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Abstract

The sense of olfaction is a central gat eway

environment filled with volatile chemicals. It affects individual and social behavior in an
evaluative way, i.e. by helping to find food sources, warning from dangers like toxins
or predators or influencing mating choice. Already the first central station for vertebrate
olfactory processing, the olfactory bulb (OB), is astonishingly complex. Its structure
features several horizontal layers of signal transformation that includes a large variety
of local interneurons (INs). Most of these cells are subject to adult neurogenesis, which
rejuvenates and remodels the circuitry throughout life. One of those interneuron
subtypes, the granule cell (GC), poses the most numerous cell type of the olfactory
bulb. As the major synaptic connection of the bulb, linking different glomerular units, it
participates in numerous reported tasks like odor discrimination or memory formation.
Many of those capacities are attributable to the function of peculiar spines with long
necks and enormous bulbar heads called gemmules. They accommodate pre- and
postsynaptic specializations of the reciprocal synapse with mitral cells (MCs) that are
topographically and functionally linked and feature many modes of signal integration
and transmission. As of yet, the mechanistic underpinnings of activation and

neurotransmitter release are not yet resolved in great detail.

This gave rise to the first project of this thesis, which focusses on the detailed granule
cell gemmule physiology during local glutamatergic activation. With the help of two-
photon glutamate uncaging and concomitant calcium imaging, the spine could be
selectively stimulated and its physiological dynamics tested. By the use of different
pharmacological agents, we could verify the importance of voltage gated sodium
channels (Nav) for local signal amplification and the involvement of NMDA and high
voltage activated calcium channels (HVACCS) in the calcium elevation during local
stimulation, which is important for o-aminobutyric acid (GABA) release from the spine.
The superthreshold depolarizing signal and strong calcium elevation during local input
are exclusively restricted to the spine, which affirms the chemical and electrical
isolation of gemmules from the rest of the cell. In this study we thereby confirmed the
theoretical prediction of active computation within single spines in our system,
emphasizing the functional importance of morphological compartmentalization for the
cell s physiology.
VI



The second largest population of interneurons in the olfactory bulb is located in the
glomerular layer (GL) of the olfactory bulb and subsumes a plethora of different cell
types, categorized in terms of molecular characteristics (mostly neurotransmitter),
morphology and function. Among those, dopaminergic (DAergic) juxtaglomerular cells

(JGCs) form a subpopulation, which the second part of this thesis is focused on.

Innervated by the first or second synapse in the olfactory pathway, these cells exert
strong influence in very early stages of olfactory signaling. The gating and
transformation of inputs locally and very importantly also laterally over large distances
originate from several factors. This cell grouping usually expresses two
neurotransmitters at the same time, GABA and dopamine (DA), and encompass many
different morphologies and synaptic arrangements with other cell types. Utilizing
dopamine transporter (DAT) based staining methods in three animal populations
differing in age and species, this study revealed a larger diversity of dopaminergic cell
types in the glomerular layer. New duniglomerularband a @laspingdcell types were
discriminated, showing distinct dendritic formations and glomerulus innervations,
which was assessed with a new morphometric tool kit. The clasping cell type features
dendritic specializations, densely clasping around single cell bodies. These
morphological traits occur in higher abundance and complexity specifically among
adult animals and could be structures of neurotransmitter output since they show
strong calcium influx upon soma depolarization. Comparisons of the three animal
populations showed age- and/or species-dependent changes in the subtype
composition of dopaminergic JGCs. Concordant with recent research, the inclusion of

age-dependent comparisons in bulbar studies turned out to be of great significance.

VII



1. Introduction

1.1. General importance of the sense of smell

The sense of smell is often essential for the survival of animal life (Galizia and Lledo,
2013). Strongly interacting with taste, olfaction allows for the evaluation of an
environment filled with chemicals. It helps to identify sources of nutrition, warns us from
harmful substances like spoiled food, toxins and other sources of danger like predators
or fire (Lledo et al., 2005; Stevenson, 2010). Moreover, it encompasses a social
function identifying individuals like sexual partners or kin and communicates affective
states like aggression or submission (Stowers et al., 2002; Lledo et al., 2005; Mutic et
al., 2015). In humans, at least since antiquity, olfaction also has taken on further
cultural and social aspects in the form of perfumes or religious and medicinal aromatics
(Jones and Rog, 1998). Humans are categorized into the microsmatic group (as
opposed to macrosmatic animals), having a relatively small epithelial surface and low
sensitivity to odorants (Galizia and Lledo, 2013). Latter notion should be critically
revised or differentiated, since human detection capabilities are often
underrepresented and can be very sensitive for certain compounds (Sarrafchi et al.,
2013). Although it may be true that humans nowadays do not critically rely on their
olfactory sense in many aspects of their lives, disturbances of this system or the total
loss of the sense strongly reduces life quality and can lead to depression and other
disorders (Hummel and Nordin, 2005; Seo et al., 2009). The capabilities of human
olfaction have been theoretically assessed to be very impressive with more than one
trillion discriminable odorant stimuli (Bushdid et al., 2014), although this estimation was
probably erroneous (Gerkin and Castro, 2015; Meister, 2015). Discrimination and
identification of odorants is dependent on cognitive abilities (Endevelt-Shapira et al.,
2014; Fagundo et al., 2015) which definitely limits the number of memorizable odorants
to much lower numbers. The olfactory detectability of a chemical is strongly dependent
on its volatility, with most odorous substances having a molecular weight of less than
350 Dalton (Galizia and Lledo, 2013). Therefore the number of potential volatile
odorants is limited. Reception of water borne chemicals is not discussed in this thesis.
Odorant molecules are very variable in size, shape, functional groups and charge and
include many chemical classes (Amoore and Hautala, 1983). Among those, alcohols,

aliphatic acids, aldehydes, ketones and esters; chemicals with aromatic, alicyclic,
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polycyclic or heterocyclic ring structures; and innumerable substituted chemicals of
each of these types, as well as combinations of them (Gaillard et al., 2004). Even if a
substance is volatile, it is not necessarily received or perceived. Humans cannot smell
CO2 or CO, whereas other animals can (Jones, 2013). Most perceived odors are not
single substances 7 coffee odor or rose odor are complex mixtures of hundreds of
substances with some components being more relevant for the odor impression
(Galizia and Lledo, 2013). Certain combinations of odor components blend together to
form a percept in such a way that single components will not be reliably identified within
the mixture (Hummel et al., 2013; Sinding et al., 2013). Concentrations of odorants
have a strong impact on physiological responses as early as at the receptor level and
also during further computations down to the percept level (Gross-Isseroff and Lancet,
1988; Duchamp-Viret et al., 2003). A given odorant can act on many receptors at the
same time, and one receptor can get activated by several odorants (Galizia and Lledo,
2013). The combined activation pattern in space and time (which can even include
inhibitory interactions with receptors), with different representations in other cross-
connected processing areas like the OB, olfactory cortex and other associational brain
areas encompasses the odor percept.

The following introductory parts will introduce general aspects of olfaction very roughly.
On the bulbar level, circuitry and signal transduction and transformation is reviewed in
greater detail. These parts cover aspects beyond the focus of the experiments of this
thesis, which are helpful and necessary to understand recent physiological studies in
the OB and are considered in the discussion. Both included manuscripts tackle
important issues of general bulbar functionality to influence the understanding bulbar
processing with the finding of (1) new cell types with innervation specificity and (2) a

local depolarizing boosting mechanism and electrical function found in GC gemmules.

1.2. Organs of olfactory reception

Olfactory stimuli are registered in mammals in various subsystems of the nose which
differ in anatomy, function and axonal targets (Breer et al., 2006). Interestingly, basic
principles of olfactory transduction and primary processing networks are astonishingly
similar across species and even phyla (Hildebrand and Shepherd, 1997). The two main
nasal chemosensory systems are the main olfactory epithelium (MOE) and the

vomeronasal organ (VNO). The VNO, a tube-like structure in the nasal septum is
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considered a nose, mostly specialized on detecting chemical signals from other
animals that transmit socially relevant information (Halpern, 2003). These signals are
to a large part non-volatile and convey information about species, gender or individual
identity that can induce innate behaviors and physiological reactions related to
aggression (Maruniak et al., 1986; Stowers et al., 2002), parenting (Fleming et al.,
1979; Saito et al., 1988) and mating (Bruce, 1959; Whitten, 1959; Singer et al., 1988;
Leypold et al., 2002). However, the main olfactory bulb (MOB) is also involved in the
processing of social signals and the systems are substantially cross-connected (Spehr
et al., 2006; Kang et al., 2009). Two further organs have been described 1 the septal
organ and the Grueneber g gangl i onoles rénamedeelusive gt n s 6
recently, although the septal organ was suggested to be involved in food odor detection
and social sexual signaling (Breer and Strotmann, 2005). Moreover, nasal
chemoreception is intertwined with trigeminal detection, which is linked to irritant or
noxious stimuli with almost any odor eliciting a certain trigeminal response (Finger et
al., 2003; Lin et al., 2008).

1.3. Olfactory receptor repertoire

At least five receptor gene families are currently known in vertebrates. These families

are o6odor an(ORs)(Buckeapd Axel, sL901), two families of
recep{VitR, ¥2R) (Herrada and Dulac, 1997; Matsunami and Buck, 1997,
Pantages and Dulac, 2000), drace amine-a s s o c i at e d(TAARS) Bgdwsky et 6

al., 2001; Bunzow etal., 2001)and &6f or my | p e fRPRs) (ke etab,R@p;t or s 6
Migeotte et al., 2006; Riviere et al., 2009), all of which are G-protein coupled receptors
(GPCRs) (Galizia and Lledo, 2013). For the distribution of receptors in the different
olfactory subsystems see Munger et al. (2009). Gene family sizes vary for receptor

type and species. Humans, for example, have no functioning V2R genes (only a few
pseudogenes), whereas mice have at least 100 genes and twice as many
pseudogenes of this family. Rodents have approximately 1000 odorant receptor genes

and humans still have, next to a large number of pseudogenes, approximately 350
functional OR genes (Galizia and Lledo, 2013). This astonishing number actually
presents the biggest gene family in the mammalian genome representing 2-7% of the

mouse genome, including the vomeronasal receptor families (Mombaerts, 2004).



1.4. Bulbar circuitry and connectivity

1.4.1. Main olfactory bulb layered organization

The MOB of rodents is organized in a laminar fashion with six main layers (Nagayama
et al., 2014) or seven if counting the subependymal zone (SEZ). The most exterior
layer is the olfactory nerve layer (ONL), consisting of axon bundles of olfactory sensory
neurons. The cell bodies of those cells lie within the olfactory epithelium and send their
axons into receptor-specific glomeruli. The second layer called glomerular layer (GL)
is named after the roughly spherical structures of neuropil, laterally lining the outer
perimeter of the olfactory bulb. Within glomeruli, synaptic connections from OSNSs to
projecting cells and processing interneurons are made. They are surrounded by cell
bodies of periglomerular (PGCs) or juxtaglomerular cells (JGCs), including projection
neurons and local interneurons. PGCs directly adhere to the glomerular neuropil
whereas JGC cell bodies are generally located in the GL, not necessarily directly
touching the glomerular neuropil. Within the glomerular neuropil, consisting of axons,
dendrites and glial processes, no cell bodies are present (Kasowski et al., 1999). Glial
cells will not be further discussed, although they might play an important homeostatic
and even signaling role in the olfactory bulb and certainly are essential for (adult)
neurogenesis (Kozlov et al., 2006; Platel et al., 2010; Ninkovic and Gotz, 2013). Within
mostly the periglomerular space, dendritic and axonal neuropil interconnects
glomerular units, e.g. via short-axon cells (SACs). One type of SACs even forms a
descending connection to the granule cell layer (GCL), linking the two horizontal layers
vertically (Scott et al., 1987). Central to the GL lies the external plexiform layer (EPL).
Only very few somata are situated in this layer, some of those belong to populations of
tufted cells (TCs). These are differentiated mostly by their vertical position within the
layer and additionally show physiological distinctions (Mori et al., 1983). In the EPL
SACs and many different populations of interneurons occur in quite low numbers
(recently summarized in Nagayama et al., 2014). Apart from those sparse cell bodies,
the EPL is mainly characterized by its complex neuropil organization. All of the above
mentioned resident cells extend their axons and dendrites mostly or exclusively within
the EPL, but very importantly also other processes run through this layer. The apical
and lateral dendrites of the olfactory bulb main projection cells, mitral and tufted cells
(often combined as MTCs), connect with the apical dendrites of granule cells in

reciprocal arrangements, forming the putatively most numerous synaptic connection of
4



the olfactory bulb in this layer. The EPL can be further subdivided by the dendritic
outgrowth patterns of lateral dendrites of mitral and tufted cells, which differ in their
respective synaptic numbers, arrangements and functionality (Mori et al., 1983;
Fourcaud-Trocme et al., 2014; Bartel et al., 2015), or by the localization of certain
interneuron cell types (Nagayama et al., 2014). The mitral cell layer (MCL) is very
restricted in its vertical extent and features a dense belt of mitral cell somata as well
as granule cell somata. Mitral cells themselves are not a homogeneous population but
display different connectivity and biophysical properties (Padmanabhan and Urban,
2010; Angelo et al., 2012). The internal plexiform layer (IPL) is a very thin layer
featuring few cell types and specialized connections from the contralateral bulb as well
as cortical projections. The main cell group is horizontal cells, whose dendrites run
parallel to the MCL and whose axons project into the EPL (Price and Powell, 1970c).
Some multipolar neurons in this layer express acetylcholine esterase (Carson and
Burd, 1980). Axons of a group of ETCs (or superficial tufted cells) project to the IPL of
the other side of the same bulb (medial to lateral or vice versa) targeting GCs of the
opposite side glomerular column (Lodovichi et al., 2003) via the so-called intrabulbar
projection (IBP). A recent publication suggested that the projecting neurons, instead of
GCs, are primarily excited via this connection by cholecystokinin (CCK) (Ma et al.,
2013). Additionally, axons from the mitral ce
(Schoenfeld et al., 1985), extending towards higher olfactory centers. The most central
layer of the olfactory bulb, the granule cell layer (GCL) harbors the somata of most
GCs, organized in clusters and projecting into the EPL. GCs are subclassified
depending on dendritic extension patterns, (electro-)physiological properties and
maturation stage (Orona et al., 1983; Petreanu and Alvarez-Buylla, 2002; Carleton et
al., 2003; Naritsuka et al., 2009). Different deep short-axon cells (ASACs) and other
interneurons can be found in this layer. Interestingly, some dSACs vertically cross-
connect their residence deep layer and the superficial glomerular layer by selectively
targeting PGCs (Eyre et al., 2008). Other dSAC types even project to cortical areas
(Eyre et al., 2008). Another deep layer is sometimes discriminated, the so-called
subependymal zone, harboring some progenitor cell types of olfactory bulb
interneurons (Shipley and Ennis, 1996). All of the layers of the OB are conversely the
target of centrifugal backprojections. The detailed connections in the GL and EPL are
summarized further below and a schema of glomerular organization is shown at the
end of the introduction (Fig. 12-4).



1.4.2. From the epithelium to the cortex

The following rough signal transduction towards cortical subareas is based on
canonical olfactory sensory neurons (OSNs) in the MOE, computations at bulbar
stations are neglected in this part. They will be in the focus of the subsequent section.

The reception of many odorants takes place at a thin epithelial sheet in the nasal cavity,
the olfactory epithelium. Here, odorants bind to olfactory receptors, which are seven
transmembrane, G protein-coupled receptors, expressed on the cilia of receptor
neurons. The cilia extend into a mucous layer secreted by supporting cells, which, with
the help of solved proteins and enzymes, facilitates accumulation, receptor binding and
post-interactive removal of odorant molecules (Getchell et al., 1984). In contrast to
insects (Nakagawa and Vosshall, 2009), the signal transduction mechanism in ORs of
mammals is resolved mechanistically. Upon binding of the odorant, the receptors
generate signals through Guo, converting guanosine diphosphate to guanosine
triphosphate (GTP). The GTP-bound Gu o atctivates adenylyl cyclase type lll, leading
to cyclic adenosine monophosphate (CAMP) production. cAMP binds and opens
calcium permeable, cyclic nucleotide gated channels, raising sodium and calcium
levels within the receptor cell and depolarizing the membrane. Additionally, the calcium
influx opens chloride channels. This anion efflux leads to further depolarization of the
membrane potentials and eventually action potential (AP) generation (Bhandawat et
al., 2005; Imai and Sakano, 2008). The calcium influx is also essential for the rapid
desensitization of OSNs, via several downstream second messenger signals
(Matthews and Reisert, 2003). The OSN AP signal is transduced via long axons,
traveling in bundles through the porous cribriform plate of the ethmoid bone and
reaches the olfactory bulb. Each receptor cell usually bears only one receptor type and
OSNs expressing the same receptor converge into the same few glomeruli within the
OB (in rodents two approximately symmetric glomeruli along the sagittal OB axis per
olfactory bulb i Mombaerts, 1996). In turn, usually every glomerulus gets input from
only a single receptor type. The rodent olfactory epithelium has multiple, partially
overlapping, spatial zones along its dorsoventral axis which express different OR
genes and this pattern is roughly conserved in corresponding domains in the olfactory
bulb (Ressler et al., 1993; Miyamichi et al., 2005). The OB map can be divided into
different clusters, e.g. based on odor tuning specificity or receptor classes (Bozza et

al., 2009; Matsumoto et al., 2010). Inside the glomeruli the olfactory signal is directly
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or indirectly forwarded to projection neurons (ETCs, TCs, MCs) with differing levels of
processing by local interneurons (Fukunaga et al., 2012; Adam et al., 2014) and with
different effects on output timing (Najac et al., 2015). The intrabulbar projection of
ETCs is implied in using timing cues via activity onset latency differences for
concentration coding of the stimulus (Zhou and Belluscio, 2008; 2012). Mitral and
tufted cells transmit their information in parallel with different latency regimes onto
distinct downstream targets, summarized under the name of the olfactory cortex (OC).
TC targets include the ventrorostral anterior piriform cortex (PC), anterior olfactory
nucleus (posteroventral part and the pars externa) and the anterolateral part of the
olfactory tubercle. MCs show a wider selection of cortical targets, including the dorsal
part of the anterior olfactory nucleus (AON), the cortical part of the olfactory tubercle
(OT), mostly dorsal parts of anterior piriform cortex, the tenia tecta, the posterior
piriform cortex, lateral entorhinal cortex, the nucleus of the lateral olfactory tract,
anterior cortical amygdaloid nucleus and posterolateral cortical amygdaloid nucleus
(lgarashi et al., 2012). This divergence, as well as several recent physiological studies
(Fukunaga et al., 2012; Adam et al., 2014) consolidate the different roles of those
subtypes of projection neurons, which, until very recently, have often been pooled as
similar in morphology and function. Additional to classical principal projecting cells,
GCL short-axon type cells have been demonstrated to also project to cortical olfactory
centers 1 specifically the OT (Kosaka and Kosaka, 2007b; Eyre et al., 2008). Higher
order olfactory areas, in crosstalk with the OB, serve manifold functions (Matsutani and
Yamamoto, 2008; Mandairon and Linster, 2009; Giessel and Datta, 2014), such as
constructing an odor percept (Barnes et al., 2008; Payton et al., 2012), forming
associational networks (Haberly and Bower, 1989), pairing olfaction with valence or
affective information (Seubert et al., 2010; Gadziola et al., 2015; Patin and Pause,
2015), or enabling multisensory integration (Wesson and Wilson, 2010; Maier et al.,
2015). Therefore, constructing and shaping an odor 6 i mairgtieedrain is founded in
extremely elaborate circuitry and the simplified notion of being able to derive and
predict it just by looking at the combinatorial receptor code has to be refuted (Barnes
et al., 2008; Triller et al., 2008; Mori et al., 2013; Kumar et al., 2015).



1.4.3. Circuitry in the glomerular layer and external plexiform layer

The following connectivity schemata concentrate on parts of the bulbar circuitry directly
connected to the cells investigated in this thesis, particularly glomerular layer and
external plexiform layer interactions. Those layers actually perform most of the signal
transformation in the OB. For dopaminergic cells to some extent but especially later for
GC spines, the level of detail will increase even to their receptor configuration. Further
connections might only be mentioned briefly. Gap junctions will not be focused on in
this dissertation, although they are known to play important roles in MOB activity at
various stages, including both GL and EPL interactions. Oscillatory activity, temporal
synchrony of output and gating functions by shunting are influenced by those
connections (Friedman and Strowbridge, 2003; Kosaka et al., 2005; Migliore et al.,
2005; Gire et al., 2012; Banerjee et al., 2015).

1.4.3.1. Glomerular layer

Within olfactory bulb glomeruli, information from glutamatergic sensory cells to
glutamatergic projecting cells (MCs and TCs) is extremely convergent, with the ratio of
olfactory sensory neurons exceeding the number of projection cells by approximately
1000:1 (Van Drongelen et al., 1978, Mori et al., 1999). In total, approximately 20-50
projection neurons enter an individual glomerulus via usually a single apical dendrite
(Malun and Brunjes, 1996; Schoppa and Westbrook, 2001; Ke et al., 2013). From there
on, convergent and divergent information of individual glomerular pathways is
projected towards cortical areas (Lei et al., 2006; Stettler and Axel, 2009; Apicella et
al., 2010; Igarashi et al., 2012), bearing in mind that glomerular information channels
are intrinsically laterally cross-connected within several bulbar layers, mostly in the GL
(Kosaka and Kosaka, 2011; Banerjee et al., 2015) and the EPL (Egger et al., 2003;
Kato et al., 2013). Most of the glomerular neurons are GABAergic interneurons (>50%
with a total of around 230 per glomerulus 1 Parrish-Aungst et al.,, 2007) which are
usually uni- (=mono-) glomerular or contact few adjacent glomeruli (Nagayama et al.,
2014). This notion excludes a population of long-range dopaminergic and GABAergic
short-axon cells that can innervate several or many glomeruli over a large distance
(Kiyokage et al., 2010). A minor population of GABAergic periglomerular cells can be

directly driven by OSNs (up to ~30%; = type | PGCs), whereas most of them get feed-
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forward input via ETCs (~70%; = type Il PGCs) (Kosaka et al., 1998; Hayar et al.,
20044a; Kiyokage et al., 2010). TCs and interneurons are primary targets of OSNs, with
ETCs to feed-forward excite a large proportion of cells within the glomerular layer,
including MCs and further interneurons (De Saint Jan et al., 2009; Kiyokage et al.,
2010; Fukunaga et al., 2012; Gire et al., 2012). ETCs also release endocannabinoids
onto PGCs regulating their transmitter release and even influencing other ETCs slightly
(Wang et al., 2012). MCs get only minor direct OSN input (De Saint Jan et al., 2009).
GABAergic cells in the GL do not display a homogeneous population of cells, they
differ in several partially overlapping populations of neurochemical markers. Distinction
determinants include the GABA synthetizing enzyme (GAD65 or GADG67), co-
expression of dopamine, their calcium binding protein type (calbindin, calretinin,
neurocalcin), receptor repertoire (Panzanelli et al., 2007) and temporal origin (Batista-
Brito et al.,, 2008). PGCs provide presynaptic GABAergic input to sensory neuron
terminals as well as pre- or postsynaptic inhibition to other GABAergic interneuron
types, PGCs, SACs and projection cells (Pinching and Powell, 1971a; Murphy et al.,
2005; Panzanelli et al., 2007). With apical dendrites of projection neurons, they can
also form dendrodendritic reciprocal arrangements (Kosaka and Kosaka, 2005).
Dopaminergic cells in the glomerular layer are very diverse, morphologically and
functionally. In mice all of them co-express GABA, in rats almost all (Kosaka and
Kosaka, 2007a; Kiyokage et al., 2010). Most of the dopaminergic cells are driven via
ETCs, some get direct OSN input (Kiyokage et al., 2010). Their output is directed onto
very diverse targets, including ETCs, OSNs, PGCs, DAergic JGCs and centrifugal
terminals (Pinching and Powell, 1971c; b; Ennis et al., 2001; Gutierrez-Mecinas et al.,
2005; Maher and Westbrook, 2008; Banerjee et al., 2015). The DAergic JGC
proportion of glomerular neurons is in the order of ~ 10%, (approximately 50 cells per
glomerulus i Parrish-Aungst et al., 2007). Laterally oriented GL short-axon cells are
considered a major connecting element of glomerular vertical columns (Aungst et al.,
2003). Their neurotransmitter type has been proposed to be mainly glutamatergic, but
the current literature considers most of them to be part of the dopaminergic-GABAergic
population although there is still discordance about the nomenclature of this cell type
(Aungst et al., 2003; Kiyokage et al., 2010; Kosaka and Kosaka, 2011; Liu et al., 2013;
Nagayama et al., 2014). A different short-axon cell type was in fact shown to be
glutamatergic (Brill et al., 2009). It can administer direct excitatory lateral drive onto

hitherto unresolved targets. Many other neuroactive substances have been found
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within the OB GL, including vasopressin (Tobin et al., 2010), neuromodulators like
substance P, enkephaline, nitric oxide and many more (Kosaka et al., 1998). The GL
and other MOB regions are subject to circadian dynamics, which influence manifold
molecular and physiological processes with regular fluctuations (Corthell et al., 2014).

Cortical modulation of this layer will be summarized later on (1.5.).

1.4.3.2. External plexiform layer

Strong gating inhibitory activity on MCs and TCs is exerted by GCs and other inhibitory
interneurons in the EPL, mostly targeted on lateral dendrites of the projection cells.
GCs themselves can be subdivided into different populations, classified by their soma
location, overall morphology, innervation of OB horizontal sublayers and cell types, or
depending on cell generation age and chemical markers (Price and Powell, 1970c;
Mori et al., 1983; Orona et al., 1983; Naritsuka et al., 2009; Merkle et al., 2014). The
GC subtype-specific repertoire of synaptic contacts involves reciprocal boutons in the
perisomatic area of MCs, purely postsynaptic spines in the proximal dendritic tree and
reciprocal gemmules in either the whole EPL or in rather distal (superficial) processes
(Price and Powell, 1970d; Mori et al., 1983; Orona et al., 1983; Naritsuka et al., 2009).
GCs outnumber MCs by a factor of approximately 50-100 (Shepherd and Greer, 2004,
Egger and Urban, 2006). Despite getting manifold inputs, the GABAergic output of
axonless GCs is probably restricted to the reciprocal connections with projection cells
via dendritic release mechanisms (Price and Powell, 1971d; Egger et al., 2005;
Shepherd et al., 2007; cf. 1.7. and more specifically 1.7.6.). The number of GCs and
their synapses connected to a single projection cell or glomerulus and their respective
influence is hard to estimate for different reasons. Not all GC spines harbor a reciprocal
synapse, the proximal apical and basal ones are mostly purely postsynaptic (Price and
Powell, 1970d; Balu et al., 2007). Furthermore, not all GABAergic connections on
projecting cells are formed by GCs and the number of synapses, marked with
GABA/glycine receptor subunit markers or gephyrin (Giustetto et al., 1998; Sassoe-
Pognetto and Fritschy, 2000) is also not uniform throughout the EPL, depending on
the sublayer innervation pattern of the respective projection cell (Panzanelli et al.,
2005; Bartel et al., 2015). Even though the linear density of reciprocal synapses,
marked by gephyrin on the PN side, seems consistent along a given lateral dendrite,

with an average of 1.1 synapses per um (Bartel et al., 2015), the impact on the
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projection neuron differs a lot depending on the localization of the synapse. Distal
connections on MCs are more likely to be involved in local dendrodendritic
microcircuits and lateral inhibition whereas proximal ones seem to shape temporal
coding such as synchronized MTC firing (Bartel et al., 2015). Whether most
connectivity of a glomerular unit to another is mainly local or established over long-
range connections and whether the connectivity is specific or random is still subject to
discussion, although the long-standing proposal of a clear center-surround connectivity
seems unlikely (Egger and Urban, 2006; Fantana et al., 2008; Murthy, 2011; Spors et
al., 2012).

Further cell types influence computations in the EPL. Among those are somatostatin
immunoreactive cells, which directly interact with MC dendrites, involving
dendrodendritic reciprocal synapses (Lepousez et al., 2010). Largely overlapping
populations of PV positive and CRH positive cells also interact reciprocally with
projecting cells (Toida et al., 1994; Huang et al., 2013; Garcia et al., 2014a). They exert
a substantial influence on OB output with broadly tuned odor sensitivity and possibly
even in response to airflow-induced mechanical signals. These cells form a strong
inhibitory conjunction element between MCs similar to GCs, yet more densely
connected (Huang et al., 2013; Kato et al., 2013; Miyamichi et al., 2013). Additionally,
they seem to modulate postnatally generated GCs directly via CRH activity (Garcia et
al., 2014a). Some PV positive cells overlap with the somatostatin immunoreactive cells
(Lepousez et al., 2010), possibly the ones establishing reciprocal synpatic interactions
with MCs.

With their soma in even deeper bulbar layers, several dSAC types exert inhibitory
influence on bulbar interneurons like GCs or even PGCs (Eyre et al., 2008; Labarrera
et al., 2013; Burton and Urban, 2015). For instance, Blanes cells persistently inhibit
GCs monosynaptically (Pressler et al., 2007). Some other, mostly GABAergic
interneurons coexist in the GCL and EPL, which influence bulbar output (Schneider
and Macrides, 1978; Brinon et al., 1999; Alonso et al., 2001). Among those, an EPL-
intrinsic dopaminergic population was observed (Liberia et al., 2012). An interesting
study showed that even astrocytes target projection cells and GCs in the olfactory bulb
with GABA and glutamate release, leading to slow inward and outward currents that

can have a strong modulatory effect on both cell types (Kozlov et al., 2006).
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1.5. Centrifugal input to the olfactory bulb

The bulbar circuitry is not a hermetic system or a one-way street towards higher
processing centers, but is influenced by many (mainly primary) olfactory cortical areas
(Price and Powell, 1970b; Shipley and Ennis, 1996) as well as classical
neuromodulatory brain centers (Shipley and Adamek, 1984), giving state dependent
and experience related context to olfactory stimuli (Fletcher and Chen, 2010; Kato et
al., 2012; Mandairon et al., 2014; Rothermel and Wachowiak, 2014). To understand
bulbar transformations in their full physiological context (cf. studies in the discussion),

cortical inputs have to be considered.

The (back-)projections of primary olfactory cortex areas mainly arise from excitatory
(often glutamatergic) afferents from the AON, PC (mostly layer Il and Ill pyramidal
cells), periamygdaloid cortex, entorhinal cortex, nucleus of the lateral olfactory tract
and amygdala (Shipley and Ennis, 1996; Matsutani, 2010). Many fibers do not only
contact the ipsilateral bulb, but also project contralaterally (Alheid et al., 1984; Shipley
and Ennis, 1996). AON glutamatergic projections target bulbar interneurons (PGCs,
SACs and GCs) as well as ETCs and MCs. Activating those feedback axons in vivo
suppresses spontaneous and odor-evoked MC activity, sometimes preceded by a
temporally precise increase in firing probability (Markopoulos et al., 2012). The AON is
interconnected with the OB and the PC and its projections are among the most
numerous centrifugal inputs to the OB (Shipley and Adamek, 1984). This activity is
coupled strongly to inhalation in vivo with high diversity in odorant specificity and
temporal dynamics. All those properties support a role in temporal coding of bulbar
activity and shaping of odor-specificity (Rothermel and Wachowiak, 2014). A special
feature of AON fibers to the bulb are commissural projections via the pars externa that
reach the contralateral side of the bulb, while pars medialis branches target the
ipsilateral side (Davis et al., 1978; Mori et al., 1979; Luskin and Price, 1983). This
projection could be used for directional cues of odor localization (Rajan et al., 2006).
Olfactory cortical feedback from the PC is mainly targeted onto bulbar interneurons,
GCs, SACs and JGCs in widespread areas of the bulb, to decorrelate MC output (Boyd
et al., 2015; Otazu et al., 2015).

Massive cholinergic and GABAergic (Gracia-Llanes et al., 2010b; Nunez-Parra et al.,
2013; Rothermel et al., 2014) fibers to the MOB originate from the basal forebrain (BF),

mostly from the horizontal limb of the diagonal band of Broca (HDB). Neural pathways
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are not always clear, as BF cholinergic neurons project across the limbic system and
cortex and target olfactory cortical areas (Zaborszky et al., 2012), which in turn
modulate OB circuitry (Rothermel et al., 2014). Muscarinic receptors are mainly
distributed in the internal and external plexiform layers and periglomerular areas,
whereas nicotinic receptors show a different broad distribution with concentrations in
the GL and EPL (Shipley and Ennis, 1996). Interestingly, acetylcholine esterase, the
transmitter cleaving enzyme, shows more intense staining at some glomeruli
corresponding to regions of luteinizing hormone releasing hormone innervation (Zheng
et al., 1988). Both muscarinic and nicotinic receptors on JGCs shape the inhibitory
balance of glomerular circuity (Dé&ouza and Vijayaraghavan, 2012; Liu et al., 2015).
Many major cell types, including MTCs, and especially interneurons, both GCs and
JGCs are directly targeted by cholinergic projections in a complex way (Smith et al.,
2015). A direct modulatory impact on dopaminergic JGCs was also shown (Pignatelli
and Belluzzi, 2008), their firing rate decreased via metabotropic muscarinic receptor
activation. In vivo, MTC spiking is enhanced spontaneously and during inhalation and
odor stimulation by this input (Rothermel et al., 2014). This input is thought to sharpen
olfactory tuning curves of MTCs and enhances discrimination capabilities of projection
neurons (Mandairon et al., 2006; Ma and Luo, 2012). The forebrain cholinergic system
is generally implied in many animal behavioral states like attention, motivation or
wakefulness (Hasselmo and Sarter, 2011; Zaborszky et al., 2012) and olfactory
memory is affected by cholinergic activity (Roman et al., 1993; De Rosa et al., 2001,
Fletcher and Chen, 2010). GABAergic forebrain input directly inhibits GCs and thereby
impairs olfactory discrimination (Nunez-Parra et al., 2013). Glycinergic forebrain input
might act similarly on GCs (Trombley et al., 1999; Zeilhofer et al., 2005).

Noradrenergic (NA) fibers from the pontine nucleus locus ceruleus (LC) show a laminar
innervation pattern of the OB with heavy innervation in the IPL and GCL. Impressively,
up to 40% of LC neurons project to the rat OB, mainly innervating the MCL and EPL,
and the GL only at low density (Shipley et al., 1985; McLean et al., 1989). A subset of
those projections also contain neuropeptide Y (Bouna et al., 1994). N Aa rJd
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receptor density in the EPL is the highest in the brain T Young and Kuhar, 1980), while
t he GCL and drPRelc ecpotnotrasi.n NbDA b1l receptors
and TCs as well as some GCs (Yuan et al.,, 2003). This publication additionally

demonstrates the topographical and mechanistical entanglement of different
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neuromodulatory inputs with the bulbar circuitry. It illustrates interactions of
noradrenergic with serotonergic inputs during an odor learning paradigm. Another
recent modeling study based on experimental data shows the functional amalgamation
of NA and ACh inputs on GCs (Li et al., 2015). In general, NA seems to influence
excitation and inhibition of MCs directly and mainly via GCs, again in a very complex
way (Jahr and Nicoll, 1982; Trombley, 1992; Hayar et al., 2001; Nai et al., 2009; Nai et
al., 2010; Zimnik et al., 2013). Functionally, those connections play roles in synaptic
plasticity, cell integration, learning processes and also spontaneous and reward-
motivated discrimination (Brennan and Keverne, 1997; Veyrac et al., 2005; Mandairon
et al., 2008). Additional to the MOB connections, NA influences accessory olfactory
bulb functions, regulating pregnancy and postpartum behavior in female rats (Kaba
and Keverne, 1988; Kaba et al., 1989; Kendrick et al., 1992; Raineki et al., 2010). A
study by Eckmeier and Shea (2014) shows that centrifugal neuromodulation impacts
bulbar processing at the level of the sensory terminals, and thereby already at the first
synapse of the olfactory system.

Serotonergic fibers from distinct raphe nuclei innervate the GL (OSNs, ETCs and
JGCs) (Hardy et al., 2005; Liu et al., 2012; Steinfeld et al., 2015) and GCL (GCs and
other interneurons) (Hardy et al., 2005; Schmidt and Strowbridge, 2014). 5-HT1A
receptors are present on processes in the EPL, MCL and very few in the GCL. Cells
expressing 5-HT1A are located in the MCL and GCL, possibly even including glia
(Whitaker-Azmitia et al., 1993). 5-HT2A receptors can be found in the EPL and are
strongly expressed in MTCs, only moderately in PGCs and faintly in GCs (Hamada et
al., 1998). Glomeruli show both types of receptors, although with relatively low
occurrence. Other receptor subtypes may be present in the bulb as well (Shipley and
Ennis, 1996). Physiological studies show extensive innervation of morphologically
different JGCs (Hardy et al., 2005), including dopaminergic cells (Gracia-Llanes et al.,
2010a; Brill et al., 2015) from which it can directly trigger AP-independent GABA
release. GCs (indirectly) and other non-GC interneurons are affected by serotonergic
modulation acting via very complex physiological dynamics (Schmidt and Strowbridge,
2014; Brill et al., 2015). Serotonin directly excites ETCs and depolarizes some MCs
(Brill et al., 2015). It was also shown to influence timing of bulbar output and thereby
olfactory learning and exerts other modulatory effects like synchrony with respiration
(McLean et al., 1993; Petzold et al., 2009; Liu et al., 2012; Schmidt and Strowbridge,

2014; Steinfeld et al., 2015).
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Recently even dopaminergic projections from the substantia nigra to the OB have been
discovered. The fibers terminate in the EPL, MCL and GCL and are reportedly
important for proper odor discrimination (Hoglinger et al., 2015).

Inputs from the above mentioned neuromodulatory areas and from other brain regions

additionally heavily innervate primary olfactory cortical areas, further extending the

modulatory circuitry (Shipley and Ennis, 1996; Mori, 2014; de Almeida et al., 2015).

These top-down inputs are also vital for adult neurogenesis and migration via the action

ofmany different neurotransmitters (e.g. OO0 K
2014).

The rudimentary circuit diagrams, often accompanying introductory sections of
olfactory bulb publications are obviously extremely simplified for the most part. Of
course this is inevitable due to space restrictions, but the generic display of an
extremely reduced circuitry not specifically designed for the respective study subject is
problematic. This factor and the incongruence of nomenclature for certain cell types
(as obvious in e.g. Kosaka and Kosaka, 2011) is inconvenient for readers and can
even lead to misconceptions in the scientific discussion. The cell type and
neurotransmitter diversity of the bulb is astonishingly diverse and gets complemented
by extrinsic projections, partially covered by this section. For a more detailed
description of neurotransmitter diversity in the olfactory system cf. Ennis et al. (2007).
At the end of the introduction, three schemata will introduce the main players of OB
circuitry described in the introduction (Fig. 12), a limited circuitry that is usually shown
in most OB literature (Fig. 13), and a circuitry focusing on centrifugal contacts (Fig. 14).

1.6. Dopaminergic cells in the olfactory bulb

Dopamine can influence bulbar circuitry via several populations of cells residing or
terminating in the olfactory bulb 7 projection fibers from the substantia nigra, resident
EPL interneurons and most prominently, morphologically diverse juxtaglomerular cells
(Kosaka and Kosaka, 2009; Pignatelli et al., 2009; Liberia et al., 2012; Hoglinger et al.,
2015). Since there is only very sparse information about the EPL population and the
central projection pathway, this section will be focused on the GL population. Two
reported subtypes of those glomerular cells have been discriminated, as

histochemically identified by the dopamine synthesizing enzyme tyrosine hydroxylase
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(TH) (Kosaka and Kosaka, 2008; 2009; Kiyokage et al., 2010). The small subtype,
contacting several glomeruli locally, is driven mostly indirectly (feed-forward) via ETCs,
as shown by the occurrence of EPSC bursts, with only a smaller portion getting direct
OSN input (70% vs. 30%, Kiyokage et al., 2010). The large subtype is exclusively ETC-
driven (no direct OSN input) and shows large dendritic and axonal projections ranging
several hundreds of micrometers laterally, contacting dozens of glomeruli (this study,
Kosaka and Kosaka, 2009; Kiyokage et al., 2010). A clear axon with distinct sodium
channel clusters has only been proposed for this large subtype (Kosaka and Kosaka,
2011). The manifold targets, as stated previously (ETCs, OSNs, PGCs, DAergic JGCs
and centrifugal terminals), receive input mostly via D2-like receptor activity (Escanilla
et al., 2009), although D1-like activity also plays a role, which could even produce a
biphasic activation pattern in ETCs after fast GABAergic inhibition (Yue et al., 2004;
Gutierrez-Mecinas et al.,, 2005; Liu et al., 2013). The cell sé

dopaminergic output is not yet resolved in detail, with at least some target cells getting
both neurotransmitter inputs (Liu et al., 2013; Banerjee et al., 2015) albeit from different
vesicles released on different time scales (Maher and Westbrook, 2008; Borisovska et
al., 2013; Vaaga et al., 2014). DA release is likely to require stronger cell activation
than GABA release (Maher and Westbrook, 2008; Bundschuh et al., 2012; Borisovska
et al, 2013; Brill et al., 2015). Although studies about the abundance of DAergic JGNs
have been made (Parrish-Aungst et al., 2007), those numbers may be underestimated
since TH detection levels fluctuate with neuronal activity and maturation state (Baker,
1990; Kovalchuk et al., 2015). Additionally, the dopaminergic cell population shows
changing proportions of the total bulbar neuron number throughout life (Ninkovic et al.,
2007; Adam and Mizrahi, 2011). The lateral connectivity of these cells has strong
implications in general bulbar information representation and computation (Banerjee
et al.,, 2015; and discussed in more detail in 4.2.3. and 4.2.4.). Functionally, GL
dopaminergic cells seem to be involved in output patterning pacemaker activity and
oscillatory coupling, although this role could still be due to the close electrical and
synaptic conjunction with ETCs (Pignatelli et al., 2005; Liu et al., 2013; Banerjee et al.,
2015). Several studies attribute a strong gain control of bulbar output to these cells by
influencing projection cells substantially (Bundschuh et al., 2012; Banerjee et al.,
2015). Dopaminergic cell activation is regulated by very intricate excitability
mechanisms, which have intrinsic components like a hyperpolarization activated

current (In) (Puopolo et al., 2005; Pignatelli et al., 2013), but are also modulated by
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various extrinsic (many of them centrifugal) influences i acetylcholine (ACh),
noradrenaline (NA), serotonin (5-HT), histamine, or DA, to name a few (Pignatelli and
Belluzzi, 2008; Borin et al., 2014; and cf. 1.5.). A recent study indicates, that bulbar
corticotropin releasing hormone (CRH) could additionally influence dopaminergic
JGCs (Garcia et al., 2014a).

1.7. Granule cell physiology

GCs are the reportedly most abundant cell type of the bulb, involved in many aspects
of bulbar processing. Focused research involving the work of many groups revealed
the important role of this axonless interneuron. Those findings include the special
reciprocal synapse with projecting cells, connecting glomerular modular columns
laterally, the importance of independent subcompartment signaling, and the general
impact on odor processing (Shepherd et al., 2007). In this part, functionality and
physiology of granule cell reciprocal signaling are introduced, including details about

channel composition and working modes of the reciprocal gemmule.

1.7.1. The reciprocal granule cell T mitral cell dendrodendritic synapse

The MC-GC reciprocal synapse is the most numerous connection within the olfactory
bulb with an estimated total number of 500x10° (Egger and Urban, 2006). Functionally
it may serve many different functions such as generating or sustaining bulbar
oscillations (Lagier et al., 2007), influencing projection cell output locally in a glomerular
unit or laterally, leading to gain control, stimulus decorrelation and contrast
enhancement (Lowe, 2002; Arevian et al., 2008; Abraham et al., 2010). Eventually,
higher processing centers read out the spatial and temporal codes from projecting cells
(Bathellier et al., 2008; Blauvelt et al., 2013; Haddad et al., 2013), which have been
sculpted strongly by GL and EPL and especially GC reciprocal connections.

GCs sharpen odor representations and thereby discriminability and identity by limiting
the lateral spread of information in the EPL (Isaacson and Strowbridge, 1998). The
boundaries of a glomerular unit of information processing in layers deeper than the GL
are subject to debate, but there is evidence for a vertical columnar architecture (Willhite

et al., 2006; Kim et al., 2011). Different modes of transmission from the GC as already
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proposed in the 60s (Rall and Shepherd, 1968) support a functional variability of the
reciprocal synapse in the OB. Most of the signaling operates in subthreshold regimes,
which is already sufficient to sustain oscillatory activity in the bulb (Bathellier et al.,
2006). Subthreshold modes include the purely local activation of single spines that only
reciprocally inhibit the stimulating mitral cell (Egger et al., 2005), or regional or global
dendritic calcium and sodium spikes that can already spread inhibition laterally (Egger
et al., 2005; Pinato and Midtgaard, 2005; Zelles et al., 2006). In contrast to those,
global sodium channel dependent AP generation can lead to strong global signals
within the whole cell (Egger et al., 2003; Egger, 2008). All the signals underlie
differential channel activation on the spine or the whole cell, most of which strongly
influence local and global calcium levels in the cell, the main determinant for
neurotransmitter release. Release of the GC can therefore differ spatially and it
involves slow and fast components (Egger, 2008), which will be explained in more

detail below.

1.7.2. Granule cell plasticity

Calcium elevations and kinetics that are highly complex in granule cells (Egger and
Stroh, 2009), do not only influence release but moreover shape synaptic plasticity. The
interplay of GCs with MCs is subject to different forms of plasticity, including classical
forms of synaptic plasticity (e.g. short-term plasticity) at the reciprocal connection
(Dietz and Murthy, 2005; and unpublished results from V. Egger) or from cortical inputs
(Balu et al., 2007; Gao and Strowbridge, 2009; Kato et al., 2012). Even epigenetic
mechanisms like histone acetylation can facilitate aversive olfactory learning and
synaptic plasticity (Wang et al., 2013). Other forms of network plasticity include the
turnover of interneurons like GCs (among other cell types) in the OB, due to regionally
changing cell numbers, but also by new cells exhibiting synaptic properties dissimilar
to resident cells (Mouret et al., 2009; Nissant et al., 2009; Lepousez et al., 2014).
Despite the continuous turnover and in contrast to dopaminergic new-born cells, the
number of granule cellsinthe OB isrelativelys t abl e t hr o u glifeNinkovica r od e |
et al., 2007).
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1.7.3. Spines

After being discovered by Ramon y Cajal (y Cajal, 1888), Gray resolved the synaptic
connections of terminal structures onto dendritic spines (Gray, 1959). The receptive
part of almost all glutamatergic synapses on dendrites of excitatory neurons, and even
on some inhibitory cells are formed by spine protrusions (Chen and Sabatini, 2012;
Scheuss and Bonhoeffer, 2014). Thereby a spine can be generalized as the
morphological correlate of a postsynapse (Chen and Sabatini, 2012). These structures
have been traditionally classified as thin (bulbar head, fine neck), mushroom shaped
(broader head) and stubby (without neck). Other classical nomenclature alternatively
described them as sessile or pedunculated (comparable to stubby and mushroom/thin
spines, respectively) (Jones and Powell, 1969; Peters and KaisermanZAbramof, 1970).
Yet they come in many further different forms and shapes throughout the nervous
system (Sorra and Harris, 2000; Ballesteros-Yanez et al., 2006). In OB granule cells,
some spines display a very special appearance and arrangement with GABAergic
presynaptic and manifold postsynaptic specializations intertwined (Price and Powell,
1970d; c; section 1.5.5.). A role for biochemical compartmentalization of spine
structures has been widely accepted, influencing learning and plasticity mechanisms
(Matsuzaki et al., 2004; Scheuss et al., 2006; Harvey and Svoboda, 2007; Scheuss
and Bonhoeffer, 2014). An electrical function, however, with the spine neck and
surface area of the spine as the limiting factor of electrical connectivity or isolation, and
thus input impedance, are still widely debated (Svoboda et al., 1996; Araya et al., 2006;
Grunditz et al., 2008; Tonnesen et al., 2014; Popovic et al., 2015). Spine channels are
known to display regular channel turnover, which is an important mechanism for
functionality and plasticity (Kim and Ziff, 2014). Beyond that, dendritic spines
themselves (including the ones on GCs) show regular turnover with many influences
like input activity patterns stabilizing or destabilizing the structure (Engert and
Bonhoeffer, 1999; Kopel et al., 2012; Livheh and Mizrahi, 2012; Meyer et al., 2014;
Huang et al., 2015).

1.7.4. Gemmule structure

In terms of its dimensions, the granule cell reciprocal spine differs massively from

spines of other cell types. In comparison to conventional spines like on Cornu Ammonis
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region 1 (CAl) pyramidal neurons in the hippocampus (Harris and Stevens, 1989), it
has a 10-fold bigger spine head volume and an 3.8 times longer neck while only being
1.5 times thicker (Woolf et al., 1991). Interestingly, reciprocal spines contacting MCs
in their perisomatic region seem to be likewise specifically enlarged (Naritsuka et al.,
2009). The gemmule is usually filled with organelles and membranes including
ribosomes or endoplasmic reticulum spanning throughout the head and neck.
Particularly mitochondria are found in more than 70% of spine heads and they mostly
further extend into the neck (Woolf et al., 1991). Most gemmules receive centrifugal
synaptic connections from the horizontal limb of the BF and AON (Price and Powell,
1970b). Additionally, centrifugal structures from the olfactory cortex (Laaris et al., 2007)
and neuromodulatory brain areas (i.e. Nunez-Parra et al., 2013 and cf. 1.5.) target
GCs, sometimes specifically the spine structures. Even several MOB resident neurons
other than the projecting cells synapse with GCs. Certain GABAergic dSACs terminate
on GC gemmules directly, adjacent to the reciprocal synapse (Eyre et al., 2008). With
the special morphology of GC gemmules (long necks, big heads, sparsely arranged
on the dendrite), the potential role of a spine as a discrete chemical and electrical
subcompartment (Bloodgood and Sabatini, 2005) becomes easily accessible for

experimental investigation.

1.7.5. Receptor repertoire and physiology of the reciprocal arrangement

The major input to the GC reciprocal synapse is via the sensory pathway and the
activation of MCs. Upon sufficient depolarization, MC lateral dendrites faithfully
transmit electrical impulses over large distances including active mechanisms
(Bischofberger and Jonas, 1997; Debarbieux et al., 2003). The MC presynapse of the
reciprocal synapse is located on smooth dendrites, without light-microscopically
accessible obvious specializations. At those locations, high threshold calcium channels
are tightly coupled to glutamate release (Isaacson and Strowbridge, 1998), as well as
glutamatergic autoreceptors, mainly NMDA receptors (Isaacson, 1999; Salin et al.,
2001). Certainly, NMDA and AMPA glutamate receptors are the main source of
synaptic activation at the GC spine and play important roles for neurotransmitter
release (Schoppa et al.,, 1998; Chen et al.,, 2000). Metabotropic glutamatergic
mechanisms were found to play a role at the MC side of the dendrodendritic synapse

(Trombley and Westbrook, 1992), but are certainly a major influence at the apical
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dendrite and, very importantly, also at the GC postsynapse (with the highest reported
MGIuRS5 levels in the brain), where they cause direct and indirect excitation (Romano
et al., 1995; Heinbockel et al., 2007; Dong et al., 2009). Dopamine mediated inhibition
of high-voltage activated channels is another way to modulate glutamate release from
MCs (Davila et al., 2003). Furthermore, MCs and GCs bear corticotropin releasing
factor receptors, which act via many signaling pathways, including coupling to different
G proteins and kinase pathways (Chen et al., 2005). It is possible that they do not affect
the cells directly at the reciprocal MC-GC synapse but the releasing cells definitely
have a strong impact on MC signaling (Huang et al., 20131 and cf. 1.4.3.2.). Serotonin
receptors are expressed in GCL, MCL and EPL (Pompeiano et al., 1992; 1994, Clemett
et al., 2000). Whereas the transmitter might only play a minor direct role on GCs, it
does affect MCs, mainly via 5-HT2 actions (Schmidt and Strowbridge, 2014).
Noradrenaline increases or decreases GABAergic inhibition of MCsvi a U1

activity, respectively, also acting on calcium currents in both cells (Trombley and
Shepherd, 1992; Nai et al., 2009; Nai et al., 2010). GCs as well as MCs are targets of
forebrain cholinergic modulation, in part directly on the gemmule (Price and Powell,
1970a). Muscarinic action seems to directly increase GC excitability, having an impact
on slow signaling components (Pressler et al., 2007), although other studies found
mainly inhibitory effects (Castillo et al., 1999). Moreover, its influence involves calcium
release from internal stores in granule cells (Ghatpande et al., 2006) and is reported
to enhance glutamate release at the dendrodendritic synapse also via other
mechanisms (Ghatpande and Gelperin, 2009). There is recent contrasting in vivo data
suggesting suppression (Ma and Luo, 2012) of spontaneous activity or mainly
excitatory influence (Rothermel et al., 2014) of projecting cells by cholinergic input,
which may be due to an interplay of several components of multi-layered OB inputs of
these fibers. For adult-born GCs, nicotinic receptors play an important role for
regulating survival and integration (Mechawar et al., 2004). Further cortical input
targets GCs, although not specifically the reciprocal connection (Price and Powell,
1970a), as reviewed previously (1.5.). GABA acts on GCs both via autoreceptive
pathways, as well as via targeted GABAergic terminals. The MC reciprocal synapse
release site is targeted by GABAAa receptors, which is ultrastructurally outside of the
postsynaptic GABAergic specialization (where the receptor is also found) and may
strongly affect glutamate release (Panzanelli et al., 2004). It is known that GABAa

receptors are expressed on the GC (Nusser et al., 1999; Panzanelli etal., 2004). These
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receptors on GCs -dubunitpseeensode ratiger cludieeed &t e soma
and dendrite stems of GCs and are not abundant on reciprocal spines (Nunes and
Kuner, 2015). Conditional b3 knockout s
the output from the bulb is changed, which even had an impact on behavior resulting
in accelerated odor discrimination (Nunes and Kuner, 2015). GABA& receptors seem
to be located at GC gemmules, controlling transmitter release, probably by inhibiting
HVACCs (Isaacson and Vitten, 2003). They were shown to only weakly inhibit
glutamate release from mitral cell dendrites of the reciprocal synapse, but play a strong
role on those cells during transmission of odor information from the OSNs (Nickell et
al., 1994). GABAergic processes targeting GCs arise from the cortex and from bulbar-
intrinsic inhibitory fibers of INs like Blanes cells or dSACs, which sometimes even
specifically terminate on the gemmule (Eyre et al., 2008; Arenkiel et al., 2011; Nunez-
Parra et al.,, 2013, Nunes and Kuner, 2015). Glycine also impacts GC and MC
physiology in the bulb in an inhibitory fashion via glycine and GABA receptors
(Trombley and Shepherd, 1994; Trombley et al., 1999). Glycine U3

Ssubunits have been reported in deeper

receptors are found in the internal granular layer. Likewise, the EPL shows strong
glycine receptor immunoreactivity (van den Pol and Gorcs, 1988). Glycinergic fibers
targeting the bulb might arise in the forebrain (Zeilhofer et al., 2005). To illustrate the
influences of aforementioned main players of the reciprocal MC-GC arrangement, they

are comprehensively summarized in a schema later on (Fig. I1).

Synaptic activation of GCs via MCs has a fast initial component and a slow component
called long lasting depolarization, indicating the involvement of many different
conductances. Several calcium channels play a role in GC spine physiology, especially
affecting its release. The kinetics of the calcium signal after activation via mitral cells
is consequently also remarkably slow and asynchronous (Isaacson and Strowbridge,
1998) and in sub-AP regimes remains strictly localized to the activated spine (Egger et
al., 2003). The slow kinetics are in part due to intrinsic mechanisms like transient A-
type potassium currents (Schoppa and Westbrook, 1999; Kapoor and Urban, 2006)
and slow calcium extrusion (Egger and Stroh, 2009). Outside of the spine, big
conductance potassium channels (BK) are involved in the physiology of GCs (Isaacson
and Murphy, 2001) and can influencethec el | 6 s acti vati onThara
are other slow dynamics triggered by synaptic sodium spikes that play crucial roles.

An unspecific cation current (Ican) is induced in the granule cell NMDA receptor
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dependently, further prolonging and increasing depolarization and calcium influx.
Activation of T-type calcium channels is also implied in the asynchronous release from
the spine (Egger, 2008). The nature of Ican was recently investigated and seems to be
a combination of the activation of TRPC1 and TRPC4 channels (Stroh et al., 2012).
Fast components of GC signaling involve glutamatergic activation via AMPA (not
calcium permeable) and NMDA channels and the activation of different voltage
dependent calcium channels, including HVACCs (Isaacson, 2001; Egger et al., 2005)
possibly activated by voltage dependent sodium channels. Input patterns from mitral
cells or from extrinsic centrifugal sources, as well as network dynamics including
inhibitory elements further strongly shape the kinetics of the voltage and calcium signal
in the postsynaptic granule cell (Schoppa, 2006; Arevian et al., 2008; Burton and
Urban, 2015).

1.7.6. Activation modes of granule cell gemmules

Inferring from the last section, it should have become obvious that GC gemmules show
a broad repertoire of receptors and channels. Several of those, as already mentioned,
are differentially activated by variable modes of activation of the cell. For instance, local
synaptic activation of GCs via MCs activates AMPA and NMDA receptors, as well as
T-type and probably HVACCs and calcium-induced calcium release (Egger et al.,
2005), involving fast and slow components. The calcium signal of this activation is
strictly localized to the spine and the electrical activation at the soma is very small.
Synaptic activation can also trigger low-threshold spikes, sodium or calcium spikes.
Those events are certainly not confined to the activation site, but spread regionally or
globally and involve additional T-type calcium channels (Egger et al., 2005; Pinato and
Midtgaard, 2005), although in the frog rana pipiens, spontaneous active electrical
events in GCs were independent of T-type channel involvement (Zelles et al., 2006).
Evidently, most GC signaling modes conduct activity and release in subthreshold
regimes without AP induced mechanisms. This is supported by the fact that GCs rarely
spike in vivo (Cang and Isaacson, 2003; Margrie and Schaefer, 2003). In turn, MCs
might be able to release glutamate in the subthreshold regime as well (tested in the
accessory olfactory bulb in Castro and Urban, 2009). Thereby, both sides of the
dendrodendritic synapse can signal in very energy-efficient subthreshold regimes.

During synaptically evoked APs, global and prolonged calcium signals are evident
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throughout the whole cell, which include T-type channels, HVACCs and TRPC
channels (Egger et al., 2003; Egger, 2008; Stroh et al., 2012). For these global
signaling modes, for instance, additional NMDA channel activation only plays a role at
spines that were activated by the glutamatergic input. Thus, even in global events the
signals can be inhomogeneous and involve different components. The effective spread
of sub- and suprathreshold signals over large distances speaks for compact, active
dendrites in GCs, also involving voltage gated sodium channels (Navs) (Chen et al.,
2000; Egger et al., 2003; Thomas Kuner i personal communication). Conclusively, this
signaling versatility, harnessing specific subsets of conductances in different
stimulation modes, can explain the fast and asynchronous long-lasting components of
GC activation and GABA release from spines to a large extent.

1.8. Oscillatory activity in the olfactory bulb

Dendrodendritic activity seems to be strongly involved in generating oscillatory activity
in olfactory processing across different phyla with analogous systems, which
underlines its importance (Kay, 2015). Both interneurons in the focus of this thesis are
strongly involved in the generating, maintaining and shaping bulbar oscillatory activity,
by strong chemical and electrical connections to another and to projection cells
(Fukunaga et al., 2014). The EPL reciprocal synapse is mostly involved in the gamma
frequency oscillations of the bulb and a gamma pattern temporal input facilitates output
from the GC (Halabisky and Strowbridge, 2003; Lagier et al., 2007). Those fast paced
oscillations are not only mediated by chemical synapses but also by gap junction
connections (Friedman and Strowbridge, 2003), formed between GCs and projecting
cells in the EPL as well as between the perikarya of clustered GCs (Reyher et al.,
1991). Oscillations in different frequency bands allow for the temporal coordination of
PNs (Poo and Isaacson, 2009), and can be behaviorally linked to olfactory fine
discrimination (Beshel et al., 2007; Abraham et al., 2010; Schaefer and Margrie, 2012;
Lepousez and Lledo, 2013) and learning mechanisms (Martin et al., 2007; Kay and
Beshel, 2010; Martin and Ravel, 2014). This oscillatory activity is strongly affected by
odor quality (Gelperin and Tank, 1990), respiratory activity (Verhagen et al., 2007,
Wachowiak, 2011; Rojas-Libano et al., 2014) and behavioral state (Kay, 2003; Manabe
and Mori, 2013) and modulated or even imposed by cortical feedback (Hall and

Delaney, 2001; Kay, 2003; Balu et al., 2007; Boyd et al., 2012; Nunez-Parra et al.,
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2013; Rothermel and Wachowiak, 2014). For instance, beta-band oscillations are
strongly dependent on the intact bidirectional connectivity of OB and PC whereas
gamma oscillations can be sustained by local networks (Martin et al., 2006). OB layers
other than the EPL, especially the GL with its synchronized input and dendrodendritic
arrangements (Schoppa and Westbrook, 2001; De Saint Jan et al., 2009; Fukunaga et
al.,, 2012; Fukunaga et al., 2014) influence rhythmic activity in the bulb. Theta
oscillations couple strongly to respiration and arise mainly from glomerular circuits and
support rhythmic projection neuron discharge and pacemaker activity (Hayar et al.,
2004a; Hayar et al., 2004b; Verhagen et al., 2007; Fourcaud-Trocme et al., 2014).
Those slow oscillations are probably also mediated via neuron-glia gap-junctional
interactions (Roux et al., 2015). Beta rhythms, coupled to piriform and entorhinal cortex
and hippocampal rhythmicity in waking animals are implicated in associative learning
(Vanderwolf and Zibrowski, 2001; Lowry and Kay, 2007; Martin et al., 2007). Many
further bulbar cell types, mostly connected to centrifugal input (cf. 1.5.) or reciprocally
connected within the bulb additionally shape oscillatory rhythms in the olfactory bulb
(Eyre et al., 2008; Lepousez et al., 2010; Kato et al., 2013). Naturally, all these different
oscillatory mechanisms and networks feed into another and influence each other,
which leads to complex working states of bulbar output, depending on the imposition
of competing or interacting oscillation regimes (David et al., 2015).

1.9. Adult neurogenesis in the olfactory bulb

Until the second half of the 20" century it was commonly believed that neurogenesis
occurred exclusively during embryonic development and was arrested at birth (Colucci-
D@&mato et al., 2006). This conviction, strongly fortified by leading neuroscientists like
Cajal or Golgi in the early 20" century, has only started to crumble by the early 1960s
when Joseph Altman and collaborators found evidence for neurogenesis in the
hippocampus of rats (Altman, 1962). By the end of the 1970s, Kaplan and Hinds found
neuronal adult generated cells in the rat olfactory bulb and hippocampus (Kaplan and
Hinds, 1977). Nowadays, it is known that adult neurogenesis is vital for normal olfactory
function and plastic, experience-dependent adjustments and rejuvenates bulbar
circuitry that is subject to strong neuronal turnover (Lepousez et al., 2013). Stemming
from a neurogenic niche called subventricular zone (SVZ), located between the

striatum and the lateral ventricle, pluripotent precursor cells travel tangentially through
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the rostral migratory stream (RMS) towards the anterior brain and into the OB, before
radially migrating into the respective destination layers (Whitman and Greer, 2009).
Initially, the neural stem cells have astrocyte-like characteristics and can retain their
pluripotent potential regardless of the age of the animal, yet individual stem cells
deplete over time (Kriegstein and Alvarez-Buylla, 2009; Barbosa et al., 2015). Upon
transplantation, depending on their surrounding environment, they can form glial cell
populations with astrocytic or oligodendritic characteristics (Seidenfaden et al., 2006)
or assume neuronal phenotypes (Brill et al., 2008; Milosevic et al., 2008). Direct
conversion of a glial precursor to a neuronal cell without any cell division is possible
and may even be the predominant way to generate neurons (Barbosa et al., 2015).
Stem cells in different areas of the SVZ give rise to different types of olfactory
interneurons (Merkle et al., 2007). The spatial origin of a cell therefore predetermines
the cell fate. The vast majority of newborn cells differentiates into GCs (Lledo and
Saghatelyan, 2005), smaller portions into different subtypes of JGCs (Bagley et al.,
2007; Whitman and Greer, 2007a; Batista-Brito et al., 2008; Brill et al., 2008; Brill et
al., 2009). Although thousands of progenitor cells arrive at the olfactory bulb every day,
only a small portion gets integrated into existing circuitry. Half of the cells that mature
successfully survive for longer than a month (Lledo et al., 2006). The elimination of
GCs is not continuous or diffuse but occurs during a specifically timed window in the
postprandial period, typically during sleep states, involving top-down inputs from the

olfactory cortex (Yokoyama et al., 2011; Komano-Inoue et al., 2014).

Already on the way to full integration, considerable differentiation and plastic changes
take place which may be one of the reasons for the rapid onset of functionality upon
arrival at the site of their integration (Mizrahi, 2007; Nissant et al., 2009; Kovalchuk et
al., 2015). The newly arriving cells do not only replace resident cells but the continuous
turnover changes the population dynamics and weights, favoring a larger relative and
absolute fraction of dopaminergic cells in older animals in the GL while e.g. the GC
population remains stable (Ninkovic et al., 2007; Adam and Mizrahi, 2011). Adult-born
GCs seem to integrate in different circuits than neonate GCs and retain distinct
properties (Magavi et al., 2005; Lledo et al., 2008). There are several stages of GC
maturation corresponding to morphological and (electro-)physiological properties
(Petreanu and Alvarez-Buylla, 2002; Belluzzi et al., 2003; Carleton et al., 2003). A
similar classification has, in part, been used to characterize JGCs as well (Mizrahi,

2007). In general, survival and integration of the newly arriving cell is extremely
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complex and regulated by many factors. Sensory input (Yamaguchi and Mori, 2005;
Bastien-Dionne et al., 2010; Sawada et al., 2011), bulbar-specific neurotransmitter or
neurotrophic factor input (Garcia et al., 2014b; McDole et al., 2015), behavioral state
(Yokoyama et al., 2011; Kopel et al., 2012), centrifugal input (Mechawar et al., 2004;
Veyrac et al., 2005; Whitman and Greer, 2007b; Hsieh and Puche, 2014) in specific
temporal domains (Mouret et al.,, 2008) play a role, interacting with specific
transcriptional pathways (Ninkovic et al., 2010; Fuentealba et al., 2012; Ninkovic and
Gotz, 2013). The olfactory epithelium also has a neurogenic niche, supplying the
sensory area with new receptor cells throughout life. Sensory neurons regenerate
regularly from basal cells in deep layers of the olfactory epithelium (Galizia and Lledo,
2013).

OB adult interneuron turnover and neurogenesis has a strong impact on existing
computations and represents another avenue for plasticity in certain brain areas, which
can complement classical molecular and cellular mechanisms. The function of adult
neurogenesis was shown to include stimulus decorrelation (Chow et al., 2012),
learning and memory (Moreno et al., 2009; Alonso et al., 2012), and to plastically adjust
the system to changing demands (Bonzano et al., 2014; Livneh et al., 2014). This
plasticity also applies for restoring functionality after acute neuron loss (Cummings et
al., 2014; Lazarini et al., 2014). Some studies already show the potential of these cells
to replace degenerated cells in other brain areas making them an attractive research
target from a clinical perspective (Cave et al., 2014). Whether there is a replacement
of OB interneurons via a functional RMS in adult humans is still highly debated,
whereas the existence of functional SVZ neuroblasts is agreed upon (Sanai et al.,
2004; Sanai et al., 2007; Wang et al., 2011; Alizadeh et al., 2015). Integration of adult
generated neurons into early olfactory processing appears to be a wide spread
phenomenon, encompassing insect and crustacean species, underlining its general

importance (Cayre et al., 2007; Sullivan et al., 2007).
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Fig 11: Mitral cell i granule cell reciprocal synapse interactions

The exact subcellular localization of channels on the gemmule spine head or the adjacent dendrite has
not been demonstrated for all of the channels, although some have been specifically located at the spine
head or dendrite respectively (see referred literature in 1.7.5.). Wherever the localization is known, it
has been established in the schema. Certainly, not all channels involved in the overall physiology of the
granule cell are mentioned and displayed, only the ones implicated to have a strong specific impact on
the reciprocal synapse or the ones which are located directly on the spine head. The same applies for
the channels indicated here on the mitral cell side. No channels involved in somatic signaling or the
specific repertoire of the apical mitral cell dendrite are included in this depiction.

The abbreviations used here are not necessarily commonly used in the literature or the rest of the
manuscript. fRogenerally stands for receptor, an additional number or (subscript) capital or Greek letter
indicates the specific subtype and will not be mentioned in these explanations. Nomenclature
abbreviations for receptors will not be repeated for the respective neurotransmitter again or vice versa.
& CK®d Cholecystokinin, dmbor ind6ACHRS nicotinicormuscar i ni ¢ acet yl ¢ h o:lglycme
receptor, &-HTO serotonin, &lud glutamate, G3ABAS gamma-aminobutyric acid, ®béor AL dopamine,
NAOS noradrenaline, inGluRs®& metabotropic glutamate receptors, NMDAR®S N-Methyl-D i aspartic acid
receptor, AMPAR® -abhino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, ¢t{VACC& high
voltage activated calcium channel, € Cocalcium channel, ®R KC6 delayed rectifier potassium channel,
&KCd potassium channel, @RPCO transient receptor potential channel, MNa.0 voltage gated sodium

recept

channel, &RN6 raphe nuclei, #1DB6 horizontal limb of the diagonal band of Broca, 6 IP®: intrabul
project i basal forebBiR, 66 B CHBlanes celf, 6 CRHor t i cotropin releasing

interneuron, GACO short-axon cell, &N& substantia nigra, @SAC6 deep short-axon cell, .Cd locus
ceruleus.
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Fig. I12: Extensive schematic circuitry of the olfactory bulb

Blue lines indicate mostly inhibitory processes, red lines primarily excitatory ones. Magenta/purple colors
indicate modulatory influence, which can be inhibitory or excitatory, depending on the transmitter and
the respective receptors. Similar cells are indicated with similar cell body colors. The discriminated
layers include olfactory nerve layer (ONL), glomerular layer (GL), external plexiform layer (EPL), mitral
cell layer (MCL), internal plexiform layer (IPL), granule cell layer (GCL), subependymal zone (SEZ). IBP
stands for intrabulbar projection from the other side of the ipsilateral bulb. LOT stands for the lateral
olfactory tract. Centrifugal input is divided in fibers from the anterior olfactory nucleus (AON), olfactory
cortex (OC), substantia nigra (SN), raphe nuclei (RN), locus ceruleus (LC), basal forebrain (BF),
horizontal limb of the diagonal band of Broca (HDB), or unspecified further centrifugal fibers (CF). The
following cell types are discriminated (top left to bottom right): periglomerular cell (PG), unspecified
juxtaglomerular cell (JG), superficial short-axon cell (SSAC), glutamatergic SAC (GSAC), superficial
tufted cell (sTC), external TC (ETC), local dopaminergic JGC (DJ), dopaminergic SAC (DSAC), vertical
column superficial SAC (vsSAC), medial TC (mTC), unspecified deep SAC (dSAC), parvalbumin
positive interneuron (PV), unspecified interneuron (IN), corticotropin-releasing hormone positive cell
(CRH), Blanes cell (BC), mitral cell (MC), superficial granule cell (sGC), vertical column deep SAC
(vdSAC), granule cell (GC), projecting deep SAC (pdSAC), deep GC (dGC), adult-born neural progenitor
cell (AB). Abbreviations used here are not necessarily common in literature.
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Fig. I3: Reduced circuitry diagram of the olfactory bulb

Colors and abbreviations as in the previous diagram. In most of the classical and even current literature
(research papers as well as reviews) on bulbar processing a simplified wiring diagram, often similar to
this one, or an even more reduced one (excluding the grey, faded structures) is depicted. In only very
few instances this should be appropriate. Even if a certain study focusses their interest on a specific
part of the circuitry, many elements central to the focused part are usually left out.
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Fig. 14: Schematic circuitry of the olfactory bulb focusing on the projections from the bulb to
cortical areas and respective backprojections to the bulb

Colors and abbreviations as in previous diagrams. Faded grey structures should be ignored for the sake
of clarity. The target extrabulbar structure abbreviations are as follows. Anterior piriform cortex (APC),
anterior olfactory nucleus (AON), olfactory tubercle (OT), tenia tacta (TT), posterior piriform cortex
(PPC), lateral entorhinal cortex (LEC), nucleus of the lateral olfactory tract (NLOT), amygdaloid nuclei
(AN). Note the arrow of the backprojections towards the olfactory bulb adult-born cells. Several
modulatory influences target progenitor cells throughout their migration (cf. sections on centrifugal input
and neurogenesis). The sampled literature did not elaborate if these interactions are also mediated in
the SEZ, which is why the arrow is rather unspecifically targeted. Some of the centrifugal terminations
to bulbar cells are only discussed in the publications in terms of laminar innervation without cell type
specificity due to experimental limitations or focus on other brain regions. Therefore the extent and
variety of specific targets are certainly underrepresented.
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2. Motivation / Aims of the thesis and experimental steps

The experiments of this thesis were focused on morphological and physiological
aspects of interneurons in the rodent olfactory bulb. Serious transformations are
imposed on the information stream that passes through the olfactory bulb towards
higher brain centers. The two main lateral layers involved in bulbar signal processing
are the glomerular layer and the external plexiform layer. The GL includes a population
of DAergic and GABAergic cell types that can act on fast and slower modulatory
timescales on local and long-range glomerular circuitry. DAergic cells in the GL are
traditionally marked with TH, which, like any other dopaminergic marker, is prone to
only label a subset of all dopaminergic cells due to e.g. protein fluctuations (Cave and
Baker, 2009). Indications in the literature for the possibility of further dopaminergic cell
types, like a monoglomerular cell (Kosaka and Kosaka, 2009), and the sparsity of
physiological data on these cells were the motivation for the first study.

The EPL is contacted by granule cells via their apical dendrites, forming reciprocal
synapses with mitral cell lateral dendrites. Complex activation and signaling modes are
utilized in granule cells, which were experimentally tested over many decades by now
(Egger et al., 2005; Shepherd et al., 2007). Still, this cell type and the reciprocal
connection hold many unresolved questions, especially concerning synaptic activation
and dendritic integration. In these cells with especially voluminous and long spines, the
general debate over an electrical role of spines could also be addressed (Svoboda et
al., 1996; Grunditz et al., 2008; Bloodgood et al., 2009). The reciprocal connection and
its function upon localized monosynaptic input was central to the second study. Both
projects included electrophysiology and especially imaging techniques, the field of

expertise of Veronica Egger6s | ab.

2.1. Project 1: Subtype diversity of dopaminergic neurons within the rat and

mouse olfactory bulb glomerular layer

The diversity of cell types with different neurochemical configuration in the OB is
astonishing and regularly new cell types get added to the variety (Merkle et al., 2014;
Nagayama et al., 2014). Adult neurogenesis in the olfactory bulb is a research hot-

topic, not least due to its potential in the clinical sector to use neural stem cells as a
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replacement for degenerated neuron populations (Cave et al., 2014). Progress in
imaging technology and genetic tools allow for new venues of research adding a
temporal dimension to the investigation of the highly plastic and changing circuitry. The
availability of a transgenic mouse line (DAT::CreERT2/CAG::GFP), which inducibly
labels a different subset of dopamine transporter (DAT) positive neurons from previous
studies with a putative high incidence of adult-born cells, was a valuable tool to get
insight into specific changes of adpuThe cir cu
first project of this thesis aimed at (1) morphologically classifying dopaminergic cell
types in the glomerular layer in juvenile rats and adult mice and (2) utilizing the
dopaminergic fluorescent marker FFN102 for olfactory bulb acute brain slices for the
wild-type experiments. This approach gave us the possibility to look for differences
between species and changes with different ages of animals/cells and to detect
dopaminergic cells not stained with TH markers. The DAergic JGC group was
traditionally classified into two different subtypes, a local medium sized type and a
large type (Kiyokage et al., 2010), although some reports already hinted at a larger
diversity (Kosaka and Kosaka, 2009). The discovery of new cell types with the help of
very detailed morphometry was accompanied by noticing differences in their
innervation patterns with respect to the surrounding glomerular structures. (3) To get
an empirical grasp on the subject of glomerulus innervation, a new analysis tool was
drafted and utilized. The discovery of speci fi c ce)lidonesdfthauct ur e
newly described subtypes of dopaminergic cells also invited for (4) physiological
analysis of this cell type using calcium imaging. In those experiments, the goal was to
investigate the calcium dynamics in the dendritic tree of the cells within subcellular
compartments and with respect to the innervated neuropil volumes (intraglomerular
versus extraglomerular). The interesting results fit well with other current literature and

the manuscript is submitted to the Journal of Comparative Neurology.

2.2. Project 2: Local postsynaptic voltage-gated sodium channel activation in

dendritic spines of olfactory bulb granule cells

Granule cell physiology has always beent he main research focus of
lab. Many pre- and mainly postsynaptic GC key players in the physiology of the
reciprocal connection have been identified and tested throughout previous work.
Central to those results was the discovery of several different modes of transmission

capabilities of granule cells, depending on the activation mechanism and the
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differential involvement of subsets of receptors and channels (e.g. Egger et al., 2005;
Egger, 2008; Stroh et al., 2012). The chemical compartmentalization of the gemmule
in terms of calcium elevation during synaptic stimulation was already evident from
previous experiments (Egger et al., 2003; Egger et al., 2005). With the acquisition of
new equipment, new aspects of the synaptic transmission between mitral cell and
granule cell could be dissected in this project. (1) The first goal was to establish stable
and repeatable stimulation and recording conditions during single spine two-photon
glutamate uncaging in a whole-cell patched granule cell. After being able to repeatedly
and physiologically activate single gemmules, (2) the involvement of receptors and
channels during a fictive, short, physiological local transmission event was assessed
with various pharmacological tools. Especially the role of local activation of high-
voltage activated calcium channels was of great interest, since their role in this circuitry
could not be tested directly using different stimulation conditions beforehand. Their
involvement could be critical for connecting the local spine signal to the concept of the
spine as an electrical compartment (e.g. Grunditz et al., 2008). Deriving a putative role
of the spine in shaping electrical input properties from experimental results, (3) a
collaboration wi t h An dr = labsin Munichzvas formed. This lead to the
development of an elaborate computational model of synaptic gemmule excitation,
which could replicate the measured data to complement the experimentally established
mechanisms during local spine activation. The results of this project were published in

Neuron in February 2015.

2.3. Contributions to non-thesis-related publications

MRZ-99030 1 A novel modul at or d fRevé&$al obAgbg r celgiag a menr:
induced deficits in long-term potentiation (LTP) and cognitive performance in rats and

mice i Rammes et al., 2015, published in Neuropharmacology.

Conducting calcium imaging measurements of somatically evoked single action
potentials and action potential trains in hippocampal slice CA1 pyramidal neurons of
mice. Comparative measurements during normal physiology and during pharmacon

application of the MRZ-99030 aggregation modulator.

3. Manuscripts
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3.1. Subtype diversity of dopaminergic neurons within the rat and mouse

olfactory bulb glomerular layer

Contributions:

Wolfgang Bywalez (W.B.) and Veronica Egger (V.E.) designed experiments. W.B.,
V.E. and Michael Lukas (M.L.) interpreted data. W.B. and Tiffany Ona Jodar (T.0.J.)
performed experiments. W.B., T.O.J. and V.R. analyzed data. W.B. and V.E. wrote the
manuscript. W.B. prepared the figures. W.B., V.E. and M.L. critically revised the
manuscript. Jovica Ninkovic (J.N.) provided transgenic animals.

Title: Subtype diversity of dopaminergic neurons within the rat and mouse olfactory

bulb glomerular layer
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Abstract

Within the glomerular layer of the rodent olfactory bulb, numerous subtypes of local
interneurons contribute to early processing of incoming sensory information. These
circuits operate in highly complex, compartmentalized intra- and juxtaglomerular
arrangements and partially undergo adult remodeling. Here we have identified
dopaminergic glomerular neurons based on their expression of dopamine transporter
(DAT) and characterized their dendritic innervation pattern with respect to individual
glomeruli, using fluorescent labeling via patch pipettes and 3D reconstruction of
dendrites and glomerular structures based on two-photon imaging data. Among the
DAT+ cells, in addition to several cell types that have been identified previously via
markers of tyrosine hydroxylase, we describe two new subtypes. The first of these new
subtypes resembles the classical GABAergic periglomerular cell with dendrites
projecting mostly into a single glomerulus. The second cell type projects its dendrites
locally into the interglomerular space, similar to smaller short-axon type cells that were
already known. However, these dendrites form striking morphological structures that
clasp mostly around several juxtaglomerular cell bodies. Interestingly, these clasps are
especially complex and abundant in adult animals, indicating a potential role for late
circuit modifications. All dendrites, including the clasping structures, show robust
dendritic Ca?* entry evoked by backpropagating action potentials and therefore might
contain release sites for either GABA and/or dopamine. The relative distribution of
subtypes differs between juvenile and adult populations and/or species. Overall, we
show that glomerular dopaminergic neurons dispose of high subtype diversity and thus

are probably involved in many aspects of early olfactory sensing.
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Introduction

Dopaminergic juxtaglomerular cells (DA JGCs) in the olfactory bulb (OB) play an
important role in the physiology of mammalian olfaction, influencing a wide range of
odor processing tasks. Those include odor discrimination (Tillerson et al., 2006),
olfactory learning (Coopersmith et al., 1991), stimulus gating, gain control and
pacemaker activity (Pignatelli et al., 2005; Liu et al., 2013; Banerjee et al., 2015) and
are required for adjusting the bulbar network to changes in the odor environment
(Brunjes et al., 1985; Baker, 1990; Bonzano et al., 2014). Social behavior dependent
on odor memory was shown to correlate with dopamine levels in the bulb (Serguera et
al., 2008) and neurodegenerative disease, e.g. Parkinson (Ansari and Johnson, 1975;
Huisman et al., 2004) can be associated with substantial changes in the numbers of

OB dopaminergic cells and ensuing changes of the network activity.

In mice, all juxtaglomerular tyrosine hydroxylase expressing (TH+) cells co-express
GABA (Gall et al., 1987; Parrish-Aungst et al., 2007), which also holds true for the
majority of TH+ cells in the rat (Kosaka and Kosaka, 2007). GABA and DA are believed
to be packaged into different vesicles and to be released independently (Borisovska et
al., 2013), probably in part onto different postsynaptic targets (Pinching and Powell,
1971b; Cave and Baker, 2009). These include olfactory sensory neurons (OSNSs),
mitral and tufted cells (MCs, TCs), external tufted cells (ETCs) and glomerular

interneurons (Cave and Baker, 2009).

The phenomenon of massive adult neurogenesis in the olfactory bulb occurs
specifically for several subtypes of interneurons, namely granule cells and glomerular
interneurons, the latter including the dopaminergic subpopulation (Lledo et al., 2006;
Ninkovic et al., 2007). Adult-born bulbar neurons in general have the ability to integrate
very rapidly into the operating circuitry (Mizrahi, 2007; Panzanelli et al., 2009;
Kovalchuk et al., 2015) and do not simply replenish old cells. Instead, the relative
proportions of the distinct cell populations may change in the lifespan of an animal i in
the case of DA JGCs there is a net increase in later ages (Ninkovic et al., 2007; Adam
and Mizrahi, 2011). On top of these changes in population composition individual cells
also exhibit considerable structural and physiological plasticity of their dendritic
processes (Mizrahi, 2007; Livneh and Mizrahi, 2011; Livneh et al., 2014), which

contributes to some of the initially mentioned functions, such as olfactory learning or
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adjustment to changes in the olfactory environment (Adam and Mizrahi, 2011; Livneh
and Mizrahi, 2012; Livneh et al., 2014).

So far, two distinct dopaminergic cell types have been agreed upon, based mainly on

their soma size and more recently additionally on neurite morphology and the existence

of an axon initial segment (Pignatelli et al., 2005; Kosaka et al., 2008; Kiyokage et al.,

2010; Chand et al., 2015): (1) neurons with smaller, round somata (average diameter

9 Om) , i nnervating sever al adjacent gl omer
average 5-8, Kiyokage et al., 2010) and (2) neurons with larger, elliptical somata (11

pm) and a classical axon initial segment, spanning lateral distances across many

gl omer ul i (Apol ygl omerul ar i nnervationo, o]
However, both subtypes have also been characterized as projecting with their

dendrites mostly into the interglomerular space in the manner of short axon cells

(SACs); thus the precise dendritic and axonal innervation patterns of TH+ cells are

subject to debate (Kiyokage et al., 2010; Kosaka and Kosaka, 2011; Nagayama et al.,

2014; and see discussion). Concerning adult neurogenesis, the smaller subtype is

known to be generated both at early and adult age (Kosaka and Kosaka, 2009).

Here we describe dopamine transporter expressing (DAT+) neuron subtypes of the
glomerular layer as established in acute mouse or rat brain slices with two different
labels, that have not been used so far for morphological identification of bulbar
dopaminergic neurons: (1) an in-vitro live-stain for DAT+ cells (FFN102, Rodriguez et
al., 2013), used in adult mice and juvenile rats and (2) a mouse line with DAT+ cells
labeled by GFP after tamoxifen induction in adult animals (Rieker et al., 2011).
Individual labeled neurons were stained with fluorescent dye and reconstructed from
two-photon scans along with the contours of innervated glomeruli. Since a glomerulus
is a strongly subcompartmentalized and inhomogeneous structure (Kasowski et al.,
1999; Kosaka and Kosaka, 2005) lacking a clear distinction between periglomerular
and intraglomerular neuropil at the ultrastructural level (Pinching and Powell, 1971c;
b), we also analyzed the innervation patterns of cell types with respect to
subglomerular volumes. This approach may serve to morphologically differentiate
glomerular neurons in general, help to identify their putative synaptic partners and
eventually to establish a more refined picture of their network interactions during odor

sensing.
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Materials and Methods
Animals and slice preparation

Rats and mice were decapitated under deep anesthesia with isoflurane according to
the stipulations of the German law governing animal welfare (Tierschutzgesetz) and
according to the EU directive 2010/63/EU, as approved by the Bavarian state
government (Regierung von Oberbayern). Brains were removed and horizontal
olfactory bulb brain slices (300 um thick) were prepared of juvenile rats of either sex
(postnatal days 11-18, Wistar) as well as adult wild-type (WT) mice (postnatal weeks
16-40, BL-6) and adult DAT-GFP mice of either sex (postnatal weeks 16 i 20,
DAT::CreER™?/CAG::GFP also in BL-6 background) (Nakamura et al., 2006; Rieker et
al., 2011). In this transgenic line, GFP is expressed in a subset of DAT+ cells in adult
animals after tamoxifen induction. Briefly, the DAT-GFP mice received intraperitoneal
tamoxifen (T-5648, Sigma, St Louis, MO, USA) injections (15 mg/kg body weight; AZ
552-1-54-2531-144/07) on 5 consecutive days, the last one 10-20 days before slice
preparation. The slices of transgenic animals were incubated in carbogen gas (95%
02, 5% COy) infused artificial cerebrospinal fluid (ACSF, composition: 125 mM NacCl,
26 mM NaHCOs, 1.25 mM NaH2PO4, 20 mM glucose, 2.5 mM KCI, 1 mM MgClz, and
2 mM CacCl2), in a heated water bath at 33°C for 30 min and then kept at room
temperature (22°C) until experimentation. For identification of dopaminergic cells in
wild-type mouse and rat acute brain slices were incubated in ACSF containing 10 uM
of the fluorescent pH-responsive probe FFN102 (Abcam, Cambridge, MA, USA) for 45
min (30 min at 33°C and a further 15 min at room temperature) for identification of
dopaminergic cells, adapted from the in-vitro protocol specified in (Rodriguez et al.,
2013). Before experimentation, FFN102-treated slices were washed with ACSF
without FFN102 (which was also used during electrophysiological recording and
imaging) in the recording chamber for at least 15 min to get rid of excessive
background staining and to allow for unambiguous identification of genuinely FFN+

cells.

Immunohistochemistry and confocal microscopy

Acute OB slices were prepared from DAT::CreER™?/CAG::GFP mice (similarly to the

slices for in-vitro experimentation, 250 pm thick) and fixed in 4% paraformaldehyde in
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phosphate buffer (PB, pH 7.4) with 0.5% Triton X-100 overnight at 4°C. After washing
in PB, the slices were blocked in 5% normal goat serum and 2.5% bovine serum
albumin + 0.5% Triton X-100 in PB (blocking solution) for 3 hours. After washing in
phosphate buffered saline (PBS), slices were incubated in blocking solution + primary
antibodies (chicken anti-TH 1:200, mouse anti-GFP 1:250, goat anti-OMP 1:500 i all
from Abcam) for 48h. After several washing steps in PBS, the secondary antibodies
were applied (donkey anti-chicken Cy3, 1:400, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA; donkey anti mouse Alexa Fluor 488 conjugate,
1:200, Abcam; donkey anti-goat Alexa Fluor 405, Abcam) for 24h in blocking solution.
After multiple rinsing steps in PBS, the slices were embedded with Vectashield
mounting medium (Vector Laboratories, Burlingame, CA, USA) and covered by
coverslips.

Immunostained slices were scanned with a Leica TCS SP5-2 confocal laser-scanning
microscope (Leica Microsystems, Mannheim, Germany) equipped with a HCX PL APO
lambda blue 63x/NA1.4 immersion oil objective (Leica). Fluorochromes have been
visualized with excitation wavelengths of 405nm (Alexa Fluor 405), 488nm (Alexa Fluor
488) and 561nm (Cy3) with respective emission filters. For each optical section the
images were collected sequentially for the three fluorochromes. Serial 8-bit stacks with
a z-step of 1 um and a resolution of 512x512 pixels and a pixel width of 481.5 nm have
been acquired. Images were averaged from 5 successive scans. Images were then
homogeneously adjusted in brightness and contrast with Fiji (ImageJ; Schindelin et al.,

2012). Cells were also counted in Fiji, from 3 scanned slices.

Two-photon imaging and electrophysiology

Fluorescence was recorded on a Femto-2D microscope (Femtonics, Budapest, HU),
equipped with a tunable, Verdi-pumped Ti:Sa laser (Chameleon Ultra I, Coherent,
Glasgow, Scotland). The microscope disposed of three detection channels (green
fluorescence (epi and trans), red (epi) and infrared light (trans)) and was equipped with
a 60x Nikon Fluor water-immersion objective (NA 1.0; Nikon Instruments, Melville, NY,
USA) and controlled by MES v4.5.613 software (Femtonics).

After identification of FFN102+ or GFP+ cells, in WT rats and mice, in the green
channel at an excitation wavelength of 760 nm or 900 nm, respectively, individual
fluorescent cell bodies were patched in whole-cell mode with patch pipettes (resistance

6-8Mohm), filled with an intracellular solution (composition: 130 mM K-methylsulfate,
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10 mM HEPES, 4 mM MgClz, 2.5 mM Na:ATP, 0.4 mM NaGTP, 10 mM Na-
phosphocreatine, 2 mM ascorbate, 0.1 mM). Electrophysiological recordings were
made with an EPC-10 amplifier using Patchmaster v2x60 software (both HEKA
Elektronik, Lambrecht/Pfalz, Germany). For FFN102 experiments, the red fluorescent
dye Alexa Fluor 594 (50 uM, Invitrogen, Carlsbad, CA, USA) was added to the
intracellular solution to allow for the detailed visualization of all cell processes and to
subsequently image the dendritic fine structure. In the case of DAT-GFP mouse
calcium imaging experiments, the calcium indicator OGB-1 (100 uM, Invitrogen) was
added for both calcium imaging and process visualization. Fluorescence transients
were acquired at 800nm laser excitation. Data were mostly collected from glomeruli
within the medial surface of the olfactory bulb.

All experiments were performed at room temperature (22°C). The patched
juxtaglomerular neurons were held near their resting potential of -60 to -70 mV and the
access resistance was monitored. For a coarse electrophysiological classification,
depolarizing step pulses were applied for 500 ms each. Starting at and returning to
resting membrane potential after each sweep, the cell was injected with a current of -
90 pA, which was increased by +30 pA for in total 10 steps (therefore ending at +180
pA). In calcium imaging experiments values of > 25 pA of holding current were
unacceptable and the experiment was rejected). A shift in baseline fluorescence Fo of
more than 15% between the first and the last measurement of each region of interest
(ROI) also led to a rejection of the experiment.

After sufficient filling of the dendritic tree (at least 15 min), stacks of scans of the entire
cell were recorded at 1 um z-resolution. Each scan included 2 images, recorded in the
red (Alexa) or green (OGB-1) fluorescent channel and at the same time in the trans-
infrared channel of the microscope, to gather information on both the dendritic tree and
glomerular structure. The xy-resolution was 900x900 or 1000x1000 pixels with a pixel
width of 0.098 to 0.24 um, trading off between resolution and coverage of the stained
cellular neurites by the xy-window. All cells except for the long-range projecting

subtype fit within one or two scanning windows and were fully sampled.

In several instances we noted upon reconstruction that cells had been incompletely
scanned, most |l y b eoadnatewas roteset slde@mendughs These

neurons were not used for detailed morphological analyses, but most could be
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classified and included in the total numbers for cell subtype distributions across animal

groups (Fig. 7 B).

During calcium imaging experiments, structures of interest were imaged in free line-
scanning mode with a temporal resolution of ~ 1 ms. At a given dendritic location,
several consecutive focal line-scans during somatically evoked single action potentials
(sAPs) (by an injected current step of 1000 pA for 1 ms) or action potential trains (AP
trains) (15 stimuli at 50 Hz) were recorded (duration 1.5 s), averaged and smoothed.
Dendritic calcium transient s tweRd the resting
fluorescence Fo were analyzed, with their decay measured in terms of half duration
U __ 1(Eqer et al., 2003). Decay half duration values were capped at 5 s, because a
higher value could not be reliably extrapolated. Post-hoc data analysis was performed
using custom macros written in IGOR Pro 5 (Wavemetrics, Lake Oswego, OR, USA).

Reconstruction and analysis of cellular morphology

To measure the cell body dimensions of glomerular neurons, we approximated the
somatic shape as oval within single x-y-slices. We calculated the mean diameters d for
any given soma from the slice with the largest oval cross-sectional area A and

perimeter P as follows (cf. Heyt and Diaz, 1975):
d = 1.55 A0625/ p0.25

The morphology of dopaminergic juxtaglomerular cell dendrites was reconstructed with
Fiji plugin Simple Neurite Tracer (SNT) (Longair et al., 2011) from the fluorescence z-
stack scans. Thin, putative axonal structures could neither be unambiguously
discriminated in all cases nor fully recovered, which is a drawback of reconstructions

from live TPLSM imaging data (Blackman et al,. 2014; and results).

The following morphometric parameters were extracted from SNT analysis tools and
other ImageJ calculations: 3D coordinates, total process length, soma dimensions,
number of branches and end-points. In this context, a branch is defined as a part of
the cell bounded by any two junction points. Both spines and other endings are counted
as terminal points. The number of primary dendrites was established according to the
following criterion: Any primary dendrite had to account for > 10% of the total process

length and to stem from the cell soma or a main dendrite bifurcating more proximal
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than 15 pum. All other morphometric analyses were derived or computed from those

values, except for the innervation analysis (see below).

Reconstruction of glomeruli for DAT+ uniglomerular and clasping cells

The glomerular contours were reconstructed from the TPLSM trans-infrared z-stacks
with the ImageJ plugin TrakEM2 (Cardona et al., 2012). A glomerular counterstain was
not required due to the good visibility of glomerular contours in the trans-IR-TPLSM
channel and thus both dendritic and glomerular data could be gathered in the very
same coordinate system, allowing for a precise innervation analysis. For FFN-stained
slices, the green channel PMT overlay of the FFN staining with the trans-IR channel
yielded additional contrast between cell bodies and glomerular neuropil (Fig.1 A).
Contours were determined by tracing the border between the ring-like arrangement of
JGC somata and the glomerular neuropil on the glomerulus inside for each successive
zslice. The TrakEM2 o0interpolate gapsbo
two traced slices, which we sometimes applied for traced z-slices close to the midline
of a glomerulus and no more than 3 um apart to ensure high structural accuracy. Even
though the images became more blurry in deeper parts of the brain slice (depending
on the brain slice quality, age of the animal etc.), the transition between contrast-rich
somata and the grainy neuropil was still detectable for most scanned glomeruli. In
cases where the visibility of deep glomerular contours was compromised the data was

discarded.

In 2 of the 15 cells sampled for innervation analysis the deeper part of the glomerulus
was not scanned completely although the dendrites were fully recovered. In these
cases the respective glomerulus was completed virtually in order to reduce errors in
volume and average radius measurements (see below) by the following procedure:
First the glomerular cross-sectional area at the deepest z-slice was determined and
matched to the z-slice with the most similar area size of the top z-side of the
glomerulus. Then the remaining slices on the top side until the end of the glomerulus
were added to the incomplete part in mirrored order and aligned to the center of gravity
of the deepest contour, resulting in an added volume of 10 and 28 % of the total

volume, respectively.
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Innervation analysis

Prior to the methodical description of this new analysis approach, we define three

auxiliary ter ms: (1) Aglomerul ar neuropil o r

the surrounding cel |l bodi es or t he periglc

gl omer ul us o bnyy glemenulbhseimnervatédewithin its neuropil, or the
gl omerulus with the | argest fraction o
(within the glomerular Aouter shell 0,

denotes the transition zone from the periglomerular cell body layer/neuropil to the
intraglomerular neuropil; it has been characterized with light microscopy and at an

ultrastructural level (Pinching and Powell, 1971c; b; and see discussion).

As to the nomenclature of neuronal subtypes, we have named DAT+ cell subtypes

fot

see

he
be

dopaminergic ouni gl omerul ar o, Acl aspingo, 0

results for criteriaofc | assi fication). As in previous

cell o (PGC) r e f e mearons with theair isagnb dinetlyr adjhcent to the

it

dendritically innervated gl omerul ar neur opi |

cell o (JGC) encompasses all gl omerul ar
including any subtypes of DAT+ cells described here. Finally, the large dopaminergic
cells with long lateral processes and a distinct axon, which have been called short axon
cells (Kiyokage et al., 2010), inhibitory juxtaglomerular association neuron, or even
dopaminergic external tufted cells (Kosaka and Kosaka, 2011), are called

Afdopaminergic | arge | ateral associatio

For analysis of the glomerular innervation by a reconstructed dendritic tree, the
reconstruction data were exported into Microsoft Excel 2007 and then to Word 2007
(both Microsoft, Redmond, WA, USA) text files where the data were reformatted and
then imported into IGOR via custom-written software. Pixel coordinates were
converted into metric coordinates. Next, the coordinate systems of the two
reconstructions i tuft and home glomerulus i were aligned. After this step, 3-D voxel
representations with a voxel side length of 1 um were generated both of the dendritic
tree (Hellwig, 2000; Egger et al., 2008) and of the home glomerulus. The tuft voxel

representation did not account for dendritic diameters.

In some instances there were gaps in the glomerular surface representation due to an

insufficient density of data points in the reconstruction (mainly in contour lines that
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happened to run parallel to the x- or the y-axis for several um). In these cases we used
a custom-written filling algorithm which extended the reconstructed surface by 1-2 pm.
The maximal error in glomerular volume due to this procedure was on the order of <
5 %.

The voxel representations were used to determine the following parameters: (1) Total
amount of 1 um voxels within a glomerulus, (2) glomerular volume, glomerular center
of mass and mean glomerular radius (3) fractional innervation of shells as described
below.

For analyzing the relation between a glomerular layer neuron and its home glomerulus,
an intuitive approach would be to conduct a 3-D Sholl-type analysis (Sholl, 1953)
originating from the center of mass of the glomerulus rather than from the soma of the
neuron. However, since glomeruli were usually not spherical or ellipsoid in shape, we
could not apply a straightforward 3-D analysis of innervation based on equally spaced
spherical (or ellipsoidal) glomerular shells. Instead, shell volumes were calculated
based on the real glomerular, that is, in terms of expanding or shrinking the
reconstructed glomerular surface by a certain radial distance from the center of mass
of the glomerulus. The fraction of innervation was then determined by counting all tuft
voxels of the 1 um representation within the volume of a shell and normalizing the

number to the total number of tuft voxels within the glomerular neuropil.

To allow for a quantitative analysis of intra- versus inter-glomerular innervation and for

the inclusion of an intermediate zone we discriminated the following three volumes (cf.

also Fig. 6 A): The Aouter shell d was an extra | ayer v
identified glomerulus neuropil-to-soma border, i.e. the reconstructed glomerular

surface, to include the closely adjacent cell body layer around the glomerulus in the

analysis. The choice of 15 um is intended to include any directly adjacent
juxtaglomerular cell body in this volume, even large JGCs like the large dopaminergic

lateral association subtype and external tufted cells (Nagayama et al., 2014). The
inside of the glomerulus was subdivided into
for ¥4 of the glomerular mean radius from the neuropil-to-soma border towards the

gl omerulus centroid (8 N 2 Om, n = 18) and
inner volume. In most glomeruli the volumes of inner shell and core were roughly the

same (fraction inner shell of total glomerular volume 0.57 £ 0.04, n = 15). The combined
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inner and outer shell vol ume shoul d thencorpo

combined core and inner shell volumes represent the neuropil of the home glomerulus.
Statistical analysis

Statistical significances have been assessed in SigmaPlot 13.0 (Systat Software, Inc.,
San Jose, CA, U SestorRank Susnttestavasmugedfar alltcomparisons
except for paired data (e.g. within the same cell) where the non-parametric Wilcoxon
test was used. For correlations, a linear regression analysis was utilized (SigmaPlot)
to determine R square values (R?). Data are presented as mean values of parameters

+ standard deviation (S.D.).
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Results

The DAT-based approaches used in this study have revealed two more dopaminergic
subtypes in addition to the known cell types described in the introduction, and also
allowed us to investigate whether there are subtype-specific differences across the
three tested animal populations. One DAT+ subtype closely resembles a classical
GABAergic periglomerular cell type whose dendrites project into a single glomerulus.
The other cell type shows unique dendritic structures that have not been described so
far, and which apparently innervate mainly the cell bodies of other subtypes of
glomerular neurons via dense clasps. To further characterize these clasp structures,

we also investigated the dendritic Ca?* dynamics of this cell type.

3. ldentification and reconstruction of dopaminergic cells in rat/mouse
olfactory bulb slices
In our hands, the dopamine transporter substrate FFN102 reliably labeled subsets of
glomerular neurons in acute brain slices of rat and mouse olfactory bulbs. Initially,
FFN102 was described as a dopaminergic marker with high specificity and
transmission sensor in the ventral midbrain and striatum (Rodriguez et al., 2013). Aside
from stained cell bodies and sometimes stained proximal dendrites, we observed small
fluorescent puncta throughout the glomerular neuropil as well as juxtaglomerular zones
of the glomerular layer (Fig. 1 A and B). Those are likely to correspond to synaptic DA
reuptake sites at presynapses (Rodriguez et al., 2013). To confirm and complement
our observations based on FFN102 we also used a tamoxifen-inducible mouse line
(DAT::CreERT?/CAG::GFP, cf. Rieker et al. 2011). Induction of GFP expression with
low tamoxifen levels in adult animals showed labeled cells exclusively in the glomerular
layer with strong fluorescence in cell bodies and upon high laser illumination also in
dendritic processes (Fig. 1 C). Interestingly, quantifications of the immunohistological
stainings in this transgenic line against TH showed a large subset of TH+ cells that
were not co-stained with GFP (51 + 7% of all stained cells), corresponding to
dopaminergic cells without strong Cre activity after tamoxifen induction (Fig. 1 D). On
the other hand those stainings also revealed a substantial population of TH- GFP+
cells (31 + 4% of all stained cells, Fig. 1 D). A third population of cells showed an

overlap of both markers (18 = 8% of all stained cells, Fig. 1 D). These observations
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might be explained with a low induction rate (for more explanations of the labeling

pattern cf. discussion).

For morphological reconstruction, GFP+ or FFN102+ cells were labeled intracellularly
with additional fluorescent dyes via whole-cell patching and scanned using TPLSM.
While the dendrites could be reconstructed, the fluorescence signal from thin, putative
axonal structures was not bright enough except for the initial parts of some axons. In
parallel, the surrounding tissue was scanned and the 3D-surface of the glomerular
neuropil was reconstructed (see methods). This approach i simultaneous sampling of
detailed individual cell structure and the surrounding glomerular tissue i allows to
precisely determine neuronal morphometrics relative to glomerular contours (Fig. 1 E,

F, supplementary movie S1).

2. Morphological subtype diversity of juxtaglomerular DAT+ cells

2.1 The DAT+ uniglomerular cell

Within both the rat and mouse populations of FFN+ cells, we have regularly observed
a uniglomerular subtype that morphologically resembles a classical periglomerular cell
(Figure 2). The existence of this dopaminergic PGC subtype has already been
suggested (Kosaka and Kosaka, 2009; Nagayama et al., 2014) even though its exact
dendritic morphology has not been verified in any preceding study. Accordingly, we
characterized this subtype by the confinement of at least 50% of its total reconstructed
neurite |l ength extending into a single
see Methods). Within the glomerular neuropil these neurites had the appearance of
classical dendrites and ramified extensively in roughly spherical volumes. Some cells
innervated almost the entire glomerular volume, while most innervated only a smaller
part of the home glomerulus, proximal to the cell body (3 vs. 6 cells) (see e.g. Fig. 2 A,
D, F vs. Fig. 2 B, C, E, G). The extraglomerular processes were thin and usually did

not branch extensively nor show spines, therefore they probably corresponded to

ihome

axons. They never extended into other gl omerul.

followed any further than beyond one adjacent glomerulus from the soma. Some

uniglomerular cell dendrites bore spines or spine-like protrusions (n = 5 of 9 cells), yet
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with quite variable density and appearance in each cell. The larger uniglomerular cells
also tended to show a higher density of spiny structures. The soma size was in
accordance with earlier descriptions of periglomerular cells (average mean diameter
of all pooled cells 10.3 £ 1.8 um, n =9) and did not significantly deviate from the other
DAT+ cell types described here, except for the large lateral association neurons (see
2.3). For the analysis of other morphological parameters see Table 1 and Fig. 7.
Interestingly, the uniglomerular DAT+ type was not found among the DAT-GFP+

neurons (Fig. 7, but see 2.3 and discussion).
2.2 The DAT+ clasping cell

Clasping cells were observed across all three animal groups. Most neurites of these
cells (or sometimes all) were found to be ramifying in the interglomerular space of the
glomerular layer (Fig. 3). If these cells ever entered glomerular neuropil, they did so
only in a restricted fashion, namely within mostly superficial volumes of one particular
home glomerulus, and no other additional glomeruli (n = 6 out of 12). Thus the DAT+
clasping cells might be involved in synaptic interactions in the glomerular intermediate
zones (Pinching and Powell, 1971c). This hypothesis is further tested below (see
section 4 and discussion). For each cell, several primary neurites were found to extend
around several glomeruli for a few hundred micrometers in tortuous shapes. In general,
there was no obvious orientation of the neurite trees relative to the glomerular layer or
the home glomerulus, but they never grew into the external plexiform layer (EPL).
While there is a partial overlap of the characteristics of this cell type with descriptions
in previous studies (e.g. the Aol igsegl omer u
discussion), there were locally ramifying neurite structures, which to our knowledge
have not been described so far: extremely dense neurite specializations, that were
found to clasp around single targeted cell bodies and sometimes also to enter the
glomerular neuropil. To classify as a clasping cell in our study, a given cell had to show
at least two of these clasp structures. See section 2.4 for a more detailed description

of clasp identification.

Our approach did not allow to determine whether all DAT+ clasping cells bear an axon
(but see e.g. Fig. 5 C, methods and discussion). In any case, the clasp-bearing
processes, which included most or sometimes all of the major neurites, are presumably
dendrites since they were bearing spine-like protrusions (albeit with very variable

abundance) and also otherwise resembled classical dendritic structures. Since the
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dendrites of most other bulbar neuron types and in particular also dopaminergic JGCs
are known to release neurotransmitter (Schoppa, 2005), we suggest that the clasping
dendrites may act as presynaptic structures as well. This idea is further supported by

the calcium imaging data described below (2.4).

The soma size was in the medium range (average mean diameter of all pooled cells
9.6 £ 2.0 um, n = 12), and not significantly different from the soma size of DAT+
uniglomerular cells. Many other morphological properties of clasping and
uniglomerular dendrites were also highly similar across rat FFN populations (Table 1).
DAT+ clasping cells were found in all examined animal populations (FFN mice, FFN
rats, GFP mice; Fig. 7 A, B). Across these animal groups, we observed a substantially
increased complexity of the DAT+ clasping dendrites for the GFP+ population in
comparison to FFN mice and especially to juvenile FFN rats, as reflected in total
process length, branch and end point numbers and numbers of clasps (compare Fig.
3AT Dto3E, Fand 3 G, H, Fig. 7, Table 1).

2.30ther DAT+ cell types

Here we describe in brief the remainder of the encountered DAT+ cell types (Fig. 4). A
large lateral association neuron with a usually elongated soma (size 13.6 = 1.3 um,
long axis oriented along the glomerular neuropil border) and a lateral dendritic extent
of several hundreds of micrometers within the glomerular layer (cf. Kiyokage et al.,
2010) was observed in the FFN+ rat and mouse populations. Those dendrites did not
branch extensively, in contrast to the two previously described cell types, and bore
distinct spines with bulbar heads. Aside from the long lateral dendrites this cell type
also was observed to bear an axon, extending towards and sometimes into the EPL
(no full reconstruction possible, see methods; Fig. 4 A, C). Such cells were not
observed in the GFP labeled DAT+ population, speaking against adult-stage

generation, as already reported (Kosaka and Kosaka, 2009).

In all three of our samples there were also cells with medium or smaller size somata,
which could not be classified into the uniglomerular or clasping populations based on
our characterizations (see 2.1. and 2.2). In several instances they resembled the
morphology of either one of these cell types to a large extent (Fig. 4 B, D). Since they

did not meet the previously defined criteria and on average also showed a reduced
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complexity compared to both the clasping and uniglomerular cells (Table 1), they were

pooled as fAintermediate cell so.

Finally, there was a population of morphologically much reduced cells within all tested

ani mal groups (Fig. 4 E, F) . Theseritesilaonmder si

average 244 + 171 ym total process length, n = 14) with few branches and never more
than two primary dendrites, and displayed no distinct innervation patterns. In the DAT-
GFP mice none of those cells showed spiking upon step depolarization. Their
morphology was not analyzed any further.

Among the fluorescent cells we also very rarely encountered astrocytes (Fig. 4 G).
They could be identified by their morphological appearance (mostly star-like,
sometimes polar or elongate dendritic orientation with very elaborate, varicose
processes, branching throughout their whole length, and a lack of electrical excitability
(Bailey and Shipley, 1993).

3. DAT+ clasping cell dendrites and substructures: Morphology and Ca?*
dynamics

The cell clasps found on DAT+ clasping cells (2.2) were identified according to the
following criteria: (1) formed by at least two processes extending from the same parent
dendrite, (2) embracing a single cell body from several spatial directions, such that (3)
the soma is encompassed by the dendrite(s) for the length of at least half the mean
cell diameter (see Fig. 5 A, supplementary movies S2 and S3). These dendritic
specializations were highly abundant in adult-born GFP+ cells (DAT-GFP animals,
number of clasps 7.4 + 2.3, n = 6), and were, to a lesser extent, also observed in the
corresponding FFN+ cells from rats (2.8 £ 0.5, n = 4) and mice (3.5 + 0.7, n = 2; cf.
Table 1 and Fig. 7 C).

For any given DAT+ clasping cell, the cell bodies embraced by the clasps can belong
to the outer shells of several differe
The mean diameter of clasped cells (8.0 £ 1.6 um, range 5.2 um i 11.7 ym, n = 78,
Fig. 5 E) overlaps with the diameter distributions of either other PGCs or ETCs (e.g.
Nagayama et al., 2014), but was too small for the dopaminergic large lateral
association neurons. No FFN label was seen in clasped cells. Aside from the dense
clasp structures, some dendrites were entering the neuropil also in a very tightly

packed fashion (see e.g. bundles in Fig. 5B).
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Next, we asked whether the clasp structures are likely to release transmitter.
Dopaminergic JGCs are known to fire action potentials, which is probably one of the
mechanisms important for dendritic neurotransmitter release (Maher and Westbrook,
2008). Therefore we first tested the excitability of DAT+ clasping cells. Upon prolonged
depolarization of DAT+ clasping cells from their resting potential via somatic injection
of current steps we observed firing patterns mainly of the continuous, non-
accommodating spiking type (13 of 21 cells), some of the accommodating type (5 of
21 cells, example in Fig. 5 C), and very few instances of no spike generation (3 of 21
cells; nomenclature according to McQuiston and Katz, 2001). Bursting was never
observed in DAT+ clasping cells. All firing cells showed a low spiking threshold, with
spikes observed at the first depolarizing current injection step of 30 pA in 13 of 18

neurons and at 60 pA in all of 18.

Dendritic release upon AP firing would require that single Aps can reliably produce
substantial calcium transients in the dendrites of adult-born DAT+ clasping cells. This
was tested with TPLSM calcium imaging. Single somatically evoked Aps (sAP) elicited
substantial calcium influx in a major part of DAT+ clasping cell dendrites (Fig. 5 C right).

These signals were not saturating, since trains of 20 Aps at 50 Hz recorded in the same

|l ocations resulted in | arger e&eF/F transients
train stimulation at a level expected for 100 uM OGB-1 (sAP 15 + 10 % &ad/F vs. train
150 + 74 % &d~/F in 155 locations, P <0.001, pairedt-t est ) . I n general , @&

decayed with a very slow half duration, on the order of one to three seconds,

sometimes even more slowly (on average 2.5+ 1.2 s, n=94).

As expected for neurons that feature dendritic release of transmitter (Egger et al.,

2003) sAP-me di at ed @&F/ F did not decrease with d
individual &eF/ F amplitudes were completely
recording site (Fig. 5 C, G, R? = 0.0008).

In clasping cells that innervated the glomerular neuropil, calcium signals measured in
dendrites within innervated glomeruli were not significantly different from those on the
outside (for sAPs 15N 5 % @&F/\Vs.,16 M E3 1% &F/ F, n = 141,
test, Fig. 5 F), which is also true for the decay half durations (2.2 + 1.1 s,n=12vs. 2.5
+ 1.3s, n = 82, n.s.). Neither were the transient amplitudes in clasping structures
different from those in non-clasping dendrite sections across all clasping cells (13 + 8

% eF/ F, n =ll1%6e&e¥sF, 16 = 110, n. gurgtionfwegg. 5 F)
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also not significantly different in clasping vs. non-clasping structures (2.2 + 1.1 s vs.

2.6 N 1.3 s, n.s.). There was d/Rigpareddatasi gni f
sets (clasping versus non-clasping structures within the same cells, Fig. 5F, paired t

test, both n.s.). We observed no correlations of any of the parameter combinations of

af-/F, distance or decay half-time in either of the populations (not shown, R? values

range from 0.005 to 0.071).

These observations indicate a substantial, slowly decaying AP-mediated Ca?* entry in
conventional dendrites and clasp subcompartments in most investigated DAT+

clasping cells, which may allow for dendritic release from both compartments.

3. Innervation analysis

DAT+ uniglomerular and clasping cells in any given animal group were quite similar in
terms of several common morphological parameters (soma size, number of primary
dendrites, total process length, branch number; see Table 1 and Fig. 7). Therefore we
sought to discriminate these subtypes via the differential innervation of the inter- and
intra-glomerular space, in particular in relation to their respective home glomerulus.
We performed a 3-D-overlay of neuronal reconstructions with the reconstruction of
their home glomerulus and determined the relative innervation in three selected

volumes of the glomerulus: the core, inner and outer shell (Fig. 6 A; see methods).

First, we compared the fraction of the innervated voxels of the glomerular neuropil
(inner shell + core) to the tuft voxels within the outer shell (Fig. 6 B), which yielded
highly significant differences (average 0.32 + 0.20, n = 8 in clasping cells vs. 18.73
16.32, n = 7 in uniglomerular cells; Mann-Whitney Test, P < 0.001). Even though
numbers for the individual animal groups were small, very similar results emerged
(FFN+ mouse 0.25 £ 0.35 vs. 30.67 + 27.26, respectively, n = 2; FFN+ rat 0.27 £ 0.25
vs. 17.95 + 7.64, respectively, n = 2, cf. Fig. 6 B). We also considered the shell region
(inner + outer shell) as a whole in order to cover the intermediate zone, and compared
this volume to the complete covered volume (core + inner + outer shell). This fractional
innervation also displayed a highly significant difference (Fig. 6 C, average 0.93 + 0.07,
n=8 in clasping cells vs. 0.40 £ 0.17, n=7 in uniglomerular cells; Mann-Whitney Rank

Sum Test, P < 0.001). Again, the individual animal populations yielded similar results
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(FFN+ mouse 0.96 + 0.05 vs. 0.27 £ 0.14, respectively, n = 2; FFN+ rat 0.99 + 0.01 vs.
0.33 + 0.02, respectively, n = 2, cf. Fig. 6 C). Briefly, both measures of glomerular
innervation proved to be very distinct for the cell types, i.e. clasping cells innervate
almost exclusively the shell regions, whereas uniglomerular cells primarily innervate

the inner shell and the core.
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Discussion
3. Labeling of dopaminergic cells: TH versus DAT

We have investigated the morphology of DAT+ cells in the glomerular layer of the
olfactory bulb using a new in-vitro marker (FFN102, Rodriguez et al., 2013) as well as
a transgenic mouse line expressing GFP under a DAT promoter induced in adult
animals with a possible higher incidence for adult-born cells. FFN specificity as
established by the overlap with DAT+ immunoreactive cells is reportedly extremely
high (Rodriguez et al., 2013). Immunolabeling for TH and GFP in the induced
DAT::CreER?/CAG::GFP transgenic line yielded three labeled cell populations: TH+
GFP- cells, TH+ GFP+ cells, and TH- GFP+ cells. The rather low occurrence of TH+
GFP+ cells (18% of stained cells) indicates a moderate induction success because of
lower concentrations of tamoxifen in comparison to other studies (Mori et al., 2006).
Therefore, many of the observed large fraction of TH+ GFP- cells are still likely to bear
DAT, but were not induced by the tamoxifen injections, although the specificity of the
DAT::Cre line is solid, as shown in earlier DAT antibody stainings (Ninkovic et al.,
2010).

The observation of TH- GFP+ cells could be explained by the following reasons. In a
previous study with an inducible CreER™ line recombination was very efficient in
migrating adult-born cells (Mori et al., 2006). A subset of dopaminergic cells could
therefore also show higher accessibility or susceptibility to tamoxifen as also observed
for the GLAST::CreER'™ animals (Mori et al., 2006). TH and DAT are rather late
determinant markers of dopaminergic cells in their differentiation (Cave and Baker,
2009; Ninkovic et al., 2010; Kovalchuk et al., 2015), but a high number of GFP+ TH-

cells could nevertheless argue for some DAT expression in still migrating cells.

It is generally accepted, that adult animals show increased numbers of dopaminergic
cells compared to juvenile animals due to adult neurogenesis (Ninkovic et al., 2007;
Whitman and Greer, 2007a; Adam and Mizrahi, 2011). TH levels are known to fluctuate
in bulbar dopaminergic cells in correlation to sensory activity and therefore some of the
TH- cells can be explained by expression levels below detectability, in partially in
immature cells or even resident cells which did not receive substantial sensory
activation (Baker, 1990; Cave and Baker, 2009). The scenario of populations of cells

that express TH but no DAT or vice versa is rather unrealistic as it has not been
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observed or reported so far in the olfactory bulb, although this explanation should not
be dismissed completely. A high number of GFP+ TH- cells in our study is dissimilar
to another recent non-inducible DAT::Cre based study which reports a reasonably
strong overlap of TH and DAT staining (85% overlap, Banerjee et al., 2015). This can
also be interpreted as a high number of adult-born cells showing specifically the DAT
marker but not the TH marker in our induction approach. Moreover, transgenic
expression of a fluorescent marker under the TH promoter would probably also yield a
higher overlap with our DAT+ cells, since the fluctuating detection reliability of TH is
most prone to result in false negatives in antibody assays directed against the formed
protein (Cave and Baker, 2009). However, such differences might of course also be
attributed to the choice of species and the respective staining and detection methods.
Conclusively, both our study and others indicate that DAT-based labels and TH-based

labels stain partially different populations of dopaminergic cells.

Indeed, we observed two dopaminergic subtypes that had not yet been classified with

TH-based approaches and show hitherto unknown dendritic specializations. This
observation further supports that DAT labeling is not fully overlapping with TH labeling

(see also Fig. 1 D). Our observation of rath
that have also not been reported before as such within the glomerular layer is also in

agreement with not fully mature cells bearing the induced DAT label. These cells are

possibly either newly arriving cells, still morphologically and physiologically
undifferentiated or pre-apoptotic (see also 3. Classification of cell types).

Although in our hands FFN+ neurons were slightly compromised with respect to their
physiological health (e.g. higher leak currents than DAT-GFP+ cells), FFN labeling
might be used for functional imaging as described in (Rodriguez et al., 2013). We
occasionally observed the destaining of a subset of fluorescent puncta i probably
indicating synaptic dopamine transmission (Rodriguez et al., 2013) i correlated to
somatically elicited action potential trains in FFN+ cells (data not shown). This feature
of FFN102 might also help to discriminate GABAergic and dopaminergic output
synapses of dopaminergic JGNs. Thus, in our view DAT is a valuable marker
complementing TH, similar to the parallel use of the vesicular GABA transporter
(VGAT), and the synthesizing enzyme isoforms glutamate decarboxylase 65 or 67
(GADG65, GADG67) for research on GABAergic neurons and circuits (Parrish-Aungst et
al., 2007).
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2. Reconstruction of dendrites and glomeruli

Detailed morphological reconstructions based on fluorescence measurements in acute
slices with TPLSM are superior to the classical biocytin-based methods with respect to
efficiency and to z-shrinkage. The latter is not an issue due to reconstruction from data
in living tissue. Therefore parameters such as volumes, dendritic lengths and
innervation densities can be accurately determined (Egger et al., 2008; Blackman et
al.,, 2014). Also, reconstruction of glomerular contours from embedded material
requires a counterstain, whereas no extra staining was required to visualize glomerular
borders in the acute slice preparation. However, recovery of axonal structures is clearly
limited (see also below). Thus the method used here is an effective means for analysis

of dendritic glomerular innervation patterns, also for non-dopaminergic JGCs.

3. Classification of cell types

We have consistently observed both the classical dopaminergic subtypes that have
been reported previously based on TH+, and additional subtypes, including a
uniglomerular cell type and rather undifferentiated DAT+ cells. The SAC-like classical
cells comprise the previously known large lateral association neurons and a smaller
subtype that is denoted here as DAT+ clasping cell since its dendrites bear structural

specializations that resemble somatic clasps.

Between the DAT+ uniglomerular and the DAT+ clasping cell subtypes there is a less
we l | defined spectrum of morphol ogi es,

cells neither showed multiple clasp structures nor did they project with the majority of
their dendrites into the home glomerulus. Since these intermediate cells were on
average morphologically less complex than either uniglomerular or clasping cells, part
of them might still be in the process of differentiation into either subtype, which is also
supported by the following considerations: With less strict criteria for categorization,
intermediate cells could be largely reclassified as either uniglomerular or clasping. For
example, reducing the fraction of required intraglomerular total process length from
50% to 30% would result in a notable increase of uniglomerular cell numbers in all
populations, including the DAT+ GFP mouse population, where none of the cells did
make the 50% cut-off. Next, reducing the numbers of cell clasps to zero or one would
reunite most of the remaining intermediate cells into one group with the DAT+ clasping

cells: a medium-range, mainly interglomerular, small SAC-like cell type. Future
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investigations, perhaps including axonal reconstructions and/or imaging new cells at
various time points (e.g. time-lapse imaging or brainbow/confetti stainings), will be
required to ultimately settle the identity of intermediate cells.

The stildl much | ess complex HAundersizedo

insufficiently filled cells of one of the other categories because they usually filled quickly
and showed no truncations. So far, such undersized cells have not been reported
specifically among the dopaminergic JGN population in the GL (but see Pignatelli et
al., 2009 for a description of a reservoir of immature TH+ neurons in the EPL). Similarly
undifferentiated cells have been observed in the olfactory bulb and classified as
immature neurons on their way to synaptic integration based on morphological and
physiological analysis (granule cells: Carleton et al., 2003; PGN/JGCs Mizrahi, 2007,
Kovalchuk et al., 2015). As reported for the undersized cells here, early stages of these
cells also did not fire proper Na* spikes. Therefore undersized cells could be immature
DAT+ glomerular neurons or alternatively pre-apoptotic cells, since reportedly a large
number of arriving cells gets eliminated and not integrated into the bulbar circuitry
(Winner et al., 2002).

In any case, in our view the existence of both these undersized cells and part of the
intermediate cells reflects the participation of certain subtypes of DA neurons in
ongoing adult neurogenesis and remodeling in the olfactory bulb (see also discussion

below).

As already mentioned in the introduction, Kiyokage et al. (2010) described two
dopaminergic subtypes based on their innervation patterns, termed oligoglomerular
and polyglomerular, which otherwise both resemble SAC-like cells. While the
polyglomerular subtype clearly corresponds to the large lateral association neuron that
we also encountered, a matching of the oligoglomerular subtype to our cells is less
obvious. We found the dendrites of both DAT+ clasping and DAT+ uniglomerular cells
to innervate no more than the central neuropil of one glomerulus, whereas Kiyokage
et al. (2010) report the innervation of several or many glomeruli by all the TH+ cells in

their study. They also discriminated uniglomerular cells, however these were not TH+.

These discrepancies might be explained by the following technical differences: (1)
Their label for dopaminergic cells was TH, not DAT (see discussion above). The fact
that a uniglomerular dopaminergic cell has not been comprehensively reported so far
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(but see e.g. Kosaka and Kosaka, 2009) supports the view that this cell type is likely
to be labeled more efficiently via the more recent DATi based approaches, perhaps
reflecting a reduced activity of these neurons compared to the SAC-like subtypes. Such
differences in labeling efficiency may also extend to other dopaminergic cell
popul ati ons, e.g. the Aundersizedo cell s rerg
be generated preferably at embryonic/perinatal times, since they were mostly detected
in juvenile animals and much less in adult rats.

(2) Whether a glomerulus was classified as innervated or not might also have differed,
due to the different reconstruction technique and detail.

(3) Kiyokage et al. (2010) reconstructed detailed morphologies in biocytin-filled cells in
fixed slices with a confocal microscope, whereas we recorded our image stacks in
acute tissue with TPLSM. Since the axons of short-axon like cells are particularly thin
(hence also the historical insufficient axonal staining and misnaming of short-axon
cells), we presume that the fluorescence from these structures was too weak for
sufficient resolution in our scans, except for the initial parts of some axons (probably
e.g. Fig. 2 A1 D, 4 A and C; Blackman et al., 2014) . On the other hand, the biocytin
method is much more sensitive and therefore should recover axonal processes (also
pointed out by Kosaka and Kosaka, 2011) although Kiyokage et al. (2010) chose to
not differentiate between dendrites and axons because of their similar appearance.
Notably, so far the existence of axons has not been demonstrated directly for
dopaminergic glomerular neurons except for the large lateral association neurons
(Chand et al., 2015). However, we clearly see axon-like structures in the uniglomerular
subtype and also consider it highly likely that DAT+ clasping cells feature axons.
Although Kiyokage et al. (2010) have not specifically reported clasp-like structures,
some of their cells might show such features even though this cannot be properly
judged from z-projections (e.g. their Fig. 5 B, top panels). Therefore we propose that
their oligoglomerular subtype is likely to overlap at least to some extent with the DAT+
clasping cells reported here. In this case the extended glomerular innervation of this
subtype would be performed by its axon (which is lacking from our reconstructions),
while the dendrites project mostly interglomerularly with the exception of a single
Ahome gl omeruluso that is superficially i nne
DAT+ cell bodies were reported to respond to odors in a sparse fashion which is highly
correlated across a given glomerulus (Banerjee et al. 2015) i an observation that is

most parsimoniously explained as the result of a predominantly local dendritic
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innervation. This description yields further implications for the input and output

connectivity of DAT+ clasping cells (see below).

Since Kiyokage et al. (2010) report on two different main sources of input to
oligoglomerular cells (ETC driven versus olfactory nerve driven) it is conceivable that
a further diversification of this subtype will emerge. If clasping cells do indeed overlap
with oligoglomerular cells, we would expect them to be primarily driven by ETCs
because of their dendritic innervation pattern. A possible umbrella-term to encompass
both these dopaminergic juxtaglomerular cells that are in contact with several glomeruli
with mainly int er gl omer ul ar dendritic projecti

neur onso.

Interspecies differences between mice and rats have been observed with respect to
glomerular neuron subtype composition (Kosaka and Kosaka, 2005). We were able to
find all the discriminated cell types i the two new subtypes, clasping cells and
uniglomerular cells, as well as large lateral association cells, undersized cells and a
substantial amount of intermediate cells in both juvenile rats and adult mice using FFN
staining. Although the overall number of cells in this study is not sufficient to provide a
sound estimate of relative abundances of cell types, most cell types occurred with
roughly similar frequencies with the exception of DAT+ uniglomerular cells that were
far less common in the adult mouse compared to the juvenile rat. This observation
might be explained by an increasing relative fraction of clasping cells with age due to
neurogenesis and thus is probably not mainly related to interspecies differences (Fig.
7 B). Shifts in subtype composition have been previously observed for bulbar
interneurons in studies on adult neurogenesis (Ninkovic et al., 2007; Batista-Brito et
al., 2008; Adam and Mizrahi, 2011). In our study, neurogenesis is also a probable
factor contributing to change in subtype composition, if considering the inducible DAT-
GFP line as a model with an increased proportion of adult-born cells compared to the
other populations. In this scenario, neurogenesis possibly has an almost negligible
contribution to the uniglomerular subtype and a very substantial influence on the
clasping cell subtype. In future research, it would be interesting to investigate subtype-
specifically, if cell types and subtype morphology can be determined by the cell age

and not only by animal age (Livneh and Mizrahi, 2011).
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Both FFN and DAT-GFP very rarely labeled astrocytes. Apparently this subset of
astrocytes expresses the dopamine transporter and therefore could participate at least
in the neurotransmitter clearance in the glomerular layer (as reported for other brain
areas, cf. Karakaya et al., 2007). Other astrocytes in the bulb were reported to directly
participate in neurotransmission (Kozlov et al., 2006). The contribution of astrocytes to

bulbar network function will therefore be an interesting target for future research.

3. Function of DAT+ clasping cells

Electrophysiological measurements of excitability and dendritic TPLSM Ca?* imaging
were focused on the DAT-GFP+ clasping cells. First of all, because the function of the
hitherto not described clasp structures is of particular interest. In addition, as
mentioned above, FFN+ cells were often compromised in their physiological
properties, and thus were not suitable for investigation of active properties. Overall,
adult-induced DAT+ clasping cells would readily respond with trains of action potentials
to prolonged depolarization. We never observed low-threshold spikes, a firing pattern
that was found to be characteristic for external tufted cells and also for a subset of
classical periglomerular cells, but less for short-axon like cells (McQuiston and Katz,
2001; Hayar et al., 2004). A previous study of TH+ bulbar neurons has already isolated
various active conductances (Nav, Kv and Cav currents), with no difference between

the small and the large DA neuron subtype (Pignatelli et al., 2005).

Highly active dendrites are rather common within the circuitry of the olfactory bulb, due

to its various dendrodendritic synaptic interactions. In several neuron types Ca?*
dynamics evoked by (backp r opagati ng) act iagmvebeehwsedias al s,
a readout for the presence of active dendritic conductances. Mitral cells feature a
complex dendritic tuft at the terminus of their apical dendrite that widely innervates the

neuropil of a single glomerulus and is known to perform reciprocal dendrodendritic
interactions with various partners (Pinching and Powell, 1971b). These tufts were
observed t o s hapwhamhthegpical dendrite fust BeJow the tuft, and to
increase with distance from the root of the tuft (Yuan and Knopfel, 2006) even though

the apical dendrite itself is also known to be highly active (Chen et al., 1997). External

tufted cells, which also innervate the glomerular neuropil and are considered the theta
pace-makers of the bulb (Hayar etal.,2004)d i s pl ay s u b s# iapattidgularl ( eeF/
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in cooperation with burst potentials. While this signal was found to decrease in more
distal branches, there was a direct correlati on b et wes ampltusds /akd)
postsynaptic signaling in JGC partners, proof of transmitter release from these
dendrites (Masurkar and Chen, 2012). Other bulbar neurons include the GABAergic
granul e cell s that shespsciallyoiths ithdireoutpubrégmn i seeF / F)
the apical dendrite (Egger et al., 2003; Egger et al., 2005; Pinato and Midtgaard, 2005).

Here we find that dendrites of DAT-GFP+ clasping cells also fit the notion of releasing
dendrites since t hey aWwhachwddotdeardasetwidhmistaneel ( eeF/
from the soma. Marsignalsidecayed extteraelySleafy/whigh cannot
be explained via buffering by the added dye and thus could promote asynchronous
release of transmitter, similar to what has been suggested for granule cells (Egger and
Stroh, 2009). Since dopamine has been proposed to get released only upon sufficiently
strong or prolonged stimulation (Maher and Westbrook, 2008; Bundschuh et al., 2012),
it is interesting to note that the remarkably slow decay of Ca?* reported here will result
in strong summation of both postsynaptic and AP-evoked Ca?* transients within a time
frame of seconds. Therefore a sequence of action potentials, whether combined with
local glutamatergic input or not, is likely to foster release of dopamine, even if it occurs
at a low frequency such as e.g. the prominent bulbar theta rhythm mentioned above.
It remains to be elucidated whether this slow decay is a result of slow extrusion or a

very high buffering capacity.

However, we did not obser ve aamsggnasiinglaspifigi c ant
versus non-clasping dendritic compartments. Thus it seems unlikely that clasps could
be exclusive or preferred release sites compared to the remainder of the dendrite, and
output synapses may be located in either compartment. Therefore our findings on

( e F Ap 8o)not implicate any specific function for clasps in this respect.

Alternatively, clasps might be involved in circuit formation in both juvenile and adult
animals. The advent of elaborate time-lapse imaging techniques in the last few years
revealed a remarkable morphological plasticity of adult-born bulbar cells throughout
their life-span. This remodeling can be influenced by factors like sensory activity and
animal age and affects for example synaptic turnover and dendritic branching (Mizrahi,
2007; Livneh and Mizrahi, 2011; 2012). Our observations imply that the DAT+ clasping
cells may also undergo such remodeling, as is reflected by very variable structural

features (branches, terminal points, number of clasps 1 cf. Table 1 and Fig. 7 C) of this
63



cell type across animal populations. In particular, the increase of the numbers of
clasping structures in cells of young FFN rats to adult FFN mice to adult-induced DAT-
GFP mice suggests a special importance of clasps for adult-born neurons, possibly
during early time points of integration. In this respect, they might also serve as
compartments sensing some kind of input from resident structures i diverse chemical
signals and synaptic activity are known to support integration of adult-born cells
(Whitman and Greer, 2007b; Khodosevich et al., 2013; Garcia et al., 2014b; Kovalchuk
et al., 2015). In this case a migrating cell might develop clasps as guiding structures to
its final spatial position in the glomerular layer. Therefore the clasps might even be
transient in nature, helping the cell survive, migrate or integrate into the glomerular
circuitry. Such a special, transient function could be related to the reported increased
sensitivity and odorant promiscuity for adult-born cells in the olfactory bulb in early
stages of integration (Livneh et al., 2014). If those structures were not transient but
persistent, they might still change in complexity, which could also explain their different
appearance and frequency of occurrence in the three populations. Thus time-lapse in-
vivo imaging in conjunction with specific markers for adult-born DAT+ cells might be

required to further elucidate a potential role of clasps in circuit integration.

Because of the diversity of morphologies that we found it is conceivable that, as Livheh
et al. (2014) suggests, adult-born cells in the olfactory bulb do not serve a
predetermined role in OB function, but rather integrate and adapt according to circuit
demands. They might specifically influence computations in distinct glomerular or inter-
glomerular compartments in response to changing odor environments (Adam and
Mizrahi, 2011; Livneh and Mizrahi, 2012; Bonzano et al., 2014).

In future studies, a larger sample might refine subtype classification by including other
criteria such as odor responses, conductance profiles or molecular markers. In any
case, a temporal dimension that takes into account both animal age and cell age is

important for a realistic portrayal of glomerular neuron subtype diversity.
5. Circuits: possible DAT+ cell inputs and outputs
5.1. Conclusions from innervation analysis

The detailed innervation analysis used here allowed to quantitatively differentiate cell
types by their peri- and intraglomerular innervation patterns. A similar approach was

used previously to characterize glomerular innervation by projection neurons in the
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silkmoth (Kazawa et al., 2009; Namiki and Kanzaki, 2011). In addition, we have
performed the analysis in relation to different glomerular volumes (shells vs. core, Fig.
6), which allowed us to characterize the special dendritic innervation pattern of the
DAT+ clasping cell type. It either only ramifies in interglomerular space (sometimes
very closely to the intraglomerular neuropil) or sometimes also clearly inside the
intraglomerular neuropil of one single home glomerulus where it is mostly restricted to

the superficial volume (inner shell).

We hypothesize that this superficial projection might correspond to a targeting of the
so-called intermediate zone, which denotes a transition between periglomerular and
intraglomerular neuropil as described by Pinching and Powell (1971c; b) i for these
considerations one has to bear in mind that the term for periglomerular cells used in
this reference might include more cell types than our restricted use of this term (see
methods): Ultrastructurally this zone is characterized by portions of juxtaglomerular
dendrites and projecting axon terminals (possibly including tapering glial wrappings)
about to enter the glomerulus, as well as specific synaptic arrangements. Additionally,
the neuropil around the cell bodies sh
characteristic of periglomerular neuropil. As to synaptic interactions in this zone,
periglomerular cells receive connections from terminals of superficial short-axon or
other periglomerular cells and also ETC collaterals or centrifugal fiber terminals.
Another arrangement features mitral and tufted cell dendritic processes contacting a
PGC via a reciprocal synapse in close proximity to another contact on the PGC by a
short-axon cell terminal. Even olfactory nerve terminals can interdigitate with the
periglomerular neuropil in the intermediate zone (for all observations cf. Pinching and
Powell, 1971c; b). In the light of this description and our results on DAT+ cell
morphologies, dopaminergic neurons are likely to take on roles of short-axon cells and

other types of JGCs (mainly clasping and uniglomerular subtype, respectively).

The innervation analysis approach taken here could also easily be generalized to
investigate the specific innervation of other known glomerular subcompartments such
as olfactory nerve termination zones and dendrodendritic interaction zones (Chao et
al., 1997; Kasowski et al., 1999; Kosaka and Kosaka, 2005). For example, olfactory
nerve termination zones could be reconstructed based on presynaptic fluorescent
labeling (Wachowiak and Cohen, 2001) to determine their specific innervation by the

dendrites of glomerular layer neurons.
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5.2. Targets of clasp structures

Which cell type might be actually targeted by the clasp structures themselves? Since
the clasped cells were not found to be FFN+ (dopaminergic) and their somatic size
distribution did not encompass very large cells, it is unlikely that large lateral
association neurons are contacted by clasps. Previous studies have described
functional influence of dopaminergic cells on mitral and tufted cells (Bundschuh et al.,
2012; Livneh et al., 2014, Banerjee et al., 2015), both of which can be excluded as
candidate partners because of their soma size and location. Additionally, ETCs and
GABAergic JGCs are known to be targeted by dopaminergic cells (Pinching and
Powell, 1971a; c; Maher and Westbrook, 2008; Liu et al., 2013), which would conform
with the measured cell body sizes of clasped cells.

Our calcium imaging experiments support a putative presynaptic function of clasping
structures. However, it remains to be proven at the ultrastructural level that clasps are
indeed output structures. If so, clasps would be a rare example for chemical
dendrosomatic synapses, which so far have been found mainly in sympathetic ganglia

and in type S granule cells which innervate mitral cell bodies (Naritsuka et al., 2009).

5.3. Further glomerular synaptic interactions of DAT+ cells

Due to the mostly interglomerular dendritic projection, most sensory synaptic activation
of DAT+ clasping cells is likely to be provided in feed-forward mode via ETCs, which
was also recently corroborated for DAT+ JGCs in general (Kiyokage et al., 2010; Adam
et al., 2014; Banerjee et al., 2015). A direct OSN activation of DAT+ clasping cells is
only probable via an innervated home glomerulus although olfactory nerve fibers can
occasionally also reach the intermediate neuropil (Pinching and Powell, 1971c). On
the other hand, since most of the <clasping
environment of one particular home glomerulus it is likely that most (feed-forward) drive

will actually originate from a single odorant receptor type.

Since the dendrites of DAT+ uniglomerular cells mostly innervated intraglomerular
neuropil these neurons are expected to receive inputs from intraglomerular synapses
similar to other periglomerular neurons. If these cells indeed release dopamine from

their dendrites (as also implied by the occurrence of regular FFN+ puncta in the
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neuropil observed here) they could provide dopaminergic signaling to all kinds of
intraglomerular synaptic arrangements. Little is known on the spread and function of
classical PGN axonal projections (Nagayama et al., 2014), thus also the projections of

DAT+ uniglomerular cell axons remain to be elucidated.

In addition, DAT+ cell types in general also receive inputs via gap-junctions or
centrifugal fibers (Pinching and Powell, 1971c; Banerjee et al., 2015). Inhibitory control
of dopaminergic JGNs has barely been investigated so far, but might involve contacts
from classical GABAergic periglomerular cells, other dopaminergic JGNs and possibly
autoinhibition, as well as centrifugal fibers, e.g. cholinergic input (Pinching and Powell,
1971c; a; Maher and Westbrook, 2008; Pignatelli and Belluzzi, 2008; Nagayama et al.,
2014).

Many exotic cell contacts have been observed in glomerular circuits, like dendro-
dendritic, dendro-somatic and somato-somatic contacts, mainly between ETCs and
PGCs (Pinching and Powell, 1971a). PGCs were mostly identified by their soma
locations, which may also have included several subtypes of dopaminergic cells
reported in this manuscript. As somato-somatic contacts were close to the projection
cell axon hillock (Pinching and Powell, 1971a), this connection might exert strong
influence on bulbar output. Further ultrastructural studies that account for the high
neuronal subtype diversity in the glomerular layer and also contacts from other bulbar
layers as well as centrifugal terminals from cortical and neuromodulatory centers
(Matsutani and Yamamoto, 2008) are needed to disentangle the complex glomerular

circuitry.

So far, GABAergic and dopaminergic signaling from dopaminergic juxtaglomerular
cells has not been studied at the level of individual synapses yet (Maher and
Westbrook, 2008; Borisovska et al., 2013; Liu et al., 2013). The functional properties
of these synapses are likely to turn out as yet another cornerstone for the functional
versatility of dopaminergic cells. In any case, due to the broad complementary dendritic
and axonal innervation patterns the diverse ensemble of DA neuron subtypes
described here is likely to be involved in highly various aspects of glomerular
processing. Thus our study fortifies the essential, broad role of dopamine in odor

sensing.
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Our findings also help to explain the strong diversity of odor response patterns of DAT+
cells observed in vivo by Banerjee et al. (2015), since dissimilar cell types are unlikely
to respond in unison: due to the complementary innervation patterns demonstrated
here, they will be activated and modulated by odorants via different synaptic pathways.
Further in vivo studies followed by morphological reconstruction are required to unravel

the response patterns of the individual subtypes.
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Fig. 1 DAT cell labeling techniques

(A), (B) Representative live FFN102 labeling of the glomerular and periglomerular neuropil in
an adult WT mouse brain slice. (A) Green fluorescence channel of the TPLSM, with some
brightly stained puncta within the glomerular neuropil as well as some labeled cell bodies at the
glomerulus borders. (B) Same region in the trans-infrared detection channel shown in grey
overlaid with the green FFN102 fluorescence from (A). (C) Maximal z-projection scan of an
olfactory bulb slice with tamoxifen-induced DAT-GFP+ cells from adult mice surrounding the
glomeruli. The inset shows a rescan at higher magnification. (D) Pseudo-colored confocal
single plane image of the glomerular layer from the same transgenic mouse line with adult-
induced DAT-GFP+ cells. Immunostaining against GFP is shown in green, against TH in red
and against olfactory marker protein (OMP) in blue. Note the partially non-overlapping
populations of DAT+ and TH+ cells depicted by colored arrows (red: exclusive TH signal,
green: exclusive DAT signal, yellow: DAT and TH signal). (E) Maximal z-projection of the red
channel of an Alexa-594 patch-pipette-filled neuron overlaid with the single z-plane of the
trans-infrared channel that showed the maximal extent of the innervated glomerulus. (F)
Maximal z-projection of the fully reconstructed cell from (E), including an outline of the
glomerul us and marking putative axonal (fao
representation of cells and glomeruli is also used in figures 2 through 4.

73



-
et ———

-

-

Fig. 2 DAT+ uniglomerular cells
Maximal z-projections of representative reconstructed uniglomerular cells with their corresponding
surrounding glomeruli. The dark shading indicates that the glomerulus is innervated. R-FFN
indicates FFN102+ cells from juvenile rat, M-FFN labels FFN102+ cells from adult wild-type mouse
Note the differing fractions of intraglomerular innervation with sparse or no extraglomerular
processes, as well as the differing degree of branching and spine density across individual cells.
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Fig. 3 DAT+ clasping cells
Maximal z-projections of representative clasping cell reconstructions with indicated surrounding
gl omeruli. The fAhome glomeruluso is shaded f
that the glomerulus is innervated within its neuropil (C and D). Non-shaded structures are
surrounding glomeruli, which were not innervated and do not constitute the home glomerulus.
The clasping cell population includes cells from FFN102 stained juvenile wild-type rats and adult
wild-type mice (R-FFN and M-FFN, respectively), as well as adult-induced GFP labeled
transgenic mouse cells (M-GFP). Most dendritic structures including cell body clasps do not
innervate intraglomerular neuropil, with the exception of a few superficially innervating branches,
also including clasps (C and D). Note the increased complexity of M-GFP clasping cells.
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Fig. 4 Other DAT+ cells
Maximal z-projections of representative reconstructions of other cell types. Shading of
glomeruli similar to Fig. 3. Panels (A) and (C) feature large lateral association cells with large
dendrites (fido) and an axon ( ia®l)intetketexdenndli n
plexiform layer (EPL) (border to glomerular layer marked with grey solid line). Panels (B) and
(D) feature fAintermediate cell o morphol ogi ¢
showing any clasping structures, the one in (D) shows substantial dendritic innervation of both
the intraglomerular and extraglomerular space. Cells (E) and (F) show very reduced
mor phol ogies (fAundersized cellso). (G)

76



200ms

20% AFIFI

12 25

a

(2]

S »

e

c o

o c

c

c

0 o=+

5 25 45 5 7 9 N
AF/F [%] bins cell size bins [um]
F G
30 50 .
Sl
S S A
m Wi gae
S S g"ﬁ,:',g:‘ P
0yn yn yn % 125 250 §
glom. clasp. clasp. distance from
all  1cell soma [um]

Fig. 5 DAT+ clasping cell dendrites: Clasp structures and AP-evoked Ca?* signals
(A) Two different clasping structures around cell bodies (left and right), with a dotted line indicating
the somatic outline of the clasped cell . hel B)
glomerular neuropil, with a dotted line indicating the glomerular border. (A) and (B) show single z-
plane scans from the green channel overlaid with the trans-infrared channel in grey. (C) Maximal z-
projection of the OGB-1 filled adult-induced clasping cell from Fig. 3 D (insets at bottom: magnified
rescans of clasping structures), Numbered arrows in the scan correspond to the locations of the
numbered averaged &F/ F t-lockedsoithe evbked sonratic tadicn patentigl h

(redtracedir ect ly above the black &F/F traces). Th
cell 6s slightly accommodating firing pattern
the scan, the arrow fiaodo poi nthinmerthanthe aherpdendrdit, i v

structures and bears no visible spines or cla

y-axis) and non-clasping cells (righty-axi s) (5% @F/ F per bin). (E)

contactedbyc | asping structur es -5010nm mmebainn sd isatrmeertteirn)g.

amplitudes in different cell substructures or neurdpils. The two left bars compare population means
(N S.D.) of calcium transient s tomouside(s). Thenneddlid o |

bars compare population means of clasping structures (y) to non-clasping structures (n). The right

bars show within-cell comparisons of the averaged clasping (y) vs. non-clasping structures (n) within
individual cells. No signifi cant di fferences were found in a

distance of its dendritic location from the soma. No significant correlation emerged.
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Fig. 6 Glomerular innervation by DAT+ clasping (clasp) and uniglomerular (uni) cells
(A) Schema of the three analyzed home glomerulus volumes: an outer shell comprising directly
adjacent glomerular cell bodies (green), an inner shell with a depth of 1/4" of the mean glomerular
radius (orange) and a core region (yellow; see methods). (B) illustrates the different shell region
innervation of the two analyzed cell types i uniglomerular cell and clasping cell i as fraction of
intraglomerular dendritic voxels divided by the outer shell voxels (vox) for all pooled cells (left), or two
subpopulations (FFN+ mice and FFN+ rats, middle and right, respectively). (C) illustrates the
fractional innervation of cell types in the combined shell volume (inner + outer shell), which
incorporates the intermediate zone, relative to the total glomerular volume (shells + core), again for all
pooled cells (left) or differentially for two subpopulations (FFN+ mice and FFN+ rats, middle and right,
respectively).
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Fig. 7 Subtype distribution of cells and main morphological parameters
Panel (A) shows the population-separated distributions of three compared cell types (clasping cells,
depicted in black shading in all panels, uniglomerular (uniglom.) cells - light grey, intermediate cells - dark
grey), which only include perfectly captured cells used for detailed morphological parameter analysis (see
Table 1 and Fig. 7 C). (B) These pie charts show the categorization of all patched cells (including also the
|l arge | ater al flassoci at iionmadkedith gtepedaanddvhité shadihg, r s i z
respectively). This assembly also contains incomplete scans or scans with insufficient filling (see
met hods/ di scussion) . Panel (C) compares the thre
maximum for morphological parameters, separated for each animal population (numbers from the cells
pooled in A), in order to illustrate the variability between cell types, both within and across animal
populations. Notice for example the higher complexity of adult-induced (M-GFP) clasping cells (black bars),
compared to the wild-type populations (R-FFN or M-FFN).
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Parameter Animal Clasping Uniglom. [ Intermediate
R-FFN 8.7+16 10.6 + 1.9 103+ 21
soma mean diameter [um] | M-FFN 90+ 24 89+ 14 11.8
M-GFP 10.4+ 2.3 7.1+£1.7
R-FFN 3.3+05 3.3+0.9 35+£1.2
primary dendrites [#] M-FFN 5.0+£4.2 320 4
M-GFP 3.3+1.2 22+0.8
R-FFN | 1138 + 236 | 1068 + 255 659 + 289
total process length [um] M-FEN | 2270 £ 256 | 704 £+ 462 547
M-GFP | 2188 + 570 560 + 265
R-FFN 162 + 52 206 + 217 78 £ 44
branches [#] M-FFN 185+ 6 126 + 93 74
M-GFP | 444 + 278 85 + 38
R-FFN 75+ 20 102 + 110 39+20
end points [#] M-FFN 89+7 65 + 46 34
M-GFP | 240 + 120 42 + 19
R-FFN 2.8+05
cell clasps [#] M-FFN 3.5+0.7
M-GFP 7.4+2.3

Table 1: Morphological parameters from cell reconstructions
Parameter numbers are stated as average (+ S.D.). Numbers for individual cell populations are
given in Fig. 7 A, with selected relative comparisons in Fig. 7 C.

Fig. S1: 3-D visualization of a reconstructed uniglomerular neuron and its innervated

reconstructed glomerulus

The depicted cell corresponds to the maximal projection shown in Fig. 2 D.

Fig. S2 and 3: Visualization of clasping structures in z-stack movies
Videos depict successive focal z-images of TPLSM stacks. Each of the videos shows dendritic

structures

of

a

patched

cel |

ficl aspingo

arour

dendritic structure, the tIR image (light-blue with dark contrast) shows the periglomerular neuropil
including cell bodies. S2 shows a very complex clasping phenotype around a single cell body (in the
center of the video). In this cell, the nucleus can be quite clearly seen. S3 shows a less strongly
clasped cell body in the center of the video. The cell outline is quite clear in this example.
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3.2. Local postsynaptic voltage-gated sodium channel activation in dendritic

spines of olfactory bulb granule cells

Contributions:

Veronica Egger (V.E.) and Wolfgang Bywalez (W.B.) designed experiments and
established a functional setup. W.B., Vanessa Rupprecht (V.R.), and V.E. performed
experiments and analyzed data. V.E., W.B., Dinu Patirniche (D.P.) and Martin
Stemmler (M.S.) wrote the manuscript. W.B., V.E. and D.P. prepared the figures.
D.P. performed the simulations, in close collaboration with M.S., Andreas Herz
(A.H.), V.E. and W.B.. Dénes Palfi (De.Pa.) and Balazs Ré6zsa (B.R.) provided DNI-
caged glutamate and data on DNI properties. W.B., V.E., D.P., AH., M.S., and V.R.
edited and revised the manuscript and all authors approved the final version.

81



Neuron

Local Postsynaptic Voltage-Gated Sodium
Channel Activation in Dendritic Spines
of Olfactory Bulb Granule Cells

Wolfgang G. Bywalez,'-? Dinu Patirniche,® Vanessa Rupprecht,?2 Martin Stemmler,®> Andreas V.M. Herz,® Dénes Palfi,*>

Balazs Rézsa,*® and Veronica Egger®”

1Systems Neurobiology, Department Il of Biology, Ludwig-Maximilians-Universitat Minchen, 82152 Martinsried, Germany
2Neurophysiology, Institute of Zoology, Universitat Regensburg, 93040 Regensburg, Germany

3Computational Neuroscience, Department Il of Biology, Ludwig-Maximilians-Universitat Minchen, 82152 Martinsried, Germany
4Two-Photon Imaging Center, Institute of Experimental Medicine, Hungarian Academy of Sciences, 1039 Budapest, Hungary
SFaculty of Information Technology and Bionics, Pazmany Péter Catholic University, 1083 Budapest, Hungary

*Correspondence: veronica.egger@ur.de
http://dx.doi.org/10.1016/j.neuron.2014.12.051

SUMMARY

Neuronal dendritic spines have been speculated to
function as independent computational units, yet ev-
idence for active electrical computation in spines is
scarce. Here we show that strictly local voltage-gated
sodium channel (Na,) activation can occur during
excitatory postsynaptic potentials in the spines of
olfactory bulb granule cells, which we mimic and
detect via combined two-photon uncaging of gluta-
mate and calcium imaging in conjunction with
whole-cell recordings. We find that local Na, activa-
tion boosts calcium entry into spines through high-
voltage-activated calcium channels and accelerates
postsynaptic somatic depolarization, without affect-
ing NMDA receptor-mediated signaling. Hence, Na,-
mediated boosting promotes rapid output from the
reciprocal granule cell spine onto the lateral mitral
cell dendrite and thus can speed up recurrent inhibi-
tion. This striking example of electrical compartmen-
talization both adds to the understanding of olfactory
network processing and broadens the general view of
spine function.

INTRODUCTION

Dendritic potentials are likely to invade spines with almost no
loss. In the opposite direction, synaptic input is strongly attenu-
ated from the spine toward the dendrite (e.g., Brown et al., 1988;
Palmer and Stuart, 2009; Popovic et al., 2014). However, if the
spine neck resistance is sufficiently high, synaptic spine poten-
tials could become amplified and synapses could directly
recruit high-voltage-activated conductances solely within the
spine without a coincident backpropagating action potential.
This idea, put forward by theorists (e.g., Jack et al., 1975; Miller
et al., 1985; Segev and Rall, 1988), now finds more and more
experimental support (Araya et al., 2007; Grunditz et al., 2008;
Bloodgood et al.,, 2009; Harnett et al., 2012). Activating
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voltage-dependent conductances could induce synaptic
plasticity, e.g., through local NMDA receptors. As spine neck
morphology governs the resistance, such synaptic plasticity
could be regulated by plastic changes in spine neck length
(Bloodgood and Sabatini, 2005; Grunditz et al., 2008; Harnett
et al., 2012; Tonnesen et al., 2014; Araya et al., 2014). Several
studies, though, have cast doubt on the notion that spine neck
resistances could be sufficiently high to allow for local synaptic
amplification (Koch and Zador, 1993; Svoboda et al., 1996;
Palmer and Stuart, 2009). Here we provide functional evidence
that the postsynaptic activation of voltage-dependent sodium
and calcium conductances can occur exclusively within spines.

At the mitral cell to granule cell (GC) synapse of the olfactory
bulb, postsynaptic calcium directly triggers GABA release from
the reciprocal GC spine (Shepherd et al., 2007). The relevant
ACa®* most likely involves a contribution from high-voltage-
activated Ca®* channels (HVACCs) (Isaacson and Strowbridge,
1998; Isaacson, 2001), just as in conventional presynaptic termi-
nals, notwithstanding the fact that their activation would require
a depolarization of the spine head by ~20-40 mV. Postsynaptic
Ca®* signals are strictly localized to reciprocal spine heads and
include substantial contributions of NMDAR- and VACC-medi-
ated Ca®* entry, while AMPARs are Ca”* impermeable (Egger
et al., 2003, 2005; Jardemark et al., 1997). These observations
suggest that spines act as electrically isolated compartments to
amplify voltage signals and thereby permit calcium entry, even
though GCs exhibit somatic resting potentials both in vitro and
in vivo of below =70 mV (e.g., Wellis and Scott, 1990; Margrie
and Schaefer, 2003; Egger et al., 2003). The density of voltage-
gated sodium channels (Na,s) on GC dendrites is likely to be
high, as indicated by the efficient, Na,-dependent conduction of
action potentials (Egger et al., 2003) and the occurrence of Na*
spikelets in frog and turtle GC dendrites (Pinato and Midtgaard,
2005; Zelles et al., 2006). Moreover, reciprocal GC spines feature
long necks, most of which contain mitochondria (Woolf et al.,
1991; cf. Figures 2A, 3A, and S2D), promoting electrical isolation.
All these findings support the idea that the GC reciprocal spine
acts as a “mini-neuron” that can generate synaptic output on its
own (Egger and Urban, 2006). Thus, we hypothesized that
dendritic Na,s boost postsynaptic Ca** entry and help activate
HVACCs during unitary synaptic inputs to GC spines.
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