAergic elPSCs in distinct cell types in the OB (GC, n= 16; MC, n= 11; PGC, n=5; TC,
n=10; EPL-I, n= 3). Responses are observed in the main inhibitory types, but not in the output

neurons.
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that examined the targets of GABAergic neurons from a different region of the basal
forebrain (Hanson et al., 2020). Additionally, BF GABAergic axons produced a similar
pattern of labelling in the accessory OB (AOB), a region involved in pheromonal signal
processing, with dense innervation of the GCL (Figure 1-1A). Similar to the main OB,
GABA release from MCPO axons elicited elPSCs only in the inhibitory cell types of the
AOB (Figure 1-1B, C; GCs, —11 £4 pC, n=12; PGCs, =5 + 3.8 pC, n=5; M/TCs, —0.9 £+
0.7 pC, n= 6). Together, these results indicate that, at the circuit level, BF inhibition

functionally targets inhibitory but not excitatory neurons in the OB.

Synaptic activation of GCs by BF-LRGN input is synchronous and long-lasting

To further determine the impact of the BF inhibition onto the local inhibitory
neurons, we examined the synaptic properties of MCPO inhibitory inputs onto GCs, which
showed the densest innervation by LRGNs. GABA release in the OB was evoked from
LRGN axon terminals expressing ChR2 by a brief light stimulation pulse (0.5-1 ms). The
duration of the light stimulation was adjusted to reduce the probability of stimulating
multiple axons simultaneously (achieving a ~40% failure rate). We termed this a minimally
evoked IPSC (min-elPSC) (Banks et al., 1998; Hagiwara et al., 2012). We recorded the
min-elPSC at 0 mV, using a Cs-gluconate based internal solution (see Methods), which
allowed us to isolate the outward GABAergic currents, without affecting the function of
local circuits using synaptic transmission blockers. Light stimulation elicited a short
latency min-elPSC (mean + SD, 8.1 + 2.8 ms, n= 5 cells), which occurred with a variable
onset likely due to differences in axonal geometry and the short duration of the stimulation
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(Figure 3A). The average amplitude of the min-elPSC was 66 = 3 pA (Figure 3A), with
Kinetics characterized by a fast rise time (10-90 % of the peak, 1.6 £ 0.1 ms) and a slower
decay time (50.6 £ 1.8 ms) (Figure 3B). The min-eIPSC amplitudes exhibited a bimodal
distribution, having a small amplitude peak (mean = SD, 48 £ 15 pA) and a larger peak
(mean + SD, 100 + 31 pA). Most of the events had fast rise times (75% <2 ms), which
included the majority of the larger amplitude events, with a smaller number of events
(~25%) having slower rise times. The events of larger amplitude and faster rise time may
reflect a predominant perisomatic targeting of the MCPO input onto GCs, while the smaller
amplitude and slower rise time event reflecting more distal GABAergic inputs (Figure 1A,
Figure 3B, left). In contrast, the decay times showed a monophasic distribution due to their
longer time course and thus subjected to less apparent filtering (Figure 3B, right).
Interestingly, the decay time of the evoked min-IPSC from MCPO axons is relatively slow
compared to the IPSCs driven in GCs by local GABAergic neurons such as the deep short-
axon cells (ASAC, t~10 ms) (Eyre et al., 2008). The min-elPSC decay time in GCs is also
slower than the decay time of spontaneous IPSCs from GC activity recorded in MCs under
similar conditions (23 = 0.7 ms, n= 51, not shown). The relatively slower current relaxation
of the BF GABAergic inputs suggests they have a longer temporal influence in GCs
compared with the influence of local inhibition. Importantly, while the light-elicited
currents were completely abolished by the GABAAR blocker gabazine (Gbz; control —89
+ 21 pC vs. Gbz, 0.3 + 1.5 pC, n= 3, p= 0.04), they were unaffected by a mixture of the
cholinergic receptor blockers, mecamylamine (MM) and atropine (Atrp) (control —141 +
55 pC vs. cholinergic blockers, —130 + 62, p= 0.25, n=5), further indicating that MCPO

inputs onto GCs are mostly GABAergic (Figure 3C).

35



Probability

Fig. 3:

0.25
0.20
0.15
0.10
0.05
0.00

c MM
[(ER R RN RN R RN NN NN RY] CfrIAtrprz

1 ' i - 0+ ==
= f flf
120 £ ({///(.JN (ﬂﬂ(
=3 - | I G 509
1 : Control 2
2 ¥ ' g, 100
=] 4 B =
£ | ( g
E. 404 = O -150
< 1.2 ‘ |30 pA
04 500 ms “200-
100 ms D Control st normalized E Counts
overlay 8
I 1 0 "
<
[ lihiutd y §
il ..l g |
= —
| II--+II\IIII 1| w|||w||||lu|.||||m| mu a =__ Control
T T T T 1 T 50 pA E 200 :
0 1 2 3 4 20 40 60 80 200 ms £
Rise time (ms) Decay time (ms) 300 ==

Synaptic properties of the BF long-range GABAergic inputs onto GCs

(A) Left, diagram of the experimental configuration; GCs were recorded in voltage clamp,
while GABAergic axons expressing ChR2 were stimulated with a brief pulse of light (0.5-1
ms). Right, overlay of selected inhibitory postsynaptic currents evoked with minimal
stimulation (min-elPSCs, gray traces) in GCs (n= 5 cells, 3 mice). Only min-eIPSCs with rise
times of less than 4 ms are included (n= 120 events, 5 cells). The short gray lines on the left
correspond to the amplitude of single events. The min-eIPSC had an average amplitude of 66
+ 3 pA (thick black line). The amplitude histogram of the min-elPSCs is shown on the right.
Amplitudes show a bimodal distribution with a small peak centered at 48 pA and a higher peak
at 100 pA. The black lines correspond to the fitting of two gaussian distributions to the
amplitude distribution. (B) Probability distribution histograms for the rise time (left, 10-90%
of the peak) and decay time (right, 7) of the min-eIPSC events shown in A. An equivalent
number of events were taken from each cell (median 26). The ticks at the bottom correspond
to the values for each event. The average rise time (1.6 + 0.1 ms) and decay time (50.6 + 1.8
ms) are shown by thick black lines. (C) Evoked IPSCs (elPSCs) recorded in GCs, using a CsCl
based internal solution, in response to LED stimulation (5 ms, 10 Hz). At this frequency of
stimulation, the peak decreases in time but each elPSC appear synchronous throughout the
train (black traces). The elPSCs are unaffected by the perfusion of a mixture of the cholinergic
blockers mecamylamine (MM, 10 uM) and atropine (Atrp, 3 uM) (purple trace; n=5, p=0.25),
but completely blocked by the GABAAR blocker gabazine (Gbz, 10 uM) (gray trace; n= 3, p=
0.04). (D) Left, light evoked IPSCs in GCs are desynchronized by the equimolar replacement
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of calcium by strontium (Sr?*, 2 mM). Right, overlay of peak normalized IPSCs for control
(black) and strontium (pink) showing similar kinetics. The holding potential in C and D is —70
mV. (E) Histogram overlaying the eIPSC amplitudes during control (gray) and strontium

(pink) application (n= 3 cells).

Synchronized vesicular release is a common feature of evoked neurotransmission
in the nervous system and accounts for phasic synaptic transmission, while asynchronous
release provides persistent neurotransmitter release favoring delayed transmission (Atluri
and Regehr, 1998; Hefft and Jonas, 2005; Sudhof, 2013; Wen et al., 2013; Kaeser and
Regehr, 2014). Our data indicates that MCPO inputs produce a fast-synchronized release
of GABA onto GCs, as light stimulation of MCPO axons with a single pulse, or across a
high frequency stimulation train, always evoked currents that decay monotonically (Figure
3A, C, D). Accordingly, equimolar replacement of the extracellular Ca?* by Sr?*, a divalent
ion that disrupts synchronized vesicular release (Dodge et al., 1969; Goda and Stevens,
1994; Xu-Friedman and Regehr, 2000; Shin et al., 2003), resulted in a barrage of smaller
current events upon light stimulation (Figure 3D, left). In normal Ca?*, the eIPSC had a
mean amplitude of 191 + 12 pA, while in the presence of Sr?* the current amplitude was
significantly lower (mean 54 + 4 pA, p<0.001, n= 3) (Figure 3E). Importantly, in
agreement with a quantal mechanism of release at these synapses, the kinetics of elPSC
evoked in the presence of Sr?* closely resembled the kinetics of those in normal Ca?*
(Figure 3D, right) (rise time, in Ca?*, 1.52 + 0.3 ms vs. in Sr?*, 1.85 + 0.1 ms, p=0.3; decay
time, in Ca?*, 63.6 + 2 ms vs. in Sr?*, 60.5 + 3 ms, p= 0.43, n= 3). Together these results
suggest that activation of BF-LRGNs axons in the OB produces a fast-synchronous release

of GABA onto GCs, likely from multiple synaptic contacts.
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Activation of BF-LRGNSs disinhibit MCs and modulates the extent of lateral inhibition

We next examined the influence of the fast and synchronous GABA release onto
the local inhibitory networks of the OB by BF-LRGN. In the glomeruli, local GABAergic
neurons drive feedforward inhibition onto MCs, providing a mechanism for sensory gain
control and decorrelation of odor representations (Wilson and Mainen, 2006; Zhu et al.,
2013b; Banerjee et al., 2015). Thus, inhibition of PGCs by BF-LRGNs (Figure 2) suggests
that BF inhibition can modulate the extent of feedforward inhibition in glomerular
domains. To examine this possibility, we evoked activity in MCs by stimulating the axons
of OSNs in the olfactory nerve (ON), while locally stimulating GABA release from BF-
LRGNSs axons in the GL (Figure 4A, diagram). Stimulation of the ON produced a long-
lasting depolarization in MCs, with sustained firing of action potentials (Figure 4A), which
was significantly increased by simultaneous light stimulation of BF-LRGNSs axons in the
GL, in agreement with the disinhibitory effect on this afferent input (firing rate, control:
3.5+ 1.7 Hz, + LED: 6.4 = 1.4 Hz, n= 4, p= 0.014) (Figure 4B). We next recorded
simultaneously excitatory and inhibitory currents in MCs evoked by ON stimulation, using
symmetrical chloride, at a holding potential of =60 mV (Figure 4C). The ON stimulation
evoked a large inward current consisting of a barrage of glutamatergic and GABAergic
events which was reduced ~60 % by light stimulation directed to the GL (control, =137 +
20 pC; +LED, —53 + 15 pC; n= 10, p<0.001) (Figure 4D). In agreement with the possibility
that the reduction in the inward current by light stimulation was mostly due to a reduction

of the GABAergic component, blockade of GABAARs produced a similar reduction (~57

38



%) in the current evoked by ON stimulation (control: —182 + 30 pC, Gbz: —73.5 + 11 pC,
n=4, p=0.003).

The ON-evoked response recorded in MCs was not affected by bath perfusing the
type 1 and 2 dopaminergic receptor (DAR) antagonists Sulpiride (100 uM) and SCH39166
(10 puM), respectively (control —170 + 34 pC; DAR antagonists —180 = 37 pC; n= 10, p=
0.62) (Figure 4-1A, B). Correspondingly, the reduction of the ON-evoked response in MCs
by light stimulation of BF-LRGNs axons persisted in the presence of DAR antagonists
(control, =104 + 26 pC; LED + DAR antagonists, —27 + 7 pC; n= 6, p= 0.01) (Figure 4-
1C, D). Lastly, the ON evoked current was completely abolished in the presence of
gabazine and the broad glutamate receptor blocker kynurenic acid (1 mM) (control: —142
+ 32 pC, + blockers: —6.7 + 4.5 pC, n= 6, p= 0.01). These results are consistent with an
inhibitory control of LRGNs on glomerular GABAergic neurons targeting MCs.

Dendrodendritic inhibition (DDI) at MC-GC synapses is thought to shape the
output signal of MCs both in the temporal and spatial domains, through recurrent and
lateral inhibition (Yokoi et al., 1995; Isaacson and Strowbridge, 1998; Christie et al., 2001,
Shepherd, 2004). Therefore, we next examined how BF inhibition shapes the responses of
MCs, by locally stimulating GABA release from MCPO axons in the GL and GCL. We
depolarized MCs by constant current injection to produce a low firing rate (~4Hz, Figure
4E). In agreement with a disinhibitory action of the BF afferent input, via inhibition of

GCs, light stimulation directed to the GCL significantly increased the basal firing rate in
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Activation of BF GABAergic inputs disinhibits mitral cells and reduces dendrodendritic

inhibition

(A) Left, diagram of the experimental configuration; MCs where recorded either in current or
voltage clamp while the sensory axons in the olfactory nerve (ON) were activated by electrical
stimulation. BF GABAergic axons expressing ChR2 were activated by blue light in the GL.
Right, responses in a representative MC recorded while stimulating the ON with a glass
electrode (100 pA, 100 us, 4 Hz, top black ticks) in the presence (left) or absence (right) of
LED stimulation (at 10 Hz, blue ticks). The stimulus intensity was adjusted to elicit firing in
the MC. Bottom, spike raster plots for 10 trials in the cell shown above. The membrane
potential was —57 mV (with zero current injection). (B) Summary bar graphs for spike
frequency showing a significant increase in the firing rate during the LED stimulation
compared to control (n= 4, p= 0.01). (C) Synaptic currents evoked in a MC by electrical
stimulation of the ON (100 pA, 100 us, arrow). Recordings were performed in symmetrical
chloride, in which excitatory and inhibitory currents are seen as inward deflections. A single
ON stimulation produced a long-lasting inward current, which was reduced in the presence of
LED stimulation in the GL (blue ticks). The holding potential is —60 mV. The scale bar is 200
ms and 50 pA. (D) The large barrage of evoked synaptic activity by the ON stimulation is
greatly suppressed by LED stimulation (n= 10, p<0.001), and completely abolished by
blockers of GABAA and glutamate receptors (Gbz, 10 uM; kynurenic acid, KA, 1 mM,
respectively; n= 6, p= 0.01). (E) Left, diagram of the experimental arrangement; MCs were
recorded either in current or voltage clamp while LED stimulation was directed to the GCL.
Right, voltage traces of a representative MC held at peri-threshold membrane potential in

control and in the presence of LED stimulation (4 Hz). Spike raster plots for 20 trials are shown
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in the traces below. (F) Summary bar graphs for spike frequency showing a significant increase
in the firing rate during the LED stimulation compared to control (n= 6, p= 0.004). Light
directed to the GL did not significantly change the firing rate of MCs. Results are shown in
Figure 4-2A, B (Appendix B). (G) Overlaid of average current traces showing dendrodendritic
inhibition on a MC evoked by a short depolarization (0 mV, 50 ms) in control and in the
presence of LED stimulation (10 Hz). The holding potential is —60 mV. (H) Summary bar plot
showing a significant difference in the synaptic charge transferred in control versus during
LED stimulation (n= 8, p= 0.003). Consistently, Gbz (10 uM) completely blocked the evoked
dendrodendritic current in MCs (h= 10, p= 0.0002). The reduction of the ON-evoked response
and depolarization induced inhibition in MCs by light stimulation of BF-LRGNs axons
persisted in the presence of dopamine receptor antagonists. These results are shown in Figure
4-1 (Appendix B). In addition, light stimulation of the GL significantly reduced
dendrodendritic inhibition in MCs, shown in Figure 4-2C, D (Appendix B).

MCs (control, 3.8 = 2.3 Hz; +LED, 4.5 + 2.5 Hz; n= 6, p= 0.004) (Figure 4F), but not
when the light was focused in the GL (control, 4.3 £ 0.9 Hz; +LED, 5.2 + 1.1 Hz; n=7, p=
0.3) (Figure 4-2A, B). To directly examine the modulation of DDI by BF inhibition, we
recorded the GABAergic currents evoked by a depolarizing pulse in MCs while holding
the cells at —60 mV (Figure 4G). A brief stimulation (50 ms) elicited a barrage of
GABAergic currents with a relaxation time of 640 £ 230 ms (n= 8) similar to the values
previously described (Isaacson and Strowbridge, 1998; Schoppa, 1998). In the presence of
local stimulation of GABA release from BF-LRGNs axons directed to the GCL, the DDI
was significantly reduced (Figure 4G, H) (control, =56 + 11 pC, LED stimulation, —36 +
11 pC, n= 8, p= 0.003). Similarly, light stimulation of the GL produced a reduction in the
current evoked in MCs during a depolarizing step (control, =102 + 23 pA; +LED, —54 +
19 pA, n=5, p= 0.007) (Figure 4-2C, D). As expected, blocking GABAAaRs completely
abolished the evoked DDI in MCs (control, =52 + 14 pC; Gbz, 2 £ 1 pC; n= 10, p<0.001).

These results suggest that activation of BF-LRGNSs can reduce the extent of DDI in MCs
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and thus can influence odor processing by reducing lateral inhibition. Importantly,
activating BF-LRGNs did not produce a change in the membrane potential of MCs

(control, =64.5 + 2 mV; +LED, —64.3 £ 2 mV; n= 6; p=0.3).

BF-LRGNs modulate #and p oscillations in a layer specific manner

Inhibition from local GABAergic circuits contributes to generate a temporal
framework in which low and high frequency neuronal oscillations exist in the OB (Kay et
al., 2009; Wachowiak, 2011). Although the underlying mechanism is not completely
understood, oscillations in the 6 frequency band (2-12 Hz) entrained by the respiratory
cycle, are orchestrated by PGCs (Lagier et al., 2004; Fukunaga et al., 2014), while y
oscillations (25-85 Hz) require the activation of GCs (Rall and Shepherd, 1968; Balu et al.,
2007; Lagier et al., 2007; Kay, 2014). Since a main target of BF inhibition are the PGCs
and GCs, we hypothesized that BF GABAergic inhibition could differentially influence the
generation of oscillatory activity in the OB by regulating the activity of the glomerular and
infra-mitral inhibitory circuits. To examine this possibility, we recorded the local field
potentials (LFPs) evoked by stimulation of the ON (Lagier et al., 2007), while
optogenetically inducing GABA release from MCPO GABAergic axons (Figure 5A,
diagram). A brief, high frequency, electrical stimulation of the ON (100 Hz, 50 ms) elicited
both slow and fast fluctuations in the LFP, that persisted for ~1 s following the cessation
of the ON stimulation (Figure 5B-C). Frequency analysis of the LFP signals revealed that
both 6 and y oscillations concurred; they were apparent in both the raw and filtered LFP

traces (Figure 5B-D, Figure 5-1). Importantly, when the MCPO GABAergic axons were
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Fig. 5: Layer specific modulation of local field potential oscillations by activation of BF GABAergic

inputs

(A) Left, image of a recorded section of OB showing expression of ChR2-tdTomato achieved
by an injection of AAV5-Flex-ChR2-tdTomato virus in the MCPO. Right, diagram of the
experimental configuration; a low resistance patch electrode was placed in the external
plexiform layer (EPL) to record the local field potential (LFP) in OB slices containing BF
GABAergic axons expressing ChR2. Oscillatory activity was elicited by stimulating the
olfactory nerve (ON) with a brief high frequency stimulus (100 uA, 100 Hz for 50 ms). In
alternate trials, we stimulated the BF GABAergic axons with a blue LED (5 ms, 10 Hz for 2
s) directed to the GCL or the GL using a 40x objective focused ~400 um apart. (B) Raw traces
of LFP recordings in the EPL during electrical stimulation of the ON (black ticks) in control
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(upper trace), with LED stimulation over the GCL (blue ticks, middle trace) or the GL (bottom
trace), and in the presence of the synaptic blockers kynurenic acid (KA, 1 mM) and Gbz, 10
uM). (C) Band pass filtered LFP traces for the different conditions; low frequency, 2-12 Hz
(0, grey), and high frequency, 25-85 Hz (y, black). (D) Mean normalized 300 Hz low pass
power spectra for a 1 s window of LFP recording during GL (left) and GCL (right) LED
stimulation. Power was normalized respect to the pre ON stimulation period. The power
spectra show significant activity below 20 Hz, as well as a shoulder at higher frequency. (E)
Pair comparison of the normalized power of the 8 (upper plots) and y frequency bands (lower
plots) in the absence (control) and presence of light stimulation (LED). Light stimulation in
the GL significantly reduced the power of the 6 band (n= 6, p= 0.001), but not the y band (n=
6, p= 0.31), while LED stimulation in the GCL significantly reduced the power of the y band
(n=5, p= 0.05), but not the 8 band (n= 5, p= 0.11). Representative raw power spectrograms
before and after ON stimulation, as well normalized power spectrograms in the presence of

synaptic blockers are shown in Figure 5-1 (Appendix B).

locally stimulated in the GL, the power of 6 was significantly reduced (8: control 2.17 +
0.4, LED 1.56 + 0.3, n=6, p=0.001). We also observed a trend towards a lower y power,
albeit this was not significant (y: control 1.4 £ 0.1, LED 1.3 £ 0.2, n=6, p=0.31) (Figure
5D-E). In contrast, when the light stimulation was directed to the GCL, the power of y, but
not 8, was significantly reduced (6: control 1.64 + 0.2, LED 1.42 £ 0.3, n=5, p=0.11; y:
control 1.33 £ 0.1, LED 1.17 £ 0.1, n=5, p= 0.05) (Figure 5D-E). These results suggest
that the BF-LRGNSs could differentially regulate the dynamics of local GABAergic circuits
in the GL and GCL. We note that LED stimulation alone, in either GL or GCL, failed to
induce significant changes in the LFP, owing perhaps to the low activity of inhibitory
circuits in the slice. Nevertheless, a mixture of the excitatory and inhibitory synaptic
blockers, kynurenic acid and gabazine, completely abolished the electrically induced
oscillations, in agreement with their synaptic origin (8: control 2.2 + 0.2, blockers 0.9 £
0.01, n=4, p=0.01; y: control 1.45 + 0.06, blockers 1 £ 0.02, n= 4, p= 0.01) (Figure 5B,

Figure 5-1B).
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Activation of BF-LRGNs inputs decreases spike precision in MCs

In other brain regions, long-range GABAergic inhibition influences rhythmic
activity through direct modulation of local GABAergic interneurons, which in turn can
regulate the precision of firing of principal neurons (Tamamaki and Tomioka, 2010; Melzer
et al., 2012; Kim et al., 2015a). In the MOB spike precision in MCs can be regulated by
inhibition from GCs (Schoppa, 2006), a main target of BF inhibition; therefore, we next
examined how BF inhibition modulates spike precision of MCs. We simulated the
occurrence of coincident sensory inputs of increasing synchrony onto MCs, overlaid on a
4 Hz respiration-like wave. The currents that produced the simulated excitatory
postsynaptic potentials (sim-EPSPs) were adjusted to elicit a similar firing rate across trials
(Figure 6A, top current trace) and the first 4 and last 4 stimuli were averaged to represent
lower and higher synchrony, respectively. Under control conditions, the jitter in the spiking
generated by the low synchrony sim-EPSCs was higher, compared to the high synchrony
sim-EPSCs; in other words, the spike precision is higher with the high synchrony stimuli
(Rodriguez-Molina et al., 2007) (Figure 6A, lower traces; low synchrony 34 + 2.3 ms vs.
high synchrony 18.9 + 2.2 ms; n= 7, p= 0.02). As expected, the overall firing rate of MCs
during the sim-EPSPs significantly increased when the MCPO GABAergic axons were
locally stimulated with light (Figure 6B; control 7.2 + 1.1 vs. + LED 8.3 + 1.3 Hz, n= 7,
p=0.02). Importantly, optogenetic activation of BF-LRGNs axons significantly increased
spike jitter in MCs for sim-EPSCs at both low and high synchrony (Figure 6C, low
synchrony: control 34 + 2.3 ms vs. LED stim 38.7 + 2 ms, n=7, p= 0.02; high synchrony:
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Activation of BF GABAergic inputs desynchronizes MCs

(A) Left top, diagram of the experimental configuration; MCs were recorded in current clamp
while axons of BF GABAergic neurons expressing ChR2 were locally activated in the GCL
by blue light (5 ms, 10 Hz). MCs were stimulated with fluctuating currents that simulate
sensory input of increasing synchrony on a 4 Hz sine wave (upper trace). The simulated current
injection had low (first 4 current bursts) and high synchrony (last 4 current bursts). Overlaid
voltage traces from a MC held at =60 mV in response to the current stimuli, during control
(upper traces) and blue light stimulation (LED 5ms, 10 Hz, lower traces). Raster plots
underneath show single cell responses in 40 trials. (B) The overall firing rate of MCs was
significantly increased in the presence of blue light stimulation (n= 7, p= 0.02). (C) The spike
jitter was significantly increased during low synchrony and high synchrony simulated sensory
inputs in the presence of blue light stimulation (low synchrony, p= 0.02; high synchrony,
p<0.001). (D) Spike-triggered average during low synchrony (left) and high synchrony (right)
in the presence (red) or absence (blue) of blue light stimulation. The peak current needed to
elicit spikes was smaller in the presence of blue light stimulation (low synchrony peak:
p<0.001; high synchrony peak: p<0.001).
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control 18.9 + 2.2 vs. LED stim 24.7 £ 2.6 ms, n= 7, p<0.001). Additionally, the current
needed to evoke a spike in MCs, across all sim-EPSPs, was significantly reduced in
presence of light stimulation, in agreement with the disinhibitory action of the MCPO
GABAergic inputs (Figure 6D, low synchrony peak: p<0.001; high synchrony peak:
p<0.001). Together, these results indicate that MCPO GABAergic inhibition of local
circuits results in disinhibition of MCs and a decrease in the firing precision of the output

neurons.

Discussion

We provide new mechanistic insights on how long-range GABAergic inhibition
shapes early sensory processing by influencing local inhibition in the OB. BF inhibition
directly regulates local inhibitory neurons, including the GCs and PGCs, producing a net
disinhibition of the OB output neurons (Figure 1-3). This disinhibition affected the
function of MCs at two levels; in the temporal domain, activation of BF inhibition produced
a phasic increase in the firing of MCs and a decrease in their spiking precision (Figure 4,
6). Additionally, activation of LRGNs reduced the extent of dendrodendritic inhibition at
GC-MC synapses, suggesting that top-down GABAergic inhibition can also regulate MCs
function in the spatial domain (Figure 4). At the circuit level, activation of the GABAergic
feedback produced a specific modulation of inhibition across the glomerular and GC layers.
Phasic activation of BF-LRGNSs resulted in modulation of the intensity of 8 and y band

oscillations across these two layers (Figure 5). Thus, phasic activation of BF long-range
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GABAEergic inhibition is poised to influence both the spatial and temporal aspects of early
olfactory processing.

The MCPO is the most important source of GABAergic projections to the OB,
however the function of these inhibitory neurons has been difficult to assess due to the
presence of other cell types in the BF, including cholinergic and glutamatergic neurons
(Zaborszky et al., 2012; Yang et al., 2017). Our functional and neuroanatomical studies
provide direct evidence that MCPO GABAergic projections to the OB use GABA as a
main transmitter. The cholinergic marker ChAT was not present in MCPO GABAergic
neurons, and the fast-inhibitory currents elicited by their activation were insensitive to
cholinergic antagonists. Thus, although we cannot rule out the possibility that ChAT is
expressed at low levels in OB projecting MCPO neurons, undetected by our immunoassay,
or that MCPO Gad2* neurons can release other neurotransmitters (Trudeau and El
Mestikawy, 2018), our evidence supports a main GABAergic phenotype for these neurons.
Phasic activation of MCPO GABAergic neurons produce a fast inhibition in local OB
inhibitory neurons, which distinguish them from a different subtype of BF projection
neurons previously described (Saunders et al., 2015; Case et al., 2017).

Functionally, fast MCPO GABAergic inhibition shapes the OB output by
regulating local inhibitory circuits, instead of directly acting on the output neurons. LRGNs
preferentially elicit GABAergic currents on inhibitory neurons in both MOB and AOB.
Although, it is possible that small responses could exist in the output neurons, as recently
suggested (Bohm et al., 2020). However, this study did not specifically target the MCPO,
furthermore the absence of responses in MCs in our studies is also consistent with

neuroanatomical studies indicating that BF GABAergic afferents only target inhibitory
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neurons in the OB (Gracia-Llanes et al., 2010). This bias towards GABAergic targets has
been reported for other long-range inhibitory projections in the brain (Freund and Antal,
1988; Gulyas et al., 1990, 1991; Freund and Gulyas, 1991; Martinez-Guijarro and Freund,
1992; Melzer et al., 2012; Caputi et al., 2013; Gonzalez-Sulser et al., 2014). The function
of this biased pattern is unknown, however, given the essential participation of inhibitory
circuits in network synchronization (Buzsaki and Chrobak, 1995), it has been proposed that
long-range GABAergic inhibition modulates temporal dynamics in target circuits (Hangya
et al.,, 2009; Kim et al., 2015a; Viney et al., 2018). We found that fast feedforward
inhibition of local GABAergic neurons by BF-LRGNs decreases the intensity of evoked 6
and y band oscillations in the OB, through direct activation of GABAAR in a circuit specific
manner. Oscillations are inherent to olfaction (Kay et al., 2009), and underlie fine odor
discrimination and high cognitive tasks (Stopfer et al., 1997; Nusser et al., 2001; Beshel et
al., 2007). Interestingly, disruption of GABAAR in GCs increases y oscillations (Nusser et
al., 2001), further supporting the possibility that inhibition of GCs influences synchronized
activity in the OB. A similar mechanism has been proposed in the thalamus, where
reduction in the GABAAR mediated inhibition intensifies thalamocortical oscillatory
activity (Huntsman et al., 1999). Interestingly, studies in vivo have shown that cortically
projecting BF GABAergic neurons increase y band oscillations by modulating local fast
spiking (FS) inhibitory neurons (Kim et al., 2015a). Thus, the EPL-I neurons in the MOB
could have a similar function as they also exhibited fast inhibition upon MCPO GABAergic
activation. Future experiments should evaluate the contribution of FS neurons to y
oscillations in the MOB and their regulation by BF inhibition in vivo. Nevertheless, these

changes in synchrony at the network level can also be explained by decorrelation of activity
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in the output neurons, as BF-LRGN activation reduced spike precision on MCs in response
to a simulated sensory input. It is noteworthy that GCs have been proposed to participate
in the generation of highly precise firing in MCs (Schoppa, 2006), which is thought to
underlie temporal encoding in the OB (Kepecs et al., 2006; Shusterman et al., 2011).
Activation of BF GABAergic inhibition in the glomerular or the GCL circuits
greatly reduced the extent of inhibition in MCs. Interestingly, the density of innervation by
MCPO GABAergic axons was highest in the GCL and therefore, BF inhibition is well
poised to influence the role of GCs in odor processing. This would be in agreement with
recent findings that highlight the importance of GABAergic inhibition of GCs, including
that arising in the MCPO, in odor discrimination (Abraham et al., 2010; Nunez-Parra et al.,
2013; Gschwend et al., 2015). On the other hand, in the glomerular layer, the decay of the
IPSC elicited by MCPO axons activation in PGCs is significantly faster than for GCs.
PGCs are reciprocally connected with M/TCs, from which they receive a strong excitation
(Murphy et al., 2005). Consistent with our findings, a recent report described robust IPSCs
in a subpopulation of PGCs elicited by activation of BF GABAergic neurons (Sanz Diez
et al., 2019). This dendrodendritic interaction is thought to gate the glomerular output by
regulating the activity of M/TCs (Wachowiak and Shipley, 2006; Gire and Schoppa, 2009;
Shao et al., 2012), suggesting that phasic activation of BF-LRGNs can rapidly modulate
the glomerular circuits, strongly impacting the strength of the incoming sensory input.
Together these results suggest that the BF GABAergic input to the OB is well suited to
rapidly modulate the extent of local inhibition in the glomerulus and the lateral dendrites

of MCs.
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Our results underscore the view that GCs integrate inhibition from two sources:
top-down inhibition from MCPO afferents and inhibition from local interneurons (Pressler
and Strowbridge, 2006; Eyre et al., 2008; Burton and Urban, 2015), however these sources
of inhibition may play different functions on GCs. Phasic activation of MCPO GABAergic
inputs elicited a fast synchronized release of GABA, suggesting a tight coupling between
presynaptic action potentials and the release events (Kaeser and Regehr, 2014). However,
the IPSC elicited by MCPO inputs in GCs had a slower time course (~40 ms) compared to
the decay of the IPSC elicited by local inhibitory inputs (~6 ms) (Eyre et al., 2012),
suggesting that these sources of inhibition may have a different function in the temporal
domain. In the hippocampus IPSCs with fast decay kinetics are thought to facilitate y
oscillations, while IPSCs with slow decays likely control postsynaptic excitability (Bartos
etal., 2002). Thus, it is possible that the slower decay of top-down inhibition has a stronger
influence in the excitability of GCs, while the local inhibitory inputs may facilitate y
oscillations. Furthermore, the fast rise time of the min-IPSC suggested a predominant
perisomatic targeting of the MCPO GABAergic input to GCs. Thus, BF inhibition could
have a strong influence on the excitatory inputs that also target the proximal region of the
GCs (Balu et al., 2007), which produces an overall inhibition of the OB output (Boyd et
al., 2012, 2015; Markopoulos et al., 2012; Rothermel and Wachowiak, 2014; Otazu et al.,
2015), further experiments are needed to determine the temporal window in which this
regulation can occur.

Interestingly, in in vivo recordings from OB projecting MCPO neurons, these cells
can be directly excited by activation of the piriform and entorhinal cortices (Paolini and

McKenzie, 1997), suggesting modulation of MCPO LRGN activity by incoming odor-
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elicited activity from olfactory areas. Since GCs are targeted by the MCPO GABAergic
axons, these projections could participate in an OB-BF feedback loop that can rapidly
modulate the temporal code in the OB. The highly branched BF-LRGN innervation across
the OB cellular layers in addition to a relatively small number of OB projecting neurons in
the MCPO (~680 GABAergic neurons) (Gracia-Llanes et al., 2010), suggests that
GABAergic axons could influence a large number of interneurons in the OB. Thus, we
hypothesize that top-down inhibition provides a rapid disinhibitory feedback to ongoing
odor-induced activity in the OB, influencing the temporal and spatial dynamics of odor

coding in the OB, including gain control and tuning specificity of the output neurons.
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Chapter 3

Basal forebrain GABAergic projections to the olfactory bulb are rapidly recruited

by odor encounters in a stimulus specific manner
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Summary

The output of the olfactory bulb (OB) is tightly regulated by top-down signals from
several brain regions. Among these, a heterogeneous collection of GABAergic neurons in
the basal forebrain (BF) broadly integrates cortical and subcortical inputs and send
neuromodulatory signals to the OB. To date, however, how these GABAergic projections
participate in the formation of olfactory representations remains unknown. Here, we used
slice electrophysiology and multiphoton calcium imaging in awake male and female mice
to investigate how the activity of the GABAergic neurons is recruited by olfactory
stimulation. We demonstrate that OB projecting BF GABAergic neurons receive
monosynaptic glutamatergic inputs from the piriform cortex, supporting the existence of a
fast BF GABAergic feedback projection to the OB driven by odor stimulation. By imaging
calcium signals from GABAergic axons in the OB, we found that synaptic boutons were
spontaneously active across all bulb layers in awake mice. Importantly, odor presentation
resulted in sparse responses in boutons across different OB layers in an odorant and
concentration-specific manner. Across multiple odorants, boutons responded by either
enhancement or suppression of the baseline signal, while mixed-type responses were rarely
observed. The response dynamics of the BF GABAergic boutons, characterized by a fast
onset, occurred in a similar time scale to those exhibited by glutamatergic feedback
projections that originate in the piriform cortex, further supporting the existence of a fast
GABAEergic feedback loop from the BF. Since both glutamatergic and GABAergic

feedback projections target the local GABAergic network in the bulb, our results indicate
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that the BF feedback signals rapidly change the excitation-inhibition balance of the bulb

output neurons.

Introduction

Sensory perception emerges from the interplay between stimulus-driven
feedforward cortical activation and feedback signals that sculpt the activity of early
processing circuits. Despite detailed knowledge of the role of bottom-up inputs in sensory
representation across different modalities, we lack basic insight into how descending
feedback signals restructure the incoming sensory input. In olfaction, odor information is
first represented in the olfactory bulb (OB) by ensembles of output neurons, the
mitral/tufted cells (M/TCs), which receive direct inputs from the sensory neurons
(Shepherd, 2004). Like in other sensory circuits (Isaacson and Scanziani, 2011; Pfeffer et
al., 2013), the activity of M/TCs is tightly regulated by local GABAergic networks, whose
activity is influenced by extensive top-down signals (Matsutani and Yamamoto, 2008;
Nagayama et al., 2014). Among these top-down signals, rich glutamatergic projections
from the piriform cortex (PC) and anterior olfactory nucleus (AON) primarily innervate
local GABAergic neurons of the bulb, the granule cells (GCs), and periglomerular cells
(PGCs) (Shipley and Adamek, 1984; Shepherd, 2004; Matsutani, 2010; Rothermel and
Wachowiak, 2014). This excitatory feedback drives strong feedforward inhibition onto
M/TCs and has been proposed to enable odor pattern-separation by decorrelating and
sparsening the activity of M/TCs (Boyd et al., 2012, 2015; Markopoulos et al., 2012; Otazu
etal., 2015).

55



The bulb also receives descending GABAergic projections from the basal forebrain
(BF), a brain region involved in state-dependent regulation of sensory circuits (Yang et al.,
2014b; Hangya et al., 2015; Zant et al., 2016). The BF contains several types of projection
neurons, including GABAergic and cholinergic neurons, which are rapidly recruited during
reward-seeking behaviors (Hangya et al., 2015; Nunez-Parra et al., 2020; Sturgill et al.,
2020; Hanson et al., 2021). Akin to the cortical excitatory feedback, BF long-range
GABAergic neurons originating in the magnocellular preoptic area (MCPO) act mostly on
the inhibitory neurons of the OB and, therefore can modulate spatial and temporal
dynamics of the M/TCs output by controlling their inhibition by GCs and PGCs (Gracia-
Llanes et al., 2010; Nunez-Parra et al., 2013; Sanz Diez et al., 2019; Bohm et al., 2020;
Hanson et al., 2020; Villar et al., 2021a).

The BF is not a direct target of OB output neurons but instead integrates
corticofugal signals (Cullinan and Zaborszky, 1991; Zaborszky et al., 1997), as well as
neuromodulatory inputs (Gaykema and Zaborszky, 1997; Zaborszky et al., 1999, 2012),
and in turn, conveys broad projections to cortical and subcortical structures. Previous
studies indicated that the PC can activate neurons in the BF (Paolini and McKenzie, 1997;
Zaborszky et al., 1997), suggesting that upon odor stimulation, the activation of the BF
may provide olfactory areas with fast and state-dependent top-down inputs for regulating
early signal processing. Consistent with this framework, lesions or chemogenetic silencing
of the MCPO in the BF, a main source of OB projecting GABAergic cells, significantly
impairs odor discrimination (Paolini and McKenzie, 1996; Nunez-Parra et al., 2013).
However, how these GABAergic projections to the bulb are recruited by odor stimuli and

their functional role in regulating olfactory representations remain unknown. Here, we
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provide evidence that neurons in the PC produce direct activation of OB projecting
GABAergic cells in the MCPO. Furthermore, using multiphoton imaging of GCaMP6
signals in awake mice, we provide evidence that the responses of the GABAergic feedback

to the OB are rather specific to odor identity and concentration.

Methods

Animals. All experiments were conducted following the US National Institute of
Health guidelines and approved by the Cold Spring Harbor Laboratory Institutional Animal
Care and Use Committee (IACUC) and the University of Maryland, College Park IACUC.
In vivo imaging experiments and slice electrophysiological recordings were performed on
adult C57BL/6 (JAX, stock #664) and Vgat-IRES-Cre (JAX, stock #028862) female and

male mice (1- to 12-month-old), obtained from breeding pairs housed in our animal facility.

Stereotaxic injections. Animals were allowed to acclimate to the procedure room
for at least 1 h before surgery. Anesthesia was induced with 2% isoflurane in oxygen at a
rate of 1 L/min and adjusted over the course of the procedure from 0.5 to 1% to maintain a
breathing rate of approximately 60 breaths per minute. While the mouse was mounted in
the stereotaxic frame (Kopf, catalog #940), the depth of the anesthetized state was
frequently tested using pedal reflexes and by monitoring the breathing rate and whisking.
Body temperature was maintained using a feedback-controlled heating pad (FST TR-200,
Fine Science Tools). Meloxicam (subcutaneous, 2 mg/Kg) was used as an anti-
inflammatory and Betadine as an antiseptic. During the surgery, the eyes were lubricated
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using a petrolatum ophthalmic ointment (Paralube). The virus was delivered with a glass
pipette held by a needle holder and attached to the arm of the stereotaxic apparatus. Surgical
tools were sterilized in an autoclave before use and decontaminated by dry heat between
animals (Germinator 500, EMS). To express GCaMP6s in MCPO GABAergic neurons,
Vgat-Cre mice received a stereotaxic injection of the AAV5-CAG-Flex-GCaMP6s
adenovirus (160 nL, Catalog #100842, Addgene) using the following stereotaxic
coordinates (in mm): D/V -5.4, M/L + 1.63, A/P +0.14. For anterograde expression of
GCaMP6s in PC neurons projecting to the OB, C57BL/6 mice were injected with the
AAV1-Syn-GCaMP6s adenovirus (160 nL, Catalog #100843, Addgene), using the
following stereotaxic coordinates (in mm): D/V -3.5, M/L + 2.8 and A/P 1.6. After viral
injection, mice were left to recover for at least three weeks before chronical window
implantation. For optogenetic stimulation in axons of PC neurons projecting to the MCPO
the AAV5-CAG-ChR2-tdTomato adenovirus (80 nL, Addgene) was injected into the PC
of Vgat-Cre mice. To label OB projecting neurons in the MCPO, the same mice received
an injection of the retrograde AAVrg-hSyn-DIO-eGFP virus (50 nL, Catalog #50457,
Addgene) into the OB using the following stereotaxic coordinates (in mm): D/V -0.4, M/L

+1.8, A/IP6.0.

Brain slices. Coronal slices containing MCPO (250 pm) were prepared using
vibratome sectioning (VT1000S, Leica). Brain slices were kept in oxygenated ice-cold
modified artificial cerebrospinal fluid (ACSF) containing low Ca?* (0.5 mM) and high
Mg?* (3 mM). Sections were left to recover for at least 30 min at 35°C before

electrophysiological recordings. After recovery, slices were kept at room temperature for
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up to 6 h. The normal ACSF had the following composition (in mM): 125 NaCl, 26
NaHCOs, 1.25 NaH2PO4, 2.5 KCI, 2 CaClz, 1 MgClz, 1 myo-inositol, 0.4 ascorbic acid, 2
Na-pyruvate, and 15 glucose. The ACSF solution was continuously oxygenated (95% Oz,

5% COz) to give a pH of 7.4.

Whole cell recordings. Electrophysiological recordings were conducted as
previously described (Villar et al., 2021a). Briefly, whole-cell recordings were performed
using a dual EPC10 amplifier (HEKA, Harvard Bioscience) at room temperature (~21°C).
Glass pipettes were filled with an internal solution of the following composition (in mM):
130 Cs-gluconate, 4 KCI, 10 HEPES-K, 10 Na phosphocreatine, 2 Na*-ATP, 4 Mg>*-ATP,
and 0.3 GTP. The final pH of the internal solution was adjusted to 7.3 with CsOH
(osmolarity ~290 mOsm). Optogenetic stimulation was achieved using a LED lamp
(COP1-A, Thorlabs) which produced brief pulses (1-3 ms) of collimated blue light (473
nm, ~1 mW/mm?) delivered through the objective. Recordings were analyzed in MATLAB

(MathWorks) and Igor Pro (WaveMetrics).

Chronic window implant. Mice were anesthetized with a single intraperitoneal
injection of a ketamine (100 mg/Kg) and xylazine (10 mg/Kg) cocktail. Subcutaneous
meloxicam (2 mg/Kg) was used as an anti-inflammatory. Depth of anesthesia was
frequently monitored as described above. Anesthetized mice were loosely held on
stereotaxic apparatus while the dorsal surface of the skull was exposed. The skull was
cleaned with a blade, and a custom-built diamond-shaped titanium headbar was cemented

(C&B Metabond, Parkell) on the back and front of the skull. A 3 mm craniotomy was made
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on the skull overlying the olfactory bulbs by carefully thinning the bone with a dental drill
(Foredom, Bethel). This procedure was carefully done to avoid damaging the meninges
and superficial blood vessels. A thin coverslip (CS-3R, Warner instruments) was placed on
top of the bulbs, and the edges were sealed with a small amount of Vetbond (3M) followed
by cyanoacrylate glue (Super glue). The dorsal skull surface was further reinforced with
dental acrylic (Lang Dental), which was shaped like a well to contain a small amount of
water for the immersion objective during the imaging sessions. Mice were left to recover

for at least one week before imaging.

Imaging session procedure. Naive mice were habituated to the headbar holder and
rig for at least 30 min before imaging. A typical odor presentation routine consisted of 10
s of clean air, followed by 4 s of odor stimulation and 16 s of air. The interval between
trials was at least 30 s and each stimulus was presented 5 times. Mice were imaged on
consecutive days, and no more than one imaging session was performed per day. After
each session, mice were returned to their home cage and kept over a heating pad before

returning to the main colony.

Odor stimulation. Odors were randomly delivered using a custom-built odor
machine as previously described (Soucy et al., 2009). Pure odors (Sigma, International
Flavors & Fragrances) were diluted in mineral oil and stored in glass blood collection tubes
(BD Vacutainer). Clean air entered each odor tube at a rate of ~1 L/min. Air flow through
each tube was directed by independent solenoid valves controlled by custom-written

software (LabVIEW, National Instruments). Odors were carried from the odor machine to
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the test subject by a Teflon coated tubing and delivered through a 3D-printed nose piece.
A photoionization device (PID, Aurora Scientific) was used to determine the time course

and reliability of the odor delivery.

Multiphoton imaging. Imaging was performed with a custom-built multiphoton
microscope coupled to a Ti:Sapphire femtosecond pulsed laser (Chameleon Ultra I,
Coherent). A 915 nm tuned laser beam was projected onto a resonant-galvo-based scanning
head (12 KHz, High Stability 8315K-CRS-12 Set, Cambridge Technologies). The scanning
system steered the laser through scan and tube lenses to backfill the aperture of a 20X, 1.0
NA objective. Signals were acquired using a GaAsP PMT (H10770PB-40, Hamamatsu),
amplified, filtered (DHPCA-100, Femto), and digitized at 200 MHz (NI PXle-7966R
FPGA Module, NI5772 Digitizer Adapter Module). The laser power was adjusted to
minimize bleaching and typically was set below 50 mW, measured under the objective.
Image acquisition was controlled by custom-written software (LabVIEW, National

Instruments including Iris, courtesy of Georg B. Keller lab, FMI, Basel).

Histology. Post hoc, the brains of all mice were harvested to verify the accuracy of
the targeted injection site. Mice were transcardially perfused with cold 4%
paraformaldehyde (PFA) diluted in 0.1 M phosphate buffer saline (PBS), pH 7.4. Brains
were then post fixed overnight at 4°C in PFA and the tissue was sliced on a vibratome.
Nuclei were stained with DAPI dihydrochloride (300 nM, Catalog #D1306, Invitrogen)
and mounted in a solution of Mowiol-DABCO. Mowiol mounting media was made in

batches of 25 mL containing 9.6% w/v mowiol (Catalog #475904, Millipore), glycerol
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24% wiliv, 0.2 M Tris (pH 6.8), 2.5% w/v DABCO (antifade reagent, Catalog #D2522,
Sigma) and Milli-Q water. To amplify the GCaMP6s signal in fixed slices, we used
immunohistochemistry against GFP. Free floating brain sections (50 pum) were first
blocked with donkey serum (10%, Catalog #S30-M, Millipore) in PBS supplemented with
Triton X-100 (PBS-T, 0.1% v/v, Catalog #T8787, Millipore) for 1 h at room temperature
(RT) to block unspecific binding sites. Sections were then incubated overnight at RT with
a rabbit anti-GFP primary antibody (1:500, Catalog #598, MBL) and 2.5% donkey serum
in PBS-T. The primary antibody was washed with PBS-T for at least 30 min before
incubation with a donkey anti-rabbit antibody coupled to Alexa fluor-594 for 2 h, at RT
(1:500, Catalog #A-21207, Invitrogen). Slices were stained with DAPI, dried, and mounted
using Mowiol-DABCO. Images were acquired using a confocal microscope (Leica SP5X,

Leica Microsystems).

Data analysis

Image registration and z-plane motion detection. x-y translations were corrected
using the Fourier transform based registration method (Kuglin and Hines, 1975). A subset
of 20 random frames from each trial was used to obtain an average image used as reference
during the registration. Displacements of each frame with respect to the reference image
were estimated by computing cross-correlation peaks using the FFT function in custom-
written MATLAB software. Fast z-plane motion was detected by comparing the shape of
an ROl in a particular frame to that in the reference image (Otazu et al., 2015). If the ROI

in a given frame has identical shape to the reference ROI, the cosine (cosfrqme) between
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vectors of length equal to the number of pixels within the reference ROI (7;,,04,) @and an

individual frame (7¢qm.) has a value of 1. If the reference and frame ROIs have different

shape cos¢rqme approaches to zero,

Tmean * Tframe

cosS =
frame
\/(7mean ) 7mean)(’frame ) Jframe)

Thus, for each ROI, we computed a cos¢rqm, time series to monitor the stability of

each ROl in a given field of view (FOV). Z-plane motion produced a synchronized drop in

the cosg,qme across ROIls in the FOV. To quantify this drop, we calculated the population
stability for a given frame defined as the median of cosg.qpme across ROIls in the FOV.,

Population stability for each frame was converted to z-score by subtracting the mean
population stability during the time preceding the odor (pure air application), where z-
motion was less frequent, and dividing by the standard deviation of the population stability
during the air period. A drop in 2.5 z-scores was classified as z-motion and the entire frame
was discarded. ROIs (~1 to 2 um) were manually selected in MATLAB based on mean

registered images.

Detection of odor responses. We obtained a bootstrap estimate of the spontaneous
fluorescence during the air period. For each bouton, the mean dF/F was calculated during
the air period (baseline) with a window of time equivalent to the duration of odor
presentation (4 s) across all trials. The mean dF/F during the odor presentation window was

compared with the baseline fluorescence. An odor response in a single trial was considered
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a “significant enhancement” if it exceeded the 99.9" percentile, and a “significant
suppression” if it corresponded to less than 0.1th percentile of the bootstrap distribution.
Boutons were considered to have a significant odor response when they responded

significantly to at least 3 of the 5 presentations of a given odor.

Clustering analysis. dF/F traces from responding boutons were used to cluster odor
responses using the k-means clustering function in MATLAB. To determine the number
of clusters, we calculated the average distance from each point to every centroid (d-value)
while varying the number of clusters from 1 to 10. The d-value was plotted against the
number of clusters used for clustering, and the cutoff for the number of clusters was

obtained when the d-value reached a plateau (Otazu et al., 2015).

Pairwise similarity. For bouton similarity, the odor response spectrum (ORS) for a
given responding bouton was defined as a vector of length equal to the total number of
odors used and containing the mean response value (dF/F) across trials for each odor. A
value of 0 was assigned to non-significant responses. Similarly, we defined the bouton
response spectrum (BRS) to an odor in a given FOV as a vector of length equal to the total
number of boutons in each FOV and containing the mean response value (dF/F) across
trials for each odor. Pairwise bouton similarity was defined as the cosine of the angle

between two ORS vectors, ORSi and ORS;j, and defined as follows:

Bouton similarity =

J (ORS; - ORS,)(ORS; - ORS;)
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Likewise, pairwise odor similarity between two BRS vectors, BRSi and BRS;j, was

computed as follows:

o BRS; - BRS;
Odor similarity =

\/ (BRS; - BRS;)(BRS; - BRS;)

Lifetime sparseness (LS). Sparseness quantifies the extent to which a given bouton

is modulated by different stimuli, and it was computed as follows:

where i = bouton index, m = number of odors and rj = mean bouton response to odor j. In
this metric a value of 0 represents a dense code, while 1 represents a sparse code (Vinje

and Gallant, 2000; Willmore et al., 2011).

Odor response onset. The dF/F traces showing significantly enhanced or
suppressed odor responses were used to estimate the response onset time. This was defined
as the time by which 5% of the response maximal amplitude was achieved. Similarly, the
response rise time was computed as a time window from 10 to 90% of the maximal

response amplitude.
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Results

OB projecting GABAergic neurons are driven by direct inputs from piriform cortex

To date, how the activity of MCPO GABAergic neurons targeting the OB is
recruited during olfactory guided behaviors is unknown. Therefore, to determine whether
these neurons receive excitatory inputs from the olfactory cortex, we injected the
anterograde tracer AAV-CAG-tdTomato in the PC of wild-type mice (Figure 1A, left). PC
injections rendered abundant innervation of the MCPO that was also characterized by
ample presence of synaptic boutons (Figure 1A). Next, to determine whether OB
projecting GABAergic cells in the MCPO receive direct excitatory inputs from the PC, we
retrogradely labeled GABAergic neurons in the MCPO from the OB using the broad
GABAergic marker Vgat to drive Cre-dependent transduction of a retrograde adenovirus
(AAVrg-DIO-GFP, see Methods). Recordings were performed in MCPO GFP™ cells while
optogenetically stimulating PC axons expressing the light-sensitive channel
channelrhodopsin (ChR2) (Figure 1B). Light stimulation of PC axons in the vicinity of
OB projecting MCPO GABAergic neurons consistently evoked short latency EPSCs (5.2
+ 0.9 ms, n= 15 EPSCs, 2 cells), suggesting monosynaptic excitatory connections (Figure
1C). These responses were blocked by perfusing the AMPA receptor blocker CNQX
(Figure 1C) (control, —184 £ 148 pA vs. CNQX, —13 + 10 pA, n= 2). These results strongly
suggest that OB projecting MCPO GABAergic cells participate in a fast feedback loop that

can be driven by a descending input from the PC.
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Fig. 1: OB projecting MCPO GABAergic neurons are recruited by direct PC excitatory inputs

(A) Left diagram, the anterograde tracer AAV-CAG-tdTomato was injected into the PC of
wildtype mice to trace projections to the BF. Middle, confocal image of a coronal slice
containing the MCPO, shown at a higher magnification on the right; abundant labeled axons
are present in the MCPO. (B) Left diagram, OB projecting MCPO GABAergic cells were
labeled with a retrograde AAVrg-DIO-GFP virus injected into the OB of Vgat-Cre mice. In
addition, the anterograde AAV-ChR2-tdTomato virus was injected into the PC to label MCPO
projecting axons. Right, confocal image of the MCPO of a Vgat-Cre mouse showing
retrogradely labeled GFP GABAergic neurons (green) surrounded by abundant PC axons
(red). Nuclear dapi staining is shown in blue. Targeted whole cell recordings were performed
in coronal MCPO slices from neurons expressing GFP, and PC axons expressing ChR2 were
optogenetically stimulated. (C) Right, a brief light stimulation of PC axons evoked a fast
eEPSCs in GFP expressing MCPO neurons. The light-evoked excitation was completely
blocked by perfusing the glutamate receptor blocker CNQX (10 pM) (n= 2 cells). Left,
histogram of the onset time for the cortically evoked EPSCs recorded from OB projecting

GABAergic neurons.
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Monitoring the activity of the OB GABAergic feedback in vivo

Direct activation of GABAergic neurons by inputs from the PC, predicts that these
neurons should be recruited by odor stimulation and provide a fast inhibitory input to the
bulb. To examine this possibility, we recorded the activity of MCPO GABAergic axons in
the OB using multiphoton microscopy in naive head-fixed mice. We drove Cre-dependent
expression of the calcium indicator GCaMP6s (Chen et al., 2013) in the MCPO of Vgat-
Cre mice using an adenovirus (AAV5-Flex-GCaMP6s, see Methods) (Figure 2A,
diagram). Targeted viral injections reliably transduced GABAergic neurons in the BF,
including the MCPO and substantia innominata (SI) (Villar et al., 2021a) (Figure 2A,
Figure 2-1A), and consistent with their GABAergic nature, the expression of GCaMP6s
in the MCPO co-localized with the GABAergic proteins Gad65/67 (Figure 2-1B) (Nunez-
Parra et al., 2013). In confocal images of immuno-amplified GCaMP6s fluorescence, we
found that the mean raw signal intensity of axonal labeling is highest across the glomerular
and granule cell layers (GL and GCL, respectively), which contain the most prominent
inhibitory neurons of the OB (Figure 2-1C). These axons appeared homogeneously
distributed across the dorso (D)-ventral (V) and medial (M)-lateral (L) axes of the bulb
(intensity in arbitrary units): D-GL 16.1 + 1.5 vs. V-GL 22.0 + 1.7, p= 0.06; D-GCL 26.6
+ 4.3 vs. V-GCL 28.0 + 8.5, p=0.9; M-GL 20.7 £ 2.8 vs. L-GL 19.0 £ 4.2, p= 0.74; M-
GCL 31.8 + 2.9 vs. L-GCL 27.0 + 4.1, p= 0.37) (Figure 2A, Figure 2-1C). However,
MCPO axons were denser in the GCL compared to the GL, consistent with previous reports
(Gracia-Llanes et al., 2010; Nunez-Parra et al., 2013; Hanson et al., 2020; Villar et al.,

2021a) (Figure 2-1C). In awake mice, GCaMP6s fluorescence observed under the two-
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Fig. 2:

GABAergic boutons show diverse activity dynamics in response to odors

(A) Left, schematic of the experimental approach. Vgat-Cre mice were injected in the MCPO
with the Cre-dependent virus AAV-Flex-GCaMP6s to express the calcium sensor in
GABAergic neurons. Center, confocal image of a coronal brain section showing abundant
GCaMPe6s expression in GABAergic cells of the MCPO. Right, confocal image of a coronal
section of the olfactory bulb (OB) showing the distribution of MCPO GABAergic axons axon
expressing GCaMP6s. Intrinsic GCaMP6s  fluorescence was enhanced by
immunohistochemistry against GFP that also labels GCaMP6. LV, lateral ventricle; aca,
anterior commissure; Sl, substantia innominata; PC, piriform cortex, Tu, olfactory tubercle.
(B) Left, diagram of the OB indicating the imaged field of view (FOV) in the GL (top) or GCL
(bottom). GABAergic axons and boutons expressing GCaMP6s are shown in green. Right, in
vivo multiphoton images of representative FOVs showing MCPO GABAergic axons
expressing GCaMP®6s in the glomerular layer (GL, top, ~50 um deep) and granule cell layer
(GCL, bottom, ~300 um deep); in both layers, axons contain abundant synaptic boutons (white
arrowheads). (C) Sample dF/F traces for a selected bouton in the GL (top) and in the GCL
(bottom) showing responses to a set of 16 odors presented to an awake head-fixed mouse. (D)
Left, examples of odor response spectra (ORS) for five GABAergic boutons in the GL. Bouton
index is indicated on top. Black bars represent the mean magnitude of odor responses which
is positive for enhanced and negative for suppressed responses. Right, heatmap of mean odor-
evoked responses for bouton in the GL that responded significantly to at least one stimulus in
our 16-odor set (20 FOVs, 5 mice). Responsive boutons are shown ranked by magnitude from
the most to the least responsive. Red shades correspond to enhancement and darker blue to
suppression (E) Sample ORSs and response heatmap for the GCL, as described in panel D (19
FOVs, 6 mice). (F) Histogram showing the number of odor-evoked responses per bouton in
the GL (left) and GCL (right). (G) Percentage of boutons in the GL (black bars) and GCL
(white bars) that responded exclusively with either enhancement (E) or suppression (S),
exhibited both E and S (E-S), and non-responsive boutons (NR). The laminar distribution of
the MCPO GABAergic axons across the OB layers is shown in Figure 2-1 (Appendix B).
Samples of additional GABAergic bouton responses and stacked odor-boutons pairs for
enhanced and suppressed responses are shown in Figure 2-2 (Appendix B). Odor responses in
boutons of glutamatergic axons from PC feedback neurons in the OB are shown in Figure 2-
3 (Appendix B).

70



photon microscope, was prominent in the synaptic boutons of the axonal processes across
both GL and GCL (Figure 2B, Figure 2-1D). In vivo, the density of GABAergic boutons
across layers appeared slightly higher in deeper field of views (FOV); although, these
differences were not statistically significant (GL 2.2 vs. GCL 2.4 boutons/100 um?, n= 19

GCL FOVs, 6mice; 20 GL FOVs, 5 mice; p= 0.46) (Figure 2-1D).

Odors evoke enhancement or suppression of baseline activity in GABAergic boutons

Early studies suggested that the BF receives cortical olfactory information (Paolini
and McKenzie, 1997; Zaborszky et al., 1997), yet to date, the response dynamics of MCPO
GABAergic neurons during olfactory stimulation remain unknown. Therefore, we exposed
naive head-fixed mice to odor stimulation with a diverse panel of odors while recording
the activity of the boutons of GABAergic axons in the OB. A set of 16 odors (Table S1,
Appendix B), known to activate the dorsal surface of the OB (Soucy et al., 2009), were
randomly delivered while imaging GCaMP6s signals from boutons in the GL and GCL.
To determine whether odors evoked significant responses, we compared the changes in
fluorescence during odor presentation with the fluorescence of baseline activity (see
Methods) (Otazu et al., 2015). In boutons exhibiting significant responses to at least one
odor in the set, activity traces (dF/F) for all trials were averaged (for either enhancement
or suppression, see below) (Figure 2C, Figure 2-2A, B), and the mean response amplitude
during the odor presentation is shown as a vector, or heatmap, as a function of the odor
identity (Figure 2D, E). Odor presentations triggered significant responses to at least one
odor in ~33% of the imaged boutons in the GL (1273/3816, 20 FOVs, 5 mice) and in ~35%
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of the boutons inthe GCL (1422/4029, 19 FOVs, 6 mice) (Figure 2F, G). Thus, on average,
a given bouton responded to 1.1 £ 0.04 odors in the GL and 1.6 + 0.05 in the GCL, from
the 16 odors in the set. On average, a given odor in the panel evoked significant responses
in ~7% of the imaged boutons in the GL and 10% in the GCL, with low variance across
the different odors in the set (6> GL 5.8, GCL 6.2) (Figure 2-2C).

Interestingly, individual odors elicited both enhancement and suppression of
baseline activity in different boutons, and boutons exhibiting mixed responses were rare
(Figure 2G). From all responding boutons imaged in the GL, ~31% responded to odors
exclusively with enhancement (393/1273 boutons), while ~65% did exclusively with
suppression (827/1273 boutons). Similarly, in the GCL ~18% of the responding boutons
showed only enhancement (259/1422 boutons), while ~81% showed only suppression
(1157/1422 boutons). In contrast, only 4% of boutons in the GL and 0.4% in GCL exhibited
both enhanced and suppressed responses, suggesting that MCPO GABAergic axons show
a segregation in their response mode.

Previous studies demonstrated that responses to odors in the excitatory feedback
from PC to the OB also exhibit distinct temporal dynamics (Boyd et al., 2015; Otazu et al.,
2015). However, we found that odor responses of MCPO GABAergic boutons were denser
than responses observed in the glutamatergic PC feedback axons imaged under the same
conditions (Figure 2-3A, B). In contrast to GABAergic boutons, significant responses in
glutamatergic boutons triggered by at least one odor in the set were fewer: ~12% boutons
in the GL (348/2999, 16 FOVs, 3 mice) and in ~10% of the boutons in the GCL (396/3840,
19 FOVs, 3 mice) (Figure 2-3C). Nevertheless, consistent with previous findings (Boyd

et al., 2015; Otazu et al., 2015), the segregation in response modes was also present in the
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PC glutamatergic boutons (Figure 2-3D). Of the responding boutons, ~52% (181/348
boutons) responded to odors exclusively with enhancement, and ~46% did exclusively with
suppression in the GL (161/348 boutons), while in the GCL ~34% (133/396 boutons)
showed only enhancement, while ~66% showed only suppression (261/396 boutons).
Furthermore, like the GABAergic boutons, those exhibiting both enhanced and suppressed
responses were very rare (0.2% in the GL and 0.05% in GCL). Interestingly, on average, a
given PC feedback bouton responded to 0.3 £ 0.02 odors in the GL and 0.2 £ 0.02 odors in
the GCL. Thus, the number of odors a given glutamatergic bouton responded to was lower
compared to the GABAergic boutons, suggesting a difference in the degree of specificity
in odor responses with lower odor specificity in the GABAergic boutons.

Interestingly, the ratio of suppressed over enhanced responses in the GCL for the
GABAergic boutons was larger than for glutamatergic boutons (4.5 vs. 1.9, respectively),
and a similar trend was observed in the GL (2 vs. 0.9, respectively). These results indicate
that overall suppressed responses are more prominent in the MCPO GABAergic boutons
than in the PC feedback boutons, suggesting that locally the reduction in the activity of the
GABAergic feedback, which targets GCs (Villar et al., 2021a), would likely increase

inhibition of M/TCs, especially in deeper OB layers.

MCPO GABAergic boutons show sparse and odor specific responses in the bulb

To quantify the extent to which the activity of a given bouton was modulated by
the different odors, we computed the lifetime sparseness (LS). The LS metric ranges from
0 to 1, where 0 indicates an equal response to all odors (dense response), and 1 means that
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all responses are concentrated in a single stimulus (sparse response) (see Methods). The
distribution of LS values for both suppressed and enhanced boutons was skewed towards
sparse responses, although suppressed responses were significantly sparser across the
superficial and deeper layers (LS in the GL; suppressed 0.90 + 0.003, n= 866 boutons vs.
enhanced 0.77 £ 0.01, n=455, p< 0.001; LS in the GCL, suppressed 0.84 + 0.004, n= 1150
boutons vs. enhanced 0.79 £ 0.01, n= 276 boutons, p< 0.001). While enhanced responses
were similarly sparse across the GL and GCL (p= 0.98), suppressed responses were
significantly sparser in the GL (p< 0.001) (Figure 3A, B). Overall, these results are
consistent with a sparse odor activation and suggest that the MCPO GABAergic boutons
are narrowly tuned to odors.

We next examined how similarly boutons responded to the different odors in the
set. We constructed vectors representing the response profile to the set of odors for each
responding bouton (Figure 3C). Pairwise bouton similarity was computed as the cosine of
the angle between two bouton response vectors (see Methods). Thus, similar boutons
exhibit pairwise similarity values close to 1 while boutons having orthogonal vectors
approximate to 0. Consistent with the largely sparse activation observed, the overall
pairwise similarity was low across responding boutons (Figure 3D). Nevertheless, the
mean bouton similarity was lower for suppressed compared to enhanced responses across
both layers (GL, suppressed 0.04 + 0.32 SD, n= 866 boutons vs. enhanced 0.21 + 0.28 SD,
n= 455 boutons, p< 0.001; GCL, suppressed 0.09 + 0.30 SD, n= 1150 boutons vs. enhanced
0.18 £ 0.26 SD, n= 276 boutons, p< 0.001). In addition, odor responses were significantly

different across the GL and GCL for both enhanced (p< 0.001) and suppressed (p< 0.001)
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GABAergic boutons exhibit sparse and odor selective responses

(A) Histogram of lifetime sparseness (LS) values for enhanced (red) and suppressed (blue)
odor responses from boutons imaged in the GL (continuous line) and GCL (dotted line). The
distribution of LS for suppression responses are significantly different between the GL and
GCL (p<0001, Wilcoxon rank sum test). (B) Bar graph showing the mean LS across response
modes and layers. The mean LS for enhanced responses was not significantly different across
GL and GCL, while suppressed responses in the GL were significantly sparser (p< 0.001,
Wilcoxon rank sum test). Overall, suppressed responses were sparser than enhanced responses
(p< 0.001, Wilcoxon rank sum test). (C) Graphic representation of pairwise bouton similarity.
Each circle represents an odor application, and the intensity of the shading corresponds to the
response amplitude. The odor response spectrum (ORS, row) was defined as a vector of length
equal to the number of odors, containing the mean odor responses for all odors presented.
Similarity was defined as the cosine of the angle between the ORS of two boutons. (D)
Histogram of bouton similarity values for enhanced (red) or suppressed (blue) responses in
boutons imaged in the GL (continuous line) and GCL (dotted line). Bouton similarity equal to

0 indicates different responses between two given boutons, while a similarity equal to 1
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indicates they exhibit the same response. A similarity value of -1 indicates opposite responses.
The inset graphs show an expansion of the range for bouton similarity. Bouton similarity of
enhanced responses is lower in the GL (p< 0.001, Wilcoxon rank sum test), while similarity is
higher in the GCL for suppressed responses (p< 0.001, Wilcoxon rank sum test). (E) Graphic
representation of pairwise odor similarity comparison. (F) Histogram of odor similarity values
for GL (continuous line) and GCL (dotted line), as defined above. Odor similarity was

significantly higher in the GL compared to GCL (p< 0.001, Wilcoxon rank sum test).

responses. These results further support differences in the odor response specificity of
boutons in the superficial versus deeper layers of the bulb.

Lastly, we evaluated the pairwise odor similarity for stimuli within the panel,
considering both enhanced and suppressed odor responses. We constructed vectors
representing each odor in the 16-odor set and containing the mean response for all boutons
in a given FOV (see Methods) (Figure 3E). Pairwise odor similarity was significantly
lower in the GCL compared to the GL (GCL, 0.32 £ 0.27 SD vs. GL, 0.49 £ 0.31 SD, p<
0.001) (Figure 3F), suggesting that odor responses in the GL are more similar across
stimuli compared to corresponding responses in the GCL. Functionally, these results
indicate that deeper layers of the OB, which contain the GCs and that are critical in
regulating the function of M/TCs, integrate highly specific top-down GABAergic signals

that could rapidly modulate the output of the bulb in an odor-specific manner.

Odors evoke fast responses in the MCPO GABAergic boutons

To gain insight on the different odor-evoked kinetics, we clustered responsive odor-
bouton pairs (Figure 4A) using the k-means method (see Methods) (Otazu et al., 2015;

Villar et al., 2021b). Overall, we found that for both enhanced and suppressed responses,
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GABAergic boutons in the GCL respond to odors with transient enhancements or suppressions

(A) Left, diagram of the OB showing a FOV in the GCL. Right, heatmaps of the normalized
odor responses for all enhanced (top) and suppressed (bottom) odor-bouton pairs in the GCL.
Suppressions were observed in boutons with higher baseline. (B) Histogram distribution of
onset times for enhanced (red) and suppressed odor-evoked responses across responding
boutons. The onset of enhanced responses is faster. (C) K-means clustering of enhanced (left)
and suppressed (right) odor evoked responses obtained in the GCL using the 16-odors panel.
Only dF/F traces from odor bouton pairs that had significant responses were used for this
analysis. Top panels, mean odor responses obtained from all odor-bouton pairs pertaining a
given cluster. The percentage of odor-bouton pairs assigned to a particular cluster is indicated
on top. Vertical gray bars indicate the time of odor presentation. Bottom panels, heatmaps of
the activity of all odor-bouton pairs for a given cluster. Odor-evoked Kinetics of the
GABAergic boutons in the GL are shown in Figure 4-1 (Appendix B).
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bouton activity in the GCL closely followed the stimulus delivery (Figure 4C). Enhanced
responses had a fast onset (cluster 1: 0.86 + 0.05 s, cluster 2: 1.33 £ 0.06 s, cluster 3: 1.55
+ 0.05 s) and fast time to peak (cluster 1: 0.22 + 0.01 s, cluster 2: 0.35 + 0.04 s, cluster 3:
0.13£0.01 s), which was followed by a steep decay for enhanced responses (52% of odor-
bouton pairs, cluster 1 and 2). Instead, suppressed responses had slower onset times (cluster
1:2.25+£0.02 s, cluster 2: 1.91 £ 0.02 s, cluster 3: 1.84 + 0.02 s) and rise times comparable
to those of enhanced responses (cluster 1: 0.15 + 0.01 s, cluster 2: 0.39 £ 0.02 s, cluster 3:
0.22 £ 0.01 s) (Figure 4B). Similar odor-evoked kinetics were observed in the GL (Figure
4-1A, B).

It should be noted that the baseline calcium signal of boutons exhibiting suppressed
responses was significantly higher compared to boutons responding with enhancements
(enhanced, —0.02 £+ 0.002 dF/F vs. suppressed, 0.24 + 0.002 dF/F, p< 0.001). This could,
in principle, facilitate the detection of suppressed responses in boutons with high baseline
activity and bias the detection of enhanced responses to boutons with lower baseline
activity. The higher baseline of calcium could be due to a higher resting firing rate in these

neurons.

Response modes are maintained across odor concentrations

To investigate whether the activity of the MCPO GABAergic boutons was
modulated by the intensity of the stimuli, we monitored boutons while presenting odors
across three orders of magnitude concentration range (Figure 5A). We presented a subset
of five odors from the 16-odor set (Table S2, Appendix B), at three dilutions (1:100,
1:1000 and 1:10,000; in mineral oil). Similar to the results obtained with the 16-odor set,
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we found that a minority of boutons exhibited fast-onset responses to at least one odor,
with enhancement or suppression across the GL and GCL. In the GL, the percentage of
responding boutons remained relatively constant as the odor concentration increased (10~
4:24%, 10-3: 22% and 102: 22%; 15 FOVs, 3 mice) (Figure 5B). However, the percentage
of boutons responding with suppression, which was the most common response type across
all concentrations, slightly decreased as odor concentration increased (10*: 23%, 1073:
21% and 1072 18%) (Figure 5D). In contrast, enhanced responses slightly increased at
higher odor concentrations (10*: 0.8%, 1073: 1% and 1072 3%). Consistent with our
findings above (Figure 2), the percentage of boutons showing both enhanced and
suppressed responses was low and remained unchanged at different concentrations (<0.1%
for all concentrations) (Figure 5D). These results suggest that the specificity of the
response mode in boutons is maintained across a 100-fold increase in concentration.
Similarly, across concentrations, the percentage of responding boutons in the GCL
remained largely invariant (10~: 39%, 10-*: 40% and 1072 40%; 12 FOVs, 3 mice), where
boutons exhibiting suppressed responses were predominant (10~*: 39%, 10-: 39% and 10~
2: 39.5%) compared to enhanced boutons (10~*: 0.2%, 10-3: 0.6% and 1072 0.8%) (Figure
5C).

Akin the results obtained using the 16-odor set, suppressed responses were more
common than enhanced responses across both layers, and the low percentage of boutons
responding with enhancement likely reflects the small odor set (5 odors) used for this
experiment. The population mean response amplitude (dF/F) for responding boutons was
largely invariant across odor concentrations in the GL (enhanced, 10*: 0.5 + 0.27 SD, 10~

3:0.47 £ 0.2 SD and 10°2: 0.54 + 0.28; suppressed, 10#: —0.1 £ 0.1 SD, 1073: -0.1 £ 0.1
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Fig. 5: Odor responses dynamics and mode are invariant across concentrations

(A) Mean responses for 3 boutons in the GL (top) and in the GCL (bottom) to 5 odors (ethyl
tiglate, isoamyl acetate, valeraldehyde, ethyl valerate and heptanal) at 3 different dilutions (10~
4,107 and 1072, top horizontal bars color coded for each concentration). Asterisks indicate
significant responses (see Methods) and gray vertical bar indicates odor presentation.
Heatmaps for the population of boutons in the GL (15 FOVs, 3 mice) (B) and GCL (12 FOVs,
3 mice) (C) that responded significantly to at least one odor stimulus; each row corresponds to

a single bouton. Consecutive columns represent odors 1 to 5, each presented at three different
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concentrations shown on the top horizontal bars. (D) Percentage of boutons in the GL (left)
and GCL (right) that responded to an odor presentation exclusively with enhancements (E),

suppressions (S), exhibited both E or S (E-S); NR, non-responsive boutons.

SD and 1072: 0.1 £ 0.1 SD), and in the GCL (enhanced, 10*: 0.65 + 0.28 SD, 10-3: 0.58
+0.25 SD and 102: 0.65 £ 0.27 SD; suppressed, 10*: —=0.12 + 0.1 SD, 107%: —0.12 + 0.1
SD and 1072 —0.13 + 0.1 SD). In sum, the overall mode and dynamic of the responses to

odors remained unaffected by changes in concentration.

Discussion

We demonstrate the existence of a fast GABAergic feedback loop driven by
glutamatergic inputs from the PC onto OB projecting MCPO neurons (Figure 1). We
further characterized the odor-evoked dynamics of calcium signals in MCPO GABAergic
boutons in the OB and show that odor responses in the GABAergic boutons are sparse,
specific, and diverse across the superficial and deeper layers of the bulb (Figure 2, 3).
Odor-evoked responses had a fast time course (Figure 4), and across multiple odors, we
observed both enhancement and suppression of baseline activity (Figure 2, 5). The
prevalence of these opposite responses was maintained through odor intensities (Figure
5), suggesting high selectivity in their response mode.

The direct stimulation of MCPO GABAergic neurons by PC inputs is consistent
with previous studies showing cortical innervation of the BF and supports the possibility
that odor stimuli can modulate the activity of the OB projecting GABAergic neurons. A

previous study showed that electrical stimulation of the piriform or entorhinal cortex
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evokes monosynaptic excitation of neurons in the MCPO; however, the identity of the
neurons in these studies could not be determined as in our study (Paolini and McKenzie,
1997). In addition, an anatomical analysis suggested that neocortical, prefrontal, and
piriform cortex axons innervate inhibitory and non-cholinergic neurons of the BF
(Zaborszky et al., 1997). Our imaging results indicate that the activity of boutons in MCPO
GABAEergic axons innervating the OB is rapidly modulated by odor presentations (Figure
2, 4), possibly reflecting the integration of direct inputs from the PC, as shown in vitro
(Figure 1). However, it is possible that, in addition, the MCPO GABAergic neurons could
integrate neuromodulatory activity in the BF driven by indirect inputs from other brain
regions or local circuits (Gaykema and Zaborszky, 1997; Zaborszky et al., 1999, 2012;
Brown and McKenna, 2015). It should be noted that changes in bouton activity in the OB
could also arise from direct presynaptic regulation in the OB (Villar et al., 2021b). We have
recently shown that muscarinic activation strongly suppressed GABA release from MCPO
GABAergic axons in the OB (Appendix A), indicating an extra layer of complexity in the
regulation of activity dynamics of the GABAergic feedback axons. Further studies will
address these possibilities.

Interestingly, odor presentation resulted in both enhanced and suppressed bouton
responses (Figure 2, 4), which suggests that upon odor presentation, local circuits in the
MCPO may implement different input-output transformations on the GABAergic
projection neurons, resulting in distinct output channels. In fact, the BF contains a large
number of inhibitory neurons, of which only a small percentage corresponds to long-range
projection neurons. Previous evidence indicates that a subpopulation of MCPO neurons

that exhibit monosynaptic excitation upon piriform or entorhinal cortex electrical
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stimulation also receives also polysynaptic inhibition (Paolini and McKenzie, 1997). In our
recordings, we observed only fast synaptic responses. Therefore it is possible that other OB
projecting GABAergic neurons, underrepresented in our recordings, exhibit polysynaptic
inhibitory responses (see below, and Chapter 4). Local synaptic processing in the MCPO
may give rise to more complex activation dynamics of projection GABAergic neurons,
thus diversifying their effects on the target circuits. Suppressive responses were mostly
observed in boutons with high basal calcium signal, suggesting a difference in the basal
activity of the GABAergic neurons could lead to a different response on the output neurons.
For example, enhanced GABAergic bouton activity may allow disinhibition of M/TCs by
reducing the activity of local GABAergic circuits (Bohm et al., 2020; Villar et al., 2021a).
In contrast, the inhibition of tonic release of GABA from boutons can have the opposite
effect on M/TCs (i.e., inhibition). Most odor-evoked responses in GABAergic boutons
corresponded to suppression, indicating that activation of the MCPO GABAergic feedback
driven by odor encounters is likely to sparsen the output of the bulb.

Our results indicate significant differences between the response profile of
GABAergic boutons in the superficial and deeper layers of the OB. These differences
could, in principle, be explained by a better optical access and higher detectability of
GCaMP signals in the GL compared to GCL. However, this is unlikely as recordings in the
deeper GCL showed a higher percentage of responding boutons compared to the GL
(Figure 2F), and suppressed responses, which occurred in boutons with a higher baseline
activity, were more common in the GCL than in the GL (Figure 2G). In addition,
detectable boutons were slightly more numerous in deeper layers compared to the surface

(Figure 2-1D). Alternatively, axons innervating the GL and GCL may belong to different
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populations of MCPO neurons. Consistent with this idea, subpopulations of GABAergic
neuron types have been identified in the BF of rats (Gritti et al., 2003; Zaborszky et al.,
2005) and mice (McKenna et al., 2013; Xu et al., 2015) (see also Chapter 4). Often,
GABAergic subpopulations have biases in their projection patterns, as well as local
connectivity and function (Kepecs and Fishell, 2014; Yang et al., 2017). Differential
control of the GL versus the GCL by MCPO GABAergic neurons may provide the OB
with a mechanism for specific regulation of local GABAergic circuits, known to play
essential roles in olfactory processing (Abraham et al., 2010; Fukunaga et al., 2014;
Gschwend et al., 2015; Li et al., 2018).

Functionally, the GL implements gain control mechanisms and decorrelation of
odor representations by a diverse population of glomerular GABAergic neurons, which
drive feedforward inhibition onto the M/TCs (Wilson and Mainen, 2006; Zhu et al., 2013a;
Banerjee et al., 2015). In turn, GABAergic cells in the GCL provide spatial contrast
mechanisms that sharpen the tuning of M/TCs receptive fields through a large number of
reciprocal synaptic interactions between GCs and M/TCs (Yokoi et al., 1995; Urban and
Sakmann, 2002; Egger et al., 2003, 2005). The difference in odor response dynamics of
the MCPO GABAergic boutons in the GL and GCL may reflect independent and specific
control of these functional domains of the bulb. Interestingly, odor responses by the GL
GABAergic boutons were more similar across stimuli than responses in GCL boutons,
suggesting that less odor-specific GABAergic signals regulate the sensory input to the OB
glomeruli, while more odor-specific inhibitory signals modulate the function of the local
GABAEergic circuits in the GCL. Intriguingly, although the odor-evoked dynamics of the

PC glutamatergic feedback also differ across layers in the bulb, the feedback boutons in
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the GL exhibit a narrower tuning (i.e. more odor-specific), compared to boutons in the
GCL (Otazu et al., 2015). This suggests that across layers, the influence of these opposite
signals may have a different function.

The existence of distinct channels in the MCPO and PC inputs to the bulb with
distinct responses to odor stimuli may provide flexible top-down feedback signals
important for fine odor discrimination. Our results and previous studies (Boyd et al., 2015;
Otazu et al., 2015) indicate that the glutamatergic and GABAergic feedbacks are rapidly
recruited by olfactory cues and are capable of influencing the OB output neurons (Boyd et
al., 2012; Villar et al., 2021a). Thus, glutamatergic and GABAergic inputs to the local
GABAergic network from the PC and MCPO, respectively, are well-positioned to rapidly
modulate the extent to which the local GABAergic network influences the activity of a
particular population of M/TCs in a context-dependent manner. Future behavioral
experiments where mice perform rapid odor discriminations and changes in stimulus
contingency while monitoring the activity of the PC and MCPO axons in the bulb will be
required to determine whether these descending signals support behavioral flexibility.
Alternatively, the distinct feedback channels for the MCPO and PC signals may be required
to implement a predictive sensory coding strategy (Keller and Mrsic-Flogel, 2018). In this
model, the OB continuously compares bottom-up sensory inputs to predictive feedback
signals from top-down areas; the difference between these two signals is the updated output
of the bulb. Thus, when sensory information does not match the predictive signals, the
comparator circuit (e.g., OB) generates negative or positive prediction errors depending on
the sensory expectations. Activating the MCPO and PC feedbacks produce opposing

effects on the bulb output. Therefore, they are ideally positioned to integrate sensory
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predictive signals and provide the bulb with fast context-dependent modulatory feedback
that can alter the polarity of the OB output. Future experiments evaluating the existence of
internal sensory representations will be needed to test whether the olfactory system uses a

predictive coding strategy.
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Chapter 4

Parallel projections of basal forebrain GABAergic neurons to the olfactory bulb
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Summary

Early olfactory processing is flexibly adjusted by descending feedback projections
from multiple brain regions. Among these areas, the basal forebrain (BF) contains varied
populations of cells including GABAergic and cholinergic neurons that innervate the
olfactory bulb (OB) and regulate its neural output. While the functional roles for
cholinergic modulation in the OB has been proposed, less is known about the role of BF
inhibition to the OB in odor processing. Here, we use viral tracing and slice
electrophysiology in male and female mice acute brain slices to investigate the cellular
diversity of the BF GABAergic output neurons and their innervation by the piriform cortex.
Whole brain imaging indicated that most top-down GABAergic projections to the bulb
concentrate in a BF nucleus called magnocellular preoptic area (MCPO), with a small
number of neurons found in nearby areas. The MCPO consisted of at least two non-
overlapping populations of neurons, characterized by the expression of the cellular markers
somatostatin (Sst) and calretinin (Cr) which differentially targeted the glomerular and
inframitral layers, respectively. We demonstrate that fast glutamatergic inputs from the
piriform cortex elicited responses in Sst but not Cr neurons. Surprisingly, nearby
cholinergic neurons, which like GABAergic neurons also project to the bulb, did not
exhibit fast glutamatergic responses following activation of PC axons. These results
suggest a high degree of circuit specialization among the BF neuromodulatory neurons that
project to the OB. Furthermore, our results provide support for the existence of a long-
range feedback loop that can recruit BF GABAergic cells through direct PC glutamatergic

inputs that drive a fast feedback inhibition to the OB.
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Introduction

Sensory perception requires the coordination of sizable neuronal assemblies across
multiple brain regions; yet the mechanism that drives this coordination is not understood.
Previous studies have shown that long-range projecting neurons influence the activity of
interconnected brain regions, modulating specific circuit domains in the target areas (Jinno
et al., 2007; Melzer et al., 2012; Kim et al., 2015a; Leong et al., 2016), and are necessary
for sensory binding and memory formation (Buzséki and Chrobak, 1995; Basu et al., 2016;
Melzer and Monyer, 2020). In the mammalian olfactory system, early processing of
sensory signals in the olfactory bulb (OB) is highly influenced by top-down projecting
neurons (Matsutani and Yamamoto, 2008; Boyd et al., 2012, 2015; Markopoulos et al.,
2012; Nunez-Parra et al., 2013; Rothermel and Wachowiak, 2014; Rothermel et al., 2014;
Otazu et al., 2015). Among these projections, GABAergic and cholinergic neurons in the
basal forebrain (BF) innervate the OB and modulate the activity of the bulb output neurons,
the mitral and tufted cells (M/TCs) (Castillo et al., 1999; Ghatpande et al., 2006; Pressler
etal., 2007b; Gracia-Llanes et al., 2010; Nunez-Parra et al., 2013; Smith et al., 2015; Sanz
Diez et al., 2019; Bohm et al., 2020; Hanson et al., 2020; Villar et al., 2021a).

GABAergic cells clustered in the magnocellular preoptic area (MCPO) of the BF
innervate upstream olfactory areas, including the piriform cortex (PC) and anterior
olfactory nucleus (AON) (Luiten et al., 1987; Gritti et al., 1997; Zaborszky et al., 1999).
However, the way in which they influence olfactory processing and whether the BF
GABAergic output produces a broad regulation of these brain regions is unknown.

Interestingly, electron microscopy studies have shown some degree of synaptic
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organization in cortical inputs to the BF, supporting the possibility of a rapid recruitment
of BF circuits by cortical excitatory neurons (Zaborszky et al., 1997, 1999, 2012).

Here, we examined the population diversity and connectivity of BF long-range
GABAergic neurons (LRGN) with olfactory areas using viral tracers, conditional genetics,
and whole cell electrophysiology to selectively access neuronal populations in the MCPO.
We found that a heterogeneous population of GABAergic neurons in the MCPO produce
a differential projection pattern to olfactory areas. Sst* and Cr* GABAergic neurons
exhibited biased projection patterns to the superficial and deeper cellular layers of the OB,
respectively. Importantly, we demonstrate that optogenetic activation of PC afferents to the
MCPO evoked short latency glutamatergic inputs into Sst* but not Cr* GABAergic
neurons. Interestingly, nearby cholinergic neurons failed to exhibit excitatory responses.
Together, we provide functional evidence that supports the existence of a long-range
neuronal circuit between the OB, olfactory cortex and the MCPO that can support rapid

recruitment of GABAergic neuromodulation upon activation of the olfactory pathway.

Methods

Animals. All experiments were conducted following the US National Institute of
Health guidelines and approved by the Institutional Animal Care and Use Committee of
the University of Maryland, College Park. Histological experiments and
electrophysiological recordings were performed on C57BL/6 (JAX, stock #664), Gad2-
IRES-Cre (JAX, stock #010802), Vgat-IRES-Cre (JAX, stock #028862), VGlutl-IRES-Cre
(JAX, stock #023527), VGIlut2-IRES-Cre (JAX, stock #028863), Sst-IRES-Cre (JAX, stock
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#013044), Cr-IRES-Cre (JAX, stock #010774) and PV-IRES-Cre (JAX, stock #017320).
Experiments were conducted in female and male mice ranging 1 to 5-months old, obtained

from breeding pairs housed in our animal facility.

Stereotaxic injections. The surgical procedure for targeted expression of genes of
interest in the different transgenic lines was done as previously described (Villar et al.,
2021a). For Cre-dependent anterograde expression of genes, Vgat-Cre, Sst-Cre, Cr-Cre or
PV-Cre mice received a stereotaxic injection of either an AAV5-CAG-Flex-tdTomato or
an AAV5-CAG-Flex-ChR2-tdTomato adenovirus (200 nL each, Addgene Catalog #28306
and #18917, respectively) into the MCPO. For retrograde tracing Vgat-Cre, Sst-Cre, Cr-
Cre or PV-Cre mice received a stereotaxic injection of the AAVrg-hSyn-DIO-eGFP virus
(50 nL, Catalog #50457, Addgene) into the OB. After the surgery, animals were left to
recover for at least 3 weeks before experiments. The Sst* and Cr* retrolabeled neurons
located in the same anatomical region labeled when injecting the retrograde virus in the
OB of Vgat-Cre mice (A/P +0.25 to —0.35 mm from bregma), which corresponds to the
MCPO/SI area (Paxinos and Franklin, 2004). For anterograde expression of ChR2, or for
tracing of projections from PC and the AON, C57BL/6 mice received an injection of the
AAV5-CAG-tdTomato or AAV5-CAG-ChR2-mCherry adenovirus (80 nL, Addgene),
using the following stereotaxic coordinates (in mm): PC, D/V -3.5, M/L = 2.8, A/P 1.6 and

AON, DIV -3.2, M/L+1, AP 2.7.

Confocal imaging and immunofluorescence. The visualization of the expression of

the reporter genes was conducted in fixed brains as previously described (Villar et al.,
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2021a). To examine cellular organization, nuclei were stained with DAPI dihydrochloride
(300 nM, Catalog #D1306, Invitrogen). For immunohistochemistry experiments, 50 pm
thick free floating brain slices were incubated with the following antibodies: goat anti-Cr
(2:100, Millipore, Catalog #1550), rat anti-Sst (1:100, Sigma, Catalog #MAB354), mouse
anti-PV (1:300, Swant, Catalog #PV235), rabbit anti-Gad65/67 (1:100, OWL, Catalog
#56483), and rabbit anti-GFP (1:300, MBL, Catalog #598). Primary antibodies were
developed using the following secondary antibodies (1:500, Invitrogen): donkey anti-goat
coupled to Alexa-647 (Catalog #A-21447) or coupled to Alexa-488 (Catalog #A-11055),
donkey anti-rat coupled to Alexa-488 (Catalog #A-21208), donkey anti-mouse coupled to
Alexa-488 (Catalog #A-21202) and donkey anti-rabbit coupled to Alexa-594 (Catalog #A-
21207). Control sections, not exposed to the primary antibody, were devoid of
immunostaining and were used to set background values on the microscope. Images were
acquired using a Leica SP5X confocal microscope, with appropriate brightness and
contrast adjustments, and immunostained cells counted blindly using ImageJ (NIH) or

MATLAB (MathWorks).

Whole-brain imaging. Imaging of Vgat-Cre brains injected with the AAVrg-DIO-
eGFP virus in the OB was achieved using automated whole-brain serial two-photon
tomography (STPT, TissueCyte 1000, TissueVision). Briefly, the brain was coronally
imaged at a x, y resolution of 1 um and z-spacing of 50 um. Image files were reassembled
in 2D and 3D using custom built software (Ragan et al., 2012; Kim et al., 2015b, 2017).
Whole-brain 3D datasets were registered to the OstenRef reference (RSTP) brain using the

auto-fluorescent background channel (Kim et al., 2015b, 2017). In brief, a 3D affine
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transformation was calculated first, followed by a 3D B-spline transformation. Similarity
was computed using advanced Mattes Mutual Information metric in the elastix 2.0
registration toolbox (Klein et al., 2010). We used the ImageJ plugin TRAKEM2 to
manually mark the position of the labeled somas (Cardona et al., 2012). Using custom-
written scripts, the centroids of these somas were registered to the RSTP brain using the
same registration parameters. The region-wise counts were then extracted to provide a list

of the number of neurons from each brain region that projected to the OB.

Whole cell recordings. Whole-cell recordings were performed using a dual EPC10
amplifier (HEKA, Harvard Bioscience) in coronal slices containing MCPO, PC or AON
and horizontal OB slices (250 um), prepared using as before (Villar et al., 2021a). Briefly,
the different brain regions were sections in oxygenated ice-cold artificial cerebrospinal
fluid (ACSF) containing lower Ca?* (0.5 mM) and higher Mg?* (3 mM) and let to
recuperate for at least 30 min at 35°C before electrophysiological recordings. The normal
ACSF had the following composition (in mM): 125 NaCl, 26 NaHCOs, 1.25 NaH2POq4, 2.5
KCI, 2 CaClz, 1 MgClz, 1 myo-inositol, 0.4 ascorbic acid, 2 Na-pyruvate, and 15 glucose,
continuously oxygenated (95% Oz, 5% CO2) to give a pH 7.4. For voltage-clamp
recordings, pipettes were filled with an internal solution of the following composition (in
mM): 125 Cs-gluconate, 4 NaCl, 10 Na-phosphocreatine, 10 HEPES-K, 2 Na-ATP, 4 Mg-
ATP and 0.3 GTP (pH 7.3, ~290 mOsm). For current clamp recordings, the internal
solution had the following composition (in mM): 120 K-gluconate, 10 Na-gluconate, 4
NaCl, 10 HEPES-K, 10 Na-phosphocreatine, 2 Na-ATP, 4 Mg-ATP and 0.3 GTP (pH 7.3,

~290 mOsm). Under the recording conditions, the patch pipettes had a resistance of 2-8
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MQ. For optogenetic stimulation, a LED lamp (COP1-A, Thorlabs) was used to produce
brief pulses (0.5-1 ms) of collimated blue light (473 nm, 1 mW/mm?) delivered through

the microscope objective.

Data analysis. Electrophysiological recordings were analyzed in MATLAB
(MathWorks) or Igor Pro (WaveMetrics). The rise time of synaptic currents was calculated
as the time from 10% to 90% of the current peak. The decay time was measured by fitting
a double exponential decay function to the current relaxation and computing the weighted
time constant (zw) as,

= (a17y + ay1y)
v (a; + ay)

where a and 7 are the amplitude and time constant of the first (1) and second (2)
exponentials, respectively. Data is shown as the mean £ S.E.M, unless otherwise specified.
Statistical significance was determined by student’s t-test or Wilcoxon rank sum (* =

p<0.05, ** = p<0.01, *** = p<0.001).

Pharmacological agents. Drugs were prepared from stocks stored at —20°C, diluted
into ACSF and perfused at a speed of ~2 mL/min; SR 95531 (Gabazine, Catalog #1262,
Tocris), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX disodium salt, Catalog #1045,
Tocris), D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5, Catalog #0106, Tocris),
tetrodotoxin (TTX, Catalog #1078, Tocris), 4-aminopyridine (4-AP, Catalog #0940,

Tocris).
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Results

Sources of afferent GABAergic projections to the olfactory bulb

We have previously described the function of groups of BF GABAergic neurons
that project to the OB that reside in the MCPO and demonstrated that this nucleus provides
a rich source of feedback inhibition to the OB circuits (Gracia-Llanes et al., 2010; Nunez-
Parra et al., 2013; Villar et al., 2021a). Intriguingly, a recent study described the function
of a subset of OB projecting GABAergic neurons located in the olfactory cortex,
suggesting that besides the BF other regions, including the cortex, could exert an inhibitory
regulation in the OB (Mazo et al., 2020). Surprisingly, up to date there has not been a
systematic analysis of the sources of GABAergic afferents to the OB. To fill this gap, we
performed a detailed whole-mount brain analysis to define the regions that provide
GABAEergic inputs to the bulb using a Cre-dependent retrograde adenovirus (AAVrg-DIO-
eGFP) (Tervo et al., 2016) injected into the OB of Vgat-Cre mice (Figure 1A). We imaged
the brain at a x, y resolution of 1 um using automated serial two-photon tomography, and
to accurately map the different brain structures the images were registered to a reference
brain (see Methods). In a subset of representative brain slices, the GFP fluorescence was
enhanced using immunohistochemistry (Figure 1B, C). Interestingly, analysis of the whole

brain reconstructions revealed two main sources of GABAergic projections to the OB. In
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Fig. 1: The MCPO and AON represent the main source of GABAergic efference to the bulb

(A) The Cre-dependent retrograde tracer AAVrg-DI10-eGFP was injected into the OB of Vgat-
Cre mice and the brain was coronally sliced and imaged using automated serial two-photon
tomography to visualize fluorescently labeled neurons. (B) Examples of retrolabeled Vgat
neurons in the AON (left) and MCPO (right). The fluorescence of the transduced neurons was
enhanced using immunohistochemistry against GFP. Nuclear dapi staining is shown in blue.
No significant staining was observed in the olfactory tubercle (Tu) or the piriform cortex (PC).
S, substantia innominata; CPu, caudate putamen. (C) Left, AON magnification showing
sparse retrolabeling of neurons in deep layers of the lateral AON (AOL). Center, axonal
collaterals from retrolabeled neurons in the MCPO are visible across different layers (L1, L2
and L3) of the PC. Right, magnification of the MCPO showing a cluster of retrolabeled
neurons. (D) Bar plot showing cell body quantification across multiple brain regions (n= 4

brains). TT, tenia tecta.
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agreement with previous work, the largest number of neurons in a region of the BF
corresponding to the caudolateral portion of the horizontal limb of the diagonal band
(HDB), that comprises the MCPO, substantia innominata (SI) and diagonal band nucleus.
A significantly smaller number of labeled neurons were found in the anterior olfactory
nucleus (AON) (Figure 1D), and an even sparser labeling was present in the anterior PC
(Figure 1C, D). Overall, the BF contained ~65% of all retrolabeled neurons, while the
AON ~14% and PC ~2% (n= 4 brains). Although, the relevance in OB regulation that the
small population of GABAergic neurons located in olfactory cortex has (Mazo et al., 2020),
our results strengthen the notion that the BF, and in particular the MCPO, is the main source
of GABAergic regulation to the OB (Figure 1D). Additional experiments where OB
centrifugal projections are accessed using different retrograde tracing methods, such as
subunit B of cholera toxin (CTB) or latex microspheres (Lumafluor) particles together with
immunohistochemistry against GABAergic markers, will be necessary to corroborate our

results and rule out potential tropism by the retrograde adenovirus.

Diversity of OB projecting BF-LRGNs

The BF contains a heterogeneous group of GABAergic neurons classified
according to the expression of specific cellular markers, including Sst, Cr and parvalbumin
(PV) containing neurons (Caputi et al., 2013). Across cortical circuits, these cell types
usually express distinctive physiological properties (Kepecs and Fishell, 2014), however
the heterogeneity and physiological diversity of OB-projecting BF GABAergic neurons
are unknown. Therefore, we first examined the abundance of the different GABAergic
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populations in the MCPO by immunostaining against the specific cell-type markers
(Figure 2A, Figure 2-1), while labeling the overall GABAergic population with an
antibody that binds to both isoforms of the GABA synthesizing enzyme Gad, Gad-65 and
Gad-67 (Gad65/67). Double-staining revealed that Sst, Cr and PV expressing neurons were
present in different proportions among the GABAergic neurons, with Cr containing
GABAEergic neurons being the most abundant (Figure 2A, Figure 2-1A-C, Cr* 32.2%: Cr*
391 cells, Gad65/67* 1214 cells; n= 3). Both Sst* and PV* containing neurons were equally
abundant but in a smaller number (Sst* 19.5%: Sst* 43 cells, Gad65/67* 221 cells; n=3;
PV* 17%: PV* 88 cells, Gad65/67* 517 cells; n= 3). In a subset of brain sections, we
immunostained for the three markers simultaneously, and found that these neuronal types
represent non-overlapping populations (n= 3) (Figure 2A), consistent with previous
studies in the BF of rats (Gritti et al., 2003; Zaborszky et al., 2005).

Additionally, we conducted targeted whole cell recordings from fluorescently
labeled subtypes of GABAergic neurons in the MCPO (see Methods) (Figure 2B). Sst
neurons (n=7), appear large and were characterized by a resting membrane potential (Vm)
of =64 = 0.9 mV, an input resistance (Rm) of 830 + 112 MQ, a capacitance of 49 + 7.6 pC
with a maximal firing rate of 22.4 £ 3 Hz (100 pA). In contrast, MCPO Cr neurons (n= 6)
had a more depolarized Vm (=57 = 2.2 mV), higher Rm 1.4 £ 0.3 G(, a capacitance of 57
+ 7.7 pC and a maximal firing rate of 14.3 + 1 Hz (40 pA). In comparison, PV neurons (n=
2) had a higher maximal firing rate (114 + 60 Hz) as previously described for this cell type
(McKenna et al., 2013).

To identify the subtype of MCPO GABAergic neurons that project to the bulb, we

conducted retrolabeling by injecting the AAVrg-DIO-eGFP virus into the OB of Sst-Cre,
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Fig. 2:
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(A) Confocal images of the MCPO immunostained with antibodies against Sst (red), Cr
(magenta), PV (green). Nuclear dapi staining is shown in blue. This representative image
illustrates the lack of colocalization of the three GABAergic markers in neurons of the MCPO.
Right, diagram illustrating the abundance of the three GABAergic subtypes over the total
GABAergic population (Gad65/67); Cr 32%, Sst 20% and PV 17% (n= 3). See also Figure 2-
2 (Appendix B). (B) Current clamp recordings from identified somatostatin (Sst, n= 9),
calretinin (Cr, n= 6) and parvaloumin (PV, n= 2) neurons in slices of the MCPO. A
depolarizing current step (bottom trace) elicits a distinctive firing pattern in the GABAergic
subtypes. Sst-Cre, Cr-Cre and PV-Cre mice were injected in the BF with an AAV-Flex-GFP
virus to identify the different cell types by the expression of GFP. (C) Diagram, the Cre-
dependent retrograde tracer AAVrg-DIO-eGFP was injected into Sst-Cre, Cr-Cre or PV-Cre
mice to specifically access populations of MCPO-OB projecting neurons. Retrogradely labeled
cells were visualized in coronal sections of BF. There are abundant retrolabeled neurons in the
MCPO of Sst-Cre and Cr-Cre mice, but not in PV-Cre mice. Immunohistochemistry for Sst,
Cr and PV over the Gad65/67 population is shown in Figure 2-2 (Appendix B). Retrograde
tracing of Vglutl and Vglut2 projections to the OB is shown in Figure 2-3 (Appendix B).
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Cr-Cre mice or PV-Cre mice, respectively. For these experiments, we immunostained
against GFP to increase the likelihood of detecting the transduced cell bodies. Three weeks
after the injection, we found abundant retrolabeled Sst* neurons, and a lower number of
Cr* neurons in the MCPO (Figure 2C). Intriguingly, we found no retrolabeled PV*
neurons, indicating that this GABAergic neuron subtype does not project to the OB. Sst*
retrolabeled cells were characterized by a large cell body area of 471 + 157 SD um? (81
cells, 13 slices, range 128 — 859 pm?) and a mean long axis of 24 + 5 um, which was similar
for Cr* neurons 492 + 244 SD pum? (24 cells, 7 slices, range 186 — 1292 um?) and mean
long axis of 23 + 6 um. The cell body size distributions for both subtypes were not
significantly different (Wilcoxon, rank sum, p= 0.79), indicating that morphologically
these two populations were indistinguishable. We found a similar homogeneous
distribution of cell body size when we used the Vgat-Cre mouse to retrolabel the MCPO
GABAergic neurons (Figure 1B, C); the average cell body size was 515 + 204 SD (270
cells, 11 slices, range 203 — 1191 um?) and mean long axis of 24 + 5 um.

In addition to GABAergic neurons, the BF contains a population of glutamatergic
neurons which has been shown to innervate the frontal cortex (Hur et al., 2009), lateral
hypothalamus and somatosensory cortex (Hur and Zaborszky, 2005; Henny and Jones,
2008). Therefore, we wondered whether a similar projection of these excitatory neurons to
the OB exist. To examine this possibility, we injected the AAVrg-D10-eGFP virus into the
OB of Vglutl and Vglut2-Cre mice and analyzed the GFP expression across multiple brain
regions and did not find retrolabeled neurons in the MCPO (Figure 2-2A, B). In contrasts,
abundant transduced Vglutl or Vglut2 neurons were present in olfactory areas known to

send glutamatergic feedback to the OB, such as the PC, AON and nucleus of the lateral
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olfactory tract (nLOT) (Figure 2-2C, D). In sum, these results indicate that the feedback
projections from the MCPO to the OB is mostly inhibitory, consisting of at least two

distinct set of GABAergic neurons; Sst and Cr containing neurons.

Somatostatin and calretinin MCPO LRGNSs differentially innervate layers of the bulb

To examine the projection patterns of the two OB-projecting GABAergic neurons,
we injected the anterograde viral tracer AAV-Flex-tdTomato in the MCPO of Sst-Cre and
Cr-Cre mice (Figure 3A). We found axonal innervation from both populations of
GABAEergic neurons in the OB; however, the projection pattern of Sst* neurons to the GL
was significantly denser than those of Cr* neurons (Figure 3B). Instead, axonal projections
of Cr* neurons were slightly denser in the GCL compared to GL (mean normalized pixel
intensity; GL: Sst*axons 0.47 + 0.001, Sst™ axons 0.67 = 0.005, n= 3; GCL: Cr*axons 0.73
+ 0.003, Sst* axons 0.47 £ 0.003, n= 3) (Figure 3B). These results indicate differential
targeting of the OB layers by the MCPO Sst* and Cr* GABAergic neurons.

Previous studies have shown that MCPO GABAergic neurons form functional
connections with inhibitory neurons of the OB (Gracia-Llanes et al., 2010; Nunez-Parra et
al., 2013; Sanz Diez et al., 2019; Hanson et al., 2020; Villar et al., 2021a). The differential
innervation pattern of these identified subpopulations prompted us to examine whether they
also differ in their postsynaptic targets. Therefore, we drove cell-specific expression of
channelrhodopsin-2 (ChR2) by injecting the Cre-dependent anterograde virus AAV-Flex-
ChR2 into the MCPO of Sst-Cre and Cr-Cre mice. Consistent with the anatomical
distribution of Sst* axons (Figure 3C), we found that a brief (0.5-1 ms) light stimulation
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Fig. 3: Sst and Cr GABAergic neurons of the MCPO exhibit a differential pattern of projections to

the olfactory bulb

(A) Diagram, the anterograde Cre-dependent viral tracer AAV5-Flex-tdTomato was injected
in the MCPO of Sst-Cre or Cr-Cre mice to label a specific population. (B) Confocal images
showing the axonal distribution of MCPO Cr and Sst neurons across the OB layer; projections
of Cr-expressing neurons are absent in superficial layers of the OB (n= 3), while Sst-expressing
neurons densely innervate the GL and the GCL (n= 3). Right, fluorescence intensity profile
for Sst (orange) and Cr (green) axons across the OB layers. (C) Left diagram, ChR2 expression
was achieved by injecting the AAV5-Flex-ChR2-mCherry virus in the MCPO of Sst-Cre mice
(orange axons in the MOB). Targeted whole cell recordings were performed in both PGCs
(top) and GCs (bottom). Right, examples of GABAergic currents obtained at 0 mV, using a
Cs-gluconate based internal solution. A brief LED stimulation (~1 ms) elicited large outward
currents in both cell types; individual trials are shown in gray and the average trace in black.
The light-evoked currents were blocked by the GABAAR blocker gabazine (10 uM, Gbz) (blue
trace). Right, quantification for Sst-ChR2 evoked responses as charge; prominent responses
are found in both classes of inhibitory neurons of the OB. (D) Left diagram, Cre-dependent
expression of ChR2 in Cr axons (green). Right, optogenetic stimulation reliably evoked
gabazine sensitive currents in this GCs but not in PGCs. Right, charge quantification for Cr-

ChR2 evoked responses in the different OB cell types.
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evoked fast elPSCs (Sst elPSCs) in both GCs and PGCs (Figure 3C) (mean onset time,
GCs: 5.5 = 1.7 ms; PGCs: 4 + 0.3 ms). In GCs, elPSCs were characterized by a mean
amplitude of 56.4 £ 1.4 pA, a rise time of 1.6 + 0.06 ms and a decay time of 52.1 £ 1.3 ms
(n=294 events), while the eIPSCs in PGCs had a mean amplitude of 88 + 2.7 pA, rise time
1.4 £ 0.05 ms and decay time of 56.9 + 1.3 ms (n= 157 events) (Figure 3C). Interestingly,
light activation of Cr* axons evoked GABAergic currents only in GCs. These elicited
currents (Cr elPSCs) were characterized by a mean amplitude of 40 + 2.3 pA, a rise time
of 8.8 + 0.74 ms and a decay time of 182.7 + 30.6 ms (n= 10 events) (Figure 3D). In
contrast, light stimulation of Cr* axons failed to elicit IPSCs in PGCs (-0.06 = 0.04 pC, n=
4 cells). As expected, the GABAergic responses were completely blocked by the GABAA
receptor blocker gabazine (Gbz, 10 uM) (Sst IPSCs: GC, control, 3 £ 0.5 pC vs. Gbz, -
0.05 £ 0.04 pC, n= 5, p= 0.004; PGC, 3.2 + 1.6 pC vs. Gbz, 0.02 + 0.005 pC, n=3. Cr

IPSCs: GC, control, 4 £ pC vs. Gbz, 0.1 £ pC, n=1).

Olfactory cortical projections selectively target MCPO somatostatin neurons

We have previously shown that optogenetic stimulation of PC inputs onto MCPO
produces a fast activation of GABAergic neurons (Chapter 3), however the identity of these
neurons was not determined. Here, we investigated whether PC inputs innervate the two
identified MCPO cell types that project to the OB, Sst and Cr containing GABAergic
neurons. We identified MCPO Sst or Cr neurons by Cre-dependent expression of GFP and

optogenetically stimulated PC axons expressing ChR2 in the PC (Figure 4A). Surprisingly,
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Fig. 4: Excitatory projections from the PC target Sst but not Cr GABAergic neurons in the MCPO

(A) Left diagram, anterograde ChR2 expression in PC neurons was driven by an injection of
an AAV-ChR2-mCherry virus. Sst or Cr GABAergic neurons were labeled with GFP by
injecting the AAV-Flex-eGFP virus in the MCPO of Sst-Cre or Cr-Cre mice, respectively.
Left, confocal image of the MCPO of a Sst-Cre mouse showing GFP expressing Sst neurons
(green) surrounded by abundant PC axons (red). Nuclear dapi staining is shown in blue. Right,
image of the MCPO of a Cr-Cre mouse as shown on the left. (B) Left, targeted whole cell
recordings were performed in brain slices containing MCPO from Cr (top image) or Sst
(bottom image) GFP expressing neurons. Optogenetic stimulation of PC axons expressing
ChR2 in the MCPO (5 ms) evoked excitatory currents in Sst neurons (bottom) but not Cr
neurons (top). (C) Mean transferred charge during light stimulation of PC axons in Cr (n=7)

and Sst (n= 6) neurons. The holding potential was —70 mV.

104



light stimulation of PC axons (1-3 ms) in the MCPO elicited large excitatory postsynaptic
currents (EPSC) in Sst but not Cr neurons (Sst, -1 + 0.3 pC, n=6; Cr, —0.04 + 0.003 pA,
n=7) (Figure 4B, C). Importantly, light evoked EPSCs were observed in the same slices
when recording from non-Cr MCPO neurons (GFP-, —0.6 + 0.4 pC, n= 3). These results
indicate that PC descending inputs into the MCPO selectively target Sst neurons.

The excitatory currents evoked in Sst neurons exhibited short onset times (5.4 £ 0.5
ms, n= 7), suggesting monosynaptic inputs. Accordingly, the light evoked EPSCs were
sensitive to TTX blockade (1 uM) (control, -1 £ 0.3 pC vs. TTX, 0.08 £ 0.01 pC, n=6, p=
0.01), which was restored by the potassium channel blocker 4-AP (100 uM) (control, -1 +
0.3pCvs. TTX + 4-AP,-1.4 £ 0.5 pC; n= 6, p= 0.13) (Petreanu et al., 2009) (Figure 5A,
B). In addition, the EPSC had a fast a rise time (2.1 + 0.4 ms), a peak amplitude of 69 +
7.3 pA and a decay time of 6.7 £ 1 ms (n= 7 cells). These values are similar to those
reported for optogenetic stimulation of glutamate release from PC axons in other synaptic
targets (Boyd et al., 2012; Russo et al., 2020). Delivery of a high frequency stimulation
train (10 Hz LED) produced reliable post synaptic responses in Sst* neurons, however the
responses showed a strong depression in amplitude (last/first response, 0.12 + 0.02, n=5),
suggesting that these PC synapses onto MCPO Sst* neurons exhibit a high probability of
neurotransmitter release (Figure 5C). Consistent with this result, low frequency (4 Hz)
light stimulation of PC axons drove reliable firing, while higher stimulation frequencies
(10 and 25 Hz) increased light-induced spike failure (Figure 5D). Last, the evoked EPSCs
were completely blocked by the ionotropic glutamate receptor blockers CNQX (10 uM)

and D-AP5 (100 pM) (control, —14.7 £ 5 pC vs. CNQX/D-AP5, -1.7 £ 1 pC; n=5, p=
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Stimulation of PC projections produce direct excitation of Sst GABAergic neurons in the
MCPO

(A) Left diagram, anterograde ChR2 expression was driven in PC neurons using the AAV-
ChR2-mCherry virus while GFP was selectively expressed in Sst neurons by injecting the
AAV-Flex-eGFP virus in MCPO of the Sst-Cre mice. Right, voltage clamp recording in a
GFP* Sst neuron. At =70 mV, a brief light stimulation (5 ms) elicited large inward currents
(control), which were completely abolished by the sodium channel blocker TTX (1 pM). In
the additional presence of 4-AP (100 pM) the currents persisted, suggesting the existence of
monosynaptic inputs. (B) Summary plot for the quantified EPSC charge under the different
conditions (n= 6). (C) Left, high frequency LED stimulation (blue ticks, 10 Hz) elicited inward
currents that rapidly decayed in amplitude, suggesting synaptic depression. Right, summary
plot of the charge carried by the eEPSCs under the different conditions (n=5). The eEPSC was
unaffected by application of gabazine but completely blocked by the glutamatergic receptor
blockers CNQX and AP5 (10 and 100 pM, respectively) (n=>5). (D) Current clamp recording
from a Sst neuron showing that light stimulation trains of 4, 10 and 25 Hz evoked reliable
depolarization of the cells; however, spike failure increased at higher stimulation frequency

consistent with the synaptic depression of the PC to MCPO synapse (n=5).
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0.04), but unaffected by gabazine (control, —14.7 £ 5 pC vs. Gbz —23.5 £ 14 pC; n=5, p=

0.4) (Figure 5C).

Piriform cortex drives excitation of MCPO GABAergic but not cholinergic neurons

GABAergic and cholinergic neurons are present along the BF axis (Zaborszky et
al., 1986; Zaborszky et al., 2012) and both populations have been shown to regulate
olfactory circuits (Nunez-Parra et al., 2013; Rothermel et al., 2014; Liu et al., 2015; Smith
etal., 2015; Villar et al., 2021b, 2021a). OB-projecting GABAergic neurons receive direct
excitatory inputs from PC but whether cholinergic neurons are also driven directly by PC
is unknown. To examine this possibility, we conducted targeted recordings from
cholinergic neurons identified by their expression of GFP after injecting the Cre-dependent
virus AAV-Flex-eGFP into the BF of ChAT-Cre mice. An additional injection was
conducted in the PC to enable the expression of ChR2 in PC axons (Figure 6A).
Surprisingly, unlike the fast EPSC elicited by light stimulation in GABAergic neurons, the
same protocol failed to elicit detectable currents in MCPO cholinergic cells (EPSC —0.08
+ 0.06 pC, IPSC 0.1 £ 0.09 pC, n=9 GFP* cells) (Figure 6B-D). However, the same
stimulus produced large and reliable EPSCs (-3.7 £ 2 pC, n=5) and IPSCs (7.2 £ 3 pC, n=
5) in nearby non-cholinergic cells (GFP~) (Figure 6C, D). Likely, the evoked IPSC in non-
cholinergic neurons was produced by disynaptic feedforward inhibition driven by PC
excitatory inputs onto the local GABAergic circuit. Accordingly, the current onset for the
IPSCs was significantly slower compared to EPSCs in non-cholinergic cells (IPSC onset
7.7+ 0.6 msvs. EPSC 4.8 £ 0.2 ms, n=4 cells, p< 0.001).
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Stimulation of PC projections does not produce responses in cholinergic neurons in the MCPO

(A) Left diagram, anterograde ChR2 expression was driven in PC neurons using the AAV-
ChR2-mCherry virus and the labeling of cholinergic neurons with the Cre-dependent AAV-
Flex-eGFP virus injected in the BF of ChAT-Cre mice. Right, confocal image of the
HDB/MCPO showing ChAT cells expressing GFP and the presence of abundant PC axons
(red) expressing ChR2-mCherry. (B) Targeted whole cell recordings were performed in
coronal BF containing slices from GFP* and GFP- cells. High frequency light stimulation (blue
ticks, 10 Hz) reliably evoked excitatory currents recorded in GFP~ neurons (bottom), but
responses were absent in GFP* neurons (cholinergic cells, top). The internal solution was Cs-
gluconate based and the holding potential was —70 mV. (C) Voltage clamp recordings from
GFP* (cholinergic, left) and GFP~cells in the BF. A brief light stimulation pulse (5 ms) evoked
large IPSC (top) and EPSC (bottom) in GFP~ cells (right traces) but failed to evoke any
detectable current in cholinergic neurons (left traces). (D) Bar graphs showing the transferred
charge for the light evoked IPSC (top) and EPSC (bottom) in cholinergic (n=9) and GFP- cells
(n=5).
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Discussion

Our results provide anatomical and functional evidence for the existence of at least
three populations of GABAergic neurons in the MCPO, two of which project to the bulb,
Sst and Cr, with biases in their synaptic targets. We show fast and cell type specific
glutamatergic inputs from the PC onto MCPO neurons; fast excitatory responses were
present in Sst neurons but are absent in the nearby Cr and cholinergic neurons. We propose
that this specialized PC-MCPO pathway is recruited upon odor encounter and provides a
fast GABAergic feedback input to the OB that regulates ongoing odor-induced activity.

Using brain-wide viral tracing we found that both the BF and AON represent the
main sources of extrinsic GABAergic inhibition in the OB, accounting for ~85% of all OB-
projecting GABAergic neurons in the brain. A recent study indicated that OB projecting
AON GABAEergic neurons target both local GABAergic neurons as well as M/TCs (Mazo
et al., 2020). These results contrast with the specificity for local interneurons previously
reported by others for MCPO GABAergic neurons (Gracia-Llanes et al., 2010; Nunez-
Parra et al., 2013; Sanz Diez et al., 2019; Hanson et al., 2020; Villar et al., 2021a).
Furthermore, while activation of the AON GABAergic input to the OB reduces the activity
of MCs (Mazo et al., 2020), the MCPO GABAergic feedback disinhibits the firing of MCs,
as expected by their action on the local GABAergic neurons (Villar et al., 2021a). This
different effect on MC activity suggests a different role for these parallel channels of
inhibitory feedback to the OB. Nevertheless, given the greater number of OB-projecting
GABAergic neurons in the MCPO, we hypothesize that they are uniquely positioned to

provide a positive top-down feedback signal to the OB that counters the extensive overall
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negative feedback exerted by the excitatory input from olfactory cortices (Balu et al., 2007,
Boyd et al., 2012; Markopoulos et al., 2012; Oswald and Urban, 2012). In this scenario,
odor-driven activation of PC produces excitation of the MCPO GABAergic neurons that
opposes the predominantly suppressive effect of the corticofugal feedback on the OB
output neurons by balancing the activity of local GABAergic neurons through feedforward
long-range inhibition.

We identified two GABAergic populations in the MCPO with differential
projections patterns to the OB, Sst and Cr expressing neurons. Sst expressing neurons
preferentially innervate the superficial (glomerular) layer of the OB, while Cr expressing
axons are denser in deeper (inframitral) layers. Functionally, the glomerular and inframitral
circuits engage in different neuronal computations (Shepherd, 2004; Lledo et al., 2005).
Glomerular GABAergic circuits provide a mechanism for sensory gain control and
decorrelation of odor representations (Wilson and Mainen, 2006; Zhu et al., 2013a;
Banerjee et al., 2015), while inframitral circuits modulate the temporal and spatial output
of MCs and TCs through recurrent and lateral inhibition (Yokoi et al., 1995; Isaacson and
Strowbridge, 1998; Christie et al., 2001; Shepherd, 2004). The existence of at least two
MCPO GABAergic output channels could provide layer specific control of gain and output
dynamics to circuits that process early olfactory signals. We hypothesize this anatomical
arrangement can support parallel top-down pathways, allowing integration of spatially and
temporally diverse inputs in the MCPO thus facilitating feedback flexibility. Intriguingly,
we found that PV neurons in the MCPO do not exhibit projections to the OB. Instead,
previous studies have reported the presence of PV containing neurons in BF GABAergic

projections to other brain targets including neocortex and hippocampus (Freund and Antal,
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1988; Freund and Gulyas, 1991; Gulyas et al., 1991; Freund and Meskenaite, 1992; Gritti
et al., 2003; Henny and Jones, 2008; Korotkova et al., 2010; Brown and McKenna, 2015).
This anatomical distinction suggests that the BF GABAergic neurons may influence
neocortical circuits separately from outputs directed to paleocortical areas, as the olfactory
regions. Future experiments will examine the projection pattern of the MCPO GABAergic
subtypes to other brain regions, including olfactory cortices.

Interestingly, we demonstrate the existence of a monosynaptic excitatory pathway
from the PC to MCPO Sst neurons while it is absent in cholinergic cells. Our results are
consistent with an electron microscopy examination of input projections to the BF showing
the absence of cortical innervation to cholinergic cells (Zaborszky et al., 1997). This highly
specific synaptic organization suggests that cortical inputs from PC can recruit BF
GABAergic neurons independent from the nearby cholinergic cells. Although to date we
lack information about the odor-evoked dynamics of acetylcholine release in the OB, our
results suggest that likely cholinergic and GABAergic BF feedback projections to the OB
act in different temporal domains. We hypothesize that the MCPO Sst feedback pathway
is rapidly recruited by odors, while the cholinergic, and possibly Cr, projections are
recruited by activation of downstream neuromodulatory areas as the ventral tegmental area,
amygdala and nucleus accumbens (Zaborszky et al., 2012), thus conveying context
dependent information to the OB. Consistent with this idea, recent studies showed that BF
cholinergic neurons are recruited during reward-seeking behaviors and its activity is
modulated by the stimulus contingency (Sturgill et al., 2020; Hanson et al., 2021).

Parallel inhibitory streams have been previously reported in other brain regions

(Melzer and Monyer, 2020). GABAergic projections from medial septum (MS) to
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hippocampus originate from PV* and calbindin (CB*) neurons (Smith et al., 1994; Unal et
al., 2015), where PV* projections preferentially innervate GABAergic targets in dentate
gyrus, CA3 and CA1, while MS CB™ neurons are biased towards CA1 neurons (Melzer and
Monyer, 2020). The differential innervation of hippocampal targets by MS GABAergic
neurons has been proposed to act with different temporal dynamics, thus independently
regulating the oscillation phase preference in the target interneuron types (Borhegyi et al.,
2004; Somogyi et al., 2014; Unal et al., 2015). Similarly, MS projections to the medial
entorhinal cortex (MEC) originating from PV* and CB™ target distinct GABAergic neurons
in MEC layer 2, yet the role of this differential long-range modulation of MEC circuits by
the BF remains unclear (Fuchs et al., 2016).

In sum, our findings on the diversity and connectivity pattern of the BF GABAergic
output to the OB and its selective activation by the PC output reveals a complex mechanism
by which top-down BF neuromodulatory systems are recruited to influence ongoing odor
processing. Future experiments will examine how these systems are influenced by odor-

driven behaviors performed under different contexts.
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Chapter 5

Concluding remarks

How higher-order feedback signals modulate the coding of incoming sensory inputs
to shape perception and ultimately behavior, remains as an open question in Neuroscience.
To date, a substantial body of literature describes how sensory cues are transduced by
sensory organs and transformed by feedforward neural pathways to support the emergence
of a given percept or behavior. However, further research exploring the underlying logic
of the interplay between feedforward and top-down flow of information in a behavioral
context will be required to ultimately understand the nature of sensory perception. In this
dissertation, using mammalian olfaction as a model system, we investigated how top-down
GABAEergic inhibition from the basal forebrain (BF) shapes early sensory processing.

In Chapter 2, we showed that descending BF GABAergic inputs fine tune the
activity of the bulb output neurons by influencing the local GABAergic network. Top-
down MCPO GABAergic projections target exclusively local inhibitory neurons in the OB.
These synapses are characterized by a phasic and synchronized release of GABA with a
slower relaxation time compared to that of local inhibition, indicating a longer temporal
influence on target neurons. Furthermore, activation of MCPO GABAergic inputs
produced inhibitory currents capable of a strong control of the membrane potential in the
target neurons. At the circuit level, activation of MCPO top-down projections produced an
overall disinhibition of MCs due to a significant reduction of the amount of dendrodendritic

interactions of MCs with the local inhibitory neurons. This circuit effect is sufficient to
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modulate the spike precision of MCs and regulate the intensity of electrically induced
oscillations in a layer-specific manner in the OB.

In Chapter 3, we characterized how the activity of the BF GABAergic feedback is
modulated by odor stimuli, as a function of odor identity and concentration, in behaving
mice. First, we demonstrated that OB projecting BF GABAergic neurons receive fast
glutamatergic inputs from the piriform cortex (PC), supporting the existence of fast
GABAergic feedback to the OB, modulated by odor-driven activation of the PC.
Accordingly, odor presentation evoked an enhancement or suppression of calcium signals,
used as a proxy of activity in GABAergic axonal boutons imaged in the OB. These two
types of response modes are largely stable across orders of magnitude of odor
concentration. The response dynamics of these boutons are tightly coupled to the odor
timing and are characterized by a fast onset, followed by a rapid decay. The temporal
features of odor-evoked responses in the GABAergic boutons are comparable to those in
the fast excitatory feedback from PC to the OB, imaged under similar conditions. Since the
glutamatergic and GABAergic feedbacks share the same postsynaptic targets in the OB,
these results indicate that both feedbacks can act synergically to rapidly balance the neural
output of the OB. Intriguingly, pure odors trigger sparse activation of GABAergic boutons,
and they do so in an odor specific manner, suggesting a high degree of specificity in the
activation of BF GABAergic neurons by olfactory stimulation. Furthermore, odor
responses in GABAergic boutons imaged in the glomerular layer, where the peripheral
sensory inputs arrive, show higher similarity than odor responses in infraglomerular layers,
suggesting that the GABAergic feedback provide the bulb with layer specific inputs which

could differentially modulate the distinct functional circuit domains of the OB.
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In Chapter 4, we further defined the neural components and functional role of the
excitatory PC pathway that recruits OB projecting BF GABAergic neurons. We
demonstrated the existence of a subset of excitatory projections from the PC that target
exclusively GABAergic neurons; these cortical inputs avoid the nearby cholinergic
neurons, also located in the BF. These results indicate a high degree of circuit specialization
that could produce a differential control of two critically important sources of
neuromodulatory inputs to the bulb. Furthermore, the BF GABAergic feedback to the OB
consists of at least two non-overlapping populations of inhibitory neurons, distinguished
by their expression of the cellular markers somatostatin (Sst) and calretinin (Cr).
Interestingly, while both populations establish functional synapses with the local inhibitory
network, Sst and Cr neurons differentially target the functional circuit domains of the OB,
providing an anatomical substrate for a parallel top-down control of early olfactory
processing.

Together, the work described in Chapters 2, 3 and 4 of this dissertation provides a
physiological framework by which the BF GABAergic feedback can influence the
processing dynamics of incoming odor information in the OB. Our results represent a
starting point in understanding how fast neuromodulation influences ongoing olfactory
processing, thus multiple facets remain unexplored and shall be subject of further

investigation.
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Future directions

Determine how BF GABAergic feedback influences odor responses of the OB output

neurons.

Activation of the BF GABAergic feedback disinhibits MCs, reduces their spike
precision, and modulates the intensity of neural oscillations in the OB. Yet, how these
circuit-mediated effects result in changes in odor representation by MC and TCs remains
unknown. The use of optogenetic methods to transiently silence (e.g., NpHR3.0 or JAWS)
the activity of the BF GABAergic feedback to the OB, combined with multiphoton calcium
imaging of MCs and TCs or electrophysiological recordings in the awake mouse, will be
necessary to systematically characterize odor responses in the output neurons, in the
absence of the MCPO GABAergic feedback projections. Imaging the activity of large
ensembles of MCs and TCs using fast-scanning multiphoton microscopy will allow study
changes in odor-response correlation of populations of MC and TCs when manipulating
the GABAergic feedback. We do not know whether these two types of output neurons of
the OB, which have biased projections to the PC and AON (Fukunaga et al., 2012; Igarashi
et al., 2012), will be regulated similarly by the feedback inhibition. In addition, in vivo
electrophysiological recordings will allow study subtle modulations of sniff phase coupling
of the activity of the output neurons by the BF GABAergic feedback. We hypothesize that
a reduction in the activity of the OB inhibitory feedback will favor the recruitment of the
local inhibitory circuit driven by odor stimulation and therefore increase decorrelation of

MCs compared with the no stimulation condition, thus favoring odor discrimination.
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Furthermore, since the trial-to-trial timing precision of MCs depends on local inhibition,
we hypothesize that suppressing the activity of the OB GABAergic feedback will increase

MCs precision compared with the no stimulation condition.

Monitor the activity of BF GABAergic feedback during rapid odor discriminations

Odor encounters result in fast, sparse and odor specific responses across the BF
GABAEergic boutons in the OB. Yet, the activity dynamics of the GABAergic feedback
boutons in response to motivated and attentive behavior in mice remains unexplored. To
determine how these feedback signals support behavioral flexibility, future experiments
shall monitor GABAergic top-down projections in the OB of mice performing rapid odor
discriminations. These studies should consider simultaneous multiphoton imaging of
boutons in the BF GABAergic and cortico-bulbar glutamatergic feedback projections to
the OB to examine the interplay of two fast top-down feedbacks able to transiently change
the output polarity of the OB. Simultaneous imaging of excitatory and inhibitory feedback
axons in a single field of view can be achieved with dual expression of GCaMP and a red-
tag protein (mRuby) in one type of feedback, while only GCaMP in the other. Expressing
the same calcium sensor in both axonal feedbacks, rather than different sensors (e.g.,
GCaMP vs. JRGECO), will facilitate direct comparisons between their response dynamics.
We hypothesize a higher recruitment of the MCPO GABAergic feedback in mice engaged
in a behavioral task, due to extensive interactions of the GABAergic and cholinergic

systems in the BF. Furthermore, other neuromodulatory systems known to innervate the
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BF, as the noradrenergic and dopaminergic systems, likely play a role in modulating the

activity of the MCPO GABAergic feedback during active olfactory behavior.

Determine how inputs from the PC to the BF modulate odor discrimination

BF GABAergic neurons integrate fast glutamatergic inputs from the PC. However,
whether this pathway is recruited during active odor discrimination and is necessary for
olfactory function remains unknown. Future experiments shall examine the importance of
this descending cortical pathway to the BF by optogenetically suppressing it (NpHR3.0 or
JAWS) in mice engaged in an olfactory discrimination task. Since glutamatergic inputs
from PC to BF do not target cholinergic neurons, silencing PC axons in the MCPO is
expected to only affect the input to the GABAergic population. Light stimulation of PC
axons in the MCPO can be achieved by implanting a thin optical fiber into the target region,
while freely behaving animals perform an olfactory task. We hypothesize that inhibiting
the input from the PC to the MCPO will extensively reduce the recruitment of the OB
projecting GABAergic neurons. This will likely alter the excitation to inhibition balance

across the OB circuits and degrade the performance of mice engaged in an olfactory task.
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Summary

Early olfactory processing relies on a large population of inhibitory neurons in the
olfactory bulb (OB), the granule cells (GCs). GCs inhibit the OB output neurons, the mitral
and tufted cells (M/TCs), shaping their responses to odors both in the spatial and temporal
domains, therefore, the activity of GCs is finely tuned by local and centrifugal excitatory
and inhibitory inputs. While the circuit substrates underlying regulatory inputs onto GCs
are well-established, how they are locally modulated remains unclear. Here, we examine
the regulation of GABAergic inhibition onto GCs by acetylcholine, a main
neuromodulatory transmitter released in the OB, by basal forebrain (BF) neurons. In acute
brain slices from male and female mice, we show that activation of muscarinic
acetylcholine receptors (MAChRSs) produces opposing effects on local and centrifugal
inhibition onto GCs. By using electrophysiology, laser uncaging and optogenetics we show
that the kinetics of GABAergic currents in GCs could be correlated with distal and
proximal spatial domains from where they originate, along the GC somatodendritic axis.
Proximal inhibition from BF afferents, is suppressed by activation of M2/M4-mAChRs. In
contrast, distal local inhibition from deep short axon cells (dSACs) is enhanced by
activation of M3-mAChRs. Furthermore, we show that the cholinergic enhancement of
distal inhibition in GCs reduces the extent of dendrodendritic inhibition in MCs.
Interestingly, the excitatory cortical feedback, which also targets the proximal region of
GCs, was not modulated by acetylcholine, suggesting that muscarinic activation shifts the

synaptic balance towards excitation in GCs. Together, these results suggest that BF
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cholinergic inputs to the OB fine tune GC-mediated inhibition of M/TCs by differentially

modulating the proximal and distal domains of inhibition in GCs.

Introduction

GABAEergic inhibition has a crucial role in shaping sensory processing, precisely
regulating both temporal and spatial aspects of signal processing in sensory circuits
(Isaacson and Scanziani, 2011; Wood et al., 2017; Cardin, 2018). Inhibition by GABAergic
granule cells (GCs) is a prominent physiological mechanism in the olfactory bulb (OB),
the first brain region where odor processing occurs (Price and Powell, 1970a; Shepherd,
2004; Abraham et al., 2010; Li et al., 2018). GCs synapse onto mitral and tufted cells
(M/TCs), the output neurons of the OB, and the GC function is finely regulated by local
and top-down signals (Price and Powell, 1970b; Yokoi et al., 1995; Isaacson and
Strowbridge, 1998; Schoppa, 1998; Christie et al., 2001; Shepherd, 2004; Matsutani and
Yamamoto, 2008). Among these regulatory signals, both glutamatergic feedback from the
olfactory cortices and cholinergic inputs from the BF have been shown to influence odor
processing by modulating GCs excitability, in the latter case with a predominant
contribution of muscarinic acetylcholine receptors (mMAChRs) (Castillo et al., 1999;
Ghatpande et al., 2006; Pressler et al., 2007b; Smith et al., 2015). Furthermore, the
excitatory feedback to GCs is regulated by local GABA release (Mazo et al., 2016);
however, less is known about the regulation of GABAergic inhibition of GCs.

GCs receive inhibitory inputs from local deep short-axon cells (dSACs) (Pressler and
Strowbridge, 2006; Eyre et al., 2008; Burton and Urban, 2015) and from long-range
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GABAergic neurons (LRGNS) of the BF (Gracia-Llanes et al., 2010; Nunez-Parra et al.,
2013; Sanz Diez et al., 2019; Béhm et al., 2020; Hanson et al., 2020; Villar et al., 2021a).
Interestingly, these two sources of inhibition appear to be segregated along the proximal-
distal axis of GCs, suggesting they could differentially regulate GC function. Inputs from
dSACs provide distal, and to a lesser extent proximal, feedforward inhibition to GCs (Eyre
et al., 2008; Burton and Urban, 2015), while BF-LRGNSs densely innervate deeper layers
of the OB, where the somas of GCs are localized, suggesting a predominant perisomatic
influence in GCs (Gracia-Llanes et al., 2010; Villar et al., 2021a). Furthermore, through
dendrodendritic synapses with the M/TCs at their distal dendrites, GCs engage in two types
of inhibitory mechanisms to regulate M/TCs activity: localized recurrent inhibition
(Isaacson and Strowbridge, 1998; Mori et al., 1999; Egger et al., 2003; Shepherd, 2004),
and lateral inhibition, which involves widespread activation of the distal dendrite and the
inhibition of several neighboring M/TCs. Thus, proximal vs. distal regulation of GC
excitability is expected to have a different influence in tuning recurrent and lateral
inhibition, with global excitation of GC dendrites having a larger impact on overall
inhibition on M/TCs.

Here, we examined the regulation of inhibition to GCs by acetylcholine (ACh). By
using electrophysiology, laser uncaging and optogenetics we show that proximal and distal
anatomical domains of inhibition can be distinguished in GCs, based on the waveforms of
inhibitory currents onto GCs. Events originating in distal regions of the GC's dendrites
corresponded to inputs from dSACs. Accordingly, depolarization of dSACs by activation
of M3-mAChRs produced a robust increase in the occurrence of distal sSIPSCs. Importantly,

the increase in distal inhibition onto GCs decreased recurrent inhibition in mitral cells
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(MCs). In contrast, inhibitory inputs from the BF, targeting the proximity of the soma, were
strongly suppressed by activation of M2-mAChRs. Interestingly, the excitatory feedback
from the piriform cortex (PC), which similar to LRGN targets the somatic region of GCs,
was not affected by ACh, suggesting that at the somatic level, ACh promotes excitation of
GCs. Together, these results suggest that topologically distinct sources of inhibition of GCs
are differentially modulated by ACh through the activation of muscarinic receptors, which
we propose will facilitate global excitation of GC, while enhancing inhibition onto distal

dendritic compartments.

Methods

Animals. All experiments were conducted following the US National Institute of
Health guidelines and approved by the Institutional Animal Care and Use Committee of
the University of Maryland, College Park. Electrophysiological experiments were
performed on adult C57BL/6 (JAX, stock #664), Gad2-IRES-Cre mice (JAX, stock
#010802), Thyl-EYFP-ChR2 (JAX, stock #007612) and ChAT-tau GFP (generously
provided by Dr. Sukumar Vijayaraghavan, University of Colorado, School of Medicine)
female and male mice, ranging in age from one to four months, obtained from breeding

pairs housed in our animal facility.

Stereotaxic injections. Anesthesia was induced with 2% isoflurane at a rate of 1
L/min and adjusted over the course of the surgery. Body temperature was maintained using
a heating pad. Carprofen (intraperitoneal, 5 mg/Kg) was used as analgesic and Betadine as
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antiseptic. During the surgery, the eyes were lubricated using a petrolatum ophthalmic
ointment (Paralube). To express ChR2 in LRGNs, Gad2-Cre mice received a stereotaxic
injection (200 nL) of the AAV5-CAG-Flex-ChR2-tdTomato adenovirus (Catalog #18917,
Addgene) into the MCPO, using the following stereotaxic coordinates (in mm): D/V -5.4,
M/L = 1.63, A/P +0.14. Alternatively, to visualize the innervation of BF-LRGNSs across
the OB layers, the anterograde tracer AAV5-CAG-Flex-eGFP-WPRE (Catalog #51502,
Addgene) was injected into the MCPO as detailed above. For anterograde expression of
ChR2 in the cortical feedback projections, C57BL/6 mice were injected with the AAV5-
CAG-ChR2-mCherry adenovirus (200 nL, Addgene) in the PC, using the following
stereotaxic coordinates (in mm): D/V -3.5, M/L + 2.8 and A/P 1.6. After surgery, animals
were left to recover, and electrophysiological recordings or histological experiments were

conducted at 3 weeks or later.

Histology. Mice were transcardially perfused with cold 4% PFA prepared in 0.1 M
phosphate buffer saline (PBS) at pH 7.4. Brains were then harvested and post fixed
overnight (ON) at 4°C in the same fixative solution. The brain was sliced horizontally in
sections of 50-100 um, nuclei were stained with DAPI (Catalog #D1306, Invitrogen) and
mounted in a solution of Mowiol-DABCO. The mowiol mounting media contained 9.6%
w/v mowiol (Catalog #475904, Millipore), glycerol 24% w/v, 0.2 M Tris (pH 6.8), 2.5%
w/v DABCO (used as antifade reagent, Catalog #D2522, Sigma) and Milli-Q water. BF
cholinergic axons were visualized using the ChAT-tau GFP mouse line, in which the
intrinsic eGFP expression was amplified by immunohistochemistry. Briefly, free floating

brain slices of 50-100 um were blocked with donkey serum (10%, Catalog #S30-M,
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Millipore) in PBS supplemented with Triton X-100 (0.1% v/v, Catalog #T8787, Millipore,
PBS-T) for 1 h at room temperature (RT). Sections were then incubated ON at RT with a
rabbit anti-GFP primary antibody (1:500, Catalog #598, MBL) and 2.5% donkey serum in
PBS-T. The primary antibody was washed with PBS-T for at least 30 min before incubation
with a donkey anti-rabbit antibody coupled to Alexa fluor-594 for 2 h, at RT (1:500,
Catalog #A-21207, Invitrogen). Images were acquired using a Leica SP5X confocal
microscope and analyzed using ImageJ (NIH) and a custom written MATLAB software

(MathWorks).

Whole-cell recordings. Horizontal OB slices (250 um) were prepared as before
(Villar et al., 2021a). Briefly, slices were prepared in oxygenated ice-cold artificial
cerebrospinal fluid (ACSF) containing low Ca?* (0.5 mM) and high Mg?* (3 mM). Sections
were then transferred to an incubation chamber containing normal ACSF (see below) and
left to recover for at least 30 min at 35°C, before the recordings. In all experiments the
extracellular solution is ACSF of the following composition (in mM): 125 NaCl, 26
NaHCOs, 1.25 NaH2PO4, 2.5 KCI, 2 CaClz, 1 MgClz, 1 myo-inositol, 0.4 ascorbic acid, 2
Na-pyruvate, and 15 glucose, continuously oxygenated (95% O2, 5% CO>) to give a pH
7.4. Neurons were visualized with an Olympus BX51W1 microscope using a 40x water
immersion objective (LUMPIlanFI/IR, Olympus) and recorded using a dual EPC10
amplifier interfaced with the PatchMaster software (HEKA, Harvard Bioscience). Whole-
cell recordings were performed at RT. Patch pipettes were made of thick wall borosilicate
glass capillaries (Sutter instruments, 3-6 MQ resistance) using a horizontal pipette puller

(P-97, Sutter Instrument). Spontaneous inhibitory postsynaptic currents (SIPSCs) were
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recorded with pipettes filled with an internal solution of the following composition (in
mM): 125 Cs-gluconate, 4 NaCl, 10 HEPES-K, 10 Na phosphocreatine, 2 Na-ATP, 4 Mg-
ATP, and 0.3 GTP. Alternatively, the sIPSCs were recorded at =70 mV using an internal
solution of the following composition (in mM): 150 CsCl, 4.6 MgClz, 0.1 CaClz, 10
HEPES, 0.2 EGTA, 4 Na-ATP, 0.4 Na-GTP and 5 QX-314. The final pH of the internal
solution was adjusted to 7.3 with CSOH. The measured osmolarity was ~290 mOsm. For
current clamp recordings, the internal solution had the following composition (in mM):
120 K-gluconate, 10 Na-gluconate, 4 KCI, 10 HEPES-K, 10 Na phosphocreatine, 2 Na-
ATP, 4 Mg-ATP, and 0.3 GTP adjusted to pH 7.3 with KOH. For optogenetic stimulation,
a LED lamp (COP1-A, Thor Labs) was used to produce brief pulses (0.5-5 ms) of
collimated blue light (473 nm, 1 mW/mm?) delivered through a 40x water immersion

objective.

Single photon GABA uncaging. We performed single-photon GABA uncaging as
previously described (Nunez-Parra, et al. 2013). To visualize the morphology of the
recorded neurons we included Alexa fluor-594 (20 uM, Invitrogen) in the recording pipette
and used custom written ImageJ uManager software to track and aim the uncaging laser
spot along the somatodendritic axis of the GC. The recorded sequence of coordinates was
interpolated and recreated by discretized movements of a motorized stage from the
proximal to distal coordinates (in ~ 10 um steps). Similar results were obtained when the
uncaging sequence was reversed to start at the most distal coordinate instead. The
collimated output of a 405 nm laser (Coherent, LLC) was expanded to 60% of the back

aperture of a 60x Olympus objective. The spot has a Gaussian profile in the focal plane
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with a 1/e? radius= 0.87 um. Fluorescence illumination was achieved using a green LED
(exciter 594 nm center wavelength) (Chroma), and the emitted light was collected by a
CCD camera (Hamamatsu). The concentration of DPNI-GABA was 2 mM (Tocris). Laser
flashes were of 100 us duration with power intensities at the surface of the slice up to 2

mW/pm?,

Data analysis. Electrophysiological recordings were analyzed in MATLAB
(MathWorks) and Igor Pro (WaveMetrics). Synaptic currents were detected and analyzed
with a custom written script in MATLAB. Rise time was calculated as the time from 10%
to 90% of the current peak. The decay time was measured by fitting a double exponential
decay function to the current relaxation and computing the weighted time constant (tw) as
w= (a1T1+ a212)/(a1 + a2), where a and t are the amplitude and time constant of the first (1)
and second (2) exponentials, respectively. The IPSC waveforms from all cells were used
to cluster the GABAergic events using the k-means clustering function in MATLAB. To
determine the number of clusters we calculated the average distance from each point to
every centroid (d-value), while varying the number of clusters from 1 to 10. The d-value
was plotted against the number of clusters used for clustering, and the cutoff for the number
of clusters was obtained when d-value plateaued (Otazu et al., 2015) (Figure 2-1B).

Data is shown as the mean + S.E.M, unless otherwise specified. Statistical
significance was determined by student’s t-test or Wilcoxon rank sum (*= p<0.05, **=

p<0.01, ***= p<0.001).
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Pharmacological agents. Drugs were prepared from stocks stored at —20°C, diluted
into ACSF and perfused at a speed of ~2 mL/min; acetylcholine chloride (Catalog # A6625,
Sigma), muscarine iodide (Catalog #3074, Tocris), oxotremorine (Catalog #1067, Tocris)
4-DAMP (Catalog #0482, Tocris), AFDX-384 (Catalog #1345, Tocris), pirenzepine
dihydrochloride (Catalog #1071, Tocris), atropine (Catalog #A0132, Sigma), nicotine
ditartrate (Catalog # 3546, Tocris), PNU-120596 (Catalog #2498, Tocris), 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX disodium salt, Catalog #1045, Tocris), (R)-Baclofen

(Catalog #0796, Tocris).

Results

Muscarinic ACh receptor activation increases inhibitory activity in GCs

The BF GABAergic and cholinergic projections to the OB exhibit a considerable
overlap in most layers, especially in the GC and periglomerular layers where abundant
synaptic boutons can be observed (Figure 1A, insets) (mean normalized pixel intensity +
SD, Gad2 MCPO axons: GL 0.3+0.1, EPL 0.3 +0.1, GCL 0.6 £ 0.1, n= 14 slices, 3 mice;
ChAT BF axons: GL 0.7 £0.2, EPL 0.5 £ 0.1, GCL 0.5 £ 0.1, n= 22 slices, 4 mice). The
extent of overlap of these systems suggests that as in other brain regions, ACh can modulate
GABAEergic inhibition in GCs. To examine this possibility, we bath perfused ACh (100
uM) while recording sIPSCs in GCs (Figure 1B). We found that in 50% of the GCs

recorded (9/18), ACh strongly increased the frequency of inhibitory events (control 1.1 +
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Acetylcholine enhances inhibitory currents in granule cells via muscarinic activation

(A) Left, horizontal section of the OB of a Gad2-cre mouse containing axons from MCPO
LRGN expressing eGFP. Right, horizontal section of the OB of a ChAT-tau GFP mouse. The
panels on the right of each image are magnifications of the GL and GCL showing the presence
of abundant axonal boutons (arrowheads) in the GABAergic and cholinergic axons, across the
superficial and deeper layers of the OB. Right, quantification of peak normalized pixel
intensity distributions for the GABAergic (red) and cholinergic (green) axonal projections
shown on the left. There is an extensive colocalization of cholinergic and GABAergic axons,
especially in the superficial and deeper layers of the OB. (B) Top, spontaneous IPSCs (sIPSCs)
were recorded at 0 mV in GCs. In this cell, the basal rate of inhibitory currents was 0.48 Hz.
Application of acetylcholine (ACh, 100 uM) produced a large increase in the frequency of
sIPSCs (4 Hz), which was prevented by the application of the muscarinic receptor blocker
atropine (Atrp, 3 uM, 0.46 Hz). Bottom, selected traces in an expanded time scale, before and
after the drugs application shown in the top trace. Arrowheads indicate the increase in
frequency of small amplitude events. (C) Summary of the effect of ACh and muscarine (Mus,
10 uM) on the sIPSC frequency in GCs; ACh significantly increased the frequency of sIPSC
in GCs (n=9, p= 0.04), and this effect was blocked by Atrp (n= 10, p= 0.82). Similarly, Mus
significantly increased the sIPSC frequency in GCs (n= 13, p=0.02).
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0.7 Hz vs. ACh 2.4 £ 1.1 Hz, n= 9, p= 0.04) (Figure 1C), especially sIPSCs of smaller
amplitude (Figure 1B, arrowheads). The effect of ACh on GCs was completely abolished
in the presence of atropine (Atrp, 3 pM), a broad muscarinic receptor blocker (control 1.2
+ 0.6 vs. ACh in Atrp 1.2 + 0.5 Hz, n= 10, p= 0.82) (Figure 1B, C), indicating the
enhancement of inhibition in GCs results from mAChR activation. Accordingly, the
mAChR agonist muscarine (Mus, 10 uM), produced a significant increase in the frequency
of sIPSCs in ~50% of the recorded GCs (13/24) (control 0.3 £ 0.08 Hz vs. Mus 1.7 £ 0.55
Hz, n=13, p=0.02) (Figure 1C). As with ACh, the increase in event frequency produced
by Mus was accompanied by a small reduction in the mean amplitude of the overall
population of sIPSCs (control 19.6 £ 0.4 pA vs. Mus 17.3 + 0.3 pA, n= 13 cells, p< 0.001)
(Figure 2-1A).

In the non-responding GCs, neither ACh nor Mus produced a change in the
frequency or the amplitude of the sIPSCs (data not shown). The lack of muscarinic effect
in these GCs is unknown, however, both responding and non-responding GCs had a similar
basal frequency of sIPSCs (ACh responding 1 + 0.7 Hz vs. ACh non-responding 0.5 + 0.1
Hz, p= 0.45; Mus responding 0.3 + 0.1 Hz vs. Mus non-responding 0.5 = 0.2 Hz, p=0.3),

arguing against the possibility the non-responding neurons correspond to unhealthy GCs.

Muscarinic ACh receptor activation enhances distal inhibition of GCs

In the presence of MAChR activation small amplitude events were more prominent,
therefore, we examined the possibility that Mus enhanced a selective population of
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activation

(A) Left, confocal image of a GC filled with Alexa fluor-594 during the whole-cell recording
highlighting the presence of intact dendritic processes. Right, sample trace of spontaneous
inhibitory postsynaptic currents (SIPSCs) recorded in a representative GC. Recordings were
conducted in voltage clamp at 0 mV, using a Cs-gluconate based internal solution. sIPSC
waveforms were clustered into three populations using the k-means method. The colored
markers on top of each sIPSC indicate the assigned cluster (yellow, cluster 1; blue, cluster 2;
red, cluster 3). (B) Overlay of normalized waveforms (to the peak current) for clusters 1 and 3
which exhibit different rise time kinetics. (C) Histograms of sIPSC amplitude (top) and decay
time (bottom) for each cluster. (D) Effect of Mus on events classified as belonging to clusters
1 and 3 (1420 events); the sIPSC amplitude histograms for each cluster are shown, before (light
gray) and after the application of Mus (green). Mus significantly increased the number of
SIPSC in cluster 1 (p= 0.044) but not in cluster 3 (p= 0.72). (E) Summary plot showing the
ratio for the occurrence of IPSCs during the application of Mus (post) compared with baseline
(pre) (post/pre ratio, cluster 1: 1.97, cluster 2: 1.56, cluster 3: 1.27). The Figure 2-1 (Appendix
B) shows the un-clustered amplitude distribution for sSIPSCs in GCs and mean waveforms for

each cluster.
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spontaneous GABAergic currents in GCs. Under resting conditions, sIPSCs recorded at 0
mV occurred at low frequency (0.24 £ 0.05 Hz, n= 29) (Figure 2A) and exhibited a wide
range of amplitudes (5-132 pA, mean + SD: 23 + 15 pA, 1411 events), with similar
variability in rise (1.1-7.6 ms, mean + SD: 2.5 = 2 ms) and decay times (21-145 ms, mean
+ SD: 69.1 £ 36 ms), possibly reflecting variations in their origin along the somatodendritic
axis (Nusser et al., 1999). To explore this possibility, we clustered the current waveforms
of isolated sIPSCs using the k-means method, which rendered three distinct populations of
events that we termed clusters 1 to 3 (Figure 2A and Figure 2-1B). These sIPSC
populations had differences in their time course and occurred with different relative
frequencies (Figure 2B, C). Events in cluster 1, characterized by smaller amplitude, slower
rise time and faster decay time, were the most abundant (Figure 2C, n= 808 events; mean
+ SD: amplitude 13.9 £ 6.3 pA, rise time 3.2 £ 2.7 ms, decay time 62.5 + 35.4 ms). In
contrast, events in cluster 3, characterized by larger amplitude, faster rise times and slower
decay, occurred less frequently (Figure 2C, n= 150 events; mean + SD: amplitude 55.2 +
15.8 pA, rise time 1.3 £ 0.3 ms, decay time 74 £ 29.3). Cluster 2 was characterized by
events with intermediate amplitude and occurrence (Figure 2C, n= 453 events; mean +
SD: amplitude 28.6 + 8.3 pA, rise time 1.7 = 1.4 ms, decay time 79.5 £ 36.3 ms).
Interestingly, clustering of the sIPSC waveforms showed that the prevalence of large
amplitude sIPSCs (cluster 3) was unaffected by Mus (Wilcoxon rank sum, p= 0.72), while
the largest proportional increase occurred with the smaller amplitude sIPSCs (cluster 1 and
2, Wilcoxon rank sum; cluster 1, p= 0.044, cluster 2, p= 0.045) (Figure 2D). Consistently,
the ratio of sIPSCs after bath perfusion of Mus, compared with baseline, was higher for

cluster 1 than for cluster 2 and 3 (Figure 2E).
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Oxotremorine (Oxo, 10 uM), another non-selective mMAChR agonist, produced a
similar increase in sIPSC frequency in 50% of GCs (events in clusters 1 and 2; control 0.7
+ 0.3 Hz vs. Oxo 1.4 + 0.4 Hz, p= 0.05, n= 4 out of 8 cells; not shown), without altering
the representation for events in cluster 3. In summary, the clustering method described
above allows us to distinguish at least two distinct populations of sIPSCs, clusters 1 and 3.
We surmise that cluster 1, with smaller amplitude events, corresponds to sIPSCs
originating at distal regions of GC, while events comprising cluster 3, with larger
amplitudes, originate at proximal sites; activation of mMAChRs mostly increases inhibitory
currents originating at distal regions of GCs (see also below). Events in cluster 2, likely
correspond to an overlap of inputs that mainly target these proximal and distal regions of

GCs; therefore, we concentrated our analysis on clusters 1 and 3.

Inputs to GCs from dSACs and BF-LRGNs generate IPSCs with distinct properties

GCs receive inhibitory inputs from dSACs found in the external plexiform layer
(EPL-dSAC) that directly synapse onto the distal dendrites of GCs (Eyre et al., 2008), and
from LRGNs of the BF, which densely innervate deeper layers in the bulb suggesting a
greater influence on the somatic region of GCs (Villar et al., 2021a). We reasoned that
events in clusters 1 and 3 correspond to these sources of inhibition to GCs and examined
this possibility by selectively activating these inhibitory inputs using optogenetics. We
activated dSACs by stimulating M/TCs expressing the light-gated cation channel
channelrhodopsin-2 (ChR2), under the Thyl promoter (Arenkiel et al., 2007) (Figure 3A,
B). To isolate the inhibitory input from dSACs we recorded GCs at the reversal potential
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Centrifugal and local GABAergic inputs on granule cells exhibit distinct kinetics

Confocal image of an OB section showing the expression of ChR2-YFP in Thyl* neurons
(M/TCs). (B) Left, diagram of the experimental configuration to elicit disynaptic inhibition in
GCs; we optogenetically stimulated M/TCs in a Thyl-EYFP-ChR2 mouse while recording at
0 mV. Right trace, overlay of light-evoked disynaptic IPSCs in a representative GC (gray
traces) elicited by feedforward excitation of dSACs, the mean evoked IPSC is shown overlaid
in black. Bottom, scatter plot of the onset time for the responses in this GC; the average onset
time was 13.7 £ 0.2 ms, consistent with a disynaptic nature. (C) Confocal image of an OB
section showing abundant axonal labeling from MCPO LRGNs expressing ChR2-tdTomato,
in a Gad2-Cre mouse. (D) Left, diagram of the experimental configuration; we recorded from
GCs at 0 mV, eliciting minimal optogenetic stimulation of LRGN axons expressing ChR2 (in
red). Right trace, overlay of light evoked IPSCs in a representative GC (gray traces), the mean
evoked IPSC is shown overlaid in black. Bottom, scatter plot of the onset times for the
responses in the cell above; the average onset time was 7 £ 0.8 ms, consistent with their
monosynaptic nature. (E) Top, overlay of normalized waveforms (to the peak current) for the
dSAC evoked IPSC (yellow) and LRGN evoked IPSC (red) recorded in GCs to illustrate their
different decay kinetic. Bottom, probability distribution histograms of rise and decay times for
minimally evoked IPSCs with stimulation of BF-LRGNSs axons (red; events= 291; n= 10 cells)
and the disynaptically evoked IPSC (yellow, events= 451; n= 8 cells). The disynaptic IPSC

elicited by dSAC activation exhibits faster decay times, as well as a slightly slower rise times
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compared with the LRGN evoked IPSC (dSAC evoked IPSC: decay time 38.89 + 1.3 ms, rise
time 1.9 £ 0.05 m; MCPO evoked IPSC: decay time 59.1 + 1 ms, rise time 1.5 = 0.04 ms.
Wilcoxon rank sum p< 0.001).

of glutamatergic currents (0 mV). Consistent with their disynaptic nature, brief light pulses
(0.5-1 ms), reliably evoked IPSCs with slow onset (9 £ 0.2 ms). The evoked IPSCs (n=
451 events, n= 8 cells) had variable amplitude (5-108 pA, mean 23 + 0.8 pA) and a mean
decay of 38.9 + 1.3 ms (Figure 3E).

To selectively activate the BF GABAergic inputs to GCs, we expressed ChR2 in
the MCPO of Gad2-Cre mice (Villar et al., 2021a). Light activation evoked IPSCs (n=291
events, 10 cells) of faster onset (7 = 0.8 ms), larger amplitude (mean 130 = 5.5 pA), and
slower decay (mean 59.1 + 1 ms), compared to those evoked by dSACs activation. As
shown in Figure 3E, the normalized currents for the dSAC mediated inhibitory events and
those elicited by LRGN activation, show a significant difference in rise and decay times,
reminiscent of the events in cluster 1 and 3 respectively (comparison for amplitude, rise
time and decay time Wilcoxon rank sum p< 0.001). Together, these results suggest that
SIPSCs in cluster 1 correspond to events elicited by GABA release from dSACs,
preferentially targeting the distal dendrites of GCs, whereas events in cluster 3 represents
inhibitory inputs from BF-LRGN targeting the perisomatic region of GCs.

To further corroborate that the differences in amplitude and Kinetics of the
somatically recorded sIPSCs correspond to their spatial origin, we analyzed the properties
of GABA evoked currents in GCs using single-photon uncaging (Figure 4A). In these
experiments, the photolysis of caged GABA (DPNI-GABA) was calibrated to obtain
photo-evoked inhibitory postsynaptic currents (uIPSC) of similar amplitude to the sIPSCs

(~10-100 pA). To visualize the dendritic arbor of GCs, we included the red fluorophore
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Spatial differences in the kinetics of GABAergic currents elicited by laser uncaging along the
GC somatodendritic axis

(A) Representative GC loaded with Alexa fluor-594 and recorded in voltage-clamp, at a
holding potential of 0 mV. DPNI-GABA was uncaged along the somatodendritic axis (colored
circles) with a 405 nm laser focused through a 60x objective. Cold colors represent proximal
spots while warm colors represent distal focused spots. (B) Mean traces for the IPSCs elicited
by GABA uncaging at different distances from the soma. The color of each trace corresponds
to the uncaging position as shown in A. The scale is 100 pA and 200 ms. (C) Scatter plots of
the amplitude, and the rise and decay time as a function of distance from the soma (n= 4 cells).
The amplitude and the decay time of the responses (top graphs) decreased as GABA was
uncaged further away from the soma (amplitude: double exponential fit, R-squared= 0.675;
decay time: Pearson’s linear correlation, r=—0.55). Lower left graph, overlay of representative
normalized (to the peak current) traces obtained by uncaging in the proximal (blue trace) and
distal (red trace) regions of a GC dendrite illustrating their different kinetics. In contrast, the
rise time was not affected by the uncaging distance (bottom right, Pearson’s linear correlation,

r=0.15).

137



Alexa fluor-594 (20 pM) in the internal solution, and the stimulation was ~10 pum apart
along the GC somatodendritic axis (Figure 4A; see Methods). GABA uncaging in the
perisomatic region (0-20 um), resulted in ulPSCs with an average amplitude of 79.1 + 10.6
pA and a decay time of 360 + 30 ms, while at most distal regions (150-250 um from the
soma) both the amplitudes and decay times of the ulPSC were smaller (14.1 + 1.4 pA; 170
+ 50 ms; n= 4 cells) (Figure 4B, C). In contrast, the rise time was not significantly different
with distance (proximal 25 £ 4 ms vs distal 36 + 10 ms, n= 4 cells, p= 0.24) (Figure 4C).
Together, these results further support the notion that sIPSCs in cluster 1, enhanced in
frequency by Mus, correspond to events elicited by GABA release from dSACs and
preferentially target the distal dendrites of GCs, whereas events in cluster 3 represents

inhibitory inputs from BF-LRGN targeting the perisomatic region of GCs.

dSAC are excited by M3-mAChR activation

To further examine the possibility that the increase in distal inhibition results from
dSACs activation by Mus, we recorded from morphologically and physiologically
identified dSACs loaded with Alexa fluor-594 in the recording pipette (Figure 5A).
Morphological analysis indicated that these cells exhibit numerous basal dendrites as well
as axonal projections directed toward the EPL (see also Eyre et al., 2008). As previously
described (Pressler and Strowbridge, 2006), under resting conditions, a current-stimulus
elicited a train of spikes that was followed by an afterdepolarization (AV 2 = 0.8 mV; n=
4), (Figure 5A, arrow). As shown in Figure 5B, application of Mus produced a robust
depolarization of dSACs (AV=5.7 + 1.1 mV, n= 4, p=0.01), which was abolished by
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Fig. 5: Deep short axon cells are excited by M3-mAChR activation

(A) Left, image of a dSAC loaded with Alexa fluor-594 during a whole-cell recording. Right,
these cells exhibit an afterdepolarization (inset, arrow) following a stimulus-induced train of
action potentials (150 pA, 500 ms). (B) Application of muscarine (Mus, 10 uM) produced a
suprathreshold depolarization in this dSAC, with long-lasting spiking. The baseline membrane
potential is —-60 mV. (C) Left, the muscarinic depolarization was significantly reduced in the
presence of 4-DAMP (100 nM), a selective M3-mAChR blocker. Right, summary of the
effects of Mus and the M3 antagonist in dSACs (n= 4, p= 0.01). (D) Diagram showing the
experimental configuration used to examine the effect of Mus on the dSAC-mediated
inhibition of GCs. Optogenetic stimulation of M/TCs in the Thyl-EYFP-ChR2 mouse reliably
evoked disynaptic IPSCs in GCs recorded at 0 mV. (E) The charge of the IPSC evoked by
optogenetic stimulation of M/TCs, is not significantly different in the presence of Mus (n=7,
p=0.3).
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application of the selective M3-mAChR antagonist 4-DAMP (100 nM, Figure 5C, Mus
AV 5.74 £ 3.7 mV, Mus in 4-DAMP AV 0.35 £ -0.52 mV, n= 4, p= 0.04). Importantly,
the disynaptically evoked IPSC recorded in GCs upon M/TCs activation using the Thyl
EYF-ChR2 mouse was not significantly affected by the activation of mMAChRs (control 5.2
+1.5pCvs. Mus 3.9+ 1 pC, n=7, p=0.3) (Figure 5D, E).

Depolarization of dSACs by M3-mAChRs activation, is expected to increase
GABA release onto GCs, and accordingly, application of 4-DAMP (100 nM) completely
abolished the increase in sIPSC frequency in GCs elicited by Mus (Figure 6A, B, control
0.54 £ 0.19 Hz vs. Mus in 4ADAMP 0.49 + 0.14 Hz, n= 11, p= 0.41). As expected, the
enhancement of inhibition in GCs produced by Mus was not prevented by selective
blockade of M1- and M2/M4-mAChRs with pirenzepine (Pir, 1 uM) and AFDX-384 (300
nM), respectively (Figure 6B, control in Pir + AFDX-384 0.46 + 0.1 Hz vs. Mus in Pir +
AFDX-384 0.79 = 0.2 Hz, n= 6, p= 0.04). Together, these results indicate that distal
inhibition is enhanced in GCs via an excitatory effect on dSACs that is mediated by M3-

MAChRSs activation.

Activation of M2/M4-mAChRs suppresses proximal inhibition onto GCs

We next examined the effect of ACh (100 uM) on inhibitory currents elicited in
GCs by optogenetic activation of BF-LRGNs axons in the OB. In contrast to the effect on
distal inhibition, ACh produced a significant reduction in the light-evoked IPSCs (Figure
7A, control 14 + 4 pC vs. ACh 2.8 £ 0.9 pC, n=7, p=0.03), and this effect was completely
blocked by Atrp (Figure 7A, B control 11 £ 2.2 pC vs. ACh in Atrp 11 + 2 pC, n=6, p=
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Fig. 6: M3-mAChR activation is necessary for the enhancement of inhibition in GCs

(A) Top, the increase in sIPSC frequency in GCs produced by muscarine (Mus, 10 uM) is
abolished in the presence of the selective M3-mAChR blocker 4-DAMP (100 nM). The
holding potential is 0 mV. Bottom, selected traces of SIPSCs in an expanded time scale, before
and after the drug applications as shown in the top trace. (B) Summary plots showing the effect
of Mus and specific mMAChR antagonists. Left, 4-DAMP abolishes the effect of Mus (n= 11,
p= 0.4); however, the effect of Mus is not antagonized by a mixture of the M1 and M2/4-
mACHhR blockers pirenzepine (Pir, 1 uM) and AFDX-384 (300 nM), respectively (n= 6, p=
0.04).

0.8). Likewise, Mus (10 uM) produced a strong reduction in the light-evoked IPSCs
(Figure 7C, control 9.0 £ 2.3 pC vs. Mus 1.5 £ 0.4 pC, n=4, p= 0.05), and this effect was
blocked by AFDX-384 (300 nM), a selective M2/M4-mAChR antagonist (Figure 7C,
control, 7.5 £ 1 pC vs. Mus + AFDX-384, 6 + 0.6 pC, n= 4, p= 0.1), suggesting a
presynaptic inhibitory action of M2/M4-mAChRs activation on GABA release from BF-
LRGNs axons. In contrast, bath perfusion of the nicotinic ACh receptor (nAChR) agonist
nicotine (Nic, 60 uM) had no effect on the light evoked IPSC in GCs (Figure 7D, control
145 + 3 pC vs. Nic 13.4 + 3 pC, n= 6, p= 0.11). Even in the presence of PNU-120596
(PNU, 10 uM), a positive allosteric modulator of nAChRs (Hurst et al., 2005) that reduces

their
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Activation of M2/M4-mAChR suppresses afferent inhibition onto GCs

(A) Recordings were conducted in GCs at 0 mV, in slices of mice expressing ChR2 in MCPO
LRGNSs (shown in red in the diagram). Left, stimulation with a brief light pulse (1-5 ms)
reliably elicited IPSCs in GCs (gray traces); the average amplitude is 122 pA in this cell (black
trace). In the presence of ACh (100 uM), optogenetic stimulation failed to evoke the IPSC.
The suppressive effect of ACh was blocked by the muscarinic antagonist atropine (Atrp, 3
uM). Right, time course of the effect of ACh in a representative GC where light evoked IPSCs
occurred every 30 s; ACh reversibly decreased the charge of the IPSC. (B) Summary of the
effects of ACh on the light evoked IPSC (left, n= 7, p= 0.03) and the blockade by Atrp (right,
n= 6, p= 0.8). (C) Left, summary of the effect of Mus (10 pM) on the light evoked IPSC (n=
4, p= 0.05). Right, the suppression of the evoked IPSC by Mus is reversed in the presence of
the M2/M4-mAChR antagonist AFDX-384 (300 nM) (n= 4, p= 0.1). (D) The light-evoked
IPSC was not affected by nicotine (Nic, 60 pM; n= 6, p= 0.11), or by the application of Nic
together with the nAChR positive allosteric modulator PNU-120596 (PNU, 10 uM; n= 5, p=
0.74).
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desensitization, Nic did not affect the inhibitory currents elicited in GCs by light
stimulation (Figure 7D, control 11.2 £ 3 pC vs. Nic + PNU 10.8 = 3 pC, n=5, p= 0.74).
Together, these results indicate that BF GABAergic inhibition of GCs is negatively
modulated by cholinergic inputs to the OB, via activation of mMAChRs in the LRGN axon
terminals, and that local and top-down inhibition onto GCs are differentially modulated by

the cholinergic innervation through the activation of distinct mAChRs.

M3-mAChR activation reduces the extent of dendrodendritic inhibition in MCs

Increased inhibition at the distal dendritic segments of GCs is expected to
negatively impact the extent of inhibition at GCs to MCs synapses. To examine this
possibility, we recorded inhibitory currents in MCs evoked by a brief depolarizing train,
while holding the cell at =60 mV, using a CsCl based internal solution. This stimulation
elicited a barrage of GABAergic currents with a relaxation time of 564 + 176 ms (n= 9
cells), similar to values previously reported (Isaacson and Strowbridge, 1998; Schoppa,
1998; Villar et al., 2021a). In the presence of Mus, dendrodendritic inhibition (DDI) in
MCs was significantly reduced (Figure 8A control: -55 £ 7 pC vs. Mus: —40 + 4 pC, n=
18, p= 0.04). Intriguingly, in the presence of Mus, application of the M3-mAChR blocker,
4-DAMP, produced a significant increase in DDI in MCs (Figure 8B, control -39 = 4 pC
vs. Mus in 4-DAMP -51 £ 7 pC, n= 16, p= 0.01). We suspect this is due to an increase in
excitability in GCs produced by M1-mAChRs activation (Smith et al., 2015), and
accordingly, blockade of both M1 and M3-mAChRs abolished this effect (control, -45 + 8
pC vs. Mus + 4-DAMP + Pir, —-42 £ 9 pC, n= 13, p= 0.44; not shown). Last, the reduction
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Activation of M3-mAChRs modulates the extent of dendrodendritic inhibition in MCs

(A) MCs were recorded in voltage-clamp at -60 mV using a CsCl based internal solution;
dendrodendritic inhibition (DDI) was elicited by a brief depolarizing train of depolarizing steps
(4 x10 ms). The average evoked GABAergic current (black trace) was decreased in the
presence of Mus (gray trace, Mus 10 uM). Right, summary of the effect of Mus in DDI
quantified as the charge (n= 18, p= 0.04). (B) Left, in the presence of the M3-mAChR
antagonist, 4-DAMP (100 nM), Mus failed to reduce DDI, but instead produced a small but
significant increase in DDI. These effects are summarized in the right plot (n= 16, p= 0.01).
(C) Left, the decrease in DDI elicited by Mus was still present in the presence of AFDX-384
(300 nM) and pirenzepine (Pir, 1 uM), antagonists of the M2 and M1-mAChRs, respectively.
These effects are summarized in the right plot (n= 11, p< 0.001).
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in inhibition produced by Mus persisted in the presence of the selective M2/M4 and M1-
MAChR blockers, AFDX-384 and Pir, respectively (Figure 8C, control in AFDX-384 +
Pir: =69 £ 10 pC vs. Mus + AFDX-384 + Pir: —42 + 9 pC, n=11, p< 0.001). These results
support the hypothesis that the activation of M3-mAChRs in dSAC reduces the extent of

DDI in MCs by increasing incoming GABAergic inhibition in the distal dendrites of GCs.

Inhibitory and excitatory top-down inputs onto GCs are differentially modulated by

MAChRs

The OB integrates glutamatergic feedback from the PC, which decorrelates the
activity of output neurons by driving strong excitation onto the OB local GABAergic
circuits (Boyd et al., 2012; Otazu et al., 2015). This excitatory feedback, like the BF
inhibitory input, mainly targets the proximal region of GCs (Balu et al., 2007), and
therefore, we wondered whether this excitatory input was also inhibited by muscarinic
activation. To this extent, we injected the adenovirus AAV-ChR2-mCherry into the PC of
wild type mice, which resulted in abundant axonal labeling distributed across the different
OB layers, especially in the GCL (Figure 9A). In voltage-clamp recordings brief light
stimulation (1-5 ms) reliably evoked large inward currents in GCs, which were sensitive to
the AMPA receptor blocker CNQX (10 pM) (control —1.3 + 0.2 pC vs. CNQX -0.2 + 0.05
pC; n=7, p=0.001), as previously shown (Boyd et al., 2012). Intriguingly, application of

Mus did not alter the light-evoked EPSC (control —1.3 £ 0.3 pC vs. Mus -1.3 + 0.2 pC, n=
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Activation of mMAChRs suppresses extrinsic inhibition but not extrinsic excitation of GCs

(A) Left, cortical feedback projections were transduced with ChR2 by injecting the anterograde

virus AAV-ChR2-mCherry in the PC of wild type mice, which resulted in extensive labeling

of the GC layer (right). (B) We conduced voltage-clamp recordings in GCs while

optogenetically stimulating the PC excitatory axons (red). Stimulation with a brief light pulse

(1-5 ms) in this GC elicited large inward currents (gray traces), with an average amplitude of

170 pA (black trace). The inward current was completely abolished by the AMPA receptor
blocker CNQX (10 uM, n= 7, p=0.001) but not significantly affected by Mus (10 uM), shown
on the right-hand side plot. (C) Left, bar graphs summarizing the effects of different

cholinergic drugs on the light evoked EPSC. The PC excitatory input was not affected by Mus
(n=6, p=0.88), Nic (60 uM, n= 5, p= 0.2) or Nic in the presence of PNU-120596 (PNU, 10
uM) (n= 4, p=0.6). (D) We recorded simultaneously both the afferent excitatory and inhibitory
inputs onto GCs in Gad2-Cre mice injected with AAV-Flex-ChR-mCherry in the MCPO. The
cortical feedback was stimulated by placing an electrode in the GCL (bottom). Right, in this

GC, light stimulation at 0 mV elicited outward currents (upper gray traces) with an average of

46 pA (black trace), which was greatly reduced by Mus (18 pA). In the same GC, recorded at

—60 mV, brief electrical stimulation in the GCL (100 pA, 100 ps) evoked inward currents

(lower gray traces) with an average of 20 pA (black trace), which was not affected by Mus (21
pA). (E) The IPSC to EPSC ratio of the synaptic charge (absolute value) evoked by light
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(inhibition) and electrical stimulation (excitation) in the same GC decreases in the presence of
Mus (n=5, p= 0.02).

6, p= 0.88) (Figure 9B, C). Similar results were obtained when we applied Nic (60 puM)
alone or in the presence of PNU (10 uM) (control, —0.9 = 0.2 pC vs. Nic, -0.9 £ 0.2 pC,
n=5, p= 0.2; control, 1.1 £ 0.2 pC vs. Nic + PNU, -1 + 0.3 pC, n= 4, p= 0.6) (Figure
9C). Nevertheless, consistent with a previous study (Mazo et al., 2016), activating
GABAG&Rs with the agonist baclofen (Bac, 50 pM) strongly suppressed the light-evoked
EPSC in GCs (control —-0.9 £ 0.2 pC vs. -0.2 £ 0.1 pC, n= 6, p= 0.02; not shown). These
results suggest that the excitatory/inhibitory balance in GCs can be modulated by mAChR
activation.

Thus, in a subset of GCs, we optogenetically activated the MCPO GABAergic
axons (as in Figure 3 and Figure 7), while the cortical feedback was electrically stimulated
by placing a stimulating electrode in the GCL (Figure 9D) (Balu et al., 2007). The
optogenetically evoked IPSC (top trace) and electrically evoked EPSC (bottom trace) were
isolated by recording at 0 and —60 mV, respectively, using a Cs-based internal solution. At
—60 mV, brief current pulses (100 pA, 100 ps) reliably evoked EPSCs in GCs, which were
completely blocked by CNQX (control —0.4 + 0.2 pC vs. CNQX —0.1 £ 0.05 pC, n=5, p=
0.05; not shown). In the same GC, Mus selectively suppressed the light-evoked IPSCs, but
not the electrically evoked EPSC (IPSC control, 2.6 + 0.2 pC vs. in Mus, 0.6 £ 0.2 pC n=
5, p<0.01; EPSC, control, 0.3 £ 0.1 pC vs. in Mus, —0.3 £ 0.1, n=5, p=0.7). Consistently,
Mus produced a strong decrease in the IPSC to EPSC ratio in GCs (Figure 9E)
(JIPSC/EPSC|, control 14.3 £ 4 vs. Mus 4 + 2, n=5, p=0.02), suggesting an increase in the

overall proximal excitatory weight in GCs upon cholinergic activation.
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Discussion

Here, we provide new mechanistic insights on how synaptic inputs onto proximal
and distal dendritic domains of GCs are modulated by the cholinergic system and shape
the output of the bulb. Analysis of the waveform of spontaneously occurring GABAergic
currents revealed at least two groups of events with distinguishing features; events of small
amplitude with fast decay (cluster 1), and events of large amplitude with slower decay
(cluster 3) (Figure 1, 2). Photo-uncaging of GABA indicated that events in cluster 3
originate in the proximity of the soma, while events in cluster 1 originate in distal regions
of GCs (Figure 4). Furthermore, optogenetic activation of dSACs or BF-LRGN axons,
elicited IPSCs with properties resembling distal and proximal inputs, respectively,
suggesting a spatial segregation of inhibitory inputs in GCs (Figure 3). Interestingly,
activation of mAChRs produced opposite effects on these inhibitory inputs; activation of
M3-mAChRs greatly enhanced the occurrence of inhibitory currents in GCs, by
depolarization of dSACs that synapse onto GCs (Figure 5, 6). In contrast, activation of the
M2/M4-mAChRs depressed GABAergic currents elicited by activation of BF inputs
(Figure 7). These distinct effects on proximal vs. distal inhibition in GCs are expected to
regulate the degree of inhibitory output at M/TC-GC synapses. Activation of M3-mAChRs
reduced the extent of dendrodendritic inhibition in MCs, suggesting a local regulation of
inhibition (Figure 8). Interestingly, the glutamatergic feedback to the OB was not affected
by Mus, suggesting that the overall effect of proximal muscarinic modulation is to shift the
balance towards excitation of GC, enhancing global inhibition (Figure 9).
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The activity of M/TCs is functionally regulated by several types of inhibitory
neurons, which target their primary and secondary dendrites (Price and Powell, 1970a;
Shepherd, 2004). Among the inhibitory neurons of the OB, the most prominent in number
are the GCs, which participate in recurrent and lateral inhibition through synapses with
lateral dendrites of M/TCs (De Olmos et al., 1978; Luskin and Price, 1983). Most
dendrodendritic synapses (DDS) are located in the distal dendrites of the GCs, where they
also receive dense inhibition from local dSACs (Eyre et al., 2008; Burton and Urban,
2015). In contrast, the proximal dendritic compartment and soma of the GCs receive dense
innervation from top-down afferent axons (Zaborszky et al., 1986; Matsutani and
Yamamoto, 2008; Zaborszky et al., 2012; Nagayama et al., 2014), including excitatory
cortical feedback, and cholinergic and GABAergic inputs from the BF (Matsutani and
Yamamoto, 2008; Gracia-Llanes et al., 2010; Boyd et al., 2012; Markopoulos et al., 2012;
Nunez-Parraetal., 2013; Villar et al., 2021a). This synaptic organization of inputs suggests
two separate functional domains of inhibition in GCs: a proximal domain, largely
containing top-down GABAergic inputs from the BF (Eyre et al., 2008; Villar et al.,
2021a), and a distal domain, comprised by local feedforward inhibition from dSACs (Eyre
et al., 2008). Using a waveform clustering approach, we were able to distinguish between
these two populations of inhibitory currents based on their amplitudes and decay times.
Our results with selective optogenetic control of proximal (LRGNs) and distal (dSACs)
inhibitory inputs onto GCs are consistent with this idea. While LRGNs activation evoked
IPSCs with larger amplitude and slower decay time, disynaptic stimulation of dSACs
elicited IPSCs with smaller amplitude and faster decay times (clusters 3 and 1,

respectively). Segregated inhibitory inputs onto GCs are supported by previous studies
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indicating that a subpopulation of dSACs preferentially target the distal dendrite of GCs
(Eyre et al., 2008), while BF-LRGN axons are notoriously more abundant in the GCL,
suggesting a perisomatic innervation of GCs (Gracia-Llanes et al., 2010; Villar et al.,
2021a). Nevertheless, the amplitude and decay times of the IPSCs evoked by these
stimulations overlap to a considerable degree, which comprised cluster 2, suggesting
topologically overlapping inputs from LRGNs and dSACs along the GC somatodendritic
axis (Burton and Urban, 2015). Intriguingly, the increase in frequency of inhibitory events
was observed in half of the population of GCs examined. The reason for this is unknown
but we note that the frequency of inhibitory events was not different between responding
and non-responding GCs, and disynaptic responses elicited in GCs occurred with high
probability. This suggests that there could be differences in the muscarinic response in
dSACs, or differences in the efficiency of eliciting disynaptic and/or muscarinic responses
in these neurons in the slice. Further experiments should address this possibility.

While signal dampening by electrotonic conduction predicts a decrease in event
amplitude for distal events (Armstrong and Gilly, 1992), the faster decay of these events
was unexpected. One possible explanation for this discrepancy is that proximal and distal
GABAergic synapses onto GCs could have different properties. For example, the
composition of postsynaptic GABAAa receptors (GABAAR) could vary along the
somatodendritic axis of GCs, giving rise to synaptic currents with distinctive kinetics. The
identity of GABAAR subunits expressed in the proximal and distal dendritic compartment
of GCs is unknown, however different combinations of GABAAR subunits or
posttranslational modifications of receptors have been shown to greatly impact the kinetic

of the postsynaptic currents (Laurie et al., 1992; Moss et al., 1992; McDonald et al., 1998;
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Moss and Smart, 2001; Nusser et al., 2001; Nakamura et al., 2015; Nunes and Kuner,
2015). The observed differences in decay time of currents elicited with photo-uncaging are
consistent with heterogeneous properties of GABAAR along the somatodendritic axis of
GCs. Future experiments characterizing single channel properties of GABAAaRSs along the
somatodendritic axis of GCs could clarify the degree of heterogeneity of GABAergic
currents in GCs.

ACh regulates network function by altering the excitation-inhibition balance of
neural circuits (Pitler and Alger, 1992; Behrends and Bruggencate, 1993; Wanaverbecq et
al., 2007), and in the OB, cholinergic modulation has been shown to play a role in odor
discrimination and learning (Doty et al., 1998; Linster and Cleland, 2002; Wilson et al.,
2004; Hellier et al., 2012; Chapuis and Wilson, 2013; Hanson et al., 2021). Our results
provide evidence supporting that the activation of distinct mAChRs results in a differential
modulation of intrinsic and extrinsic sources of inhibition onto GCs. Cholinergic
modulation of GABAergic inhibition has been previously shown in the hippocampus
(Pitler and Alger, 1992; Hasselmo and Schnell, 1994; Wanaverbecq et al., 2007), thalamus
(Antal et al., 2010; Ye et al., 2010) and cerebral cortex (Hasselmo and Bower, 1992; Gil et
al., 1997; Kimura and Baughman, 1997; Patil and Hasselmo, 1999; Kimura, 2000;
Brombas et al., 2014). Intriguingly, while muscarinic presynaptic inhibition of
neurotransmitter release has been reported for glutamatergic (Hasselmo and Sarter, 2011),
as well as, GABAergic synapses (Behrends and Bruggencate, 1993; Kimura and
Baughman, 1997; Patil and Hasselmo, 1999), in the OB, muscarinic presynaptic inhibition
occurred in the BF GABAergic input but not in the excitatory cortical feedback. This

differential effect at the somatic level would increase the synaptic weight of the excitatory
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feedback, and somatic disinhibition of GCs, increasing dendrodendritic and lateral
inhibition on M/TCs due to a higher likelihood of generating somatic action potentials in
GCs, thus reducing spatial activation of M/TCs and possibly favoring odor pattern
separation. Interestingly, a previous study (Mazo et al., 2016) showed that regulation of
excitation onto GC by presynaptic inhibition can modulate beta oscillations, suggesting
that muscarinic modulation of GC inhibition could also affect oscillatory activity in the

OB. Further experiments will be necessary to test these possibilities.
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Fig. 1-1:
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Inhibitory neurons are postsynaptic partners of MCPO long-range GABAergic neurons in the
AOB

(A) Confocal image of a sagittal section of the accessory OB (AOB) expressing tdTomato in
the MCPO GABAergic axons (shown in white). Nuclei stained with dapi are shown in blue
and delineate the different cellular layers of the AOB. The histogram on the right shows the
average normalized pixel intensity across the cellular layers; GL, 0.29 + 0.05; ECL, 0.62 +
0.11 and GCL, 0.92 + 0.06 (n= 4). (B) Upper panel, example of reconstructed neurons, post-
recording; 1, GC; 2, mitral/tufted cell (M/TC); 3, PGC. The morphology of the neurons was
reconstructed from confocal images of fixed cells that were filled with Alexa Fluor-594 during
the recordings. Bottom, sample elPSCs elicited by LED stimulation (5 ms) of GABAergic
axons expressing ChR2. GABAergic currents were observed in GCs and PGCs, but not in the
output neurons, the M/TCs, in recordings at —70 mV. GL, glomerular layer; ECL, external
cellular layer; LOT, lateral olfactory tract; ICL, internal cellular layer. (C) Bar graph showing
the total charge transferred during the GABAergic elPSCs in distinct cell types in the AOB;
responses are observed in the main inhibitory types, but not in the output neurons (GC, n= 12;
M/TC, n= 6, PGC, n=15).
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Fig. 4-1:
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BF GABAergic modulation of dendrodendritic inhibition in MCs does not involve the

activation of dopaminergic receptors

(A) Left, diagram of the experimental configuration; MCs where voltage clamped at —60 mV
while the olfactory nerve (ON) was briefly activated by an electrical stimulation. BF
GABAergic axons expressing ChR2 were activated by blue light in the GL. Right, synaptic
currents evoked in a MC by electrical stimulation of the ON (100 pA, 100 ps, arrow, black
trace) were not significantly altered when we perfused the D1 and D2 dopaminergic receptor
antagonists SCH39166 (SCH, 10 uM) and Sulpiride (Sulp, 100 uM), respectively (gray trace).
The holding potential is —60 mV (B) The total charge transferred in MCs by ON stimulation
does not significantly change when blocking dopamine receptors (n= 10, p= 0.62). (C)
Overlaid of average current traces from a representative MC evoked by ON stimulation in the
absence (control) or presence of 10 Hz blue light stimulation when dopaminergic receptors
were blocked with Sulpiride and SCH. (D) Activating BF GABAergic axons with blue light
significantly reduced the ON evoked synaptic currents in MCs in the presence of dopaminergic
receptor antagonists (n= 6, p= 0.01).
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Fig. 4-2:
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Activation of glomerular and infraglomerular BF GABAergic axons influence dendrodendritic
inhibition in MCs

(A) Left, diagram of the experimental configuration; MCs where depolarized by somatic
current injection to evoke spiking while BF GABAergic axons were optogenetically stimulated
with 10 Hz blue light in the glomerular layer (GL). Right, voltage traces of a representative
MC held at peri-threshold membrane potential in control (left) and in the presence of blue light
stimulation (right). Spike raster plots for 25 trials are shown below. (B) Summary plot for spike
rate in MCs showing no significant change in the mean spike frequency during blue light
stimulation in the GL compared to control (n= 7, p= 0.25). (C) Left, diagram of the
experimental design; MCs were voltage clamped at —60 mV and briefly (50 ms) depolarized
to 0 mV to activate dendrodendritic synapses. In some trials blue light was focused to the GL
or GCL to activate BF GABAergic axons. Right, overlaid of average current traces from a
representative MC in the control condition (black trace), and when blue light was focused in
the GL (green trace) or the GCL (purple trace). (D) Bar plot showing the comparison of total
charge transferred in MC evoked by a depolarization step during control and blue light
stimulation in the GL and GCL. Focusing the stimulation in either GL or GCL significantly
reduced the evoked GABAergic current in MCs (GL stimulation, n= 5, p= 0.007; GCL
stimulation, n=5, p= 0.006).
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LFP induction in olfactory bulb slices and power modulation by BF GABAergic axons
activation

(A) Comparison of the raw 300 Hz low pass power spectra for the 6 (left) and y (right)
frequency bands before (black) and after (red) a brief stimulation of the olfactory nerve (ON).
(B) Mean normalized power spectra before (black) and after (gray) bath perfusing the synaptic
blockers kynurenic acid (1 mM, KA) and gabazine (10 uM, Gbz).
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Supplementary figures Chapter 3
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Fig. 2-1: Laminar distribution of the MCPO GABAergic axons in the OB

(A) Left, schematic of the experimental approach. Vgat-Cre mice were injected in the MCPO
with the Cre-dependent virus AAV-Flex-GCaMP6s to monitor the activity of MCPO
GABAergic projections in the OB. Right, confocal image showing abundant GCaMP6s
expression in the MCPO. (B) To confirm the GABAergic nature of GCaMP6s expressing cells
in the MCPO, slices were immunostained using an anti-GAD65/67 antibody. GCaMP6s
intrinsic fluorescence (green) largely overlapped with the GAD65/67 signal (red) in the MPCO
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(n=3) (C) Left, confocal image of a coronal section of the OB containing MCPO GABAergic
axons expressing GCaMP6s. Intrinsic GCaMP6s expression was amplified by
immunohistochemistry against GFP. GABAergic axons were homogeneously distributed
across the dorso-ventral axis of the OB. Center, confocal image of the dorsal OB showing the
laminar distributions of GABAergic axons. Right, mean normalized pixel intensity across
layers (n=3). The densest distribution of axons was found in deeper layers of the OB. (D) Lefft,
in vivo two-photon images of MCPO GABAergic boutons in the GL and GCL. Right, the
density of GABAergic boutons was slightly higher in the GCL compared to GL (mean
boutons/100pum?: GCL 2.4 + 0.2 vs. GL 2.2 + 0.2 boutons/100um?, n= 19 GCL FOVs, 20 GL
FOVs).
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GABAergic bouton responses evoked by single odors across the OB layers

(A) Sample dF/F traces for a selected bouton in the GL (top) and in the GCL (bottom) showing
suppressed odor responses to a set of 16 odors. (B) Responsive odor-bouton pairs imaged in
the GL (top, 20 FOVs, 5 mice) and GCL (bottom, 19 FOVs, 6 mice). Enhanced (left) and
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suppressed (right) odor-evoked responses were ranked by mean amplitude. (C) Bar graphs
showing the percentage of boutons responding with enhancements (left) or suppressions
(center) for each odor in the panel. Right, percentage of responsive boutons (either enhanced

or suppressed) shown from the least to most responding odor.
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Fig. 2-3: Odor responses in boutons of glutamatergic axons from PC neurons projecting to the OB

expressing GCaMP#6s

(A) Left diagram; C57/B6 wild-type mice were injected with an adenovirus (AAV1-Syn-
GCaMPe6s) into the piriform cortex (PC) to drive expression GCaMP6s in glutamatergic
feedback projections. Right, in vivo two-photon images of boutons in corticobulbar axons in
the GL (top) and GCL (bottom). (B) Heatmap of mean odor-evoked responses for boutons in
the GL (right, 16 FOVs, 3 mice) and GCL (left, 19 FOVs, 3 mice) that responded significantly
to at least one odor stimulus (out of 16). Responsive boutons are shown ranked by magnitude
from the most to the least responsive. Red indicates enhanced responses while blue suppressed
responses. (C) Histogram showing the number of odor-evoked responses per bouton in PC
feedback axons in the GL (left) and GCL (right). (D) Percentage of boutons in the GL (black
bars) and GCL (white bars) that responded exclusively with either enhancement (E) or
suppression (S), exhibited both E and S (E-S), and non-responsive boutons (NR).
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Fig. 4-1:
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Odor-evoked kinetics of the GABAergic boutons in the GL

K-means clustering of enhanced (A) and suppressed (B) odor-evoked responses in the GL
obtained using the 16 odors panel. Only dF/F traces from responding odor-bouton pairs were
used for this analysis. Top, mean odor responses obtained from all odor-bouton pairs pertaining
to each cluster. The percentage of odor-bouton pairs assigned to a particular cluster is indicated
on top of each mean trace. Vertical gray bars indicate the time of odor presentation. Bottom

panels, heatmaps of the activity of all odor-bouton pairs for a given cluster.
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Fig. 2-1:

Supplementary figures Chapter 4

Merge dapi

The MCPO contains a heterogenous group of GABAergic neurons

Confocal images of coronal MCPO sections immunostained with antibodies against the
GABAergic markers Cr (A), PV (B) and Sst (C) shown in green. The total population of
GABAergic neurons was labeled using the Gad65/67 antibody, shown in red. Nuclear dapi
staining is shown in blue. These representative images illustrate the expression of Cr, PV and
Sst among the MCPO GABAergic population. Arrows indicate example cells were
colocalization of the protein Gad65/67 and the corresponding GABAergic marker is most

clear.
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Fig. 2-2:
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(A) Diagram showing the strategy used to label potential OB projecting glutamatergic neurons.
The Cre-dependent retrograde AAVrg-DIO-eGFP virus was injected into the OB of Vglut-1
Cre or Vglut-2 mice. Different brain regions were examined using confocal microscopy. AON,
anterior olfactory nucleus; PC, piriform cortex; MCPO, magnocellular preoptic area; Tu,
olfactory tubercle; nLOT, nucleus of the lateral olfactory tract. (B) Confocal image of the
MCPO in Vglut-1 Cre (left) and Vglut-2 Cre (right) mice injected with the retrograde virus in
the OB. These representative images show no retrogradely labeled cells in the MPCO. (C) i,
Coronal section of AON obtained from a Vglut-1 Cre mouse injected in the OB with the
AAVrg-DIO-eGFP virus. Retrolabeled Vglutl neurons are observed across different areas of
the AON. AOM: AON medial, AOD: AON dorsal, AOL: AON lateral, AOV: AON ventral.
ii, Coronal section of BF containing retrolabeled Vglutl neurons in the PC. As expected, the
Tu did not contain retrolabeled neurons. iii, Coronal section of nLOT containing abundant
retrogradely transduced Vglutl neurons. (D) Retrolabeled Vglut2 neurons across multiple

brain areas as shown in panel C.
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Supplementary figure Appendix A
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Fig. 2-1: Spontaneous IPSCs in GCs can be sorted into three populations

(A) Amplitude distributions of sIPSCs, before (light gray) and after Mus application (green,
p< 0.01). Mus produces a relatively larger increase in events of smaller amplitude. (B) Lefft,
sIPSC waveforms were clustered into three populations using the k-means method. Overlay of
the average waveform obtained from the arithmetic mean of all sSIPSCs assigned to a particular
cluster (cluster 1: n= 808, amplitude 13.9 £ 6.3 pA, rise time 3.2 £ 2.7 ms, decay time 62.5 £
35.4 ms; cluster 2: n= 453, amplitude 28.6 + 8.3 pA, rise time 1.7 + 1.4 ms, decay time 79.5 +
36.3 ms; cluster 3: n= 150, amplitude 55.2 + 15.8 pA, rise time 1.3 + 0.3 ms, decay time 74 +
29.3). The percentage of events assigned to each of the three clusters is shown in the pie chart.
Right, dot plot of the mean d value obtained while varying the number of clusters used to

determine the number of clusters.
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Supplementary tables

Table S1. Odor set used to examine the response profile of boutons in the OB

Odor index Odor name

p-anisaldehyde

Heptanal
Ethyl tiglate

Allyl tiglate

Ethyl propionate
Ethyl butyrate

Ethyl valerate

Isoamyl acetate

O O N| o O | Wl N| =

Propyl tiglate

10 Phenyl ethyl acetate
11 Propyl butyrate
12 Hexanal

13 Acetophenone
14 Valeraldehyde
15 Gamma terpinene
16 2,4 decadienal
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Table S2. Odors used to assess the effect of concentration on response profile

Odor index Odor name
Ethyl tiglate

Isoamyl acetate

Valeraldehyde

Ethyl valerate

g B~ W N -

Heptanal
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