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ABSTRACT

The sense of smell enables animals to detect myriads of different odors carrying information about the
quality of food, the presence of pathogens, prey, predators, or potential mates. Olfactory sensory neurons
(OSNs) in the nasal cavity are the interface of the main olfactory system with the external environment. The
binding of an odorant molecule to specific olfactory receptors (OR) located in the cilia of these neurons
triggers a transduction cascade that transduces the chemical signal into action potentials which travel along
the axon of the OSNs to the olfactory bulb. Here, the odor information is processed and conveyed to higher
brain centers, ultimately leading to the perception of smell.

In this Thesis | studied the effect of two genetic manipulations on the firing activity of the OSNs: the ectopic
overexpression of the inward rectifier potassium channel Kir2.1 and the deletion of the TMEM16b/Ano2

gene, that codes for the Ca”'- activated chloride channel TMEM16B.

The overexpression of Kir2.1 reduces the excitability of the neurons, and when expressed in OSNs, mice
show a general disorganization of the glomerular map in the olfactory bulb. Since spontaneous and
sensory-evoked electrical activity play important roles in the formation of several sensory circuits, including
the olfactory system, in the first part of this Thesis, | investigated how the spiking activity of mouse OSNs is
influenced by the Kir2.1 overexpression, using loose-patch recordings from the OSNs knobs. | found that
the overexpression of Kir2.1 caused a decrease in the spontaneous firing activity of OSNs but did not
influence the evoked firing properties induced by odorant stimulation, indicating that the olfactory bulb

disorganization was caused by a reduced spontaneous firing activity.

Ca’*-activated Cl™ current (CaCC) is an important component of the transduction current evoked by odor
stimulation in OSNs. Binding of odorants to their specific receptor on the cilia of OSNs causes the activation
of adenylyl cyclase with a relative increase of intracellular cAMP, activating cyclic nucleotide-gated (CNG)
channels. Ca®* entry through CNG channels increases the open probability of Ca®*-activated CI" channels.
The molecular identity of these channels has been elusive for a long time, but recently it has been shown
that the olfactory CaCC are mediated by the membrane protein TMEM16B/Anoctamin2. However, the
physiological role of olfactory CaCC is still unclear, and the first description of TMEM16B knockout (KO)
mice reported no clear olfactory deficits.

In the second part of this Thesis, | studied basal firing properties and stimulus-evoked responses with loose-
patch recordings in OSNs from TMEM16B KO or WT mice. OSNs responded to a stimulus with a transient
burst of action potentials. Responses of OSNs from TMEM16B KO mice showed an increased number of

action potentials compared to responses from WT mice, both in OSNs expressing a random or 17 OR.
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The basal spiking activity of individual OSNs is correlated with the expressed OR that drives basal
transduction activity. | measured a reduced basal activity in TMEM16B KO OSNs expressing the 17 OR
compared to WT OSNs. Moreover, axonal targeting was altered and TMEM16B KO had supernumerary |7
glomeruli compared to WT. These results show that the expression of TMEM16B affects OSNs firing
properties and contributes to the glomerular formation and refinement of |17-expressing OSNs in the

olfactory bulb, suggesting a crucial role for TMEM16B in normal olfaction.
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ABBREVIATIONS

(ACI) type 1l adenylyl cyclase

(ACSF) artificial cerebro spinal fluid
(CaCC) Ca*"-activated CI™ current
(cAMP) cyclic AMP

(CNG) cyclic nucleotide gate

(DMSO) dimethyl sulfoxide

(EOG) electroolfactogram

(GFP) green fluorescent protein
(GPCR) G-protein coupled receptor
(Ggor) olfactory a subunit of the coupled G protein
(IBMX) isobutyl-1-methylxanthine

(IF) instantaneous frequency

(IRES) internal ribosome entry site

(ISI) inter-spike interval

(ISO) isoamyl acetate

(Kir2.1) OMP-IRES-tTA/Teto X Kir2.1-IRES-tau-LacZ
(KO) knock-out

(MOB) main olfactory bulb

(MOE) main olfactory epithelium
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(OMP) olfactory marker protein

(OSN) olfactory sensory neuron

(OR) olfactory receptor

(PDE) phosphodiesterase

(tauGFP) tau-green fluorescent protein

(WT) wild type
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1 INTRODUCTION

1.1 - The olfactory system

1.1.1 - Chemosensation and Olfaction
Chemosensation is used to analyze some of
the chemical stimuli of the external
environment and is an essential survival tool
in the animal world, providing information
regarding food, mates, danger, predators and
pathogens. In mammals, chemosensation is
composed of two distinct senses, olfaction
and taste, and | will focus on the description
of olfaction. In rodents, olfaction is mediated
by the main olfactory system (described in
section

1.1.2) and by three additional

(Fig.

vomeronasal organ, detecting pheromones,

olfactory  subsystems 1): the
which are chemical cues important for social
behavior, the Grueneberg ganglion, which is
composed of two small patches of neurons
detection of alarm

involved in the

pheromones, the septal organ of Masera,

Figure 1 — Olfactory systems

Sagittal view of the mouse nose showing the olfactory
systems organization. Each olfactory subsystem is
represented by a different color. In yellow the main olfactory
epithelium (MOE) and main olfactory bulb (MOB). In blue the
vomeronasal organ (VNO) which projects to the accessory
olfactory bulb (AOB). In purple the septal organ of Masera
(SO) subsystem and its axonal projections to the olfactory
bulb. In red the Grueneberg ganglion (GG) and its projections
to the olfactory bulb. [modified from Munger et al., 2009]

situated in the air path, possibly also involved in pheromone detection (Munger et al., 2009; Tirindelli et al.,

2009; Ma, 2010; Francia et al., 2014).

In this Thesis, | have focused on the main olfactory system, which detects and discriminates thousands of

volatile molecules with different structures across a wide range of concentrations.

1.1.2 - Organization of the main olfactory system in mice

The main olfactory system mainly carries information about volatile molecules in the external environment,

the quality of food, the presence of pathogens, prey, predators, or potential mates (Firestein, 2001). The

main olfactory system is composed by the main olfactory epithelium (MOE), the main olfactory bulb (MOB),

and higher olfactory centers. The MOE is located in the ventral dorsal section of the nasal cavity and is the

interface of the main olfactory system with the external environment (Fig. 1). Indeed, volatile molecules

reach the MOE when air is inhaled, and bind to olfactory receptors (ORs) expressed by olfactory sensory

neurons (OSNs). The binding of molecules to ORs is transduced in action potentials that travel across the
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axons of OSNs throughout the cribriform plate to reach the MOB, which is located in the ventral part of the
forebrain. Axons of OSNs synapse with second order neurons (mitral or tufted cells) in the MOB, which in
turn project to several cortical areas collectively named “primary olfactory cortex”, including the piriform
cortex and the cortical amygdala. Differently from other sensory systems, the olfactory system sends
signals directly to the cortex without first connecting to the thalamus. Neurons of the primary olfactory
cortex directly project to the orbitofrontal cortex and also to the hippocampus, hypothalamus and

mediodorsal nucleus of the thalamus. (Munger et al., 2009; Tirindelli et al., 2009; Pifferi and Menini, 2015).

1.1.2.1 - The main olfactory epithelium
The MOE is a pseudostratified sensory epithelium located in the nasal cavity. It covers the dorsal-posterior
part of the nasal septum bone and turbinates and is flanked ventrally by the respiratory epithelium (Fig.
2A). It is composed of cell types with distinct morphology and function: the OSNs (described in section 1.2),
the supporting cells, the basal cells and a small heterogeneous population of microvillar cells. In addition,
the epithelium is traversed by secretory ducts of the Bowman’s glands, whose acini reside in the lamina
propria (Fig. 2B).
The supporting cells are aligned almost in a single layer at the apical part of the epithelium. They are
columnar epithelial cells with broad apical cell bodies and basal branched projections towards the lamina
propria. Their apical membrane is structured in a series of microvilli which protrude into the nasal cavity
and are intermixed with the OSN cilia (Nomura et al., 2004). Although the physiological function of
supporting cells in mammals is still unknown, some studies suggest that these cells have a supporting role
similar to glial cells in the brain, and also metabolize the inhaled xenobiotic molecules (Dahl and Hadley,
1991; Ling et al., 2004). Additionally, they regulate the ionic composition of the mucus (Menco et al., 1998;
Rochelle et al., 2000) and electrically isolate the OSNs (Breipohl et al., 1974).
Basal cells are located in the basal part of the MOE and can be divided into two types, horizontal and
globose basal cells. Some basal cells are stem cells, capable of regenerating OSNs in the MOE throughout
life (Carter, 2004; Huard et al., 1998). Indeed, this continued process of neurogenesis cyclically renews the
entire OSN population (Brann et al., 2014), which in any time of an adult mouse is composed of mature
OSNs located in the apical part of the MOE, with immature OSNs found in lower parts of the epithelium
(Graziadei and Graziadei, 1978).
Mature OSNs are the first order bipolar neurons of the main olfactory system, devoted to detecting the
presence of odors in the nasal cavity and transduce them into electrical signals (Kleene, 2008; Pifferi et al.,
2010; Schild and Restrepo, 1998). They have a bipolar morphology with a single dendrite, soma and axon.
The axon of each OSN passes through the cribriform plate and synapses with the dendrites of MOB second
order cells. The apical section is constituted of dendrite which protrudes toward the luminal surface of the

epithelium and terminates with a knob with several cilia exposing their membrane to the external
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bstance being smelled
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Figure 2 — Olfactory epithelium

(A): Coronal section of nasal cavity from an OMP-GFP mouse at the level of septal organ (SO). The mouse strain is
engineered to express green fluorescent protein (GFP) instead of olfactory marker protein (OMP) a cytosolic protein
highly expressed in OSNs. The signal in the dorsal section represents MOE flanked ventrally by respiratory
epithelium. [Unpublished image of Maurya and Menini with permission from the authors]

(B): Schematic representation of the MOE showing the organization of the different cell types in the tissue [modified
from Anatomy and Physiology Laboratory Manual, Marieb et al., 2013]

environment to contact odorant molecules. ORs and other proteins involved in olfactory transduction are
expressed in the cilia.

Each OSN expresses one OR type among ~1000 possibilities. In rat, ORs are spatially distributed into four
zones along the MOE antero-posterior axis. Each OR gene is expressed in only one zone, but within it, the
OSNs expressing the OR gene are randomly scattered (Ressler et al., 1993; Sullivan et al., 1993; Vassar et
al., 1993; Strotmann et al., 1992). In mice, the OR zonal organization has not been found, although
localization of specific ORs in defined areas of the sensory epithelium have been shown (Mombaerts et al.,
1996, Bozza et al., 2002).

A minor cell population in the MOE is constituted of microvillar cells whose physiological role is unclear
(Menco and Morrison, 2003; Elsaesser and Paysan, 2007). Microvillar cells are not a homogenous
population of cells but they include different cellular subsets expressing distinct signal transduction
molecules (Elsaesser et al., 2005). It is unclear whether they project an axon to the olfactory bulb (Asan and

Drenckhalm, 2005; Rowley et al., 1989).

1.1.2.2 - The main olfactory bulb
The MOB is the first integration center of the olfactory information mediated by the main olfactory system
(Munger et al., 2009). In mice, it is localized in the frontal lobe of the brain, dorso-posterior of the nasal

cavity and immediately above the cribriform plate. Axons from OSNs of the MOE pass through the
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cribriform plate and innervate the olfactory bulbs. Olfactory sensory neuron Glomerulus A
Histologically, the MOB is structured in four
different layers composed of morphologically &
distinct cell types (Fig. 3B) (Shepherd et al., 2011): | Odorants
glomerular layer, the most external layer that
receives input from OSNs; external plexiform layer;

mitral cell layer and inner plexiform layer. The

OSN

glomerular layer contains the glomeruli, spherical axons B
neuropil conglomerates of 50—-100 um in diameter :J'Omerulaf

ayer
composed of the OSN axon terminals and the

T exte_rnal

apical dendrites of the mitral and tufted cells. l’;';:'rm""
The OSN axon terminals expressing the same OR =

mitral cell
coalesce and form one medial and one lateral M leyer
glomeruli, creating two mirror-image maps within | centrifugal _ 7 I:Ire}iirform

feedback layer

each olfactory bulb (Fig. 3A) (Mombaerts et al., GC  axons (cortex)

1996). Glomeruli are the MOB functional units. Figure 3 —Main olfactory bulb
Schemes of the MOB organization (A): OSN axonal

They integrate afferent signals from thousands of targeting from MOE to the MOB. OSNs expressing the
same OR are represented with the same color and
converge on the same glomerulus in the MOB
mitral/tufted cells. (B): Schematic representation of layer organization in
MOB. OSN axons synapse in a glomerulus with tufted
Inside a glomerulus, the OSN axons synapse (T), mitral (M), periglomerular (PG), and short axon cells
(SA). Granule cells (GC) and deep short axon cells (dSA)
receive centrifugal feedback from olfactory cortex,
tufted cells and mitral cells. The inhibitory leading to inhibition or disinhibition of mitral/tufted

cells. [modified from Takeuchi and Sakano, 2014 (A) and
interneurons are located in the glomerular layer |mai, 2014 (B)]

OSNs, and relay output via several dozen

directly with inhibitory interneurons and with

and modulate the incoming olfactory information. They are divided into short axon cells, innervating lateral
glomeruli, and periglomerular cells, inhibiting the same glomerulus from which they are stimulated (Fig.3B)
(Murphy et al., 2005). Instead, tufted and mitral cells are housed in the external plexiform layer and in the
mitral cell layer respectively (Shepherd et al., 2011). Each tufted and mitral cell targets its primary dendrite
to only one glomerulus and sends its axon through the lateral olfactory tract to various areas of the
olfactory cortex (Sosulski et al., 2011).

An important feature in maximizing the discriminatory power of the olfactory system is the combination of
the convergence of axons of OSNs expressing the same OR to a glomerulus and the targeting of the main
dendrites of mitral and tufted cells to one glomerulus (Imai, 2014).

Additionally, olfactory cortex manipulates the information which flows through the MOB by feedback fibers
which reach the inner plexiform layer and modulate the activity of two types of inhibitory interneurons:

deep short axon cells and granule cells (Markopoulos et al., 2012). The projections of these cells interact
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with secondary lateral dendrites of mitral and tufted cells in the external plexiform layer producing a later
inhibition which modulates the activity of the mitral and tufted cells (Egger et al., 2003).

Each glomerulus integrates afferent signals from thousands of OSNs, and relays output through several
dozen mitral and tufted cells:- The projections of these cells are distributed via the lateral olfactory tract to
several areas of the brain like the piriform cortex, olfactory tubercle, anterior olfactory nucleus and specific
parts of the amygdala and entorhinal cortex. These areas are collectively named the olfactory cortex (Imai,

2014).

1.2 - The olfactory sensory neurons

OSNs are first order neurons of the main olfactory system. In rodents, the cell body has a spindle-like shape
with a diameter of 5-8 um that is located in the lower two-thirds of the MOE and flanked by the supporting
cells (Fig. 2B and 4A). The basal part is composed of an axon which synapses with second order neurons in
the MOB. The apical part is a dendrite ending in a spherical swelling of 1-2 um diameter named knob, from
which departs the cilia - columnar structures of 0.1-0.3 um in diameter and 15-60 um in length (Fig. 4B).
Each OSN in rodents has tens of non-motile cilia, completely immerged in the mucus produced by the
Bowman’s glands. Since the cilia are dedicated to odor detection, their morphology is optimized for
maximization of their surface exposed to the external environment. It has been estimated that the cilia
increase the knob surface by ~40 times in mouse OSNs (Menco, 1997). Volatile molecules are detected by
specific ORs expressed in the cilia and each OSN expresses only one type of OR among ~1000 functional
ones identified in the mouse genome (Buck and Axel, 1991; Adipietro et al., 2012). Moreover,

ultrastructural and immunohistochemistry studies have shown that all the key proteins of the olfactory

Figure 4 — Olfactory sensory neurons

(A) Microphotograph of a sectioned human olfactory epithelium obtained by scanning electron microscopy.
(B) Magnification of a single knob of olfactory sensory neuron where cilia are visible [modified from Morrison and
Costanzo, 1990]
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transduction are localized on the ciliary membrane (Menco et al., 1992; Matsuzaki et al., 1999, Flannery et

al., 2006; Maurya and Menini, 2014).

1.2.1 - Passive electrical properties and ionic environment of olfactory sensory neurons

The resting electrical properties of the OSN in mice as well as the ion environment of the ciliary membrane
play fundamental roles in shaping both the spontaneous and evoked electrical activity. OSNs in mice are
characterized by a high input resistance measured around the 4 GQ (Ma et al., 1999). This feature implies
that small receptor currents are sufficient to depolarize OSNs and to trigger action potentials. Studies
performed with OSNs in rats, which have very similar electrical properties to mice (Ma et al., 1999),
reported that the opening of a single channel was enough to induce a generation of action potentials
(Lynch and Barry, 1989). The resting potential of an OSN recorded in whole-cell, cell-attached and
perforated patch configurations is variable; it is estimated to range from -40 to -90 mV with an average of
around -55 mV (in whole-cells, Lagostena and Menini, 2003; cell-attached, Maue and Dionne, 1987; and
perforated patch, Ma et al., 1999; for a review, Schild and Restrepo, 1998). However, given the high input-
resistance of OSNs, measurements of the resting potential are probably underestimated and the real
potential is about -75 mV (Pun and Kleene, 2004). To have a reliable measurement of the membrane
resting potential, it is necessary that the resistance of the seal between the patch pipette and the cell
membrane is much higher than the resistance of the cell membrane, which is unusually high in OSNs (Lynch
and Barry, 1989).

The OSN ionic environment is another important feature that affects the electrical activity of OSNs (Table
1), because it determines the driving force for the various ions. The cilia and knobs are exposed to the
mucus whose ionic composition is unclear and probably variable, while the dendrite and soma are exposed

to interstitial and baso-lateral fluids.

[lon]i, (mM) [lon]imucus (MM) Enernst (MV)
Na* 53+31 55+ 12 +1
K* 172 +23 69 + 10 -24
Free Ca”* 40+9 *10° 4.8 +156
cl 54 +4 55+11 0

Table 1 — Resting electrochemical gradients at the apical part of olfactory sensory neurons

Most of the ionic concentrations shown were measured by energy-dispersive X-ray microanalysis in
dendritic knobs of rat OSNs (Reuter et al., 1998). Those values represent total rather than free ionic
concentrations. Three of the concentrations were measured by other methods, as follows. Intraciliary
[Ca®"] was measured in salamander cilia with a Ca**-sensitive fluorescent dye (Leinders-Zufall et al., 1997).
Extracellular [Ca2+] was determined with a Ca’*-sensitive microelectrode in olfactory mucus of rat (Crumling
and Gold 1998); the value shown is the midpoint of the reported range (2.6-7.1 mM). [CI"];, was measured
in the dendritic knobs of rat OSNs with a Cl -sensitive fluorescent dye (Kaneko et al., 2004). [Table modified

from Kleene, 2008].
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Few studies have addressed the ionic composition of the mucus, in which the cilia of the OSNs are
embedded, and there is no consistency among them, which is likely caused by cytosol or interstitial fluid
contamination and the use of different species and techniques (Reuters et al., 1998; Joshi et al., 1987,
Bronshtein and Leontev, 1972). Interstitial fluid is characterized by 100-120 mM for CI” and 2-5 mM for K".
Additionally, estimations of 55 mM for Cl~, 55 mM for Na* and 69 mM for K* have been obtained applying
energy-dispersive x-ray microanalysis to samples of rat mucus (Reuters et al., 1998). Ca®* extracellular
concentration has been estimated to range from 2.6-7.1 mM when measured with a Ca’*-sensitive
microelectrode in olfactory mucus of rats (Crumling and Gold, 1998). Moreover, Reuter et al., (1998)
measured the ionic composition of the cytoplasm in the dendritic knobs, estimating an unusually high CI”
concentration of 69 mM. This finding has important consequences and will be discussed in detail in

paragraph 1.4.1.

1.2.2 - Spontaneous activity in mouse olfactory sensory neurons
Mouse OSNs show heterogeneous spontaneous firing activity in the absence of any molecule which may
induce stimulation, when measured with extracellular electrophysiological recordings on dissociated OSNs
with suction electrodes (Reisert and Matthews, 2001a; Reisert, 2010), or in cell-attached and perforated-
patch configuration from intact epithelium (Connelly et al., 2013; Jarriault and Grosmaitre, 2015). The
mean firing frequency ranges from 0 - 3 Hz in dissociated cells (Reisert, 2010) and from and 0 - 9 Hz in intact
epithelium (Connelly et al., 2013). The firing pattern is heterogeneous and is composed of single action

potentials and bursts of spikes with a duration of few milliseconds with a large variability amongst different
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Figure 5 — Spontaneous activity in OSNs
Representative spontaneous activity of
mouse OSNs expressing different ORs
recorded in cell-attached configuration. (A)
The upper part shows the raw traces obtained
from OSNs expressing various receptors, as
indicated. The lower part shows the
magnification of the same traces in the
indicated time window. (B) Scatter plot of the
mean frequency for various ORs. Mean + sem
I_ [from Connelly et al., 2013]
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molecular properties to trigger the cascade. Despite the expression of different ORs produces a different
basal activity, a large variability of the spontaneous activity has also been observed within a population of
OSNs expressing the same OR (Fig. 5B) (Connelly et al., 2013; Reisert, 2010). The function and reason of the
high variability of the spontaneous activity in OSNs have not yet been addressed.

It is well known that in other sensory systems, such as hearing and vision, spontaneous activity during the
first phases of development is essential in shaping and organizing higher sensory centers (reviews;
MacVicar, 2015; Kirkby et al., 2013). The role of basal activity in olfaction is much less understood. A
genetic approach indicated that spontaneous activity in OSNs is essential for correct wiring of OSNs to
target glomeruli in the MOB, although a thorough electrophysiological analysis of spontaneous spiking
activity was missing (Yu et al., 2004). This phenomenon has important consequences and will be discussed

in detail in the following paragraph (1.2.3).

1.2.3 - Axonal targeting of olfactory sensory neurons to olfactory bulb glomeruli

In the nervous system, the connection specificity is essential to translate electrical activity into meaningful
neuronal code. In olfaction, OSNs send axonal projections to the MOB and, although there are hundreds of
glomeruli in the external layer of the MOB, all OSNs expressing the same OR converge only to two
glomeruli, one in the medial and one in the lateral side of each bulb (Mombaerts et al., 1996). Additionally,
each glomerulus receives afferences only from the OSNs expressing the same OR. This draws a sensory
map, where the glomerulus is the functional unit and the information coming from a single type of OR is
segregated (Fig. 3A). However, new OSNs differentiate continually from basal cells replacing the old
neurons and therefore a precise mechanism of wiring is necessary throughout the mouse life span in order
to maintain a correct bulb organization (Mori and Sakano, 2011).

Neuronal activity of primary neurons is essential in shaping and organizing higher sensory centers in the
visual system, for example the thalamus and primary visual cortex (Berardi et al., 2003, Spolidoro et al.,
2009). In olfaction, genetic approaches indicated that spontaneous activity of OSNs play a role in the wiring
process to the MOB (Yu et al., 2004). This study used a mouse strain genetically modified to overexpress
the inwardly rectifying potassium channel Kir2.1 in the OSNs, a channel that should hyperpolarize the
neurons and considerably reduce the spontaneous firing activity. This condition delayed the development
of a MOB sensory map and induced a general mis-targeting of OSNs axons on the glomeruli, producing a
general disorganization of the bulbs (Yu et al., 2004).

Using a similar genetic approach where the overexpression of Kir2.1 in OSNs can be conditionally silenced
using doxycycline, a recent study has shown the presence of a critical period in olfaction (Ma et al., 2014).
They reported that it was possible to reestablish the right connections to the olfactory bulb only within
postnatal day 21 (P21) in mice. After this critical period, any perturbation of the OSN axonal targets was not

reversible, suggesting the possibility that two distinct mechanisms for targeting are used before and after
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P21 (Ma et al., 2014). Nevertheless, a general inhibition of the OSN synaptic release, induced by the
expression of light chains of tetanus protein in 70% of the OSNs did not influence the development and

maintenance of the bulb sensory map (Yu et al., 2004).

1.3 - Olfactory transduction

1.3.1 - The molecular cascade of the olfactory transduction
The olfactory transduction is a chain of molecular events which occurs in the cilia of the OSNs following the
binding of an odor to a specific OR (Fig. 6) (Malnic, 2007). It translates a chemical signal into an electrical
one. In other words, the binding of odor molecules to an OR is transduced in a ciliary inward current which
depolarizes the OSN leading to the generation of action potentials that convey the chemosensory
information to the olfactory bulb. ORs belong to the family of G-protein coupled receptors with seven
transmembrane domains (Buck and Axel, 1991). About 1400 OR genes have been found in mouse genome,
but only ~1000 are expressed; the remaining are pseudogenes (Zhang and Firestein, 2002; Godfrey et al.,
2004; Nimura and Nei, 2005). OR expression is monoallelic and each OSN is able to express only one type of
OR. Mechanisms of single OR expression are under study but they have not been completely clarified yet
(for review, Monahan and Lomvardas, 2015).
In vertebrates, the odor binding induces a conformational change of the OR which in turn activates the
specific olfactory a subunit of the coupled G protein (Gyo) (Strader et al., 1995). The activation of the G-
protein increases the activity of type Ill adenylyl cyclase (ACIIl), which converts ATP in cyclic AMP (cAMP),
increasing its intraciliar concentration. Both G, and ACIII have a crucial role in the transduction process
and indeed KO mice for these proteins are anosmic (respectively, Belluscio et al., 1998; Wong et al., 2000).
Low micromolar cAMP concentrations in the cilia open the cyclic nucleotide-gated (CNG) channel
(Nakamura and Gold, 1987; Dhallan et al., 1990). The channel is permeable to sodium, potassium and
calcium, producing a net inward current which depolarizes the cell. Ca®* entry has a negative feedback on
the CNG channel since, upon binding to calmodulin, it decreases its sensitivity to cAMP, and therefore
closes the channel (Chen and Yau, 1994; Bradley et al., 2004; Pifferi et al., 2006a).
Yet Ca** entry has a secondary effect, directly activating a chloride current. The unusually high chloride
concentration inside the cilia (Reuter et al., 1998; Kaneko et al., 2004; Nickell et al., 2006; Reisert et al.,
2005; Restrepo, 2005) produces an efflux of CI™ and a related inward current which further depolarizes the
OSN. The depolarization due to Ca*", Na* influx and CI” efflux in the cilia spread to the dendrite and may
trigger action potentials (Reisert et al., 2005; Kurahashi and Yau, 1993).
Although Ca®*-activated ClI™ currents (CaCCs) were first observed in the early nineties in the cilia of OSNs
(Kleene and Gesteland, 1991; Kleene, 1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993), their

molecular counterpart has only recently been identified as TMEM16B/Anoctamin2 (Stephan et al., 2009;
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Figure 6 — Olfactory transduction

The binding of odorant molecules to an olfactory receptor (OR) induces the activation of G, which mediates
activation of adenylyl cyclase (ACIIl). cAMP directly gates cyclic nucleotide channels (CNG) generating a
depolarizing influx of Na* and Ca”. Intracellular Ca’* increase mediates both excitatory and inhibitory events.
ca”™ gates CI™ channels that produce a depolarizing efflux of CI”. On the other side ca” negative feedback acts
through Ca”*-calmodulin reduction of cAMP sensitivity of CNG channels and Ca’ activation of the
phosphodiesterase (PDE1C2) that hydrolyzes cAMP to AMP. [modified from Munger et al., 2009]

Pifferi et al., 2009; Sagheddu et al., 2010; Pifferi et al., 2012), a member of the Anoctamin (TMEM16) family
(Pedemonte and Galietta, 2014).

The falling phase of the transduction current triggered by odor stimulation is regulated by different
mechanisms: (Kleene, 2008): G, inactivation is mediated by its intrinsic GTPase function (Trzaskowski et al.,
2012); Ca®* calmodulin mediates phosphorylation of the ACIII, inhibiting its activity (Boekhoff et al., 1996);
decrease of the intraciliary cAMP concentration due to diffusion and phosphodiesterase activity; the above
mentioned Ca**~calmodulin negative feedback on CNG channel activation; decrease of intraciliary Ca**
concentration due to diffusion and extrusion mediated by Ca®" active transporters. The phosphodiesterase
activity on cAMP allows the use of isobutyl-1-methylxanthine (IBMX) as an alternative stimulus of OSNs.
Indeed, application of IBMX inhibits basal phosphodiesterase activity, increases the intraciliar cAMP
concentration and therefore emulates odor stimulation.

However, after a prolonged odor response, the intraciliary ionic condition can be altered, most likely with
the accumulation of Ca®* and a depletion of CI” and K" (Lindemann, 2001). The activity of different ionic
transporters reestablishes the resting condition. The Ca®' intraciliary concentration is recovered by a
Na‘/Ca** exchanger and the plasma membrane calcium ATPase, while CI~ and K' are equilibrated by
Na’K*/2CI” cotransporter (NKCC1) and other not yet identified transporters (Nickell et al., 2007).

Besides the ionic environment alteration, strong stimulation induces a process of adaptation in OSNs. In

prolonged stimulation the current response decreases with time, despite the continued presence of the
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stimulus (Firestein et al., 1990; Zufall et al., 1991; Reisert and Matthews, 1999; Zufall and Leinders-Zufall,
2000). Similarly, in paired stimulations the amplitude of the second response is reduced if the interval
between the pulses is sufficiently short. Ca** is involved in these phenomena, and at least the paired pulse
adaptation is related to Ca’*-calmodulin feedback modulation on CNG channels (Kurahashi and Menini,
1997). However, the calmodulin binding site on CNGB1b has been reported to not affect pulse adaptation
(Song et al., 2008).

1.3.2 - Odor-induced electrical response in olfactory sensory neurons

Ottoson (1956) was the first to measure an a b

electroolfactogram (EOG), an odor-induced 55

electrical activity from the surface of the

olfactory epithelium. An extracellular

104
recording electrode was placed on the 5
surface of the exposed olfactory epithelium e o O
0 2 4 6 8 10 12 7 6 5 4 -3 2 -10
at the level of the turbinates. The electrode Time (s) [Amyl acetate] (log M)

measured the summated generator Figure 7 - Transduction responses in electroolfactogram
recordings

Representative EOG signals from mouse under different
stimulations. (A) Examples of EOGs in response to stimulations
with increasing concentrations of amyl acetate. The black line at
EOG has often been used for evaluating the the top of the panel indicates the timing and duration of
odorant stimulation. In the legend the concentration of amyl
acetate applied. (B) Dose-response relationship averaged from
five experiments [from Cygnar et al., 2010]

potential of a large population of OSNs, in

response to an odor application (Fig. 7).

effects of genetic manipulations on
olfactory response. For example, the EOG
response was dramatically reduced or abolished in knock-out mice for some components of odor
transduction cascade, such as ACIIl, G, subunit and CNG channel a subunit, (Wong et al., 2000; Belluscio
et al.,, 1998; Brunet et al., 1996; respectively). Although EOG recording represents one of the most
physiological methods to study odor-induced responses, most of our knowledge about olfactory
transduction has been accomplished by studies on single OSNs. .

Techniques used to record from individual OSNs include: patch-clamp, loose-patch, perforated patch, or
suction electrode recordings. Spontaneous or evoked activity of individual OSNs has been measured from
dissociated OSNs, slices of olfactory epithelium, or from intact olfactory epithelium preparations. OSNs
respond to a suitable stimulus generating a transient inward current that depolarizes the cell. In mice, the
current has a duration of generally up to 5 s with a latency between the application of the stimulus and
response onset of 100-150 ms (Fig. 8) (Reisert and Matthews, 2001b; Grosmaitre et al., 2006). Each OSN
responds only to a small subset of odors (Firestein et al., 1993; Bozza et al., 2002; Lagostena and Menini,
2003; Grosmaitre et al., 2006) depending on the expressed OR. By directing the odor stimulus to various

parts of the cell, it has been shown that the sensitivity to odors is largely restricted to the cilia, where ORs
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are localized (Kurahashi, 1989; Firestein et al., 1990; Lowe and Gold, 1993; Takeuchi and Kurahashi, 2002).
The expression of only one of the hundreds ORs in each OSNs dramatically decreases the success rate of a
single odor stimulation. A mix of odors is often utilized as stimulus, in order to overcome this problem. As
an alternative stimulus, isobutyl-1-methylxanthine (IBMX), an inhibitor of the basal phosphodiesterase
activity which increases the intraciliary cAMP concentration, is often used. The OR cloning introduced the
possibility to record from engineered mice where OSNs co-expressed a fluorescent marker protein with a
specific OR, opening the possibility to measure the response of a specific OR.

The evoked current increases with the concentration or duration of the stimulus (Firestein et al., 1993;
Takeuchi and Kurahashi, 2002) until saturation is reached. The relationship between odor dose and

amplitude of the receptor current is generally well fitted by a Hill equation:
I = Imax/(l + (K‘/z/c)n)

where |, is the maximum macroscopic current, C is the concentration of odor, Ky, is the half-maximal

effective concentration, and n is the Hill coefficient (Hille, 2001; Kleene, 2008). Depending on the OR
expressed by the OSNs, some odors have half maximal concentration in the micromolar range (Firestein et
al., 1993), others in the nanomolar and picomolar range (Frings and Lindemann, 1990; Grosmaitre et al.,

2006). In most cases saturating concentrations are measured in ranges from a few to hundreds uM in
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Figure 8 — Odor-evoked response recorded by different electrophysiological approaches

Representative odor-evoked responses in rat individual OSNs induced by 100 uM isoamyl acetate (ISO) and
recorded in cell-attached (A, B) and perforated patch (C-F) from the intact olfactory epithelium. Odorant
stimulation induces various activity patterns in individual OSNs. Two types of responses were frequently
observed. In some neurons, brief puffs of odor elicited a non-decrementing amplitude burst both in in cell-
attached and in perforated patch-clamp (A, D, respectively). In other neurons (E), an initial burst (b) is
followed by a silence (s) and a firing rebound (r) (perforated patch-clamp in current-clamp mode).

(C, F) Transduction currents of different amplitude induced by the same stimulus in two neurons in perforated
patch (voltage clamp mode V=-80 mV). Some action potentials occurred, despite the presence of 1 uM
tetrodotoxin (TTX) in the bath perfusion. [from Savigner et al., 2009]
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mouse OSNs (Grosmaitre et al., 2006). The “n” parameter in the Hill equation describes the slope of the
dose—response relationship. A higher value corresponds to a smaller dynamic range, defined as the window
of stimulus doses producing a change in the response. In amphibian, “n” was around 2-7 when recorded
from dissociated OSNs under whole cell (Firestein et al., 1993; Takeuchi and Kurahashi, 2005),, while in rats
“n” was about 3-5 (Lowe and Gold, 1993). When the recordings were made on the epithelium “n” was
smaller: 1.5 in rats (Ma et al., 1999) and 0.3-0.8 in mice (Grosmaitre et al., 2006, Grosmaitre et al., 2009).
However, dose response relationships for a given odor were highly variable among different OSNs (Tomaru
and Kurahashi, 2005), even among neurons expressing the same OR (Grosmaiter et al., 2006).

Single cell recordings of the odor-induced responses may be performed on slices or intact olfactory
epithelium. Both loose patch and whole cell configurations have been used to record from OSNs in slice of
olfactory epithelium (loose patch, Trotier, 1994; whole cell, Tomaru and Kurahashi, 2005). Techniques used
on the intact olfactory epithelium include: cell attached (Fig. 8A and 8B) (Connelly et al, 2013) and
perforated patch (Fig. 8C-F) (Ma et al., 1999; Grosmaitre et al., 2006; Savigner et al., 2009; Jarriault and
Grosmaitre, 2015) and whole cell (Ma et al., 1999). The perforated patch technique allows the use of
voltage/current-clamp configurations while leaving a rather physiological internal environment (Ma et al.,
1999; Grosmaitre et al., 2006) compared to whole-cell patch-clamp. These techniques allow the recording
of both spontaneous and evoked firing activity of the OSN (Fig. 5 and 8, respectively).

The OSNs respond to odor stimulation with a burst of action potentials. Low and medium strength stimuli
induce a continued burst which reflects the duration of the depolarization. Strong stimuli induce a robust
depolarization that inactivates voltage dependent sodium channels saturating the firing activity and
producing a silencing period which sometimes is followed by a second burst of action potentials
corresponding to the falling part of the response (Fig. 8E) (Rospar et al., 2003; Savigner et al., 2009).

In addition, it has been reported that mechanical stimulation can trigger a response in OSNs (Grosmaitre et
al., 2007). This response engages the activation of the transduction cascade in which genetic ablation of key
proteins of olfactory transduction cancel the mechanical response. However, mechanoresponse does not
involve all ORs. OSNs expressing different ORs showed varying degrees of mechanosensitivity. The

mechanical response can be minimized by drifting apart or distancing the stimulus dispenser (Connelly et

al., 2014).

1.4 - Calcium-activated chloride current in olfactory sensory neurons

1.4.1 - Chloride accumulation in olfactory sensory neurons
The CI™ equilibrium potential is important information in understanding the role of the CaCC in olfactory
transduction. It determines the direction and size of Cl™ flux across the ciliary membrane. Studies on various
animal species reported an unusually high intracellular CI~ concentration for OSNs (Reuter et al., 1998;

Kaneko et al., 2001; Kaneko et al., 2004). Unfortunately, few studies addressed the ionic composition of the
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mucus, in which cilia of the OSN are embedded, and there is no consistency among them (Reuter et al.,
1998; Chao et al., 1989). Energy dispersive X-ray micro analysis on cryosections of rat olfactory epithelium
estimated a Cl™ concentration inside the cells of 69 mM and an olfactory mucus concentration of 55 mM,
with a calculated equilibrium potential for CI- of +6 mV (Reuter et al, 1998). In another study CI”
concentration was estimated from intact olfactory epithelium of mice and rats using two-photon
fluorescence lifetime imaging of the CI” sensitive dye MQAE technique. A maximal concentration up to 70
mM was found within the dendritic knob that decreased to 55 mM along the dendrite in the presence of a
high extracellular CI” concentration (Kaneko et al., 2004). For a lower extracellular CI” concentration of 50
mM the gradient disappeared, suggesting the presence of an apical CI” uptake system (Kaneko et al., 2004).
This data support the view that a CI” accumulation process charges the resting cilia prompting an excitatory
CI™ efflux in the olfactory transduction (Kleene, 2008).

The NKCC1 has been shown to be implied in CI™ accumulation (Kaneko, 2004; Reisert et al., 2005). The
NKCC1 pharmacological block or genetic suppression abolishes the chloride component of the odor-
induced current, recorded with the suction electrode technique in isolated mouse OSNs (Reisert et al.,
2005). The localization of NKCC1 is not completely clear, although more recent proteomic and
immunohistochemistry data suggested a ciliary localization (Stephan et al., 2009; Mayer et al., 2009, Hengl
et al., 2010). However, NKCC1 may not be the only player of the CI™ accumulation (Nickell et al., 2006;
2007). NKCC1™7~ genetic deletion or pharmacological block reduced by only ~30-50% the evoked response
recorded by EOG (Nickell et al., 2006, 2007), and NKCC1™" did not show a reduced olfactory sensitivity
(Smith et al., 2008).

1.4.2 - Features of olfactory calcium-activated chloride current

Evidence that CaCC is involved in olfactory transduction was first reported in isolated frog olfactory cilia
(Kleene and Gesteland, 1991; Kleene, 1993) where the current was induced by an influx of Ca® through
CNG channels (Kleene, 1993). The CaCC was described as part of the current response to odorant
stimulation in isolated OSNs from amphibians (Kurahashi and Yau, 1993; Firestein and Shepherd, 1995;
Zhainazarov and Ache, 1995), rats and mice (Lowe and Gold, 1993; Reisert et al., 2003). In mouse OSNs,
CaCC is constituted of an efflux of CI”~ due to the unusually high concentration of this anion in the cilia.
Studies on the activation of the CaCC at different Ca*" concentrations reported Ca** sensitivity for the
current is in the low micromolar range, with half maximal concentration of 2.2-4.8 uM and a Hill coefficient
of about 2-3 (Reisert et al., 2003, Pifferi et al., 2006a; Stephan et al., 2009).

Single channel recordings have shown a very small current, preventing direct recordings of single-channel
opening events. Experiments of noise-analysis of macroscopic currents give an estimate in the pS range,
specifically: 0.8 pS in frogs (Larsson et al.,, 1997), 1.5 pS in rats (Reisert et al., 2003) and 1.6 pS in mice

(Pifferi et al., 2006b). Such a low conductance implies an amplification of the receptor current through CNG
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channels with no significant increase in noise (Kleene, 1997). Finally in mice, CaCC mediated up to 90% of
the odor-induced inward current of dissociated OSNs when recorded in symmetrical ClI” condition (Lowe

and Gold, 1993; Reisert et al., 2005; Boccaccio and Menini, 2007).

1.4.3 - Hypothesis on the physiological role of TMEM16B in olfactory sensory neurons
After its discovery in the excised cilia of frog OSNs (Kleene and Gesteland, 1991; Kleene, 1993), CaCCs have
been shown to contribute to the response of odorant stimulation in OSNs from newt and tiger salamander
(Kurahashi and Yau, 1993). In amphibians the presence of both cationic and anionic currents in olfactory
transduction was interpreted as an adaptation to allow depolarizing current responses in a variety of
extracellular ionic environments (Kurahashi and Yau, 1993; Kleene and Pun, 1996). However the discovery
of the CaCC in rat OSNs (Lowe and Gold, 1993) opened the possibility for a current of a more general
function in olfactory transduction. It has been suggested that CaCC served to amplify suprathreshold
responses relative to basal transduction noise (Lowe and Gold, 1993). The features of nonlinear Ca*-
dependence, together with the small single channel conductance may contribute to a high-gain and low-
noise amplification of the primary CNG current in olfactory transduction (Kleene, 1997). As well,
transduction amplification by nonlinear transduction current contributes in narrowing the dynamic range of
OSNs response to stimulus (Boccaccio et al., 2006), tuning the sensitivity of OSNs in a smaller range.
However, since neurons have a high input resistance and few pAs are sufficient to generate action
potentials a large amplification of the sensory current is not essential to transduce the signal (Lynch and

Barry, 1989).

1.4.4 - TMEM16B is the olfactory calcium-activated chloride channel
CaCCs have been described in various tissues and cell types (Hartzell et al., 2005; Duran and Hartzell, 2011,
Huang et al.,, 2012) and their functional role has been widely studied for more than 25 years. Their
molecular identity has been controversial until 2008, when two members of the TMEM16/anoctamin gene
family, TMEM16a/anoctaminl and TMEM16b/anoctamin2, were shown to mediate CaCCs (Caputo et al.,
2008; Schroeder et al., 2008; Yang et al., 2008). The TMEM16 protein family is composed of ten members,
but only TMEM16A and TMEM16B are currently well characterized. The function of the other members is
controversial or not clear. The level of sequence similarity among the members suggests that all of them
have a similar structure which has been recently clarified by the crystallization of the fungal homologous N.
haematococca TMEM16 (Brunner et al., 2014). The nHTMME16 is a dimeric membrane protein with ten
transmembrane domains with intracellular N- and C- terminals. The Ca*-binding site is formed by six
negatively charged aminoacids from different protein regions that come close to the tertiary structure and

coordinate two Ca” ions. The nHTMMEZ16 did not show any ion transport activity; it works as scramblase,
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translocating phospholipids between the sides of the membrane, much like at least one other member of
the family TMEM16F/anoctamin6 (Yang et al., 2012).

Before its identification as an ion channel, Yu et al, (2005) used in situ hybridization to show that
TMEM16B was expressed in mature sensory neurons of mouse olfactory epithelium. After identification of
TMEM16A and TMEM16B as CaCCs, TMEM16B was found in the olfactory ciliary proteome (Mayer et al.,
2009; Stephan et al., 2009). Immunohistochemistry experiments showed its expression in the ciliary layer of
the olfactory epithelium together with other protein involved in olfactory transduction (Hengl et al., 2010;
Rasche et al., 2010; Sagheddu et al., 2010; Billig et al., 2011; Maurya and Menini, 2014). Additionally, when
a TMEM16B/EGFP fusion protein was expressed in vivo in the mouse olfactory epithelium using an
adenoviral vector, localized in the OSN cilia (Stephan et al., 2009).

A side-by-side comparison was made between the electrophysiological properties measured from the
native olfactory current and the TMEM16B-induced current in HEK cells in excised inside-out patches and in
whole-cell configuration. It showed remarkable similarities in Ca**-sensitivity, anion selectivity, and
pharmacology (Stephan et al., 2009, Pifferi et al., 2009, Sagheddu et al., 2010). Both the native channel and
TMEM16B showed a characteristic change with time of the reversal potential in the presence of large
permeant anions in the extracellular bath, as if permeability changes with time. Although unusual, this
dynamic selectivity is not unique to TMEM16B and has been observed in TMEM16A (Schroeder et al., 2008)
and in cation channels such as TRPV1 and P2X (Chung et al., 2008; Khakh and Lester, 1999).

The role of TMEM16B as CaCC in OSNs was confirmed by the development of a KO mouse strain for
TMEM16B. Electrophysiological experiments performed in whole cell configuration on dissociated OSNs of
KO mice showed the absence of CaCCs, while the cationic current mediated by CNG channels was still
present (Billig et al., 2011).

TMEM16B shows alternative splicing. In particular, in the olfactory epithelium, TMEM16B transcripts lack
exon 14 (Stephan et al., 2009). Alternative splicing occurs at the starting exon, affecting N-terminal length,
and at exon 4, involving 33 amino acids in the N-terminal (Ponissery Saidu et al., 2013). The functional
significance of such alternative splicing is unknown, but the native channel properties are better
recapitulated by the co-expression of the predominant isoforms, with shorter N terminal, one with and one
without the exon 4 sequence (Ponissery Saidu et al., 2013).

A CaCC has also been recorded in mouse vomeronasal sensory neurons (Yang and Delay, 2010; Kim et al.,
2011; Dibattista et al., 2012) and contributes to the response to urine (Yang and Delay, 2010; Kim et al.,
2011). Both TMEM16A and TMEM16B have been shown to be expressed in the microvilli of vomeronasals
sensory neurons (Dibattista et al., 2012). Very recent data suggest that TMEM16A contributes primarily to

the CaCC in vomeronasal sensory neurons (Amjad et al., 2015).
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1.4.4.1 - TMEM16B KO mouse model

The initial evidence suggested TMEM16B as a CaCC in OSNs (Stephan et al., 2009, Pifferi et al., 2009,
Sagheddu et al., 2010), but a study on an animal model KO for the gene was needed to confirm its role of
chloride current in olfaction. In 2011 the Thomas Jentsch laboratory in Berlin published a paper where they
reported the development of a KO mouse strain for TMEM16B (Billig et al., 2011). The disruption of the
TMEM16B gene was induced by crossing Cre-recombinase expressing mice (Schwenk et al., 1995) with
engineered mice with exon 12 of TMEM16B flanked by LoxP sequences. Western blot and
immunohistochemistry analysis with different antibodies did not show any TMEM16B presence in the main
expressing tissues, such as the MOE, the vomeronasal organ, the olfactory bulb and the eye. However, the
lack of TMEM16B did not modify the morphology of tissues and OSNs in adult mice. Crossing TMEM16B KO
mice with two mouse strains where OSNs expressing OR M72 or P2 were labeled by LacZ expression did not
report any alteration of anatomical organization of the glomeruli in the MOB.

Electrophysiological experiments in whole cell configuration on dissociated OSNs showed that CaCC was
not present in these neurons. However, field recording from the surface of olfactory epithelium of
transduction current induced by odor stimulation using EOG reported controversial results. They did not
observe a difference between TMEM16B KO and WT mice for air-phase EOG recordings. While in
submerged conditions they recorded the evoked response in KO mice was reduced by ~40% in respect of
the WT (Billig et al., 2011).

The TMEM16B KO mice lacked an immediately apparent olfactory phenotype. The basic behavioral
experiments did not show any impairment in olfactory ability. KO and control animals performed equally
well in associative olfactory tasks aiming to test odor discrimination ability and odor sensitivity (Billig et al.,
2011). The minor reduction in EOG response, together with the lack of olfactory phenotype questions a

crucial role of CaCCs in olfactory transduction (Billig et al., 2011).
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2- AIM

The study of OSNs firing properties is an essential step to decode the information processing in the
olfactory system. Genetically modified mice with altered OSNs firing properties are a useful tool to
investigate in detail the physiological roles of both evoked and spontaneous OSNs firing activities.

In the absence of stimuli, OSNs have an OR-dependent spontaneous firing activity that plays a fundamental
role in axonal targeting to the glomeruli in the MOB. A previous study has shown that mouse OSNs
overexpressing Kir2.1 induced a general mis-targeting of OSNs axons to glomeruli, producing a general
disorganization of the MOBs. This effect was attributed to a decrease in OSN spontaneous firing activity,
although a thorough electrophysiological analysis of spiking activity was missing.

The aim of the first part of this Thesis was to perform a first detailed study of the spontaneous and odor-
evoked firing activity in mouse OSNs overexpressing Kir2.1 to contribute to the understanding of how OSNs
spiking activity influences circuit formation in the MOB. The characterization of the OSN firing activity in
Kir2.1 mice may detect if specific features of the spontaneous activity induce the alteration of the axonal
targeting of the OSNs to the glomeruli into the MOB. Moreover, it could reveal if the overexpression of
Kir2.1 alters the firing evoked activity opening alternative interpretation to the molecular mechanism of the
OSN axonal targeting.

Mouse models knock-out for key proteins of the olfactory transduction show an alteration of the firing
properties of the OSNs. A previous study has suggested that the Ca**-activated CI" channel plays a role in
OR-dependent spontaneous firing activity, as this activity was greatly suppressed by blocking CaCCs. The
recent availability of KO mice for the Ca®*-activated CI' channel TMEM16B allows a direct analysis of spiking
activity in the absence of TMEM16B.

The aim of the second part of this Thesis was to obtain the first characterization of spiking activity in OSNs
from TMEM16B KO mice, to unveil a possible role of TMEM16B in the generation or modulation of
spontaneous and stimulus-evoked firing of OSNs. This study could explain why TMEM16B KO mice did not

show at first analysis any obvious impairment in ethological tasks mediated by olfaction.
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3 - MATERIALS AND METHODS

3.1 - Animals

To study the influence of firing activity on the circuit formation in the olfactory bulb we obtained the OMP-
IRES-tTA/Teto X Kir2.1-IRES-tau-LacZ (following as Kir2.1) mouse strain from the laboratory of Dr. Claudia
Lodovichi, Neuroscience Institute, CNR, Padova, originally generated in the Center of Neurobiology and
Behavior of the Columbia University in New York (Yu et al., 2004). This mouse strain was developed to
express Kir2.1 in 80% of the cells expressing OMP, a protein expressed exclusively in mature OSNs.

To study the physiological function of TMEM16B in OSNs, we obtained the TMEM16B knock-out (KO)
mouse strain from Prof. Thomas J. Jentsch (Billig et al., 2011). TMEM16B KO mice were crossed with 17-
IRES-tauGFP, a mouse line where cells expressing the OR 17 can be identified with GFP-fluorescence, since
they are tagged with tau-green fluorescent protein (tauGFP) (Bozza et al., 2002). As wild type (WT) control
for TMEM16B KO mice we used animals with the same genetic background, while for TMEM16B KO X 17-
IRES-tauGFP mice we used I7-IRES-tauGFP mice. I7-IRES-tauGFP mouse strain was a generous gift from Prof.
Peter Mombaerts (Max Planck Research Unit for Neurogenetics, Frankfurt).

All animals were handled in accordance with the Italian Guidelines for the Use of Laboratory Animals
(Decreto Legislativo 27/01/1992, no. 116) and European Union guidelines on animal research (No.
86/609/EEC). Moreover, all animal procedures were performed under a protocol approved by the ethic

committee of SISSA.

3.1.1 - Genotyping

Mice overexpressing Kir2.1 channel and control animals were provided directly from the laboratory of Dott.
Claudia Lodovichi in Padova, where they were previously genotyped. A biological sample was lysed to
obtain the DNA: a piece of tail and a finger of mouse pups were added to: 88 pl of autoclaved water; 10 pl
of TRIS-HCI, pH 7.5, 1M; 2 ul of proteinase K (Invitrogen, California, USA). The lysis was performed at 57°C
for 90 minutes in a Thermomixer (Eppendorf, Milano, Italy). Samples were kept in ice and then at 99°C for 5
minutes to inactivate the proteinase K. PCR was performed on a volume of 50 pl. After 3 initial minutes at
94°C, thermocycler ran 35 cycles, organized in the following steps: 94°C for 30 sec; 57°C for45 sec; 72°C for
45 sec. Kir2.1 genotyping was performed in three PCRs detecting the presence of tTA, LacZ and OMP
sequences. For tTA were used two primers (tTA, forward primers 5-AATTACGGGTCTACCATCGAGGGC-3,
reverse 5'-GTCAATTCCAAGGGCATCGGTAAAC-3’; Lacz, forward primers 5'-
CATCTGGTCGCTGGGGAATGAATC-3', reverse 5-GCAACTGGAAAAACTGCTGCTGGTG-3'; OMP; forward
primers 5’-CCTCGATTTCATCCAGCAGCAG-3’; reverse 5'-CAGGGGGCCCATCCATCTTCC-3').
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In mice overexpressing Kir2.1 tTA and LacZ primers yielded a sequence of 300 bp and 500bp respectively
and no sequence was yielded by OMP primers. In WT mice tTA and LacZ primers yielded no sequence
contrarily to OMP primers which yielded a sequence of 680bp.

TMEM16B KO and 17-IRES-tauGFP strain were genotyped in SISSA by biomolecular technician Jessica
Franzot. Genomic DNA was extracted from the mouse tails by using 5'PRIME Kit (Eppendorf, Milano, Italy),
according to manufacturer’s protocol. PCR was performed on a volume of 25 pl repeating for 40 times the
following cycle: 94°C for 5 min (only in the first cycle), 94°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec.
For TMEM16B KO strain were used primes flanking the LoxP site of TMEM16B allele (forward primers 5'-
GGACACCCCGTACTTGAAGA-3’; reverse 5'-AGCACAATGCAGACCAAGTT-3’), the protocol require a single PCR
which yielding a sequence of 163-bp for KO and 1051-pb for WT.

For 17-IRES-tauGFP two different forward primers were used (WT 5’- CATGCACTGACATGTCCA-3’; KI 5'-
GAGAAGCGCGATCACATGGTCCT-3’) giving the possibility to perform the PCR with the single forward
primers or both in case of heterozygosis. The third reverse primer is common for both (5’-TTTATATTATCA
ACTGCTCCC-3’). The presence of I7-IRES-tauGFP construct produces a band of 200-bp contrarily, for WT
mice PCR yields a band of 520-bp.

3.2 - Tissue Preparation

3.2.1 - Intact olfactory epitheliun preparation
Mice (4 to 12 weeks) were
anesthetized with CO, inhalation,
decapitated and the head was
immediately put in ice-cold artificial
cerebrospinal fluid (ACSF) bubbled
with 95% O, and 5% CO,. ACSF
contained (in mM): 120 NaCl, 5 KCl, 1
MgSO,, 1 CaCl,, 25 NaHCOs;, 10

glucose, 10 HEPES; osmolarity pre

oxygenation 310

Figure 9 - Intact olfactory epithelium preparation
View of the tissue attached to the septum. SO, septal organ of Masera, RE,
respiratory epithelium, MOE the main olfactory epithelium (modified from

mOsm, pH = 7.2. The nasal septum
was quickly dissected en bloc cutting ~ Maetal., 2003).

out the turbinates and the vomeronasal organ. The septum bone with the two attached epithelia was
placed in a recording chamber at room temperature (21-24 °C) continually perfused by bubbled ACSF (Fig.
9).
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3.2.2 - Mouse nose coronal slice preparation

Since OSNs expressing 17 OR are not

present in the MOE portion attached turbinates septum
_— ~

to septum bone, but are mostly
expressed in the ventro-lateral zone
(zone 1) of the MOE, we developed a
coronal slice preparation from pups,
which include the epithelium
attached to the turbinates. In this
region 17-IRES-tauGFP OSNs are
highly present. P0-P4 mice were

decapitated and the nose was

dissected en bloc. The skin and the . . .
Figure 10 — Mouse nose coronal slice preparation

eyes were removed and the Nose coronal slice of 250 um thickness from a P2 mouse at level of the
vomero-nasal organ (VNO). The two nasal cavities are separated by the
remaining preparation was glued septum and lined ventrally by the respiratory epithelium (RE) and dorsally by

the main olfactory epithelium (MOE).
inside a small hole obtained in a
cube of boiled carrot. A vibratome 1000 Plus (Sectioning System, St. Louis) and classic double edge blades
(Wilkinson, United Kindom) were used to cut coronal slices of 250-300 um thickness (Fig. 10). During the
cutting procedure, the tissue was completely submerged in a bath of ACSF continuously oxygenated and
kept near 0° C. After sectioning, coronal slices were let to recover in ACSF oxygenated and kept near 0° C at
least 30 minutes before recording. Slices could be used up to 4-6 hours after dissection. For experiments, a

slice was transferred to the recording chamber and anchored using flattened pieces of pure silver placed on

the carrot support, thereby holding down the slice without touching it.

3.3 - Electrophysiology

Electrophysiological experiments were performed on dendritic knobs of individual OSNs present in the
MOE using the loose patch technique.

Dendritic knobs were viewed using an upright microscope (Olympus BX51WI, Japan) by differential contrast
optics equipped with a DFK 72BUCO02 camera (Imagingsource, Germany) and a 40X water-immersion
objective (Fig. 11A-B). An additional X2 auxiliary lens was used to further increase the magnification of the
tissue.

The microscope was placed on an antivibration table (TMC, USA) and a homemade Faraday cage provided
adequate electrical shielding. A mercury lamp provided the fluorescent light to detect OSNs expressing 17

OR in I7-IRES-tauGFP mice.
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Recording pipette

BG

Se

Figure 11 — Olfactory epithelium magnification

(A-B): Intact olfactory epithelium observed under bright field condition at 40X magnification (Scale bar: 5 um). OSN

dendritic knobs (white arrow heads) are enclosed in a mesh of microvilli of supporting cells (SC). BG, Bowman glands. (B):

Enlarged view of region indicated by the white rectangle in A.

The recording chamber was continuously perfused with oxygenated Ringer solution by gravity flow (1.5

ml/min) and the experiments were performed at room temperature (20-24°C) using a Multiclamp 700B

amplifier controlled by Clampex 9.2 via a Digidata 1322A (Molecular Devices, USA).

Borosilicate capillaries (outer diameter, 1.65 mm; inner diameter, 1.1 mm; WPI, USA) were pulled by a PC-

10 puller (Narishige, Japan) in order to produce patch pipettes with a resistance of about 5-10 MQ for loose

patch configuration. Pipettes were mounted on a pipette holder with an Ag/AgCl electrode for electrical

recordings and its movements were controlled by an electronic SM5 micromanipulator (Luigs & Neumann,

Germany).

3.3.1- Loose patch recordings

Extracellular recordings from dendritic knobs of
OSNs were obtained in the loose patch configuration
with seal resistances of 20-40 MQ (Nunemaker et al.,
2003; Delay and Restrepo, 2004) in both coronal
slices and entire septum preparations. Pipette was
filled with ACSF (Table 2), the same solution present
in the bath. The recordings were made in voltage-
clamp configuration with a holding potential of O
mV. Data were low-pass filtered at 1 kHz and
sampled at 5 kHz.

Patch stability was checked recording at least 2
minutes of spontaneous activity before application

of chemical stimulation.

Bath solution
(ACSF)
120mMNaCl
25mM NaHCO;
5mM KCI
10mM Glucose
10mM HEPES
1mM  MgSO,
1mM CaCl,

(pH 7.2)
310 mOsm

Electrode Solution
(ACSF)
120mMNaCl
25mM NaHCO;
5mM KCI

10mM Glucose
10mM HEPES
1mM  MgSO,
1mM CaCl,

(pH 7.2)
310 mOsm

Table 2 — Electrophysiological solutions
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3.3.2 - Stimulus application

A pipette mounted on a secondary holder was used to deliver chemical stimulations by pressure injection
(10-15 psi) produced by Picospritzer Il (Parker, USA) controlled by Clampex 9.2 via a Digidata 1322A
(Molecular Devices, USA). The puff pipette was pulled from the borosilicate capillaries (outer diameter,
1.65 mm; inner diameter, 1.1 mm; WPI, USA) by a PC-10 puller (Narishige, Japan) to have a tip of 2-3 pm.
Puff duration was changed in order to modulate the stimulation intensity. Puffing pipette was placed more
than 25 pm far from the knob of the recorded OSN to avoid any mechanical response (Grosmaitre et al.,
2007). Fluorescein was added to stimulus solution (approximate concentration 1-1.5 nM) to visually control
the lack of solution leakage and efficacy of the stimulation. The holder movements were controlled by an
electronic SM5 micromanipulator (Luigs & Neumann, Germany).

Heptanal, one of the main ligands of |17 receptor (Krautwurst et al., 1998), was used as odor stimulation for
OSNs expressing |7 OR in the nose coronal slices of 17-IRES-tauGFP mice. Alternatively, OSNs expressing an
unidentified OR were stimulated by 100 uM 3-isobutyl-1-methylxanthine (IBMX) diluted in ACSF or, for the
experiments on the mouse strain overexpressing Kir2.1 channel, a mix of odor. IBMX is an inhibitor of the
phosphodiesterase activity, used to increase the intracellular cAMP concentration, thereby activating the
CNG channels. The odor mix was composed by 19 odors diluted in ASCF 1mM composed by: hexanal,
benzilic alcohol, eptanoic acid, propionic alcohol, benzaldehyde, 3-isobutyl-2-methoxypyrazine (IBMP),
citralva, R-carvon, S-carvon, citronellol, geraniol, acetophenone, eugeniol, menthone, butyraldehyde,

benzyl acetate, heptanol, hexanol, butanol.

3.4 - Chemicals

ACSF solution was stocked 10X without CaCl, and glucose and stored a 4°C. Fresh solution was renewed
every 3 days.

IBMX was pre-dissolved in DMSO and diluted in ACSF to reach a concentration of 20 mM with 5% DMSO.
Before the experiments it was diluted in ACSF to the final concentration and vortexed for 2 minutes.
Heptanal was dissolved at 100 mM in DMSO and kept at -20°C. Before the use it was diluted in ACSF to the
final concentration vortexed for 2 minutes.

The 19 odors compounds of the odor mix (see paragraph 3.3.2 for complete list) were stocked at room
temperature in an aspirated closet. During odor mix preparation the compounds were directly diluted to 1
mM in ACSF, sonicated for 40 minutes and stored at -20° C. Before each experiment the odor mix was
defrosted and sonicated again for 10 minutes.

All stimulus solutions were refreshed weekly starting from specific stock solutions, except odor mix that

was renewed every 2 days.
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All compounds and chemicals were obtained from Sigma-Aldrich (St. Louis, Missouri, USA) if not otherwise

reported.

3.5 - Data Analysis

Clampfit 10.2 software (Molecular Devices, USA) was used to filter raw data in the window 5-700 Hz and to
detect action potentials on the electrical noise. Further, results were imported on Igor 6.0 (Wavemetrics,

USA) and the spontaneous and evoked activities were differently analyzed using self-written procedures.

3.5.1 — Spontaneous activity
Spontaneous firing activity was evaluated in a time window of 2 to 5 minutes and was characterized as
mean firing frequencies, inter-spike interval (ISI) and the instantaneous frequency (IF). Mean firing
frequency was calculated for each OSN as the number of spikes divided by the duration of the recording
(#AP/time). Alternatively, ISI was calculated for each spike as the time occurrence of a spike less the time
occurrence of the previous spike (ISI = T,, — T,.1) (second to first, third to second, and so forth). Moreover,
instantaneous frequency (IF) of each spike was calculated as the inverse of ISI.
Sometimes very high frequency spontaneous firing activity followed by complete silencing of the recorded
OSN showed clear evidence of neural damage or loss of cell integrity, such units were routinely discarded.
Mean firing frequency data were presented as a scatter plot. In the box plots, the inner square represents
the mean, lines represent the median, upper and lower box boundaries represent the 25th and 75th
percentile, upper and lower whiskers represent the 5th and 95th percentiles. IF data were averaged on
each OSN and it was presented with the same method used for mean frequency.
Data from ISI were used to create an ISl distribution histogram evaluating the frequency components of
each studied group.
Mean firing frequency and IF data were not always normally distributed (tested with Kolmogorov-Smirnov )
and statistical significance was determined using one tail Mann-Whitney U-test. P-values < 0.05 were

considered statistically significant.

3.5.2 — Evoked activity
Odor or IBMX-evoked firing activity were detected on top of the spontaneous background activity using an
established protocol for OSN response analysis (Rospar et al., 2003, Savigner et al., 2009). Briefly, neuronal
spiking activity was defined as a presumptive response to odor when, within 1.25 s after stimulus
presentation, at least 3 consecutive spikes presented an instantaneous frequency (IF, 1/ISI) higher than the
mean instantaneous frequency plus 1.5 Hz in the 30 s before stimulation (IF > avglF + 1.5 Hz). If a
presumptive response was detected, its instantaneous firing frequency distribution was compared using

the Mann-Whitney U-test with the instantaneous firing frequency distribution occurring before stimulation.
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When the two distributions were found significantly different at a level of 1% the presumptive response
was considered a true response, otherwise it was discarded.

Strong increase of the firing frequency response was correlated with a decrease of the action potential
amplitude. We defined a response as saturating when it was composed by action potentials which
decreased their amplitude progressively up to baseline, saturating the possibility of the neuron of to fire
again in the short term and producing a silencing period which sometimes was followed by a further high
frequency burst. During the rebound burst the amplitude of the action potentials increased and the
frequency progressively decreased towards the spontaneous firing activity level (similarly to Rospar et al.,
2003, Savigner et al., 2009).

To characterize an evoked-response, the firing rate of the responses was estimated as the average of ISI of
the first four spikes of the response. Moreover, the response duration and the silencing duration were
measured differently. For saturating responses the response duration referred to the time between the
first and last spike recognized as part of the response, including the silent period and the firing rebound.
Finaly, difference in firing response was evaluated using the spike distribution histogram. In this graph the
time was divided in bins (bin size = 100 ms). To each bin correspond a bar reporting the average number of
spikes occurred in the bin time window.

Each tested features was compared with the Mann-Whitney U-test, if no-parametric, or Student’s t-test if

parametric.
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Institute, CNR, 35129 Padua, Italy

The type of neuronal activity required for circuit development is a matter of significant debate. We addressed this issue by analyzing the
topographic organization of the olfactory bulb in transgenic mice engineered to have very little afferent spontaneous activity due to the
overexpression of the inwardly rectifying potassium channel Kir2.1 in the olfactory sensory neurons (Kir2.1 mice). In these conditions,
the topography of the olfactory bulb was unrefined. Odor-evoked responses were readily recorded in glomeruli with reduced spontaneous
afferent activity, although the functional maps were coarser than in controls and contributed to altered olfactory discrimination behav-
ior. In addition, overexpression of Kir2.1 in adults induced a regression of the already refined connectivity to an immature (i.e., coarser)
status. Our data suggest that spontaneous activity plays a critical role not only in the development but also in the maintenance of the

topography of the olfactory bulb and in sensory information processing.

Key words: behavior; functional imaging; olfactory bulb; olfactory system; sensory map; topography

Introduction
Specificity of connectivity in the CNS is essential for normal brain
function. In sensory systems, peripheral neurons project axons to
precise loci in the brain to generate topographic maps that define
the quality and the location of environmental stimuli. In the
olfactory bulb (OB) a sensory map is generated by the conver-
gence of olfactory sensory neurons (OSNs) expressing the same
odorant receptor (OR) to form glomeruli (homogeneous glom-
eruli) in specific loci on the medial and on the lateral side of each
OB (Ressler et al., 1994; Vassar et al., 1994; Mombaerts, 1996).
A glomerulus defines a functional unit, i.e., an odor column,
consisting of the tufted and the mitral cells, receiving inputs from
a specific group of sensory neurons, along with the granule cells
connected to them (Shepherd, 2004). A second level of topo-
graphic organization is provided by the intrabulbar associational
system (Schoenfeld et al., 1985), which connects specifically and re-
ciprocally homologous glomeruli (Belluscio et al., 2002; Lodovichi et
al., 2003; i.e., homologous odor columns).
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The development of sensory maps is regulated by the complex
interaction between spatially and temporally regulated axon guid-
ance molecules and neuronal activity (Huberman et al., 2008; Feld-
heim and O’Leary, 2010). Spontaneous and sensory-evoked
activity play important roles in the formation of sensory cir-
cuits (Zhang and Poo, 2001). The exact contribution provided
by each type of activity remains, however, largely to be
understood.

The topographic organization of the OB hinges on the OR
identity that defines the organization of homogeneous glomeruli
and of the related odor columns (Sakano, 2010; Murthy, 2011).
Odor-evoked activity does not affect significantly the organiza-
tion of the sensory map (Belluscio et al., 1998; Lin et al., 2000; C.
Zheng et al., 2000), although it perturbs the intrabulbar projec-
tions (Marks et al., 2006). However, spontaneous activity may
play a role. OSNs exhibit spontaneous firing (Hallem and Carl-
son, 2004; Reisert, 2010) that could originate from the spontane-
ous activity of the odorant receptor (Connelly et al., 2013).
Spontaneous firing in the OSNs has been shown to be required
for the formation of the sensory map (Yu et al., 2004). Whether
the spontaneous firing of OSNs can modulate the whole topo-
graphic organization of the OB, namely the organization of glom-
eruli, their intrabulbar connections and the related functional
maps, remains unknown.

To address these critical issues, we took advantage of a line of
mice genetically modified to have very little afferent spontaneous
activity due to the overexpression of the inwardly rectifying po-
tassium channel Kir2.1 in the OSNs (Yu et al., 2004). Using a
combination of anatomical tracing, functional imaging, and be-
havioral analysis, we found that the olfactory bulb of Kir2.1 mice
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exhibited unrefined connectivity that in turn could contribute to
the altered olfactory information processing and olfactory behav-
ior. In addition, we found that overexpression of Kir2.1 in adults
induces a regression of the already mature neural circuits. These
data suggest that spontaneous afferent activity is required for the
development and for the maintenance of neural circuits in the
olfactory bulb.

Materials and Methods

All animal procedures were performed under a protocol approved by the
ethic committee of the University of Padua, of the University of Trieste,

and the institutional guidelines of Harvard University.

Mutant mouse lines. Experiments were performed on the following
genetically modified lines of mice: OMP-IRES-tTA/Tet, (RRDI: MGI:
3721403)-Kir2.1-IRES-tau-LacZ (Kir2.1, RRDI: MGI:3723462), P2-IRES-
GFP (P2-GFP), and M71-IRES-GFP (M71-GFP, RRDI: IMSR _JAX:
006676). The OMP-IRES-tTA/Tet, -Kir2.1-IRES- tau-LacZ (Kir2.1) and the
P2-IRES-GFP (P2-GFP), generously provided by J.A. Gogos (Columbia
University, New York, NY), were described in detail previously (Gogos et al.,
2000; Yu et al., 2004). The M71-IRES-GFP (M71-GFP) mice, described in
detail previously (Feinstein et al., 2004), were purchased from the The
Jackson Laboratory.

Ca®" imaging. Procedures were modified from those in Maritan et al.,
2009. Briefly, the olfactory epithelium was harvested from P25-P30 con-
trol and Kir2.1 mice in ice-cold HBSS (Invitrogen). Tissue was enzymat-
ically dissociated and the resultant cell suspension was plated on 24 mm
coverslip coated with poly-L-lysine (Sigma) and maintained in culture
medium [D-Val Mem; 10% FBS, 5% Nu Serum, Penstrep L-glutamine,
100 U/ml (Invitrogen), 10 um Ara-C (Sigma), and 25 ng/ml NGF (BD
Biosciences) under standard conditions for 1-2 h (Ronnett et al., 1991).
Neurons were then loaded with 8 um fura-2 AM, 80 pg/ml Pluronic
F127, and 250 uMm sulfinpyrazone (Invitrogen) at 37°C for 30—40 min.
Dissociated preparations were constantly perfused (3 ml/min) except
during stimulus presentation (4—10 s, bath applied).

The odorant stimuli were represented by mixtures of several com-
pounds including: citralva, citronellal, menthone, carvone, eugenol, ge-
raniol, acethophenone, hexanal, benzyl alcohol, heptanoic acid,
propionic acid, benzaldehyde, and IBMP (all from Sigma) prepared as 1
mM stock in Ringer’s solution and diluted to the final concentration of 1
uM and 10 and 200 pm for each odorant in the bath. This stimulus
concentration is well within the range (1 nm to 1 mm) of those used in
previous imaging (Bozza and Kauer, 1998; Maritan et al., 2009; Pietro-
bonetal.,2011) and electrophysiological studies (Reisert, 2010, Connelly
etal., 2013, Tan et al., 2010) on OSNs.

Ca®" imaging experiments were performed on an inverted micro-
scope (Olympus IX 81 with a 40 X NA 1.3 oil-immersion objective). The
microscope was equipped with a CCD camera (SIS-F View) and an illu-
mination system (MT 20; Olympus). Images were acquired every 3 s
using Cell software using 380/15 and 340/15 nm excitation filters and a
510/40 nm emission filter. Images were processed off-line using Image]
software (NIH). Changes in fluorescence (340 nm/380 nm) were ex-
pressed as R/R,, where R is the ratio (340 nm/380 nm) at time t and R, is
the ratio at time = 0 s. Response amplitude (%) was evaluated as AR/R,
X 100, where AR = R — R,. The duration of the calcium response was
calculated as the time (s) between the onset of the calcium rise and the
return to baseline of the calcium signal.

Electrophysiology. Kir2.1 and wild-type control mice (4—8 weeks) were
anesthetized with CO, inhalation and decapitated and the head was im-
mediately putin ice-cold ACSF bubbled with 95% O, and 5% CO,. ACSF
contained the following (in mm): 120 NaCl, 5 KCl, 1 MgSO,, 1 CaCl,, 25
NaHCO;, 10 glucose, and 10 HEPES, pH 7.2. The nasal septum was
dissected en bloc and the tissue was placed in a recording chamber con-
tinually perfused by bubbled ACSF. Dendritic knobs of OSNs present in
the main olfactory epithelium were viewed using an upright microscope
(Olympus BX51WI) by infrared differential contrast optics with a 40X
water-immersion objective and a 2X lens.

Extracellular recordings from dendritic knobs of OSNs were obtained
in the loose-patch configuration with seal resistances of 20—40 M(Q)
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(Nunemaker etal., 2003; Delay and Restrepo, 2004). The pipette solution
was the same as the bath solution. Patch pipettes, pulled from borosili-
cate capillaries (WPI) with a Narishige PC-10 puller, had a resistance of
~5-10 M{). Recordings were made in voltage-clamp mode with a hold-
ing potential of 0 mV using a Multiclamp 700B amplifier controlled by
Clampex 9.2 via a Digidata 1322A (Molecular Devices). Data were low-
pass filtered at 1 kHz and sampled at 5 kHz. Experiments were performed
at room temperature (20-25°C).

The odorant mixture had the same compounds (each at 1 mm in ACSF
solution) of the odor mixture used in the Ca®" imaging experiments (see
above). The odorant stimulus was delivered by pressure ejection (4—8
psi), 150 ms duration, using a Picospritzer I (Parker).

Spontaneous firing activity was defined as the mean firing frequency
recorded in a time window of 2—5 min. For spike detection raw data were
filtered in the window of 5-700 Hz. Odor-evoked firing activity was
detected on the spontaneous background activity using an established
protocol for OSN response analysis (Rospars et al., 2003). Briefly, neu-
ronal spiking activity was defined as a response to odor when, within
1.25 s after stimulus presentation, at least three consecutive spikes pre-
sented an instant frequency (IF; 1/interspike interval) higher than the
mean instant frequency in the 30 s before stimulus presentation plus
1.5 Hz (IF > avgIF + 1.5 Hz). We defined saturating the responses
consisting in an initial burst of firing activity, followed by a silent
period, and by a firing rebound (Rospars et al., 2003; Savigner et al.,
2009). The firing rate of the odor-evoked saturating responses was
estimated as an interspike interval (ISI) of the first four spikes
(Rospars et al., 2003).

Data from spontaneous firing frequency are presented as mean
value = SEM and number of neurons (). Spontaneous firing frequency
data were not normally distributed (Kolmogorov—Smirnov test) and sta-
tistical significance was determined using Mann-Whitney U test. P val-
ues <0.05 were considered statistically significant.

Optical imaging of intrinsic signal. Recordings of intrinsic optical sig-
nals from the olfactory bulb were made as reported previously (Rubin
and Katz, 1999; Meister and Bonhoeffer, 2001; Soucy etal., 2009). Briefly,
mice (P26-P30) were anesthetized lightly (ketamine/xylazine) and a
window was made in the dorsal surface of the skull over the olfactory
bulbs. The exposed tissue was covered with 1% agarose and a glass cov-
erslip. Images were captured using a 35,000 electron/well CCD camera
(CCD 1300-F; Vosskuhler) with a NIKON 55 mm /2.8 microlens
(N15528M) via an NI frame grabber board (NI PCI-1422). Two 60-LEDs
chips (780 nm and 500mW; Roithner Laser Technik ) were attached to
articulating arms (Edmund Optics) to illuminate the olfactory bulbs.
Data acquisition software was developed in Igor (WaveMetrics) and Lab-
View (National Instruments) by E. Soucy and A. Fantana (Soucy et al.,
2009). A custom-built odor robot was used to deliver a large set of chem-
ically diverse stimuli (97 compounds in mineral oil) presented at low
concentrations (~0.1% saturated vapor pressure). Each stimulus was
delivered for 30 s and preceded by 30 s of fresh air and the 97 stimuli (and
one fresh air control) were repeated three to five times. Images were

cantured at 25 Hz Frames taken durine fresh air were averaced for the
Captured at 2o miZ. r'rames axken GQuring irésn air were averageda ior tne

baseline fluorescence (F) and frames taken during odor presentation
were used for AF. AF/F images of the entire field of view were generated
and repeated trials of the same stimulus were averaged, yielding 98 AF/F
images, one for each of the stimuli and one for fresh air. Individual
responding regions were selected and used for analysis. The size of the
boxes used to demarcate responding regions was quantified as the radius
of an ellipse circumscribed within the box. Thresholding for response
amplitudes was determined as 1.5 SDs above threshold of the average
light intensity change in each box for each odor. We used Kolmogorov—
Smirnov tests as statistical tests of significance for distributions of statis-
tics, reporting p < 0.05 as significant.

In vivo tracer injections and imaging analysis. Tracer injections were
performed and analyzed as described previously (Lodovichi et al., 2003).

Briefly, wild-type (C57BL/6), M71-GFP, and Kir2.1 mice were anes-
thetized with a mixture of Zoletil 100 (a combination of zolazepam and
tiletamine, 1:1, 10 mg/kg; Virbac) and Xilor (Xylazine 2%, 0.06 ml/kg;
Bi098). The scalp was resected and the bone over the bulbs removed to
provide access for tracer injections. Microinjections of tetramethylrhod-
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Figure 1. Spontaneousand odor-evoked activity in OSNsin Kir2.1 mice. A-C, Normalized fluorescence ratio (340 nm/380 nm) changes in OSNs loaded with fura-2 and stimulated with a mixture
of odors (A, 1 um; B, 10 uum; C, 200 ) in control (left) and Kir2.1 (right) OSNs. a— ¢, Amplitude of the calcium response (AR/R,%) and duration of the calcium response (s). Data are presented as
mean = SEM. D, Examples of traces of the spontaneous firing activity in OSNs, respectively, in control (top) and Kir2.1 mice (bottom). E, Dispersion plot of spontaneous firing activity in OSNs in
control and Kir2.1 mice. Each symbol indicates a single OSN. OSNs from the same mouse are indicated with symbols of the same color. Black diamond, mean == SEM (Figure legend continues.)
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amine dextran, 3000 MW (Invitrogen), were targeted to GFP-labeled
glomeruli or to the glomerular layer, under an epifluorescent microscope
(Leica MZ16). Tracer was iontophoresed (+2 uA, 50% duty cycle, 7 s
pulses, for 2-3 min) into the olfactory bulb through a glass micropipette
(4-5 wm tip diameter). Eight to twelve hours after injections, mice were
killed by a Xilor-Zoletil overdose and transcardially perfused with 0.9%
saline, followed by 4% paraformaldehyde in 1X PBS. Olfactory bulbs
were removed, post fixed overnight, sectioned (60 wm horizontal sec-
tions) at the vibratome (Leica; VT 1000S), and mounted (Aqua-Poly/
Mount; Polysciences).

In vitro tracer injections. P2-GFP and Kir2.1 X P2-GFP were deeply
anesthetized with Xilor—Zoletil and decapitated. The bulbs were rapidly
dissected in low Ca®" ACSF (McQuiston and Katz, 2001) and bubbled
with 95% O, and 5% CO,. Under an epifluorescent microscope (Leica
MZ16), targeted iontophoretic injections of tetramethylrhodamine dex-
tran, 3000MW (Molecular Probes), were made in the medial P2-GFP
glomerulus, using the same parameters used for the in vivo injections
(above). Once injected, the bulbs were oxygenated in ACSF for 4-5 h,
and then were fixed in 4% paraformaldehyde in 1X PBS and then pro-
cessed as described above.

Confocal imaging acquisition and analysis. Sections were imaged on
Leica SP5 confocal microscope with HC PL Fluotar 20X/0.50 NA objec-
tive (Leica). Z-stack series were collected in each section that contained
any labeling related to the injection and the projection sites, respectively.
The Z-stacks were then projected on the XY plane to obtain the maxi-
mum intensity projection, containing the entire reconstruction of the
projection and of the injection sites, respectively.

Images were then analyzed using Image] software (NIH; RRID:nif-
0000-30467). To quantify the extent of the injection and the projection
sites, images were processed as follows: (1) a threshold was created for
each image by clicking in a nonlabeled area; (2) images were then
background subtracted and converted in binary files, and an object
with clearly defined border was obtained; and (3) the distance be-
tween the borders of this object was measured. The ratio between the
projection and the injection site was calculated. Ratios for each ex-
perimental and control group were averaged and presented as
mean * SD.

Immunohistochemistry. Mice were killed with an Xilor-Zoletil over-
dose and transcardially perfused with 0.9% saline followed by 4% para-
formaldehyde in 1X PBS. Olfactory bulbs were removed, post fixed
overnight, and sectioned (60 wm horizontal sections) at the vibratome
(Leica; VT 1000S). Sections were blocked with 0.5% Triton X-100 + 5%
normal donkey serum in 1X PBS for 60 min. Sections were then reacted
with primary antibody against OMP (1:500; Wako Chemicals catalog
#544-10001-WAKO RRID: AB_664696) at 4°C overnight. The primary
antibody was visualized with Cy3-conjugated donkey anti-goat anti-
body (Jackson ImmunoResearch catalog #705-165-147, RRID:

<«

(Figure legend continued.) (1.23 = 0.29 Hz,n = 33 in control mice an
in Kir2.1 mice). F, Cumulative plot of spontaneous firing frequency, b|n of 0. 25 Hz (Mann—
Whitney U test, one-tail, *p = 0.02). G, Representative recordings of nonsaturating responses
to odors (150 ms) in control (top) and Kir2.1 0SNs (bottom). H, Cumulative response to an odor
puff (150 ms) normalized to the number of neurons (n = 13 in control mice, n = 22in Kir2.1
mice; bin 30 ms). /, Examples of saturating responses to odors (150 ms) in control (top) and
Kir2.1 OSNs (bottom). J, Cumulative response to an odor puff (150 ms) normalized to the
number of neurons (n = 8 in control mice, n = 5 in Kir2.1 mice; bin 30 ms). K, Maximum
intensity projection images of all odor responses collected in optical imaging of intrinsic signal
experiments in glomeruli of the olfactory bulb of control (top) and in Kir2.1 mice (bottom).
Darker regions indicate responding areas. Right, The responding spots are shown as white
ellipsesin control (top right) and in Kir2.1 mice (bottom right). Scale bar, 500 m. M, medial; L,
lateral; A, anterior; P, posterior. L, Cumulative distribution of the number of glomeruli activated
by the same odorants. M, Cumulative distribution of the number of responses recorded in each
glomerulus. N, Cumulative distribution of the size of responding glomeruli upon odor stimula-
tion. 0, Cumulative distribution of amplitude of the odor-evoked responses elicited in the glom-
eruli. Responses are shown as multiples of the SD of noise, with a threshold of 1.5 used to define
a response. Cumulative fraction = total number of events. Solid line, controls; dashed line,
Kir2.1 mice.
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AB_2307351) after 2 h incubation at room temperature. DAPI (Invitro-
gen) was used as nuclear counterstain. Images were acquired at the con-
focal microscope (Leica SP 5) using an HC PL Fluotar 20X/0.50 NA
objective (Leica).

Mitral cell labeling. Mice heterozygous for tet,-Kir2.1-IRES-tauLacZ
and wild-type C57BL/6 mice at P6—P8 were killed by decapitation. A
small incision was made in the presumptive lateral olfactory tract and a
small crystal of Dil | (3) (Invitrogen) was applied. Brains were replaced
in fixative and incubated at 37°C for 7-10 d. Brains were then sectioned
(60 wm sections) at the vibratome (Leica; VT 1000S). Sections were
imaged at a Leica SP 5 confocal microscope with an HC PL Fluotar
20%/0.50 NA objective (Leica). Z-stacks through selected mitral cells
were performed and projected on the XY plane to obtain the maxi-
mum intensity projections, containing the reconstruction of the en-
tire cells.

Olfactory discrimination test. Wild-type control and Kir2.1 male mice,
age > P40, were trained and tested to assess their ability to discriminate
between pairs of odors: fenchone (+) and (—), carvone (+) and (—),
2-heptanol (+) and (—), 2-methylbutyric acid (2MB), and cyclobutan-
ecarboxylic acid (cb), all from Sigma-Aldrich. For each pair of odors a
group of n = 6 control mice and a group of n = 6 Kir2.1 mice was used.
The behavioral paradigm was slightly modified from that used previously
(Schellinck et al., 2001). Briefly, 4 d before training the animals were put
on a food restriction schedule to maintain 80—85% of their free-feeding
weight. Water was available ad libitum. Mice were trained for 4 d in the
following way. Each mouse was exposed in 4 X 10 min sessions to a
conditional stimulus (CS+) contained in an odor pot hidden in the
bedding of the cage, together with a piece of sugar (0.05 g). Each mouse
was also exposed to the unconditioned stimulus (CS—) present in an
odor pot hidden in the bedding of the cage, without the sugar. The CS+
and CS— were presented in different cages and each mouse was exposed
randomly to CS+ or to CS— during the course of the training day. Odor
concentrations were as follows: (+) carvone (6.4 M), (—) carvone (6.4 M),
(—) fenchone (6.2 M), (+) fenchone (6.2 m), (—) 2-hepatonol (7.03 m),
(+) 2-heptanol (7.01 M), 2-MB (9.1 M), cb acid (10.4 m). These odor
concentrations are well within the range of those used in previous behav-
ior experiments (Kobayakawa et al., 2007).

On the fifth day, mice were tested in a three-chamber apparatus. In the
left and in the richt compartment the CS+ and CS—, in odor pots, were

eft and in the right compartment the CS+ and CS—, in odor pots, were
hidden in the bedding. Sugar was not present in the testing phase. The
animal was introduced in the chamber apparatus, without odors, for 5
min for habituation. After that the odors were hidden in the lateral cham-
bers and the animal introduced in the central chamber having free access
to the side compartments of the apparatus. The ability of the mice to
discriminate CS+ versus CS— was assessed scoring the time spent inves-
tigating, digging, and sniffing around each odor pot, within a 2 min time
window. The discrimination test was done blind to the conditioned odor.
Differences between groups were evaluated using the Mann—Whitney
test, *p < 0.05; ¥*0.001 < p < 0.01.

Modulation of Kir2.1 expression. To examine the effects of Kir2.1 expres-
sion only in adulthood, two experimental procedures were used. In the first
one, animals were fed with doxycycline (Sigma-Aldrich; 6 mg/g pellet
food) throughout gestation until P30 (to abolish Kir2.1 expression). At
P30 the sensory map (i.e., organization of glomeruli; see above, Immu-
nohistochemistry and main text) and the link between homologous
glomeruli were studied. For the latter, focal tracer injections in vivo were
performed as described above in Kir2.1 and control mice at P30. In the
second experimental procedure, the doxycycline administration was sus-
pended at P30 and the animals (Kir2.1 mice and controls) analyzed at
P60. At P60, the sensory map and the link between homologous glom-
eruli were studied (see above). To assess the Kir2.1 expression, sec-
tions of the olfactory bulb of Kir2.1 and control animals at P30 and
P60, respectively, were reacted with goat antibody specific for B-gal
(1: 1000; MorphoSys catalog #4600-1409, RRID: AB_2307350). The
primary bound antibody was then visualized using anti-goat Cy3
conjugated (Jackson ImmunoResearch catalog #705-165-147, RRID:
AB_2307351).

1Ug. v



150 - J. Neurosci., January 7, 2015 - 35(1):146-160

Results

Spontaneous and odor-evoked activity
in OSNs overexpressing Kir2.1

The overexpression of Kir2.1 channel is
supposed to dramatically reduce the
spontaneous firing in OSNs (Yu et al,
2004), although its effect on odor-evoked
activity remained to be clarified. To ad-
dress this point we analyzed the calcium
dynamics in response to a mixture of
odors in isolated OSNs loaded with the
Ca’" indicator fura-2. OSNs exhibited a
fast onset, rapidly recovering Ca>" signal
in response to all the concentrations of
odors tested (1, 10, and 200 um), which
was not significantly different in Kir2.1
and in control mice (1 uMm, controls: n =
16, Kir2.1: n = 17, amplitude of calcium
response, AR/R, (%) controls = 39.7 *
6.2, Kir2.1 = 39.8 = 8.2, t test, p = 0.95;
duration of calcium response, controls =
75.6 £10.8 s, Kir2.1 = 64.2 = 8.5, t test,
p = 0.4; 10 um, controls: n = 12, Kir2.1:
n = 19, amplitude of calcium response,
AR/R, (%) controls 70.7 * 23, Kir2.1 =
68.6 = 10.4, t test, p = 0.9; duration of
calcium response, controls 79 * 13.6 s,
Kir2.1 = 81.2 = 11.4 s, t test, p = 0.9; 200
uM, controls: n = 17; Kir2.1: n = 20; am-
plitude of calcium response, AR/R, (%)
controls 115.3 * 15.3; Kir2.1 = 117.1 *
23.5; t test, p = 0.95; duration of calcium
response, controls = 111.5 *£ 9.1 s;
Kir2.1 = 100.8 = 8.3 s; t test, p = 0.4;
Figure 1A-C). These results indicated the
Ca** dynamics in response to odors was
very similar in Kir2.1 and in control mice.

Ca?" imaging is widely used to analyze
neuronal activity (Cossart et al., 2005;
Kerr et al., 2005; Grienberger and Kon-
nerth, 2012). In our experimental condi-
tions, however, Ca®>" imaging did not
have the temporal resolution required to
extract the temporal firing patter (i.e., sin-
gle action potential resolution) of neu-
rons. To overcome this limitation and
thoroughly dissect the effect of Kir2.1 ex-
pression on the spiking activity of OSNs,
using the loose-patch configuration, we
recorded spontaneous and odor-evoked
activity from dendritic knobs of OSNs, in
the intact epithelium.

The spontaneous firing activity of
OSNs was recorded for 2-5 min. We
found that basal activity exhibited some
variability in the firing rate among neu-
rons both in control and in Kir2.1 mice
(respectively, four and six mice, 33 and 45
neurons, 4—11 neurons for each animal;
Fig. 1E). These data are in agreement with
previous studies reporting a consistent
variability in the basal firing activity of
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Figure2. Additional glomeruliinthe OB of Kir2.1 mice. A, Top, Medial aspect of the OB in P2-GFP, left, and Kir2.1 X P2-GFP mice, right.

Bottom, Dorsal views of the OB of M71-GFP controls, left, and Kir2.1 X M71-GFP mice, right. Arrows indicate P2-GFP and M71-GFP
glomeruli. Scale bar, 1 mm. B, 0B size. Top, Area of medial surface (control, n = 6; Kir2.1,n = 6) and bottom area of the dorsal surface
(control, n = 7;Kir2.1,n = 9) of 0B iin control and Kir2.1 mice. Data are presented as mean = SD. €, Number of glomeruli in the OB of
control and Kir2.1 mice. Ca, Examples of GFP-labeled glomeruliin horizontal sections of the OB of P2-GFP control mice (left) and of Kir2.1 X
P2-GFP mice (right), of M71-GFP control mice (Cb, left) and Kir2.1 X M71-GFP mice (Cb, right). C¢, Examples of glomeruli in horizontal
sections of the OB in control (left) and Kir2.1 (right) mice. Dashed circles outline the profile of a single glomerulus. Scale bar, 200 m. D,
Number of glomeruli per each half-bulb, and summary of results. Mice per condition: P2-GFP, n = 7; Kir2.1 X P2-GFP,n = 7.M71-GFP,
n = 7;Kir2.1-M71-GFP, n = 6. ttest, P2-GFP control versus Kir2.1 X P2-GFP, **p = 0.002; M71-GFP control versus Kir2.1 X M71-GFP,
p = 0.59. E, Graph of the coordinates that define the location of the main glomeruli in the OB of P2-GFP control (n = 5) and Kir2.1 X
P2-GFP mice, left (n = 4, ttest controls-Kir2.1,V-D, p = 0.3,P-A,p = 0.9).Right, Graph of the coordinates that define the location of the main
glomeruliin the OB of M71-GFP control mice (n = 4) and of Kir2.1 X M71-GFP mice (n = 4, ttest controls-Kir2.1, lateral glomerulus P-A,p = 0.6;
M-L, p = 0.07; medial glomerulus P-A, p = 0.5; M-L, p = 0.24). Blue square, P2-GFP and M71-GFP glomeruli; red square, Kir2.1 X P2-GFP and
Kir2.1 X M71-GFP glomeruli. M, medial; L, lateral; A, anterior; P, posterior; V, ventral; D, dorsal. Dataare presented as mean = SD.
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different in OSNs in control and Kir2.1
mice (respectively, 17.1 = 1.3 ms, n = 8
and 15.1 = 1.6 ms, n = 5 in Kir2.1; t test,
p=0.4).

Odor-evoked activity in response to a
large panel of chemically diverse odors
also was recorded in olnmeruh in func-

MERGE

tional imaging experiments (Fig. 1K). A

shown in Figure 1K we found that evoked
activity in response to odors (~0.1% sat-
urated vapor pressure, a concentration
routinely used in previous studies; Rubin
and Katz, 1999; Uchida et al., 2000; Meis-
ter and Bonhoeffer, 2001; Soucy et al.,
2009) could be recorded, although the
functional maps were more blurred than

in controls. We found that unon odor
i coniress. Ve iound that upen OGOt

stimulation more glomeruli were acti-
vated and that each glomerulus re-
sponded to a higher number of odorants
in Kir2.1 mice versus control animals (Fig.
1L,M; n = 89 control and 149 Kir2.1
glomeruli, p = 0.002, Kolmogorov—Smir-
nov test). The average size of the activated
areas was bigger in Kir2.1 mice (Fig. 1N;
n = 89 control and 149 Kir2.1 glomeruli,
p < 0.005, Kolmogorov—Smirnov test),
while the amplitude of response to a given
odor was slightly smaller in Kir2.1 glom-
eruli than in controls (Fiu 10; n = 1531
Kir2.1 responses, n = 767 control re-
sponses; p = 0.025, Kolmogorov—Smir-
nov test).

The sensory map and the organization
of glomeruli in the OB of Kir2.1 mice
To study the convergence of OSNs with
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Figure 3.

OSN s (Reisert, 2010; Connelly et al., 2013). However, spontane-
ous firing was significantly reduced in Kir2.1 mice with respect to
control, as shown Figure 1 D-F (Mann—Whitney U test, one-tail,
p = 0.02%).

In response to an odor puff, the percentage of responsive neu-
rons was similar in control (79%) and Kir2.1 (68%) mice. Odor-
evoked spiking activity was very similar in OSNs in control and
Kir2.1 mice (Fig. 1G-J), confirming the results we obtained with
the Ca”* imaging (see above). In particular we found that both
nonsaturating (Fig. 1G,H ) and saturating (Fig. 1 I,]) responses to
an odor puff were similar in OSNs in control and Kir2.1 mice
(Fig. 1 H,]). The firing rate of the evoked responses, estimated as
ISI (see Materials and Methods for details), was not significantly

GFP P2-GFP GFP M71-GFP

Organization of glomeruli in control and Kir2.1 mice. A, Organization of P2 and M71glomeruli was revealed by
immunolabeling horizontal sections of the 0B with antibodies against the OMP (red). GFP expressedin P2 and M71-axons (green).
Nuclei stained by the nuclear marker, DAPI (blue). Aa, Ab, P2-axons expressing both GFP and OMP coalesce to form homogeneous
glomeruliin P2-GFP and in Kir2.1 X P2GFP mice. Ab, P2-axons also innervate adjacent glomeruli (i.e., heterogeneous glomeruli,
arrowheads) in Kir2.1 X P2-GFP mice. Ac, Ad, M71 glomeruli are formed by OSN axons expressing both GFP and OMP (homoge-
neous glomeruli) in M71-GFP mice and in most Kir2.1 X M71-GFP mice. Scale bar, 200 wm. B, Percentage of half-bulb with
heterogeneous glomeruliin P2-GFP (n = 8) and inKir2.1 X P2-GFP (n = 8) and in M71-GFP (n = 8) and Kir2.1 X M71-GFP (n =
8).C, Areaofglomeruliin Kir2.1 XX P2-GFP mice, inKir2.1 XX M71-GFP mice, and in controls. The size of glomeruli resulted in similar
control and Kir2.1 mice, with the exception of M71-GFP glomeruli that were smaller. Data are presented as mean == SEM.

reduced spontaneous activity to form glom-
eruli in the OB, mice heterozygous for
OMP-IRES-tTA/tet,-Kir2.1-IRES-tauLacZ
were crossed with mice homozygous for
the P2-IRES-GFP or with M71-IRES-GFP
allele (Kir2.1 X P2-GFP or Kir2.1 X M71-
GFP mice). In these mice, sensory neu-
rons expressing the odorant receptor P2
or M71 coexpress GFP. As a result of this
genetic manipulation the corresponding
glomeruli can be easily identified in the
OB. The overall size of the OB was com-
parable in Kir2.1 and in control mice (Fig.
2 A,B). By P30, in Kir2.1 mice, the P2-expressing axons form one
or two distinct glomeruli on the medial and on the lateral side of

Kir2.1x ~ M71-Kir2.1x

each bulb (as in controls); however, they also projected to several
adjacent glomeruli (from 3 to 9, in one case, 18, mice, n = 7; Fig.
2C,D). All the additional glomeruli were located in a restricted

ive alomeruli from the main P2 alome
1 Iive giomerul

the late maturation of M71 glomeruli (Zou et al., 2004), we ex-
amined M71-GFP mice at P30 and P50. At both these temporal
points, the Kir2.1 X M71-GFP mice presented one glomerulus
on each side of the bulb (same as controls) although, occasion-

erulus. Due to
rom iné mam r2 giomer Jue e

ally, a few M71-expressing axons also entered one or two adjacent

glomeruli (n = 10; Fig. 2C,D). As a result of the presence of
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Figure4. Development of the link between homologous glomeruli in control mice. a—f, Schemes of horizontal sections of the 0B. The dashed line depicts the line of symmetry between the two

maps of homologous glomeruli. a, ¢, e, The red arrowhead indicates the tracer injection targeted to the glomerular layer. b, d, f, The red line indicates the ETC projection on the opposite side of the
0B. A, Examples of small tracer injections (red spots) targeted to the glomerular layer from P15 to P70. Arrow indicates labeled ETCs. B, Axons of the ETCs labeled (Figure legend continues.)
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additional glomeruli, the olfactory bulb resulted to have a higher
number of glomeruli in Kir2.1 than in controls mice (*p < 0.05;
Kir2.1 mice, n = 4 and control mice, n = 4). The location of the
main glomeruli for M71 and P2 was superimposable in Kir2.1 X
M71-GFP and Kir2.1 X P2-GFP and control mice, as shown in
Figure 2E.

A hallmark of mature glomeruli, which represents a key fea-
ture in the organization of the OB, is that they are innervated
exclusively by fibers expressing the same OR. To assess the glo-
merular organization, serial sections of the OB of Kir2.1 X P2-
GFP and Kir2.1 X M71- GFP mice were immunolabeled with
antibodies against the OMP, a protein expressed by all mature
OSNss (Danciger etal., 1989). The supernumerary glomeruli con-
tained fibers immunopositive for both OMP and for GFP (i.e.,
axons expressing P2 or M71) along with axons positive only for
OMP, but not for GFP (i.e., axons that express a different OR
from P2 or M71; Fig. 3Ab,Ad). The main P2 and M71 glomeruli
were composed exclusively of fibers positive for OMP and for
GFP, ie., P2 and M71-expressing axons, respectively (Fig.
3Aa,Ac). These data suggest that the increased number of P2 and
M71 glomeruli can be accounted for by a greater number of
heterogeneous glomeruli (Fig. 3B). The size of the main glomer-
uli was unaltered in most cases analyzed (Fig. 3C). Our data dem-
onstrate that in Kir2.1 mice the organization of the OB in
functional units defined by homogeneous glomeruli is disrupted
by the presence of additional heterogeneous glomeruli.

Development of the link between homologous glomeruli

The perturbed organization of the sensory map in mice with
reduced spontaneous activity in OSNs prompted us to examine
the second level of topography of the bulb, the connections be-
tween homologous glomeruli. To address this question we stud-
ied the development of the connections in Kir2.1 and control
mice, because our previous studies were limited to adults (Bellus-
cio et al., 2002; Lodovichi et al., 2003). As a result of a possible
incomplete refinement and/or mistargeting of the axonal projec-
tions of the external tufted cells (ETCs), the intrabulbar link
could be less precise and the resulting topographic map more
blurred, at early stages of development.

We first analyzed the morphology of the intrabulbar link from
P15 to P70 in wild-type mice. To ascertain whether the projection
was confined to a single glomerulus (size of the projection), we
performed focal injections of an anterograde tracer (tetrameth-
ylrhodamine) that were largely restricted to a single glomerulus.
We then calculated the ratio between the projection size and the
injection size. We knew that in the mature system, analyzed in
animals =3—4 weeks (Lodovichi et al., 2003) the ratio is 1:1. At
P15, we found that a focal injection gave rise to a broad projec-
tion, not exclusively confined to the homologous glomerulus (ra-
tio projection size/injections size = 2.7 * 0.12, n = 5; Fig.
4A,B,G). The intrabulbar projections underwent a refinement

O

(Figure legend continued.) by tracer injections (A) ended in anterograde projections (yellow
brackets) on the opposite side of the 0B. ¢, d, The M71-GFP glomerulus is indicated in green. €,
Examples of tracer injections targeted to the M71-GFP glomeruli from P15 to P70 and the
corresponding projections (yellow brackets) just undemeath the M71-GFP homologous glom-
erulus on the opposite side of the bulb (D). e, Schematic representation of the hemi-head
preparation. In green, the P2-GFP glomerulus on the medial surface of the bulb. E, Examples of
tracer injections targeted to the P2-GFP medial glomerulus from P7 to P30 and the correspond-
ing projections just underneath the homologous P2-GFP glomerulus on the opposite side of the
0B (F). GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal
plexiform layer. Scale bar, 200 um. G, Summary of results. Data are presented as mean = SD.
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process between P15 and P30, when they reached the point-to-
point projection/injection ratio of 1:1, and remained stable
throughout adulthood (ratio projection/injection size: P30, ra-
tio = 1.04 = 0.09, n = 6; P50, ratio = 1.03 = 0.03, n = 4; P70,
ratio = 1.03 £ 0.01, n = 4, t test: P15-P30, ratio ***p < 0.001;
P30-P50, ratio p = 0.8; P50—P70, ratio p = 0.9; Fig. 4A, B,G).

To assess whether the projection was specifically targeted be-
neath the homologous glomerulus, focal dye injections were per-
formed into the lateral GFP-labeled glomerulus in M71-GFP
mice from P15 to P70 (Fig. 4C,D). We found that, at all the time
points analyzed, the projection was targeted underneath the me-
dial M71-GFP glomerulus, although at P15 the projection was
not exclusively confined to the homologous glomerulus, but
larger (ratio = 2.7 = 0.35, n = 6; Fig. 4C, D, G). The refinement
process was observed again between P15 and P30, when the pro-
jection size/injection size ratio was 1:1 (P30, ratio = 1.03 = 0.04,
n = 6; P50, ratio = 1.01 %= 0.03, n = 3; P70, ratio = 1.03 = 0.001,
n = 4; t test: M71 P15-P30, ratio ***p < 0.001; P30—-P50, ratio
p = 0.4; P50—P70, ratio p = 0.9; Fig. 4C, D, G). Focal tracer injec-
tions also were targeted to the P2-GFP glomeruli. In this case, due
to the position of the medial glomerulus, buried deep along the
medial wall of the OB, the injections were performed in hemi-
head explant preparations in which the medial side of the bulb
was exposed while retaining its connections with the olfactory
epithelium and the brain (Fig. 4e; Lodovichi et al., 2003). Due to
the early maturation of the P2 glomeruli (Royal and Key, 1999),
the size and the targeting of the intrabulbar connections were
examined beginning at P7. At all the time points analyzed, again,
the axonal projection of the ETCs ended just beneath the homol-
ogous glomerulus. Although at earlier stages of development the
ETC projection was broader (projection size/injection size ratio
at P7, 4.8 = 0.6, n = 3; P15, 2.7 = 0.09, n = 4; Fig. 4E-G), it
reached the 1:1 projection size/injection size ratio at P30 (ratio =
1.03 £ 0.03, n = 3; t test P7—P15, ratio ***p < 0.001, P15-P30,
ratio ***p < 0.001; Fig. 4E-G).

Intrabulbar circuitry in Kir2.1 mice

To analyze the intrabulbar circuitry in Kir2.1 mice, focal tracer
injections were targeted to the glomerular layer in Kir2.1 mice
from P30, the age at which a mature, point-to-point connection
between homologous glomeruli is present in control animals (see
above and Lodovichi et al., 2003) to P70. At all the time points
examined, a small injection site corresponded to a projection not
confined to a single glomerulus (Fig. 5A, B,E). Although a reduction
in the projection/injection ratio was observed from P30 to P70, it
never reached the value of 1:1 as in control animals (ratio P30 =
2.33 £ 0.1, n = 9; P50 ratio = 2 = 0.05, n = 5; P70, ratio = 1.92 *
0.13, n = 3; t test: Kir2.1 P30—P50 ratio ***p < 0.001, Kir2.1 P50—
P70 ratio p = 0.3, P30 wt-P30 Kir2.1 ratio ***p < 0.001, P50 wt- P50
Kir2.1 ratio **p < 0.001, P70 wt-P70 Kir2.1 ratio ***p < 0.001).

Focal tracer injection targeted to the P2 medial glomerulus in
Kir2.1 X P2-GFP mice ended in a projection just beneath the
homologous glomerulus (Fig. 5C-E, P30, ratio = 2.37 % 0.08,
n = 6, t test ratio P2-GFP-Kir2.1 X P2-GFP ***p < 0.001; P30,
ratio Kir2.1 X P2-GFP vs Kir2.1 p = 0.5). Therefore the specific
targeting of the anterograde projection was not affected in Kir2.1
mice. The specific targeting between M71 glomeruli in Kir2.1 X
M71-GFP mice could not be examined, since identifying and
targeting such small glomeruli were extremely challenging.

All together these data indicated that the connection between
the main glomeruli was preserved in Kir2.1 mice, although it was
not confined exclusively to isofunctional glomeruli due to the
lack of refinement of the axonal projections of the ETCs.
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Unrefined intrabulbar circuitry in Kir2.1 mice. A, Examples of focal tracer injections (red spots) targeted to the glomerular layer in Kir2.1 mice from P30 to P70. B, ETC axons labeled in

A give rise to anterograde projections (yellow brackets) on the opposite side of the bulb, which are larger than the corresponding injection sites. C, Tracer injection targeted to the medial P2-GFP
glomerulus and the corresponding projection underneath the homologous P2-GFP glomerulus (D). GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform

layer. Scale bar, 200 pum. E, Summary of results. Data are presented as mean = SD.

Development of mitral cell apical dendrite in Kir2.1 mice

We found that the developmental refinement of the OSN and
ETC axonal projections is perturbed in Kir2.1 mice. We asked
whether the postsynaptic targets of the OSNs, the mitral cells
(MCs), exhibited any effect related to their developmental mat-
uration in Kir2.1 mice. Mature mitral cells extend a single apical
dendrite into a single glomerulus to contribute to the organiza-
tion of the odor column. This single apical dendrite remains after
the withdrawal of other, supernumerary dendrites, a process that
is completed in the first postnatal week (Lin et al., 2000). We
found no difference in the developmental remodeling of the api-
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cal dendrite of MCs in Kir2.1 mice versus controls (from P6 to P8
mice). At this developmental stage, indeed, most MCs presented
a single apical dendrite as in controls (MCs with single apical
dendrite at P6 = 91.6% in controls, 91% in Kir2.1 mice, at P7 =
96.7% in controls and 96.8% in Kir2.1 mice, at P8 = 98% in
controls and 97% in Kir2.1 mice; Fig. 6A-D).

Olfactory discrimination behavior in Kir2.1 mice

The altered organization of the anatomical and functional maps
of the OB could affect olfactory behavior. To address this ques-
tion we studied the ability of Kir2.1mice to discriminate between
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Developmental refinement of the apical dendrite in MCs. A, Schematic representation of the developmental withdrawal of the extra apical dendrites. B-C, Examples of MCs,

retrogradely labeled by Dil, in horizontal sections of the 0B, in control (B) and in Kir2.1(C) mice at P7. In both cases (B, €) a single apical dendrite (arrow) ends in an apical tuft within a single
glomerulus. D, Summary of results (P6: Kir2.1 mice, n = 6, wild-type mice, n = 4; P7:Kir2.1 mice, n = 5, wild-type mice,n = 4; P8:Kir2.1 mice, n = 6, wild-type mice, n = 4).Scale bar, 100 m.
Odor discrimination tests in control and Kir2.1 mice. E, Control and Kir2.1 mice were trained for 4 d to discriminate between the conditioned odor (odor T + sugar, (S+) and the unconditioned odor
(odor 2, CS—). On the fifth day (F) the animals were tested in a three-chamber apparatus and the digging time for each odor (without sugar) of the related pair was scored. G-J, Digging time for

each pair of odors tested. Bars indicate SEM. *p << 0.05,** 0.001 < p < 0.01.

two odors. We found that the altered connectivity was confined
around the main glomeruli, for both the sensory map and for the
intrabulbar connections. We reasoned that the Kir2.1 mice could
have difficulties in discriminating odorants that elicit very similar
spatial maps of activated glomeruli, such as enantiomers. Enan-
tiomers, mirror symmetric pairs of molecules that differ only in
their optical activity, are represented by similar functional maps
that differ for one or a few activated glomeruli located in a re-
stricted area, in rodents. It has been shown that the spatial pattern
of glomerular activity provide sufficient information to discrim-
inate molecular shapes (Linster et al., 2001; Rubin and Katz, 2001;

Kobayakawa et al., 2007; Clarin et al., 2010; Mori and Sakano,

INTT1e NMasethe 2011)
4V11;aviuruly, 2viil ).

To assess the discrimination capabilities of Kir2.1 mice, we
performed an olfactory discrimination test (Schellinck et al.,
2001) using four different couples of odorants. Mice were trained
for 4 d to associate either of the two related odors to a food reward
(sugar). On the fifth day, the sugar reward was removed and the
animal ability to discriminate between the two related odors was
tested. The lengths of time the mouse spent investigating, dig-
ging, and sniffing the odorants were measured (see methods for
details). If the animal spends most of the time investigating the
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Figure7.  Sensory map plasticity inKir2.1 mice. 4, Schematic of the experimental strategy. Doxycycline is supplied with the food
throughout the gestation and in newborn mice until P30. The sensory map is analyzed at P30 (€) and at P60 (D). In the latter case,
Kir2.1 is re-expressed from P30 to P60. B, Horizontal sections of the OB immunostained with antibodies against 3-gal in
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conditioned odor, this indicates that the
animal is able to discriminate the two
odors.

We found that Kir2.1 mice were unable
to discriminate between odors that elicit
very similar spatial patterns of activation,
such as the couples of the enantiomers
2-heptanol (+) and (—), fenchone (+) and
(—), carvone (+) and (—), but retained the
ability to distinguish between odorants that
presented a more distinct spatial pattern of
activated areas, such as 2-MB acid and cb
acid (Figure 6E-]).

Overexpression of Kir2.1 in adults
disrupted the already

refined connectivity

Spontaneous activity has always been
thought to play a prominent role in early
stages of development (Goodman and
Shatz, 1993; Huberman etal., 2008). Once
the sensory systems become responsive to
sensory stimuli, evoked activity contrib-
utes to the stabilization and further refine-
ment of neuronal connections (Shatz,
1996; Hensch, 2004). Whether spontane-
ous activity can modulate synaptic con-
nections in adult life remains largely
unknown.

To address this point we took advan-
tage of the inducible nature of the Kir2.1
construct. In one group of experimental
animals, the expression of the Kir2.1
channel was suppressed by doxycycline
administration in the food, during gesta-
tion, and in the first 30 d of postnatal life
(P30) in Kir2.1 mice (Fig. 7A). In a second
group of animals, at P30 the administra-
tion of doxycycline was suspended, allow-
ing the Kir2.1 channel to be expressed
until P60 (Fig. 7A).

We analyzed the effect of suppression/
re-expression of Kir2.1 on both levels of
the topographic organization of the olfac-

-

wild-type control (Ba) and in Kir2.1 (Bb) mice, both treated
with doxycycline until P30 (Ba, Bb). In the Kir2.1 mice (Bb),
B-gal (i.e., Kir2.1) expression is abolished, due to the doxycy-
cline administration. B¢, Bd, Horizontal sections of the OB im-
munostained with antibodies against 3-gal in wild-type
control (Bc) and in Kir2.1 (Bd) mice, analyzed at P60. In Kir2.1
mice B-gal is clearly re-expressed. €, Organization of P2 glom-
eruli was revealed by immunolabeling horizontal sections of
the 0B with antibodies against OMP (red). GFP expressed in P2
axons (green). Nuclei stained by the nuclear marker, DAPI
{biue). Upon doxy administration, at P30, P2-axons converge
into a single homogeneous glomerulus in control and Kir2.1
mice. D, At P60, P2-axons converge into a single glomerulus in
control and Kir2.1 mice; however, they also project to adjacent
heterogeneous glomeruli in Kir2.1 mice (arrowhead). Scale
bar, 200 pem. E, Summary of results. As indicated by the sche-
maticon topin each graph: left, results at P30; right, results at
P60.
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tory bulb, namely the glomerular map and the intrabulbar con-
nections. We found that doxycycline administration until P30
completely abolished the expression of Kir2.1 (Fig. 7B). Analyz-
ing the sensory map at P30, we found that the stereotypical pat-
tern of convergence of the P2 OSN axons was restored (control
mice, n = 3; Kir2.1 mice, n = 3; t test, p = 0.4; Fig. 7C,E).
Studying the sensory map at P60, in mice that expressed Kir2.1
gene from P30 to P60, we found that P2-axons converge to form
not only the main homogenous glomeruli, but they also targeted
several additional heterogeneous glomeruli (Fig. 7D, E; control
mice, n = 3; Kir2.1 mice, n = 4, control-Kir2.1 P60 t test, ***p <
0.0001; Kir 30-Kir 60 t test, ***p < 0.0001; Fig. 7D, E).

We then analyzed the intrabulbar connections. In the first
experimental design, a small tracer injection targeted to the glo-
merular layer in Kir2.1 mice at P30 ended in a small projection,
confined to a single glomerulus (as in controls), on the opposite
side of the bulb (Fig. 8A—E,K; wild-type controls + doxy, P30,
mice, n = 3, ratio = 1.01 = 0.03, Kir2.1 mice + doxy, P30, mice,
n = 3, ratio = 1.1 = 0.09, t test ratio Kir2.1-wt mice, p = 0.2).

A focal tracer injection targeted to the glomerular layer at P60
in Kir2.1 mice that overexpressed Kir2.1channel from P30 to P60,
gave rise to a projection that was broader than in controls (Fig.
8F-K; wild-type control mice: n = 3, ratio = 1.1 = 0.09; Kir2.1
mice: n = 3, ratio = 1.8 £ 0.2; t test ratio Kir2.1-controls (P60),
**p = 0.002). The projection size/injection size ratio was smaller
at P60 in Kir2.1 mice treated with doxycycline until P30 than in
Kir2.1 mice at P30 (***p = 0.001).

Discussion

Perturbed neural wiring and functional maps in Kir2.1 mice
In this paper we studied circuit formation and function in the OB
of mice genetically modified to have reduced spontaneous activ-
ity in OSNs (Kir2.1 mice; Yu et al., 2004). We found that the basal
spiking activity was significantly reduced in OSNs of Kir2.1 mice
with respect to controls. In response to odor stimulation, how-
ever, the Ca’" response and the firing pattern were superimpos-
able in control and Kir2.1 mice. These data suggest that odorant
stimuli, at all the concentrations tested, were capable of overcom-
ing the hyperpolarization of OSNs in Kir2.1 mice. It is worth
noting that OSNs have high input impedance (Lynch and Barry,
1989; M. Ma et al., 1999; Grosmaitre et al., 2006) and small odor-
evoked currents may be sufficient to cause suprathreshold depo-
larization. Consistent with our results, previous studies have
shown that although basal activity is reduced in neurons express-
ing Kir2.1, once threshold is reached, stimulus-evoked activity in
control and overexpressing Kir2.1 neurons is similar (Burrone et
al., 2002). These data indicate that Kir2.1 mice are a useful model
to dissect the role of spontaneous activity in the topographic and
functional organization of the OB.

Odor-evoked activity also was clearly recorded in glomeruli of
Kir2.1 mice although the functional maps were coarser than in
controls. A recent paper (L. Ma et al., 2014) reported that methyl
valerate did not elicit responses in the OB of Kir2.1 mice, in
contrast to our extensive data. [t is not clear what the difference is,
but we note that our study used a large suite of odorants (97
chemically diverse odorants, including ethyl valerate, an odor
similar to methyl valerate). Our in vivo data are also corroborated
by in vitro recordings demonstrating clear odor response in
Kir2.1overexpressing OSNs.

We found a higher number of active spots to stimuli that
resulted in a larger overall area of response, compared with con-
trols. Each glomerulus was responsive to a higher number of
odorants, although the odor responses were smaller in amplitude
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in Kir2.1 glomeruli than in controls. It has been shown that the
spots of the activated area correspond to single glomeruli and
they derived primarily from the activation of the sensory neuron
axons (Meister and Bonhoeffer, 2001; Belluscio etal., 2002; Soucy
et al.,, 2009). A hallmark of mature glomeruli is that they are
innervated exclusively by sensory axons expressing the same OR
(Treloar et al., 2002). We found that OSN axons expressing the
same OR project to multiple adjacent glomeruli in Kir2.1 mice, a
proper feature of early stage of development (Royal and Key,
1999; Lodovichi and Belluscio, 2012). This pattern of projection
can explain the higher number of activated glomeruli in response
to a given odorant. The spatial vicinity of these additional heter-
ogeneous glomeruli is likely to account for the larger size of the
spots. The heterogeneous organization of glomeruli can explain
the smaller amplitude of the response, since not all the fibers
within a given glomerulus are responsive to a given odorant.
Having different types of ORs, each glomerulus is responsive to a
higher number of odors, resulting in wider molecular receptive
range. These data suggest that the functional alterations reflected
with remarkable precision the unrefined connectivity of the sen-
sory map of Kir2.1 mice.

In addition, we found that in Kir2.1 mice the intrabulbar con-
nections, although preserved, did not undergo the refinement
process that takes place between P15 and P30 in control animals,
resulting in spread of connections. The axonal projections of the
ETCs also were coarser in the absence of sensory experience due
to naris occlusion (Marks et al., 2006) although the defects were
more severe in that case. The absence of evoked activity appears
to cause a significant enlargement of the ETC projections while
reduced spontaneous activity prevents their refinement. Our data
show that reduced spontaneous activity in Kir2.1 mice affects the
refinement process of both levels of topography in the OB.

Although the mechanism underlying neural circuit refine-
ment remains to be clarified, different scenarios can be envi-
sioned. (1) Disrupted spontaneous activity is likely to influence
the levels of second messengers such as cyclic nucleotides and
Ca’" that are known to play a critical role in axon targeting in
several systems (Song et al., 1997; J.Q. Zheng and Poo, 2007)
including the OS (Maritan et al., 2009; Lodovichi and Belluscio,
2012). (2) Spontaneous firing could facilitate the action of fac-
tors, such as neurotrophic factors, in the activity-dependent
competition that operates on branch stability or formation
(Thoenen, 1995; Bonhoeffer, 1996). It has been shown that the
action of neurotrophins has to be coupled to afferent spontane-
ous activity to modulate neuronal plasticity in the developing
visual cortex (Caleo et al., 1999). In addition, the action of trophic
factors on axon growth in retinal ganglion cell is dramatically
enhanced by activity (Goldberg et al., 2002). It is worth noting
that the OR is thought to determine not only odor-evoked activ-
ity but also specific pattern of spontaneous activity, in OSNs in
Drosophila (Hallem and Carlson, 2004) and also in mice (Con-
nelly etal., 2013). Therefore, an activity-based competition could
modulate the response of OSN and ETC axons to trophic factors
and/or guidance molecules present in the bulb, favoring the re-
finement, pruning, and stabilization of axon arbors.

Altered odor discrimination ability in Kir2.1 mice

Analyzing the olfactory behavior, we found that Kir2.1 mice were
not able to discriminate odorants that elicited similar spatial
maps of activated glomeruli but retained the ability to discrimi-
nate odorants that activated a more distinct spatial pattern of
glomeruli. These results could be explained by the alterations we
found in the anatomical and functional maps of the OB in Kir2.1
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mice. The functional maps elicited by the
(=) or (+) element of each pair of the
enantiomers (Linster et al., 2001; Rubin
and Katz, 2001; Clarin et al., 2010) differ
for a few glomeruli located in a restricted
region. That region is superimposable to
the area where we found additional heter-
ogeneous glomeruliand abroader link be-
tween homologous glomeruli. Therefore
the specific spatial pattern that contrib-
utes to the neural representation of enan-
tiomers appears to be disrupted by the
unrefined connectivity of the OB in Kir2.1
mice. Discrimination of odorants that are
represented by glomeruli scattered in
more distinct locations in the bulb was
not significantly affected. Our data cor-
roborate the view that spatial maps in the
OB contribute to the neural representa-
tion of different odor molecules (Rubin
and Katz, 2001; Kobayakawa et al., 2007).

Neuronal plasticity in the

olfactory bulb

Sensory experience modulates the devel-
opment of neuronal circuitry mostly
within a defined period of time (the criti-
cal period) during which the brain is par-
ticularly plastic (Hensch, 2004). Beyond
this critical period the wiring of neural cir-
cuitry is hardly affected by changes in
evoked activity. Unlike other sensory mo-
dality, it has been shown that neural cir-
cuits in the OB, namely the link between
homologous glomeruli, remain sensitive
to manipulation of evoked activity also in
adulthood (Cummings and Belluscio,
2010).

The effect of the spontaneous activity
on mature neuronal circuits has been
scarcely examined. Indeed the role of
spontaneous activity is generally thought
to be confined to the early phase of devel-
opment (Shatz, 1996; McLaughlin et al.,
2003; Spitzer, 2006; Huberman et al.,
2008). Our data demonstrated that the
OB differs significantly from this para-
digm. We found that the re-expression of
Kir2.1 in adult animals induces a regres-
sion of the already refined connectivity of
the glomerular map and of the link be-

v

andKir2.1 mice at P60. Between P30 and P60 no doxycycline is
supplied to allow overexpression of the Kir2.1. G, H, Examples
of focal injections in the glomerular layer in control (G) and in
Kir2.1 (H) mice and the corresponding projections (yellow
bracket) on the opposite side of the bulb in control (/) and
Kir2.1 (J) mice. In Kir2.1 mice (J) the projection is clearly
broader. Scale bar, 200 wm. GL, glomerular layer; EPL, exter-
nal plexiform layer; MCL, mitral cell layer; IPL, internal plexi-
form layer. K, Summary of results. Data are presented as
mean = SD *¥0.001 < p < 0.01.
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tween homologous glomeruli to a coarser status. These results
indicate that the neuronal wiring in the OB, when formed cor-
rectly, remained sensitive to afferent spontaneous activity manip-
ulations in adults.

Although the mechanisms underpinning the formation of the
intrabulbar connections and its relationship with the develop-
ment of the glomerular map remain to be clarified, it is likely that
the coarser link between homologous glomeruli could reflect the
coarser glomerular map. The lack of afferent spontaneous activity
seems to freeze the system at an early stage, during development
and to induce a regression of the already refined connectivity to a
coarser status, in adulthood.

In recent papers (L. Ma et al., 2014; Tsai and Barnea, 2014),
using different types of transgenic mice, (including the
Kir2.1mice) found that the stereotypical pattern of OSN conver-
gence can be restored when the transgene expression is abolished
during pregnancy and/or in the early postnatal days, as we ob-
served in our procedure. However, they found that if the map
develops abnormally, because the transgene expression is only
suppressed after the early days of life, the map continued to be
perturbed. It seems that a memory of the disrupted sensory map
also is maintained when the transgene expression is later abol-
ished. The mechanisms underlying these results, as well as their
relation to the intrabulbar maps, remain to be explained, in a
system with such a high degree of plasticity.

Overall, our data indicate that spontaneous afferent activity
plays a critical role in the refinement and in the maintenance of
the topographic organization of the OB, that in turn, affects odor
information processing and olfactory behavior.
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4.2.1 - Abstract (max 150 words)

A large portion of odor-evoked transduction currents in olfactory sensory neurons (OSNs) is due to Ca*'-
activated CI™ currents (CaCCs). It has been reported that disruption of the TMEM16b/Ano2 gene in mice
completely abolished CaCCs in OSNs but did not produce any other major change in olfaction. Here, we re-
addressed the question of the role of TMEM16B in olfaction. Responses to stimulation of individual OSNs
showed transient bursts of action potentials significantly longer in TMEM16B knockout (KO) than in wild
type (WT) mice. Lack of TMEM16B caused a markedly reduced basal spiking activity in OSNs expressing the
I7 odorant receptor. Axonal targeting to the olfactory bulb was also altered, leading to the appearance of
supernumerary 17 glomeruli. Furthermore, TMEM16B KO mice showed behavioral deficits in odor-guided
food finding ability, an effect that diminished after several trials. Altogether, these results show that

TMEM16B has a relevant role in normal olfaction.
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4.2.2 - Introduction

The olfactory system detects small volatile molecules, odorants, which enter the nasal cavity via the inhaled
air during normal breathing or sniffing. Odorants bind to odorant receptors (ORs) located on the cilia of
olfactory sensory neurons (OSNs). Cilia are embedded in the mucus covering the epithelium and are the
site of olfactory transduction: odorant molecules, once bound to ORs, activate a G protein-coupled
transduction cascade, leading to the production of cAMP and culminating in the opening of two types of ion
channels, cyclic nucleotide-gated (CNG) and Ca*-activated CI' channels. The primary inward current
through CNG channels is mainly due to Ca®" entry, which triggers the activation of a large secondary CI
current (Kleene, 1997, 1993; Kurahashi and Yau, 1993; Kleene and Gesteland, 1991; Lowe and Gold, 1993;
Zhainazarov and Ache, 1995; Firestein and Shepherd, 1995; Reisert et al., 2005; Boccaccio and Menini,
2007). In electrophysiological recordings from isolated OSNs, Ca**-activated CI" currents (CaCCs) account for
up to 90% of the transduction current (Boccaccio and Menini, 2007; Lowe and Gold, 1993). CaCCs are
depolarizing currents as a result of the active Cl" ions accumulation inside OSNs. This process is mainly
mediated by the Na’-K*-2Cl'—cotransporter NKCC1, which elevates CI" inside the cilia up to the same range
as the CI concentration present in the embedding mucus (Kaneko et al., 2004; Nickell et al., 2006; Reuter et
al., 1998; Reisert et al., 2005). Additionally, the presence of the excitatory CI current steepens the
dependence of the transduction current on the stimulus amplitude, contributing to narrowing the neuron’s
dynamic range (Lowe and Gold, 1993; Boccaccio et al., 2006; Kleene, 2008).

The transduction current elicited by odorants produces a depolarization leading to generation of action
potentials (APs) that are conducted to the olfactory bulb (OB) along the OSN axon. OSNs not only generate
APs following odorant activation of the transduction current, but also fire APs in the absence of stimulation
(O’Connell and Mozell, 1969; Trotier and Macleod, 1983; Frings and Lindemann, 1991; Reisert and
Matthews, 2001a; Reisert, 2010). It has been shown that spontaneous firing in OSNs is driven by the
constitutive activity of the expressed OR (Reisert, 2010; Connelly et al., 2013), and that it is greatly
suppressed by blocking CaCCs, indicating that the ClI" current contributes to the basal firing activity of OSNs
(Reisert, 2010). A change in spontaneous firing of OSNs expressing the same OR may have very important
consequences at the level of the OB. Indeed, it is well known that not only all OSNs expressing the same OR
do send their axons to specific glomeruli in the OB, but also OSN spontaneous firing plays a critical role to
establish and maintain a correct glomerular targeting (Nishizumi and Sakano, 2015a; Yu et al., 2004,
Lorenzon et al., 2015; Lodovichi and Belluscio, 2012; Nakashima et al., 2013).

Interestingly, although CaCCs were first observed in the early nineties (Kleene and Gesteland, 1991; Kleene,
1993; Lowe and Gold, 1993; Kurahashi and Yau, 1993), their molecular identity has been elusive for over
two decades, hindering the possibility to better understand the role of CaCCs in the olfactory system. After
ruling out several possible candidates, the channels expressed in OSN cilia responsible for CaCCs were

finally identified as TMEM16B/Anoctamin2 (Stephan et al., 2009; Pifferi et al., 2009; Sagheddu et al., 2010;
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Billig et al., 2011; Pifferi et al., 2012), a member of the Tmem16 (Anoctamin) gene family (Pedemonte and
Galietta, 2014). Disruption of the TMEM16b (Ano2) gene in mice (Billig et al., 2011) completely abolished
CaCCs in OSNs. However, TMEM16B KO mice were reported not to have any obvious olfactory deficit,
leading to the conclusion that CaCCs are dispensable for olfaction, and suggesting that odorant-evoked
CNG currents, which remain in OSNs of TMEM16B KO mice, are sufficient to encode odorant information
and supported near-normal olfactory function (Billig et al., 2011). As this first (and until now only) study on
TMEM16B KO mice raised serious doubts about a relevant role of Ca**-activated CI" channels in olfaction
(Billig et al., 2011), we sought to re-examine this question by further extending the experimental analysis
and comparing additional aspects of olfactory function in TMEM16B KO vs WT mice.

As the role of TMEM16B in OSN firing has not been investigated yet, we measured both spontaneous and
stimulus-induced firing activity. We found a decrease in spontaneous firing activity in randomly chosen
OSNs in TMEM16B KO compared to WT mice. To reduce the variability due to the expression of different
ORs in randomly chosen OSNs, we analyzed firing activity of OSNs expressing the 17 OR. To identify 17 OSNs
we used I7-IRES-tauGFP (Bozza et al., 2002) mice crossed with TMEM16B KO mice. In 17 OSNs, we measured
a reduction of spontaneous firing activity in the absence of TMEM16B compared to control mice.
Moreover, we identified a dramatic change in the firing pattern in response to heptanal, a well-known
agonist for the |7 OR. This change was manifested as a prolonged odorant response and a higher number of
APs per response in 17 OSNs from TMEM16B KO compared to WT mice. Axonal targeting of 17 OSNs to the
OB was also altered, as indicated by the presence of supernumerary 17 glomeruli in TMEM16B KO mice.
Furthermore, from a behavioral point of view, TMEM16B KO mice showed a reduction in the ability to use
olfactory cues to locate previously unknown buried food compared to WT mice. Our results demonstrate
that the Ca®*-activated CI" channel plays a physiological role in olfaction, showing that it is not simply
dispensable for all aspects of olfaction but it is required for certain olfactory-driven behaviors. Moreover, in
contrast to previous findings showing normal axonal targeting of OSNs expressing the P2 or M72 ORs, we
find that axons of 17-expressing OSNs target an abnormally large number of glomeruli in the olfactory bulb.

Importantly, TMEM16B had an influence on OSN action potential firing rates.
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4.2.3 - RESULTS

4.2.3.1 - TMEM16B KO mice display altered olfactory ability in finding buried food

We used an odor-guided food-seeking test where mice have to use their olfactory ability to locate a food
item buried under the bedding chips in the cage. We run the test for 5 consecutive days. On the first day of
testing, when mice were naive with respect to the food item and its odor (a piece of Oreo cookie), we
observed that close to a fourth of TMEM16B KO mice (3 out of 13) failed to locate the food within the 10-
min test time whereas none of the WT exceeded 10 min. On average, KO mice were significantly slower in
locating the piece of Oreo (Fig. 1A, Mann-Whitney U-test, p<0.05). During the following 4 days of testing
both WT and KO mice began to locate the food faster and, in the end, KO mice could perform the task as
quickly as WT. TMEM16B KO mice did not show any gross motor, metabolic or motivational deficits as they
performed equally well as WT mice when the food was presented visually on top of the bedding and not
buried underneath it (Fig. 1A). Since the differences between TMEM16B KO and WT mice were prominent

on the very first day of the experiment, we A Finding Oreo cookie

hypothesized that KO mice may not be able to reliably o0

recoghize new odors. We tested this hypothesis by @400- :

giving the animals a week of rest and recovery and g

following the 8" day exposed them daily to new § 200+ .

sources of odors (and new kind of food). The first day

of this second set of experiments, mice were 0_'Day1 IDayZIDay3]Day4lDay5' Top '

challenged to retrieve the same known kind of Oreo B 300 -

cookie used in the first set and both WT and KO

performed equally (Fig. 1B). This suggests that mice 200+

retained the effect of the previous sessions of

experiments and the identity of the odor. Over the 100 i
following two days peanut or cheese were buried and 0_- - _- ==

oreo peanut cheese choco chow
Figure 1: Behavioral deficits in TMEM16B
KO mice.
KO mice were around 2 fold slower than WT. These  (A): WT and KO mice had to locate an Oreo
cookie buried in the bedding of their cage.
Experiments were performed once a day
known, KO mice did not locate the food as fast as WT  over 5 days, on the 6™ day the cookie was
placed on top of the bedding. (B): Mice were
exposed to a series of odors which were
Whitney U-test, peanut 0.001<p<0.01 and cheese known (Oreo and chow) or novel (peanut,
cheese, chocolate) to them. WT black and KO
blue symbols. Mann-Whitney U-test * =
both strains performed equally fast, even though we  p<0.05, ** = p<0.01, *** = p<0.001. Mean *

sem. Mice n=11 WT and n=13 KO.

Latency (s)

TMEM16B KO mice displayed greater latencies in

locating the source of the odor. Indeed, in both cases

results confirm that, even when the task was already

when exposed to new food odors (Fig. 1B, Mann-

p<0.001). When challenged to find chocolate (Fig. 1B),

observed a tendency for the KO to perform slower than
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the WT. Possibly a “floor” effect occurred, diminishing the difference between WT and KO mice. It is also
possible that mice used cocoa which is also present in the Oreo cookie to locate the source of odor, thus
making chocolate not an entirely new odor to them. The last day of the experiment mice had to locate a
familiar source of odor (and food), their standard chow, and differences between WT and KO vanished.
Also, with a new and naive set of mice we repeated the same type of experiments but this time used
cheese as the food item to be found for the first five consecutive days. Again, KO mice were significantly
slower to locating the cheese on the first two days, but were equally fast for the remaining three. After a
week of rest we tested the new cohort of mice for their ability to locate new sources of odor. Now WT and
KO mice could locate the cheese equally fast, but KO performed significantly slow on the now new Oreo
odor. Altogether, these experiments suggest that TMEM16B KO might have deficits in recognizing or

locating the source of odors that are novel to them.

4.2.3.2 - Ca**-activated CI” currents are absent in OSNs from TMEM16B KO mice

Given the olfactory deficits we

400 —
A Iowr | ko B
observed, we focused on comparing 500 _j—\+50 _NSO -ii
the electrophysiological properties 2 0_- ] fg 0—
of OSNs in the absence and in the % _500_- <2 i = £
o 3 -400 —
presence of TMEM16B. First, similar 3 1000 _ -
m WT
; ; T T -800 i- KO
to experiments previously reported 1500 - _ 5
1 71 L

for OSNs in tissue slices (Billig et al., 0o 2 4 0o 2 4 +50 mV- 50 mV
2011), we investigated CI" currents TIme ) S
in OSNs isolated from WT and Figure 2: Transduction current elicited by 8-Br-cAMP
photorelease recorded in isolated olfactory neurons.

(A): Representative whole cell response to photorelease of 8-Br-
photolysis of caged 8-Br-cAMP  cAMP at a holding potential of -50 mV and +50 mV for WT and KO
OSNs. (B): Summary of the average maximal current + sem (n=5
WT, n=3 KO; 1 tail t-test, * 0.01<p<0.05).

TMEM16B KO mice using flash

combined with patch-clamp
recordings, a technique we used
extensively to characterize transduction currents in isolated OSNs (Boccaccio et al., 2006; Boccaccio and
Menini, 2007). We measured the whole-cell patch clamp current evoked by photorelease of 8-Br-cAMP
inside the cilia-knob region of OSNs at various holding potentials (Fig. 2). At +50 mV, the current is mainly
due to the cationic efflux through CNG channels directly activated by 8-Br-cAMP. As little Ca** enters the
cilia at this holding potential, no CI" current was activated. In contrast, at -50 mV, the influx of Ca” through
CNG channels activated a large secondary CaCC (Fig. 2A). OSNs from TMEM16B KO did not show the
secondary large component at -50 mV, while they retained a similar outward current amplitude at +50 mV
(Fig. 2A). Indeed, mean values for current amplitudes in WT and KO neurons were significantly different at -

50 mV (Mann-Whitney U-test 0.01<p<0.05) but not at +50 mV (Fig. 2B). Thus, we confirmed that CaCCs are
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Figure 3: Transduction current recorded with the suction pipette technique from isolated OSNs
(A-B): Single-cell suction electrode recordings from a dissociated WT (A) and KO (B) OSN
stimulated with a 1 s pulse of 1 mM IBMX in Ringer’s solution and in the presence or absence of
300 uM NFA, a CI" channel blocker. (C-D): Suction peak currents measured in control, in the
presence of NFA and after washout (C) and ratio of the response in the presence and absence of
NFA (D). Mean £ sem, n=6 for WT and KO. (** p<0.01 unpaired t-test)

absent in isolated OSNs from TMEM16B KO mice as previously shown by flash photolysis of caged Ca** and
caged 8-Br-cAMP (Billig et al., 2011). As stated previously (Billig et al., 2011), the small residual current in
KO OSNs at -50 mV was likely due to CNG cationic currents, further demonstrating that in isolated OSNs the
transduction current is largely carried by CaCCs through TMEM16B channels (Billig et al., 2011).

We also investigated the contribution of CaCCs to stimulus-induced responses using the suction pipette
technique in isolated OSNs (Fig. 3). We stimulated OSNs with the phosphodiesterase inhibitor IBMX, a
feasible alternative to odorant stimulation (Reisert et al., 2007). Currents elicited by 1 mM IBMX (1 s
application) were greatly reduced by application of the CI" current blocker niflumic acid (NFA, 300 uM) in
WT OSNs (Fig. 3A, C, D). In OSNs from TMEM16B KO mice, IBMX application produced a significantly smaller
current in KO compared to WT mice (Fig. 3B-C). This small current could not be further reduced by the

application of NFA (Fig. 3B-D), a result consistent with the presence of a residual CNG current.

4.2.3.3 - IBMX-evoked firing in OSNs

The OSN transduction current evoked by a stimulus (e.g. IBMX or odorants) produces a depolarization that
elicits APs, which are sent to the OB along the OSN axon. Up to now, AP firing of TMEM16B KO OSNs has
not been investigated. In a first set of experiments, we compared AP firing in isolated OSNs from WT and
KO mice stimulated by 1 s application of 1 mM IBMX using suction electrode recordings. In this recording
configuration both transduction current and APs, which are generated as the voltage is free to vary, can be
simultaneously recorded using a large bandwidth filter setting (see Methods). In WT OSNs we recorded AP

firing during the early rising phase of the IBMX-stimulated transduction current (Fig. 4A). Surprisingly,
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TMEM16B KO OSNs fired APs during the entire IBMX transduction current (Fig. 4B). On average, the
number of spikes was significantly higher, and the spike train duration (measured as the time from the first
to the last spike of the train to occur) was significantly longer in TMEM16B KO compared to WT mice (Fig. 4
A-B insets, C-D). Other parameters, such as the delay of the first action potential (Fig. 4E) and the maximal
firing frequency (Fig. 4F) were not significantly different in KO and WT mice. These results show that the
lack of CaCCs altered the firing behavior in response to IBMX by increasing the number of spikes and

prolonging the duration of the spike train in isolated OSNs from TMEM16B KO mice.

In a second set of experiments, we recorded from OSNs in situ by using an intact olfactory epithelium
preparation instead of dissociated OSNs. In this preparation OSNs still retain a large portion of their axons

and are surrounded by a more physiological environment, including supporting cells. We recorded
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Figure 4: Evoked activity recorded with the suction pipette technique in OSNs from WT and KO
mice.

(A-B): Single-cell suction electrode recordings from a dissociated WT (A) and KO (B) OSN stimulated
with a 1 s pulse of 1 mM IBMX. Insets show responses on an expanded time scale. The recording
bandwidth was 0-5000 Hz to display action potentials. (C-F): Differences in the response was
quantified for the number of spikes (C), the duration of the train of elicited spikes (D), the delay of
the first spike (E), maximal firing frequency (F). Mean + sem, number of experiments is indicated in

parenthesis. *p<0.05 unpaired t-test.
Pag. oo



responses to IBMX using the loose-patch configuration from the dendritic knobs of OSNs. Figure 5A shows
representative responses to a 50 ms puff of 100 uM IBMX of two OSNs from WT mice. The IBMX responses
of both OSNs consisted of an initial burst of APs of rapidly declining amplitude followed by a silent period
(Fig 5A, lower traces).

The amplitude of the spikes progressively recovered after the silent time or spikes reappeared at full
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Figure 5: Evoked activity in WT and KO OSNs.

(A-B): Representative responses to 100 uM IBMX stimulation (50 ms) for two different OSNs from WT
(A) and KO mice (B). Data represents loose patch recordings from dendritic knobs of OSNs located in the
septum. The bottom panels show the regions enclosed by the dashed box on an expanded time scale.
Broken red line represents the onset of IBMX stimulation, and the red bar in the bottom panel its
duration. (C-D): Raster plots on an enlarged time scale for the same cells showed in panel (A) and (B).
(E): Averaged responses to IBMX as in panel (A) and (B), normalized to the number of neurons (n=9 / 7
WT mice, n=15 / 8 KO mice; bin 300 ms). Broken red line represents the onset of stimulation and data
belongs to WT and KO PSTH distributions. * and ** indicate 0.01<p<0.5 and p<0.01 respectively. (F-H):
Scatter and boxplots of interspike interval (ISl) of the first four spikes (F, 47 £ 21 ms in WT, 47 £ 21 ms in
KO), of the total number of spikes (G), 14+ 13 spike/response in WT, 21 + 18 spike/response in KO) and
of the response duration (H, 1.1+ 1.8 s in WT, 1.5 + 1.4 spike/response in KO; mean + SD). In the box
plots the square represents the mean, lines represent the median, upper and lower box boundaries
represent the 25th and 75th percentile, upper and lower whiskers represent the 5th and 95th
percentiles. Data were not statistically different (one tail t-test for data in panel (F), Mann-Whitney U
test, one tail, p>0.05 for data in panels (G-H). The number of experiments is indicated in parenthesis.
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magnitude (Fig 5A, traces at the top) as previously described (Trotier, 1994, 1998; Duchamp-Viret et al.,
2000; Reisert and Matthews, 2001a; Savigner et al., 2009; Lorenzon et al., 2015; Connelly et al., 2013).
Overall, the responses to IBMX of OSNs from KO mice had broadly similar properties to WT OSNs, with a
spike burst, silent period, and spike reappearance, as illustrated by two representative KO OSNs (Fig. 5B).
The comparison between the cumulative responses normalized to the number of neurons (multi-cell PSTH
or peristimulus time histogram; Fig. 5E) shows the presence of a second broad peak in KO OSNs, indicating
an increase in firing activity compared to WT OSNs. The asterisks in the figure represents the bins with
significantly higher firing rates in KO respect to WT OSNs (analysis according to (Dorrscheidt, 1981)).

To quantitatively characterize the responses we constructed raster plots (Fig. 5C-D), quantified the
interspike interval (ISI) of the first four spikes (Fig. 5F), the total number of spikes in the response (Fig. 5G),
and the response duration (Fig. 5H). Although the PSTH distribution differed between KO and WT mice
these parameters were not significantly different, probably due to the high variability observed in this
preparation.

Altogether our results show that both isolated and in situ OSNs from TMEM16B KO mice are able to fire APs
in response to a stimulus, although displayed an altered evoked firing pattern. In particular, isolated OSNs
from KO mice responded to IBMX with an increased number of APs and a spike train that lasted longer
compared to WT OSNs. The spike train distribution recorded from OSNs in situ differed between KO and

WT mice, with a higher firing activity of the former group.

4.2.3.4 - Heptanal-induced firing in 17 OSNs

The effectiveness of the IBMX stimulus has large variations among OSNs expressing different ORs (Reisert,
2010), potentially masking potential differences among evoked activity in OSNs from WT and KO mice.
Therefore, we analyzed in detail the odorant-induced firing activity of OSNs that express the 17 OR by
crossing |17-IRES-tauGFP (Bozza et al., 2002) with TMEM16B KO mice. Since the mouse 17 gene is expressed
mostly in the ventro-lateral zone (zone 1) of the olfactory epithelium, we increased the probability of
recording from an |7 OSNs using a coronal slice preparation from PO-P4 mice, which includes the epithelium
attached to the turbinates where 17 OSNs are highly present. Responses to the |17 ligand heptanal (Bozza et
al., 2002; Zhao, 1998) were recorded from the dendritic knobs of OSNs with the loose-patch configuration.
The stimulation consisted of a 50 ms puff of 500 uM heptanal, a stimulus evoking a robust response in 17
OSNs. Figure 6A and B shows the responses of two representative OSNs for each WT and KO mice. In the
WT, responses to heptanal were similar to those recorded with IBMX (Fig 5 A-B), i.e. characterized by a
short burst of spikes of reducing amplitude, a period of silence, and a rebound of spikes of increasing
amplitude (Fig. 6A-B), as previously described (Tan et al., 2010; Connelly et al., 2013). However, KO OSNs
showed longer rebound periods, which added to the overall duration of the response (see Methods)

compared to WT OSNs (Fig. 6A-D). A quantitative characterization of the heptanal responses showed that
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ISI of the first four spikes did not significantly differ in WT and KO mice (Fig. 6F), whereas the overall
number of spikes and response durations were significantly different (12 + 10, spike/response and 2.3 + 1.3
s for WT, and 70 £ 57 spike/response and 8.1 + 7 s for KO, mean % SD, Mann-Whitney U-test, 1 tail, p<0.01).
Thus, 17 OSNs from KO mice showed a prolonged response to heptanal stimulation with a higher number of
spikes in the response compared to |7 OSNs from WT mice. The difference between WT and KO 17 OSNs is

also highlighted by the cumulative response normalized to the number of neurons (PSTH, Fig. 6E): the initial
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Figure 6: Evoked activity in OSNs in 17-GFP WT and KO mice for TMEM16B.

(A-B): Representative recordings of responses to a puff of 50 ms of 500BM heptanal for two different
OSNs from WT (A) and KO mice (B). The bottom panels show the regions enclosed by the dashed box on
an expanded time scale. (C-D): Raster plots on an enlarged time scale for the same cells showed in panel
(A) and (B). Broken red line represents the onset of heptanal stimulation, and the red bar in the bottom
panel its duration. (E): Averaged responses to the same odorant puff as panel (A) and (B), normalized to
the number of neurons (n=13 / 7 WT mice, n=9 / 5 KO; bin 300 ms). Broken red line represents the
onset of stimulation and data belongs to WT and KO PSTH distributions. * and ** indicate 0.01<p<0.5
and p<0.01 respectively. (F-H): Scatter plot of interspike interval (ISI) of the first four spikes (F, 23 + 13
ms in WT, 20 + 11 ms in KO; mean * SD; Mann-Whitney U test, one tail, p>0.05), of the total number of
spikes (G, 12 + 10 spike/response in WT, 70 + 57 spike/response in KO; Mann-Whitney U test, one tail
**p<0.01) and of the response duration (H, 2.3+ 1.3 sin WT, 8.1 + 7.0 s in KO; Mann-Whitney U test, 1
tail **p<0.01). In the box plots the square represents the mean, lines represent the median, upper and
lower box boundaries represent the 25th and 75th percentile, upper and lower whiskers represent the
5th and 95th percentiles. The number of experiments is indicated in parenthesis.
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peak of activity is followed by a broader one of
similar amplitude that is reflecting a prolonged
and more intense firing activity in KO with
respect to WT I7 OSNs (as quantified in Fig. 6G-
H). The asterisks in the Fig. 6E represents bins
with significantly higher firing rates in KO
respect to WT OSNs (analysis according to

(Dorrscheidt, 1981)). It is worth noting that a

10s similar effect, with an initial peak of activity

D 0% 2 followed by a broader one, although smaller in

=
o

amplitude, has been described in Fig. 5E for

(o4}
]
bO> DD

IBMX-evoked responses from in situ OSNs.

i
3

In summary, by taking advantage of recordings

Cumulative fraction O

from OSNs expressing the 17 OR, we showed

Mean Frequency (spike/s)

©
o

T b 1
0 5 10
Mean frequency (spike/s)

F

é‘@@mwoo

that the lack of CaCCs altered the firing behavior

in response to heptanal by increasing the

m

(10e) ) number of spikes and prolonging the duration of

the response in isolated OSNs from TMEM16B
KO with respect to WT.

Cumulative fraction
o
[4,]
|

4.2.3.5 - Spontaneous firing activity in OSNs
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investigated whether the lack of TMEM16B has

Figure 7: Spontaneous activity in OSNs in WT and KO mice.

(A-B): Loose-patch recordings (A, 60 s recordings) and raster plots (B) of the spontaneous activity in
three WT OSNs (top) and three KO OSNs (bottom). (C-E): Cumulative plot of spontaneous mean (C) and
instantaneous (E) firing frequency, bin of 0.1 Hz, in control (black line) and TMEM16B KO mice (blue
line). (Mann-Whitney U-test, one-tail p>0.05 for C, * 0.01<p<0.05 for E). (D-F): Box and scatter plots of
spontaneous mean (D) and instantaneous (E) firing activity in OSNs in WT and KO mice. In the box plots,
the inner square represents the mean, lines represent the median, upper and lower box boundaries
represent the 25th and 75th percentile, upper and lower whiskers represent the 5th and 95th
percentiles. (G): Interspike interval distribution (ISI) histogram (bin=5 ms) normalized to the number of
recorded neurons in WT (black line, n=106 / 47 mice) and KO mice (blue line, n=52 / 22 mice).

Pag. 62



an effect on the spontaneous spiking activity of OSNs. Spontaneous activity was recorded with on-cell
loose-patch recordings from dendritic knobs of OSNs in the intact olfactory epithelium. OSNs showed a
wide range of spontaneous firing rates as illustrated by representative recordings of three different WT and
KO OSNs, and by the corresponding raster plots (Fig. 7 A,B). In WT mice, the pattern of OSNs’ spike activity
was highly variable and confirmed previous reports (Connelly et al., 2013; Reisert, 2010; Lorenzon et al.,
2015). A comparison among OSNs from WT and KO mice showed that the mean firing frequency for each
neuron, calculated over 2 to 5 minutes recording, ranged from 0.0087 to 9.582 in WT and from 0 to 7.22
spikes/s in KO, with mean values of 1.79 + 1.98 and 1.93 + 1.93 spikes/s respectively (mean * SD, Fig. 7D).
The cumulative distribution of firing frequencies did not reveal any difference between WT and KO OSNs
(Mann-Whitney U-test, 1 tail, not statistically different; Fig. 7C). To further investigate the pattern of firing
activity, we analyzed the instantaneous firing frequency, calculated as the inverse of the interspike interval
(ISI) between consecutive spikes. The average instantaneous firing frequencies were 10.85 + 5.28 and 8.57
+ 5.22 spikes/s (mean % SD) respectively in WT and KO mice (Fig. 7F). The cumulative distribution showed a
shift of the instantaneous firing frequency to lower frequencies for KO compared to WT OSNs (Fig. 7E,
statistically significant, Mann-Whitney U-test, 1 tail, p=0.0102). Figure 7G shows the distribution of
interspike intervals normalized to the number of recorded neurons. The peak of the KO distribution was
slightly shifted to the right compared to WT, reflecting the lower instantaneous frequency for KO compared
to WT. Despite the observed variability in spontaneous firing pattern, we found an indication that
instantaneous firing frequencies may be reduced in KO OSNs. The large variability most likely originated
from the fact that we recorded from randomly picked OSNs expressing a wide variety of ORs with different

basal activities, as better shown in experiments obtained from the identified 17 OR (Fig. 8).

4.2.3.6 - Spontaneous firing activity of 17 OSNs decreases in TMEM16B KO mice

To restrict OSN variability we analyzed spontaneous firing activity of OSNs that express the 17 OR, crossing
I7-IRES-tauGFP (Bozza et al.,, 2002) with TMEM16B KO mice (same mice used for heptanal-induced
responses in Fig. 6). Spontaneous activity was recorded with on-cell loose-patch recordings from dendritic
knobs of OSNs in coronal slices from P0O-P4 mice. Although expressing the same 17 OR, these OSNs also
showed some variability in spike activity, as shown by three different WT OSNs in Fig. 8A, and in agreement
with previous reports (Connelly et al., 2013; Reisert, 2010). The mean firing activity of OSNs was
significantly lower in KO compared to WT mice (Mann-Whitney U-test, 1-tail, p<0.01), as shown by the
cumulative distributions (Fig. 8C) and by the scatter plot (Fig. 8D) (mean value + SD, WT 3.19+ 1.90 spikes/s,
KO 1.68+ 1.40 spikes/s). Additionally, the instantaneous frequency showed a significant reduction in KO
compared to WT OSNs (mean value + SD, WT 10.2 + 3.64 spikes/s, KO 4.05 + 2.28 spikes/s, Mann-Whitney

U-test, 1tail, p<0.001; Fig. 8E,F). The plot of the distribution of interspike intervals normalized to the
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number of recorded neurons reveals that brief ISIs were

missing in TMEM16B KO neurons compared to WT and
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Figure 8: Spontaneous activity in OSNs from 17-GFP WT and KO mice for TMEM16B.

(A-B): Loose patch recordings (A, 60 s recordings) and raster plots (B) of the spontaneous firing activity
from three WT OSNs (top) and three KO mice (bottom). (C-E): Cumulative plot of spontaneous mean (C)
and instantaneous (E) firing frequency, bin of 0.1 Hz, in control (black line) and TMEM16B KO mice (blue
line). (Mann-Whitney U-test, one-tail ** p <0.01 in C and *** p<0.001 in E). (D-F): Box and scatter plots of
spontaneous mean (D) and instantaneous (E) firing activity in OSNs in WT and KO mice. In the box plots,
the inner square represents the mean, lines represent the median, upper and lower box boundaries
represent the 25th and 75th percentile, upper and lower whiskers represent the 5th and 95th percentiles
G Interspike interval distribution (ISI) histogram (bin=5 ms) normalized to the number of recorded
neurons in control (continuous line, n=34 /19 mice) and KO mice (dotted line, n=22 / 9 mice).
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single 17 glomerulus from a WT I7-IRES-tauGFP mouse (Fig. 9A, top row) and multiple glomeruli in 17-IRES-
tauGFP mice KO for TMEM16B (Fig. 9A, bottom row).

In WT mice, typically one single 17 glomerulus was observed for each side of the OB, whereas in TMEM16B
KO mice multiple 17 glomeruli were observed in consecutive sagittal sections (see Fig. 9A where up to 5
glomeruli are visible). In WT, we identified an average of 4 17 glomeruli per mouse in the ventral side of the
OB (1 lateral and 1 medial per bulb, Fig. 9B). In KO mice, the average number of 17 glomeruli almost
doubled compared to WT (Fig. 9B). The supernumerary glomeruli in TMEM16B KO were evenly scattered in
the ventral area of both lateral and medial locations. In addition, some 17 OSN axons innervated additional
glomeruli (heterogeneous glomeruli) with a trend towards more glomeruli in TMEM16B KO compared to
WT mice, even though this difference did not reach statistical significance (Fig. 9C).

In conclusion, our results show that TMEM16B contributes to the glomerular formation and refinement of

I7-expressing OSNs in the OB.
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Figure 9: The number of 17-GFP glomeruli increased in TMEM16B KO mice.

(A): Top row shows a series of three consecutive sagittal sections where a single 17-GFP glomerulus is
present in a WT mouse. Bottom row shows a series of consecutive sections from a KO mouse, where
several glomeruli were observed. (B): Bar plot representing the total number of glomeruli per animal,
that significantly increased in the KO (8 + 1, n=7 mice) compared to WT (4.8+0.5, n=7 mice) *
0.01<p<0.05 unpaired t-test. (C): bar plot representing the number of heterogeneous glomeruli in WT
(black bar, 3.413, n=7 mice) and in KO mice (blue bar, 5+1.4, n=7 mice).

4.2.4 - DISCUSSION
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The involvement of CaCCs in odor transduction has been described in the early nineties (Kleene, 1997,
1993; Kurahashi and Yau, 1993; Kleene and Gesteland, 1991; Lowe and Gold, 1993). CaCCs constitute up to
90% (Lowe and Gold, 1993; Boccaccio and Menini, 2007) of the transduction current and CI" channels may
be 8 times more numerous than CNG channels in olfactory cilia (Reisert et al.,, 2003). The cooperative
nature of the current activation by Ca®" significantly contributes to set the dynamic range of OSNs (Lowe
and Gold, 1993; Boccaccio et al., 2006). Despite its proposed importance to OSN physiology, the molecular
identity of the Ca**-activated CI" channel has been identified as TMEM16B/Anoctamin2 channel only in
2009 (Stephan et al.,, 2009; Pifferi et al., 2009; Sagheddu et al., 2010). A loss of function approach
unequivocally demonstrated that indeed the olfactory CI' channel was TMEM16B, but intriguingly it was
reported to be dispensable for near-normal olfactory function (Billig et al., 2011). This raises the question

what the purpose of such densely-expressed TMEM16B channels in the cilia of OSNs might be.

4.2.4.1 - Odor-guided food-finding ability

An essential behavior for animal survival is the capability to find food and olfaction plays a very important
role in food location. We addressed a possible olfactory-driven behavioral deficit in TMEM16B KO mice by
using an odor-guided food-seeking test, which has been largely used to test olfactory acuity in mice
(Stephan et al., 2012; Li et al., 2013). The test does not rely on any specific mouse training, e.g. learning of
an operant-conditioning task, but instead mice have to rely on their naive sense of smell to locate the odor
source of food. When confronted with novel odors, TMEM16B KO required longer times to locate the food
compared to WT mice, while for odors already known to the mice, e.g. re-testing with the same food, they
performed equally well. KO mice required longer times to find novel foods even when they performed
equally well on known odors, suggesting that the observed difference between WT and KO is not a simple
lack of motivation, deficit in locomotion or inability to perform the task. It is tempting to speculate that the
observed glomerular mistargeting and/or altered AP firing in TMEM16B KO mice may be the underlying
causes for the observed olfactory-driven behavioral deficit, an issue that future experiments will have to
address.

4.2.4.2 - TMEM16B channel is responsible for the generation Ca**-activated CI" currents in OSN cilia and
shortens evoked firing in OSNs

In agreement with a previous report (Billig et al., 2011), we confirmed here that CaCCs were absent in
isolated OSNs from TMEM16B KO mice (Figs. 2, 3), further supporting the notion that the CaCC is the major
contributor to the transduction current in isolated OSNs. Moreover, since NFA, a blocker of the CaCC, did
not further block the remaining current in KO OSNs, we could exclude that it might have had unspecific
effects on other currents in isolated OSNs. Thus we confirm that TMEM16B is responsible for CaCCs in OSN
cilia.
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Importantly, AP firing along OSN axons transfers information about odors to the OB. Here, we first
investigated the ability of TMEM16B KO OSNs to generate APs in response to a stimulus. In a first set of
experiments, we compared AP firing in OSNs from WT and KO mice using suction electrode recordings from
isolated OSNs (Fig. 4). Despite the strong reduction of the transduction current in isolated TMEM16B KO
OSNs, on average we measured longer trains and a higher number of APs in response to the
phosphodiesterase inhibitor IBMX compared to WT OSNs (Fig. 4), suggesting that TMEM16B contributes to
shorten IBMX-evoked firing activity.

We also extended our experiments to OSNs recorded in situ (Fig. 5) in the intact olfactory epithelium, a
situation more closely resembling the physiological OSN conditions. The cumulative distribution of the
evoked responses indicated an increase in firing activity in KO with respect to WT mice (IBMX in Fig. 5E,
heptanal in Fig.6E). The contribution of CaCC was more evident in the heptanal responses of OSNs
expressing the |7 OR, probably due to lower intrinsic variability as in this case we recorded from a defined
set of OSNs expressing one know OR.

APs are generated during the rising phase of the receptor current and display a progressive loss of
amplitude during the spike train down to zero levels at which APs firing is absent (Reisert and Matthews,
20014a; Savigner et al., 2009), leading to a shortening of the spike train. This spike disappearance originates
from progressive inactivation of voltage-gated Na' and Ca?* channels during prolonged and strong
depolarization (Trotier, 1994). The lack of a substantial transduction current, as observed in isolated
TMEM16B KO OSNs (Fig. 3), likely affects the depolarization of OSNs, causing a reduced or slower
inactivation of voltage-gated channels, allowing for more spikes to be generated over a longer time
window. Thus, although the presence of CNG currents is necessary and sufficient to generate APs in

response to a stimulus, CaCCs contribute to regulating firing duration and number of spikes.

4.2.4.3 - TMEM16B increases the spontaneous firing rate in OSNs

It is well established that spontaneous activity in OSNs significantly contributes to the development and
physiology of the olfactory system (Nakashima et al., 2013; Lorenzon et al., 2015). Moreover, different ORs
have various basal activities (Reisert, 2010), which stimulate the signal transduction cascade to drive basal
cAMP fluctuations, opening of CNG channels followed by TMEM16B channels and AP generation. Here the
availability of TMEM16B KO mice gave us the possibility to directly investigate how the absence of CaCCs
affects the spontaneous activity in OSNs. On average, OSNs expressing random ORs showed a mild
decrease in the instantaneous firing frequency in TMEM16B KO compared to WT mice (Fig. 7E).
Interestingly, OSNs expressing the |7 OR, a receptor known to have a relatively high spontaneous activity
((Reisert, 2010) in dissociated neurons, (Connelly et al., 2013) in situ), showed a strong reduction of both
instantaneous and mean firing frequencies in the absence of TMEM16B (Fig. 8 C,E). Thus CaCCs contribute

to the spontaneous firing activity of 17 OSNs by amplifying the current through CNG channels, which itself is
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driven by baseline cAMP fluctuations. It is likely that OSNs expressing ORs with a basal activity lower than
that of 17 would not be affected by the lack of TMEM16B as much as the 17 OR. Indeed, OSNs expressing
random ORs did not show a reduced mean firing activity (Fig. 7C), but only a decrease in the instantaneous
firing frequency (Fig. 7E).

Thus the small activation of CaCCs likely occurring in basal conditions contributes to neurons’

depolarization and supports spontaneous spike generation.

4.2.4.4 - Proper glomerular formation in the OB requires the presence of TMEM16B

Axons from OSNs expressing the same OR coalesce together in the OB where they typically form one
laterally and one medially located glomerulus in each bulb. The process of glomerular formation and
refinement is highly dependent by the OR type an OSN expresses (Nakashima et al., 2013; Nishizumi and
Sakano, 2015a). On top of activity-independent mechanisms, neuronal activity is important for circuitry
formation in visual and auditory systems (Huberman et al., 2008; Wang et al., 2015) as well as in the
olfactory system (Lodovichi and Belluscio, 2012; Yu et al., 2004; Lorenzon et al., 2015; Nakashima et al,,
2013), where it is involved in segregation of axons into glomerular structures (see (Nishizumi and Sakano,
2015b) for review).

Hitherto glomerular targeting in TMEM16B KO mice has been investigated for the P2 and M72 ORs (Billig et
al.,, 2011) and no apparent lack of axonal coalescence into glomeruli was observed, while the number of
innervated glomeruli in WT and KO animals remained unclear. Here, we investigated axonal targeting for
the I7 OR and demonstrated that nearly twice as many glomeruli were formed in TMEM16B KO compared
to WT mice (Fig. 9). This indicates that TMEM16B plays a relevant role for glomerular targeting of OSNs
expressing the |7 OR. Furthermore, TMEM16B may be necessary for proper glomerular targeting of some,
but not all ORs, possibly by regulating basal and/or odorant-induced activity. This is consistent with
previous observations where in the same genetically modified animal models different ORs showed
different glomerular targeting or mis-targeting phenotypes (Zheng et al., 2000; Lorenzon et al., 2015; Yu et
al., 2004; Mobley et al., 2010). Interestingly, OSNs of Kir2.1 knock-in mice have a reduced spontaneous
firing activity compared to WT and also show some supernumerary glomeruli (Lorenzon et al., 2015),

similarly to what we observed in TMEM16B KO mice.

In conclusion, we found that the Ca®*-activated CI" channel TMEM16B modulates olfactory function in
unexpected ways by increasing spontaneous firing activity, but reducing and shortening stimulus-induced
firing, and by ensuring correct glomerular targeting of 17-receptor expressing OSNs. In TMEM16B KO mice,
the impaired ability of forming a proper glomerular map along with the altered action potential firing in

response to odorants may contribute to the olfactory-driven impairment in food-finding behavior that we
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observed, thus making the Ca**-activated CI" currents relevant for the OSN physiology and for the

functioning of the olfactory system as a whole.
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4.2.5 - METHODS

Animals

Mice were handled in accordance with the Italian Guidelines for the Use of Laboratory Animals (Decreto
Legislativo 27/01/1992, no. 116) and European Union guidelines on animal research (No. 86/609/EEC),
under a protocol approved by the ethic committee of SISSA, or in accordance with methods approved by
the Animal Care and Use Committees of the Monell Chemical Senses Center (conforming to NIH guidelines).
In this study we used TMEM16B KO and WT mice derived from breeder pairs kindly provided by Dr. Thomas
Jentsch (Leibniz-Institut fir Molekulare Pharmakologie/Max-Delbriick-Centrum fir Molekulare Medizin,
Berlin, Germany)(Billig et al., 2011). To record from OSNs expressing an identified OR and for
immunohistological experiments TMEM16B KO mice were crossed with 17-IRES-tauGFP, a mouse line in
which OSNs expressing the 17 OR also expressed GFP (Bozza et al., 2002) with control mice obtained from
the 17-IRES-tauGFP mouse line. 17-IRES-tauGFP mouse strain was a generous gift from Dr. Peter Mombaerts

(Max Planck Research Unit for Neurogenetics, Frankfurt, Germany).

Odor-guided food seeking test.

A small piece of food was buried below the surface of the cage bedding so that it constituted a purely
olfactory cue and the time taken by a mouse to find the food item was recorded. All mice of either sex were
maintained on a 12:12 light/dark cycle, and tested in the light phase. Mice were food deprived overnight
with ad libitum access to water. Every morning, each mouse was placed in a novel test cage (standard
mouse cage, L * H *W, 24 cm * 12 cm * 15 cm) in which a ~3 g piece of cookie (Oreo™, Nabisco) had been
buried under fresh bedding. The latency of the animal to retrieve the cookie was recorded with a
stopwatch and by an experimenter that was blinded to the animal’s genotype. Retrieving the cookie was
defined as digging it up with forepaws, picking it up and placing it in the mouth. We set a 10 minutes limit
within which the animals had to find the cookie, after that the time was stopped and the cookie was
exposed so that the mouse could have access to and eat it. The position of the buried cookie was randomly
changed every day so that the animal could not rely on spatial information to find it. This was repeated for
5 days. Mice were weighed every morning prior to experiments to monitor their body weight. 1.5 grams of
standard chow (Tekland rodent diet 8604) was given every day after testing to maintain body weight. If a
mouse was found to have lower than 80 % starting body weight, additional food was given to maintain a
healthy body weight. On the 6" day the Oreo was placed on top of the bedding. We repeated this same
type of experiment with a second set of mice and cheese (Craft Cracker Barrel Extra Sharp Cheddar Cheese
stick) had been buried under fresh bedding.

Mice were returned to normal food for 1 week. After one week mice were again food deprived overnight

and the following 5 food items were hidden in the bedding over the next 5 days, one food was tested each
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day: Oreo, peanut (Select Whole Peanuts in Shell. Deshelled), cheese (Craft Cracker Barrel Extra Sharp
Cheddar Cheese stick), chocolate (Hersheys Milk Chocolate King size) and standard chow. The time the
mice took to retrieve the food was recorded and the limit to perform the task was 15 min. The second set
of mice which had previously performed the cheese seeking task was exposed, after a week of rest, to
cheese, peanut (Select Whole Peanuts in Shell. Deshelled), Oreo, chocolate (Hersheys Milk Chocolate King

size) and standard chow hidden in the bedding over the next 5 days, one food was tested each day.

Preparation of dissociated olfactory sensory neurons

Mice (3-5 weeks of either sex) were anesthetized with CO, inhalation, decapitated, and the head was
hemisected sagittally along the septum. The olfactory epithelium was removed and OSNs were dissociated
either mechanically for suction pipette recordings (Ponissery Saidu et al., 2012) or enzymatically, with a
papain—cystein treatment, for uncaging-patch clamp experiments (Boccaccio et al., 2011, 2006; Lagostena

and Menini, 2003).

Patch clamp experiments and photorelease of caged 8-Br-cAMP.

Currents were measured from dissociated OSNs with an Axopatch 200B patch-clamp amplifier (Axon
Instruments, Union City, CA) in the whole-cell voltage-clamp mode.

For flash photolysis, we used a xenon flash-lamp system JML-C2 (Rapp OptoElectronic, Hamburg, Germany)
coupled into the epifluorescence port of the microscope with a quartz light guide (Boccaccio et al., 2011,
2006). The spot of light had a diameter of about 15 um that could cover only the ciliary region and in some
cases, also part of the dendrite. The flash duration was 1.5 ms. We used [6,7-
Bis(carboxymethoxy)coumarin-4-ylimethyl-8-bromoadenosine-3’, 5'-cyclic monophosphate (BCMCM-
caged 8-Br-cAMP), dissolved in DMSO at 10 mM and added to the intracellular solution at a final
concentrations of 50 uM. The compound was a generous gift from V. Hagen (Leibniz-Institut fiir Molekulare
Pharmakologie, Berlin, Germany).

Patch pipettes were pulled from borosilicate glass and filled with the intracellular solution containing (in
mM): 140 KCI, 4 MgCl,, 0.5 EGTA, 10 HEPES, pH 7.4 and additionally 50 uM BCMCM-caged 8-Br-cAMP. Bath
mammalian Ringer solution contained (in mM): 140 NacCl, 5 KCl, 1 CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, and

1 Na-pyruvate, pH 7.4. All experiments were carried out at room temperature (20-22°C).

Suction pipette recordings

Recordings from isolated OSNs were made using the suction pipette technique as described previously
(Lowe and Gold, 1991; Ponissery Saidu et al., 2012). Briefly, a freshly-dissociated OSN was gently drawn
inside the tip of the recording pipette so that its knob and cilia remained exposed to bath and/or stimulus

solutions. In this recording configuration the intracellular voltage is free to vary and action potentials (APs)
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are recorded as fast biphasic transients. The recorded suction current was filtered at DC — 5000 Hz (-3dB, 8-
pole Bessel filter) to display the fast APs and the underlying receptor current was isolated by low-pass
filtering at 50 Hz (-3dB, 8-pole Bessel filter). The recorded suction current was sampled at 10 kHz. Currents
were recorded with a Warner PC-501A patch clamp amplifier, digitized using Power1401 Il A/D converter

and Signal acquisition software (Cambridge Electronic Design, U.K.).

Solutions and solution exchange in the suction experiments

Mammalian Ringer’s solution contained (in mM) 140 NaCl, 5 KCI, 1 MgCl,, 2 CaCl,, 0.01 EDTA, 10 HEPES,
and 10 glucose. The pH was adjusted to 7.5 with NaOH. Niflumic acid and 3-isobutyl-1-methylxanthine
(IBMX) were used at concentrations of 300 uM and 1 mM respectively, by dissolving them directly into
Ringer’s without the use of DMSO.

Fast solution changes and odorant exposures were achieved by transferring the tip of the recording pipette
containing the OSN across the interface of neighboring streams of solutions using the Perfusion Fast-Step
solution changer (Warner Instrument Corporation). All experiments were performed at mammalian body
temperature (37°C). Solutions were heated just before entering the solution changer by a solution heater

based on Matthews (Matthews, 1999).

Intact mouse olfactory epithelium preparation

Mice (4 to 12 weeks) were anesthetized with CO, inhalation, decapitated and the head was immediately
transferred to ice-cold artificial cerebrospinal fluid (ACSF) bubbled with 95% 02 and 5% CO,. ACSF
contained (in mM): 120 NaCl, 5 KCI, 1 MgSQ,, 1 CaCl,, 25 NaHCO;, 10 glucose, 10 HEPES, osmolarity before
oxygenation was 310 mOsm, pH = 7.2. The nasal septum was dissected en bloc and the bone with the two
attached epithelia was placed in a recording chamber at room temperature (21-24 °C) that was continually

perfused by bubbled ACSF.

Mouse nose coronal slice preparation

Coronal slices were prepared from olfactory epithelia of mouse pups (P0O-P4). Mice were directly
decapitated and the nose was dissected en bloc and glued into a small hole in a cube of boiled carrot. A
vibratome was used to cut coronal slices of 300 um of thickness. During the cutting the tissue was
completely submerged in ACSF continually oxygenated and kept near 0° C. After sectioning, coronal slices

were allowed to recover for at least 30 minutes in ACSF continually oxygenated and kept near 0° C.
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Loose-patch extracellular recordings

Dendritic knobs of individual OSNs in the olfactory epithelium were visualized using an upright microscope
(Olympus BX51WI) equipped with infrared differential contrast optics, a camera (DFK Imaging Source,
Germany) and a X40 water-immersion objective with an additional X2 auxiliary lens.

Extracellular recordings from dendritic knobs of OSNs in the intact olfactory epithelium were obtained in
the loose-patch configuration with seal resistances of 20-40 MQ (Nunemaker et al., 2003; Delay and
Restrepo, 2004) in both coronal slices and intact olfactory epithelia preparations. Pipette solution was
ACSF, as the bath solution, and the recordings were made in voltage-clamp mode with a holding potential
of 0 mV. Data were low-pass filtered at 1 kHz and sampled at 5 kHz.

The experiments were performed at room temperature (21-24°C) using a Multiclamp 700B amplifier
controlled by Clampex 9.2 via a Digidata 1322A (Molecular Devices, Union City, CA, USA). Patch pipettes
were pulled from borosilicate capillaries (WPI, Sarasota, FL, USA) with a Narishige PC-10 puller and had
resistances of 5-10 MQ. OSNs expressing the 17 OR were stimulated by adding 500 uM Heptanal to ACSF,
one of the main ligands of 17 receptor (Krautwurst et al., 1998; Hall et al., 2004). Heptanal was dissolved at
100 mM in (DMSO) and stored at -20°C.

3-isobutyl-1-methyl-xanthine (IBMX) was prepared in a 20 mM stock solution containing 5% DMSO and
diluted to the final concentration of 100 uM before use.

The stimulus, either odorant or IBMX, was delivered through a pipette by pressure ejection (10-15 psi)
using a Picospritzer Il (Parker, USA). Stimulation delivering was visually controlled by adding fluorescein to
the odorant solution. The stimulation intensity was modulated changing the puff duration. The stimulation
pipette was placed at least 20 um from the recorded OSN to avoid any mechanical response (Grosmaitre et

al., 2007).

Data analysis of loose-patch extracellular recordings

Spontaneous firing activity was characterized from mean and instantaneous firing frequencies evaluated in
a time window of 2 to 5 minutes. Mean spontaneous firing frequency was calculated as the number of
spikes divided by the duration of the recording, and the instantaneous firing frequency as the inverse of the
inter-spike interval (ISI) between consecutive spikes (second to first, third to second, and so forth).
Sometimes very high frequency spontaneous firing activity followed by complete silencing of the recorded
OSN showed clear evidence of neural damage or loss of cell integrity, such units were routinely discarded.
For spike detection the raw data were filtered 2-1000 Hz.

Odorant-evoked firing activity was detected on top of the spontaneous background activity using an
established protocol for OSN response analysis (Rospars et al., 2003; Savigner et al., 2009; Lorenzon et al.,
2015). Briefly, neuronal spiking activity was defined as a presumptive response to odorant when, within

1.25 s after stimulus presentation, at least 3 consecutive spikes presented an instantaneous frequency (IF,
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1/1Sl) higher than the mean instantaneous frequency plus 1.5 Hz in the 30 s before stimulation (IF > avgIF +
1.5 Hz). If a presumptive response was detected, its instantaneous firing frequency distribution was
compared using the Mann-Whitney U-test with the instantaneous firing frequency distribution occurring
before stimulation. When the two distributions were found significantly different at a level of 1% the
presumptive response was considered a true response, otherwise it was discarded.

Strong stimulations often produced a marked increment in firing frequency correlated with a progressive
decrease of the AP amplitude. We defined a response as saturating when it was composed by APs which
decreased their amplitude up to baseline, producing a silencing period which sometimes was followed by a
high frequency burst. During the rebound burst the amplitude of APs increased and the frequency
progressively decreased towards the spontaneous firing activity level (similarly to (Rospars et al., 2003;
Savigner et al., 2009)).

To construct the normalized cumulative response (PSTH, peristimulus time histogram), we summed single
responses obtained from several cells stimulated with an identical stimulus. We optimized the bin size by
calculating a cost function, following Shimazaki and Shinomoto (Shimazaki and Shinomoto, 2007). In order
to analyze the difference between PSTH from KO and WT cell, we applied the statistical procedure reported
by Dorrscheidt (Dorrscheidt, 1981), with the null hypothesis that the two PSTHs derive from the same group
of neurons and they consequently have the same firing rate.

The firing rate of the odorant-evoked response was estimated as an interspike interval (ISI) of the first four
spikes. Moreover, the response intensity was visualized by a cumulative spike distribution histogram
normalized by the number of responses, and it was quantified measuring the total number of spikes in the
response and its duration. For saturating responses the response duration referred to the time between
the first and last spike recognized as part of the response, including the silent period and the firing
rebound.

Data in Figs. 5-8 are presented as mean value and boxplots in which the inner square represents the mean,
lines represent the median, upper and lower box boundaries represent the 25th and 75th percentile, upper
and lower whiskers represent the 5th and 95th percentiles . Spontaneous and evoked firing frequency data
were not in all cases normally distributed (Kolmogorov-Smirnov test or Shapiro-Wilkinson test) and
statistical significance was determined using Mann-Whitney U-test. P-values <0.05 were considered

statistically significant.

Olfactory bulb histochemistry

Mice (2-4 months old) were sacrificed by cervical dislocation, decapitated, the head was immediately
transferred to ice-cold ACSF solution and the OBs were extracted. The fresh tissue was left overnight in a
solution of 4% of paraformaldehyde (PFA) diluted in phosphate buffer saline (PBS). After the fixation it was

placed in 30% (w/v) sucrose and left overnight at 4°C for cryoprotection. 16 um thick sagittal sections were

Pag. 74



cut on a cryostat and stored at -20°C. Tissue sections washed in 0.1% (v/v) Tween 20 in PBS 30 min and
rinsed with water. OB sections were incubated for 30 min with 4'-6-Diamidino-2-phenylindole (DAPI) (0.1
ug ml™) to reveal cell nuclei. Tissue sections were then washed and mounted with Vectashield (Vector
Laboratories, Burlingame, CA, USA). Images were taken with a Leica SP2 confocal microscope at a
resolution of 1024 X 1024 pixels. Contrast and brightness of the images in Fig. 9 were manipulated with
Imagel software (National Institutes of Health, Bethesda, MD) for the purpose of display only. Sectioning,
staining and glomerular counting were performed by an experimenter who was blinded to the genotype of

the mice.

Chemicals

All compounds and chemicals were obtained from Sigma-Aldrich, unless otherwise stated.
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5 - DISCUSSION AND CONCLUSIONS

OSNs respond to odorant binding to ORs with an inward transduction current that depolarizes the cell. This
depolarization leads to generation of action potentials that, travelling across the axon, reach the glomeruli
in the olfactory bulb mediating the olfactory information. Besides, OSNs fire action potentials also in
absence of odor stimuli (O’Connell and Mozell, 1969; Trotier and MaclLeod, 1983; Frings and Lindemann,
1991; Reisert and Matthews, 2001a; Reisert, 2010) and this spontaneous firing is driven by the constitutive
activity of the expressed OR (Reisert, 2010; Connelly et al., 2013). Basal activity regulates the development
and shapes neuronal circuits of higher centers (Yu et al.,, 2004, Nakashima et al., 2013). In this Thesis |
studied the effect of two genetic manipulations on the firing activity of the OSNs: the ectopic
overexpression of Kir2.1 and the deletion of the TMEM16B/Ano2 gene, that codes for the Ca®'- activated CI
channel TMEM16B.

Kir2.1 overexpression reduces the spontaneous activity but does not alter the odor-evoked response in
OSNs

The overexpression of Kir2.1 is a genetic approach used to reduce the excitability of the neurons and to
decrease basal firing activity (Johns et al., 1999). The overexpression of Kir2.1 channel in OSNs produced an
unrefined topography of the olfactory bulb (Yu et al., 2004). This modification is supposed to reduce the
spontaneous firing in OSNs (Yu et al., 2004), although a detailed study on basal firing activity was not
performed, and its effect on odor-evoked activity remained to be clarified. To dissect thoroughly the effect
of Kir2.1 expression on the spiking activity of OSNs, | recorded spontaneous and odor-evoked activity from
dendritic knobs of OSNs in the intact epithelium using the loose-patch configuration.

The basal activity exhibited a high variability in the firing rate among neurons both in control and in Kir2.1
mice, consistently with previous studies (Reisert et al., 2010; Connelly et al., 2014). However, | found that
overexpression of Kir2.1 strongly reduced the basal activity of OSNs.

| tested the ability to respond to odor stimuli of OSNs overexpressing Kir2.1 using as stimulus an odor
mixture, and | found that the stimulus triggered action potential firing similarly to WT neurons, with a
similar percentage of responsive neurons, 68% in Kir2.1 and 79% in WT OSNs. | analysed separately the
saturating and not saturating responses and | concluded that the overexpression of Kir2.1 did not influence
the ability of the OSNs to respond to the odor-stimulus.

A possible explanation of these results is that the overexpression of Kir2.1 hyperpolarizes the OSN
contrasting the spontaneous OR-induced depolarization which, in the absence of odor stimuli, leads to

basal spiking activity. On the other side, the outward K* current mediated by Kir2.1 may not be sufficient to
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counteract the transduction inward current induced by odor stimulation, not affecting the odor responses.
These results support the use of Kir2.1 mouse strain as model for understanding the contribution of

spontaneous and sensory-evoked activity in the formation of sensory circuits.

A role for Ca®*-activated CI" channels in olfaction

The transduction current, elicited by odor stimulation, is composed by the contribution of two types of ion
channels: CNG and Ca**-activated CI” channels. The primary inward current through CNG channels, mainly
due to Ca®* entry, triggers the activation of a large secondary Cl  current.

Interestingly, although CaCCs were first observed in the early nineties (Kleene and Gesteland, 1991; Kleene,
1993; Lowe and Gold, 1993; Kurahashi and Yau, 1993), their molecular identity has been elusive for two
decades, hindering the possibility to better understand the role of CaCCs in the olfactory system. After
ruling out several possible candidates, the channels expressed in OSN cilia and responsible for CaCCs were
finally identified as TMEM16B/Anoctamin2 (Stephan et al., 2009; Pifferi et al., 2009; Sagheddu et al., 2010;
Billig et al., 2011). Disruption of the TMEM16B (Ano2) gene in mice (Billig et al., 2011) completely abolished
CaCCs in OSNs. However, TMEM16B KO mice were reported unexpectedly not to have any obvious

olfactory deficit, concluding that CaCCs are dispensable for olfaction.

As this first and unique study on TMEM16B KO mice raised serious doubts about the role of Ca**-activated
ClI' channels in olfaction (Billig et al., 2011), we re-addressed the question performing new behavioral tests
and analyzing the ability of single neurons to respond to odor stimulus.

Our collaborators at Monell Chemical Senses Center (Philadelphia, USA) addressed a possible olfactory-
driven behavioral deficit in TMEM16B KO mice by using an odor-guided food-seeking test, which has been
largely used to test olfactory acuity in mice (Stephan et al., 2012; Li et al., 2013). The animals required
longer times compared to WT mice to locate the food marked with novel odor while they performed
equally well for odors already known to the mice.

| focused on the characterization of the stimulus-evoked and basal activity of OSNs from TMEM16B KO
mice that have not been studied yet. For this purpose | performed extracellular loose patch recordings from
the knob of OSNs from intact septal epithelium or in slices of PO-P4 mice olfactory tissue.

The transduction current triggers the generation of action potentials, bringing the information of odor
presence along the axon to the olfactory bulb. Although the transduction current is strongly reduced in
OSNs from TMEM16B KO mice, we verified that both isolated and in situ OSNs responded to IBMX stimuli,
similarly to WT, with a burst of action potentials.

However suction electrode recordings from isolated OSNs revealed that neurons from KO animals
responded with longer trains and a higher number of APs in response to IBMX compared to WT OSNs,

suggesting that TMEM16B contributes to shorten IBMX-evoked firing activity.
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Loose patch recordings from the knobs of KO mice OSNs in situ, showed an enhancement of the evoked
firing activity, but not a significant increase in the response duration, probably due to the intrinsic high
variability.

To overcome the variability, we recorded the heptanal induced response in OSNs expressing 17 OR. We
confirmed that TMEM16B deletion caused an increase in 17 OSNs firing activity, characterized by longer
response durations and higher number of spikes.

Large transduction currents produce a depolarization which may inactivate the voltage-gated Na* and Ca*'
channels reducing the action potential amplitude (Trotier, 1994). Strong stimuli can even produce a
silencing period of the OSNs firing evoked-activity (Reisert and Matthews 2001b; Savigner et al., 2009). A
reduction of the transduction current, as observed in isolated OSNs from TMEM16B KO, may decrease the
OSNs depolarization producing a reduced inactivation of the voltage-gated channels leading to an increase
of the number of action potentials for strong stimuli.

Thus, although the presence of CNG currents is necessary and sufficient to generate action potentials in
response to a stimulus, CaCCs contribute to modulate firing duration and number of spikes.

It is well established that spontaneous activity in OSNs significantly contributes to the development and
physiology of the olfactory system (Nakashima et al., 2013). We tested whether the absence of CaCC
influenced also the basal activity of OSNs. Different ORs have various basal activities (Reisert, 2010),
leading to different sporadic activations of the transduction cascade. On average, the lack of CaCC mildly
decreased the instantaneous firing frequency in TMEM16B KO compared to WT mice and did not alter the
mean frequency. Contrarily, in OSNs expressing 17 OR, characterized by a high basal activity (dissociated
cells, Reisert et al., 2010; in situ, Connelly et al., 2014), the lack of TMEM16B induced a pronounced
reduction of both the mean and the instantaneous firing frequency. Since a sustained basal activity may be
induced by a higher sporadic activation of the transduction cascade, with the contribution of CaCC, the
pronounced difference observed in |7 expressing OSNs, but not in random OR expressing neurons, may be
due to the relatively higher 17 basal activity.

Neuronal activity is important for circuitry formation of the olfactory system (Lodovichi and Belluscio, 2012;
Yu et al., 2004; Lorenzon et al., 2015; Nakashima et al., 2013) where it is involved in segregation of axons
into glomerular structures (for review; Nishizumi and Sakano, 2015a). Since lack of CaCC influenced the
basal activity of I7-expressing OSNs, we investigated axonal targeting for the 17 OR and demonstrated that
nearly twice as many glomeruli were innervated in TMEM16B KO compared to WT mice. Given that the
reduction of spontaneous activity has been reported to influence the organization of olfactory bulb (Yu et
al., 2004; Lorenzon et al., 2015), it is likely that this effect was caused by the reduction of basal activity in 17
expressing OSNs. This data would be in agreement with previous reporting that the glomerular targeting of

P2 and M71 expressing OSNs are not influenced in TMEM16B KO mice (Billig et al., 2011).
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The results of this Thesis show that OSN from TMEM16B KO are able to respond to odors with trains of
action potentials, although the firing activity is overall increased. This finding justifies the lack of an evident
olfactory phenotype in TMEM16B KO animals (Billig et al., 2011).

Additionally TMEM16B regulates basal activity and glomerular targeting for 17 expressing neurons. Since
this modulation of firing activity is much smaller in OSNs expressing random ORs, less spontaneously active
OSNs may be less affected by the lack of the CaCCs since their basal firing activity is already very low. These
data show that CaCC has a regulatory effect on OSNs firing activity and reopen the question of its
importance in odor detection.

In conclusion, a new role for the Ca**-activated CI" channel in olfaction emerges, suggesting that it is not
dispensable for olfaction but is required for correct action potentials generation, axonal targeting and

behavior.
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