Neuronal Organization of

the Olfactory Bulb

111

Adult Zebrafish

Inauguraldissertation

zur
Erlangung der Wiirde eines Doktors der Philosophie
vorgelegt der
Philosophisch-Naturwissenschaftlichen Fakultit

der Universitit Basel von

Nila Rebecca Ménig

aus Riedlingen, Deutschland

Basel, 2024

Originaldokument gespeichert auf dem Dokumentenserver der Universitit Basel edoc.unibas.ch

@@@ Neuronal Organization of the Olfactory Bulb in Adult Zebrafish © 2022 by Nila
‘ @ \ Moenig is licensed under CC BY-NC-SA 4.0. To view a copy of this license, visit

https://creativecommons.org/licenses/by-nc-sa/4.0/




Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultét

auf Antrag von

Prof. Dr. Rainer Friedrich

(Fakultatsverantwortlicher und Dissertationsleiter)

Prof. Dr. Stephan Neuhauss

(Korreferent)

Basel, den 26.4.2022

Prof. Dr. Marcel Mayor

Dekan



Fiir Miu, Noko ¢ Finja

Mége eure Reise voller Neugier, Wunder und Freude sein!



90 kommt es, dass die meisten Menschen gar nicht wissen, wie schén
die Welt ist und wie viel Pracht in den kleinsten Dingen, in
irgendeiner B]ume, einem Stein, ciner Baumrinde oder einem
Birkenblatt sich offenbart.|..| Es geht eine grofle und ewige Schonheit
durch die ganze Welt, und diese ist gerecht iiber die kleinen und
grof3en Dinge verstreut.”

Rainer Maria Rilke, im Brief an Helmuth Westhoff, 12. November 1901

“[__,] We followed the dreamer through the purple hazy clouds
He could control our sense of time
We thought we were lost but no matter how we tried

”
E.ven] one was in peace of mind [.]

Judas Priest, ,Dreamer Deceiver”, Sad Wings of Destiny, Gull Records, 23 March 1976
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1. PREFACE

1. PREFACE

From an evolutionary perspective the brain can be considered as an organ that serves to control the
state of an organism within its environment [1]. Through selective pressure that optimizes the
interaction of organisms with their particular environment, a rich diversity of nervous systems has
evolved across the Eumetazoa [2]. These nervous systems vary in structure, complexity, versatility,
and - particularly noteworthy for their potential to broaden an organism’s behavioral spectrum, and
thus the ability to adapt to various and varying environments - neuronal plasticity. Evolution can act
through modifications of the nervous system on different levels. These adaptations may occur as
alterations on the molecular level (e.g., odorant receptors [3, 4]), at the ultrastructural level as
specializations of neuronal subcompartments (e.g., the specialization of apical and basal dendrites in
pyramidal neurons [5, 6]), and through the emergence of novel neuron types up to transformations
affecting the brain architecture. The impact of these adaptations unfolds on the behavioral level,
changing the potential to control the organisms state or interact with the environment. Notably,
complex cognitive behaviors have emerged from fundamentally different brain structures in different
taxa such as cephalopods, birds, and primates [7, 8]. Conversely, similar circuits can be due to a similar
solution, optimized to meet common environmental and functional demands imposed onto diverse

organisms, rather than a common origin.

The olfactory system of invertebrates and vertebrates is such a case of convergent evolution [9, 3, 10].
In arthropods, fish and mammals, similar principles have been identified with respect to the
expression and turnover of odorant receptors in olfactory sensory neurons (OSNs) and the
morphology of OSNs. Likewise, OSN projections show an equivalent organization into glomeruli
within the respective first olfactory relay centers, the antennal or olfactory lobe of insects and
crustaceans, respectively, or the olfactory bulb (OB) in vertebrates. These centers exhibit a
comparable neuronal circuit organization and have been shown to perform the same types of
computations and transformations on their inputs [3, 10]. Odorants carry diverse information vital
for an organism’s survival and species continuity: Odors help locating and identifying desirable
objects, like food, mating partners, home territory or mating grounds and can warn of dangers, e.g.,
predators, fire, inedible foods, etc. Moreover, odorants represent an important means for
communication with conspecifics, they can signal e.g., territorial boundaries, kinship, hierarchy, and
many more. Whether airborne or aquatic, these odorants are usually complex mixtures of multiple
different molecules and little variation in composition can alter identity and meaning of the signal.
The challenge of correctly parsing these complicated, but crucial signals in order to execute the
appropriate behavioral response is comparable for all species, which may be the reason for the

organizational similarity of the olfactory system across taxa.
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1. PREFACE

The work presented here focuses on evolution’s substrate and objective in an olfactory system,

namely the neuroanatomy of the olfactory bulb and olfactory behavior in adult zebrafish.

Section 2 covers the neuroanatomical part of this thesis, a comprehensive study of neuronal diversity
in the OB of adult zebrafish. Single neuron reconstructions from the same animal are based on
volumetric neurite segmentation in an EM volume. [ developed a software tool to proofread this
segmentation and reconstructed more than 200 neurons from all layers of OB. Based on these
reconstructions, | extracted a detailed description of neuron morphology and defined neuron classes
based upon this analysis. Further, [ provide a qualitative investigation of the connectivity between

defined interneuron classes and principal neurons in adult zebrafish OB.

The second project of my thesis is described in section 3. This study aimed at providing a tool which
permits neuroscientists to functionally explore components of the olfactory system in adult zebrafish
by means of a reproducible and scalable behavioral assay. I developed an olfactory discrimination
paradigm for adult zebrafish in collaboration with lori Namekawa. This study has been published with
equal contribution first authorship [11]. I contributed to the design of the behavioral setup and
developed the software and apparatus for automating the stimulation procedure, which allowed to
scale up the number of animals per training. Further, I developed and optimized the discrimination
training and control procedures, trained more than 85% of fish, determined the optimal set of
behavioral features, analyzed all behavioral data and together with Rainer Friedrich developed a
behavioral population score. lori Namekawa designed the training apparatus, designed, and
developed the software for movie recording, offline fish tracking and feature extraction and trained
the remaining fish. Rainer Friedrich wrote the manuscript with minor contributions from the other
authors.

This olfactory discrimination paradigm has been used in a study led by Thomas Frank, who showed
that a major target of the OB contains a low-dimensional representations of odor valence that can be
modified by conditioning and relies on inhibition [12]. [ trained fish for this study together with Chie
Satou and analyzed all behavioral data. [ am a co-author of this publication, but I did not include it in

my thesis because the main contribution to the study was made by Thomas Frank.
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2.1. INTRODUCTION

2.1 INTRODUCTION

This section reviews the current understanding of the anatomical organization of olfactory bulb and
its functional role in olfactory processing. It introduces volumetric EM reconstruction, a recent
technique for neuroanatomical and circuit investigation and motivates its use in the investigation of

the neuronal diversity in the adult zebrafish olfactory bulb.



2.1. INTRODUCTION

2.1.1 REQUIREMENTS ON EARLY SENSORY
PROCESSING

In a natural environment, information that is vital for survival can be encountered in a variety of
different contexts, can be localized to varying degrees and may be experienced across a wide range of
intensities. A fundamental task of early sensory processing is to detect this information and to find
representations of sensory stimuli that facilitate fast and reliable processing. In olfaction, due to the

complex and high dimensional nature of odorants this task is intriguingly challenging.

In vertebrates, odorants are sensed in the peripheral olfactory epithelium (OE), where individual
odorant molecules bind to receptors of the primary sensory neurons. Each olfactory sensory neuron
(OSN) expresses only a single type of olfactory receptor (OLFR) (rule of “one sensory neuron-one
receptor”). OSNs expressing a particular OLFR project their axons in bundles to the olfactory bulb
(OB), where they expand, and form defined globular structures called glomeruli (rule of “one
glomerulus-one receptor”) [14, 15]. Here, synapses with principal neurons (PNs) and interneurons
(INs) of the OB are formed. Individual odorant molecules bind to a variety of odorant receptors with
different affinities, thus exciting multiple different types of OSNs to varying degrees. In consequence,
even a single molecule odor can stimulate numerous glomeruli in OB and with increasing
concentration more and more glomeruli are activated [16, 17, 18]. Furthermore, similar odor
molecules show an overlapping spectrum of affinities to odorant receptors. Thus, information about
the olfactory environment arrives as a complex pattern of glomerular activation in OB, which in turn

depends on both odor identity and intensity.

The neural circuit of OB has been described to make several transformations of this input: 1. Despite
notable changes in glomerular activation, both the distribution and pattern of activated OB projection
neurons (PNs) remains stable across a wide range of odor concentrations [19, 20, 21, 22], which is
consistent with perceptual concentration invariance observed behaviorally [23, 24]. 2. Similar odors
evoke initially highly correlated activity patterns in PNs, which decorrelate rapidly after stimulus
onset such that representations of individual odors become more distinct [25, 26, 27, 28]. Experience
and training enhance this pattern decorrelation [29, 30]. 3. The representation of mixtures by PNs
reflects a nonlinear combination of the response pattern to individual components [31, 19]. Together,
these input transformations result in an odor representation that is optimized for odor identification,
associational and memory tasks, which are supposedly mediated by the cortical downstream targets
of OB [32, 33, 34, 35]. A central role in performing the underlying computations has been attributed
to local INs of OB, both theoretically and experimentally [36, 37, 38, 39, 20, 40, 21, 27, 28].



2.1. INTRODUCTION

2.1.2 ORGANIZATION OF THE VERTEBRATE OB

The olfactory system is a phylogenetically old system and is well conserved across a wide range of
species. However, notable differences are apparent in the repertoire of OLFR genes: While rodents
possess > 1200 genes, dogs have ~ 800, humans ~ 400 and zebrafish ~ 200 - 300 OFR genes [4, 41].
In the OE, OSN position is organized along a dorsoventral axis correlating with the glomerular
projection site in OB [42]. The rodent OE contains 5 Mio OSNs [43], which converge onto
~ 1800 - 2400 glomeruli in OB resulting in approximately 1 - 2 glomeruli per OLF type [44, 45]. Adult
zebrafish OB has ~ 140 glomeruli, but the loose organization of OSN axons in the ventrolateral portion

of OB complicates a precise count in the latter [46].
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Figure 1. Architecture and neuron diversity of mammalian OB. A: Scheme of the mammalian olfactory bulb, ETCs are
not shown (adapted from [47]). B. INs of GL: Mono- and multiglomerular PGCs in a one-month-old cat. Both axonal and
axonless INs can be seen. Drawing by T. Blanes, from [48]. C. Neurons of the OB of a 20-day-old cat: Several MCs and
TCs (a-c, e, f) expanding their primary dendrite in individual glomeruli (bottom) can be seen. The IN of the deep layer
(d) is likely to be a dSAC. Drawing by T. Blanes from [48]. Abbreviations: CP: cibriform plate, dSAC: deep short axon
cell, EPL: external plexiform layer, EPL-IN: interneuron of EPL, GC: granule cell, GCL: granule cell layer, GL: glomerular
layer, IPL: internal plexiform layer, LOT: lateral olfactory tract, MC: mitral cell, MCL: mitral cell layer, MOT: medial
olfactory tract, OE: olfactory epithelium, ONL: olfactory nerve layer, OSN: olfactory sensory neuron, PGC:
periglomerular cell, sSAC: superficial short axon cell, TC: tufted cell

The mammalian OB can be divided into six layers (fig. 1). The superficial most, the olfactory nerve
layer (ONL) contains the OSN axons and no neurons. The periglomerular region of the glomerular

layer (GL) contains somata of cells projecting into glomeruli and short-axon cell (SAC) dendrites. It is
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2.1. INTRODUCTION

the primary target of all non-sensory, axonal projections to GL. The latter originate locally from tufted
cells (TCs), superficial and deep SACs and periglomerular cells (PGCs) and remotely from centrifugal
fibers [49]. Within a glomerulus OSN axons synapse onto neurons of the local OB circuit. The
mammalian PNs, the mitral (MCs) and TCs, project their tufty primary dendrite into a single
glomerulus. Three heterogenous classes of INs in GL have been reported: external tufted cells (ETCs),
PGCs and superficial SACs (sSACs). ETCs are monoglomerular, glutamatergic INs that are a major
source of excitation and synchrony within a glomerulus by providing input through synapses and gap
junctions to PGCs, sSACs, MCs, TCs and other ETCs [50, 51, 52, 53]. Different subgroups of ETCs have
been described based on physiological and morphological properties [54, 53]. Representing the most
abundant GL neuron, PGCs are small GABAergic INs, which innervate a single or very few glomeruli
[55] and have a broader odor tuning than MCs/TCs [56]. PGCs comprise several subtypes, which differ
in their primary input source: OSN driven PGCs (~ 20%), which may co-express dopamine (DA) [57],
and ETC driven PGCs (~ 80%), which further subdivide into calretinin* and calbindin* PGCs. The latter
connect with all excitatory neurons of a glomerulus and have been shown to provide strong recurrent
inhibition within a glomerulus [58]. PGCs are considered the main source of inhibition in GL, receive
centrifugal input, and can mediate presynaptic inhibition of homotypic OSN axons [59]. The term sSAC
has been used to describe large INs in the periglomerular region of GL which participate in
interglomerular connections [60, 61, 55, 62]. This group is morphologically and molecularly very
heterogeneous and a coherent definition is still lacking [63, 62]. The majority of sSACs is ETC driven,
but some receive direct OSN input [59]. Oligo- (<10 innervated glomeruli) and polyglomerular
(10-50) sSACs co-expressing GABA and DA have been described [55]. These INs mediate
concentration invariance in rodents [21] and fish [20] by boosting weak responses at low
concentrations through gap junction coupling and by inhibiting strong responses at high
concentration through chemical synapses, thereby stabilizing the mean and equalizing the variance of
the PN output pattern across a wide range of concentrations [20, 21].

The secondary dendrites of MCs and TCs stretch far through the neuropil-rich external plexiform layer
(EPL), where they form reciprocal synapses with the gemmules of granule cells (GCs) [64, 65]. In
addition, EPL contains the somata of TCs, descending axon collaterals of MCs and a heterogeneous
group of INs, which are not well investigated. These are subdivided into internal SACs and axonless
INs of the EPL (EPL-IN) [59]. EPL is bounded by the mitral cell layer (MCL), which is densely packed
with the somata of MCs and some TCs. MCs and TCs differ in response properties and the projections
targets [66, 63, 67]. Whereas projections of MCs extend throughout the olfactory cortex, TCs
projections are limited to the anterior portions, namely the anterior olfactory nucleus (AON) and the
olfactory tubercle (OT). Further subdivisions of MCs and TCs are based on their position along the
superficial-deep axis, which appears to correlate with the subtype of GCs they connect to [67]. A
subgroup of EPL-INs spreads widely through EPL and connects reciprocally with a multitude of MCs
and TCs which are associated with different glomeruli [68, 69]. These EPL-INs are broadly tuned,
provide divisive inhibition to MCs and are considered important for gain control [70].

The internal plexiform layer (IPL) is a thin layer which contains mostly myelinated axons but also
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somata and dendrites of the GL targeting deep SACs (GL-dSAC). Their axons project to GL, where they
extend widely and branch heavily, traversing several glomeruli [71]. Receiving convergent input from
ETCs and cholinergic centrifugal input, they strongly inhibit PGCs, ETCs and TCs [72].

The central GC layer (GCL) is predominantly occupied by GCs, which represent the by far largest group
of bulbar INs, and also contain two further types of deep SACs (dSACs), the EPL targeting dSAC
(EPL-dSAC) and the GCL targeting dSAC (GCL-dSAC) [71]. Both EPL-dSACs and GCL-dSACs broadly
inhibit GCs, each innervating up to 103 GCs with 12-30 synapses [73]. They do not appear to innervate
MCs and TCs [71, 73], and have been proposed to serve to disinhibit PNs [59]. GCs can be identified
by a compact, thin spiny proximal dendrite and a single, spiny, primary dendrite that projects to EPL.
In EPL, the primary dendrite branches into a tuft and forms large spines, the gemmules, which make
reciprocal synaptic connections with MCs and TCs [74, 75]. GCs emerge during postnatal development
and are, like many other OB INs, continuously added throughout adulthood [76]. A broad spectrum of
morphological phenotypes has been described for GCs, e.g., several different types of GCs have been
identified based on the position and extent along the superficial-deep axis as well as on the section of
the EPL to which they project their primary dendrite [63]. GCs receive strong centrifugal input [77]
and there is evidence suggesting that they are involved in pattern decorrelation and support odor
discrimination in difficult tasks [78, 27].

The architecture of the teleost OB is very similar to the mammalian OB but layers are less distinct.
Similar to mammals, teleost OSN axons rarely branch [79] and project from OE to the outer ONL in
OB. Besides ONL teleost OB comprises three layers, the glomerular layer (GL), the plexiform layer (PL)
and the granule cell layer (GCL) [80, 81, 82]. Next to the glomeruli in which sensory axons terminate,
GL contains the somata of MCs, ruffed cells (RCs), the second PN of teleosts, and small GABAergic INs,
some of which co-express DA [82, 83]. In contrast, to mammalian MCs, teleost MCs do not make
secondary dendrites, but give rise to one or possibly more primary dendrites forming tufty branches
that immerse into one or possibly multiple glomeruli [84, 85, 81, 86]. The classification of neurons in
OB is less advanced in teleosts than in mammals. In goldfish, two IN types located in GL have been
described morphologically [87]: The perinest cell (PNC) is a small IN closely associated with the
neuropil surrounding the RC ruff. The mixed synapse cell (MSC) receives MC input onto cup-shaped
appendages; these synapses are often associated with gap junctions [87]. The inner PL is a neuropil
rich layer with few cell bodies. The central GCL is densely packed with small somata of GABAergic

neurons [81, 88], and contains somata of presumed SACs [80].

2.1.3 UNCHARTED NEURONAL DIVERSITY IN
/EBRAFISH OB

Diverse evidence suggests that information processing in the OB exhibits many similarities in

mammals and fish. As mentioned above, equivalent computations that critically depend on IN activity,
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namely equalization of OB output and decorrelation of sensory input are performed in both zebrafish
and rodent OB [25, 37, 27], mediated by presumably homologous IN types [20, 21]. Furthermore, the
systems match in architecture and organization (see above). The adult zebrafish has been estimated
to contain 20,000 - 30,000 INs [38] and 1500 MCs [89], thus INs outnumber PNs ~ 15 - 20 fold, a ratio
similar to the mammalian bulb (~1.3 Mio INs : 50,000 PNs, ~26:1 reported in [59]). Apart from the
GABAergic/DAergic sSACs [20] no other homologies to mammalian INs have yet been established.
Histological and molecular studies suggest a rich variety of IN types in the OB of zebrafish [82, 83].
Yet, precise information about the diversity of neuron types in zebrafish OB is lacking.

In mammalian OB, most IN classes are heterogeneous and contain both axon-bearing and axonless
subtypes. The axonless INs, e.g., subtypes of PGCs, EPL-INs or GCs, usually make reciprocal synapses
with PNs. Early correlative light and electron microscopy studies of the anatomy of teleost OB
considered all INs with reciprocal connections to MCs to be GC homologues [87, 81]. About 32% of the
synapses of MCs in adult zebrafish are reciprocal [90]. However, it has not been determined whether
these synapses originate from a homogeneous class of INs. Further, the densely packed GABAergic INs
in zebrafish GCL are commonly considered homologues of the mammalian GCs [91], but this assertion
is not well substantiated. Therefore, the diversity of INs in GCL of zebrafish remains largely

unexplored.

In mammalian OB the secondary dendrites of MCs and TCs extend over long distances in EPL allowing
widely distributed activation of GCs. As multiple MCs converge on a single GC, this anatomical
organization has been considered a scaffold for lateral inhibition between distant MCs through a
disynaptic motif mediated by GCs [92]. The morphology of teleost MCs differs markedly from
mammalian MCs: They form a globular, tufty primary dendrite covering a glomerulus, but they do not
make secondary dendrites [85, 81]. This localized dendritic organization raises the question whether

a similar scheme of disynaptic reciprocal inhibition between remote MCs is realized in teleosts.

Computations like the pattern decorrelation observed in OB can be implemented on different circuits
[40]. In larval OB three classes of INs have been described. At this developmental stage deep layer INs
are still lacking and PNs outnumber INs 3:1 [93, 28]. Despite this stark difference in basic circuit
organization, the larval zebrafish bulb shares computational functions with the adult OB. Here,
decorrelation of OSN input and equalization of pattern variance has been shown to depend on a
specific scheme of disynaptic reciprocal inhibition between similarly tuned MCs [28]. To appreciate
how certain computations arise from a specific circuit, it is vital to know and understand both the
individual components and their interaction. Comparing and understanding the differences between
larval and adult OB, more specifically the function of deep layer INs, absent in larvae, as opposed to

the superficial INs, first requires a detailed inventory of the neuron diversity in the adult.

Ruffed cells (RCs) seem to be unique to teleosts. They have been reported to represent about 5% of
PNs in zebrafish OB [94] are not expected to receive sensory input and make many reciprocal
synapses at their ruff [95, 94]. Beyond that, little is known about how this cell type is distributed in
OB, about the input received by RCs or about how this cell type is embedded in the OB circuit.
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2.1.4 FROM STRUCTURE TO FUNCTION

Since its beginning, neuroanatomic research, founded on the principles of observation and
description, has provided the basis for functional insight. Already the earliest neuroanatomists
remembered today, Herophilus of Chalcedon and Erasistratus, considered the brain the seat of
intellect, distinguished sensory and motor nerves and derived the relationship between nerve
signaling and muscle contraction as bequeathed by Galen of Pergamon [96]. The works of Andries van
Wesel (1543), who explored and illustrated nervous system, and the full description of whole brain
anatomy by Félix Vicq d’Azyr (1786) grace anatomical literature to date [97]. It was only with the
discovery of neurons varying in appearance in different brain region by Jan E. Purkyné (1839) and the
discovery of the Golgi stain (1873), that more detailed descriptions and understanding of neuronal
networks began to emerge. The arguably most impressive example of determining function from
structure in neuroscience is the Spanish neuroanatomist Santiago Ramén y Cajal (1852 - 1934). From
rigorous and exhaustive description and critical observation of neuronal circuits across various brain
regions and species, Cajal concluded, that neurons are discrete anatomical and functional units
(Neuron Doctrine). He further deduced the direction of the activity flow within a neuron from the
anatomical separation of dendrite, soma and axon (Law of Dynamic Polarization), identified dendritic
spines, described aspects of structural neuronal plasticity in his Neurotropic Theory, and he proposed
a canonical circuit underlying reflex and voluntary control of behavior [43, 98].

Beside an unprejudiced approach to the investigation of the biological structures at hand, a crucial
factor to Cajal’s success was a technical improvement of the Golgi method, thus a visualization of
individual neurons. The introduction of electron microscopy (EM) has opened novel possibilities for
modern neuroanatomy, as for example proof for the existence of synaptic connections [99]. In its
latest advance, today volumetric EM, namely the imaging of large volumes of brain tissue at nanoscale
resolution, and subsequent segmentation and neuron reconstruction is being used to investigate
circuits and connectomes [100, 101,102, 103, 104, 105] with the ultimate aim of reconstructing whole
brains [106].

For large scale volumetric EM, stacks of images are obtained either by cutting the tissue sample into
ultrathin serial sections which are then imaged (e.g. serial sectioning tomography EM (ssTEM) and
derivatives) or it is imaged in a destructive fashion by en-bloc sectioning in the imaging chamber using
serial block-face EM (SBEM) [107]. Volumetric reconstructions of neurons from this image stack are
obtained through automated volume segmentation [108, 100, 109, 110] and consecutive manual
proofreading [111, 112, 103]. Automated identification and detection of synapses can provide access
to the wiring diagram of the circuit at reasonable time scales [113, 114, 115, 116]. These techniques
overcome limitations imposed by previous anatomical approaches, which combined a low-resolution
overview and larger samples size (e.g. via histochemistry) with selected, localized EM imaging, and
required using heuristics to map the high-resolution information onto cell types described at the
lower resolution level [74, 75, 60, 117, 85]. Instead, the newer approaches for neuronal circuit

reconstruction based on volumetric EM allow to study all components of a neuronal circuit across
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multiple levels of anatomical details from coarse topology to ultrafine structure within one and the
same individual. Thus, large scale volumetric circuit reconstructions provide anatomical information
at unprecedented detail and completeness. In Drosophila, one of the best described model organisms
in neuroscience, about half of the 25,000 reconstructed cells in the hemibrain reconstruction [101]
had not been known before [106]. For the human brain, the reconstruction, albeit incomplete, of a
1 mm3 sample of human cortex has revealed previously unknown motifs of inhibition [105] and
uncovered multiple examples of cells and neurite structures unseen before or disagreeing with prior

knowledge (see e.g., supplementary figures 6 and 7 in [105]).

2.1.5 PROJECT OBJECTIVES & SUMMARY

Knowledge of the individual circuit components and their interactions is of fundamental importance
for understanding how a network operates. Previous work suggests that the vertebrate OB is endowed
with a rich diversity of neuron types, which shape the high-dimensional sensory input into a
representation optimized for downstream cognitive processing. Yet, especially in zebrafish, but also
mammals, knowledge about the true spectrum of neuron types in the OB is incoherent and very

incomplete. This impedes the functional interrogation of OB circuit by targeted manipulation.

The goal of this project is to provide a detailed description and quantitative inventory of the neuronal
diversity of adult zebrafish OB. To approach this, I exploited a previously imaged SBEM volume, which
comprises about 18% of the adult zebrafish olfactory bulb [93, 90], and collaborated with Google to
perform an automated segmentation of neuronal structures [100]. [ developed software to proofread
the automated segmentation which I used to obtain full volumetric ultrastructural reconstruction of
239 neurons encompassing all layers of OB. Using human and machine-based classification
approaches | discovered ten morphological classes of INs, which can be further categorized in
subclasses. Furthermore, I found the zebrafish MCs to be composed of three subclasses. The
reconstruction of hundreds of neurons within the same brain allowed me to determine RCs to be an
integral part of a zebrafish glomerulus and uncover anatomical evidence implicative of a paracrine

interaction between MCs and RCs.

Further, this investigation revealed that the majority of IN types contradict the Law of Dynamic
Polarization, i.e., axonless IN classes making reciprocal, dendro-dendritic synapses clearly dominate
in zebrafish OB. In addition, [ found the large and widespread anatomy of deep layer INs in agreement

with a widely distributed interaction with MCs as it has been proposed for mammals.

Besides the morphological description of neuron types, I provide a qualitative characterization of
synaptic and non-synaptic physical interaction between PNs and INs of the zebrafish OB. These
analyses revealed systematic differences in the connection scheme between superficial and deep INs.
Moreover, I discovered a striking preference in individual IN classes for interacting with one of the
two mayor PN types of the zebrafish OB.

13
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2.2 METHODS FOR NEURON
RECONSTRUCTION &
CLASSIFICATION FROM EM DATA

This section describes methodological approaches applied in this study. In light of the novelty of the
cell reconstruction method, which required the development of novel and the adaptation of existing
approaches, it furthermore aims to give the reader an introduction and well-founded understanding

of the existing methods as well as their extension.

First, I will give a description of the segmentation procedure and briefly explain briefly different
methods employed to reconstruct neurons from the SBEM stack. The software tool developed to

proofread the segmentation will be discussed in detail in the next section (2.3).

To classify the reconstructed neurons, I assessed a multitude of morphological features, which are
then used in for automatic classification approach described here. Additional anatomical
measurements and qualitative assessments of connectivity that guide the manual classification are
explained.
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2.2.1 VOLUMETRIC NEURON RECONSTRUCTION

Volumetric neuron reconstructions are obtained by segmentation, a computation that identifies
voxels belonging to individual neurites in an image volume. The performance of this automated
procedure is controlled by skeletons, which are line representations reflecting the geometrical and
topological properties of the neuron. These skeletons are created by manually tracing the neuron
within the image data. To compensate human reconstruction error, usually, several independent,
redundant tracings are transformed into a ground truth skeleton [118].

In this study, reconstructions of altogether 239 neurons were created using different approaches
combining automated segmentation, manual skeleton tracing and proofreading. Manually created
skeleton reconstructions of neurons served as a reference to evaluate and choose the best automated
segmentation version. Altogether, 50 neurons were manually skeletonized with different redundancy
(threefold: 18, twofold: 29, single: 3, see MANUAL SKELETON RECONSTRUCTION). Thirty-four skeletons

served to assess segmentation quality, see fig. 2A.

B skeletonized neurons

- skeletonized by ariadne

= = skeletonized by N.Moenig \/
tracing redundancy: de novo volumetric reconstruction
M 3x Il 2x Hx Pdsimple reconstruction tool [ Jagglomeration proofreading tool

Figure 2. Overview of neurons reconstructed using different approaches. A: Skeletonization of 50 neurons at different
redundancy B. Volumetric reconstruction of 239 neurons

The final agglomerated segmentation does not deliver perfectly reconstructed neurons but has to be
proofread. This involves the correction of two types of errors: false splits, i.e.,, a neurite being
represented by two objects and false mergers, i.e., two neurites being represented by one object. To
obtain a volumetric reconstruction, I first developed a simple reconstruction tool that enabled
correction of false splits. This tool was used to proofread 31 of the skeletonized neurons and to
reconstruct 22 neurons de novo (see VOLUMETRIC NEURON RECONSTRUCTION & fig. 2B). I then created a

more elaborate software tool, which also allowed correction of false merge errors (see AGGLOMERATION
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PROOFREADING and section 2.3). This tool was used to proofread the volumetric representation of

19 skeletonized neurons and to reconstruct 171 additional neurons.

AUTOMATED NEURITE SEGMENTATION

Alarge SBEM volume of the adult zebrafish OB had been recorded previously [118] [90]. The volume
represents ~18% of the single adult OB (288 x 173 x 98 um3, resolution: 9 x 9 x 25 nm3).

ALIGNMENT

The segmentation performance depends on the quality of the preceding alignment. To optimize the
alignment the data was aligned with iterative Nonlinear Keyframe-based Alignment (iNKA) as
described in ( [119], in preparation) by Stephan Gerhard et al.. In brief, data was first contrast
corrected through histogram equalization. Several sections were removed due to recording artefacts
contributing to misalignment. Image tiles were organized based on stage coordinates and then rigidly
translated to maximize the cross-correlation of overlapping regions and between neighboring
sections. Alignment errors were automatically detected based on a tile-specific measure taking into
account the pixel-wise displacement across tiles. Sequences of tiles (“chains”) exhibiting high levels of
deformation were identified and nonlinear distortion corrections were applied to these chains while
keeping the two keyframes surrounding the chain fixed. This procedure was iteratively applied to the
stack resulting in alignment quality that displayed few artefacts upon visual inspection and was found
to result in an 11-fold increase in the expected run length (ERL), a measure of segmentation

performance (see box1).

AUTOMATED SEGMENTATION

The raw data was segmented by Michat Januszewski, our collaborator at Google Al, using flood filling
networks (FFN) [100]. A concise description of the FFN procedure is given in box1.

The FFN was trained with three densely labelled ground truth stacks from the adult OB dataset. The
first stack (640 x 640 x 100 pixel) was generated manually and served to train convolutional neuronal
networks (CNN) to generate labels in two additional subvolumes (each 512 x 512 x 128 pixel) as
described in [119]. All 3 stacks were reviewed in Armitage, a custom web-based voxel painting tool
created by our collaborators at Google (unpublished).

Some modifications to the methods described in [100] were introduced to generate the segmentation
at hand. First, an additional local realignment that dynamically aligned subvolumes during FFN
inference was applied (for a detailed description see [120]). Upon large distortions between sections
the movement of the FFN field of view (FOV) was, however, still restricted to avoid mergers. Second,
separate FFN models were trained for the full resolution and for a dataset that was 2 x downsampled
in plane. The base segmentation represents the oversegmentation consensus of segmentations at

9x9x25nm and 18 x 18 x 25 nm resolution in standard and reversed seed order, respectively (see
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box1). The agglomeration procedure was performed as described in [100] for all segments > 1000

voxels.

( Box 1| Segmentation using Flood Filling Networks \

The Flood Filling Network segmentation approach uses 3D CNNs to segment single objects at a
time across multiple network iterations. The voxel classification procedure is initiated from seed
points placed at locations distant to putative cell membranes and takes into account both image
data and predictions from previous inference runs.

During training the state of network weights are stored at regular intervals. For every such
checkpoint a FFN inference is run on the entire dataset. The segmentation quality is evaluated
by comparing the segmentation to manually created ground truth skeletons. Performance is
quantified by the ERL, a measure of the average error free neurite length and the edge accuracy,
measuring the proportion of skeleton edges correctly contained in the segmentation relative to
edges in which the segmentation has an error.

Three types of segmentation errors can occur. An unsegmented neurite is referred to as
omission error. If a neurite is contained in two different segments a split error occurred. If an
object covers (parts of) two neurites, this is referred to as merge error. The correction of merger
errors is much more time consuming than that of split errors. The FFN approach therefore aims
at first producing an oversegmentation that contains very few false mergers. To achieve this,
several segmentations created from the best performing checkpoints are combined to an
oversegmentation consensus, the base segmentation, in which all splits are accepted.

In a consecutive agglomeration procedure, the number of false splits is reduced to improve
object continuity. For agglomeration, for any given pair of segments that lie within a certain
radius from each other two independent FFN inference runs are started from seeds in the
two objects. The objects are then merged, if the predictions overlap sufficiently. All merge
decisions are stored in an agglomeration graph.

An agglomerated segmentation can have two types of merge errors. In a true segmentation
merger, the base segmentation exhibits spillage across neurites. An agglomeration merge error
refers to a false decision of the agglomeration procedure, in which two or more base

L segmentation objects are assigned to one agglomerated object. J

TISSUE CLASSIFICATION

Transitions between neuropil and other tissue structures e.g., blood vessels can impair the
segmentation result. A tissue mask for restricting seed point placement (see box1) and the FFN FOV
movement to relevant neuropil was created, adapted to the particular requirements of the data set at
hand. To this end, I generated ground truth (GT) by sparsely labelling neuropil, cell bodies, blood

vessels, sensory axons, extracellular space (ECS), and out-of-bounds (OOB) areas in 2D image sections,
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distributed throughout the stack, using Armitage. Our collaborator used this GT to train a semantic
segmentation model analogous to [100]. The training was done iteratively. After each training round
predictions were generated, classifying each voxel in the volume to one of the tissue labels according
to maximum likelihood. I assessed these predictions visually and generated additional GT to counter
mistakes observed in the model’s prediction. After 7 rounds the predictions were judged sufficiently

precise for restricting seed point placement.

CHECKPOINT SELECTION

Manually reconstructed skeletons serve to evaluate the segmentation performance and to select the
best performing checkpoint of the model by overlaying the segmentation and the skeletons analogous
to [100]. I checked all mismatch points for which the distance between a segment and the closest
skeleton node was larger than 3 pm and if the skeleton branch contained more than two nodes.
Mistakes in the skeleton, i.e., either missing skeletal branches detected by the segmentation or

wrongly traced branches, were manually corrected (see below).

PROGRESSION OF DIFFERENT NEURON RECONSTRUCTION
APPROACHES

MANUAL SKELETON RECONSTRUCTION

Neurons were reconstructed by manual tracing using the software PyKnossos [118]. I initially
reconstructed 21 neurons (10 putative projection neurons (PNs), 11 putative interneurons (INs)).
Comparing these non-redundant cell reconstructions against segmentations from many different
checkpoints, the skeletons were continuously updated and improved by tracing missed branches or
removing falsely traced branches from the skeleton. Relative to the final skeleton length, on average
29.6 + 21.6% (median 25.3%) had been missed in the non-redundant reconstruction and 2.3 + 5.1%
(median 0.3%) were wrongly traced. The total skeleton length of all neurons increased from 63.3 mm

to 86.1 mm from first to final pass.

In addition, 47 neurons were reconstructed by an external tracing company, ariadne.ai ag

(https://ariadne.ai/ see also [118]). This set comprised 29 additional neurons (7 putative PNs,

22 putative INs), if which 18 neurons were also part of the initial set of manually reconstructed
neurons (9 putative PNs, 9 putative INs). These 29 neurons were reconstructed with two-fold
redundancy using the CORE procedure described in [118]. In brief, each neuron was reconstructed by
two independent human tracers and a consensus skeleton was generated. Mismatches between the
individual tracings were resolved by two additional tracers, thus iteratively improving the
reconstruction result. Further processing of CORE skeletons was needed before using them for

automated segmentation evaluation and check point selection: First, in large compartments tracers
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traced back and forth in order not to miss any side branches. As a result, large neurites were
represented by two or more parallel skeleton branches, thus, skewing measures of segmentation
performance, which are normalized to neurite length. This had to be manually corrected by replacing
the parallel skeleton branches with one central branch. Furthermore, the original consensus skeleton
calculation had been developed for three-fold redundant reconstructions [118] and the consensus of
only two skeletons often resulted in branch points outside of the target neurite. To circumvent this
problem, I created consolidated skeletons by visiting detected mismatch points and manually joining

one of the original skeleton fragments created by a single tracer to the neuron’s skeleton.

The set of skeletons to select the segmentation checkpoint was extended by 13 such consolidated
skeletons (two presumptive PNs, 11 presumptive INs). Consecutive revision of mismatches against
automated segmentation resulted in the addition of 2.2 + 1.8% (mean # s. d,, median: 1.7%) missed
skeleton length to, and the removal of 2.0 * 2.7% (mean # s. d., median: 0.8%) wrongly traced skeleton
length from the skeletons traced with two-fold redundancy.

This final set of skeletons for segmentation evaluation encompassed 33 neurons (amounting to
121.5 mm neurite length) and spread through the entire SBEM volume to ensure that errors in the

segmentation can be assessed throughout the data set.

VOLUMETRIC NEURON RECONSTRUCTION

To obtain a volumetric reconstruction of the 50 manually skeletonized neurons, the identity of the
segment (id) in the agglomerated segmentation volume at each skeletal node position was retrieved.
These reconstructions were further proofread: First, erroneously retrieved segments, which did not
belong to the target neuron but did not represent agglomeration errors were removed. These wrongly
added segments presumably originated either from rounding imprecision at a certain skeleton node
position or some skeletal nodes were placed outside the target neurite. Second, they still contained

agglomeration errors, which were mostly splits, but also some merge errors (see box1).

In addition, 22 neurons were reconstructed exclusively volumetrically using a program that I wrote,
which allowed to control neuroglancer through Python. This script enabled to follow and “trace”
neurons in the segmentation by storing the ids of segments a neuron contains. This tool was also used
to review the segmentation - skeleton overlays of 31 neurons described above and to remove wrongly
added segments from this neuron representation. This tool did not allow for correction of

agglomeration errors.

AGGLOMERATION PROOFREADING

To fix the agglomeration splits in volumetric neuron reconstructions, potential partners involved in a
split between neighboring segments were determined. For this purpose, Michal Januszewski
skeletonized the agglomerated segments using the TEASAR algorithm [121]. The distance between

skeleton nodes of any pair of skeletonized segments contained in a neuron was calculated. For all
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segment pairs with nodes within a distance of > 500 nm, the segment ids and the voxel coordinates of
the closest node pairs were stored. In ten neurons all locations were inspected and decisions to link a
given pair of segments was made, if it was topologically correct. This revealed that topological
correctness was given in the vast majority of segment pairs to be linked. Therefore, for the remaining
43 neurons for which a volumetric representation had been obtained (see above) all potential pairings
were accepted and linked via the Brainmaps API (see section 2.3.4 — THE BRAINMAPS API). Altogether
150,920 links were set this way.

Agglomeration mergers in this set of neurons as well as the remaining agglomeration splits that were
missed, because the distance between the involved segments was above threshold, were corrected
using the agglomeration proofreading tool I developed. This tool is described in detail in section 2.3.
This tool was also used to proofread the remaining 19 segmentation-skeleton overlays and to
reconstruct and proofread another 171 cells from scratch. One cell contained a true segmentation
merger to another neuron, which could not be split with the tools at hand. This neuron could still be

reliably classified by humans and its skeleton was split (see below)

Figure 3. Postprocessing of automatically created TEASAR skeletons before extraction of morphological features. The
original TEASAR skeleton (A) contained many small branches that reflected rather surface deflections than real
branches (examples see black arrows). Their frequency was much reduced in the pruned skeleton (B). A tradeoff had
to be made between maintaining short, real twigs and the removal of excess branches (see red arrow for erased real
twig). The excess skeletal mesh at the soma was removed semi-automatically in the final version (C).
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P0OSTPROCESSING OF TEASAR SKELETONS FOR FEATURE
EXTRACTION

For morphological analysis and consecutive cell classification the volumetric representation of the
reconstructed neurons was converted into skeletons using the TEASAR algorithm [121] by Michat
Januszewski. These automatically generated skeleton reconstructions reliably reproduce the
volumetric neuron representation topologically but differ notably from skeletons created by humans.
In the TEASAR skeletons voluminous parts of the neuron like primary neurites and the soma are
represented by an excessive network of tiny branches, that fills the spatial extent of the neurite, rather
than reflecting real branching pattern (fig. 3A, black arrows). This property of the TEASAR skeleton is
expected to bias the classification of neurons based on morphological features, which comprise
measures of branching patterns. Therefore, skeletons were post-processed as described below.
Skeletons were downloaded from the brainmaps servers as networkx graphs. To assess the
modifications, skeletons were transformed into the precomputed format for visualization in

neuroglancer.

PRUNING

Pruning presupposes a compromise between the removal of the excess branches reproducing neurite
volume and the preservation of skeleton branches reproducing e.g., spine-like protrusions or true
branches. An iterative procedure using first a threshold of 100 nm, then 400 nm was applied and
finally all branches shorter than 1 um in total sub-branch length were removed. The procedure was
validated qualitatively by inspecting skeletons of neurons of various types. This confirmed reliable
preservation of the skeletal representation of delicate neurite structures such as spine-like

appendages as well as a reduction in overall occurrence of small, incorrect twigs (fig 3B).

REMOVAL OF EXCESS SKELETAL MESH AT THE SOMA

The copious skeleton network emerging from automated skeletonization of voluminous somata was
largely unaffected by pruning because these branches were too long. To remove this mesh, but retain
true branches and somatic spines, first, the coordinates of the approximate center of each soma were
determined by hand. A sphere comprising the entire soma of individual neurons was identified by
fitting neuroglancer ellipsoid annotations of different radii around the approximate center. The radius
was chosen generously to encompass the base of large dendrites, which also produced copious
skeletal branches, as well. Skeleton nodes within these spheres were extracted, and for each node
position the label predicted by the tissue mask was queried. Nodes labelled as soma were removed
and those branches remaining that exceeded a certain length (500 nm for INs and 2500 nm for PNs,

respectively) were connected to the central soma node (fig 3C).
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Unconnected components in the skeleton, originating e.g., from unsegmented parts of the neuron,

were manually stitched in PyKnossos. During this process the segmentation merger encountered in

one the neuron (see AGGLOMERATION PROOFREADING) was split in its skeletal representation. Skeletons
were reviewed in neuroglancer and some remaining excess skeletal meshes were removed by hand in

PyKnossos.

SPECIFICATIONS OF VOLUMETRIC NEURON RECONSTRUCTION

PROOFREADING TIME

The proofreading time was retrieved from time stamps in automatically saved files created by the
proofreading tool (for details see section 2.3). These files were stored every 5 min only if changes to
the previous state of the agglomeration graph were made. If two consecutive files were separated by
more than 10 min, this was considered a pause between two proofreading blocks. The proofreading
time was calculated as the sum of all blocks. This measure likely underestimates the true proofreading
time because e.g., long intervals without changes to the agglomeration graph can occur while
searching for objects involved in a merger. Due to a bug in the autosave procedure not all
reconstructions could be used for the analysis of proofreading time. These reconstructions were

excluded from the calculation of the proofreading time.

COMPLETENESS OF NEURONS

Limitations by Stack Size

[ used visual inspection to assess the completeness of a given reconstructed cell in the imaged volume.

The degree to which a cell was cut was evaluated while taking into consideration the extent of other
cells within the same morphological class. Cells were graded in cutting degrees ranging from 0 to 3. A
cell was graded with cutting degree (CD) CDO if the dendritic arborization were fully represented in
the image stack, even if an identified axon was cut. CD1 was used to describe a neuron that was
minimally cut, e.g., if only distal parts of the dendritic tree were truncated and the comparison to
similar cells suggested no major fraction of the cell were cut off. CD2 described a cell, which was
notably cut, but could still be expected to be represented to ~75 % within the imaged volume. Cells

subject to more substantial cuts, e.g., cuts at the soma, were rated CD3.

Fraction of Neurons Reconstructed by the Agglomeration

To calculate the fraction of the neurons which were represented by the agglomeration without

proofreading the original agglomeration graph was retrieved for all base segmentation objects that
were assigned to a given fully reconstructed neuron. This data was also used to calculate the number
of split and merge errors corrected in the proofreading process (see section 2.4).

For volume calculation the voxel size of each independent agglomerated object was determined as the
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sum of the voxel size of individual base segments. Next, the largest agglomerated object was
determined and normalized to the total size of a neuron. For calculation of the neuron length the
TEASAR skeletons of the base segmentation objects were retrieved. TEASAR skeletons had been
created only for objects > 1000 voxels at a voxel size of 36 x 36 x 50 nm (~.065 um3). Skeleton length

was calculated and accordingly the longest object determined and normalized to final length.

Reconstruction Accuracy of Neurons

Previously, reconstruction accuracy had been assessed by comparison of reconstructions to ground
truth obtained at 26-fold redundant tracing [118]. Here, redundant volumetric reconstructions were
not available. To get a notion of the completeness of my nonredundant neuron reconstructions, I
compared the distribution of volume and neurite length between the reconstructions of neurons, that
were first skeletonized with at least twofold redundancy (see VOLUMETRIC NEURON RECONSTRUCTION),

to neurons reconstructed in the agglomeration proofreading tool. For this comparison a set of cells
was required which was similar in terms of numbers and neuron location, which biases cell size in
both conditions. This requirement was only be fulfilled for a specific cell type (DLIN, see section 2.4).
Only neurons with CD <3 were considered. Neurite length was obtained from the postprocessed
TEASAR skeleton.

2.2.2 NEURON CLASSIFICATION

Three different approaches were used to classify reconstructed neurons: The main approach was a
manual classification presented in section 2.4., which is based on exhaustive description of cellular
morphology across different scales of resolution and inspection of interaction with other local
neurons. The second approach is based on redundant classifications of the subset of neurons by
several neuroscientists, who inspected the volumetric representation and grouped neurons based on
similarity. The third classification approach uses clustering of neurons based on quantitative
morphological features. These features were mostly obtained from the skeletal representation of

volumetric neuron reconstructions.

HUMAN CLASSIFICATION OF NEURONS

Making use of the custom written neuroglancer viewer controls (see section 2.3) a software tool was
implemented which allowed to examine and explore the 3D representation of reconstructed neurons
visually in neuroglancer and to sort them into groups based on their appearance. Four neuroscientists
with little or no previous exposure to the volumetric reconstructions (Bo Hu, Nesibe Z. Temiz-Karayol,
Rainer W. Friedrich and Ruth E. Montafio Crespo) were asked to classify 125, in one case 108,

reconstructed cells into maximally 12 groups plus an additional group for reconstructions, which
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could not be confidently assigned to a group. No further instructions were given. My own preliminary
morphological classification was also included in the evaluation. This set of 125 cells contained two
cells that were later classified as glia based on morphological features and the absence of synaptic

structures.

Individual classification results are represented as a graph, in which each neuron represents a node
and neurons of one group are linked all-to-all with edges of weight 1. A combined representation is

derived by summing edge weights across the graphs generated by different annotators.

EXTRACTION OF FEATURES FOR SEMI-AUTOMATED
CLASSIFICATION

For automated classification, features describing neuron morphology were extracted from the
skeleton as well as from the mesh representation of reconstructed neurons. The skeletons were
transformed into directed graphs that were rooted around a node in the soma center. Triangle meshes
of the volumetric neuron reconstruction were generated by our collaborators at a voxel resolution of
50 nma3. All features were calculated using custom written software in python and are summarized in
table 1. References to publications or software inspiring or underlying the feature calculation are

given, where applicable.

Feature Name Description Ref.

Spatial extent of the neurite

width (w), height (h), | The extent in x, y and z of the neuron extracted from the PCA transformed point
depth (d) cloud of skeleton nodes.

total length (lent) Total edge length of the automatically created, postprocessed skeletons

longest branch length

Maximal path length in nm
(Lenor)

The axialization is a measure of elongation of the dendritic tree. It compares the
ratio of the variances in the principal component space of the skeleton node
coordinates. It is defined as
sd2
sdl
where sd1and sd2 are the square root of the eigenvalue of PC1 and PC2,

axialization (ax) [122]

respectively.
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Feature Name Description Ref.
Flatness is a measure of the extent of the dendritic tree along the axis
perpendicular to the longest axis. It is defined as
d3
flatness (fl) _5 [122]
sd2
where sd2 and sd3 are the square root of the eigenvalue of PC2 and PC3,
respectively.
The radius of gyration is a measure of compactness of an object that can be
described as a point cloud. It is defined as the root mean square distance of the
points from the center of mass.
gyration radius (gr) [123]
e =
convex hull volume The convex hull volume [um?®] was calculated around the point cloud of skeletal
(Volnu) nodes.
The volume of the neuron in um?. It was calculated as the sum of the voxel
cell volume (Volcew) volume of individual segment objects comprised in the agglomerated object
representing a neuron.
The surface area was calculated as the sum of the area of faces in the triangle
surface area (Ace) .
mesh representation of a neuron.
Branching features
no. of branches (nbr) | total no. of branches > 1 um
no. of primary The no. of branches emerging from the soma that are > 40 pm was automatically
branches determined. This measure can include axon
nbr on the longest
number of subbranches on the longest branch
branch
tio rati The ratio of the total length of tips, terminal branches, to the remaining skeletal
ip ratio
P length
The path length for each branch node was calculated as the shortest distance
path length *
from the soma along the skeleton.
] The Euclidean distance of each branch node to the soma node; this measure is
distance to soma ) . [124] *
equivalent to a Sholl analysis.
i The tortuosity was calculated as the ratio of path length to distance to soma for
tortuosity . i [124]*
each terminal node. This measures how much neuron branches meander.
For the end node of each branch the number of preceding branch nodes to the
branch order *
soma node along the shortest skeleton path was measured.
The partition asymmetry measures the asymmetry of branching at bifurcations
partition asymmetry only. It is defined as the ratio of the absolute difference and the sum of the [124] *

numbers of tip branches of each subtree.
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Feature Name Description Ref.

others

the x, y, z coordinates of the central soma node of all cells were transformed by
soma position PCA and for each neuron the first and second principal component used as
feature

Vertices of the mesh representation lying within a sphere that encompasses the
soma surface area soma [see 2.2.1] are derived. The area of faces containing these vertices is
(Asoma) calculated. The surface area of smaller neurites or spines lying within the
sphere may be included in this measure.

The number of voxels belonging to a neuron’s volumetric representation that lie
within a sphere encompassing the soma. The voxel number was converted into

soma volume (Volsoma) _ _ _ .
metric volume. This measure may include the volume of branches and spines

belonging to a given neuron if these lie in the sphere.

axon binary, presence of an axon is determined by visual inspection (see 2.4.4)

spine binary, presence of any of the spines defined in 2.4.4

Table 1. Summary of morphological features extracted from each reconstructed neuron. *: distributed features

DATA PROCESSING

The distributions of path length of branches and the distances to soma of branch points were binned
in bins of 5 um. The tortuosity and partition asymmetry distributions were binned in 0.025 bins. The
path length and distance to soma of tip branches exclusively was also extracted. Furthermore, the
distribution of several parameters was extracted in relation to one another: The no. of branches per
branch order, the distance to soma and path length versus branch order as well as the partition
asymmetry versus path length. The feature space was further expanded by the following feature
ratios: leny/gr, Volu/gr, leny/gr, nbr/gr, leng:/lent, Nbriongest/leNyr, fl/ax, leng/nbr, Acey/nbr, Asoma/Volcey,
Volhu/Voleew, lengt/Voley, nbr/Voleey, Ace/Volha, lenwt/Volwa, ax/Volw, fl/Volwa, nbr/pa, tip ratio/pa,
Volsoma/ Asoma-

Distributed features of individual cells (*) were combined by zero-padding and flattening. PCA was
performed to reduce dimensionality and the first three principal component scores (PC1, PC2, PC3)

entered into the feature array.

The final feature array contained 63 features for each neuron. Missing values were replaced by the
distribution mean across all cells. The same was done for the cell volume and surface area entries of
the neuron containing a segmentation merger in the volumetric representation. With exception of
binary and count parameters all parameters were normalized to zero-mean and unit-variance using
scikit-learn PowerTransformer [125]. To normalize count parameters, they were square rooted. All

features were standardized through z-scoring across cells.
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SEMI-AUTOMATED CLASSIFICATION

A total of 197 neurons (28 PNs, 169 INs) with a cutting degree (CD) <3 was selected for further
analysis. PNs were identified based on obvious morphological features described in prev. publications,
e.g., myelinated axon, ruff, characteristic tufty dendrite, etc., [117, 85, 94, 84, 86], whereas all other
cells were considered INs. The following 40 features were selected to determine morphological
groups among all neurons and the subset of PNs: leny, tip ratio, nbr, number of primary branches, lenyr,
nbr on the longest process, ax, fl, h, w, d, pa, Volnu, gr, Volcey, Acer, VOlsoma, Asoma, axom, spines, nbr per order
(PC1), tortuosity (PC1), dist2soma (PC1), path length (PC1), tip path length (PC1), pa (PC1), distance
vs order (PC1), pa vs path length (PC1), path length vs order (PC1), soma position (PC1), Accu/nbr,
Asoma/Volcer, Volhu/Voleen, leniot/Voleer, nbr/Voleey, Acen/Vol, ax/Volw, fl/Volw, nbr/pa, Volwoma/Asma. The
entire feature space was used to identify morphological types among INs alone.

The data was visualized using UMAP to project the 63-/40-dimensional feature space into a 2D space.
The emerging clusters were inspected for homogeneity in morphological composition by visualizing
individual members in neuroglancer. Clusters were found to be largely stable in composition across a
range of the UMAP input parameter “number neighbors”, which was varied from 5 to 60 (same
random seed). KMeans (n_clusters=2-12) and HDBSCAN [126] (min_cluster_size=3, min_samples=3)
clustering was applied to the original feature array as well as to the dimensionality reduced feature
space (PCA, 20 components for KMeans; UMAP, varying no. of neighbors: 5-60 and no. of components:
5-40 for HDBSCAN). Clustering did not reveal qualitatively different results compared to the simple

projection onto 2D space.

2.2.3 ADDITIONAL MORPHOLOGICAL ASSESSMENTS
GRANULE CELL LAYER OUTLINE

Using PyKnossos the outline of the GCL was traced in the xy image planes at 30 to 50 section intervals.
Using custom software, the node coordinates were extracted and exported to a point cloud, which was
then meshed using Meshlab [127]. The meshed representation was transformed to the neuroglancer

precomputed format for rendering with neuroglancer.

SoMA DIAMETER

The soma diameter was assessed by fitting neuroglancer ellipsoid annotations (see above) tightly
around the soma and doubling the radius. This diameter, thus, reflects the maximal extent of a soma
in one axis. Average soma sizes for morphological classes reflect mean and standard deviation across

representatives, excluding neurons with cut somata.
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MEASURES OF DENDRITE DIAMETER, NEURITE LENGTH AND
GLOMERULAR EXTENT

The diameter of dendrites was measured at their base, directly after emergence from the soma, using
the scale bar provided in neuroglancer, resolving to 100 nm bins for structures < 500 nm and 250 nm
bins for larger structures. Averages for morphological classes reflect mean and standard deviation
across representatives.

The extent of glomeruli, diverse dendrite trees as well as the length of diverse neurites as given in the
cell class description were all measured using neuroglancer’s scale bar. Glomeruli measures reflect
the maximal extent in height, length, and width. Values indicate mean and standard deviation across

measurements.

TABLES OF NEURON CLASS SPECIFIC FEATURES

Values report mean and standard deviation across representatives of a given neuron (sub)class.
Except for the number of glomeruli innervated for PNs these were obtained from completely
reconstructed neurons only. Measures of cell volume and total length, which are sensitive to the
reconstruction completeness, were limited to neurons with CD < 2. The number of glomeruli was only

averaged across neurons reaching the GL. The spine frequency was rated by visual inspection.

ASSESSMENTS OF CONNECTIVITY
SYNAPSE DETECTION

839 synapses were manually annotated in 65 PN neurites and 193 IN neurites. The cell interior was
screened at membrane contact sites between a given pair of cells for the presence of chemical synapse
structures, namely a vesicles cloud in the presynapse, vesicles fused to the membrane and a close
contact between the pre- and postsynaptic membrane. OB neurites are characterized by an extensive
presence of vesicles and organelles of the endomembrane system potentially biasing towards false
positives. The contact sites were carefully inspected in all 3 orthogonal viewports in neuroglancer and
rated my confidence for the presence synapse on a scale of 1 to 5. Here, | only report synapses with a

confidence of 3 and higher. These are structures that [ would classify as a synapse in a binary decision.

GLOMERULUS SPECIFIC IN-PN INTERACTIONS

For all but the sGLIN1, the interaction of individual representatives of a morphological IN class was
assessed by overlaying the IN mesh pairwise with all reconstructed PNs of a given glomerulus. Each
pair was carefully screened for contacts sites, and contact sites were screened for synapses.

Connections were considered only if the confidence of a synapse was >2. For pairs with a large number
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of synapses, I recorded at least 4 synapses. The number of inspected INs per class as well as the

number of glomeruli and the resulting number of IN-PN examined are summarized in table 2.

The description of glomerulus-specific MC-IN interaction summarized in table 10 was derived as
follows: The glomerular innervation was considered as monoglomerular, if the mean number of
innervated glomeruli for a respective IN class rounded to one and multiglomerular, if it was higher.
MC selectivity was defined as broad, ifan IN connected to more than 40% of reconstructed MCs within
a glomerulus, and selective otherwise. If the IN projected only in one glomerular subcompartment,
only MCs projecting to this subcompartment to calculate the percentage were considered. This was
also reflected in the number of inspected IN - MC pairs given in table 2 above. The MC selectivity of an
IN class was rated as broad or selective, respectively, if =2 60% of the IN-MC interactions were broad
or selective, respectively, in 2 60% of the glomeruli inspected. The number of contacts per connected
MC-IN pair was defined as high if the number of synaptic contacts between a given pair exceeded
three. Reciprocal synapses were counted a as a single contact. The number of MC contacts for an entire
IN class was rated high or low if = 60% of the pairs had a high or low number of contacts, respectively.
To calculate the fraction of connections of a given directionality only connected IN-MC pairs were
considered. Independent of possible unidirectional synapses, a MC-IN pair was considered reciprocal,
if it was connected through reciprocal synapses. Likewise, MC-IN pairs connected by spatially

separated unidirectional synapses of opposing directionality were considered reciprocal.
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glomeruli 4 2 1 2 2 5 4 3 2 2 7 2 2 3 2
IN 8 5 4 3 2 2 5 3 2 1 1 2 1 1 5 1
IN-MC pairs 92 21 53 12 13 14 42 52 52 19 24 76 28 24 73 21
IN-RC pairs 16 9 14 2 4 4 16 9 10 4 4 32 4 4 18 4

Table 2. Number of inspected glomeruli and IN-PN pairs for the examination of glomerulus specific PN interaction

2.2.4 DATA ACCESS AND ANALYSIS

Most segmentation data created by our collaborator at Google, e.g., image data, meshes and skeletons
was hosted on a dedicated server, which can be accessed interactively via the Brainmaps API (see
section 2.3.5). A python package making use of the Brainmaps APl has been published on GitHub [128].
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Additional information for individual segment objects that cannot be retrieved via the Brainmaps API

e.g., voxel size and the bounding box was provided by Michat Januszewski via BigQuery.

[ wrote all data analysis tools, as well as tools for data retrieval using Python3.8 [129] and the open
source packages numpy [130], pandas [131], networkx [132], Ixml [133], scikit-learn [125], matplotlib
[134], seaborn [135], scipy [136], requests [137], umap-learn [138], hdbscan [126] and numpy-stl
[139].

Volumetric renderings of the segmentation and as well as automatically created skeletons were

visualized using neuroglancer [140].
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2.3 AGGLOMERATION
PROOFREADING TOOL FOR
NEURON RECONSTRUCTION

This section introduces the software developed to reconstruct and proofread neurons in the
agglomerated segmentation. It intends to give the reader a notion of the agglomeration errors and

means to solve them. I briefly review existing proofreading options and give a detailed description of
the organization and workflow of the tool I created.
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The agglomeration proofreading tool was created to provide a means for reconstructing sparse
subsets of neurons in the segmented EM volume. Through agglomeration the segmentation had
achieved a high level of quality and already reconstructed large fractions of individual neurons with
few large segment objects (see section 2.4.2). A full or near complete cell reconstruction, however,
requires a more detailed proofreading. Errors in the agglomeration were mostly due to data quality,
e.g., imaging or alignment artefacts or due to biological structures that were challenging to segment.
The latter involved for example neurites coiling around each other, glial cells ensheathing several
neurites or smaller branches and protrusions joined to the main neurite only through narrow
conjunctions (see e.g., fig. 254, fig. 45B). The agglomeration parameters were chosen to favor split
errors over mergers, which are more difficult to correct. Segmentation mergers, in which two neurites
are falsely segmented to one object, were still present, but rare.

Thus, the neuron reconstruction and proofreading required a tool which enables to identify and fix
false splits and agglomeration mergers. This tool should permit the sparse reconstruction and review
of a medium sized set of neurons at a reasonable speed and accuracy. The topological, morphological,
and surface structure information that is accessible through the 3D representation of the neurites is
highly instructive in identifying sites of false splits and verifying that a potential split substructure fits
morphologically to the neuron. Furthermore, it is particularly valuable for the identification of false

pairing of segments in agglomeration mergers (see fig. 5).

2.3.1 EXISTING PROOFREADING TOOLS

A variety of well-established and versatile skeleton tracing tools exist, like Catmaid [141], Knossos
[142], PyKnossos [118] and WebKnossos [143], as well as commercial tracing services and
approaches that crowdsource the proofreading of connectomic data to an online game
(http://eyewire.org ). For proofreading of segmentations of large datasets, however, only two tools
were published, namely VAST [111] and NeuTu [144].

VAST [111] is a segmentation and annotation tool that offers elaborate voxel painting functionality
and has been designed to create GT for automatic segmentation and to correct errors in automatic
segmentations. False splits can be fixed through a merge operation and false mergers can be
unmerged with aid of voxel painting and filling tools. The tool has, however, several drawbacks for
our use case: With segmentations at the scale of our volume segment objects have to be individually
streamed and copied into an image layer, a process that is particularly slow for large objects. VAST
does not offer tools to specifically target agglomeration mergers, which do not require time-
consuming painting, but require a simple retraction of the erroneous agglomeration decision.
Furthermore, VAST relays mostly on XY display of image data. The 3D information about a neuron'’s
morphology is very informative to guide the revision and the detection of erroneous locations and
allows for much faster revision of neurons, compared to browsing through the image data. Lastly,
there is no direct interface to commit the local corrections to the Brainmaps servers.
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NeuTu [144] is a large-scale segmentation proofreading tool. It offers 3D visualization and annotation
tools, as well as tools and heuristics to interactively resolve segmentation errors, and allows working
collaboratively on the same segmentation volume. However, NeuTu expects data served by a specific
server structure, DVID, a data management system developed at Janelia Research Campus to serve
large scale connectome data [145]. [t was beyond the scope of the project to implement such a system

in our institute.

Since published tools did not meet the demands for proofreading of the current data or had
infrastructural requirements that could not be met, I decided to write a dedicated proofreading tool
using neuroglancer [140]. This tool addresses specific demands for proofreading of our dataset but
can also be readily applied to proofread other dataset hosted on the brainmaps servers, or with minor

adaptations to data that are hosted by one of many data sources supported by neuroglancer.

2.3.2 NEUROGLANCER: A WEB-BASED TooL FOR
VOLUMETRIC DATA VISUALIZATION

Neuroglancer [140] is a browser application that allows to view slices of volumetric image and
segmentation data (xy) together with the cross-sectional views (xz and yz) alongside a 3D rendering
of the meshed segmentation (fig. 4). Neuroglancer comes with a range of functions that allow to
visualize, browse, and navigate through the image data. Multiple layers can be visualized
simultaneously, similar to conventional image editing programs. Loading different segmentation
versions with the raw image data, e.g., an agglomerated and original volume, to specific layers allows
to explore them alongside each other (fig. 4). In the 3D viewport the mesh representation of multiple
selected neurites can be explored from all sides at different levels of detail. The viewer can be
controlled through keyboard and mouse input. These functions can be extended and overwritten
using the neuroglancer python integration. This integration runs neuroglancer on a local web server

and allows to customize and interactively update viewer settings and exchange data.

[ created a python application to reconstruct neurons in a volumetric segmentation that uses
neuroglancer as a viewer to guide the correction of agglomeration errors. The underlying idea is to fix

agglomeration errors by adding or removing links in the agglomeration graph (see next section).
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Figure 4. Overview of the neuroglancer web application with the most important viewports and panels. The image
views allow to display the raw EM data alongside one or more segmentation layers in the three orthogonal axes (b).
The 3D view displays the meshed segmentation (e). The proofreading workflow is facilitated by numerous built-in
features: Any arbitrary combination of viewports can be displayed together. The zoom level can be adjusted individually
for image and 3D viewports. Navigation is possible through scrolling as well as mouse click on meshes. The help panel
(a) displays all built-in and custom keyboard and mouse short-cuts. The layer side panel (c) allows to change diverse
display settings, e.g. for segmentation layers the opacity can be adjusted in 2D and 3D. The settings panel (d) allows to
adjust basic viewport settings. The layer list panel (f) allows to toggle the visibility of layers.

2.3.3 THE AGGLOMERATION GRAPH

The result of the agglomeration procedure can be represented as a graph. Segments, which are
agglomerated to an object with a shared id, form one connected component in the agglomeration
graph. A false split is thus corrected by creating a (anatomically correct) link between two disjoint
components (fig. 5A).

The challenge when resolving false mergers is to find the segments that are wrongly linked across
components. Since false splits are easier to fix than false mergers, the segmentation is oversegmented,
the areas in which two wrongly merged neurites overlap or touch are often composed of several
segment objects that have then been agglomerated to one. Thus, the wrong link or links may have to

be identified from a larger group of pairs potentially involved in the merger (fig. 5B).
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Figure 5. Illustration of agglomeration errors. A: Split errors: Left: A neurite is segmented into three agglomerated
objects (squares). Center: The representation in the unagglomerated base volume. The segmentation can be
represented as a graph with nodes depicting individual segments (circles). During the agglomeration process
segments belonging to one neurite are determined and linked. False split errors are the result of missing edges. Right:
By adding two edges the entire neurite is represented by a single connected component in the agglomeration graph.
B. A merge error. Left: Two neurites have been falsely agglomerated to one object. Center: Representation of the object
in the agglomeration graph. The challenge in correcting this error is to identify the falsely set edge(s). Right: After
splitting the false edge, the two neurites are represented by two distinct objects.
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2.3.4 THE PROOFREADING TOOL

The reconstruction of a subset of neurons in the densely segmented EM volume requires a tool that
enables a fast resolution of the abundant split errors, while enabling the user to correct the less
frequent merge errors. The proofreading tool provides an interface to quickly identify segmentation
errors visually and correct them by modification of the agglomeration graph. This includes a toolset
to address and correct split as well as agglomeration merge errors for individual neurons. The rarely
occurring true segmentation mergers (see section 2.2.1 box1) cannot be fixed with this tool and have

to be corrected externally through voxel painting.

The proofreading workflow is intended as follows: Single neurons are reconstructed at a time. The
neuroglancer viewer (see section 2.3.2) displays the cells in the segmentation-raw data overlay and
its mesh rendering. Starting at a soma, individual branches are followed and split off neurites are
merged by means of two keystrokes. For a wide range of neurons, missing or cut branches can be
easily detected from the topology of the meshed representation. Neurons with complex morphologies,
like the tufty mitral cells (MCs) and ruffed cells (RCs), require more careful tracing through the
segmentation-raw data overlay. In hard-to-resolve situations, the inspection of morphological and
topological features of a potentially split branch in 3D can guide the merge decision. The proofreading
tool comprises a branch point annotation function which allows to tag and store branching locations.
Branch point annotation is helpful to structure the neuron reconstruction, especially for complex cells.
Having reconstructed one of the subbranches, the function allows the user to immediately go back to

the tagged branch point to complete the next subbranch.

In order to identify the segment pairs involved in an agglomeration merger, the original base
segmentation volume has to be consulted. The viewer can be configured to display the original base
segmentation alongside the agglomerated segmentation. The user can then display partners of a
segment selected in the base segmentation volume and check whether one of its partners overlaps
with the falsely merged neurite. This link can then be selectively split, and the updated agglomerated
volume can be checked to see whether the merger is resolved. Functions to switch the viewer
configuration and manipulate the display settings of the two segmentation volumes extend the

available toolset of neuroglancer to support the reconstruction process.

2.3.9 ORGANIZATION OF THE PROOFREADING TOOL

The segmentation data is directly streamed from the brainmaps servers in neuroglancer, and several
users can work on the dataset in parallel. Changes in the agglomeration graph, however, are handled
locally. So, two users working on the same cell would be ignorant of the other user’s input and a
consensus would have to be calculated externally. The Brainmaps API allows to update the
agglomeration graph on the server directly with these user-created changes.
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THE BRAINMAPS API

The Brainmaps API is a private API that allows to retrieve data stored on the Brainmaps servers e.g.,
the segmentation in form of image data, triangular representations of meshes and skeletons or other
metadata. The Brainmaps API also enables to interact with the agglomeration graph directly.
Agglomeration information about individual segments can be queried, e.g., its immediate partners or
its parent and the entire object the base segment has been assigned to in the agglomeration graph.
Specific edges can be set and deleted.

The agglomeration proofreading tool makes use of a python package I created that ensures user
authentication to access the Brainmaps APl and implements interaction with the agglomeration graph,
but also allows retrieval of image and segmentation subvolumes, skeletonized segmentation and mesh
data.

LoCAL GRAPH REPRESENTATION

The Brainmaps API allows the modification of the agglomeration graph directly on the server. Thus, it
is possible to update the graph with the user generated corrections online during proofreading.
However, due to data caching in neuroglancer a reload of the data is necessary in order to visualize
updates to the agglomeration graph made on the server. This procedure turned out to substantially
interrupt and delay the proofreading workflow. Therefore, a strategy was chosen in which the graph
modifications are handled locally.

This approach offers the advantage of storing and tracking changes of individual proofreaders easily
and allows, in principle for redundant reconstructions of single cells. Furthermore, actions can be
undone more conveniently without delays imposed by requests made via the Brainmaps API. The
proofreading results can be screened or compared offline and then committed as a batch back to the
server via the Brainmaps API.

In order to visualize the corrections made by the user, I made use of a feature of neuroglancer that
allows to display distinct segment objects as a single object. When a segment is selected in the viewer,
information about the agglomerated object, to which this segment belongs, is retrieved via the
Brainmaps API. It is then both stored in a local graph representation and passed over to a dictionary
structure in neuroglancer. This will trigger neuroglancer to stream the volumetric information of all
segments but display them as one structure. During proofreading newly added branches are, thus,
merged as components to the local graph. In case of an agglomeration merger the falsely set edges
identified by the user are split in the local graph representation and neuroglancer is used to simulate

the agglomerated object after the split.

CODE STRUCTURE

The code is composed of four main functional units:
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LoCAL GRAPH REPRESENTATION

The agglomeration graph of the proofread neuron contains a local graph representation that is defined
as a dictionary. This dictionary maps a list of connected partners onto individual segments. Built into
this graph objects are functions that allow to modify the graph by adding or deleting edges and

recomputing its connected components.

API INTERFACE

The API interface implements a set of graph tools that permit the retrieval of agglomeration graph
information, e.g., directly connected partners or the index of the agglomerated object, for single or
multiple segments.

As described above the proofreading tool uses a separate package to request information about the
agglomeration graph through the Brainmaps API. This package is passed to the API interface and
allows it to trigger requests. The proofreading tool itself does not depend on the original
agglomeration graph to be stored on the brainmaps server. It could also be served from any other
remote or local database.

NEUROGLANCER VIEWER CONTROL

A set of classes provides control over basic functionalities within neuroglancer, like assigning the data
source or setting up the viewer layout and browser control. These classes also implement a variety of
fundamental functions that permit e.g., passing messages to the users, setting and retrieving positional
information, making annotations, linking keyboard and mouse input to callback functions or
manipulating the viewer settings like the display and appearance of segments.

A subclass is tailored more specifically, but not uniquely limited to the demands of the proofreading
tool. It creates a viewer with two segmentation volumes in a columnar layout and implements the
functionality to switch columnar layouts of neuroglancer. These classes can be repurposed to control
neuroglancer in other tools (see section 2.2.2 — HUMAN CLASSIFICATION OF NEURONS).

NEURON PROOFREADING

The proofreading class holds the local representation of the agglomeration graph of the neuron,
provides the user access to functions to correct the graph and visualizes the update in neuroglancer.
It implements functions to load and automatically save the local neuron graph and the edges to add
or delete as defined by the user to file. To structure and support the proofreading flow the
proofreading class realizes functions to set, move to and annotate branch points and functions that

mediate tool-specific functions to interact with neuroglancer.
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INSTALLATION

The tool can be cloned and installed from GitHub [146]. The tool only relies on open-source software,
requires Python3 and Google Chrome to be installed and has been tested on the most common
operating systems (Windows10, Linux (Ubuntu16.4, 18.4) and MacOS). In its current implementation
the tool has to be started as a command line tool. This allows to set or overwrite default parameters,

e.g., the data source address or the file path for local storage.

USAGE

The manual for the proofreading tool describes all options workflow for correcting false split or false

merge errors, as well as additional features of the tool in detail. It can be found in the Appendix.

2.3.6 SUMMARY AND OUTLOOK

The proofreading tool allows proofreading neurons in an agglomerated segmentation by correcting
split errors and false agglomeration mergers. In this study, it has been used to reconstruct 171
neurons in an agglomerated segmentation of the zebrafish olfactory bulb based on the agglomeration

and proofread the agglomeration of 19 additional neurons, which were initially reconstructed by

manual skeletonization (see section 2.2.1 and section 2.4.2).

The tool is designed for and permits proofreading of neurons by a larger group of proofreaders. The
proofreading task can be easily learned and does not depend upon expert knowledge in neuroscience
or programming. However, the following introduction into the usage of the tool should provide some
intuition for a neuron’s morphology to enable the proofreader to detect errors based on topological
implausibility. The resolution of agglomeration mergers is more challenging than the correction of

split errors and the training therefore demands more guidance and expert feedback.

The agglomeration proofreading tool is open source and can be readily used for proofreading datasets
hosted by the Brainmaps servers. Otherwise, data has to be transformed and hosted by sources that
are supported by neuroglancer. Neuroglancer is ever more widely used as a viewer for volumetric data
even outside the field of connectomics and many open-source projects exist that provide tools to

produce compatible data representation (e.g., https://github.com/seung-lab/igneous ).

The agglomeration proofreading tool has some limitations. First of all, it does not permit the
correction of segmentation mergers. However, since the segmentation was adjusted to favor split
errors over merge errors, the segmentation merge rate was low in this volume. Only one segmentation
merger was found in 239 reconstructed neurons. To resolve this, one could resort to voxel painting
tools like VAST [111].

Due to preceding API requests to query agglomeration graph information the buildup of the mesh
display is slower for the local simulation of agglomerated objects in neuroglancer compared to a direct
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retrieval of the agglomerated object. This limitation is, however, only noticeable for very large objects,

so that the advantages of the local simulation prevail.

Both speed and precision of the reconstruction and proofreading of neurons are affected by several
factors. On the technical side, the better the data quality and the consecutive alignment preceding the
segmentation, the better the segmentation. Better segmentation performance permits a more
aggressive agglomeration procedure resulting in fewer splits without increasing the rate of false
mergers. However, even with a more complete agglomerated segmentation, many neurons
reconstructed in this dataset exhibit some morphological features that are challenging to segment and
are unlikely to be reconstructed fully automatically without requiring human interaction. Among
these are e.g., the thin peduncles of some spine types (fig. 45) or beaded neurites, in which the
constriction between the beads become too thin to segment (fig. 45B).

The complex morphology of some neuron types, e.g., MCs or RCs with their tufty dendrites, makes the
identification more difficult, requiring thus more proofreading time in order to achieve a comparable
reconstruction accuracy as cells with simpler morphology. Ultimately, the compromise between
reconstruction accuracy and speed has to be made with regard to the demand of the specific scientific
question pursued. However, the possibility of cell type specific biases in completeness, which could
e.g., result in a systemic underestimation of specific synaptic connections, may have to be taken into
account for downstream data analysis.

There are several ways in which the proofreading and reconstruction efficiency could be optimized.
Proofreading large, complex neurons is particularly time consuming because the neurons have to be
followed in their entirety to detect false split errors. An alternative approach would be to detect
potential split sites and inspect these selectively. Potential split sites could be determined by
selectively inspecting pairs of segments within a certain range below the threshold for a merge
decision. This could be done specifically and iteratively for a sparse set of cells targeted for
reconstruction. While most agglomeration mergers are simple and easily resolved using this
proofreading tool, identifying the false edges in a merger between large complex cells can become
very cumbersome. To facilitate the split, heuristics which search and remove edges within a region of

interest around the merge site closest to agglomeration threshold, could be employed.

Recently, Kornfeld et al. published a dense reconstruction of an SBEM volume of zebrafinch AreaX by
first optimizing the agglomeration to specifically reduce the number of orphans [103]. Then the
number of orphan branches was further reduced by manual inspection of their ends by human
annotators. To correct agglomeration mergers, a subset of neurites was inspected and edges in the
agglomeration graph were manually removed. Independently, the Seung lab recently published a
proofreading workflow used in a series of publications [147, 148, 112, 109]. The approach makes use
of a custom adapted version of neuroglancer for visualization and employs a custom graph
representation that can be edited directly. Their approach is targeted for large scale proofreading and
has been the basis for FlyWire, an open and crowdsourced proofreading platform for the FAFB dataset
[112].
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2.4 RESULTS

This section describes the findings of my neuroanatomical study in the adult zebrafish olfactory bulb.
[ give a detailed depiction of projection neurons and interneurons, which I characterize based on
topological and morphological features. Based on this analysis | propose the existence of three
subclasses of mitral cells and ten classes of interneurons, four of which can be further subdivided into
ten subclasses.

An additional, qualitative investigation provides first insights into the interactions between

representatives of the different interneuron classes and the projection neurons.
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2.4.1 EM VOLUME oF ADULT ZEBRAFISH OB:
DESCRIPTION OF THE DATASET

A large volumetric SBEM dataset of the zebrafish adult olfactory bulb (OB) was acquired previously,
as described in [118] and [90]. In brief, the volume of the stack is a cuboid (288 x 173 x 98 um?3) and
contains ca. 4900 somata, covering about 18% of the adult zebrafish OB in volume and cell number
[90]. The long axis of the cuboid extends from the surface of the ventro-lateral OB deep into the dorso-
medial parts (fig. 6A). It encompasses the superficial glomerular layer (GL), the intermediate
plexiform layer (PL) and the deep granule cell layer (GCL) (fig. 6B). A brief qualitative description of

their appearance in the dataset is given in the following.

THE GLOMERULAR LAYER

The GL was dominated by neuropil composed of the darkly stained sensory axons and the dendrites
of projection neurons (PNs) and local interneurons (INs). The sensory axons traversed the glomerular
layer in bundles of several hundred individual axons [90], often enwrapped by thin glial sheaths. In
the most peripheral parts of the GL these bundles assembled to even larger bundles traversing the
stack from anterior to posterior. Sensory axons that entered the OB terminated in microglomeruli of
varying size and shape [90]. The diffuse nature of sensory innervation and the absence of glomeruli
proper has been previously reported as characteristic for the ventro-lateral region and the lateral
plexus (LP) of the zebrafish OB [46]. Based on comparisons with light microscopic image stacks of
labeled sensory axons [33], it can be assumed, that the volume was recorded in the transition region
between 1G and LP, just anterior to LP. Since the sensory axons were excluded from the neuropil
segmentation to enhance segmentation performance, a volumetric reconstruction of individual
sensory axons was not possible. The 3D rendering of the tissue mask created for sensory axons (see
section 2.2.1), however, revealed that bundles of sensory axons, which were likely aggregated
projections of OSNs that terminated in similar regions [79], followed quite complex trajectories (fig.
6D). Axon bundles branched frequently and formed bulbous local enlargements, where synaptic
contacts to secondary olfactory neurons were formed, before they continue their course through the
GL. The bulbous enlargements of sensory axons were mainly presynaptic and synapses between
sensory axons were found (fig. 6F, G). Many axon bundles branched and formed complex loops,
innervating quite separated parts of the imaged volume before reuniting (fig. 6E). Further
investigation is needed to learn more about the origin and composition of sensory axon bundles, to
determine the homogeneity of the presynaptic component of microglomeruli in this region of the OB
of zebrafish. In between the neuropil isolated somata of various sizes and shapes belonging to
superficial INs as well as ruffed cells (RCs), mitral cells (MCs), and glial cells, mainly astrocytes, were

loosely distributed. Several blood vessels traversed the GL.
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sory axg

Figure 6. Composition of the dataset A. Positioning of the recorded EM volume in the OB (adapted from [90]). B. A
central image section: the boundaries of GCL, PL and GL are outlined. C. Volumetric representation of the sensory
axons bundles (blue) and the GCL (orange). D: Sensory axon bundles made complex trajectories bifurcating and
reuniting. E: Image view on the bifurcation of the axon bundle shown in D. F. Left: Example of microglomerulus: Sensory
axons stand out by the dark stain. The large boutons were filled with myriad mitochondria and synaptic vesicles and
made synapses onto OB neurons. Right: Sensory axons made synapses onto each other (arrow). Scale bars: B & C: 50
um, D: 10 um, E-G: 1.5 um.
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THE PLEXIFORM LAYER

The plexiform layer stretched as a band in between GL and GCL and encompassed the GCL at the
dorso-lateral and antero-lateral side (fig. 6B). The border region between the GL and the PL was often
marked by a somewhat denser arrangement of somata belonging to MCs, RCs, and superficial IN,
which innervated glomerular structures superficial to their cell bodies. Within the PL few somata can
be found. These somata were usually isolated or occurred in small clusters on the order of five somata.
Microglia were prominent in PL. However, the majority of the PL was dominated by dense neuropil.
Dendrites of deep layer INs, which traversed the PL towards the GL, could be identified by their large
diameter, clearly visible microtubules, and a relatively bright cytosol, which was populated by darkly
stained ER. Very few myelinated axons passed through the PL. Many neurites filled with vesicles and

synapses were abundant, indicating that the PL is an important location for local circuit computation.

THE GRANULE CELL LAYER

The GCL is located on the medial and ventro-medial side of the data set and covers around a third of
the imaged volume (fig. 6B, C). [t was distinguished by large clusters of ten and more, small to medium-
sized somata, that were densely packed. The cell clusters were heterogeneous in that members could

be representatives of various different kinds of morphological classes of deep layer INs (see IV.

INTERNEURONS OF THE DEEP LAYER). Patches of neuropil of varying size could be found in between these
cell clusters. The transition zone between PL and GCL was not very distinct, with large, dense cell
clusters stretching well into the dorso-lateral PL. Similar to PL, the GCL neuropil was characterized by
massive neurites of deep layer INs directed towards the superficial layers and an abundance of smaller
vesicle-rich neurites.

2.4.2 LARGE-SCALE NEURON RECONSTRUCTION

To obtain a volumetric reconstruction of neurons of the adult zebrafish OB the SBEM image stack was
automatically segmented by our collaborators at Google using flood-filling networks [100]. In brief,
this machine learning approach uses 3D CNNs trained on volumetric GT. Manually created skeleton
reconstructions of neurons serve as GT for the selection of segmentation versions. This method aims
at an oversegmentation of the tissue to avoid merge errors, which is compensated by a successive
agglomeration procedure (fig. 5, for details see section 2.2.1 box1).

The final agglomerated segmentation volume had an error-free path length (ERL) of 741 um and an
edge accuracy rate of 70%. The dataset had certain properties that are challenging to segment by
FFNs, in consequence both ERL and edge accuracy are below the performance published [100]. On the

technical side, there were small, but frequent and distributed misalignment issues that triggered a
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halt of the flood filling algorithm and caused split errors (fig. 7B). Areas with unfocused images caused
spillage of the segmentation across membranes, resulting in false mergers (fig. 7A). Further
improvements of the alignment and additional GT from challenging areas is expected to improve the
segmentation performance. In addition, intrinsic properties of the imaged biological structures
impeded segmentation and agglomeration. Among these were for example very thin neurites or
beaded neurites in which the lumen is separated by tight constriction (see e.g,, fig. 254, fig. 45B), both
causing split errors, which needed to be fixed manually. Glial or neurite sheaths wrapping around
branches or spines could result in merge errors (fig. 7D).
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Figure 7. Technical and biological aspects impair segmentation quality. A. An unfocused area caused segmentation
errors of the small neurites and spillage into the extracellular space (ECS). Ground truth targeting such areas could
counter this. B. Example of substantial distortions within the image tiles (black arrows) and alignment artefacts at
image tile borders (red arrow) resulted in a forced segmentation stop and omission errors in order to avoid false
mergers. C. A ruptured membrane (black arrows) caused spillage of the segmentation into the ECS and caused a
merger of the neurite (*) to the glial branch (**). The FFN pipeline was able to compensate misalignment artefacts,
which were not too severe (red arrow: misalignment of tiles). D. Challenging properties of the biological tissue: A
neurite (red) was “swallowed” by another (blue) and a third neurite (yellow) wraps around the resulting structure. The
layers of membrane were difficult to segment and caused the segmentation to spill into the false neurites (arrows: red
voxels in yellow object and vice versa). E. Distribution of voxel size of segments in the base segmentation (black),
objects in the agglomeration (red) and of the fully reconstructed neurons (blue). Scale bars: 1 pm.

While small objects still dominated (fig. 7E) the agglomerated segmentation, many neurons were

already well reconstructed by this segmentation. The fraction of a neuron represented by its largest
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agglomerated object relative to its final size after proofreading is shown as a distribution for
239 neurons in fig 8A. The largest object represented on average 81.2 + 0.1% in voxel size and
65.3+0.1% in length of the TEASAR skeleton (see section 2.2.2). Whilst the agglomerated
segmentation volume already reconstructed many cells very well, a complete or near complete neuron
reconstruction required further manual proofreading. Therefore, I created a software tool that
allowed me to reconstruct neurons by fixing both agglomeration split and merge errors. A scheme of
the reconstruction procedure is shown in fig 9 (for a detailed description of the proofreading tool see
section 2.3).
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Figure 8. Analysis of the neuron reconstruction procedure. A: The fraction of a neuron represented by its largest
agglomerated object in terms of volume and length. B. The proofreading time scales with skeleton length. Less complex
neurons like the DLINs were by trend faster to reconstruct. C & D: Comparison of volume (C) and neurite length (D)
distribution for DLINs with CD < 3 reconstructed in a non-redundant fashion vs. DLINs reconstructed with two or
threefold redundancy as skeletons first. By trend the redundant reconstructions were larger. This difference is
however not significant (students ttest: volume p=0.38, neurite length p=0.53).

[ used this tool to reconstruct 244 cells. This set comprised 32 PNs, 61 INs of the GL, 36 INs of the PL
and 110 INs of the GCL. Four cells were identified as glial cells by the lack of outbound synapses and
morphological consistence with microglia. A single IN had a segmentation merger, which could not be
split. This did not impair the manual classification and the neuron was treated accordingly for
semi-automatic classification (see section 2.2). Altogether, for the reconstruction of 239 neurons
184,096 split errors and 317 merge errors were corrected.

46



2.4 RESULTS

Initially, I selected putative PNs for reconstruction. From these I identified synaptically connected INs
and reconstructed those INs where the soma was located in the imaged volume. I extended the set by
reconstructing partners of these INs. At later stages in the reconstruction process, I aimed at
increasing the number of representatives of identified or presumed morphological neuron classes.
The choice of neurons was thus biased towards classes connected to PNs and the set of reconstructed
neurons should only coarsely represent the true distribution neuron classes in the OB. The neurons
were preserved to different degrees within the imaged volume: I rated the completeness of neurons
in a cutting degree (CD, see section 2.2.1) from fully preserved (CDO0: 37/239 (15%)), minimally cut
(CD1: 87/239 (36%)), considerably cut (CD2: 72/239 (30%)) to substantially cut (CD3: 43/239
(18%)).

2.4.3 SYNAPSE DETECTION

The resolution of the SBEM and the stain were appropriate for the identification of chemical synapses
[93], but not gap junctions. However, the detailed annotation of synapses also had limitations.
Because of the oversaturation of the lipid plasma membrane with osmium, the protein rich
postsynaptic density was equally stained as other membrane regions and was not unambiguously
identifiable. This prevented a distinction between symmetrical and asymmetrical synapses and thus
the identification of inhibitory and excitatory synapses in this dataset. Moreover, synapse detection
was complicated by the fact that most neurites in the OB are both pre- and postsynaptic structures.
Furthermore, the abundance of vesicles in many neurites made the precise location and direction of
synapses difficult to identify. Additional features such as the fusion of vesicles to the plasma
membrane or a darkening of the synaptic cleft had to be considered as well for synapse annotation.
Because of the high variability in the synapse assignment between and within annotators requires
redundant annotations for reliable synapse detection.

A detailed analysis of synaptic connectivity between OB neurons is beyond the scope of this study.
Nevertheless, inputs and outputs observed for particular morphological cell classes will be described
based on non-redundant annotations of synapses in subsets of neurons. These observations are
therefore not exhaustive but serve as a qualitative description of the richness of interactions of
representatives of a morphological subclass with the surrounding OB network. Focusing primarily on
PN-IN connectivity, | conducted an examination of interactions between INs and PNs within a specific
glomerulus for each identified morphological IN class. This involved searching for contact sites
between pairs of INs and PNs and validating the presence of a synapse in the image data in all or a
subset of contacts (for details see section 2.2.3). An IN-PN connection was defined as broad, if the IN
connected to more than 40% of that PN subtype, i.e,, MC or RC, in a given glomerulus, and otherwise
as selective. Furthermore, the number of contacts between a given IN-PN pair was considered high, if

it exceeded three synapses, and low otherwise.
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Figure 9. Scheme of the reconstruction pipeline: 1. Volumetric segmentations were automatically created by FFNs. To
determine the segmentation version ("checkpoint”) which best reconstructs neurites, manually traced skeletons
served as reference. Juxtaposition of skeletons and segmentation revealed mismatches, which were inspected and
mistakes in the skeletons were corrected. The base segmentation was oversegmented, i.e., biased towards split errors
in order to avoid the introduction of false mergers, which are difficult to correct. 2. The oversegmentation of the base
segmentation was countered by an agglomeration procedure, which combined segment objects presumed to be in the
same neurite. Again, manual skeletons guided the choice of an optimal agglomeration volume. 3. Remaining mistakes
in the agglomeration were corrected by proofreading individual neurons to obtain a full volumetric cell reconstruction.
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2.4.4 MORPHOLOGICAL CLASSIFICATION OF OB
NEURONS

The 239 reconstructed neurons exhibited diverse appearance suggestive of multiple different
morphological classes of both PN and IN. However, little is known about the neuronal diversity in
adult zebrafish OB. To delineate morphological classes, I first used a classical anatomical approach
based on visual inspection. I thoroughly examined and described the reconstructed neurons in a
qualitative manner, considering features across many different levels of detail that range from low
resolution features like the position, size, extent, and shape of the neurite tree to more close-up
features like the frequency and aspect of spines and varicosities, the shape of neurite cross sections
or the surface structures to ultrastructural features like the appearance and distribution of cellular
organelles. In addition, I selectively describe interactions representative of neuron classes. These
interactions comprise not only connections mediated by chemical synapses but also observations of

membrane contacts suggestive of some other form of cell-to-cell communication.

Furthermore, I recorded the presence of an axon or spines. Given omnipresence of pre- and
postsynaptic structures in neurites of OB neurons, the term axon requires definition. The term neurite
was used to refer to any branchlike neuron structure. A neurite was considered an axon if it was
myelinated or comprised a ruff, but also, if it was morphological distinct from other neurites of that
cell with features typical for axons, e.g., a smaller diameter, the absence of spine-like appendages, or
the exclusive presence of presynapses. Following this definition, axons of OB neurons may receive
input and make reciprocal synapses. All other neurites were referred to as dendrites and most
neurons in the OB had dendrites that make outbound synapses.

[ considered a neuron spiny, if it made multiple dendritic protrusions that could be roughly classified
into known spine classes, i.e,, mushroom, thin, stubby and filopodial [149], and if most of these

structures were postsynaptic.

In addition to the description of PNs, I describe ten morphological classes of INs. These IN classes were
denominated according to the respective OB layer in which the majority of reconstructed
representatives of this class occurred and numbered them serially. The first class of INs of the
glomerular layer is e.g., named GLIN1 and so forth. For nomenclature of subclasses, I assigned names
that contained identifying characteristics that distinguish members, e.g. small GLIN1s and large
GLIN1s.
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2.4.5 MORPHOLOGICAL CLASSES IN ADULT
/EBRAFISH OB

PROJECTION NEURONS

Volumetric reconstructions of 32 PNs, 24 MCs and 8 RCs were obtained (CDO0: 8, CD1: 19, CD2: 1,
CD3: 4). PNs were identified based on features described as distinctive for MCs and RCs in the teleost
OB in previous publications [117, 85, 94, 84, 86], namely the location of a comparably large soma in

the glomerular layer, the presence of an axon and a tufted dendritic tree.

THE POSTSYNAPTIC GLOMERULAR ORGANIZATION

The 32 PNs could be divided into five distinct, self-contained groups based on the spatial organization
of their dendritic trees, which overlapped substantially among PNs within each group but not across
groups. To verify that the emergence of these structures was not a result of a bias towards neighboring
neurons selected for reconstruction, an additional 54 PNs (45 MCs, 9 RCs) were coarsely proofread.
In addition, six orphan branches identified as MC dendrites were reconstructed, to better delineate
assemblies located at the border of the imaged volume. The coarse proofreading involved the removal
of all obvious topological mergers and the fixing of splits to a degree that revealed the overall dendritic
topology of the cell. This included correcting splits in major branches, carefully scanning the outline
of the dendrites and adding all split branches found, but not thoroughly tracing along all the branches.
Due to morphological differences (see 1. CLASSES OF PROJECT NEURONS) this form of reconstruction

results in a higher level of incompleteness for RCs than MCs. These reconstructions lack completeness
in the fine structure and do not qualify for a quantitative connectomic analysis, but they are
sufficiently precise to determine the morphological subtype and to appreciate the spatial extent of the

dendritic tree.

The addition of the coarsely reconstructed cells confirmed the presence of the five self-contained
dendritic assemblies and also revealed the presence of five additional clusters. The spatial
organization of the dendrites suggests that members of a particular assembly share local in- and
output through their dendritic synapses. Common OSN input to several PNs was confirmed. These
clusters are henceforward referred to as glomeruli. The ten glomeruli were densely packed,
nevertheless discrete, and filled almost the entire ventro-lateral GL in the stack. The composition of
cells, the level of completeness in their representation and reconstruction, as well as the extent of each

glomerulus is summarized in table 3.
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Figure 10. Glomeruli within the imaged volume. A: Embedding of the imaged volume within a grid of 50 um oriented to
the animal’s body axis. All glomeruli are shown from the anterior side. B: View onto all glomeruli from posterior to
anterior (top), dorso-lateral to ventro-medial (bottom left) & ventro-media to dorso-lateral (bottom right). C Higher
resolution image of all glomeruli from the anterior side. Inset: Close-up on M45D45A1 (dark blue, top) and M5D5A12
(light blue, bottom), glomeruli were well-separated and self-contained structures. D: Some large and intermediate
MCs were potentially multiglomerular projecting a large neurite out of the imaged volume (arrows). Scale bars: 50 pm
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width | depth | height
glomerulus | MC | RC | cDo | cb1 | cb2 | cp3 P g
[um] [um] [um]
4 CR 2CR 3 3
M56D56A2 85 75 55-60
1ICR 1 3 5 2
4 CR 4
M45D56A1 60 45 30
3ICR 2ICR 3 1 1
11CR 2CR 5 5 3
M5D5A12 80 70 40
2ICR 2
2CR 3CR 4 1
M45D45A1 70 40 30
TICR 1 5 1
M5D4A12 4ICR 1ICR 2 1 1 1 40 60 20-30
3CR 3
M67D45A12 75 80 50-60
7ICR 2ICR 1 5 2 1
M6D45AT 5ICR 1ICR 1 1 4 40-50 20 20-30
M456D4A1 3ICR 2ICR 5 70 30 30
M45D4A2 TICR 1 4 2 60 25 30
1CR 1
M6D34A12 30 60 30-40
2 ICR 1ICR 1 2

Table 3. Overview of glomeruli identified in the OB volume and numbers of associated PNs. Abbreviations:
ICR: incompletely reconstructed, CR: completely reconstructed, CD: cutting degree, MC: mitral cell, PN: projection
neuron, RC: ruffed cell.

In the context of this study, these glomeruli are labelled according to their position within a grid which
is superimposed onto the imaged volume and has its origin at the anterior, medial and dorsal extreme
of the stack (Fig. 10A). The medial to lateral axis and the dorsal to ventral axis are unitized into eight
and seven sections of 50 um, respectively. The anterior to posterior axis is split into two 49 um
sections. Thus, the M45D56A1 is a glomerulus which covers the 4th and 5th section along the medio-
lateral axis, the 5th and 6th section along the dorso-ventral axis and remains within the first section
of the anterior-posterior axis.

Located at the most ventral side, this well-defined glomerulus of moderate size enfolded an ovoid
volume formed by the dendritic arbors of nine PNs. It was slightly cut at the left and anterior border
of the image stack. In its center, M45D56A1 exhibited a hole through which a bundle of seven thick
MC dendrites projected (Fig. 11B). M56D56A2 was a large glomerulus formed by 17 PNs which
assembled their dendrites into a large ellipsoid with a closed surface to the ventral, medial, and
anterior side, but cuts at the posterior side. The dorso-lateral and posterior side of this glomerulus
displayed holes, where further PN reconstructions were missing. Two large MCs of this glomerulus
projected a thick dendritic branch outside the glomerular and imaged volume (Fig. 11A). The central
M5D5A12 was the best-preserved glomerulus with only minor cuts at the anterior side. It was
constituted by 15 PNs which assembled to a large tassel, (Fig. 11K). At its medio-dorsal side lay
M45D45A1, a large glomerulus composed of 12 PNs and notably cut at the anterior side (Fig. 11C).
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A M56D56A2 M45D56A1 C M45D45AT

"}

M5D5A12

Figure 11. Individual glomeruli identified within the imaged volume (A-J). K: The central glomerulus M5D5A12 consisted
of three PN subgroups (top right): Two self-contained subcompartments formed by eight and two PNs, respectively
(bottom Left) were linked by five large PNs projecting to both compartments (bottom right). Scale bars: 50 um.
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M5D4A12 was made up by five PNs, very compact and only slightly cut at the anterior side (Fig. 11D).
M67D45A12 was a large, globular structure constituted by 12 PNs that was somewhat truncated at
the posterior side (Fig. 11F). Four further glomeruli, M45D4A2, M6D34A12, M6D45A1 and
M456D4A1, were located on the dorso-lateral portion of the imaged volume. These glomeruli were all
only partially represented in the image stack and their true size could not be assessed (Fig. 11E, G-]).
M45D4A2 also comprises at least one RC, which has, however, not been reconstructed, because of a
severe merger with a glial cell that could not be corrected. None of the glomeruli were reconstructed
to the entirety of the PNs they were composed of.

The sister cells belonging to one group substantially overlapped in the projection of their dendrites.
With very few exceptions, MCs were entirely confined to one glomerulus, despite the close proximity
to other glomeruli (Fig. 10B). A few RCs extended isolated dendrites out of the glomerulus. A closer
examination of the central glomerulus, M5D5A12, indicated that the group might be composed of two
subcompartments of eight and two PNs, respectively, which were joined by five larger members.
These larger members themselves showed a bias towards projecting the majority of their dendrite to
only one of the subcompartments, thus, creating a link through a single, yet still massive subbranch
(Fig. 11K). Similar subcompartmentalization are present in two further, large glomeruli (not shown):
The two compartments of M56D56A2 were made up by ten and two PNs, respectively, linked through
five larger MCs. In M67D45A12, the overlap was much smaller with one MC joining two
subcompartments composed of seven and three PNs, respectively.

Locally, neurons belonging to one glomerulus did not show a pronounced tendency to project their

axons in a common direction.

|. CLASSES OF PROJECTION NEURONS
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small MC 8 | ++ | 542:221 | 2008 | 217£68 | 1N0212 [ 1(+) | +++ i
MC | intermediate MC 4 + mé + 350 4107 394 £ 69 12915 | 1(+) | +++ +t
large MC 12 - 1958522 | 7015 | 67+244 | 15.2+28 1 e .
RC 8 - 186318 | 6.3+20 | 633109 | 141214 | 1 * -

Table 4. Selected features of PNs. Abbreviations: -: absent, +: present, ++: pronounced, +++: very pronounced. Numbers
given as mean = standard deviation.
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All glomeruli were composed of various quite distinct morphological subtypes of PNs that will be
described in the following. Previous studies have subdivided zebrafish MCs based on the number of
primary dendrites [81] or based on the number of glomeruli they innervate [83]. Here,  describe three
morphological subclasses of MCs as well as RCs in detail. A schematic of PN classes that are part of a
given glomerulus in zebrafish OB is shown in fig. 12, table 4 summarizes the main morphological
features of these (sub)classes. The MC subclasses differed most notably in size (see table 4, fig. 13),

but also expressed variation in some other morphological features.

PL
>
<4

f intermediate
) MC

GL

Figure 12. Schematic representation of PN classes of a glomerulus.

MITRAL CELLS

Before describing differences between MC subclasses, | will summarize their common features.

Morphology

The somata of MCs were located in considerable distance to the glomerulus they innervate, with sister
MCs being distributed to all sides of the glomerulus. The cell bodies were confined to the GL and most
superficial PL. Many MC somata were located at the very surface of the OB, where no cell bodies of
other neurons could be found. MCs somata displayed a large diversity in shape: ovoid, triangular,
globular and soma of very irregular outline were observed. The soma size varied across subclasses
with cell size (see Fig. 13B). The nuclei were large, predominantly ovoid, frequently displayed a

wrinkled and indented surface and contained several large nucleoli (see fig. 14D). The amount of
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cytoplasm immediately surrounding the nucleus differed substantially between cells and seemed to
relate to the overall soma size only loosely. In cells in which the nucleus was separated from the
plasma membrane by only a thin layer, one or more large bulges of cytoplasm could be found at either
pole of the soma, usually where a primary dendrite emanated. The perikarya were full of organelles.
A myriad of ER cisternae, plenty of mitochondria, as well as lysosomes and endosomes at different
stages could be observed. Multiple Golgi apparatus were noticeable, usually, but not exclusively,
accumulating at the base of a primary dendrite. In larger cells with massive primary dendrites,
organelles of the perikaryon spread well into the dendrite. In most MCs (24/25) a single primary
cilium could be identified. These cilia arose from the soma or the base of the main dendrites, projected

into the surrounding cytosol and were of medium length (0.5 - 4 pm, X * 0: 2.7 + 0.8 pum).

The axon could arise from either soma or a larger dendrite. Axons emanating from the soma could be
recognized by the (relative) lack of cellular organelles reaching into the emerging branch and by their
small diameter in comparison to dendrites. This relationship held across subclasses though the
effective initial diameter varied from ~500 nm in small MCs to > 1 pm in large MCs. When the axon
emerged from a dendrite, it usually branched off before the process ramified into a bushy dendrite.
However, in rare cases a process also gave rise to several tufty side branches before tapering off and
adopting an axonal appearance. The axons of 16 MCs exhibited myelination within the imaged volume.
Axons usually travelled over tens of um, before becoming myelinated. The direction of axons had a
bias for a lateral projection. There was no pronounced tendency of axons to align or to form bundles,
sometimes, though, myelinated axons travelled over some distance in small groups of <5 (see fig 15A).
Due to the limited size of the stack, it could not be determined whether the tendency to fasciculate
was more pronounced as MC axons approached their exit points of the OB. With the exception of
two intermediate MCs, local collateralization had only been observed for members of the small MC

subclass.

The most distinct feature of MC dendrites was the high variance in diameter due to frequent dilations
and shrinking along the entire dendritic tree. This became particularly pronounced in distal processes
of higher branch order, where thin, sometimes filamentous dendrites abruptly broadened into large
varicosities (see fig 14B). In contrast to other neurites with repeated varicosities (see e.g., DLIN2), the
structure of these branches did not resemble a pearl necklace. The varicosities were irregular in shape,
uneven or ragged in surface and occasionally bore various excrescences. Very often these
enlargements gave rise to several subbranches. The cytosolic composition distinguished these
dendritic varicosities as sites of synaptic interaction (see fig. 14E). They contained at least one, but
usually many, dark mitochondria of different sizes immersed in a large volume of cytosol. Further, an
abundances of membrane structures of varying sizes and shapes could be found. Extensive membrane
sacs with large lumen, often darkly stained, could be identified as cisternae of the ER. Smaller vesicular
structures, clearly larger than synaptic vesicles, some globular, some rather ellipsoid, were scattered
through the cytosol, often intermingling with synaptic vesicle clouds. These might be clathrin-coated

reuptake vesicles, endosomes, or secretory vesicles. Synaptic vesicles were globular and appeared
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larger than those found in neighboring IN. In many cases they were so numerous that it was difficult
to distinctly outline a vesicle cloud and assign it to a specific synapse. MC dendrites did not taper
towards the tip branches, but rather terminated in rod-shaped, sometimes bulbous structures. These
rods were usually the location of sensory input (see fig. 14B). Despite the absence of any presynaptic
structure many vesicles of the size and shape of synaptic vesicles were loosely distributed in the

cytosol.

Large Mitral Cells

This subclass comprises 12 completely and ten coarsely reconstructed cells. Large MCs were massive
compared to other neurons in zebrafish OB (soma size: ¢: 12 - 24 pm, X * 0: 15.2 + 2.8 pum). Another
characteristic was the rough, uneven, and craggy texture covering the entire cell except for the axon
(2: 0.75-2 um, X * 0: 1.1 + .4 pm, see e.g., orange MC in fig 14). The surface often exhibited irregular
indentations and fissures and bore pointy or frazzled excrescences, which did not resemble spines.
Somata were mainly ovoid or triangular in shape and smoothly transition into large, primary
dendrites, which had a diameter of up to 8 pm at their base (¢: 1 - 8 um, ¥ * : 3.3 £ 1.9 um). In some
cells additional smaller dendrites arose from the soma to form a single, tufty branch. The primary
processes usually maintained a large diameter along their entire length and did not taper off quickly
(see e.g., orange MC in fig 14). The outline of the dendritic tree was more or less globular or bushy.
Due to the heavy subbranching and the large varicosities, the morphology of the dendrites was highly

complex and dense within the occupied volume.

Intermediate Mitral Cells

Four of the completely reconstructed MCs and 20 incompletely reconstructed neurons were
categorized as intermediate cells (see fig. 14A). Their somata were of medium size (g: 10 - 18 um,
X £0:12.9 £ 1.5 um) with irregular shapes and usually small perikarya dominating. These MCs were
characterized by an overall finer and more delicate appearance of the dendrite, which occupied a
smaller volume than the large MCs. The processes were still uneven and varicose and varied in
perimeter, but despite occasional pointy excrescences, the surface of soma and dendrites appeared
smoother. Intermediate MCs had two or more, long primary dendrites of medium diameter
(#:0.75-4.5pum, X £+ 0: 2 + 1 um) that started ramifying after a considerable path length. These
sometimes bent back, resulting in an overall tufty and bushy dendrite, which was still large, but the
volume was not densely occupied with subbranches. Alternatively, they stretched out and diverged

into a paint brush tip-like structure with the soma quite remote from the dendritic tuft.

Small Mitral Cells
[ classified eight of the fully and 13 of the coarsely reconstructed PNs as small MCs (see fig. 14B). The

somata of these cells were round or triangular and small in size and volume (g: 9 - 13 pm, X * o:

11 # 1.2 um). One noteworthy feature of small MCs was the morphology of the axon. Axons could be

identified in 18 of 22 small MCs and emerged as fine processes (X + ¢: 0.5 * 0.2 pm) from the soma or,

rarely, the primary dendrite. About half of them made local collaterals, which remained in the GL but

occupied neuropil volumes distinct from the dendrite. Most axons bore bulbar varicosities, often with
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short, pointy, filamentous processes (see e.g., red MC fig. 14B). These varicosities were quite distinct
from dendritic varicosities and often resembled the varicose enlargements observed at the axons of
the GLIN1 (see GLIN1). Both pre- and postsynaptic sites were present in these varicosities. None of
the axons of small MCs showed myelination before reaching the stack boundaries. Most small MCs had
multiple primary dendrites (¢: 0.3 - 4.5 um, X + 0: 1.7 + 1.1 pm). The dendrites of most neurons
occupied a volume of roughly globular shape, they were bushy and spread out close to the soma. Their
appearance was delicate in comparison to the large MC subclasses. There was a large variation in the
density of neurites within the dendritic volume; while some cells ramified intensely, others were very

sparse.
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Figure 13. The morphology of MC subclasses in comparison. A: Examples of a large (left), intermediate (middle) and
small MC (right). B. The individual (sub)classes of PNs showed differences across many morphological features, shown
here exemplarily neurite length, soma volume and tip ratio.
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Figure 14. Morphology of large MCs at the example of two large MCs of glomerulus M67D45A12 (blue) and glomerulus
M67D45A12 (orange). Insets: A: MC axons occasionally travelled in small bundles. B: Close-up on the distal dendrites
with varicosities separated by thin dendrites. C: Sensory input onto a terminal dendritic enlargement (red arrow). D:
An abundance of ER, mitochondria and vacuoles was found in the perikaryon. The Golgi apparatus stretched well into
the proximal dendrite. E: Cross section of a distal varicosity in which of many in- and outbound synapses were found.
Some synapses were reciprocal (asterisk). Scale bars: A, C, E: 1 um, B, D: 5 um

Interactions With Other Cells

Apart from one small and one large MC, which spread minor parts of their dendrites into a second

glomerulus, all MCs were clearly monoglomerular. In glomeruli with multiple compartments only
large and intermediate MCs were found to cross compartment boundaries. However, there were
seven MCs that project a neurite of large diameter outside of the imaged volume (see Fig. 10D). From
the topology of their dendrites, I assume that these MCs innervated remote glomeruli. Thus,
multiglomerular MCs may exist, but they appeared to represent a minority of MCs.

For a small subset of MCs of this dataset broad synapse types, i.e., inbound, outbound, reciprocal, and
sensory synapses, and their respective distribution had been described previously [90], confirming
sensory input to target exclusively the distal most parts of MC dendrites, but revealing no pattern in
the distribution of other synapse types. However, the identity of the synaptically connected neurons
was not determined. In a qualitative examination, I found MCs to be connected to almost all
morphological classes of INs described below. These findings are summarized in fig. 54. The large
majority of these connections were made through dendro-dendritic synapses, and reciprocal synapses
between MCs and members of eight of ten IN classes were found. There appeared to be two classes of
outbound synapses made by MCs: synapses with small active zones and vesicle clouds were
predominantly found in the large primary dendrite shafts and very voluminous varicosities. Larger
synapses with large vesicle clouds were found primarily in the more distal varicosities (see fig 14E).

An example of a large MC with all identified fully reconstructed partners is shown in fig 16.

The small MC subclass stood out by obvious local, axonal synapses. The axon collaterals of small MCs
extended in GL and PL and did not overlap with the glomerulus innervated by the dendrites. I
examined the local interactions qualitatively by tracing along all their collaterals and inspecting
synaptic partners for one small MCs each of M45D4A2, M5D5A12 and M56D56A2. One of these cells
stood out by a high frequency of vesicles along the entire axon. Distinct in- and output synapses
appeared, however, restricted to the bulbar varicosities. The three MCs made axonal connections with
a multitude of different INs (13, 26 and 47 connected neurites, respectively). Output synapses were
more frequent than input synapses. The majority of connected partners were short neurite fragments
that remained unidentified, many of which showed morphological features of the distal dendrites of
DLINs and some PLINs (see below). Among the identifiable partners were INs from all layers of OB.
These INs could innervate both the same and different glomeruli than the respective MC. Input was

given to the dendrites of GLIN2s (see below), which also received input from dendritic synapses of the

same small MCs. One MC gave input to the dendrites of a large GLIN1 (see below). I identified several
vPLIN3s and multiple DLIN2s of different subclasses receiving input or making reciprocal synapses

with the small MCs. Notably, none of the small MC axons received sensory input.
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Figure 15. Morphology of intermediate (A) and small MCs (B) demonstrated by five cells. Scale bars insets: 5 um.
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Figure 16. Connectivity of MCs. A large MC (light blue) and 18 identified, reconstructed partners. The MC connected
reciprocally to several representatives of all DLIN classes (yellow, orange, red), several PLIN3s (green) and a GLIN3
(purple) and gave input to several GLIN2s (dark blue) and a RC (pink). A. MC gave input to a filiform appendage of a
GLIN2, it made multiple connections with this IN within the glomerulus. B. The MC made several reciprocal, as well as
unidirectional in~ and output synapses with a small GLIN3. C. A PLIN3 gave input to a proximal dendrite of the MC.
Other representatives of this class received input from this MC or were reciprocally connected. D. A synapse onto the
tip of an RC neurite. Synapses onto RCs were usually very small. E. A synapse from a rough DLIN1 onto the MC. This
IN also gave input to the GLIN3, which connected reciprocally to the MC. F. Input from a DLIN3 onto the MC. DLINs often
enveloped MC dendrites and made very large synapses onto MCs. G. A reciprocal synapse with a DLIN2. Scale bar
insets: 1.5 um.

RUFFED CELLS

Morphology

First described in the OB of goldfish by Kosaka & Hama in 1979 [39], RCs have been reported in a
multitude of other teleosts including zebrafish [150, 151, 152, 94]. RCs were characterized by the
name-giving ruff, a structure of extensive protrusions at the axon initial portion with reciprocal
synapses to local INs. They were described to make altogether few synapses with other neurons,
surround mitral cell dendrites in a glial fashion and are expected not to receive OSN input [117, 153,
95]. I reconstructed eight RCs in detail and did a coarse reconstruction of an additional nine RCs. One
of the completely reconstructed neurons was cut right at the base of its axon and its ruff was not
preserved in the imaged volume. However, the cell was identified as an RC by the morphology of its
dendrite. All other fully reconstructed RCs were either completely represented in the stack or only

minimally cut (CD0:1, CD1: 6, CD2: 1). An overview on RC morphology is given in fig. 17.

RC somata could be identified with high reliability from the outline and make-up of the cytosolic
composition of the perikaryon. The RC somata were densely populated with cellular organelles. Most
characteristic was the ER, which formed concentric circles following the circular outline of the soma
and traced a labyrinth into the perikaryon. Each soma contained multiple Golgi apparatus, which were
typically not located at the base of emerging neurites but were rather embedded between the “walls”
of the ER labyrinth. Endosomes and lysosomes were found, and the cytosol was filled with vesicles of
various sizes and shapes. A myriad of mitochondria was located in the soma. These varied in size and
shape, but they were typically smaller in diameter than the ones found in MCs. Characteristic for RC
mitochondria was the light staining of the matrix that contrasted the christae and their round outline.
The somata of RCs were globular and of medium to large size (¢: 12 - 16 um, X + 0: 14.1 + 1.4 pm).
They were distributed in the GL and superficial PL. The surface was mostly smooth and bore only a
few short, thin, sometimes sheath-like excrescences that were neither pre- nor postsynaptic. RC cell
bodies showed a tendency to be positioned deep with respect to the glomerulus they innervated with
their dendrite. All RCs possessed at least one primary cilium. In most RCs (5/8), however, two primary
cilia emerged from the soma in immediate proximity to each other (fig. 18E). On average, RC cilia were
the longest of all OB neuron classes (2.5 - 6.5 um, X * o: 4.6 + 1.3 um). The cilia often bent towards the
soma and took a course parallel to the cell body (fig. 18E).

63



2.4 RESULTS

A

Overview on RC
morphology

Figure 17. Overview on RC morphology. A. Seven completely reconstructed RCs. B. Immersion of three RCs in
glomerulus M45D45A1. The ruffs were projected into neuropil deep to the glomerulus in PL. Scale bar: 15 pm.
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The axon generally arose at the pole facing the deep layers and opposing the base of the primary
dendrite(s). It was usually small in diameter (g: 0.5 - 1.25 um, i * 0: 0.9 + 0.2 pm) and in contrast to
MC axons the base was filled with ER and vesicles of all sizes. Axons were initially directed towards
the deeper layers, but then tended to bend laterally within the deep GL or superficial PL. Few
collaterals and no myelination was observed within the imaged volume in the set of reconstructed
RCs. In contrast to many other teleost species, in which the initial portion (IP) of the axon preceding
the ruff may vary a lot in length [152, 151, 94], Here, the ruff was found to emanate within the first
5 um of the axon, consistent with observations by Fuller & Byrd [94]. The ruff had a cylindrical or
conical outline and extended over a length of 25 to 35 pum on the axon (fig. 17A). It consisted of
multiple branchlike protrusions radiating all around the axon and typically ending in amorphous,
varicose enlargements. With increasing distance to the soma, the ruff protrusions tended to become
shorter and sparsen out. The protrusions diverged frequently and intermingled strongly, thus densely
filling the volume delineated by the ruff. With their variance in diameter and their bumpy surface
these branches were reminiscent of MC dendrites. However, they did not possess any pointy or frizzy
excrescences, but showed rather rounded indentations and bulges. The cytosol of the ruff was filled
with vacuoles, vesicles of various sizes, mitochondria, and ER christae with voluminous lumen. The
central axonal strand could be made out because it accumulated large vesicles and was permeated by
microtubules (fig 18C). Small and round synaptic vesicles filled the ruff protrusions and due to the
small size of synaptic vesicle clouds, individual presynaptic sites were often hard to determine
(fig 18A).

The dendritic tree of RCs was extensive and spanned a large volume. Due to the heavy branching
combined with the delicacy of their branches, the topological outline of RC dendrites was reminiscent
of a feather duster or besom that spreads towards the superficial parts of the GL. Primary dendrites
emerged at the superficial pole of the RC soma. The majority of cells (9/13) gave rise to a single large
primary dendrite (g: 1.0 - 4.5 um, X £+ 0: 2.3 £ 1.0 um) that branched immediately at its base into
several sub-branches. These sub-branches branched mainly asymmetrically and could thus be clearly
distinguished throughout their entire length. They were of moderate to small diameter, <1 um, and
tapered off with distance to soma. They were characterized by frequent large vesicular membrane
structures, ER, mitochondria and clearly visible microtubule. This was not seen in the finer branches
and in the small twigs, which covered the shafts in larger numbers. The finer branches were very
delicate and had diameters of typically 100-200 nm. They meandered tortuously and often gave rise
to sub-branches, but even more frequently to short twigs. Atirregular intervals they dilated into round
bulbar enlargements, giving rise to a beaded appearance of the dendrite. These enlargements were
densely packed with mitochondria displaying a characteristic lightly stained intermembrane space.
Almost no cytosol surrounded these mitochondria. Usually, multiple sub-branches or twigs originate
from a bulbar enlargement. The RC distal branches and twigs were characterized by a very bright
cytosol, rarely small strands of ER and no vesicles were found. This suggests that RC dendrites, in

contrast to many other cell classes in the OB, are purely post-synaptic.
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Figure 18. Details of RC morphology. A: Cross section through the ruff and soma: the ruff covered in large volume of
neuropil. B. Cross section of the soma showing the ER labyrinth and myriad organelles of the endomembrane system.
C: The axon emerging from the soma was distinguished by large vesicular structures. D: The distal dendrites displayed
bulbous enlargements containing the RC typical light mitochondria and thin tip branches. E: Close up on the soma of a
RC from which two primary cilia arose (see arrows) F: Some RCs made excessive tip branches that wrapped around
each other forming extraordinary structures. Scale bar: 1.5 um.

The dendritic twigs were the most distinguishing feature of the RC dendrite, on average 54 + 3% of a
RCs skeletal length was contributed by twigs. They were thin and short, yet tortuous and typically end
inarounded head (fig. 18D). In a subset of RCs, the shafts of bigger dendrites were completely covered
by twigs resulting in a very uneven appearance while other RCs gave rise to twigs predominantly in
their distal dendrite. The twigs could be postsynaptic to IN or sensory axons, but often, they wrapped
around other neurites and squeezed into synapses between two other neurons (fig. 20). Occasionally,
the twigs were observed to wrap intensely around each other, which gave rise to the peculiar
structures (fig. 18F).

Interactions With Other Neurons

Even in the most superficially positioned RCs the ruff extended into a volume of GL or PL neuropil,
which was devoid of sensory axon terminals. The RC dendrite, in contrast, was fully immersed into a
single glomerulus or glomerular compartment with only minor tip branches occasionally extending
beyond. Early EM studies in goldfish suggested that RCs did not receive sensory input [85]. I found
numerous synapses from sensory axons onto the RCs; these targeted predominantly the thin, terminal
dendritic branches. Sensory synapses were, however, far less prominent than the inputs to MCs, first,
in frequency and second, in their size (fig. 19B.2).

An intriguing aspect of the RC-glomerular interaction was their interplay with MCs: The delicate RC
dendrites grew alongside and heavily entwined with MC dendrites, wrapping their thin side branches
around the larger MC neurites (fig. 19A.1-3, B.1). This tight interaction was often stretched across a
few microns of dendrite length, and usually observed across several distinct dendrite sections in a
given MC-RC pair. Notably, RCs made this type of interaction with several MCs indiscriminate of MC
subclass but not all MCs within the glomerulus or glomerular subcompartments they innervated.
Despite this ample contact synapses were sparse and not of high confidence. Instead, RC dendrites
were often found in close proximity to MC synapses onto interneurons (fig. 19A.2). RCs and MCs also
received shared sensory and IN input.

RCs received substantial input from diverse INs of all layers on their dendritic tree (fig. 20). On their
ruff these cells synapsed onto many INs, often reciprocally. A summary of a qualitative analysis of the

RC interaction with INs is given in fig. 54.

Figure 19 (next page). Interaction between RCs and MCs. A. A RC (turquoise) received input from four different MCs of
glomerulus M45D45A1. The RC tightly wrapped around the MC dendrites at multiple locations (A.1-A.4, 3D, A.1. bottom
image, A.2 left image). The synapses from MCs to RCs were small (images A.l. top, A.3, A.4, arrows). RC dendrites
“squeezed” in vicinity of MC synapses onto INs (A.2 image bottom, A3 image) and received input from the partners INs
as well (A.2 image bottom, arrows). B: A RC of M5D5A12 (red) was tightly associated with an MC (overview, B.1). Both
PNs received shared sensory input. Sensory synapses onto RCs were notably smaller than those on MCs (B.2). Scale
bars 1.5 um
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Figure 20. Connectivity between RCs and INs. Example of a RC (turquoise) connected to 21 reconstructed INs. The RC
was reciprocally connected to several representatives of DLIN1s (red) and DLIN2s (orange), several PLIN4s (light blue)
and a PLIN1 (dark green). It received input from a PLIN3 (light green) and a GLIN3 (pink). The RC was presynaptic to
several GLIN1s (purple) and a DLIN3 (yellow). This RC also received input from four MCs (see fig. 19). A. The RC received
input from a GLIN3 at two locations. B. Reciprocal synapse with a PLIN4 at the ruff. This RC was connected to several
PLIN4, either reciprocally or as presynaptic neuron to the PLIN4. C. Input from a PLIN3 onto a dendritic varicosity of
the RC. D. Several reciprocal synapses with a PLIN1 were found. E. The RC gave input to a DLIN3 through a single
synapse. F. A reciprocal synapse with a sparsely spiny DLIN1. Connections with five other DLIN1 of all subclasses were
found, these include both reciprocal and unidirectional input connections G. A DLIN2 was reciprocally connected to the
RC. The RC connected to five other DLIN2s. These connections involved reciprocal as well as in~ and output
connections. H. The RC gave input to a small GLIN1. The same DLIN2 as in G gave input to this sGLIN1 in vicinity. Scale
bars insets: 1.5 um.
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Figure 21. Schematic representation of IN classes in GL and their association to a glomerulus formed by PNs.

Due to the smooth transition between layers in the zebrafish OB the mapping of neurons to a
particular layer was ambiguous. In addition, many of the superficial neurons were periglomerular and
their somata were positioned in the vicinity of a glomerulus. Thus, neurons innervating deeper
glomeruli often have their soma in PL. I consider a morphological class as part of GL, if the majority of
the neurite mass targeted the GL and if at least one representative had its soma in GL. I describe three
distinct morphological classes of INs in the GL, that are schematized in fig. 21. The GLIN1s comprises
31 neurons that were characterized by an overall small size, a spherical, mainly bushy dendrite, and
the presence of a collateralizing axon. This class can be divided into two subclasses that can be

distinguished mainly with respect to size. The smaller subclass of GLIN1s further stood out by an

70



2.4 RESULTS

intriguing interaction with RCs. The GLINZs constitute a group of 18 large, axon-bearing INs, which
were characterized by the presence of frequent, filiform, spine-like appendages. The third class, the
GLIN3s, is composed of 11 axonless INs of varying size which possessed a spiny proximal dendrite
and a bushy, beaded distal dendritic ramification. All GLINs were mainly monoglomerular. A brief

summary of morphological characteristics is given in table 5.
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Table 5. Features of GLIN classes. Abbreviations: -: absent, +: present, ++: pronounced, +++: very pronounced. Numbers
given as mean t standard deviation.

GLIN CLAss |

The first morphological class of GLINs (GLIN1) was composed of 31 small INs most of which were
completely contained in the imaged volume (CDO: 26, CD1: 5).

Morphology

The GLIN1s represented the smallest neurons observed in the examined volumes. Their somata were
found throughout the GL, though they appeared more frequently in the deeper GL and superficial PL.
GLIN1s were found in small groups of three to five neurons near an RC; very often they sat directly on
the RC soma or the ruff (fig. 23A). The somata were small (g: 7 - 9 um, x * 6: 7.6 = 0.6 pm) and ovoid
or irregular in shape, rarely globular. Those cell bodies occurring in clusters were usually flattened at
one or more sides. The nucleus filled the perikaryon almost completely and often exhibited profound
invaginations of the cytoplasm. Cytosol was abundant at the base of the primary dendrite(s), where
cellular organelles accumulated: endosomes, lysosomes, and various large vesicles, usually a single
Golgi apparatus and few long strands of ER, as well as some small to medium-sized mitochondria. The
mitochondria resembled those observed in RCs with a very light staining of the matrix. They were
occasionally also found in other parts of the cell body, squeezed into the small cytoplasm space
between nucleus and plasma membrane. The surface of the soma was smooth and, in most cases, did
not exhibit any spine-like protrusions or indentations, except for occasional small twigs or sheath-like
excrescences. These twigs squeezed in between the dense neuropil surrounding its soma and the ruff
of an associated RC or wrapped around neurites and could receive synaptic input from multiple

neurites. No outbound synapses from the soma were observed. However, occasional inputs from
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neurites reminiscent of distal neurites of deep layer INs could be found. Short primary cilia were found
in 21 of 31 GLIN1s (0.2 - 2 um, X * o: 1.1 + 0.5 pm), 7 of these cells gave also rise to a second nearby
cilium (fig. 22A). In three cells without observable cilium centrioles were found in the perikaryon.

The axons of most GLIN1s were fully represented in the imaged volume and originated from the soma
in 24 of 31 neurons as a very thin branch (g: 100 - 500 nm). In the other neurons, it could arise at any
position along the dendrite. The direction of axonal projections showed no obvious pattern. However,
by trend GLIN1s belonging to the same cluster occupied a shared volume in their axonal spread. All
axons collateralized frequently, projecting throughout the GL, PL and in some cases, collaterals
reached into the superficial GCL. At irregular intervals these axons displayed enlargements of non-
uniform appearance. The majority of neurons showed voluminous enlargements of variable length
along the collaterals, whereas in a subset rather flat and sheath-like enlargements dominated. The
latter wrapped around other neurites, while the voluminous enlargements often exhibit grooves, in
which neurites of other cells are imbedded. The varicosities typically contained one or more
mitochondria and small, round synaptic vesicles were dispersed through the cytosol. The axonal
enlargements were typically sites of synaptic interaction with other superficial and deep INs. These
synapses were predominantly reciprocal, but unidirectional pre- or post-synapses were also present.
The voluminous enlargements usually carried one or several very thin (100-200 nm) extremities,

which protruded into the surrounding neuropil. Occasional synapses onto these twigs were observed.

The GLIN1s expressed a large variability in dendritic topology in terms of spread and size. This also
seemed to correlate with soma size. This morphological class could therefore be subdivided into two
subclasses, which also functionally differed in the way they interacted with RCs (see below).

Most neurons (23 of 31) belonged to the subclass of smaller GLIN1s (sGLIN1). Characteristically, their
dendrite spread directly adjacent to their soma (X + 0: 7.5+ 0.6 um) and encompassed a small,
globular volume on the order of 15 - 30 pum. The extent to which the dendritic branches filled this
volume varied substantially. For the more prominent, denser, bushy versions, either a single dendrite
that ramified immediately arose from the soma, or up to four dendrites emerged in close proximity of
each other. The dendrites were already thin at their base (¢: 300 - 500 nm) and tapered off further to
an average diameter between 100 and 200 nm. Similar to RC dendrites, short, meandrous twigs
emerged from dendritic branches and sub-branches. Another similarity to RC dendrites exhibited by
a subset of GLIN1s was the bulbous enlargements containing mitochondria (fig. 22). However, they
were far less frequent than in RCs. The dendritic cytosol contained occasional strands of ER, but

appeared to be devoid of any vesicles, suggesting that the dendrite of these cells is purely postsynaptic.

Figure 22 (next page). Morphology of GLINIs. Three large (top) & three small GLIN1s (bottom). The two subclasses
shared overall morphology but differed in size and distance between soma and dendrite. A: Close up on a soma of a
IGLIN1 from which two small primary cilia emerge (see arrows). B: Detail of the GLIN1 dendrite displaying bulbar
enlargement with light mitochondria. C: Detail of axonal enlargement(s) which made a reciprocal synapse. D: Cross of
a soma of a sGLIN1. Scale bars A-D: 1.5 um.
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While the majority of sGLIN1s (15 /23) had their soma in small cell clusters, the eight representatives
of the larger subtype (IGLIN1) lay either freely in the neuropil or were attached to a RC. The somata
of these cells were slightly larger (x + 0: 7.9 # 0.6 um). The dendrite of these cells emerged as a single
stalk, which ramified only at some distance from the soma. Apart from spreading over a larger volume,

the dendrite resembled the dendrite of the smaller subtypes topologically (fig. 22).

Interactions With Other Neurons

Most characteristic for this IN class was their interaction with RC. In particular, most sGLIN1s
interacted intimately with one or more reconstructed RCs (20 of 23 INs). These neurons were
clustered in small groups that sat directly on a RC soma or adjacent to the ruff and immersed their
dendrite fully into the ruff (fig. 23A, B). The appearance of this interaction was reminiscent of creeper
plant climbing a tree by attaching with their tendrils: The dendritic branches of GLIN1s were closely
attached to the RC, entwining the ruff branches and protrusions by clasping the RC neurites with the
small twigs. Despite this vast amount of contact sites, very few distinct synapses from the ruff onto
the IN dendrite were identified. Often, the small twigs of the IN protruded into the immediate vicinity
of a synapse between a RC and another neurite. This made it difficult to distinguish whether RC
vesicles next to the membrane contacted by GLIN1s formed an independent synapse or whether they
belonged to the vesicle pool of the adjacent synapse with the other neurite. Yet, there were
unambiguous instances of RC synapses onto GLINs. These synapses were usually small with very few
vesicles (fig. 23B). Moreover, the interplay between RCs and GLIN1s extended to interactions with
further neurons: The GLIN1s frequently received inputs to their dendrites from neurites that were
either reciprocally connected to the RC or made unidirectional in- or output synapses with it. Many of
these neurites belonged to deep layer INs (fig. 23B). The 3 sGLIN1s which were not found to immerse
into a RC ruff were positioned very superficially in the volume, immersing their dendrite into a

glomerulus.

None of the IGLIN1s showed interaction between their dendrites and a RC ruff. However, more than
half of these cells tightly wrapped their dendrites around RC dendrites (fig. 23C). The smaller IN
dendrite was most closely attached to the bigger RC dendrite and soma. This dendro-dendritic
interaction usually spanned only a small fraction of the IN dendrites and was less pronounced than
the interaction between RCs and sGLIN1s. Since the dendrites of both IGLIN1s and RCs were
presumably purely post-synaptic structures, this suggests that the IN tracks the input to the RC.
Indeed, several instances of synaptic inputs from a given neurite onto both RC and 1GLIN1 were
observed (fig. 23F). Yet, for a functional understanding of this interaction, further investigation is

needed.
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Figure 23. Interaction between RCs and GLINTs. A. Left: RC associated with seven small GLIN1s, which immersed their
dendrites into the ruff but did not interact with the RC dendrite. Right: Enlargement with two sGLIN1s showing the
intense entanglement with the ruff. B: Left: Four sGLIN1s were immersed into the ruff of another RC. Insets: Top: Detail
of the interaction of one sGLIN1s with the ruff. Scale bar 5 um. Bottom: The sGLIN1 received input from the RC (arrows)
and an IN, that was reciprocally connected to the RC (above, synapse not indicated). Scale bar 1.5 um C: Association
between a large GLINT and a RC. D: Enlargement showing the IGLIN1 curling around the RC dendrite. E: Top: Detail of
the dendritic interaction. Bottom: Two examples of shared input to RC and IGLIN1. Scale bars: 1.5 um.

The interaction of GLIN1s with glomeruli was intricate: Those GLIN1s immersing their dendrite into
aruff, dendritically connected to glomeruli only via RCs, since the ruffs were outside of the glomerulus,
oriented towards deeper layers. Several neurons were found to interact with the ruff of multiple RCs.
While these RCs arranged their ruffs in close-by volumes, the dendrites could project to different
glomerular volumes. Thus, the sGLIN1s could presumably integrate information from more than one
glomerulus (X * o: 1.4 + 0.6 glomeruli). In contrast, the dendritic projections of IGLIN1s overlapped
very well with the volume outlined by single glomeruli. The axonal projection pattern of GLIN1s was
complex. A notable fraction of cells (12/31) projected their axons only to deeper layers, thus, not
interacting with the glomerular volume. The axonal projections of the remaining neurons were not
confined to a particular glomerular volume, but often appeared to be biased towards the volume

occupied by a single glomerulus.

To further investigate the potential interactions between the GLIN1s and PNs, small groups of GLIN1s
were overlaid with a single PN at the time. The neurite projection patterns were screened for potential
contact sites and then searched for synapses. This was done for both completely and coarsely
reconstructed PNs. Despite frequently observed overlap in the volumes covered by GLIN1 axons and
RC dendrites, I did not detect any synapses from GLIN1s onto RCs. None of the tight interactions
between RCs and GLIN1s could be found for MCs. No synapses were found between a MC and any of
the sGLIN1. One MC of the small subtype was found to give input to two of the IGLIN1 from its axon
collateral. However, given that only one pair was found to be connected among 92 pairs of MCs and
IGLIN1s and none of the sGLIN1s, it is assumed that MCs do not represent a major input to this subclass
of IN.

The axons of some GLIN1s were observed to form bundles. This was found for both neurons
innervating the same RC as well as for pairs interacting with different RCs. I found both reciprocal as
well as unidirectional synapses between these axons (fig. 24A). Furthermore, reciprocal connections
to the same passing neurites were found from axons in the same bundle (fig. 24B). Some of these INs
provided sparse input to another morphological class of superficial IN, the GLIN3s (see GLIN CLASS III).
The sGLIN1s were found to interact with various deep layer INs as well (fig. 24C).

GLIN Crass |l

The second morphological class of GLINs was composed of 18 large, axon-bearing INs that were
distinguished by a very characteristic form of spine-like appendages with filiform excrescences. Most
of these neurons were well represented in the stack with presumably only little to moderate fractions
of their dendrite cut (CD1: 7, CD2: 9, CD3:2).
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Figure 24. Interaction of GLIN1s with bulbar INs. A: Two small GLIN1s of different clusters bundled their axon. Inset:
Detail of an axonal synapse between the two sGLINIs. Scale bar insets: 1.5 um B: Two sGLIN1s of the same cluster
formed axon bundle. Insets: The two axons made reciprocal synapses with a third neurite and one sGLIN1 gave input
to the other. Scale bar insets 1 um C: A cDLIN2 (light blue) was reciprocally connected to a large GLIN1 (pink, inset
bottom, see arrows) and gave input to the dendrites of two sGLIN1s in close proximity (dark blue, green, inset top see
arrows). Scale bar insets: 1.5 um.

Morphology

The somata of GLIN2s were loosely distributed in the neuropil of the GL, even at the surface, and in

the very superficial PL. They only rarely clustered with other somata. Somata were globular to ovoid

and medium-sized (@: 8 - 11 um, X * 0: 9.1 £ 0.9 um). The nuclei often had an undulated outline with

mild indentation and were surrounded by a moderate, sometimes small amount of cytosol, from which

it stood out by its dark staining. Altogether, the perikaryon had a rather light and clear appearance
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and the mitochondria were remarkably small and very darkly stained. A handful of mitochondria were
found distributed around the soma with a larger frequency at the root of primary dendrites. Few,
rather short strands of ER cisternae surround the nucleus and relatively few, large vesicles and
structures of the endo-membrane system were observed. The cells contained up to three Golgi
apparatus, which could be very compact, but on other occasions stretched over a considerable length
into the primary dendrites. A single primary cilium was present in the majority of GLIN2s (16/18,
1.5-6.0 um, x¥ + 0: 3.4 £ 1.5 pm) The surface of the cell bodies was predominantly smooth and usually
bore a few thin, filopodial excrescences. These were occasionally targeted by synapses. Direct input

to the soma was also commonly observed, but no outbound synapses could be found.

In this morphological class, axons could be faithfully identified as the only neurite with outbound
synapses. These synapses were confined to bulbar or voluminous enlargements, which emerged in all
axons only at considerable distance from the soma (fig. 25A). Axons were distinguished in 14 of
18 GLIN2s. Among the remaining four neurons, two cell bodies reside close to the stack boundary,
such that the characteristic bulbar enlargements carrying outbound synapses, which only occurred at
considerable path length to the soma, might have been cut off. In the other two cells, no axon was
identified despite thorough search. A possible explanation is that their neurites often became
extremely thin, which complicated segmentation and reconstruction (see below).

Axons arose more often from the soma than from the dendrite (9:5). In the latter case, the axon could
emerge from a proximal dendrite, as well as from a dendrite of higher branch order. Cells located in
the deeper GL usually projected to the deep layers, while the axons of superficial neurons were
directed predominantly laterally in GL. Unlike GLIN1s, no axon was represented fully in the stack. A
few GLIN2s made local axon collaterals (5/14).

Synaptic vesicles seemed to be exclusively confined to the bulbar, voluminous varicosities, which
varied considerably in frequency and size among neurons and gave the axon the appearance of a
beaded chain. The varicosities had one or more presynaptic sites, but also received input and could
make reciprocal synapses. No synapses onto the axonal shafts were observed. Even in enlargements
with only one presynapse, vesicle clouds were very large. There appeared to be a bimodal distribution
of vesicle size: larger round vesicles with visible light lumen were dispersed in between many small,
dot-like vesicle (fig. 25A, black arrows).

All GLIN2s gave rise to several, round and slender primary dendrites. Up to three larger primary
dendrites with a diameter varying between 750 nm and 3.5 pm emerged from the soma (x * o:
1.4 +.7 um). In addition, many cells had up to four smaller dendrites emanating of the soma (g: 150 -
500 nm, x * 0: 0.4 £ 0.1 um). The path length from the soma at which the larger primary dendrite
started branching varied significantly. While primary dendrites in some cells branched immediately
at the soma, others extended a dendrite stalk up to ~90 um from the soma before ramifying. In the
majority of cells this stalk had a length between 15 and 30 pm. The branching pattern was asymmetric:
primary dendrites were clearly discernible over a considerable length and tapered off slowly, while

the emerging branches were as thin as the small dendrites arising from the soma.
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Figure 25. The morphology of GLIN2s A: A GLIN2 of M45D45A1 with a roughly circular shaped dendrite. The beaded
axon extended far into the PLIN at the dorsal side of the dataset and made synapses with local INs. Insets: left: synapse
onto a GLIN3 (pink), right: synapse onto a DLIN1 (green). Scale bar image: 1.5 um, 3D: 15 um. Insets: * Enlargement of a
sessile filiform protrusion. ** Enlargement of parts of the distal dendrite showing several filiform spines with long thin
necks. Further enlargements: These spine-like protrusions wrapped around MC dendrites from which they received
input (arrow). Scale bars 1.5 um. *** Example of a spine-like protrusion separated by a neck too thin to segment (red
arrow). Scale bar image: 100 nm, 3D: 1.5 um B: GLIN2s showed different topological appearances and size. Axons are
highlighted by grey arrows. Two GLIN2 made a smaller secondary dendritic process (red arrows). Scale bars: 15 um.

In both larger and thin dendrites, regularly occurring dilations, containing few, small mitochondria,
gave the dendrites a beaded appearance. The surface of the large dendrites was mainly smooth, but
sparsely studded with protrusions. On the proximal part, these often resembled small stumps or
branches. Filopodial protrusions, carrying the characteristic filiform appendages, covered the thin
dendrites. On the larger dendrites, they became more and more frequent as the distance from the
soma increased. In the thin side branches, these could emerge directly from the dendrite. In the thicker
dendrites, the filiform appendages could have an appearance similar to sessile spines, thus, directly
attached to the shaft (fig. 25A), but they mostly occurred at the end of a thin filopodial spine neck. The
length of these varied considerably, from a few hundred nanometers to several microns. The neck
could be extremely thin and was many times too thin to be segmented (fig. 25A). Naturally, this also
impedes human reconstruction performance, since such thin protrusions are easy to miss and more
likely to be lost during tracing. Since these appendages were major input sites, a higher imprecision

in connectivity measures specific to this cell type may be assumed.

The appendages were distinguished by a voluminous enlargement which carried multiple thin filiform
extensions. The arrangement was reminiscent of long-fingered hands clutching around the
presynaptic partner(s): The filiform processes enclosed around one or more bypassing neurites,
which synapsed onto the voluminous enlargements. Not all “fingers” clasped around other neurites,
some merely stretched out into the surrounding neuropil. They were not observed to be targeted by
synapses. Synapses were directed towards the bulky “palm”, which always contained darkly stained
ER and, when larger, also one or more small darkly stained mitochondria. The ER was found
throughout the entire length of the dendrites, thick and thin, with the filiform processes at the
appendages as the only exception. No vesicles were observed anywhere in the dendrite, suggesting it

was a purely postsynaptic structure.

The dendritic trees were entirely confined to the GL. Their overall shape varied considerably between
cells (fig. 25B). The final outline of the dendrite seemed to be predominantly dictated by the shape of
the primary glomerulus they innervate and the position of the soma. The more superficial
representatives were often positioned laterally to their main glomerulus, sometimes at considerable
distance. The dendrites of these cells adopted a fan- or tassel-like outline, sometimes more
reminiscent of a flattened besom (fig. 25B, 2. from the left). Further inside the OB, GLIN2s were
positioned at the deep side of their primary glomerulus. Their dendrites grew into a circular fashion,
resulting in a donut-like shape (fig. 254, B, left most). Despite the frequent and wide branching, the

dendrite filled the volume it occupied only to a moderate extent.
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Figure 26. Interactions between GLIN2s and projection neurons. A. Overlap of GLIN2s with glomeruli. Left: Two of the
five GLIN2s innervating glomerulus M67D45A12 projected side branches to distal parts of the imaged volume. Right:
Four GLIN2s innervating glomerulus M5D5A12 had smaller projections outside the glomerulus. B: Top: Interaction
between a GLIN2 (blue) and a small MC (magenta) of glomerulus M45D45A1: the two cells made myriad contacts in
which the MC synapsed onto the IN. Bottom: Overlay between a GLIN2 (red) and an intermediate MC of M5D5A12 (green).
Contacts between this pair were fewer, but input from the MC to the IN was still frequent. C: Overlap between a GLIN2
(blue) and a RC (green): Dendrites of the two cells heavily intertwined for localized stretches of dendrite. Since both
dendrites were postsynaptic, they did not make synapses. D: Contact site between a ruff (green) and the dendrite of a
GLIN2 (blue) without synapse. E: Contact site between a GLIN2 axon (gold) and a ruff (red) without synapse. F: Only
contact site between a RC (red) and a GLIN2 dendrite (green) with a synapse from RC to IN. Scale bars overview: 15 um,
details: 1.5 um.

Interactions With Other Neurons

The GLIN2s projected their dendrite predominantly into the volume defined by a single glomerulus.
Yet, the dendrite was not strictly confined to a single glomerulus. In most cells a small, but appreciable
part of the dendrite resided in neuropil not occupied by any of the glomeruli. Some GLIN2s innervating
glomerulus M67D45A12, for example, projected a dendrite of intermediate size across the entire
imaged volume towards the deep left portion of the GL, which did not contain any sensory axons (fig.
26A). These dendrites showed only minor ramification. Such side projections were observed in most
large GLIN2s, but often these projected outside the imaged volume. The GLIN2s were considered
monoglomerular, but a more detailed investigation is necessary to determine the nature of the inputs

to these cells outside of the glomerular volumes.

[ examined the connections to PN for three GLIN2s innervating M5D5A12 and two GLINZs projecting
to glomerulus M45D45A1. In M5D5A12 the GLIN2s only projected to the smaller subcompartment
and received input from all six MCs that innervated this subcompartment. For two of these INs the
number of contacts was remarkably high, and the number of synapses made in these pairs was
estimated to exceed ten. The synapses could originate from the thick primary dendrite of MCs, but
more often originated from their distal varicosities, and targeted the filiform appendages of the GLIN2
(fig. 26B). Input to the third neuron was less frequent but still exceeded four synapses with five of six
MCs. The M45D45A1 did not show compartmentalization. Here, one of the two GLINZs received input
from a large fraction of MCs (6 of 9 (67%)), but with only one or two synapses per pair. The other cell
was targeted by a limited number of MCs (3 of 9 (33%)) but received multiple synapses from each.
Altogether, these observations indicate that MCs contribute strong input to GLIN2s.

The dendrites of GLIN2s and RCs overlapped substantially, but the interaction was not as intimate as
between RCs and MCs, or RCs and GLIN1s. RC dendrites seemed to follow the projection of the GLIN2
dendrites and approach particularly in the vicinity of input synapse from MCs (fig. 26C). A separate
pairwise overlay of all 18 GLIN2s with the 17 CR and ICR RCs as well as additional 17 RCs, which were
not reconstructed and predominantly represented as a ruff protruding into the imaged volume,
yielded seven contact sites between a ruff and GLIN2 dendrites and four contacts between a GLIN2
axon and a ruff (fig. 26D, E), but no contacts between a GLIN2 axon and RC dendrites. Only in one case
of contact between ruff and GLIN2 dendrite a synapse was identified (fig. 26F), indicating that RCs
provide little input to GLIN2s.
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GLIN2s interacted with a variety of local INs. Apart from input to the appendages, frequent inputs to
the bigger dendrite shafts, but not the thin dendrites, could be observed. Numerous inputs originated
from GLIN3s (see below) that innervated the same glomerulus. The somata of the GLIN2s received
input from varicose enlargements containing small granular synaptic vesicles that resided on

otherwise very thin neurites, which enter the imaged volume from the deep layers.

None of the axons of the GLIN2s were represented to completion within the imaged volume. A random
sampling of axonal varicosities revealed the presence of both reciprocal, as well as unidirectional
outbound and inbound synapses. The GLIN2s gave input to a variety of descending neurites of deep
layer INs of different morphological classes. In particular the DLIN1s with long-necked spines (see =
DLIN CLASS I) were a regularly encountered downstream partner (fig. 25A). Furthermore, synapses
from GLIN2s onto the proximal dendrite or somata of GLIN3s innervating different glomeruli were
found. Reciprocal and inbound synapses onto axonal enlargements originated from beaded neurites,
the somata of which could not be traced back in the imaged volume. These neurites were similar in

appearance to the neurites giving input to the somata of the GLIN2s.

GLIN CLAss lI

The third morphological class of GLINs (GLIN3) comprised 11 cells characterized by a hairy proximal
dendrite and a bushy, beaded distal dendrite (fig. 27A). These neurons differed from the other two
GLIN classes by the absence of an axon. Nevertheless, different parts of the dendrite exhibited
differential in- and output properties. Most cells were very well preserved in the imaged volume
(CDO0:1, CD1:8,CD2: 1, CD3: 1). The GLIN3 class contains a group of three neurons which stood out
from the other eight due to their very small size and their distal dendrites residing very close to the
cell body. Otherwise, they exhibited the same morphological features as the larger neurons and did
not differ obviously in their interactions with PNs.

The GLIN3s shared morphological similarity with superficial representatives of DLIN3s or PLINZs,
whilst the smaller variant of this class bears resemblance to the axonless PLIN1s. However, GLIN3s
are distinguished by the confinement of their dendrite to GL as well as the mostly monoglomerular

innervation.

Morphology

The cell bodies were located in the deep GL and superficial PL. All somata were part of small cell
clusters with heterogeneous composition of cell types, which could involve other INs, glia or more
rarely a MC. The surface of the somata was flattened where it touched other cell bodies, and was
otherwise bumpy and uneven, but not ragged. It was populated to varying degrees with filopodial
dendritic twigs and a few protrusions that resembled branched or long-necked spines but were

commonly not recipients of synaptic input.
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Figure 27. Morphology of GLIN3s. A. Overview of the 11 GLIN3. B: A GLIN3 large dendritic projection to glomerulus
M67D45A12 and minor projections to glomerulus M456D4A1. Insets: Top: Input to a dendritic spine at the proximal
dendrite. Left: Cross section of an enlargement of the dendritic shaft (further dendritic enlargements see red arrows).
Bottom: Close up on the distal dendrite showing spine-like varicosities that made reciprocal synapses with MCs (yellow
arrows). C: Six GLIN3 displaying the variability in coarse topology and size. All scale bars except insets 15 um, insets:
1.5 um

The cell bodies were of small size (g: 7 - 9 um, X * o: 8.3 £ 0.6 um), roughly ovoid and contained little
or moderate amounts of cytosol. The nucleus filled the soma almost completely and followed the
outline of the soma in shape (fig. 27B). Except for the base of the biggest primary dendrite, only few
short strands of ER and very few slender mitochondria were visible. A primary cilium of medium
length arose from each soma (1.8 - 4.5 pm, X * 0: 2.7 *+ 0.8 um). No vesicles and no outbound synapses
from the soma were observed. At the base of the biggest dendrites mitochondria in larger numbers
and ER accumulated and the single Golgi apparatus usually stretched into the dendrite for a couple of

microns.

The dendritic tree was composed of branches that could be classified into two different morphological
groups: a larger, superficially projecting type and a delicate type. The latter bore many branched or
long-necked spines and ramified predominantly laterally in the deep GL and superficial PL (fig. 27B*).
The delicate dendrites could arise from the soma, but also emanated from the proximal parts of the
larger dendrites. Their diameter was usually smaller than 500 nm. The number and length of these
dendrites varied a lot between cells: Some cells bore multiple shorter branches with a length up to
20 um. Others had only one or two of these dendrites, which extended for far more than 50 pm and
made a few side branches. Few of these longer dendrites were projected towards the superficial GL,
where they showed comparable morphological appearance as the distal portions of the large
dendrites (see below). The thin dendrites were covered with a multitude of protrusions and small
side-branches bearing spines of diverse shapes. This gave rise to the hairy appearance of these
neurons (fig. 27B*). Some protrusions had a rather typical morphology of thin spines with a small
head, which was often flattened in one axis, and a usually rather long neck (>1.5 um). Fewer branched
and short-necked spines were present, and some rare, filiform spines were found. Filopodial branches
without any enlargement were also very frequent. Some side-branches gave rise to a few spines and
then terminated in a large spine head. I visited a random number of spine heads, filopodial twigs and
side branches in all cells and followed the longer thin dendrite along the entire length in two neurons.
All spine heads received an inbound synapse. Input to the filopodial protrusions was less frequent and
could occur at all positions along the protrusion. I discovered a considerable number of synapses onto

the main dendritic shaft but no presynaptic structures in the thin, deep dendrites.

The soma gave rise to one, sometimes two larger dendrites, which at their base had a diameter
between 0.5 and 1.5 um (¥ * o: 1.1 + 0.4 um). The outline of the cross section was irregular: It was
flattened in one axis, thus, rather oblong, and varied frequently in the ratio of the two principal axes.
Short, darkly stained strands of ER stretched throughout the dendrite. Microtubuli were clearly

discernible. The proximal portions of the dendrite were covered with spines, filopodial protrusions
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and thin branches similar to the proximal dendrites. In the larger representatives these dendrites
were projected towards the superficial parts of the GL and could obtain considerable length
(> 100 pum), traversing the entire imaged volume in its x dimension. However, shorter stalks were also
common. The dendritic stalk made a few, very irregularly shaped dilations that contained lots of ER
and sometimes few, small mitochondria immersed in large cytosolic volumes. No synapses could be
observed at these locations (fig. 27B). At their distal end the larger dendrites ramified increasingly
and formed a besom-like, cone-shaped, or bushy tree. In most cells the frequency of spines and
filopodia on the thicker dendrite reduced gradually towards the distal parts. In the smaller
representatives the dendritic stalk was much shorter (<10 - ~20 um) and the transition between the
appearances of the proximal to the peripheral dendrite occurred in relatively close proximity to the
soma. The dendritic ramifications resulted in a more globular, bushy outline of the cell and the
direction of the peripheral dendrites towards the more superficial GL was less apparent in two cells

and absent in one.

In the peripheral dendritic tree, spines were absent. Instead, this part of the dendrite bore
enlargements and protrusions of a different appearance: irregularly shaped, sometimes voluminous
enlargements, which showed indentations and concavities formed by contacting other neurites,
emerged at high frequency all over the distal dendrite (fig. 27B**). They could sit on branch points, as
dilation of a dendritic shaft, like sessile spines on a branch, or similar to a typical spine at the end of a
neck-like branch. Altogether, the dendrites appeared as if they were embroidered with pearls or
buttons. Most notably, the vast majority of these structures contained synaptic vesicles and were not
only sites of inbound, but also outbound synapses (fig. 27B**), which could be unidirectional or

reciprocal (see below). As regularly observed for sites of synaptic release, these enlargements usually

contained some of the small, slender mitochondria characteristic for GLIN3s surrounded by ample
cytoplasm.

In many neurons the change from proximal/deep and distal/superficial dendritic morphology could
be pinpointed to a particular bifurcation, arising at one of the enlargements of the dendritic stalk
described above. Yet, two cells did not show such a clear-cut transition, here the distal dendrite
appeared more widely spread, the enlargements were less dense and more often sat at the end of a
neck. Nevertheless, a qualitative examination suggests presynapses were restricted to the distal

dendritic enlargements in these GLIN3s as well.

Interactions With Other Neurons

In GLIN3s, synapse detection was complicated by the vesicles loosely scattered in the cytosol of the
enlargements of distal dendrites. Furthermore, output synapses could be rather small, comprising
only a few vesicles associated with the membrane. Nevertheless, distinct synapses could be detected.
The thin proximal dendrites resided outside the volume in which sensory axons terminated. The
emergence of the morphological phenotype of the distal dendrites coincided with the entrance of the
dendrite into a glomerulus. The majority of GLIN3s innervated only one glomerulus within the stack

boundaries (8/11), while three neurons directed a smaller side branch to a second glomerulus.
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Figure 28. Connectivity of GLIN3 with other bulbar neurons. A. GLIN3 innervating glomerulus M45D45A1. Top left: The
MC (turquoise) received input from one GLIN3 (purple). Top right: not all contact sides showed synapses. Bottom left:
Another MC (blue) made reciprocal interactions with all three GLIN3. Bottom right: The GLIN3 and the MC received
shared input in proximity to their reciprocal synapses B: Example of a GLIN3 of glomerulus M45D45A1 giving input to
an RC. C: Example of a GLIN3 (blue) interacting with five other reconstructed INs: Top left: Input from a DLIN3 (light
green). Top right: Input from a DLIN2 (orange). Middle and bottom left: Input from and to GLIN1s (red, purple). Bottom
right: Input from a DLIN2 (violet). All scale bars inset: 1.5 um, others: 15 um.

[ inspected interactions with the PNs for three GLIN3s in glomerulus M45D45A1, two GLIN3s in
glomerulus M67D45A12 and one small GLIN3 in glomerulus M5D5A12. The two GLIN3s of
M67D45A12 projected in non-overlapping fashion to different subcompartments. Most GLIN3s
broadly innervated MCs of the glomerulus or glomerular subcompartment they projected to (1ID414:
4/6 MCs (67 %), ID987: 6/9 MCs (67 %), ID1330: 2/9 MCs (22 %), ID1008: 3/4 MCs (75 %), ID1346:
4/7 MCs (57 %), ID2868: 3/9 MCs (33 %)). Usually each connected MC-IN pair made multiple contact
sites, in which an enlargement of the GLIN3 dendrite was either wrapped around or immersed into
the MC dendrite (fig. 28A). This interaction occurred predominantly at the thicker MC dendrites and
to a lesser extent at their distal varicosities. The number of contact sites between pairs varied from
one to far more than ten contact sites and all inspected contact sites contained synapses (fig. 28A).
Most pairs were connected through multiple synapses (> 3). Reciprocally connected pairs were most
frequent (16/22), but both MC-GLIN3 pairs, in which the GLIN3 provided only input to the MC (2/22)
and vice versa (4/22), were found. Most synapses in reciprocally connected pairs were reciprocal,
however, additional unidirectional synapses, both in- and outbound, were also commonly observed
(13/16). The three GLIN3s innervating M45D45A1 strongly overlapped: They formed localized
dendrite bundles, made reciprocal connections with the same MC in close proximity and received
shared input with that MC from passing neurites (fig. 28A). One of the GLIN3 projected a smaller
dendrite to M456D4A1, where it also connected reciprocally to a MC.

Only one GLIN3 was connected to the RCs examined, giving input to the dendrites of all three RCs of
M5D5A12 through one or several synapses (3/16 RC-GLIN3 pairs). Apart from that, I did not find any
more contacts between GLIN3s and RCs (fig. 28B).

Connections detected during reconstruction and the inspection of the proximal dendrites provide
some insight into the interaction of GLIN3s with the IN network of OB. This showed ample input
originating from passing neurites onto somata, spines and proximal dendrites of GLIN3s. These
neurites were usually very thin (g: 100 - 200 nm). Their synapses were located on enlargements,
which assumed shapes varying from bulbous to flattened trapezoids, and bore indentations and
bulges, where they contacted other neurites. The enlargements were often, but not always, packed
with small point-shaped vesicles. These morphological features were characteristic for the distal
branches of DLINs but could not be assigned to a particular neuron class. Indeed, one input originated
from a reconstructed DLINZ2. I further noted in- and outbound connections with other DLIN2s and
DLIN3s. In addition, I observed interaction with some of the local GLINs: I found a few GLIN3s gave
input to dendrite shafts of the GLIN2s and several GLIN1s make one or two separate synapses onto

some GLIN3s. The latter interaction might have been reciprocal (fig. 28C).
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[[]. INTERNEURONS OF THE PLEXIFORM LAYER

The INs of the plexiform layer (PLINs) comprised a group of 36 neurons, all of which were axonless
and whose cell bodies resided in the open, neuropil rich PL. These cells were diverse in morphology
and topology. The majority of PLINs projected primarily to GL. Yet, compared to GLINs the association
to defined glomeruli was less clear and only a subset of PLINs showed a pronounced preference for a

single glomerulus.

Figure 29.Schematic illustration of PLIN classes and their innervation of glomeruli.

[ identified four morphological classes of PLINs (fig 29): The PLIN1s were represented by a small
group of six petite neurons, which were almost entirely confined to the PL. These INs were
characterized by a bushy distal dendrite, which strongly intertwined with one or several RC ruffs. A
characteristic feature of the five PLIN2s were long, straight primary dendrites studded with spines at
long but very regular intervals. These neurons ramify their distal dendrite within a single glomerulus.
The 13 PLIN3s were large neurons which spread widely through GL, innervating multiple glomeruli.
This group was further subdivided into two classes. The PLIN4s comprised 12 neurons of
considerable topological heterogeneity. Assuming any orientation within the image volume, these
cells ramified their thin, gnarly dendrites broadly through PL and made contacts with varying

numbers of glomeruli in GL. Table 6 summarizes the main features of the PLIN classes.
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Table 6. Features of PLIN classes. Abbreviations: -: absent, +: present, ++: pronounced, +++: very pronounced. Numbers
given as mean t standard deviation.

PLIN CLASS |

The PLIN class I (PLIN1) comprised a group of six small, bushy neurons that were almost entirely
confined to the PL and well represented in the stack (CD0:1, CD1:4, CD2:1, fig. 30 E). These neurons

stood out by a very tight association with RCs.

Morphology

Embedded in the PL neuropil or part of a deep layer clusters, the somata of these cells are very small
(: 7-9 um, X £ 0: 7.8 £ 0.9 um) and resemble an unshaped globule or ellipsoid. The somata had a
rough surface and bore membrane excrescences that did, however, not resemble spines. The contour
of the nucleus roughly followed the soma outline. Only a thin layer of cytosol separated it from the
plasma membrane (fig. 30A). Cellular organelles resided in a cytoplasmic protuberance at a pole of
the soma. This was not necessarily located at the base of a dendrite: In two cells it was completely
externalized from the soma into a bulge, which was connected to the soma via a short bridge and gave
rise to the primary dendrite. A single, short primary cilium emerged from either soma or the cytosol
bulge at the base of the dendrite (1.5 - 2.5 pm, X * 0: 2.0 £ 0.3 pm)

One or two small to medium-sized dendrites arose from the somata (g: 0.5-1.0 um,
X +0:0.6 £0.2 um, fig. 30B). The dendrites were projected towards the deep GL or superficial PL,
where they ramified into a bushy dendritic tree with a diameter on the order of 20 to 30 um. In
addition, the PLIN1s bore several thin, proximal branches of variable length, which emanated from
the soma or arose from the main dendrite. The proximal branches made small, infrequent, flattened
rather than voluminous varicosities, which could occur at any position on the branch (fig. 30C). In one
neuron multiple thin branches emanated from the deep anterior pole of its soma, forming a structure
similar to a sparse version of the distal, bushy ramification. The distal dendrite exhibited varicosities
at a much higher density (fig. 30D). Similar to varicosities in other parts of the dendrite, they were
predominantly amorphous and flattened, but bulky voluminous enlargements usually containing
mitochondria were also observed.

90



2.4 RESULTS

e
morphology of ‘\
PLIN1s \

Figure 30. Morphology of PLIN1s. Top: Morphological details at the example of one PLINT: A. Cross section of the soma
surrounded by little cytosol. A small Golgi apparatus was visible at the base of the primary dendrite. B: Close-up on
the bushy proximal dendrite receiving input to the spine-like protrusions. C: A dendritic side branch arising from the
primary dendrite: A synapse onto a local IN is visible D: Tip branches of the distal dendrite exhibited plenty coin-shaped
enlargements with pre- and postsynaptic sites. E: Overview of all six PLIN1s in the bounding box of the imaged volume.
Bottom: Individual portraits of five PLINIs (scale bar: 10 um). Scale bars: A: 5 um, E: 30 um, others: 1 um.
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The distal dendrite made many thin, almost pointy tip branches, reminiscent of a thorn bush. Some of
these tip branches spread far outside the main globular dendritic ramification. I visited and browsed
along a random subset of proximal and distal branches. I could not determine any clear-cut pre- and
post-synaptic compartmentalization in these neurons. Presynapses were small, with vesicle clouds
comprising usually only a handful of vesicles. Pre- and postsynaptic structures were most frequent in
the distal dendritic varicosities but were not limited to these structures and occurred on shafts as well.

Notably, not all varicosities made outbound synapses.

Interactions With Other Neurons

The PLIN1s showed little interaction within glomeruli. Even the most superficially projecting neuron
spread its ramification in a cleft between the M56D56A2 and the M5D5A12 glomerulus, which was
not innervated by any MCs. Three neurons projected into a glomerulus, but only minor parts of the
distal dendrites were immersed into a single glomerular volume. For one cell, I could not find any
synaptic contacts to the PNs forming the M5D5A12 glomerulus. The other two PLIN1 projected to
M5D4A12 and made connections with one or two out of four MCs, respectively (fig. 31B). These
connections were mediated by one or two reciprocal synapses. In one pair I found four additional
outbound synapses from the PLIN1 onto the MC.

A striking feature of PLIN1s was their association with RCs. The PLIN1s immersed their dendrite into
RC ruffs and made synaptic contacts. In that, they were far more promiscuous in their interaction with
RCs than the GLIN1 (see GLIN CLASS I): I could identify up to five different RCs being connected to a
single PLIN1 (X # o: 3.2 * 1.3 connected RC/PLIN1, fig. 31A). These RCs included reconstructed RCs
innervating different glomeruli, but also unreconstructed RCs entering the images volume at the
dorsolateral side. The PLIN1s contact the RCs not only via the distal, bushy dendrite, but also any other
of their side branches. The fraction of dendrite projected into a given ruff varies significantly: Most
PLIN1s immerse their bushy distal dendrite into one or at most two RCs and project only a few
subbranches into additional ruffs. Notably, a subset of these smaller projections does not make any
connection to the RC. Connections via the bushy distal dendrites involved several reciprocal, but also
additional unidirectional in- and outbound synapses, resulting in ca. two to five contacts per pair. In
addition to the 13 reciprocally connected RC-PLIN1 pairs, in four of the 19 pairs the RC gives input to
the PLIN1 and in two pairs the PLIN provides input to the RC dendrite. The unidirectionally connected

pairs encompass only a single, at most two synaptic contacts.

[ also noted synapses to other neurites within the volume of a ruff a given PLIN innervates. To further
explore their connections to other INs, [ searched for contacts between one PLIN1 to all sGLIN1
innervating the same RCs by pairwise overlay of the meshes. Indeed, [ found the PLIN1s to give input
to the dendrite of five of 10 reconstructed GLIN1s innervating the same three RC ruffs. The number of
contact sites varied between one and four synapses but was not necessarily restricted to a single ruff
if both pairs innervated the same second ruff. In addition, I found several PLIN1s to provide input to

different GLIN2s, these connections consisted of a single synapse each.
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Figure 31. Interactions between two exemplary PLIN1s and PNs of OB. A: A PLIN1 (purple) interacts with four RCs of
different glomeruli. The amount of dendrite immersed in the individual ruffs varied from a single branch (golden RC)
to several branches (green RC) to large bushy trees (light and dark blue). Insets: Cross section at the ruff. The PLIN1
interacted with other INs in the ruff neuropil, right: examples of inbound and reciprocal synapses between the RC and
the PLINT (arrows). B.: Another PLIN1 (red) made reciprocal synapses with two MCs of glomerulus M5D5A12 (purple,
turquoise), but no others. The connection was established from an isolated side branch, remote to the main dendritic
tuft, which interacted with RCs of a different glomerulus. Insets: Enlargements of the dendrites and cross section of in
and outbound synapses (see arrows). Both synapses were reciprocated in different sections. Scale bars: close-ups on
ruff interaction: 3 um., close-ups on synapses: 1.5 pm.

PLIN cLass I

A small group of five axonless INs, characterized by a thin, elongated main dendrite, which penetrated
the glomerular area, formed the PLIN class 2 (PLIN2, see fig. 32A). These neurons were represented
to varying degrees of completeness in the stack. Three neurons had been subjected to only minor cuts
(CD1), while in one cell with a second dendrite cut at the main shaft was rated (CD2) and another was
rated CD3, because the distal dendrite was largely cut off.

Neurons of this class were morphologically closest to the GLIN3s. They set themselves apart from this
group by their lack of proximal dendrites, the regularity of their spine-like protrusions and the

sparseness of their distal dendrite.

Morphology

The somata of these INs occurred as members of pairs or small clusters throughout the PL and had a
small diameter (g: 7 - 8 um, X + o: 7.8 + 0.4 um). They were of an approximately ovoid or globular
shape with a rough, but non-spiny surface that sometimes bore amorphous membrane excrescences.
Typically, they exhibited several indentations made by larger passing neurites or neighboring somata.
The perikaryon was only represented by a thin layer of cytosol separating the nucleus from the plasma
membrane, and the indentations of the outer membrane were sustained in the nucleus outline
(fig 32C). Very few small mitochondria and basically no ER cisternae were found in the cytosol
surrounding the nucleus. The majority of cellular organelles were collected in protuberances at the
base of the primary dendrite or were fully outsourced to proximal parts of that dendrite (fig 32C). In
each PLIN2 a short primary cilium could be identified (1.3 - 2.0 um, X + 0: 1.7 £ 0.3 um).

The majority of cells gave rise to a single dendrite, only one cell had two dendrites of similar size. The
dendrite was small in diameter (@: 0.8 - 1.3 um, X * 0: 0.9 + 0.3 pm) and had an irregular outline with
varying cross section. Maintaining its circumference, it traversed the PL in a more or less straight
fashion without branching. The main shaft was garnished with spines or spine-like protrusions that
occurred at quite regular intervals on the order of several microns. The length of this interval as well
as the appearance of the protrusions varied between cells. Two cells bore rather branch-like spines,
while the other two exhibited rather flat or bulky round headed spines. The last cell showed
membrane protrusions of variable shape that resembled sessile spines with a saw-tooth-like
appearance. Not all of these received synaptic input. In other cells all randomly picked spines received
synaptic input originating from varicosities on thin neurites that contained many small, dark-stained,
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dot-like, synaptic vesicles (fig 32B).

When entering the glomerular volume, the dendrite branched and formed a sparse, besom-shaped
tree with thin branches (¢: 200-300 nm). As observed for other IN types this distal dendrite did not
bear spines but exhibited amorphous varicosities that contained synaptic vesicles. Flattened and
bulky varicosities occurred in equal measure in each cell (fig 32D). They could be located along the

branch, but more often occurred at tips and, thus, gave an appearance of very bulky headed spines.

Interactions With Other Neurons

The PLIN2s were an exception among the PLINs in that each neuron only innervated a single
glomerulus. I examined the interactions with PNs for one PLIN2 each in M45D45A1 and M5D4A12. 1
did not find any connections to RCs. The PLIN2s did not connect to all MCs of a given glomerulus
(5/12 MCs (42 %), 2/4 MCs (50 %)). The number of synapses between connected pairs as well as
their direction varied: In two pairs numerous contact sites and synapses could be observed. These
pairs were connected through reciprocal or unidirectional synapses (fig. 33A). In other pairs I found
only isolated contact sites, making unidirectional synapses (fig. 33B). Both input from PLIN2s to MCs
as well as vice versa were observed.

The interaction with other INs of the OB was not explored in detail. Yet, a synapse from a GLIN2 onto
the proximal shaft of a PLIN2 was found (see fig. 25A). Conversely, I found several inputs from the
PLIN2 onto the dendrite of the GLIN2 for two pairs, and furthermore, input onto GLIN3 and PLIN3
dendrites were observed (fig. 33C).

PLIN Crass I

The 13 neurons of PLIN class I1I (PLIN3) were characterized by an ovoid cell-body usually giving rise
to a single, long dendrite which spread in a swirl-like fashion throughout the GL. Due to the wide
spread of these dendrites, the degree of completeness of their representation was more difficult to
assess. All neurons obtained at least minor cuts at their dendrite (CD1: 4, CD2: 6, CD3: 2).

Two subclasses could be distinguished within this morphological class: a varicose (VPLIN3) and a
ribbon-like variant (rlPLIN3). These shared an overall coarse morphology, but expressed subtle
differences that were largely correlated across several features as summarized in table 7. [ will first

describe common features and then highlight distinct characteristics for the individual subclasses.

Morphology

The ovoid somata were of medium size (g: 8 - 9 um, X + 6: 8.8 + 0.6 um) and all located in the PL. The
nuclei were ovoid and encompassed by little cytosol. The perikaryon contained a few very small
mitochondria, or narrow mitochondrial side branches. A few large vesicles, and short strands of ER
were observed. At the pole giving rise to the dendrite, a large funnel-shaped bulge formed in which
large amounts of cytosol were collected. Here, a primary cilium of medium length emerged

(2.0 - 3.0 um, X £ 0: 2.4 £ 0.3 pm) and the elements of the endomembrane system accumulated.
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Figure 32. Morphological properties of PLIN2s. A. Overview of all five PLIN2 within the stack boundaries. B: Close up
on spines: B.1. example of a branched spine version, input from a varicosity of a thin neurite. B.2 example of round
headed spine version. C: Enlargement of the soma showing cellular organelles “outsourced” into the proximal dendrite.
D. Close up on the (often spine-like) varicosities at the distal dendrites. These enlargements contained many vesicles
and were pre- and postsynaptic to INs and PNs. Scale bars: A: 15 pm, B.2, D: 5 um, all image views: 1 um.
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Figure 33. Interaction between PLIN2s and other bulbar neurons. Top: Differential interaction between PLIN2s & MCs.
An exemplary PLIN2 made multiple, mostly reciprocal connections in close proximity and across the entire glomerular
volume with one large MC (A), but only one input to another MC (B, dendrite of PLIN2 cut) and no other MC of that
glomerulus. C: Interaction with local INs. A PLIN2 (lime) gave input to the shaft of a rlPLIN3 (turquoise, *). Another
PLIN2 (pink) was presynaptic to a GLIN3 (purple, **) and a GLIN2 (dark blue, ***). Scale bars insets: 1 um.
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The cells usually had one or two Golgi apparatus that stretched far into the dendrite. Mitochondria
were larger here, making slender side branches that reached far into the dendrite or extend around

the nucleus.

Due to this funnel shaped expansion the dendrite appeared massive at its base (g: 3-5 um) before it
leveled at a diameter of ~1 um (@: 0.5 - 1.5 um, X * o: 1.0 = 0.3 pm) (fig. 34B.1, B.2). The dendrite had
an oblong cross section that was occasionally dilated in its long axis by mitochondria. In most cells the
dendrite was directed laterally in its initial course and descended towards the superficial layer only
at a very shallow angle. The dendrites gave rise to many side branches that projected either laterally
or superficially. With some distance to the soma the side branches became thicker and longer and
ramified. The branching pattern remained asymmetric though, and the primary dendrite could be
retraced over its entire length. By meandering towards the superficial parts, the dendritic processes

passed through large portions of the GL volume (fig. 34A).

The proximal portions of the dendrites bore spine-like protrusions at low to moderate density. A
qualitative examination by randomly visiting subsets of these excrescences suggests that these were
post- and not presynaptic (fig. 34C.1, C.2). However, a considerable fraction did not receive any input.
Along the proximal to distal axis of the dendrites the appearance of protrusions rather gradually
transitions from a more spine-like aspect to a more varicose aspect. Whilst no not criterion could be
made out that would indicate a separation between a pre- and postsynaptic part in these neurons,
synaptic vesicles were not abundant in the proximal portions of the dendrites. Presynapses were most
reliably found at enlargements of the distal dendrite and with considerable distance to the soma also
on the shaft of the primary dendrite. The distal varicosities could arise at every part of the distal
dendrite, i.e. shaft, bifurcations or at the terminal end of a branch. They were mainly bulky,

amorphous with a rough surface and often bear stubby or pointy excrescences.

The Ribbon-Like PLIN3

The group of ribbon-like PLIN3s (rIPLIN3s) contained five neurons, whose somata were associated

with a small cluster of neurons of heterogeneous types. The cell bodies had a smooth surface and
sometimes made one or two spine-like protrusions of irregular shape. The nuclei had an even outline
without notable indentations (fig. 34B.1). Cytosol was particularly sparse in the perikaryon of these
cells. All neurons had a single dendrite with very thin and short branchlets in the proximal portion.
Side branches became more substantial and ramified with increasing distance from the soma.
Compared to the vPLIN3s, the dendrites spanned a larger volume, but, because of a lower branching
frequency, they filled this volume to a lesser extent (fig. 34, overview). The overall appearance of this
subset was more delicate, with thinner branches. The dendrite, which was oblong in cross section and
predominantly smooth in surface, frequently twirled around its own axis. Some neurons of this
subgroup exhibited a unique pattern of curls in their dendrite (fig. 34E). Altogether the aspect of the
dendrite was reminiscent of a ribbon. Proximal to the soma the dendrites infrequently bore spine-like

excrescences that were mainly of filopodial and short-necked, flat, round headed appearance. At the
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distal dendrites varicosities were far less frequent and less pronounced than in the vPLIN3s and in

three neurons flattened and smooth enlargements dominated (fig. 34D.1).

neuron id
S N 3 ) 5 7 S PN 3 5 ™ © .
Lo g @ N @ N 5] ) 3 < © e} o
feature ot = ) N < a ©v @ 3 3 = o co
e e e S S
CD 2 2 1 2 1 3 3 1 2 2 1 2 2
soma surface | sm sm sm sm sm ro sm ro ro ro ro sm sm
nucleus
. . - - - - - - - + ++ + ++ - -
indentations
spines r, fi r fr,r r r, fi st, fr fr fr fr st,fr | st fr | fr,br fr
thin dendrites ++ + + + ++ - - - - - - - _
ribbon curls - + ++ - + - - - - - - - _
varicosities + + + + ++ +++ 4+ 4 +++ +++ 4 4+ 4+

varicosity form | b, ro b,ro | f sm b, s f, sm b, ro b, ro b, ro b, ro b, ro b, ro b, ro b, ro

glomerular
projection
M45D56A1 + + ++ - - - + + + _ - _ N
M56D56A2 ++ + + - - - - +H - - + - ++
M45D4A5A1 - - - ++ - ++ - + ++ +t - - -
M5D5A12 - ++ - - + ++ - + +E ++ ++ e ++
M5D4AT2 - - - - - + - - + + _ _ -
M6TDASA12 | +++ ++ e - - - e + - + v - -
M456D4A1 - + + + - - - - + - - - -
M6D45A1 - + ++ - - - + - - - - - -
M45D4A2 - + + - ++ - - + - ++ + ++ _
M6D34A12 - + ++ - + - + - - - - - -
# glomeruli 3 8 7 2 3 3 3 6 5 5 4 2 2

Table 7. Summary of morphological features of ribbon-like (grey shading) and varicose PLIN3s (blue shading).
Abbreviations: -: absent, +: present, ++: pronounced, +++: very pronounced, sm: smooth, ro: rough, b: bulky, f: flat,
r: round headed spines, fi: filopodial spines, fr: frayed spines, st: stubby spines, br: branched spines,

Figure 34 (next page). Morphology of PLIN3s: A ribbon-like (green, rlPLIN3) and a varicose PLIN3 (red, vPLIN3). The
rlPLIN3 had a wider spread but branched at lower frequency. The vPLIN3 was more compact and its bushy distal
dendrite bore many varicosities, sites of synapses with local neurons. A: Overview of all PLIN3s within the bounding
box of the imaged volume. All somata were located in PL, the dendrites spread extensively on a meandering path
through GL. B. Close up of the somata: the rlPLIN3 had a comparably smooth surface (B.1), whereas the surface of the
vPLIN3 was more ragged (see undulations in cross section). In both somata the cellular organelles mainly collected
in a funnel-shaped bulge at one pole of the soma. C.1 Close up of proximal branch showing several stubby and long-
necked, round headed spines on rIPLIN3 dendrites. C.2 The vPLIN3 had rather fringy, stubby spines. D. Close up on the
distal dendrite. D.1 the rlPLIN3 made flattened varicosities at low frequency. D.2 the vPLIN3 had a high density of bulgy
varicosities. Both neurons made reciprocal interactions with MCs and other neurons. E. Close-up on a ribbon curl.
Scale bars: overview & A.: 50 um, all other insets: 1.5 um.
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Figure 35. Interactions between PLIN3 and PNs. A: Glomerular innervation by PLIN3s. PNs of a given glomeruli are
displayed in one color and at low opacity. The ribbon-like PLIN3 (blue, left) projected to five glomeruli, whereas the
varicose PLIN3 (red, right) had projections in four glomeruli. B. Overlay of the same cells with a MC of M67D45A12. The
ribbon-like PLIN3 made three reciprocal synapses and an input synapse with the MC (purple arrows, insets B.1 and
B.2). The varicose PLin3 made three synapses with the MC (black arrows), two outbound (B.3, B.4) and one inbound
synapse. C. Overlay of two RCs of M67D45A12. Scale bars: A.: 15 um, all other insets: 1 um.

The Varicose PLIN3

The somata of the eight neurons assigned to the varicose PLIN3s (vPLIN3s) were all loosely immersed
in the neuropil of the PL. Five somata exhibit a rather craggy or bumpy surface without spines. Their
nuclei showed undulating indentations (fig. 34B.2). In this subclass cytosol was slightly more
abundant and often long-stranded ER was arranged as a single concentric circle surrounding the
nucleus. Whilst four cells also gave rise to only a single dendrite, three neurons emanated a second,
smaller neurite that was directed towards the PL at the dorsal and the lateral anterior side of the
imaged volume, respectively. The dendrites of this subclass had a more robust appearance: they were
slightly thicker, varied in diameter and possessed an irregular, bumpy surface structure. They lacked
the thin, short branches observed in the rIPLIN3s.

Proximally, they exhibited spine-like excrescences that predominantly classify as sessile, stub-like
protrusions or had an appearance similar to the frayed spines observed in DLIN2 (see below)
(fig. 34C.2). The distal portions of the dendrites were decorated with amorphous, bulky varicosities

at a very high frequency (fig. 34D2).

Interactions With Other Neurons

The dendritic morphology suggested that the PLIN3s did not restrict their neurites to a single
glomerulus. To get a notion of the breadth of the glomerular interactions, I overlaid each PLIN3 with
the PNs forming a glomerulus. I visually estimated the relative proportion of dendrite projected into
a particular glomerulus and verified that at least one synaptic connection was made within a given
glomerular volume. This examination confirmed that PLIN3s interacted with numerous glomeruli
(x £ 0: 4.2 + 1.9 glomerulj, fig. 35A). Differences in the number of innervated glomeruli between the
subclasses were not pronounced (see table 7). The fraction of a dendrite innervating individual
glomeruli varied between cells. Some PLIN3s projected strongly to few glomeruli, others showed a
more distributed glomerular innervation pattern with varying degree of preference for individual

glomeruli. Again, no obvious difference between the two subclasses was noted (see table 7).

[ inspected the connectivity to PNs within a glomerulus for five vPLIN3s and two rIPLIN3s for the
glomeruli M45D45A1, M5D4A12, M67D45A12 and M45D4A2. Only one cell projected into all four
glomeruli. In addition, I checked the interaction of a vPLIN3 with the PNs of the central M5D5A12. The
PLIN3s were strongly connected to MCs (fig. 35B): On average 53 % vPLIN3-MC pairs and 41 %
rIPLIN3-MC pairs were connected (VPLIN3: ID893: 6/13 MC (46 %) ID1153: 10/16 MC (63 %),
ID1257:9/13 MC (62 %), ID1457:16/36 MC (44 %), ID1504: 5/12 (42 %); rIPLIN3: ID952: 5/16 MC
(31 %), ID3362: 5/10 MC (50%)). The majority of pairs were reciprocally connected (vPLIN3:
27 /46 pairs, rIPLIN3: 8/10 pairs). Of these, four vPLIN3-MC pairs were not connected by reciprocal
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synapses but through spatially separated in- and outbound synapses. Most vPLIN3s-MC pairs
connected through reciprocal synapses made additional unidirectional synapses (21/23 pairs). These
were mainly outbound (19/21 pairs), but occasional inbound synapses were also observed
(8/21 pairs). The reciprocally connected rIPLIN3-MC pairs made only reciprocal synapses. [ found
additional outbound synapses in two of these pairs. Among the unidirectionally connected pairs, pairs
in which a PLIN3 was presynaptic to a MC were more frequent (VPLIN3: 16/46 pairs, rIPLIN3:
2/10 pairs) than the opposite directionality (vPLIN3: 3/46 pairs, rIPLIN3: 0/10 pairs). The number of
synapses between a given pair was highly variable for both PLIN3 subclasses, ranging from one to 11
synapses. The majority of pairs made, however, on the order of three - five synapses.

Connectivity with RCs was rather sparse for the vPLIN3s. I found only one of 16 investigated pairs to
be connected through an outbound synapse from the PLIN3. In contrast, three of four rIPLIN3-RC pairs
were connected, with the PLIN3 giving input to the RC dendrite via one or two synapses.

Interactions with local INs were not examined systematically. During reconstruction 1 detected
reciprocal synapses with a GLIN1 at its axon varicosities and I also found another PLIN3 giving input
to the dendrite of a GLIN1. Furthermore, I observed input from and reciprocal interactions with
different DLIN.

PLIN CLASS IV

A group of 12 widespread, thin branched neurons formed the fourth PLIN class (PLIN4). These
neurons were not associated with only a single glomerulus. The wide-spread nature of the dendritic
tree, the overall thin appearance of the branches and the fact that no cell was entirely contained in the
volume (fig. 36A) complicated the assessment of the neurons’ completeness. Finally, four neurons

were rated CD1, five neurons CD2 and three neurons CD3.

Morphology

The majority of the somata was ovoid, but flattened in one axis, while two were more globular. They
were mostly part of small clusters, of medium size (g: 8- 11 um, X + 6: 9.5 £ 1.0 um) and had an
uneven surface that did not bear spines but membrane protrusions. The nuclei were roughly ovoid-
shaped and displayed mild undulations. The little to moderate amounts of cytoplasm surrounding the
nucleus was mostly devoid of cellular organelles with the exception of very few small mitochondria
or mitochondrial side branches. The organelles collected in dents in front of the nucleus. These bulges
of cytoplasm were usually located at the base of the primary dendrites and in four cells these dents
were connected, creating a link between the dendrites (fig. 36B). Here, many mitochondria of varying
size were located. These mitochondria could be notably voluminous and exhibited a relatively lightly
stained intermembrane space and small cisternae. Most cells contained two Golgi apparatus located
at the base of the dendrite without stretching into it. In one cell the cellular organelles accumulate in
bulgy enlargements of the biggest dendrite that were located at a distance of several microns from the
soma. Particularly in the initial portions the dendrites were pervaded with ample, darkly stained

strains of ER. With exception to one cell, which was severely cut at the soma, all PLIN4s possessed a
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primary cilium of medium length (1.8 - 3.3 um, i * o: 2.4 + 0.5 pm) that arose from the soma or base
of one of the main dendrites (fig. 36B.1*).

The somata gave rise to one or two larger dendritic branches (g: 0.5 - 1.8 um, ¥ + 6: 1.0 # 0.4 um) and
up to four smaller branches (g: 0.1 - 0.3 um, X + 6: 0.3 + 0.1 um). These dendrites spread widely, and
the dendritic tree assumed any orientation on a range from fusiform to stellate. All PLIN4s had
considerable ramifications traversing the PL. Two neurons had their soma very deep in the imaged
volume. They projected predominantly to the PL neuropil at the dorsal side of the stack. The majority
of PLIN4s (10/12) sent parts or even a major portion of their branches through the GL.
Dendritic cross sections generally appeared round, but exhibited considerable variability, and the
circumference and surface were often irregular, giving them a withered and gnarly aspect. The
branching was rather infrequent, and the side-branches are long, thin and of delicate, almost fragile

appearance.

The branches bore no or very few spine-like protrusions but made numerous varicose enlargements
that sat alongside a branch rather than on a tip or neck (fig. 36C). There was considerable variability
in the appearance of these varicosities within and across cells. First, the frequency of these varicosities
was notably different between PLIN4s. Their extent along the dendrite could cover from a couple of
hundred nanometers up to a few microns. In most cases they were voluminous enlargements of
amorphous shape, but some appeared rather flattened. The ratio between flattened and voluminous
varicosities differed substantially between cells. Some varicosities were rather small and bulbar.
Oftentimes, they made filiform protrusions, which also varied in frequency and length (fig. 36D). I
randomly sampled varicosities in a subset of neurons starting on the proximal parts of the dendrites.
It appeared that while varicosities were predominantly postsynaptic proximal to the soma, these
structures made more outbound synapses with distance from soma. This appeared to be independent

of the layer through which the branch projected.

Figure 36 (next page). Morphology of PLIN4s. A: Overview of 12 PLIN4s within the bounding box of the imaged volume.
B: The soma. B.1 Close up on the soma showing the cytosol dent connecting the primary dendrites. The proximal
dendrites bore several filiform spine-like protrusions (arrow, see C.1). A primary cilium emerges from the bulge at the
base of the main dendrite (*). B.2/B.3 Cross section of the somata. C: Close up on proximal dendrites and spines C.I:
cross section on a proximal spine receiving input (arrow). C.2: Enlargement of a larger part of the proximal dendrite
showing the thin, gnarly branches and the close-up on a spine-like protrusion in cross section (arrows). The head of
the protrusion contained several vesicles, but no synapse could be found. D: Close up on the distal dendrite: D1. The
distal varicosities were bulbous and made outbound synapses. D.2: Right: The cross section of a large varicosity which
made multiple outbound synapses (arrows). Left: Enlargement on a larger portion of the dendrite showing multiple
varicosities at moderate density. Scale bars: A, C2, D.2.: 15 pm, all other insets: 1 um.
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Interactions With Other Neurons

In three PLIN4s no association to any of the glomeruli described above was found. Two of these did

not enter the GL within the imaged volume and the third reached the GL with only a single branch that
passed between glomeruli. The other nine PLIN4s traversed up to four glomeruli (¥ * o:
1.0 + 1.2 glomeruli). In doing so, they commonly immersed only a small portion of their distal

branches into the volume of a given glomerulus.

A glomerulus specific PN interaction analysis was conducted for three PLIN4s in the glomeruli
M45D45A1, M5D5A12, M67D45A12 and M45D4A2. Each PLIN4 projected to a subset of these
glomeruli. Contact sites with MCs were rather infrequent and not all, but the majority of contact sites
had synapses. The PLIN4 projecting to three glomeruli had synapses with ten of the 30 MCs (30%),
the other two connect to four of nine MCs (44%) and to four of 15 MCs (24%), respectively. A given
pair usually connected with one or two, at most three synapses. Most PLIN4-MC pairs were
reciprocally connected (42%, fig. 37A). If a second synapse existed in a reciprocally connected pairs,
the IN was usually presynaptic to the MC. In 33% of all connected PLIN4-MC pairs the PLIN4 was
presynaptic and in 25% it was postsynaptic. The PLIN4 innervating M45D45A1 was an exception: It
immersed its proximal part into the glomerulus and in all four connections the MC gave input to the
PLIN.

Four of nine potential PLIN4-RC pairs (44%) were connected and in all connected pairs the PLIN4 was
presynaptic to the RC. These synapses targeted the RC dendrite. They were very large, and most pairs

made multiple (= 3) synapses.

In addition, I detected unidirectional input from a MC to a PLIN4 on two occasions during the
reconstruction process. Moreover, | encountered connections an additional 23 RC-PLIN4 pairs. These
connections were made at the ruff and comprised 10 reciprocally connected pairs, nine pairs with the
RC presynaptic to the PLIN4 and in three PLIN4-RC pairs the RC was postsynaptic. Three PLIN4s made
connections onto the same ruff, and [ detected an additional synapse between a pair of these PLIN4s
in close proximity. I did not observe any RC-PLIN4 pair with synaptic connections on both ruff and
dendrite of the same RC.

Frequent observations of synapses between PLIN4s and neurites reminiscent of the sGLIN1s inspired
a closer investigation of this type of interaction by overlaying meshes. For 29 GLIN1s and 11 PLIN4s,
eight connected pairs were found. In seven of these the PLIN4 was presynaptic to the GLIN1 (fig. 37B),
in one the PLIN4 was postsynaptic. Furthermore, I observed both in- and outbound synapses with
different DLIN classes.

Figure 37 (next page). Interactions of PLIN4s with local neurons. Top: Connections to PNs: The PLIN4s (turquoise) gave
input to a RC dendrite (purple, A.1). It was furthermore reciprocally connected to two MCs (A.2, A.3 the outbound
synapse is in a different plane). Each connection was made through one synapse. Bottom: Another PLIN4 gave input
to the dendrites of three small GLIN1s. The same PLIN4 also received input from or was reciprocally connected to the
RCs, in which the GLIN1s immersed their dendrites (not shown). Scale bars: 15 um, all other insets: 1 um.
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[V. INTERNEURONS OF THE DEEP LAYER

I reconstructed 110 INs of the deeper layers. In their coarse appearance these neurons shared many
features: Cell bodies were medium-sized and located in the deep PL or GCL. All DLINs were axonless
and sent one or more large dendrites towards the GL. In GL the dendrites made dispersed, often
besom-like ramifications, which projected through multiple glomeruli. Within the glomeruli DLINs
made reciprocal synapses with MCs and local INs. The overall shape varied between fusiform and
radial. Due to the overall far-ranging spread of the dendrites, many of the cells were considerably cut
and not a single DLIN was completely represented in the stack. Another shared characteristic of DLIN
was the differential aspect of the proximal, spiny dendrites versus the distal dendrites bearing

varicosities of various appearance.

GCL

PL
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Figure 38. Scheme of the three main classes of INs in the granule cell layer.

By the appearance of the deep, proximal spines and the shape of the distal dendritic varicosities DLINs
most conspicuously divide into separate classes. In the following section I describe three
morphological classes of DLINs (fig.38): The DLIN1s contained 42 cells which were primarily
characterized by a round, chamfered appearance of their proximal spines and a, for the most part,
flattened and stretched aspect of the varicosities at the distal dendrites. The 42 neurons that
constituted the DLIN2s were foremost distinguished based on the frayed aspect of their spines. The
varicosities of the distal dendrites had a predominantly voluminous and bulky aspect. The 26 neurons

of the third class, the DLIN3s, exhibited an overall hairy aspect of the proximal dendrites, resulting
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from the high frequency of long and branched spines. Based on additional differences in spine

morphology and frequency the DLIN1s and DLIN2s further subdivide into three subclasses each.

Table 8 summarizes features of the three DLIN classes.
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Table 8. Features of DLIN classes. Abbreviations: -: absent, +: present, ++: pronounced, +++: very pronounced. Numbers
given as mean = standard deviation.

DLIN CLASS |

The first class of DLIN (DLIN1) comprises 42 cells (CD1: 7, CD2: 23, CD3: 12). The key characteristic
identifying representatives of this morphological class, was the predominance of spines, which
exhibited a rounded outline of their ending. The shape of the spines could obtain substantially
different appearance: both long and short necked spines were present. The spine head could appear
as flattened membrane sheath or as bulky enlargement (see fig. 39A-D). Any graduation in between
these ends of the scale could occur. Stubby spines in form of flat, enlarged membrane protrusions with
rounded endings, which sat directly on the dendritic shaft, were also frequent (see fig. 39E). Thin,
filopodial spines without head were regularly observed in this neuron class. Most spines showed
cupped indentations, where they wrapped around a connected neurite.

The distal dendrites, meandering through the GL, had an oblate outline, which together with the
remarkably smooth and even, aspiny surface created a ribbon-like appearance. Occasionally, curls as
described for PLIN3s were observed. The already flattened dendrite made frequent dilations, in which
it stretched out and became so thin that in some portions the cytoplasm was no longer discernible.
These dilations occurred at branch points, along the branch, and most commonly, when wrapping
around connected neurites. Despite obvious similarities these processes could be easily distinguished

from glial sheaths by an abundance of synaptic vesicles (fig. 39G). Oftentimes, sites of synaptic

109



2.4 RESULTS

interactions adopted a more complex shape: Wrapping around connected partners, they formed
varicosities with cavities holding the connected neurite. Amorphous, complex structures emerged
when the neuron enveloped several neurites in close proximity (fig. 39F). However, these varicosities

were not only presynaptic, but also postsynaptic, and were targeted not only in reciprocal synapses,
c %
S]\
>
G

but also received unidirectional input.

A

L e

Figure 39. Spines of DLIN1s possessed a predominantly rounded spine head. A. short-necked spine with a flat hat. B.
Short-necked spine with a bulky head. The head had a cup-shaped indentation where it contacted the partner neurite.
C. long-necked spine with a flat head. D. long-necked spine with a bulky head. E. stubby spine F & G. Close up of
varicosities of the distal dendrites. Varicosities made amorphous structures, when wrapping around other neurons
(F). The varicosities were at some parts so thin that only their plasma membranes were visible. This produced a
stretched, holey appearance in the 3D reconstruction (G). Scale bars 500 nm. Abbreviations: s: spine, db: dendritic
branch

Within this neuron class three different subclasses were distinguishable. These differed mainly in the
prevailing spine shape and the spine frequency, but also showed other morphological differences. The
expression of these differences could be subtle and transitions between subclasses were smooth.
Therefore, confusion between subclasses could occur. I will give a detailed morphological description
of one subclass and specify differences to the other two subsequently, before discussing their

interaction with other OB neurons.
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Figure 40. The morphology of rough DLIN1s. Enlargement of three DLIN1s. While one IN projected two large, primary
dendrites towards the GL at the ventro-lateral end, the other two rDLIN1s (green, pink) projected their second primary
dendrite medio-dorsally, presumably reaching GLs outside the imaged volume. In GL the distal dendrites spread widely
and bore varicosities at low to moderate frequency. A. The 18 rough DLIN1s covered a large part of the imaged volume.
B. Close up on a thin, proximal dendrite which spread through GL and PL. It bore short-and long-necked round spines
at moderate density. C. Close up on the somata and proximal primary dendrites. The surface of these structures was
densely covered with membrane excrescences, stubby and short-necked, round spines. D. Cross section of the soma
displaying an ovoid nucleus. E. Close up on a section of distal dendrite: The oblong shaped dendrite made several curls.
Scale bars: A: 30 um, all other insets: 5 um.

Morphology
The Rough DLIN1s

The first subclass was characterized by a rather rough appearance of the soma and proximal

dendrites, which were, often densely, covered with rounded spines. These rough DLIN1s (rDLIN1s)
included the largest DLIN1 representatives and comprised 18 neurons. With exception of two cells,
the medium-sized somata (g: 8-11 um, x * 0: 9.4 + 0.9 um) lay within or at the border of a big cluster
of the GCL. Most somata were approximately ovoid shaped (14/18), while the remaining cell bodies
were roughly globular. A striking detail was the smoothly outlined nucleus, which obtained a near-
perfect ovoid shape and displayed no undulations or indentations (fig. 40D). This stood in stark
contrast to the rough, rugged surface of the cell body. The perikaryon appeared as a thin layer of
cytoplasm surrounding the cell body. Only a few, very small, and compact mitochondria were
observed. The ER was also remarkably scarce and often had an uncommonly large lumen. Depending
on the number of big dendrites emanating from the soma, one or two Golgi apparatus could be found.
They were located in a swell at the base of the big dendrites and extended far into them. Here, a few
large vesicles and lysosomes could be observed. From each soma a single primary cilium projected
into the surrounding extracellular space, usually directed parallel to the cell body’s outline (2-4 pm,
X+0:2.9+0.7 um).

The surface of the somata was of a conspicuously rough, craggy aspect: It was overcast by flat,
extensive membrane excrescences and protuberances, and it was covered by many rounded spines
(fig. 40C). In addition, somata often showed indentations from passing neurites. They received input
that primarily targeted the bulgy excrescences, but also the soma directly. Furthermore, protrusions
of neighboring cell bodies regularly penetrated the somata and created extensive cavities. Only a
subset of these structures was associated with a synapse. I did not observe any rDLIN1 making such

projections into another cell but noticed some somata synapsing onto passing neurites.

Most rDLIN1s (11/18) showed a distinct asymmetry in the size and circumference of their primary
dendrites. Usually, they made one or two large dendrites, directed towards the GL, and one or
two additional small, basal dendrites that remained in the deep layers. Cells with a single large
dendrite (5/18) or several dendrites of equal size (2/18) gave rise to one or more small, basal
dendrites from their large, primary branch. The appearance of large and small dendrites differed
significantly. Due to copious membrane excrescences on their surface, the large primary dendrites
had a similarly rough and craggy appearance as the soma. This aspect was further intensified by the

dense coverage with predominantly short-necked and stubbed spines, which could be observed over
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several tens of microns on the proximal parts of the dendrite (fig. 40C). The irregular cross section
complicated precise measurements of the dendritic diameter, which varied between 1 -4 um
(¥ £0:2.1+0.7 um). In all rDLIN1s at least one large branch was directed towards the GL at the
ventro-lateral side. Projections towards the dorso-lateral and dorso-medial side were also common,
presumably targeting GL areas in other parts of the OB. Due to the diversity in dendritic spread, the
coarse morphology could not be reduced to a more stellate vs. fusiform pattern. Single, large dendrites
branched at least once symmetrically. Noteworthy was the extent of the dendrite, which spanned the

entire imaged volume in its long axis, whilst still being cut in most rDLIN1s.

The spine frequency gradually reduced on the trajectory of the large dendrites towards the GL, and
upon entry in the GL spines were absent. Traversing the deep layers, the large dendrites made several
side branches of the same make-up as the deep, basal branches (see below). This asymmetric
branching scheme was no longer dominant within GL. Here, the dendrites branched heavily, spread
widely and extensively, and displayed the varicosities as described above (fig. 40E). Consistent, with
sides of strong synaptic interactions, mitochondria were abundant here. The cytosol of the distal
dendrites was filled with vesicles. Synapses could be very easily distinguished by a cloud of small
vesicles and membrane fusion sites. In addition, the dilated enlargements frequently contained large
vesicles with clear lumen. These were abundant in the apical dendrites, but clear signs of a presynaptic

site or vesicle fusion were lacking.

The basal dendrites were very thin, with a diameter of 0.3 - 0.75 pm (X + 0: 0.5 + 0.2 pm). As the apical
processes, they were oblong in cross section. They usually projected dorso-laterally and dorso-
medially within the deeper layers. Though their length could exceed 50 um, they did not enter GL. The
basal dendrites also bore spines, but at a much lower frequency (fig. 40B). Similar to the large
dendrites, spine frequency decreased with distance to soma. Spines were usually long-necked or thin,
stubby spines were rare. It was not uncommon to find spine heads receiving more than one input. An
inspection of multiple, randomly picked spines on the proximal large dendrites and the basal, deep
layer dendrites showed that spine heads were mostly devoid of vesicles. I did not observe presynaptic
structures. ER was frequently found in spine heads, however, these structures did not exhibit the

stacked structure reported for mammalian spine apparatus.

Before entry into the GL, mitochondria were sparse and rather small in the thinner branches.
Microtubuli were clearly visible in the cytosol throughout the dendrite, even in thinner ones. The
cytosol often contained larger vacuoles, and very dark, threadlike ER was abundant. Few vesicles were
observed in the basal and proximal portions of the large dendrite. I found few presynaptic sites on the
dendrite shafts. The small dendrites in the deep layer received a lot of synaptic inputs. In the basal
dendrites and the proximal portions of the big dendrites, this input was mostly directed to the spines.

With larger distance from the soma these dendrites also received frequent input to the shaft.
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Figure 41. The morphology of sparsely spiny DLIN1s (sDLIN1) and DLIN1s with long-necked spines (LDLIN1). Large: Two
IDLIN1s (blue, yellow) and two sDLIN1s (green, purple). A. Overview on the entire set of reconstructed neurons per
subclass. The 12 IDLIN1s (A.1) were located more superficially and their dendrite spanned a smaller volume than
12 sDLIN1s (A.2). B. Close up on the soma and the proximal dendrites. B.1. The IDLIN1 bore long spines at moderate
frequency (see inset) and made thin, basal dendrites (arrow). B.2. Few sDLIN1s made basal dendrites. These dendrites
bore predominantly stubby and short necked spines at low to moderate frequency (see inset). C. Close up on the distal
dendrites. In both subclasses varicosities were densely filled with synaptic vesicles and often made (and receive)
multiple synapses. C.1. Varicosities were frequent in IDLINIs and by trend smaller than in rDLIN1s. C.2. sDLIN1
varicosities were larger and quite similar to rDLIN1s. Scale bars: A: 30 um, 3D insets: 5 um, image insets: 1 um.

The DLIN1s with Long-Necked Spines

The second DLIN1s subclass was characterized by the predominance of long-necked spines. At a

glance, long-necked spined DLIN1s (IDLIN1s) showed obvious differences to the rDLIN1s because
they were smaller, and both the location of their soma and the extent of their neurite tree were more
superficial. The IDLIN1s comprised a group of 12 neurons (fig. 41A.1).
The somata were only slightly smaller in terms of their largest diameter (g: 8-10 um,
X £ 0: 8.5+ 0.7 um), but more so in volume (table 8). An irregular, roughly globular somatic outline
(6/12) was found slightly more frequent than an ovoid shape (4/12). All nuclei displayed mild
undulations. Except for two neurons with somata in a big GCL cluster, IDLIN1s were located in the PL,
either as part of a small cluster (7/10) or freely in the neuropil (2/10). Their surface was slightly
uneven and bumpy, and spines were infrequent. Somata did not bear membranous excrescences like
the rDLIN1s. A single primary cilium was found in all IDLIN1s (1.5 - 3.3 pm, X * ¢: 2.3 + 0.5 pm). Two
neurons were cut at the soma.
The somata gave rise to one to four dendrites projecting to GL (X * o: 1.6 + 0.8). The separation
between small, basal and the large, distally projecting neurites was far less pronounced than in
rDLIN1s. One cell completely lacked basal dendrites. Others gave rise to only a few basal dendrites of
variable length (< 15 pm or > 50 um, g: 0.3 - 0.8 um, X * 0: 0.5 * 0.1 pum), which projected through the
deeper layers (fig. 41B.1). They made thin and long-necked spines at long, but regular intervals.
Synaptic vesicles were absent in the basal dendrites as well. Hence presynaptic structures were not
found, but many postsynaptic sites at which input from thin neurites of remote cells seemed to
dominate. The distally directed dendrites emerged with relatively small diameter (g: 0.5 - 2.0 um,
X £0:1.1 £ 0.4 um). Neurons with a soma position deep in PL or GCL tended to expand their dendritic
trees more radially, spreading widely, before projecting towards the ventro-lateral GL. The dendritic
orientation of the other cells followed the long axis of the imaged volume. Their ramification in the GL
was strongest and represented the larger fraction of their dendritic tree.
The larger dendrites sometimes bore stubby and short-necked spines in their proximal parts. The
predominant spine form was, however, the long-necked variant with a flat or a bulky rounded head.
These covered the dendrites at moderate frequency, which only slightly decreased towards the GL.
The apical dendrite was characterized by sheath-like expansions that could be platelet-like, cupped
or obtain more complex shapes enveloping other neurites. The distal varicosities occurred at a higher
frequency than in the rDLIN1s. Also, they were by trend smaller in diameter, more circular. A
noteworthy fraction took on a spine-like appearance, resting on neck-like protrusions. The presence
of synaptic vesicles distinguished them from deep layer spines (fig. 41C.1).
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The Sparsely Spiny DLIN1s
The sparsely spiny DLIN1s (sDLIN1s) comprised a group of 12 thin-branched, delicate DLINs
(fig. 41A.2). Their cell bodies were located in big clusters of the GCL (8/12), in small PL clusters or

immersed in the PL neuropil (4/12). Somata were of medium size (g: 8 - 10 pm, X * 0: 8.6 + 0.7 pm)

and predominantly of irregular, roughly globular shape. The surface was coarse, bore isolated short-
necked spines and membrane excrescences were found in seven sDLIN1s (fig 41B.2). These were,
however, far smaller, and less pronounced than in the rDLIN1s. As in the other DLIN1 subclasses,
primary cilia were of medium length (1.8 - 3.0 um, X * o: 2.5 * 0.4 um). The somata gave rise to two to
four slender dendrites (g¢: 0.3 -2.0 um, X * 0: 1.0 £ 0.4 pm). Only four neurons showed a clear
difference of dendrite size. Yet, small, thin dendrites, which restricted their projection to the deep
layers, could be found in other sDLIN1s as well. But, apart from the small diameter, differences to the
other dendrites were not obvious (fig. 41B.2). The dendrites were sparsely spiny, with stubby and
short-necked spines dominating. Only in two sDLIN1s the long-necked variant seemed to prevail. As
in the other subclasses, the dendrite branched more frequently in the GL and displayed varicosities of

medium frequency (fig. 41C.2).

Interactions With Other Neurons

The overlap of the dendritic tree with identified glomeruli in the imaged volume was inspected for all

neurons, but the presence of synapses within the glomerular volume was only confirmed for a subset
(see below). All cells sending a dendrite into the GL within the imaged volume projected through the
volume of at least one glomerulus (fig. 42A). The projections of the rDLIN1s and sDLIN1s passed on
average through slightly more glomeruli than the projections made by the IDLIN1s (rDLIN1s:
3.2+ 1.3,1DLIN1s: 2.3 + 1.1, sDLIN1s: 3.0 + 1.0 glomeruli). The fraction of distal dendrites immersed
in individual glomeruli was highly variable within and across cells but appeared to be by trend lower
in the larger rDLIN1s.

The glomerulus specific PN interactions were investigated for two rDLIN1s, one sDLIN1 and one
IDLIN1 for the glomeruli M56D56A2, M45D45A1 and M67D45A12. This analysis suggested a complex
and individual pattern of interaction between PNs and DLIN1s. All examined cells made synapses with
at least one MC within each of the glomerular subcompartments to which they projected. The
tworDLIN1s and the sDLIN1 connected to a similar fraction of MCs within the glomeruli they innervate
(4/19 MCs (21%), 10/34 MCs (29%) and 7/25 MCs (28%), respectively). The rDLIN1s rarely made
more than a single synaptic contact with a given MC and if so at least one of these synapses was
reciprocal. I observed a higher fraction of connected MCs for the IDLIN1, which made synapses with
11/19 MCs (58%) in the glomeruli innervated. Thus, DLIN1s showed both selective and broad
connectivity to MCs of a given glomerulus. The number of synapses between connected pairs was low.
Reciprocal connections dominated over DLIN1 output and MC input connectivity in all subclasses
(rDLIN1s: reciprocal: 62%, output: 31%, input: 8%, sDLIN1: reciprocal: 83%, output: 17%, input: 0%;
IDLIN1: reciprocal: 64%, output: 18%, input: 18%). Noteworthy was the size of some of the synapses
from the rDLIN1 onto MCs, which could become gigantic (fig. 42B).
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Figure 42. Connectivity of rough DLIN1s to PNs. A: A rDLIN1 with a subset of connected PNs from six different glomeruli.
The rDLIN1 was reciprocally connected to intermediate (1) and large MCs (2, 4, 5) and a RC (3). The rDLIN1 gave input
to a small MC (6) and two RCs. B. Examples of large synapses: The distal dendrite of the rDLIN1 formed large sheaths
that wrapped intensely around MC dendrites. Synapses onto the MC could comprise several active zones or zones
extending over several hundred nm (see insets). Scale bars: overviews.: 30 um, insets: 1 um.

The two rDLIN1s and the IDLIN1 gave input to the dendrites of the majority of RCs in the glomeruli
examined via one to four synapses (rDLIN1s: 4/7 (57%), 3/5 (60%); IDLIN1: 4/5 (80%)). I did not
find any connections between the sDLIN1 and the four RCs in the glomeruli it innervated. During
reconstruction and morphological classification, I found additional synapses between all of the
DLIN1s examined here and RCs of other glomeruli. Noteworthy was the interaction of sDLIN1s with
RCs, of which I found 23 connected pairs. Reciprocally connected pairs and pairs in which a sDLIN1
provided input to an RC dendrite made up the vast majority of these connections (ten pairs each, fig.
43A, B).

All synapses to PNs in the GL originated from the varicose enlargements on distal dendrites. Both the
proximal portions of the apical dendrite and basal dendrites received many synapses onto shaft and
spines. The somata received input from neighboring cell bodies and from thin dendrites with dark
staining full of small, granular vesicles. Most of the input terminating on the proximal parts of the
DLIN1s originated from neurites coming from deep sources. During proofreading I observed diverse
interactions of DLIN1s with the local IN network. I found connections between DLIN1s, as well as to
representatives of other DLINs, not only in the deep layers, but also in GL (fig. 43C). These synapses
were located on the varicosities of distal dendrites, often in vicinity to MC dendrites, to which both
DLINs connected. I detected both reciprocal, as well as unidirectional in- or output connectivity.
Further inspection suggested that such DLIN pairs were connected through a single synapse.
Additionally, I found isolated synapses with representatives from all three classes of GLINSs, as well as
PLIN3s, and the PLIN4s (fig. 43C).

Figure 43 (next page). Connectivity of sDLIN1s and IDLIN1s with other bulbar neurons. A. This sDLIN1 (violet) made
reciprocal synapses with six RC of different glomeruli. Inset: Each connection involved multiple synapses at the ruff.
Scale bars image: 1 um. B. Another sDLIN1 (red) connected to five RCs of three different glomeruli. The sDLIN1 gave
input to the dendrites of four RCs through multiple synapses. One connection was reciprocal. *: A close up shows the
overlap of the sDLIN1 dendrite with the RC. This pair was connected through three synapses (see inset **). Scale bar
image: 1 um. Enlargement 3D (*). C: This IDLIN1 (blue) was found to give input to a sGLIN1 (orange, 3), a IGLIN1 (green,
1), three GLIN2 (one example in pink, 2) and a cDLIN2 (red) in GL. Scale bars Insets: 3D in C1, C2, C4: 5 um, all images
and 3D of C3: 1 um.
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DLIN CLass |l

A group of 42 neurons (CD1:11, CD2:20, CD3:11) formed a morphological class which was
characterized by the presence of spines of unique aspect. The common characteristic of these spines
was a bulgy and frayed appearance, which involved, however, a significant variability in the overall

spine shape.
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Figure 44. Spine aspect of DLIN2s. A-H: variation of frayed spines. |I-J: Close up on distal varicosities. Scale bars A-I:
500 nm, J: 5 um, inset 500 nm, Abbreviations: s: spine, db: dendritic branch.

Short necked spines were the dominating spine type (fig. 44A, B, D, G). The less frequent, long necked
spines could assume a length of several microns, and sometimes had side branches, that terminated
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in a spine head or often a pointy tip (fig. 44E, H). I did not aim for a clear distinction between spines
and small dendritic side branches but considered any studded, deep layer protrusion below a visually
judged length of five microns as a spine. The spine necks could become very narrow (< 100 nm), which
was challenging to segment, and, thus, contributed to the overall tattered appearance of the spines
(fig. 44ACD). In their simplest form, spine heads resembled bulky rods or bulbar enlargements. In
most cases, they were completely amorphous and studded with several protrusions. These
protrusions could be short pointy tips, more filopodial, or of beaded appearance, due to repeated
bulbar dilations followed by constrictions (fig. 44C-E). Stubby spines were the second most common
spine type (fig. 44F). They often sat on dendritic varicosities, had a large base, and bore many short,
filopodial protrusions. The spine heads seemed to be mainly postsynaptic to a single contact. Rarely,
multiple synapses onto the same spine were observed. In addition, a small, but notable fraction did
not receive any synaptic input. I did not observe synapses onto the filopodial protrusions. The spine
heads often contained vesicles and ER strands, that did however, not form layers of stacked discs as

commonly described for spine apparatus.

At first glance, the aspect of the distal dendrite was very similar to the distal dendrites in DLIN1s.
These dendrites were very thin (g: ~ 150 - 500 nm). Pre- and postsynaptic interaction mainly
occurred at bulky or flattened varicosities, which could assume a complex, amorphous shape, when
coiling around connected neurites. Taking a closer look, subtle, but distinct differences became
apparent. I observed some flattened enlargements, which were stretched so much, that they appeared
perforated. However, these were not very frequent. More often, the varicosities were bulky, but
elongated along the branch, resulting in a roughly spindle-shaped structure, sometimes indented by
connected neurites (fig.44]). Furthermore, the varicosities frequently bore filopodial, pointy
protrusions, extending into the neuropil without synapses. The cross section of the dendrites had a
roundish outline, which varied a lot in diameter, giving rise to a rather bumpy, irregular surface. This
contrasted with the smooth ribbon-like appearance of the distal dendrites in DLIN1s. Moreover,
dendrites exhibiting the aspect of distal dendrites appeared already in the PL. Both small synaptic
vesicles, as well as larger vesicles with clear lumen, were abundant in the varicosities and branches of
the distal dendrites.

[ divided this group into three subclasses based on the predominant spine form and frequency, as well
as additional morphological characteristics. I will describe one group in detail and highlight

differences for the other two subclasses.

Morphology

The Common DLIN2s

The common DLIN2s (cDLIN2s) comprised 26 neurons whose somata were predominantly located in
big clusters of the GCL (21/26). Five neurons had their cell bodies located in the small cluster or freely
in the neuropil of the PL. There appeared to be a gradual reduction in overall size, i.e., soma size,

neurite perimeter and length from deep to superficially located cells. The somata were among the
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largest observed for INs of the OB (¢: 8- 12 um, X * o: 9.8 + 0.8 um) and were mainly pyramidal to
globular-shaped (16/26) or rather ovoid (10/26). Their surface was mostly even and without dents
made by passing neurites but with impressions of neighboring somata. They had isolated spines or
membrane excrescences. The nuclei were embedded in moderate amounts of cytosol and displayed
only minor undulations, but only three of them exhibited the perfect ovoid shape observed in many
rDLIN1s. Their perikaryon contained little to moderate amounts of long stranded ER. The
mitochondria were slender and often elongated. Many multi-vesicular bodies and darkly stained
endosomes were observed in vicinity to the Golgi apparatus. These varied strongly in size; they were
mostly located at the base of primary dendrites and sometimes stretched into them. Primary cilia
could be found in all neurons (fig 45A*). These cilia could obtain considerable length (2.0 - 7.5 um,
X +0:3.8% 1.2 um) and projected into the surrounding extracellular space without any obvious

common direction.

Two to four dendrites of small to moderate diameter emerged from the soma. About half of the cells
(12/26) exhibited a distinct size difference between their primary dendrites (@wipg: 0.8 - 3 pm,
X+0:1.5+£05um, @mun:02-0.75pum, x*0:05+x02pm, equal sized: @:0.5-2.0pum,
X +0:1.0 £ 0.4 um), but apart from diameter the wider and narrower branches did not differ
morphologically. The dendrites branched regularly, making both symmetric and asymmetric
bifurcations. This resulted in a predominantly stellate orientation, with branches spreading widely
through the deep and superficial portions of the imaged volume. In contrast to DLIN1s, the branching
frequency increased already within the PL. The dendritic cross section was round. Thin, elongated
mitochondria and ER strands with wide lumen stretched through the proximal dendrites in GCL.
Disregarding spines, the surface structure of the proximal branches was mainly even and smooth. At
more or less regular intervals the dendrites of the deep layers expanded in diameter and formed
varicosities, often, but not always, associated with an accumulation of mitochondria (fig. 45C). In most
cases, these enlargements result formed a regular expansion of the dendrite to all sites, but they could
also obtain more irregular shapes e.g., stubby, or cone-like. On the proximal dendrites a large fraction
of the varicosities was associated with spine-like protrusions (fig.45A). I did not find these
varicosities associated with synaptic vesicles. In the more superficially positioned cDLIN2Zs,
varicosities on proximal dendrites were less pronounced or absent. Spines were not restricted to
varicosities and could emerge directly from the shaft as well. In this subclass the spines were
predominantly stubby or short-necked, with only a few representatives showing some long-necked
spines. The density of spines varied from sparse to moderate. Following along proximal dendrites of

several neurons, [ noticed several outbound synapses from the dendritic shaft.

Figure 45 (next page). Morphology of the common DLIN2. A. Somata had a smooth surface. The proximal dendrites
made regular bulbar dilation that bore frayed spines. The primary cilium projected from the soma (*). A.1. Superficial
neurons had a smaller soma with less cytosol. B. Beaded dendrites spread through the PL: The dendrites made
frequent bulbar dilations that were separated by very thin strips of dendrite, giving the neurites the appearance of a
pearl-necklace. C. With some distance to the soma the dendrites in the deep layer became less spiny, but still exhibited
bulbar dilations that usually contained one or more mitochondria. D. Varicosities in PL could make in- and outbound
synapses. E. Varicosities of the distal dendrite were usually voluminous (left) but could also be coin-shaped. F.
Overview of all 26 cDLIN2 Scale bars: Overview: 30 um, insets 3D: 5 um, insets image: 1 um.
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The transition from proximal, deep dendrite to distal dendrite was gradual. With distance from the
soma spine frequency decreased, while many times the frequency of the varicosities increased. They
became smaller in diameter and were no longer associated with spines. At these varicosities, in- and
outbound, as well as reciprocal, synapses were found already in PL (fig. 45D). Upon entrance into the
GL varicosities became larger, bore pointy protrusions, and more often adopted a flattened
appearance as described above.

In most cDLIN2s (19/26) I observed one or more branches that stood out through a beaded
appearance: These dendrites were completely aspiny. They exhibited roundish enlargements, which
were much smaller than the other varicosities (0.5 - 1.0 um) and also much more frequent. These
were separated by very thin, short stripes of dendrite, giving the dendrite a pearl neckless-like
appearance (fig. 45B). The varicosities did not contain mitochondria, but the dendrites were rich in
ER. In contrast to what was common in thinner neurites, microtubules were very clearly visible in
these dendrites. At alow frequency, both pre- and post-synapses were found at the varicosities. These

beaded dendrites were guided through neuropil rich regions of the GCL or the PL.

The Rough, Fringy DLIN2s

The DLIN2s with fringy spines (fDLIN2s) comprised a group of 13 neurons. This subclass shared
strong morphological similarities to cDLIN2s with respect to the cursory topology: Up to
four dendrites of small to moderate size (equal size (9/13): ¢:0.5-1.5um, X +0: 1.0 + 0.3 pum;
unequal size (4/13): gwioe: 1.0 - 2.5 pm, X + 0: 1.8 + 0.6 pm, @ru: 0.3 - 0.8 um, X + o: 0.5 + 0.2 pm)
emanated from the soma, branched regularly and spread in all direction through the imaged volume.
The appearance of the distal dendrites was indistinguishable from those of cDLIN2s. The identifying
characteristic of this subclass was the aspect of the soma and the dominating spine appearance. All
somata (¢: 9 - 11 um, ¥ + 0: 9.8 £ 0.5 um) were located in a big cluster or neuropil rich regions of the
GCL, with a globular soma outline dominating (11/13) and a near perfect ovoid shaped nucleus in six
fDLIN2s. The somata had a very rugged surface (fig. 46A). They were studded with filopodial
protrusions and many long-necked frayed spines, which produced a very rough, frazzled, sometimes
spiky appearance. This aspect extended to the proximal part of the dendrites. Primary cilia were long
(2.3-6.0 um, X £ 0: 3.4 £ 1.0 pm).

At moderate to very high density, dendrites were covered with long-necked frayed spines. Many
spines terminated in an elongated, frayed spine head (fig. 46A), made side branches, and bore long
filopodial protrusions. Such protrusions were also found on the rarer, short-necked spines.
Altogether, this resulted in a hairy aspect. The bulbar varicosities on the proximal dendrites associated
with spines, observed in cDLINZs, were either absent or far less pronounced (fig. 46B). However, the
beaded side branches, traversing the PL and neuropil rich parts of GCL, were also present in this
subclass (fig. 46C).
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Figure 46. Morphology of fringy DLIN2s (fDLIN2) at the example of two INs with stellate topology. A.1. Somata had a
rough appearance covered with multiple long-necked, frayed spines and membrane excrescences. Inset: The Golgi
apparatus spread well into the primary dendrite. A.2. Thin neurites with varicosities packed with small vesicles gave
input to fDLIN2 spines. A.3. Some somata displayed a very spiky appearance. B. The proximal dendrites made regular
dilations. These contained mitochondria and that usually bore spines receiving input. C. Like the cDLIN2s these neurons
had beaded dendrite branches in PL that were pre- and postsynaptic sites. D. Close up on voluminous varicosities in
GL. E. Overview on all 11 neurons of this subclass in the boundaries of the imaged volume. Scale bar: insets 3D: 5 um,
insets image: 1 um.

The DLIN2s with Stubby Spines

The DLIN2s with stubby spines (sDLIN2s) comprised only three neurons, which showed notable
morphological differences to representatives of the other two subclasses. All cell bodies were part of
a big cluster in GCL and had a diameter of 9 um. The surface was rough, rugged, and covered with
stubby, frayed spines and large, elongated membrane excrescences (fig. 47C, D). The three sDLIN2
bore a single primary cilium (3 - 4 um, X * o: 3.7 £ 0.6 um, fig. 47D*). The soma gave rise to one or
two large dendrites (g: 1 - 2 pm, X * 0: 1.7 + 0.4 pm) that were directed towards the superficial OB
layers on the dorso-lateral and ventro-lateral end of the imaged volume. The proximal dendrites were
densely covered with stubbed and short-necked frayed spines but did not exhibit any varicosities
(fig. 47A). In two cells thin dendrites emerge, which bore thin or long-necked spines at low frequency
or were completely aspiny (fig. 47B, D). The thin dendrites ramified in the deep layers, one eventually
reaching the GL. All three cells had beaded side branches, projecting through the deeper layers. The
aspect of the distal dendrite was similar to the other subclasses, however, with a tendency towards
flattened, stretched varicosities (fig. 47F). Altogether the sDLIN2s had a strong resemblance to the
rDLIN1s, however, spine type and the aspect of the distal dendrite clearly placed them with the other
DLIN2s.

Interactions With Other Neurons

I checked the overlap of all neurons of this class with the glomeruli. The presence of synapses within
these volumes, however, was only confirmed for a subset of DLIN2s. Almost all cells with projections
in the GL immersed their neurites in at least one glomerulus (40/42). On average the cDLIN2s
appeared to pass their dendrites through fewer glomeruli than the other two subclasses (cDLIN2s:
2.6 +1.7,fDLIN2s: 4 + 1, sDLIN2s: 4.0 * 0.8 glomeruli).

[ investigated the glomerulus-specific PN interaction for a superficial cDLINZ, one sDLIN2 and one
fDLIN2 in the glomeruli M67D45A12, M56D56A2 and M45D4A2. Each investigated cell projected to a
different subset of these glomeruli. All DLIN2s showed a selective MC innervation pattern and made
primarily few synapses per connection: The superficial cDLIN1 was presynaptic to two of 19 (11%)
MCs via a single synapse each. This neuron did not make any connections to RCs of these glomeruli,
but I found inbound and reciprocal synapses with RCs of other glomeruli. The fDLIN2 was connected
to four of 25 MCs (16%). These connections were mediated through single contacts (75% outbound,
25% reciprocal). The fDLINZ made no connections to RCs of the glomeruli investigated but received

input from an additional RC.
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Figure 47. The three DLIN2 with stubby spines. A: The proximal part of the primary dendrite was densely covered with
short-necked and stubby, frayed spines. Inset: Synapses onto a neighboring DLIN soma (arrows). B: Tip of an aspiny,
basal dendrite in GL with several varicosities, that received input. C: The somata were covered with ragged membrane
excrescences and spines. D: Closeup on another soma from which a primary cilium emerged (*). A thin basal dendrite
arose from the soma and received input to varicosities (**). E: A varicosity or stubby spine in PL containing a synapse
onto a soma. F. Distal dendrite varicosities were rather flattened. Insets: top: Some varicosities received sensory input
(red arrow). Others made multiple outbound synapses. Scale bar: insets 3D: 5 um, insets image: 1 um.

[ investigated the glomerulus-specific PN interaction for a superficial cDLIN2, one sDLIN2 and one
fDLINZ in the glomeruli M67D45A12, M56D56A2 and M45D4A2. Each investigated cell projected to a
different subset of these glomeruli. All DLIN2s showed a selective MC innervation pattern and made
primarily few synapses per connection: The superficial cDLIN1 was presynaptic to two of 19 (11%)
MCs via a single synapse each. This neuron did not make any connections to RCs of these glomeruli,
but I found inbound and reciprocal synapses with RCs of other glomeruli. The fDLIN2 was connected
to four of 25 MCs (16%). These connections were mediated through single contacts (75% outbound,
25% reciprocal). The fDLINZ made no connections to RCs of the glomeruli investigated but received
input from an additional RC. The sDLIN2 connected to eight in 25 (32%) MCs, showing a strong bias
for the M67D45A12 glomerulus, where it made 7 connections. The output onto MCs clearly dominated
over reciprocal connections, making up 75% of these connections. The number of synapses also
varied, with predominantly one or two synapses per pair. One sDLIN2-MC pair was connected through

six very large outbound synapses. This sDLIN2 also gave input to the dendrite of a RC (1/4 RCs (25%)).

In addition, [ inspected the connections between a large, deep cDLIN2 and the PNs of all nine glomeruli
it projected to (fig. 48). This IN connected to 16 of the 68 MCs within these glomeruli (24%), each
connection was usually mediated by a single, sometimes two synapses. The majority of pairs are
connected by reciprocal synapses (69% reciprocal, 25% outbound and 6% inbound connections). The
cDLIN2 also connected to eight of the 12 RCs (67%) in these glomeruli. Only one of these pairs made
reciprocal synapses at the ruff. In another pair the RC was presynaptic to the cDLIN2 and in turn
receives input from the cDLIN2 to the dendrite. In four pairs the cDLIN2 provided input to either ruff
or dendrite of the RC, whereas it received input from two other RCs.

During the reconstruction process I discovered further connections with both PNs and local INs. I
found outbound synapses from shafts of the proximal dendrites and soma onto DLINs of all classes.
Interactions with other DLINs were not restricted to the deep layers: I observed several instances of
synapses from DLIN1s giving input from the distal dendrites of DLIN2s. These synapses were in
proximity to synapses with PNs to which both DLINs connected. Furthermore, instances of both in-

and outbound connections with all classes of GLINs were found, as well as input to PLIN4s.

Figure 48 (next page). Example of a large, deep cDLIN2, which connected to 16 MCs and nine RCs in nine different
glomeruli. Eleven of the connections with MCs were reciprocal (e.g., 2, 8, 9), whereas only one connection to a RC was
reciprocal (not shown). The cDLIN2 provided input to four MCs (5, 6, 10) and five RCs (1, 3). Only one connection to a MC
was inbound (4), but the cDLIN1 received input from three RCs (7) without directly reciprocating it. Notably, with
exception to the outbound connections to RCs, the majority of connections involved only a single or sometimes two
synaptic contacts. Scale bars: insets 3D: 5 um, insets image: 1 pm.
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DLIN Crass I

The third class of DLINs comprised a group of 26 neurons (CD1:5 (19%), CD2:12 (46%), CD3:9
(35%)). These cells stood out by their hairy appearance. Numerous spines and fine basal branches, as
well as the relatively slender appearance of the superficially projecting dendrites, gave these neurons

an almost delicate aspect.

A

Figure 49. Aspect of DLIN3 spines. A-I: variations of the hairy spines of DLIN3. J: Close up on distal dendrite varicosities.
Scale bars A-G: 500 nm, H: 3D: 3 um, inset 1 um, Abbreviations: s: spine, db: dendritic branch.

All neurites in the deeper layers were densely covered with thin, elongated protrusions of several
microns’ length. The appearance of spines was quite diverse. The largest fraction of spines could be
characterized as long-necked, branched, or both. Filopodial, as well as mushroom-like branches could
arise in the middle of a spine neck, as well as the distal end of a spine (fig. 49B-G). Many spines also

exhibited amorphous dilations along the spine neck, which were usually targeted by synapses, and
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which continued with a filopodium (fig. 49C). Given this appearance, spines were often
undistinguishable from side branches of basal dendrites, which were also very thin and delicate.

The spine heads expressed a considerable variability; bulky heads dominated over flattened ones.
They could be amorphous and associated with additional filopodia, pointy tips or beaded branches
that tapered off similar as in frayed spines. The presence of long beaded protrusions on spine heads
separated the DLIN3s into a group with a frizzly appearance (fig. 49B, F, I) and a non-frizzly variant,
in which these kinds of protrusions were absent, and spines were more compact (fig. 494, D, E, G, H).
However, these groups were highly similar in other respects. I regularly observed spine heads, which
sat like elongated long, amorphous rods on thinner spine necks (fig. 49A). Short-necked spines
associated with these types of spine heads, as well as long, filopodial headless spines were also

common (fig. 49A) while stubby spines were rare (fig. 49H).

The appearance of the distal dendrites was very similar to those described for DLIN2s. The neurites
were round in cross section and with frequent, irregular modulations of the diameter. Compact and
bulky varicosities associated with pointy tips dominated. In contrast to DLIN2s, varicosities stuck out
more from a branch, resembling sessile spines and often sat on the end of a short branch (fig. 49]).
Stretched out flattened enlargements were rare. However, altogether, considering only distal dendrite

morphology, the two classes could not be set apart.

Morphology

The majority of cell bodies (19/26) lay in the big clusters of the GCL with the remaining cells located
in the neuropil of the PL. Similar as in other classes of DLINs, there was a gradual reduction in terms
of soma size and dendrite perimeter with soma position along the deep - superficial axis. The somata
were globular or droplet-shaped and of a medium diameter (g: 8 - 10 um, X * o: 8.3 £ 0.5 pm). They
stood out for their mostly very smooth surface, which was yet studded with many elongated spines
and delicate basal dendrites (fig. 50A1-2). The nuclei displayed mild undulations and were embedded
in rather little, sometimes moderate amount of cytosol. The cytosol was very clear and lightly stained,
containing only a few short strands of ER with wide lumen, few slender mitochondria and scarcely
any vesicles. A single compact Golgi apparatus was usually located at the base of one of the larger
dendrites without stretching into it (fig. 50A1). Here, other components of the endomembrane system

were identified. All neurons had one primary cilium of medium length (2 - 5 um, x * ¢: 3.3 £ 0.7 pm).

Figure 50 (next page). The morphology of DLIN3s at the example of four neurons. The topology could obtain any shape
from fusiform to stellate. The somata were positioned throughout PL and GCL. A. Somata and proximal dendrites were
densely covered with hairy spines (see also fig. 49), these could take on a smooth (A.1) or frizzly aspect (A.2). A.2 insets:
Left: A spine receiving input, right: Some spines contained large vesicular structures that resembled synapses. B1-3.
Other spines in the deep layers made obvious synapses, which could be distinguished by clouds of small vesicles
fusing to the membrane. These target neurites of presumed DLINs. C: Varicosities of the distal dendrites were
voluminous but compact and often bore pointy tips (red arrows). D. Overview of all 26 DLIN3 within the stack
boundaries. Scale bars: insets 3D: 5 pm, insets image: 1 pm.
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Several dendrites emanated from the soma. Most cells (23/26) gave rise to one or two large dendrites
(2: 0.5-1.8 um, x: 1.1 £ 0.4 pum) and up to three fine, basal dendrites (g: 0.1 - 0.5 pm, X: 0.4 £ 0.2 pm).
The larger dendrites were directed laterally and superficially towards the GL. On this path, some
branched once or twice symmetrically within PL. The overall orientation of the dendritic tree varied
between DLIN31s. A more stellate and a besom-like shape were equally frequent.

Elongated spines covered the dendrites at a very high frequency. Their occurrence was highest at the
proximal dendrites and gradually reduced with distance from soma. In between spines the dendrites
generally exhibited an even, smooth surface and were round in cross section. The large, proximal
dendrites of 12 DLIN3s made noticeable bulbar dilations which often contained mitochondria. These
dilations were of low frequency. In a subset of ten DLIN3s, I observed the aspiny, beaded neurites
traversing PL noted in DLIN2s. Within the deep layers, the large, superficially projecting dendrites
gave rise to many delicate basal dendrites. These were equally densely covered with elongated spines

and extended usually around 10 - 30 um but may occasionally spread well beyond 50 um.

[ visited 10 - 15 randomly picked spines on deep layer dendrites of 8 cells. The majority of spines
received input at least at one site. Branched spines often received more than one synapse. Most spine
heads were free of vesicles, but contained ER, which was not arranged in stacked discs as reported for
spine apparatus. I also observed one to three spines that made outbound synapses onto deep layer
neurites in four DLIN3s. These spines were quite proximal to the soma, showed no obvious differences
to neighboring spines and could also be postsynaptic to additional neurites. [ detected further spines
containing many small vesicles, which resembled synaptic vesicles. However, I could not find sites of
vesicle fusion, which are sufficiently distinct to be identified as a synapse (fig. 50B1-3). I also noted

outbound synapses on dendrites and varicosities in the deep layers at low frequency.

Interactions With Other Neurons

DLIN3s projected to fewer glomeruli than other DLINs (2 + 1 glomeruli, fig. 51, center). This excludes
four DLIN3s, which did not reach the ventro-lateral GL and one DIN3, which passed its distal dendrite

through neuropil between the identified glomeruli.

The glomerulus specific PN interaction was assessed for 5 DLIN3 in the glomeruli M56D56A2,
M67D45A12 and M5D5A12. Only one DLIN3 projected to all glomeruli. With one exception the DLIN3s
connected to only few of the MCs or RCs: On average, they made connections to 20% of the MCs and
13% of the RCs within the glomerular subcompartments they projected to (ID0111: 0/23 MCs,
2/4 RCs (50%),1D1084:4/25 MCs (16%),1/6 RCs (17%),1D1496:6/10 MCs (60%), 0/2 RCs,ID2519:
3/27 MCs (11%), 0/4 RCs, ID2711: 2/13 MCs (15%), 0/2 RCs).

Figure 51 (next page). Connectivity between DLIN3s and PNs. Center: The DLIN3 (pink) was connected to four MCs (blue,
yellow, purple, mint) and an RC (green). A. With one MC it made 11 synapses distributed across the MC dendrite (arrows).
A.l. The DLIN3 made reciprocal synapses onto the shaft and varicosities in close proximity. Scale bar: 1.5 pm. B. The
connection to the RC was established through a single synapse onto the RC dendrite. Scale bar: 1 um. C. Example of
the interaction of another DLIN3 with a RC. This pair made three reciprocal synapses at the ruff. Scale bars: 3D: 5 pm,
insets image: 1 um.
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Most DLIN3 - MC pairs (14/15) were connected through reciprocal synapses, but in one pair the
DLIN3 gave input to the MC through a single synapse. In some reciprocally connected pairs, I found
additional unidirectional, outbound synapses from the DLIN3. The number of synapses per
connection was remarkably variable: About half of the connected pairs made only 1 or 2 synapses
(8/15), while the other seven pairs were connected through up to 11 synapses (X *o:6.7 £ 2.7
synapses/pair, fig. 51A). Each DLIN3 connected to MCs made at least one connection with many
synapses. Furthermore, the synapses onto the MCs were notably large, mainly with respect to the
associated vesicle cloud, but sometimes also with respect to the size of the active zone.

Synapses with RCs involved both reciprocal synapses at the ruff (fig. 51C), as well as outbound
synapses onto the RC dendrite (fig. 51B). These could co-occur within a given connected RC-DLIN3
pair. Few additional synapses to RCs were found during the reconstruction process.

[ identified the partners receiving input from proximal spines of DLIN3s (see above) as sDLIN1s and
neurites belonging to other INs of the deeper layers e.g., PLIN4s. During reconstruction few
connections to DLINs of the other classes, as well as some connections to GLIN1s and GLIN3s were

noted.

V. UNCLASSIFIED NEURONS
UNCLASSIFIED GLIN

One IN could not be classified into any of the identified morphological classes. The soma was medium-
sized (¢: 10 um) with a flattened, ovoid shape and was located at the very surface of the ventro-lateral
GL. A single dendrite (g 1.5 pm) arose and extended towards the ventral, anterior side, where it left
the imaged volume. Close to the soma it gave rise to 2 thin side branches, but otherwise branched only
infrequently. The main dendrite had a very flat, oblong cross section. Throughout the entire length the
dendrite was pervaded with dark ER structures and made occasional dilations in which slender
mitochondria were found. These enlargements bore stubby and pointy protrusions and received input
from MCs. The side branches had similar excrescences, which in contrast to those at the main dendrite,
could contain synaptic vesicles. I identified a few synapses targeting MC dendrites and neurites
resembling the distal dendrites of DLINs.

The dendrite traversed both M56D56A2 and M45D56A1. The IN did not make synapses with any of
the 9 PNs of M45D56A1 and did not connect to any of the RCs in M56D56A2. However, I found the IN
to connect to 6 of the 15 MCs in M56D56A2, with both reciprocal (3/6) as well as inbound (2/6) and
outbound (1/6) connections relative to the IN. These connections were made by one or at most two

synapses.
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2.4.6 NEURON CLASSIFICATION CONTROLS
HUMAN CLASSIFICATION OF NEURONS

To confirm the existence of subclasses in the population of reconstructed neurons, four
neuroscientists with deep general knowledge of the olfactory system, but unfamiliar with the
reconstructed morphologies, were asked to assign 125 fully reconstructed cells into up to 12 classes
(see section 2.2). These assignments, as well as my own assignment based on only these 125 cells,
were pooled into a graph, and resulted in an adjacency matrix which is shown ordered by the final
classification in (fig. 52A).

Whilst discrepancies occurred at the assignment of individual cells, the analysis clearly confirmed the
existence of defined morphological neuron classes as described above: With exception of one RC with
a truncated ruff, MCs and RCs were faithfully distinguished. The class assignments of superficial INs
showed a strong overlap among classifiers: The first two morphological classes of GLINs were reliably
identified. The IGLIN1s were often confused with the smaller and more superficial representatives of
GLIN3s, PLIN1s and PLINZs, which are only represented by one and two cells, respectively. The
PLIN3s were reliably recognized as an independent morphological class. Deep GLIN3s and PLINs,
particularly the PLIN4, were sometimes misclassified as DLINs. These neurons can share coarse
topological features, especially with regard to their position along the y-axis of the imaged volume.
Aside from that, DLINs were faithfully differentiated from other INs, but a more fine-grained
distinction was only made by a subset of classifiers and the assignment was more variable.

Thus, whereas the details of the class assignment varied slightly, the main classes of PNs and INs were

reliable identified by all human classifiers.

SEMI-AUTOMATED CLASSIFICATION OF NEURONS

In order to complement human cell type classifications with a more objective and unbiased approach,
morphological features of the neurite tree were extracted from the skeletonized representation of the
volumetric neuron reconstruction (see section 2.2.1). This feature space was further extended by
measures obtained from the volumetric representation, namely the volume, the surface area of both
neuron and soma, and two manually extracted features, axon and spine presence.

The extracted morphological features were used to identify morphological classes in 196 neurons
with CD < 3. For dimensionality reduction before clustering both principal component analysis (PCA)
and uniform manifold projection (UMAP) [138] was explored (see section 2.2). UMAP projections
were used for visualization. Both partitioning (KMeans) and clustering (HDBSCAN) on either the
original or the dimensionality reduced feature space yielded results that were qualitatively similar to
the assessment obtained by visual inspection of the UMAP projections in 2D. Fig. 52B shows the UMAP
projection of the 40 features space for all neurons in 2D. The analysis separated PNs from INs with
high reliability, however, it allowed limited prospects to identify subclasses. A separate analysis of INs
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distinguished between superficial and deep layer INs (fig. 52C.1). Visual inspection of neurons in the

individual clusters showed that the automatic classification indeed captured morphological
similarities well.
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Figure 52. Human and semi-automated classification control. A: Adjacency matrix of the joint classification graph
derived from five human classifications. The order of neurons reflects their assignment according to the manual
classification described in section 2.4.4. The two classes of PNs, RCs and MCs, as well as the GLIN1s, GLIN2s and
PLIN3s were identified reliably by all human classifiers. Color bar: edge weight. B: UMAP embeddings of 40
morphological features for all 196 neurons with CD < 3. Clustering with HDBSCAN on the 40 features: With exception
of a GLIN2 and two small MCs, PNs and INs got well separated. C: Analysis of only the IN population. C.1: HDBSCAN
clustering on UMAP projections (20 components) of the 63 morphological features discovered four clusters: Two
clusters (cluster 0, cluster 1) comprised DLINs and large PLINs, another small cluster contained large GLINs and small
PLINs (cluster 2), cluster 3 comprises all of the GLINs and small PLINs. C.2: Five randomly picked examples from
cluster 3 in C.1 illustrate the morphological diversity of this cluster. Three axonal GLINs, a IGLIN1 (yellow) and two
GLIN2s (purple, light blue), and two axonless PLINs, a PLIN1 (dark blue) and a vPLIN3 (pink) had been clustered
together (scale bar 50 um). D: Analysis of only the PN population: HDBSCAN clustering on UMAP projections of 40
features (20 components) identified two clusters containing small and intermediate MCs (cluster 1) and large MCs and

RCs (cluster 0), respectively. Color code in figures A, B, C.1. and D reflects the class assignment as described in section
2.4.4.
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The neurons in cluster 2 (fig. 52C.1), which emerged across a large range of parameters tested, were
similar in size, position and spread, but differed on fine morphological features, e.g., spine distribution
and existence of proximal dendrite. However, the analysis also resulted in some seemingly unnatural
decisions, for example it mixed axonal and axonless GLINs (fig. 52C.2). The evaluation of only PNs
revealed two subgroups (fig. 52D). One subgroup encompasses the small and intermediate subclasses
of MCs. The second subclass comprises RCs and representatives of large MCs.

In summary, the semi-automated classification revealed that the PNs and INs can be reliably
distinguished by clustering of computable features and confirmed the morphological differences
between GLINs and more superficial PLINs on the one hand and deeper PLINs and DLINs on the other.
However, the analysis yielded some decisions that human experts did not make and could not provide
a more fine-grained classification of INs.

2.4.7 SENSORY INPUT TO OB-INS

In mammals superficial INs, the ETCs, as well as small subpopulations of PGCs and sSACs, receive
direct sensory input [55, 154]. To investigate the input to INs in the zebrafish OB, I searched for and
inspected contact sites by overlaying each cell individually with the mesh of sensory axons created
from the semantic tissue segmentation (see section 2.2.1), carefully screening each cell by following
individual neurites in GL. From each morphological class of INs I inspected at least
three representatives. In addition, 1 tracked sensory input to INs encountered during the

reconstruction process. The findings are summarized in table 9:

= 2123|2312/ 2|9 2|
S| N M| | N
S|212|2/2/2|5/3|2|/3/53/2/5/|53|3 2
dJ | | 3| 3
2l elo|lo|a|a|=|%a| 2% B2 % o
# neurons
) niy2 |8 7|6 |4 |3 |23 |43 |3 |4]|5 |14
inspected
# receiving

sensory input

# giving input to
gvingmpette 1 g l o | oo lololololololo|lo|o|m™

Sensory axon

Table 9. Summary of observed connections between subsets of INs and OSNs. *IN gave input to two sensory axons;
one synapse was reciprocal. **IN received input from an axon terminal remote from the one it provided input to.

[ did not find any sensory input to GLIN1s, PLIN1s, PLIN2s or any of the PLIN4s. In all other GLINs and
the PLIN3s, I found at least one neuron to receive sensory input. These inputs were mediated by a
single synapse, most of which were distinct and unambiguous, but a few were small and of lower
confidence (see fig 53). Like sensory input to RCs, these synapses were on average much smaller than

the sensory synapses onto MCs. In the DLIN classes sensory input was more frequent (19/26 cells).
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With the exception of the cDLIN2Zs, I found sensory input to all subclasses of DLINs. In more than half

of these I found more than one input synapse (11/19) and these synapses could overlap with different

glomeruli.

Figure 53. Connectivity between OSNs and bulbar INs. A: Examples of sensory synapses onto fully reconstructed INs:
Left: sensory synapse onto a PLIN3. Middle: sensory synapse onto a DLIN3. Right: sensory synapse onto a fDLIN2. B:
IN synapses onto OSNs. Top: A GLIN3 gave input to two sensory axons (SeA). Insets: Closeup of synapses (see arrows).
Bottom: Closeup of two SeA boutons that received input from multiple INs. All highlighted neurites gave input to the
SeAs. Synapses are indicated by arrows; some synapses are out plane. Left: several neurites were connected to the
SeA in green. Middle: Overview of neurons connected to the SeA (green) shows the high diversity of INs that gave input
to SeAs. Right: A reciprocal synapse between an IN and a SeA can be seen. Scale bars raw image: 1.5 pm, 3D insets:
1.5 um, 3D view overview: 15 um.

Some sensory axons also received input from local neurons (see fig 53). Among the fully reconstructed

neurons I found one GLIN3 and a DLIN3 to give input to separate axon terminals. These axon boutons

received input from many other neurites. Many of these synapses were reciprocal. Remarkably, these

boutons did not make apparent output synapses onto MCs in vicinity of the IN input.
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I could trace some unreconstructed IN neurites, reciprocally connected to OSNs, back to a vPLIN3s,
several DLIN2s and a DLIN3. The morphology and projection patterns of the other neurites suggests
that these inputs might also originate from PLINs or DLINs. However, their soma could not be found
in the stack.

2.4.8 PN-IN INTERACTION

The interactions between MCs and RCs with different IN classes are summarized in a connectivity
scheme (fig. 54) that considers the glomerulus-specific examination of PN-IN connectivity as well as
the additional observations described in the specific sections for the IN classes.  assessed connections
as weak, moderate, and strong based on the fraction of connected pairs and based on the number of

contacts between pairs.

There were only two IN classes to which MCs were not reciprocally connected: The 1GLIN1s, which
received only very sparse MC input (1/92 pairs) and the GLIN2Zs. The latter received strong MC input.
Given the postsynaptic nature of the dendrite and the trajectory of the GLIN2 axon through deep
layers, I consider local, reciprocal connections between MCs and GLIN2s unlikely. No connections
between MCs and sGLIN1s were found. MCs made moderate to strong reciprocal connections with the
axonless GLIN3s and the PLIN2s, PLIN3s and PLIN4s. Many of these connections were characterized
by a remarkably large number of synapses (see GLIN3s, PLIN3s). Connections between DLINs and

MCs were also reciprocal. These connections were mediated by fewer synapses per pair and in many

morphological classes the IN input to the MC appeared stronger in terms of synapse number and size.

Interactions between RCs and INs give a more diverse picture. RCs were presynaptic to both
subclasses of GLIN1s. However, whereas input to IGLINs was infrequent, the interaction with the

SsGLIN1 were particularly outstanding (see section 2.4.4 — GLIN Class I). RC input onto GLIN2s was

very sparse (1/612 pairs, see section 2.4.4 — GLIN Class II). Strong reciprocal connections to PLIN1s

and PLIN4s were present, but no connection to PLIN2s was found. Moderate to strong input to the RC
dendrite originated from PLIN3 and DLIN1. Interestingly, subclasses of PLIN3s showed differences in
the connectivity to RCs: All examined rlPLIN3-RC pairs were connected, whereas only 1 of 16 possible
vPLIN3-RC pairs was connected. Strong input to the RC dendrite came from all DLIN1 classes.
However, [ found only sparse input to the RC dendrite to originate from GLIN3s, sDLIN2s and DLIN3s.
Reciprocal connections between RC and DLINs were infrequent to moderate. However, the RCs output
was likely underestimated, because the glomerulus-specific examination of PN-IN connectivity did not
consider the ruff, the primary, local, RC output structure, which resided outside the glomerular

volume.
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(GLIN1 mono selective low 0 0 100
GLIN2 mono broad high 0 0 100
GLIN3 mono broad high 73 9 18
PLIN1 mono variable low 100 0 0
PLIN2 mono broad low 57 29 14
rlPLIN3 multi broad high 80 20 0
vPLIN3 multi broad low 59 35 7
PLINA multi variable low 42 33 25
rDLINT multi selective low 62 31 8
(DLIN1 multi broad low 64 18 18
sDLIN1 multi variable low 83 17 0
cDLIN2 multi selective low 65 29 6
fDLIN2 multi selective low 25 75 0
sDLIN2 multi variable low 25 75 0
DLIN3 multi selective variable 93 7 0

Table 10. Features of connectivity between different IN subclasses and MCs. MC selectivity of a IN class was rated
broad, if most INs connected to > 40% of the MCs, selective, if the majority connected to < 40% of MCs of a glomerulus
and variable, if both broad and selective representatives were present. The number of synapses per IN-MC pair was
considered high, if it involved > 3 synapses and low otherwise.

Local IN-MC interactions can be assumed to occur primarily in the glomerular volume. Table 10 gives
an overview of the nature of connectivity to MCs for the individual IN subclasses. This shows
systematic differences in MC connectivity between superficial and deeper INs. The INs of GL and the
smaller PLINs all had monoglomerular innervation pattern, whereas all DLINs and larger PLINs made
projections into several glomeruli. Both GLINs and PLINs connected broadly to many MCs within a
glomerulus. GLIN2s, GLIN3s and rIPLIN3s typically made high numbers of synapses with individual
MCs. In contrast, almost all DLINs exhibited a selective connectivity with MCs of a given glomerulus
and these connections were usually mediated by a low number of synapses. The DLIN3s represented
an exception here, as they connected to at least one MC through a large number of synapses. With the
exception of IGLIN1s and GLIN2s, which were uniquely postsynaptic to MCs, all OB-INs made
reciprocal synapses with MCs. Indeed, most connections between MCs and INs of nearly all classes
were reciprocal. The second most frequent connection type was input from the INs onto the MC,

whereas pairs in which only the MC was presynaptic to INs were rare.
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Figure 54. Scheme of the connectivity between PNs and INs. Top: The MC-IN connectivity was predominated reciprocal
mediated by dendro-dendritic, reciprocal synapses. Only the GLIN2s and - to a very limited extent - the small GLIN1s
received unrequited MC input. With most DLIN subclasses input to the MC was stronger than output onto the IN. Bottom:
The interaction between RCs and IN was more diverse: Originating from the ruff, RC gave prominent input to both
subclasses of GLINIs. Strong reciprocal connections to PLIN1s and PLIN4s could be observed. Additional reciprocal
connections to the majority of DLIN subclasses were found. Pronounced input to the dendrite originated from the
ribbon-like PLIN3s, the PLIN4s and DLIN1s.
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2.4.9 THE GLOMERULAR COLUMN IN ADULT
/EBRAFISH OB

To give an overview of the neuronal components that can connect to a given glomerulus, a
summarizing scheme of the glomerular column in zebrafish OB is shown (fig. 55). This scheme is
based on my manual classification described in section 2.4.4. The main morphological and

connectivity of neuron classes and subclasses described in that section are summarized in table 11.

Figure 55. Scheme of a conceptual glomerular column in adult zebrafish. Each neuron class is depicted by a single
representative independent of the number of cells per subclass. Abbreviations: DLIN: interneuron of the deep layers,
GCL: granule cell layer, GL: glomerular layer, GLIN: interneuron of GL, MC: mitral cell, PL: plexiform layer, PLIN:
interneuron of PL, RC: ruffed cell.

In adult zebrafish, a glomerulus contains multiple MCs of all subclasses. The number of MCs (>4-15)
varied significantly with the size of the glomerulus. MC were predominantly monoglomerular,
received strong sensory input and connected to the majority of bulbar INs reciprocally. Subclasses of
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MCs differed mainly in overall size. Each glomerulus or glomerular subcompartment contained at
least one RC, but up to three were observed. These PNs distinguish by the name-giving local output
structure, the ruff, where reciprocal synapses with many IN classes are formed [117]. RCs were found
to receive small to moderate amounts of sensory input. Each RC was associated with several sGLIN1s,
usually positioned deep to the glomerular volume. These small INs did not connect to MCs and were
not immersed in the glomerular neuropil. Through association to RCs they were mainly

monoglomerular. It is not yet determined whether all glomeruli are associated with IGLIN1s. Within

GL multiple monoglomerular GLINZs and GLIN3s were associated with a given glomerulus.
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large MC 12 | 19584522 | 7.0£15 | 667244 | + - mono | +++ | - | - | + | + | +
RC 8 | 1186318 | 6.3:2.0 | 633109 | + - mono | ++ | /| L |- | -]+
=| sGLIN1 23 16140 0.8:0.3 5817 + - mono - S T I I
-
S IGLINT 8 192+49 1203 6517 + - mono - s | L[+ |-+
GLIN2 18 | 428+185 2109 15261 + | +++ | mono - b | h |- |-+
GLIN3 n 274101 1.7¢0.8 9734 - ++ | mono + b | h |+ |+ |+
PLIN1 230438 1.4:0.4 7517 - + mono - v L]+ ]+ ]+
PLIN2 22138 0.9:0.2 7129 - ++ mono - b L -+ | 4+
2| rlPLIN3 5 395+164 | 2.0:0.9 12241 - + multi + b|h |+ |+ |+
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% fDLIN2 13 579151 3.0t0.7 | 19646 - | +++ [ multi + S L[+ |+ |+
(]

sDLIN2 3 59687 2.6£1.1 1748 - +++ | multi + v L[+ |+ |+
DLIN3 26 | 3342134 | 1.9+0.7 10029 - | #++ | multi + s v |+ |+ |+

Table 11. Summary of main morphological and connectional features of all neuron classes and subclasses in adult
zebrafish OB described in section 2.4.4. Abbreviations: b: broad, h: high, l: low, s: selective, v: variable, -: absent/not

applicable, +: present, ++: pronounced, +++: very pronounced, /: not assessed
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Both classes of INs made synapses with MCs, the GLIN2s received MC input and the GLIN3s made
reciprocal connections. However, synaptic connections with RCs were very sparse. Whether all RCs
are associated with PLIN1s remains to be established. Only a subset of these INs was connected
reciprocally with MCs. Several monoglomerular PLIN2s, as well as the multiglomerular PLIN3s and
PLIN4s, innervate parts of the glomerular volume. Multiple multiglomerular DLINs of all subclasses
are associated with a zebrafish glomerulus. All DLIN classes made reciprocal connections with both

classes of PNs as well as multiple different IN classes.

Several observations bring out particularities of the zebrafish OB circuit. Sensory input to INs was rare
and more consistently observed for DLINs. Remarkably, all neuron classes of zebrafish OB were found
to make reciprocal synapses, either on their dendrite or their axon. Further, with the exception of RCs,

GLIN1s and GLIN2s, dendro-dendritic synapses were found in all neuron classes.

Together, the findings summarized in fig. 55 and table 11 demonstrate adult zebrafish OB is rich in
diversity of both principal and interneurons, that are characterized by connectivity features, e.g. the

abundance of reciprocal synapses.
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2.5 DISCUSSION

The following section recapitulates the main findings of the neuronal composition of zebrafish OB. I
aim at embedding these findings into knowledge that emerged from previous neuroanatomical
investigations of teleost OB. In addition, I review potential homologies of individual neuron classes to
classes described in mammalian OB but also point out fundamental differences. Taking into

consideration the interactions observed between particular IN classes and PNs, I discuss potential
functional implications.
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Odorants evoke distributed and overlapping activity patterns across glomeruli in the olfactory bulb
(OB), where these patterns get transformed through normalization and decorrelation to optimize
computation in downstream networks [155, 25, 35]. These transformations crucially depend on
diverse interactions between projection neurons (PNs) and various types of interneurons (INs), which
outnumber the former many times [37, 78, 20, 21, 27]. However, a detailed picture of the diversity
and composition of neurons, particularly IN types in zebrafish OB has so far been lacking.

Here, we use of one of the most advanced approaches for large scale neuron reconstruction at
ultrastructural resolution to explore the neuroanatomy and neuron composition of the adult zebrafish
OB. Provided with a SBEM volume of zebrafish OB, which was recorded previously in the lab, as well
as an automated, volumetric segmentation by our collaborators, I created a software tool, which
enabled me to efficiently reconstruct and proofread entire neurons in this dataset. The volumetric
reconstruction of 239 neurons, 32 PNs and 207 INs, from all layers of OB, allowed me to explore and
analyze the cellular topology and morphology of multiple neurons in the same individual at
unprecedented detail. I describe ten morphological classes of INs, which can be subdivided into
further subclasses, and find that the main group of OB principal neurons, the MCs, encompass three
morphological subclasses. Analysis of synaptic and non-synaptic contacts between neurons revealed
specialized interactions between MCs and INs with prominent dendro-dendritic reciprocal synaptic

connectivity.

2.5.1 NEURON RECONSTRUCTION

The development of software to correct agglomeration errors enabled me to proofread and
reconstruct many neurons at a fast rate. Generally, neurons were volumetrically reconstructed in a
non-redundant fashion and reconstruction completeness was not quantified. In principle, assessment
and reduction of reconstruction errors could be achieved through multiple redundant reconstructions
or a dense reconstruction, but this approach is very labor-intensive and beyond the scope of this
current project. Instead, | compared the volume and skeleton length of redundantly skeletonized and
non-redundantly reconstructed in some exemplars (DLINs). This comparison did not reveal major
differences, indicating that completeness of volumetric reconstructions was not reduced substantially

by missing branches (see fig. 8).

In general, the completeness of neuron reconstructions may be affected by numerous factors: First, a
considerable number of neurons (115/239) was estimated to be only represented to less than 75 %
within the imaged volume. The resulting incompleteness is expected to exceed the error arising from
manual reconstruction manifold. Second, it is conceivable that due to the convoluted neurite path of
complex, tufted cells, their reconstruction benefits less from the additional information of the 3D
volumetric representation, resulting in more over-looked segmentation errors than in the
reconstruction of simpler cells. Furthermore, neuron properties, like the extreme thinning of the neck

of the spine-like protrusions in GLIN2s, could result in systematic differences in the reconstruction
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completeness between cell types, particularly in a sparse reconstruction. Importantly, while such
biases are likely to affect connectomic analysis, | do not expect this to impair the morphological

classification of neurons notably.

2.5.2 NEURON CLASSIFICATION

Substantial research has been dedicated to elucidate the diversity of cell types in the early olfactory
system of mammals in morphological, structural, molecular and physiological studies [61, 72, 60, 156,
53, 157] and the circuitry of the mammalian OB has been revisited and reviewed many times [62, 63,
59,158, 67,51, 159]. The literature in teleost fish and zebrafish in particular is much sparser and has
predominantly focused on the description of principal neurons [94, 84,117, 95, 85, 81], which allowed
me to reliable identify PNs among the reconstructed neurons. The diversity of INs, in contrast, is not
well understood. A few studies analyzed physiological functions of INs in the zebrafish OB [20, 37] but
anatomical descriptions are rare [87]. Hence, I described the morphological features of the
reconstructed neurons of the OB in detail as a basis for a systematic classification of neurons. The
volumetric reconstruction allowed me to analyze morphological aspects across all layers of the OB
and across different levels of resolution, from coarse topology to ultrastructural features, within the

same neurons.

To corroborate the existence of different morphological neuron classes and substantiate my
classification, I conducted two controls. First, [ asked trained neuroscientists (“human classifiers”) to
classify a subset of the reconstructed cells. This analysis showed a strong agreement among humans
in the classification of PNs, as well as many INs. GLIN1s, GLIN2s and PLIN3s, were reliably recognized
as distinct groups. Other PLIN groups were not recognized unanimously, which may be partly due to
their underrepresentation in this dataset. While DLINs were faithfully distinguished from INs of the
superficial layers, there was a large variation with respect to the subgroups to which DLINs were
assigned. DLINs shared strong resemblance in their coarse topology and my own classification was
based on systematic differences across classes of DLINs in features a microscale resolution. An
inspection of discrepancies between the individual assignments suggested that, when the human
classifier was less familiar with the dataset, classifications were predominantly guided by similarities
in geometry and location, whereas other systematic differences between cells on a higher level of
detail were ignored. An obvious example is a RC with a missing ruff, which all human classifiers
misclassified as MC. At a glance, RC and MC dendrites are very similar in size, extent and location
within OB and they have a tufty outline and branch extensively. However, upon closer inspection, MC
and RC dendrites can be unambiguously differentiated by numerous morphological features, e.g., the
variability in diameter, the size and fraction of tip branches, the frequency of sensory input, and many
more.

As a second control, I ran an automatic clustering analysis based on features extracted from the

skeletal neuron representation and some additional volumetric features. This analysis found a reliable
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and clear separability of PNs and INs and further subgroups. Namely, it managed to separate the
sparser MC subclasses, the small and the intermediate MCs, from the dense MC classes, and faithfully
distinguished DLINs from superficial INs. However, the clustering failed to serve as an independent,
alternative classification method, as it could not make a more fine-grained distinction between neuron
classes that showed obvious differences (see e.g., the clustering of axonal and axonless INs in one
group in fig. 52C.1/C.2). The method can likely be further improved by increasing the number of
reconstructions, better skeleton representations, feature selection or a meaningful expansion of the
feature space, for example with further volumetric measures or measures of spine shape and
distribution. Alternatively, unsupervised deep learning approaches are likely to provide further
insight. However, even an improved automated classification method requires solid evaluation, for

which ground truth was so far missing.

In conclusion, both controls independently confirmed the existence of main the neuron classes
described in my manual classification, i.e., different PN classes and a differentiation of INs beyond a
categorization in superficial and deep layer INs. Variations affected only the detailed assignments of
some neurons to some of the classes. A fine-grained classification relies on the integration of
morphological features across a wide range of resolutions. On this note, it must be also pointed out,
that I not only considered structural and morphological features for neuron classification, but also
integrated knowledge about interactions between neurons, which was obtained through the deep
exploration of the dataset during reconstruction. For example, the tight interaction between PLIN1s
and RCs, which (among other features) allowed me to immediately set these INs apart from the
morphologically similar GLIN3s. To give another example, the knowledge of extent and position of
glomeruli, to which GLIN2s projected their dendrite, enabled me to disregard the considerable
difference in their coarse geometrical structure and identify them as neurons of the same subclass.
Equally important for a solid classification, was a thorough understanding of the structural
organization of OB, namely the layering, in the imaged volume and the reconstruction of a substantial
number of cells, particularly considering the subtle differences between some neuron classes.

Eventually, the classification controls conducted could not fully dissolve subjectivity underlying my
manual classification. In particular, the identification of DLIN classes was based on subtle features and
alternative ways of grouping these neurons are imaginable. Yet, the classification represents an
elaborate study based on detailed morphological description, which can serve as foundation of

subsequent studies.

2.5.3 SENSORY INNERVATION
GLOMERULAR ORGANIZATION

The anatomical organization of glomeruli in the adult zebrafish OB has been described previously [46,
86, 160, 161]. Based on the position of the recording site within the animal’s body axis and based on
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a comparison of the trajectories of the sensory axon tracts with anatomical images and descriptions
in [46] and [86], | assume the imaged volume was obtained posterior to the lateral glomeruli (1G)
group, likely coinciding with the lateral plexus (LP). This region is innervated by microvillous OSNs
[160], responsive to amino acids [16, 155], and anatomically differs from other regions of the OB. Here,
OSN axon terminals do not aggregate to defined glomeruli distinguishable across animals, but are
loosely organized and diffuse, forming multiple microglomerular structures small in diameter [46,
86]. Yet, odor responses in this region are localized in larger, discrete regions suggesting a glomerular
organization [16]. A light-microscopy study showed MC dendrites occasionally form compartments

resembling glomeruli in LP [86].

Here, [ extensively reconstructed PNs and found all their dendrites to organize into discrete, spherical
to ellipsoid glomeruli, suggesting this organization to be the rule for ventro-lateral OB. These
glomeruli were composed of MCs of all subclasses and always contained 1-3 RCs. Only MCs were
observed to project to different glomerular subcompartments, but not RCs. MCs of LP were previously
described as almost exclusively multiglomerular [86]. With the exception of 7 MCs that project large
neurites outside the imaged volume and potentially target remote glomeruli with secondary dendrite
tufts, I find almost exclusive evidence for monoglomerular MCs. Several aspects may contribute to this
discrepancy. First, Braubach & Croll, report the number of MCs in a full OB in the low hundreds [86],
which is likely an underestimation as others estimate ~1500 MCs in an adult OB [89]. Braubach &

Croll could thus have missed smaller, monoglomerular MCs.

Another important aspect is the definition of a glomerulus which is more difficult in teleost OB, where
glomeruli are not as clearly delineated by glial elements and periglomerular cells as in mammalian OB
[82]. Previous studies used labelling of OSN axons to outline the presynaptic component of glomeruli
[161, 46, 86], whereas I describe glomeruli as units formed by the postsynaptic PNs. The glomeruli
described here have been reconstructed to varying degrees of completeness with respect to the
number of PNs, which formed them, and none is fully completed. Still, it is obvious that the size of
glomeruli varied substantially, both with regard to spatial extent and PN number (see table 3). Yet,
even the smallest glomerulus, M5D4A12, clearly exceeded the extent of a single OSN microglomerulus,
whose maximal extent was reported as 4.8 £ 3.9 um [86]. Given that MCs receive sensory input
throughout their dendrite with preference to the distal compartments, it is likely, that the glomeruli
formed by the postsynaptic PN dendrites comprise multiple afferent microglomeruli. Thus, PNs of LP
form more complex, but self-contained, postsynaptic glomerular structures in which MCs might be
multiglomerular with respect to microglomeruli. These structures could only be uncovered by
overlaying the dendritic arbors of multiple PNs from the same OB. Importantly, this portrayal of
glomeruli on the basis of the postsynaptic PN neuropil reconciles the disagreement between the
microglomerular organization of sensory input described previously and the large-area odor
response pattern observed in this region [46, 16].

Across diverse taxa, olfactory systems have been found to be organized following the principles of

“one sensory neuron-one receptor” and “one glomerulus-one receptor” [10, 41, 3]. However, alternative
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wiring principles supporting efficient olfactory coding can be imagined. Indeed, in the mammalian
accessory olfactory bulb (AOB) axons from OSNs expressing different, but related OLFRs converge
onto the same glomeruli was observed [162]. This wiring has been proposed to optimize the detection
of pheromonal blends [162]. It remains to be determined whether the glomeruli described here are
homo- or heterotypic with respect to their OSN innervation. However, the glomeruli of LP were
homogeneous with respect to their innervation by PNs and can thus be considered discrete functional
units. A more detailed reconstruction of OSN axons could contribute to a better understanding of the
organization of afferent input to glomeruli. Insight into the presynaptic OSN composition is of
particular interest, when investigating and comparing the local OB circuitry between MCs of a given

glomerulus innervating different or multiple compartments of a specific glomerulus.

SENSORY INPUT TO INS

Sensory input to INs has not been investigated exhaustively, but some interesting observations could
be made. In zebrafish OB sensory input appears to be sparse: In most cases, INs do not receive more
than one sensory synapse, and if a given morphological class was found to receive input, usually not
all of the inspected representatives were innervated by OSNs. Among the superficial INs cogent
evidence for OSN input was only found for the monoglomerular GLIN3s. Solid OSN input targets the
PLIN3s, but even more so the DLINs, in which all but the cDLIN2s were found to receive sensory input.
Often DLINs received OSN input through multiple, separate contacts in different glomeruli.

This picture contrasts the findings of OSN input to INs in the mammalian OB where OSN input targets
three types of superficial INs, two of which are monoglomerular. A prominent target of OSN inputs in
the mammalian OB are the glutamatergic ETCs [154], which mediate feed-forward excitation and have
not been described in teleosts so far. As none of the IN types observed here match the characteristics
of ETCs, it appears likely that this cell type does not exist in zebrafish and possibly other teleosts (see
also section 2.5.5). Other OSN input to the mammalian OB targets monoglomerular PGCs and
multiglomerular sSACs [51, 55, 21], which mediate gain control and possibly shape odor
representations through specific inhibitory interactions within and across glomeruli [51]. My results
indicate that feed-forward inhibition in the zebrafish is mediated exclusively by multiglomerular INs
of the inner OB layers (PLIN3s and DLINs). This observation does not contradict the hypothesis that
these INs mediate gain control and shape odor representations. More detailed insights into the
functions of these cell types could be obtained by the reconstruction of axons and comprehensive
mapping of sensory inputs by IN type. It would also be interesting to map the reciprocal interactions
more precisely between INs and some OSN boutons, which occur spatially separated from synapses
onto MCs.
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2.9.4 PROJECTION NEURONS OF ADULT ZEBRAFISH
0B

Beyond the broad classification into tufted cells (TCs) and mitral cells (MCs) diverse subclasses of PNs
in mammalian OB have been described based on morphological and physiological properties,
projection targets, gene expression and odor response [64, 65, 66, 163, 164, 157]. In mammals, the
depth of the soma within OB correlates with the length and the depth of the secondary dendrites and,
in consequence, the type of GC, with which they interact [64, 65, 165]. Moreover, odor tuning becomes
narrower with increasing soma depth [163]. These differences led to the proposition that MCs and
TCs form parallel odor processing pathways with different function: The more sensitive, fast-
responding, heterogeneous group of TCs, projecting to the anterior olfactory nucleus (AON) and
olfactory tubercle (OT), may play a role for olfactory functions requiring speed as well as motivational
aspects of olfactory behavior and odor source localization [165, 67]. The more narrowly tuned MCs,
projecting to multiple brain regions, most prominently piriform cortex, are expected to convey
information necessary for odor encoding and identification, odor learning, discrimination and
perception of complex mixtures [166, 167, 168, 67].

In teleosts, two types of PNs have been described, the mitral cell (MC) and the ruffed cell (RC).
Whereas targets of OB PNs have been investigated [169, 170], it is unknown whether these regions
are targeted by both MCs and RCs or whether a differential projection pattern exists. Besides the
genetic identification of some distinct PN subpopulations little is known about the heterogeneity of
PNs in the zebrafish OB [169, 91, 170].

2.5.5 DIVERSITY OF MITRAL CELLS

Previously, MCs have been classified into mono- or multidendritic [84] and uni- and multiglomerular
[86]. Subgroups of MCs differing in cholinergic responsiveness were reported [171] and genetically
identifiable PN subtypes were found to differentially target OB output regions [170]. More detailed
information on subclasses of MCs in zebrafish has been so far lacking. Here, I have described
three morphologically distinct subclasses of MCs, which were almost exclusively monoglomerular
(see section 2.4.4. — [. PROJECTION NEURONS). These three groups varied predominantly in size, but

also differed in other morphological features and with respect to the local axonal output. Only the

small subclass of MCs was found to give input to diverse, nearby INs via axo-dendritic synapses
outside the glomerulus, from which the MC received OSN input. Only in one intermediate and none of
the large MCs local collaterals could be identified. It cannot be excluded that these MCs make axonal
output outside the volume covered by the stack, but there was no evidence for axon collaterals remote
from the soma.

Within the boundaries of the imaged volume none of the small MC axons were myelinated. It is
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possible that these MCs do not project out of the OB, and teleost MCs may, thus, be a neuron class
comprising both PNs and local INs. In mammalian OB, the external tufted cells (ETCs) represent a
heterogeneous group of glutamatergic neurons receiving direct OSN input, of which the majority make
axonal projections restricted to OB [60, 156, 54, 172, 173]. These ETCs convey the afferent input to a
wide range of partners, namely MCs and TCs, PGs and other ETCs and represent an important
excitatory driving force within a glomerulus [50, 54, 173]. Unlike local ETCs, however, small MCs do
not make inputs to other PNs. Other ETCs have long-range projections within the OB that terminate
near the location of the mirror glomerulus associated with the same odorant receptor [174]. However,
this mirror-symmetrical organization of glomeruli is absent in teleosts, and it remains unclear where
axons of small MCs terminate. Small MCs are therefore not equivalent to any of the known types of
ETCs in mammals. However, it is possible that small MCs and ETCs are related but their synaptic
connectivity is not identical. Alternatively, small MCs may correspond to other PN types in the

mammalian OB, such as subtypes of TCs, or they may not have a direct equivalent in mammals.

2.5.6 THE RUFFED CELL

Ruffed cells (RCs) were first described in detail in correlative Golgi and EM studies in goldfish by
Kosaka & Hama [117, 153, 95]. Many of the morphological and ultrastructural features described here
as characteristic for RCs are conserved across teleost species [150, 151, 152, 94]. In the publications
of Kosaka & Hama [117, 153, 95] one can observe the light appearance of the mitochondria, the high
density of cell organelles at the soma especially with the intricate maze of sER cisternae or the vesicle
free cytosol in the dendritic tip branches, which contrasts the higher frequency of ER and vacuoles at
the dendritic shaft described here as well.

In zebrafish, MCs and RCs were characterized by retrograde labeling with a lipophilic fluorescent dye
[84]. RCs were described as larger than MCs and making up less than 5% of the PNs in OB [84]. Here,
[ found RCs to be larger in soma size and dendrite length than the small and intermediate MCs, but not
the large MCs. The fraction of RCs among zebrafish OB PNs could not be assessed here. However, RCs
were found to be part of every glomerulus described. This suggests that RCs represent an integral
component of the glomerular column. The fact that there were two types of local INs, which tightly,
intensely and (almost) exclusively interacted with RCs, but not MCs, corroborates the idea that RCs

play a specific role in the early olfactory processing in zebrafish.

The reconstruction of entire neurons allowed to revisit some findings and proposals on the in- and
output characteristics of RCs made in [117, 153, 95]. While these authors observed sparse outputs
onto INs, which originated from the dendritic shaft and involved very few vesicles and a postsynaptic
density, I could not identify a single presynaptic site on a RC dendrite. Based on my analysis, it seems
likely that the RC dendrite is purely or predominantly postsynaptic.

In contrast to MCs, RCs did not make reciprocal synapses within a glomerulus, their local output

appeared restricted to the ruff, which was always extraglomerular. In [117, 153, 95], RCs are
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described to make both reciprocal and unidirectional synapses with INs, which were thought to be
GCs, because these INs were also found to make reciprocal synapses with MCs. Here, RCs were found
to make synapses with a large variety of local INs at their ruff. Examining the connectivity at the RC
dendrite with 3D reconstructions of several partial branches, Kosaka & Hama concluded that RCs
receive only little synaptic input mostly from presumed GCs. My results suggest that synaptic input to
RC dendrites is less frequent than input to MC dendrites but nevertheless substantial, and that it
originates from a broad variety of IN classes. Furthermore, while Kosaka & Hama suggested that RCs
do not receive input from OSNs [95], | found OSN input of low to moderate density in all RCs. OSN
synapses onto RCs were smaller in size than those onto MCs and comparable to those onto INs. In
compartmentalized glomeruli, RC dendrites were always restricted to a single compartment, which

may indicate a more restricted OSN input range for RCs compared to MCs.

2.5."7T INTERACTIONS BETWEEN MITRAL AND RUFFED
CELLS

The ultrastructural description and the partial 3D reconstructions of MC and RC dendrites by Kosaka
& Hama demonstrated that RC dendrites tightly entwine around MC dendrites, but they did not find
evidence for RCs receiving MC input. I found that dendrites of MCs and RCs were often closely apposed
with a large contact area, but synapses were rare and small. Dendrites of RCs and MCs were
intertwined along defined stretches, sometimes occurring at multiple locations within the dendritic
trees of a given RC-MC pair. A given RC could interact in such a manner with multiple, but not all MCs

of a given glomerulus or glomerular compartment without an obvious preference for any MC subclass.

Kosaka & Hama proposed MCs inhibit RCs via GCs [95]. Indeed, physiological recordings from PNs in
goldfish OB suggest MCs inhibit RCs, because (odor-induced) MC suppression correlated with an
increase in RC activity [175, 176]. Further evidence substantiating the notion of antagonistic activity
between MCs and RCs comes from concomitant whole-cell patch recordings in MCs and Ca2+-imaging,
showing Ca2*-traces in connected follower PNs anticorrelated with the MC membrane potential [177].
These follower PNs showed anticorrelated odor responses and paired recordings in these neurons
showed that the follower could be inhibited in a unidirectional manner by the MC. This inhibition
could not be shut down pharmacologically by blocking AMPA and NMDA receptors, arguing against a
di-synaptic inhibitory circuitry, but only with antagonists of metabotropic glutamate receptors
(mGLURSs) [177]. Separate studies using intracellular recordings and dye labeling suggested that the
inhibited follower PNs are indeed RCs (Rainer Friedrich, unpublished observation). More recently, the
metabotropic glutamate receptor mGluR6, which mediates inhibitory postsynaptic glutamate activity,
was found to be expressed in RCs [178]. The tight intertwining of RCs with MCs and their glia-like

ensheathing of synapses from MCs to INs are suggestive of and consistent with paracrine volume
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transmission as mode of interaction between RCs and MCs [179, 180, 181]. Particularly intriguing is
the protrusion of the RC filopodial terminal dendrites into surroundings of MC-IN synapses, since
mGluR6 has been reported to be localized exclusively on dendritic tips [182]. Tracking the MC activity
through the intense entanglement, RCs could be activated in a paracrine fashion by in the extracellular
space. Such a circuitry could serve to expand the dynamic range of odor representations in OB: MCs
are spontaneously active at a frequency of around 5-10 Hz [26, 183] and respond to many odors with
suppression [26]. MC suppression would result in a gradual release of the inhibition of RCs (see also
[175]), which would transmit information contained in inhibitory responses of MCs to higher brain
areas. This hypothesis may be tested by experiments combining targeted pharmacological
interventions with functional recordings in identified RCs, e.g., paired MC-RC activity recordings using
manipulators of the mGLURG6 activity. Given sufficient accuracy and precision of the mGLURG6 for RCs,
expression of Ca2+ indicators under its promoter should allow to directly investigate RC response
properties across larger range of odors through calcium imaging. The effect of RCs on odor
representations in OB could be studied further by direct optogenetic manipulation of RC activity. In
addition, another important piece of information necessary for the identification of RC function is their

projection target which could be identified using transgenic lines.

In mammals separate IN circuits formed by MCs and TCs have been proposed for INs across different
layers of OB: In GL, differential inhibition of MCs and TCs by periglomerular cells (PGCs) causes
differences in concentration sensitivity and odor response latency between the two PNs, exerting
stronger impact onto MCs [184]. Conversely, tuning, magnitude, and temporal dynamics of odor
responses in TCs appear to be more strongly modulated by EPL-INs than in MCs [185]. Parallel
pathways to distinct subclasses of GCs and EPL-INs have been proposed based on the distribution of
secondary dendrites [64, 65] and synapses [186] of MCs and TCs in EPL. My examination provides
preliminary evidence for separate IN subnetworks in the connectivity of MCs and RCs with superficial
INs: The GLIN1s and PLIN1s strongly connected to RCs but did not make any or only exceptional
connections with MCs. Conversely, the GLIN2s, GLIN3s and the PLIN2s were strongly connected to
MCs, but not RCs. Remarkably, each PN type gave unreciprocated input to one IN type (RC = GLIN1,
MC - GLINZ2), which in turn did not make output synapses within the glomerular volume. The other
classes of superficial INs, which were differentially innervated by MCs and RCs, made reciprocal
connections with the respective PNs (RC = PLIN1, MC - GLIN3 & PLIN2). In contrast, MCs and RCs
were found to connect to the same DLINs (see e.g., fig. 19A.2). Thus, the connectivity to the more
deeply positioned PLINs and DLINs appeared to be more similar between the two PN types, thus
potentially linking the two PN-IN subnetworks.

The presence of RCs in each glomerulus suggests they play an integral role in olfactory processing of
teleosts. In mammals, the two different PNs differ in projection target [66], odor response [163] and
possibly form separate local circuits [184]. Antagonistic responses of MC-TC pairs in mammals, as
observed for MC-RC pairs in zebrafish, have not been reported. While no final conclusion can be

drawn, it is very well possible that there is no equivalent to the teleostean RCs in mammalian OB.
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2.5.8 INTERNEURONS OF ADULT ZEBRAFISH OB

Early investigations into the architectural organization of teleost OB in goldfish report the presence
of short axon cells and granules cells in the internal layers [80] and the existence of a perinest (PNC)
and a mixed-synapse cell (MSC) in GL [87, 153]. Notably, in these early EM studies all INs connected
through reciprocal synapses with PNs were collectively considered as one cell type corresponding to
the mammalian PGCs and GCs [85, 87]. Since then, anatomical and functional data gave rise to a
multitude of IN classes and subclasses in the different layers of the mammalian OB (reviewed in [51,
63,59, 62]). However, a systematic picture of IN classes and their function in mammalian systems is
still lacking [59] and evidence for more fine-grained distinctions continues to surface [53, 68]. While
extensive research of IN diversity in teleost OB is lacking, immunohistochemical and functional
studies in zebrafish suggests homologies across the different taxa (e.g., [83, 20]). The present study is
likely to represent the most comprehensive description of morphological classes of INs in the OB of a

vertebrate species and is expected to be a useful resource for comparative studies.

Because the postsynaptic density was not distinctly stained, asymmetrical and symmetrical
appearance of synapses could not be used to distinguish excitatory and inhibitory synapses [187].
However, previous EM studies in the teleost OB report reciprocal synapses of MCs and RCs always as
a combination of an asymmetrical and a symmetrical synapse, (e.g, [80, 117, 85, 88]). In the
mammalian OB only one class of INs, the ETCs, is considered glutamatergic, whereas all others are
GABAergic, but may co-release dopamine (DA) (reviewed in [63, 62, 59]). Therefore, I assume all IN
classes, which make reciprocal synapses with PNs, to be GABAergic, potentially co-releasing DA [20].
This excludes only the GLIN1s and the GLIN2s. These two classes of INs differed from the others not
only through the lack of reciprocal synapses to PNs, but also by the existence of an axon-like output
structure, which did make reciprocal synapses with local INs. I do not make any assumptions on their
chemotype.

In the following I discuss the IN classes individually or in conjunction, potential functional
implications derived from the observed local circuit interactions and where applicable use these

observations to reference to described types of INs in mammalian OB.

2.9.9 THE GLINTS

The GLIN1s constitute a group of neurons that clearly stood out from all other INs by the small,
compact dendritic tree, which apparently lacked outbound chemical synapses, by the distinct, locally
arborizing axonal process, and by the fact that they did not make reciprocal synapses with PNs. These
INs were classified into a small (sGLIN1) and large variant (IGLIN1) based on size as well as position
and extent of the dendritic tree. Substantiating the definition of the two subclasses, these

morphological characteristics largely correlated with the glomerular and RC interactions observed.
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Namely the sGLIN1s immersed their dendrite into the RC ruff, whereas the IGLIN1s dendrite showed
tight association with the RC dendrite. However, for 3 of 23 INs, defined as sGLIN1s defined as sGLIN1s
based on morphological aspects, no connected RCs could be identified. These cells were located
superficially. RC ruffs are generally located deep to the glomerulus innervated by the RC dendrite (see
fig. 18), accordingly undiscovered interactions between a ruff and these exceptional sGLIN1s are
unlikely. Rather, it is possible that these cells would be best classified as IGLIN1s. A dense neuron
reconstruction or a complete description of the connectivity of the two classes is expected to help

determine the subclass assignment more confidently in such ambiguous cases.

Kosaka & Hama described a type of IN, which is closely associated to the neuropil region occupied by
RC ruffs, which they referred to as nest. They therefore named this IN the perinest cell (PNC) [87]. The
PNC matches the features characterizing sGLIN1s very well: One to three PNCs, sometimes in a cluster
attached to the RC soma, surrounded the ruff. PNCs were characterized by an arborizing axon and a
tufty, spherical dendrites, whose branches were described to “wedge themselves between” RC and GC
[87]. PNCs received frequent input from INs, Kosaka & Hama considered GCs, but not from RCs. The
latter were found to make infrequent gap junctions onto the PNC dendrite. In light of these similarities,
[ propose that sGLIN1s are PNCs. I reliably found three to six sGLIN1s surrounding each ruff, thus
these small neurons are rather numerous in OB. Kosaka & Hama, who were able to detect postsynaptic
densities, did not describe synapses from RCs onto sGLIN1s. In contrast, | identified contacts that I
classified as synapses. However, these involved few vesicles with apparent membrane contact sites,
and it cannot be excluded that these include false positives. An explanation for the lack of an obvious
synaptic density at these locations could be a metabotropic interaction between RC and sGLINT.
Metabotropic glutamate receptors are often expressed extrasynaptically and more diffusely
distributed in dendritic shafts [188, 189].

Fewer IGLIN1s were found than sGLINs and it remains to be determined whether representatives of
this subclass are present in all glomeruli. The localized, tight dendritic intertwinement between RCs
and the IGLIN1s within the glomerulus could be reflective of paracrine transmission between these
two cell types. However, given that RC dendrites make at most scarce outbound synapses [95] and
that the IGLIN1 dendrites were found to be only postsynaptic, this seems unlikely. Rather it is more
likely that the two cells are electrically connected. Alternatively or additionally, the IGLIN1s could be
tracking inputs to the RC via metabotropic reception. Glasauer et al. report expression of mgluréb in
superficial neurons of OB that lack a ruff structure [178]. Based on position and morphology, it was
proposed these cells were MCs. It may, however, be possible that this subpopulation of mgluréb
expressing OB neurons contains GLIN1s as well. Notably, I did not observe a tight dendritic
intertwinement between 1GLIN1s and MCs.

At this stage, the nature of inputs to both subclasses of GLIN1s remains enigmatic. Their interaction
with RCs is of particular interest given the intense physical contact, but also because they seem to lack
connections to MCs, which may indicate the existence of parallel OB circuits in teleosts. When a larger
number of reconstructions becomes available it would be interesting to perform a detailed

investigation of connections to local INs shared with the respective associated RCs. Axons of both
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subclasses collateralized locally and made outbound and reciprocal synapses with different PLINs and
DLINSs, as well as with monoglomerular, superficial INs associated to other glomeruli. This suggests
that they locally forward RC activity, however, it remains to be determined whether this action is

excitatory or inhibitory.

2.5.10 THE GLIN2S

The GLIN2Zs were the only other IN class that also had an axon and that did not make reciprocal
synapses with PNs. GLIN2s are characterized by a widespread, but slender dendrite, which extends
through a single glomerulus and bears delicate filiform spine-like appendages. In their review of the
organization of teleost OB Kosaka and Hama, 1982, report another type of IN localized in the
glomerular area, the mixed-synapse cell (MSC), which receives input from MCs via chemical synapses
and additionally connects to MCs via gap junctions [87]. The MSC neurites are described as fine and
cylindrical, bearing cup shaped appendages at high frequency. These make interdigitated contacts
with MCs and may contain both chemical and electrical contacts. These neurites also receive input
from INs, to which they refer to as granule cells, but do not contain any presynaptic sites. The camera
lucida drawing of a Golgi staining, which they present, also depicts an axon, which makes some
collaterals and bears bulbar varicosities [87]. The coarse geometrical structure of this neuron is
consistent with many examples of the more superficially located GLIN2s. I therefore suggest that the
MSCs are equivalent to the GLINZs.

GLIN2s were connected to many sister MCs associated with a given glomerulus through numerous
contacts and may thus track the mean MC activity within this glomerulus. The connection through gap
junctions could function to synchronize MCs of a glomerulus and maybe distribute or amplify weaker
inputs among them. The axons of GLIN2s project outside the glomerular volume, thus forwarding MC
activity, and can connect to numerous types of INs. The current study provides only limited insight
into the nature of their targets, but I encountered inputs to several GLIN3s of other glomeruli and
IDLIN1s. Without knowledge of the sign of GLIN2Z outputs possible functions of this circuitry remain
highly speculative.

2.5.11 THE GLIN3s & THE PLIN2sS

The GLIN3s and the PLIN2s are discussed in conjunction as they shared similarity in morphology and
connectivity. Both IN classes were axonless and characterized by a bushy, varicose dendrite
innervating mainly a single glomerulus and made broad connections to the MCs therein. GLIN3
dendrites covered larger parts of the glomerular volume than the PLIN2s and made more synapses
with individual MCs. Such a circuitry may provide efficient inhibition to the MCs of a glomerulus. This

could have several potential functions, e.g., feedback or recurrent inhibition and competitive
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suppression of homotypic MCs [28]. Given that synaptic contacts were numerous, but nevertheless
variable, it would be interesting to investigate a complete wiring diagram between all GLIN3s/PLIN2s
and all MCs of a glomerulus to probe for potential differential connectivity and cohorts of connected
neurons. Activated externally, e.g.,, by neighboring glomeruli or top-down inputs, GLIN3s/PLIN2s
could represent a substrate for interglomerular inhibition or odor evoked suppression. Importantly,
while PLIN2s have a single, sparsely spiny, dendritic stalk traversing PL, GLIN3s have an elaborate,
hairy, proximal dendrite, presumably integrating inputs of a broader spectrum of local and potentially
top-down inputs.

With regard to the MC connectivity and the monoglomerular innervation pattern, GLIN3s and PLIN2s
resemble mammalian PGCs. The PGCs, especially the calbindin-expressing subgroup, were also
described to make reciprocal connections to MCs/TCs [60, 190] and have been shown to provide
strong intraglomerular inhibition [58]. PGCs are also known to receive centrifugal input [191].
Functional investigations are required to further assess the role of GLIN3s and PLINZs for olfactory

computations.

2.5.12 THE PLINI1S

Morphologically the PLIN1s shared some similarity with the GLIN3s given their tufty distal dendrites
and the somewhat hairy aspect of the proximal parts of the dendrite. Morphological differences were
nevertheless apparent, e.g., the pointy tips protruding out of the tuft, the flat aspect of the varicosities,
the overall size and the near complete confinement to the PL. Most conspicuous difference was,
however, the interaction with RCs: Connections to up to five different RCs innervating different
glomeruli were observed. These showed a clear preference for one or two RCs innervated by the
bushy distal PLIN1 dendrite. In contrast to GLIN1s, the PLIN1s dendrite did not tightly intertwine with
the RC and made reciprocal connections at the ruff. Given the limited number of reconstructed PLIN1s,
no statement can be made about the number of PLIN1s innervating a RC or whether all RCs are
connected to PLIN1s. Even more obscure was the connection between PLIN1s and MCs. In only two
PLIN1s, I found reciprocal and several outbound synapses with MCs. These connections were located
on a separate, thin dendrite, remote from the RC connections. One PLIN1, completely represented in
the imaged volume, did not make synapses with MCs. The other PLIN1s were contained in the stack
presumably to a large extent and did not enter the GL. However, it cannot be excluded that MC
connections outside the imaged volume had been cut. Nevertheless, it can be concluded that PLIN1s

are more strongly connected to RCs than to MCs.
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2.9.13 THE PLIN3s

Based on subtle morphological differences, e.g., the frequency of thin proximal branches or distal
varicosities, two subclasses of PLIN3s can be distinguished. The preliminary, qualitative analysis of
connectivity to PNs suggests that this grouping is reflected here as well, e.g., the interactions with RCs
were much stronger in the rIPLIN3s than in the vPLIN3s. An extended, more quantitative analysis of
connectivity between PLIN3s and PNs, but also INs, ideally including a higher number of PLIN3s
reconstructions, is required to confirm this observation. Given the subtlety of the morphological
differences between rIPLIN3s and vPLIN3s, requiring resolution of fine processes for distinction, it
might be challenging to distinguish these cell types in functional studies in the absence of molecular
markers.

Neurons of both subclasses are widespread, oligo- or multiglomerular INs, which projected essentially
the entire dendrite in GL, encompassing large portions of the imaged volume. Even the sparse neuron
reconstruction performed here revealed that each glomerulus was innervated by multiple PLIN3s that
broadly innervated MCs. This circuitry could coordinate inhibition across a wide range of glomeruli.
Previous studies examined a heterogeneous group of INs that was labeled by transgene expression
driven by a dlx4/6 enhancer. A subset of these neurons mediates dense and widespread inhibition of
MCs [20]. In combination with an equally dense and widespread electric coupling, these INs were
found to support concentration invariance by equalizing the MC output. This is achieved by boosting
weak inputs through gap junctions and attenuating strong inputs via chemical synapses. Further, the
subset of neurons targeted by the dlx4/6 enhancer differentially modulated the sensitivity of
individual MCs to odor stimulation, which was attributed to varying connection strengths between
dlx4/6 neurons and MCs [20]. PLIN3s are potentially corresponding to these neurons as they
connected to many, but not all MCs within a glomerulus and because the number of synapses per
connected pair varied substantially.

About 50% of the neurons targeted by the dlx4/6 promoter co-expressed tyrosine hydroxylase, a
marker for DA neurons in the OB, suggesting that these neurons are homologs of the mammalian
sSACs [20]. Consistent with this hypothesis, PLIN3s share morphological similarity with mammalian
sSACs with regard to their multiglomerular innervation pattern [55]; however, they do not have an

extensive axon as described for some sSACs [61].

2.9.14 THE PLIN4S

The PLIN4s set themselves apart from other INs by their fine, delicate, wide-spread dendrites. Within
the group, PLIN4s were relatively heterogeneous regarding their topology and geometry, but also with
respect to aspect and distribution of spine-like appendages and varicosities. Additional
reconstructions of PLIN4s could reveal the presence of subclasses in this morphological class.

PLIN4s projected to fewer glomeruli than PLIN3s, but this number is likely underestimated here,
160



2.5. DISCUSSION

because most PLIN4s extended radially through the PL and were cut at the stack boundaries before
presumably reaching remote glomeruli. It appears that PLIN4s have the potential to link activity
across large spatial scales of the OB. Both broad and selective innervation of MCs was observed. Most
connections were reciprocal and mediated by few synapses, however, the fraction of reciprocally
connected MC-PLIN4 pairs was lower than for most other IN classes. Reminiscent through
morphological similarity, the mammalian, axonless EPL-INs extend their wide-ranging dendrites
laterally through EPL. EPL-INs make dense, reciprocal connections with multiple MCs/TCs from a
large range of locations in the OB [68, 69], and these connections showed little plasticity during
associative odor learning [192]. These neurons are broadly tuned and mediate divisive gain control
[70].

PLIN4s also exhibited a pronounced connectivity to RCs, they gave input to the dendrite and made
reciprocal synapses at the ruff. With that, the PLIN4s may present the most superficial INs, at which
in- and outputs of both MCs and RCs converge. Altogether the preliminary examination of connectivity
to PNs yields a rather diverse picture and it is difficult to make predictions about functional roles of

these neurons.

2.5.15 THE DLINS

The DLINs were subdivided into three separate morphological classes. This classification has been
based on several subtle but correlated morphological features. A striking feature turned out to be the
appearance of the proximal dendritic spines. Conventionally, spines are classified based on the shape
of spine head and neck into mushroom, filopodial, stubby or branched spines. The appearance of
spines described here rather refers to an aspect that governed all spines within a certain DLIN class,
independent of the conventional class a given spine belonged to. Namely spines of DLIN1s exhibited a
rounded, chamfered aspect independent of their shape. DLIN2 spines had a frayed and tattered
appearance, whereas those of the DLIN3s were elongated and hairy. These differences in spine
morphology were reliable morphological markers of DLIN types as they had been noted
independently by different human experts. While spine frequency is commonly used to characterize
neurons, spine aspect has, to my knowledge, not yet been used to classify neurons. Given that the
differences in spine appearance observed here were subtle, it is likely that most image datasets do not
provide sufficiently high resolution for systematic assessments of spine shape. Dendritic spines are
highly dynamic [193] and their morphology has been linked to functional characteristics [194, 195]
and to the maturity of synaptic connections [196, 197]. However, it remains unclear how the observed
differences in spine morphology may translate into functional differences between DLIN types.

Alternative schemes to classify DLINs morphologically are possible, for example based on the depth
of the soma, which appeared to correlate with overall cell size and by trend, the number of connected
glomeruli. However, systematic differences in dendritic spine appearance remain undeniable. They

correlated with other morphological features and were used for subgrouping DLINs by experienced
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neuroscientists in the human classification control as well (personal communication with human

classifiers, data not shown).

Because of parallels to mammals, e.g., the large cell numbers in the central, deep OB layers [38] and
their late developmental emergence [198], the INs of the central, deep layer in teleost OB are usually
referred to as GCs (e.g. [87, 81, 91]). This was intentionally avoided here. The mammalian GCL
contains multiple different types of GCs (e.g. [159, 64, 63]) and deep SACs (dSACs) [71, 73]. Currently,
homologies or analogies between these IN classes and the DLINs in the zebrafish OB cannot be
established with certainty.

The zebrafish DLINs shared several morphological characteristics with mammalian GCs. Pioneering
anatomical studies in mammals [74, 75] report that GCs make multiple, fine, proximal dendrites,
which arise from soma or the superficially directed, main dendrite. These proximal dendrites remain
in the deep layer and bear spines reducing in frequency with distance to soma [74]. This description
fits the appearance of proximal dendrites in DLIN1s, especially the deeply located DLIN1s, the
sDLIN2Zs and also in the vast majority of DLIN3s. The deep, proximal dendrites of mammalian GCs are
reported to make regular, varicose swellings of the dendritic shaft, often associated with a spine [74],
a phenomenon also found in the proximal portions of DLIN2 dendrites. As observed in the most DLINS,
proximal dendrites of mammalian GCs receive synapses onto spines and shafts, and spines are
described as only postsynaptic [74, 75].

In their proximal portion dendrites of DLINs and mammalian GCs are studded with spines which
gradually reduce in frequency with distance to soma. While mammalian GCs typically have one
primary dendrite that terminates in the EPL, DLINs often gave rise to more than one large dendrite,
which could reach the glomerular layer at multiple distant locations. Branching of the large DLIN
dendrites on the course to GL resulted in a wide-spread dendritic field, which encompassed multiple
glomeruli. In particular, cDLIN2s exhibited a rather radial structure. Within the glomerular neuropil
DLINs made few side branches. Mammalian GCs possess a localized apical dendrite and viral tracings
found inputs to be organized in a columnar fashion, consistent with the notion of the glomerular
column [199, 92, 69]. Nevertheless, GCs are more broadly tuned than MCs and are presumed to
connect with PNs from multiple glomeruli [200], first due of the anatomical organization of the long-
range, secondary MC/TC dendrites in EPL, second through direct, proximal input from MC onto axon
collaterals in GCL [64, 65].

Notable morphological differences between GCs and DLINs exist at the level interaction with PNs: In
mammalian GCs the majority of reciprocal synapses to PNs are located in so called gemmules,
appendages similar to spines, but usually larger, and only rarely in dendritic varicosities [74, 75, 201].
These specialized compartments are considered the basis for localized, action potential independent
recurrent inhibition of MCs [201, 202]. GABA release from the GC synapse requires substantial Ca2+
influx mediated by NMDA receptors and high-voltage-gated-Ca2* channels into the gemmule [202,
203, 204]. Previous models proposed that gemmules electrically isolate the PN-GC interaction to

coordinate lateral inhibition selectively between co-active PNs [205, 203]. However, electron
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microscopically studies show a substantial portion of gemmules possessed a wide neck [75, 159, 201],
suggesting low neck resistance, which is inconsistent with efficient electrical compartmentalization
[206]. An alternative hypothesis proposes gemmules could rather serve as chemical compartments to
confine second messengers like Ca2+ and thereby restrict reciprocal inhibition to single synapses with
the co-active MC [206, 207]. In contrast to the gemmules formed by mammalian GCs, the DLINs of
zebrafish did not connect to PNs via distinct spine-like appendages. Rather, the distal dendrite formed

flattened, glial sheath-like expansions or bulky varicosities that envelop the MC dendrite. The

diameter of distal dendrites of DLINs (< 500 nm, see section 2.4.4 — IV. INTERNEURONS OF THE DEEP
LAYER) is similar to the diameter of mammalian gemmule necks [201]. Therefore, it is possible that
gemmules might not be necessary to achieve compartmentalization of second messenger signaling in
DLIN dendrites.

Despite much attention the role of GCs in olfactory computations remains enigmatic. The extent of
their contribution to decorrelation of odor representations and lateral inhibition is controversial [69,
70, 59], particularly in light of their low inhibitory drive onto PNs in vivo [208]. Yet, GC activity has
been shown to impact performance in olfactory memory tasks [78, 209] and is considered to be
strongly modulated by centrifugal input [210]. Viral tracings and paired recordings suggest that
connectivity rates between PNs and GCs are low [69, 70], but a comprehensive picture of the
connectivity between these cell classes is still missing. A preliminary analysis of the connectivity
between DLINs and MCs reveals a very individualized innervation of MCs by DLINs. Most DLINs
selectively innervated MCs of a given glomerulus and the majority of connections were mediated by
few (1-2) synapses. These synapses could be very large, possibly involving several active zones (see
fig. 42), which suggests that despite the low number of contact sites DLIN inputs should significantly
impact the MC at least locally on the dendrite. The dataset at hand provides the opportunity to gain
detailed insight into the nature of connections between MCs and DLINSs. In this context, it would be of
particular interest to determine communalities and differences in DLIN partners for MCs of a given
glomerulus. In contrast to DLINs, more superficial INs are by trend broadly connected to MCs, making
many synapses per pair. Comparing PN connectivity patterns between superficial and deep INs across

different glomeruli could further elucidate their potentially differential function in odor processing.

Mammalian GCs and DLINs show some obvious dissimilarities with respect to their embedding in the
local OB circuitry: First, whereas GCs do not extend to GL, with exception to the cDLIN2, weak to
moderate OSN input could be observed to representatives of all DLIN subclasses. Second, though a
systematic investigation of the DLIN connectivity to other INs has not been conducted, many
presynaptic neurites giving input to the proximal dendrites of various superficial INs, could be traced
back to identifiable DLINs. Furthermore, I observed several synapses between DLINs of the same and
different classes, both in the deep layers as somato-dendritic synapses as well as dendro-dendritic
synapses in GL. This suggests that DLINs are strongly embedded in the local IN network. Whereas gap
junction coupling between mammalian GCs of the same cluster has been reported [211], information
on input from GCs onto other bulbar INs is lacking [92, 63, 72, 212] and it has been proposed that the
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reciprocal synapses to MC are the only efferent synapses of mammalian GCs [74]. The deep SACs
(dSACs), on the other hand, are considered to provide input selectively to INs of the mammalian OB
[71], and being primary target of top-down projections, to relay centrifugal input [71, 72].
Morphologically, these axon-bearing cells differ substantially from DLINs. Dendrites of dSACs spread
widely but are entirely confined to the inner OB layers, i.e.,, MCL, ICL and GCL. Subtypes of dSACs have
been defined based on the layer their wide-spreading axon targets [71]. In zebrafish OB individual
subclasses of DLINs differed in the layer depth, in which they started making outbound synapses:
output of DLIN1s appeared to be restricted to GL, DLIN2s made many outbound synapses already in
PL, whereas in DLIN3s at least a few outbound synapses were located on dendritic spines in the deep
layer. In summary, different functions mediated by dSACs and GCs in mammals might be realized in
the DLINs in combined fashion. Comparative immunohistochemical or transcriptomic approaches,
using selective markers, as well as a more detailed analysis of the DLIN connectome and identification
of centrifugal input, is expected provide further insight into homologies or analogies between DLINs

and IN types of the mammalian GCL.

2.5.16 COMPARISON TO MAMMALIAN OB

With the peripheral glomeruli and the densely populated, central GCL, separated by a neuropil rich
PL, mammalian and teleost OB share coarse similarities in architectural organization. However,
teleost OB is much smaller, and the layering is less stringent. Nevertheless, the findings of this study
demonstrate that many organizational principles are preserved at higher level of detail as well. As
such, despite the diffuse OSN innervation of the lateral portions of zebrafish OB [161, 46, 86], discrete
glomerular units are formed by the postsynaptic OB network. The extensive spread of secondary
dendrites in mammalian MCs and TCs within EPL is thought to enable lateral interactions between
GCs and PNs from a wide range of glomeruli [159, 203]. In zebrafish, MCs lack secondary dendrites
and the reciprocal contacts between PNs and DLINs are intermingled with OSN inputs and other
inputs and restricted to the glomerular volume, implying that lateral interactions between a DLIN and
different MCs of distant glomeruli are precluded. My findings demonstrate that DLINs make contacts
with MCs from numerous glomeruli (see e.g., fig. 48) and make projections across far-reaching areas
of OB, suggesting principles of lateral connectivity are preserved. Further, similar to mammalian OB,
zebrafish OB contains a rich diversity of IN classes within all layers. These INs show a tighter
association to individual glomeruli in the superficial layers compared to the inner layers, where
multiglomerular INs prevail. A striking feature of both mammalian and teleost olfactory systems is the
prevalence of reciprocal synaptic connection and the widespread occurrence of dendro-dendritic
synapses [59].

In mammalian OB, neither a morphological counterpart to the teleostean RC nor a functional
equivalent of the proposed sign inversion of MC activity have been described so far. Conversely, this

study could not identify any equivalent to the mammalian ETCs, which relay OSN input thereby
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exerting excitatory drive onto PNs and INs. Therefore, such a cell type may be absent in zebrafish (see
2.5.5 DIVERSITY OF MITRAL CELLS). In zebrafish OB the majority of INs made dendro-dendritic synapses

and while they seemed to maintain some form of separation with regard to inputs and outputs, namely
mainly postsynaptic deep and proximal dendrites vs. pre- and postsynaptic distal dendrites, this
separation was gradual and vague. Only two classes of superficial IN made axons. In contrast, in
mammalian OB, more IN classes have been reported to contain axon-bearing subpopulations, namely
ETCs, PGCs, sSACs, internal SACs and dSACs.

To determine to what extent the equivalent challenges in transforming and relaying olfactory sensory
information have been solved through similar or different circuit implementation, requires a more

detailed reconstruction of the circuity in the two taxa and a link to functional data.

2.5.17 FUTURE DIRECTIONS
CoVERAGE NEURON DIVERSITY OF ZEBRAFISH OB

Despite the large number of neuron reconstructions in this study, it is conceivable that the
morphological classes described here does not reflect the diversity of neurons in zebrafish OB in its

entirety. Rare neuron types could have been missed and the unclassified IN (see section 2.4.4. —

V. UNCLASSIFIED NEURONS) could reflect such an instance.

Additional neuron reconstructions could improve the definition and delineation of neuron classes and
subclasses, especially in groups of small sample size, and lead to a more accurate account of relative
neuron numbers per class. This could support, for example, a better distinction of the IGLIN1s from
the sGLIN1s. It could help determine for both IGLIN1s as well as the PLIN2s whether these INs are
present in all glomeruli, which would indicate an integral role of these neurons in the glomerular
column of zebrafish. Moreover, some IN classes like the PLIN4s or the DLINs are more heterogeneous
and might not be sufficiently well captured by the set of reconstructed neurons. Here, extending the

number of reconstructions could uncover the existence of additional subclasses.

Targeted interrogation of the functional role of a particular IN type in the computations performed in
OB requires the identification of selective transcriptomic markers. The lack of such targets has
impeded functional dissection of mammalian OB circuitry [59]. Assuming morphological
characteristics of the IN classes described here can be captured at light microscopical resolution, the
inspection of fish lines expressing different transgenes in bulbar INs could reveal markers selective
for a specific morphological class. Especially many of the GLIN and PLIN classes reported in this study
exhibit a rather distinct morphotype, which is likely identifiable through three-dimensional light
microscopy imaging even without ultrastructural resolution. An obvious first step in that direction
could be an examination of the dlx4/6 neurons, which has been demonstrated to mediate
concentration invariance [20], and screen for overlap to morphotypes of the INs described here. With
this it could be possible to determine whether PLIN3s contribute to the effects mediated by dlx4/6

165



2.5. DISCUSSION

neurons.
Alternatively, whole cell recordings targeting e.g., GABAergic OB neurons with consecutive filling and
reconstruction would allow to map morphological characteristics on physiological properties. Though
laborious, ideally, patch sequencing experiments could provide means to define neuron classes based
on morphology, physiology and molecular expression [213, 214, 215] and could help to identify
genetic targets to selectively probe the function of neuron types, when embedded into the circuitry.
Combined immunohistochemistry and SBEM approaches [216] or other correlative light and EM
approaches [217] may be best suited to appraise distinctness in the expression of selected markers

between INs, which differ in ultrastructural features.

FROM STRUCTURE TO FUNCTION...

Whereas the interactions between individual IN classes and PNs described provide first indications
supporting the idea that these classes reflect functional neuron types as well, the functional relevance

of the morphological classification remains to be established.

A different approach to assess the concreteness of neuron classes, obvious for the dataset at hand, is
to extend the morphological characterization by a description of the synaptome, i.e., the distribution
of in- and outbound synapses, concomitant, for example, with the identification of the partner neuron
type or the classification of synapse types [218]. The connectivity information derived from this
analysis can itself serve to define neuron types [219]. With this information the purely morphological

classification of neuron types can be revisited, fine-tuned, diversified, or corrected accordingly.

Incorporating knowledge about circuit computation with the connectome may allow predictions of
potential functional roles of a particular neuron type and to verify or constrain network configurations
for modelling studies [220, 221, 222, 223]. The analysis of network motifs is a well-established
method for characterizing circuits. Adopted to early olfactory processing, this analysis revealed that
contrast enhancement and decorrelation depended on input patterns in larval OB depends on
reciprocal connectivity between similarly tuned MCs [28]. In adult OB the landscape of IN types is
highly different. Assuming glomerular association is a proxy for MC tuning, a similar analysis utilized
for the dataset at hand would allow to determine, whether equivalent network properties can be
identified in the adult zebrafish OB, and whether these properties differentially involve classes of INs

described here.
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3.1 INTRODUCTION

If the main task of the brain is to adapt an organism’s capabilities to optimally interact with its
environment, understanding the function of a particular neural circuit (element) requires ultimately
to probe its impact on behavior. Pioneered as a vertebrate model organism in the 1970s for
developmental and genetic research [224, 225], the zebrafish is a widely used vertebrate model
organism and particularly for the larval fish and increasingly the adult many well-established
behavioral essays have been developed [226, 227, 228, 229, 230, 231, 232]. In the olfactory system of
zebrafish neuroanatomical studies, functional imaging and electrophysiological experiments have
uncovered brain regions and computational mechanisms that are expected to support the formation
of odor percepts and olfactory memory, e.g., [233, 35, 19, 170, 20]. However, confirmation of their
relevance for olfactory perception on a behavioral level is missing due to the lack of easily
reproducible, scalable experimental protocols to explore olfactory behavior.

To lay some groundwork for such studies, we developed an appetitive, associative odor discrimination
task for adult zebrafish. In this behavioral experiment both training procedure and analysis are largely
automated and return a measure of performance for individual fish. Using this paradigm, we
demonstrated that adult zebrafish quickly learn reward association and discrimination of odors and

can overcome innate preferences through training. This study has been published [11].
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Abstract

The zebrafish is a model organism to study olfactory information processing, but efficient behavioral procedures to analyze
olfactory discrimination and memory are lacking. We devised an automated odor discrimination task for adult zebrafish based
on olfactory conditioning of feeding behavior. Presentation of a conditioned odor (CS+), but not a neutral odor (CS—) was
followed by food delivery at a specific location. Fish developed differential behavioral responses to CS+ and CS— within a
few trials. The behavioral response to the CS+ was complex and included components reminiscent of food search such as
increased swimming speed and water surface sampling. Appetitive behavior was therefore quantified by a composite score
that combined measurements of multiple behavioral parameters. Robust discrimination behavior was observed in different
strains, even when odors were chemically similar, and learned preferences could overcome innate odor preferences. These
results confirm that zebrafish can rapidly learn to make fine odor discriminations. The procedure is efficient and provides

novel opportunities to dissect the neural mechanisms underlying olfactory discrimination and memory.

Keywords Zebrafish - Olfaction - Behavior - Discrimination - Learning

Introduction

The zebrafish is an important vertebrate model to study neu-
ronal circuit structure and function (Sumbre and de Polavieja
2014). Zebrafish larvae are small and relatively transparent,
allowing for high-resolution optical measurements of neu-
ronal activity throughout most of the brain. Even in juvenile
and adult fish, activity patterns throughout major brain areas
can be measured and manipulated by optical methods (Aoki
et al. 2013; Fajardo et al. 2013; Jetti et al. 2014; Portugues
et al. 2013; Rupprecht et al. 2016; Zhu et al. 2012). The
small size of the zebrafish brain is also advantageous for
dense reconstructions of neuronal connectivity (Friedrich
et al. 2013; Wanner et al. 2016) and for genetic or chemical
screens (MacRae and Peterson 2015). Zebrafish thus provide
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work.

< Rainer W. Friedrich
Rainer.Friedrich@fmi.ch

Friedrich Miescher Institute for Biomedical Research,
Maulbeerstrasse 66, 4058 Basel, Switzerland
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unique opportunities for quantitative analyses of brain func-
tion in wild-type animals and in genetic disease models.

To understand the neural basis of behavior, it is important
to quantify behaviors of interest. At embryonic and early
larval stages, zebrafish show primarily reflex-like sensory-
motor behaviors with a limited potential for plasticity. Social
behaviors and an increasing potential for associative learn-
ing emerge at later larval and juvenile stages (Buske and
Gerlai 2011; Dreosti et al. 2015; Valente et al. 2012). Adult
zebrafish and other teleosts show complex innate and cog-
nitive behaviors (Abril-de-Abreu et al. 2015; Arganda et al.
2012; Brown et al. 2006; Buske and Gerlai 2011; Chou et al.
2016; Kalueff et al. 2013; Saverino and Gerlai 2008; Yabuki
et al. 2016) including place preference and associative learn-
ing in different sensory modalities (Agetsuma et al. 2010;
Aoki et al. 2013; Braubach et al. 2009; Darland and Dowl-
ing 2001; Doyle et al. 2017; Eddins et al. 2009; Lau et al.
2006; Mueller and Neuhauss 2012; Sison and Gerlai 2010;
Xu et al. 2007). While various quantitative procedures have
been established to analyze sensory—motor behaviors of
zebrafish larvae, there is an increasing demand for methods
to study complex behaviors and learning in juvenile or adult
zebrafish.

Adult zebrafish have been used to study principles
of information processing in olfaction (Friedrich 2013).
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Imaging experiments demonstrated that odors evoke scat-
tered but non-random spatial patterns of activity across the
olfactory glomeruli, the input channels of the olfactory bulb
(Friedrich and Korsching 1997). Neuronal circuits within the
olfactory bulb decrease the overlap between activity patterns
representing similar odors and stabilize odor representations
against variations in stimulus intensity (Friedrich 2013; Frie-
drich and Laurent 2001; Niessing and Friedrich 2010; Zhu
et al. 2013). Hence, processing of odor-evoked activity pat-
terns in the olfactory bulb may support the classification
of odor representations in higher brain areas. Further stud-
ies provide insights into transformations of spatio-temporal
activity patterns between the output neurons of the olfac-
tory bulb, the mitral cells, and telencephalic area Dp, the
homolog of olfactory cortex (Blumhagen et al. 2011; Jacob-
son et al. 2018; Yaksi et al. 2009). To explore the impact of
these computations on behavior, quantitative procedures are
desired to analyze odor discrimination behavior and associa-
tive learning in adult fish. Ideally, such procedures should
be automated and simple to implement in a standard fish
facility.

Adult zebrafish can learn to associate different sensory
stimuli with reward or punishment (Agetsuma et al. 2010;
Aoki et al. 2013; Braubach et al. 2009; Darland and Dowling
2001; Doyle et al. 2017; Eddins et al. 2009; Lau et al. 2006;
Mueller and Neuhauss 2012; Sison and Gerlai 2010; Xu
et al. 2007). Two procedures have been described for olfac-
tory conditioning of appetitive behaviors in adult zebrafish.
Based on a procedure developed for catfish (Valentin¢ic¢
et al. 2000), Valentinc¢i¢ and colleagues paired the infusion
of an odor into a home tank with food delivery 90 s later
(Miklavc and Valentin¢i¢ 2012). After approximately 30
training trials, the frequency of large-angle turns during the
90 s period after odor onset was significantly higher than
the turn rate evoked by non-trained odors. Braubach et al.
developed an appetitive olfactory conditioning procedure
that follows a similar rationale (Braubach et al. 2009, 2011).
The results obtained using these approaches showed that
zebrafish can learn olfactory associations and discrimina-
tions. However, both approaches require substantial techni-
cal resources that are not available in a standard zebrafish
facility. Moreover, most experiments did not analyze odor
discrimination. We therefore sought to develop a procedure
for olfactory discrimination learning that is simple to imple-
ment and automate.

To minimize stress, we chose an appetitive rather than an
aversive conditioning paradigm. Odor discrimination tasks
for rodents often involve unfamiliar behavioral components
such as nose pokes or lever presses (Bodyak and Slotnick
1999; Frederick et al. 2009; Kay and Laurent 1999; Rin-
berg et al. 2006). We avoided such unfamiliar components
and conditioned a familiar feeding behavior on an olfactory
cue in an environment similar to the home tank. One odor
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stimulus (CS+) was followed by a food reward while another
stimulus (CS—) had no consequence. A closely related strat-
egy has recently been successful in auditory and visual con-
ditioning of adult zebrafish without discrimination training
(Doyle et al. 2017). Our behavioral paradigm includes the
analysis of multiple behavioral components and resulted in
rapid and robust olfactory discrimination learning, thus pro-
viding a basis for mechanistic analyses of olfactory process-
ing and associative learning in zebrafish.

Methods
Animals

Zebrafish (Danio rerio) were raised and kept as groups in
a standard facility at 26.5-27.5 °C on a 14/10 h light/dark
cycle. Fish were 7—10 months old and not selected for sex.
Different wild-type strains and transgenic lines were used in
separate cohorts. Experiments 1 and 3 were performed using
wild-type fish (Abek X WIK). Experiments 2 and 4 were
performed using fish that expressed halorhodopsin fused to
YFP [eNpHR3.0YFP; (Gradinaru et al. 2010)] in GABAe-
rgic neurons. Experiment 5 was performed using a mixture
of different wild-type and transgenic fish. All experimental
protocols were approved by the Veterinary Department of
the Kanton Basel-Stadt (Switzerland).

Experimental setup and odor application

Throughout the experiment, fish were kept individually in
tanks that were usually custom-made from flat transparent
polystyrole to avoid optical distortions by curved surfaces
(typical dimensions: 29 X 9.5 X 7 cm; height of the water col-
umn: ca. 6 cm). The tank was divided by a mesh into a front
compartment containing the fish (~10x20 cm) and a rear
compartment containing the suction tube for water removal
(~9% 10 cm). A feeding ring with a diameter of ~4.5 cm
was made of silicon tubing and floated in a front corner
(Fig. 1a). Food was delivered into the feeding ring from
a remote location through a feeding tube. In most experi-
ments, food was pushed down the tube into the feeding ring
by a custom device that applied computer-controlled pulses
of pressurized air to the food delivery tube. In a subset of
experiments, food was manually blown into the feeding ring
using a plastic Pasteur pipette. Visual contact between the
fish and the experimenter was avoided. Food was either a
mixture of Gemma Micro 300 (Skretting) and crushed food
flakes (Tetramin, Tetra) or powder food (SDS100). Food
was delivered in small portions that were usually consumed
within <30 s.

Tanks were perfused with water from the fish facility
using a peristaltic pump at a flow rate of 25 ml/min. The flow
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Fig. 1 Experimental setup and protocol. a Schematic of experimental setup. b Experimental schedule

was constantly on for approximately 7 h on each day dur-
ing the period when odor and food stimuli were delivered.
Outside this time window and during the acclimation period
the flow was off. Water entered the tank through an inflow
tube (inner diameter, 1.6 mm) in the front approximately at
half-height in the water column. Water was removed from
the tank by suction through an outflow tube at the rear of the
tank and discarded. To minimize fluctuations of the water
level, a pipette tip (200 pl) was attached to the tip of suction
tube and positioned at the desired height.

Olfactory stimuli were amino acids (Ala, Trp or Cys;
Sigma Aldrich, >98% purity), which are natural odorants for
aquatic animals (Carr 1988). Odors were prepared freshly
on each day by diluting a stock solution (6 x 10~3 M) in fish
water to a concentration of 6x 107> M. Odors were deliv-
ered into the tank by switching the perfusion for 30 s from a
reservoir-containing fish water to a reservoir-containing odor
solution. Switching was achieved using computer-controlled,
motorized valves (WTA-2K-3MFE-3, Takasago Electric,
Inc.) and valve controllers (ValveLink8.2® Controller, Auto-
Mate Scientific). Video analyses using a dye showed that
the stimulus distribution during the first 30 s of application
was inhomogeneous and discontinuous with highest con-
centrations near the inflow tube. Subsequently, the stimulus
distribution equilibrated throughout the tank. The nominal
odor concentration assuming even dilution in the tank was
~4.5% 1078 M, which is at or below the detection threshold
of adult zebrafish for amino acids (Michel and Lubomudrov
1995; Miklavc and Valentinéi¢ 2012). Hence, stimulus con-
centration was reduced to levels below threshold by dilution
and water exchange (Miklavc and Valentin¢ic¢ 2012).

Experiments were performed in up to four tanks in paral-
lel, each containing a single fish. Tanks were separated by
opaque screens, illuminated from below by infrared light,
and filmed simultaneously by two orthogonal cameras
(Fig. 1a). Sufficient video quality was achieved using stand-
ard web cameras at video rate (30 frames per second). Sim-
ple devices such as tennis balls or shock absorbers were used
to partially isolate the tabletop from vibrations. The setup

was placed inside an opaque enclosure which was lined with
sound-absorbing foam in most experiments.

Experimental schedule

Fish remained in the experimental tanks after transfer from
the facility for the duration of the experiment. During an
initial acclimatization period of 1-3 days, fish received nei-
ther food nor odor stimuli. When training started, odors were
applied at inter-trial intervals (ITIs) of 20 min. No specific
cue was given to signal trial onset. One odor (conditioned
stimulus, CS+) was followed by food application (uncondi-
tioned stimulus, US) 30 s after stimulus onset while a second
odor (CS—) was not followed by food application. Usually,
a total of nine CS+ and nine CS— were delivered per day in
alternating fashion (Fig. 1b). Hence, training extended over a
period of 6 h/day, usually starting at approximately 09:00 h.
Fish were trained for a total of 2-9 days. During training,
behavior was quantified in each trial during the 30 s period
between odor onset and food delivery. Four fish of the same
strain and age were usually trained in parallel on the same
two odors A and B. Training was balanced such that two fish
received odor A as CS+ and B as CS— while assignments
were reversed for the other two fish.

Quantitative analysis of behavior

Orthogonal video recordings were analyzed to track the
3D position of each fish as a function of time (Fig. 2a).
In each frame, the fish was segmented and represented by
a point at the center of gravity. The following behavioral
parameters were then extracted from the 3D trajectories:
(1) Swimming speed. Instantaneous swimming speed was
calculated as the displacement of fish between succes-
sive video frames. (2) Relative z-position. This param-
eter quantifies the relative position in the water column
along the z-direction. O represents the bottom of the tank;
1 represents the water surface. (3) Residence in the reward
zone. This binary parameter is 1 when the fish is located
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Fig.2 Analysis of behavior. a Examples of swimming trajectories
prior to and during presentation of CS+ (top; Trp) and CS— (bottom;
Ala) on day 5 of training. Each trajectory is 60 s long, comprising
30 s before and 30 s after odor onset, prior to food delivery. Time is
color coded; pre-odor time is gray. b Top: time series showing one

in the reward zone and O otherwise. The reward zone is
defined as a rectangular area bounding the feeding ring
and spanning the shorter axis of the experiment tank,
covering approximately one-third of the tank’s footprint.
(4) Surface sampling events. A surface sampling event
is defined as the crossing of a threshold in the z dimen-
sion below the center of the feeding ring. The threshold
was set at approximately 70% of the height of the water
column. Surface sampling events are usually discrete and
occur when fish collect food from the water surface but
are rare otherwise. (5) Distance to inflow. This is the 3D
distance between the fish and the opening of the inflow
tube. (6) Circling. This behavior refers to stereotyped cir-
cular swimming along the walls of the tank. We observed
that such a swimming pattern is sometimes maintained for
extended periods of time when fish are undisturbed but the
behavior is interrupted by salient sensory input. To quan-
tify circling, we computed power spectra from measure-
ments of the position along the long axis of the tank using
a 30 s Tukey window and quantified the relative power in
a low-frequency regime that corresponded to the frequency
of circular swimming (0.029-0.146 Hz) in 1-s time bins.
Python-based software for automated video analysis is
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available at https://github.com/i-namekawa/TopSideMon
itor. Because the analysis of behavior was fully automated,
it was not performed blindly.

Measurements of each behavioral parameter in each
video frame yielded one time series of values per param-
eter and trial. We defined three time windows for analysis:
(1) Baseline time window: This window comprised the 30 s
prior to odor onset and served as a baseline in each trial. (2)
Response time window: This window was defined as the
time between odor onset and the time of food delivery in
CS +trials or the equivalent time in CS— trials. This time
window was usually 30 s long and used to assess behavioral
responses to odor stimulation. (3) Reference time window.
This time window was defined as a time window immedi-
ately prior to the baseline window with a length equal to the
response window. This window served to assess trial-to-trial
variability of behavior in the absence of stimulation. Note
that the response window and the reference window were
equidistant in time from the baseline window.

Because spontaneous behavior can fluctuate between tri-
als, we quantified the change in parameter values relative
to a baseline in each trial. The baseline was defined as the
mean value of a parameter during the baseline time window
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and subtracted from the time series. Time series were then
averaged over all CS+ and over all CS— trials, and the mean
of these averages was subtracted from each individual time
series. To quantify trial-to-trial variability in the absence of
stimulation, the standard deviation of the time-averaged val-
ues during the reference window across trials was calculated.
To normalize mean-subtracted time series to this variability
measure in each fish, all time series from a given fish were
divided by this standard deviation. As a consequence, the
family of time series for each behavioral parameter was cen-
tered on zero and normalized by a measure of pre-stimulus
variability (Fig. 2b). We refer to these transformed time
series values as { scores because they are closely related
to z-scores: positive values represent behavioral responses
larger than the mean response to all stimuli, negative values
represent behavioral responses smaller than the mean, and
the absolute value reflects response magnitude relative to a
variability measure. { scores differ from z-scores because
they are normalized to the variability during a fixed pre-
stimulus time window. As a consequence, { scores reflect
the change in behavior relative to a baseline but they cannot
be interpreted quantitatively as a z-score.

To obtain a single measure per trial, { scores were time-
averaged over the response time window. The sequence of
these averaged C scores over successive trials is referred to
as a trial series of { scores.

Results

Olfactory discrimination learning: method and basic
observations

We developed an experimental paradigm to establish
associations between odors and food. Individual zebrafish
were trained in tanks with continuous water perfusion and
a feeding ring floating in one corner (Fig. 1a). Fish were
acclimated to the training tanks for at least 24 h prior to
training and kept in the training tank throughout the experi-
ment. Every 20 min, one of two amino acid odors (CS+,
CS—:; 6x1077° M) was introduced into the perfusion for
30 s (Fig. 1b) and slowly removed thereafter by dilution and
water exchange (Methods). Thirty seconds after the onset
of the CS+, a few small food pellets were delivered into the
feeding ring while the CS— was not rewarded. Usually, nine
trials with each stimulus were alternated on each day. We
hypothesized that fish learn to respond to the CS+, but not
to the CS—, with anticipatory food search behavior.

Fish were tracked in 3D using two orthogonal video cam-
eras and custom software. In trained fish, swimming tra-
jectories showed obvious differences after delivery of the
CS+ or CS— (Fig. 2a). Upon presentation of the CS+, fish
often increased their swimming speed and spent more time

near the feeding ring, consistent with previous observations
in other olfactory conditioning paradigms (Braubach et al.
2009; Miklavc and Valentinc¢ic¢ 2012). In addition, fish often
elevated their position in the water column, sampled the
water surface as during feeding, and sometimes approached
the inflow tube. Stereotyped cyclic swimming along the wall
of the experiment tank, which usually occurred during inter-
stimulus intervals, was often interrupted. These behavioral
changes were less pronounced or absent upon presentation
of the CS—.

To quantify these observations, we analyzed parameters
of the 3D swimming trajectory that reflect different behav-
ioral components. Analysis tools were developed to auto-
matically quantify (1) the instantaneous swimming speed
(“Speed”), (2) the relative height of the fish in the water
column (“z-level”), (3) the distance of the fish to the water
inflow (“Distance”), (4) the frequency of surface sampling
events (“Surface”), (5) the probability that the fish is located
in a rectangular area around the feeding ring (“Area”), and
(6) the amount of stereotyped, cyclic swimming (“Cir-
cling”). For each parameter and trial, time series of meas-
urements were obtained. To transform measurements into
values related to z-scores, we defined three time windows,
each usually 30 s long: a “baseline time window” imme-
diately before stimulus onset, a “response time window”
immediately following the baseline time window, and a “ref-
erence time window” immediately preceding the baseline
time window (Fig. 2b). Measured values were transformed
by (1) subtraction of the mean value during the baseline time
window, (2) subtraction of the time series averaged over all
trials, and (3) normalization to the inter-trial variability in
the reference time window (Methods). This transformation
results in a dimensionless measure that is normalized to pre-
stimulus variability and centered on the mean at each time
point (Fig. 2b). Because this measure is closely related to a
z-score, we refer to it as { score (Methods). The signs of {
scores for “Distance” and “Circling” were inverted so that
positive (negative) { values always reflected responses that
were more (less) appetitive than the mean for all param-
eters. To analyze learning curves over trials, { scores were
time-averaged during the 30 s between odor onset and food
delivery (“response time window”) to obtain one value per
trial. Medians were then calculated over the trials of each
day to obtain one value per day.

Experiment 1: extended discrimination training

We initially trained 12 fish using Ala and Trp as odor stim-
uli (experiment 1; 9 CS+ trials and 9 CS— trials per day).
Fish were trained for a total of nine days (81 trials for each
stimulus). Assignments of odors as CS+ or CS— were bal-
anced over fish. { scores of all parameters were significantly
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Fig.3 Analysis of discrimination learning. a { scores for the six
behavioral parameters as a function of time, binned per day (medians)
and averaged over fish (n=12 fish). P values show that responses to
CS+ and CS— were significantly different (Wilcoxon rank-sum test
comparing all individual trials). Assignment of odor stimuli (Ala and
Trp) as CS+ and CS— was varied between individuals. b Mean corre-
lation between time series of { scores for different behavioral param-
eters (n=62 fish from experiments 1-3). Correlations were calculated
on a trial-by-trial basis for each fish and averaged over fish

different between CS+ and CS— trials (Fig. 3a). Hence, fish
learned to discriminate between the CS+ and the CS—.
Visual observations of behaving fish further suggested
that the contribution of different components to the over-
all behavioral response varied substantially between trials
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and individuals. For example, a fish may respond to the
CS+ primarily with fast swimming in one trial but with
surface sampling in the next trial. Consistent with this
observation, trial-by-trial correlations between most
parameters were relatively low (Fig. 3b; mean correlation
coefficient + SD: 0.00 + 0.27). Hence, combining multi-
ple behavioral measurements may improve the detection
of learned behavior because different parameters convey
non-redundant information. Alternatively, combining
measurements may increase noise. To explore these pos-
sibilities, we computed a composite measure of behav-
101, {oomp, based on Stouffer’s method for the combina-
tion of z-scores (Stouffer et al. 1949). As in Stouffer’s
method, C,,, is the sum over all { scores normalized by
the square root of the number of { scores (n=6). This
procedure enhanced, rather than decreased, the statistical
significance (Fig. 4a). Hence, the combined analysis of
multiple behavioral parameters enhanced the detection of
learning-induced changes in behavior, presumably because
the conditioned behavior comprises multiple components.

The detection of learned behaviors may be further opti-
mized by taking the covariances between behavioral param-
eters into account. To test this hypothesis, we weighted each
parameter by the ratio of its auto-covariance to the sum of its
auto- and cross-covariances (Stouffer et al. 1949). Covari-
ances were determined using all fish in experiments 1-3
(n=062). The resulting combined score { oy, weighted 1S thus
corrected for redundant information in individual param-
eters. This approach further enhanced the separation of
behavioral scores for the CS+ and CS— (Fig. 4b). However,
the enhancement was minor, consistent with the modest
cross-correlation between behavioral response components
(Fig. 3b). The non-weighted ., therefore offers the oppor-
tunity to obtain a highly informative combined behavioral
score without the need to determine a behavioral covariance
matrix, which is labor-intensive. As this approach is likely
to be chosen in future applications, further analyses used the
non-weighted measure {p.,.

Odor discrimination at the end of training was quantified
by the difference d between C,,, for the CS+ and CS—,
averaged over the last 12 trials. After 9 days of training,
d was significantly different from zero (d=0.98 +0.28;
mean + SEM; n=12 fish; P=0.005; Wilcoxon signed rank
test), confirming that fish discriminated between the CS+
and CS—.

Behavioral responses to the CS +and CS— deviated
already during the first day of training and approached
saturation after approximately 3 days (Fig. 4a). Differences
between behavioral scores for the CS+ and the CS— were
statistically significant already on day 2, and the discrimi-
nation score d was statistically significant already when all
data after day 2 were omitted (d=0.66 +0.26; mean + SEM;
n=12 fish; P=0.03; Wilcoxon signed rank test). Hence,
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Fig.4 Discrimination learning curve. a Mean composite behavioral »
scores Loy, for responses to the CS+ and CS— as a function of train-
ing days (experiment 1). Data points for each day show the median of
nine trials, averaged over n=12 fish. Error bars show SEM over fish.
P value: Wilcoxon rank-sum test comparing all individual CS+ and
CS— trials, pooled over all days. Circles depict significant differences
between behavioral responses to the CS+ and CS— on each day (Wil-
coxon rank-sum test comparing all individual trials on a given day).
Open circles: 0.01 <P<0.05; filled circles: P<0.01. Assignment
of odor stimuli (Ala and Trp) as CS+ and CS— was varied between
individuals. b Same as above for the combined behavioral score
Ceompweighteds Which weights individual { scores by their auto/cross-
covariances. ¢ Quantification of behavioral responses to the CS+ and
CS— in successive trials during the first 2 days of training, averaged
over all fish in experiments 1-3 (n=62 fish; mean + SEM). The first
two trials and the last two trials were omitted because individual trial
series of { scores were median filtered with window size five to mini-
mize the potential impact of outliers. Open and filled circles depict
significant differences between behavioral responses to the CS+ and
CS— as in a. Assignment of odor stimuli (Ala and Trp) as CS+ and
CS— was varied between individuals

fish learned to discriminate between odors after few train-
ing trials.

Experiments 2 and 3: shorter discrimination training

To corroborate these results, we trained 36 additional fish on
the discrimination of Ala and Trp for 27-36 trials (experi-
ment 2). Again, fish showed significantly different behav-
ioral responses to the CS+ and CS— at the end of training,
with a discrimination score similar to that observed in exper-
iment 1 (d=1.14+0.17; mean+ SEM; n=36 fish; P=3e-7,
Wilcoxon signed rank test; Fig. 5).

In addition, another 14 fish were trained on the discrimi-
nation of Ala and Trp for a total of 18 trials each (experi-
ment 3) and showed significant discrimination behavior at
the end of training (d=0.51+0.15; mean+ SEM; n=14
fish; P=0.002, Wilcoxon signed rank test). These results
were pooled with the first 18 CS+ and 18 CS— trials
from experiments 1 and 2 to obtain a large sample (n=62
fish). The mean discrimination score in this sample was
(d=0.76 +0.12; mean + SEM; p=2e—7, Wilcoxon signed
rank test; Fig. 5). The large sample size was exploited to
analyze the initial phase of the learning curve at single-trial
resolution. To minimize the impact of outliers, trial series of
Ceomp Scores were median-filtered using a window size of five
trials. The mean behavioral scores ., of responses to the
CS+ and CS— gradually diverged and became statistically
different at trial six (median-filtered data from trials 4-8;
Fig. 4c). Hence, significant discrimination behavior emerged
already during the first day of training.

Behavioral scores in experiments 1-3 were similar
although fish were from different strains and included
transgenics (see “Methods”). Hence, behavioral results
are unlikely to be sensitive to the genetic background. No
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Fig.5 Quantification of discrimination behavior. Bars show the
discrimination score d (mean+SEM) obtained in different experi-
ments. P values are from a Wilcoxon signed rank test comparing the
observed discrimination score d against the null hypothesis that d=0.
Horizontal line shows statistical comparison between the discrimina-
tion score d obtained in pooled experiments 1-3 (first 18 trials only)
and the d value of the corresponding pre-odor control (Wilcoxon
rank-sum test)

significant differences were observed between males and
females in any experimental group.

Experiment 4: unpaired control

Differential responses to the CS+ and CS— in experiments
1 and 2 cannot be explained by innate odor preferences
because amino acid stimuli were balanced across fish,
implying that the observed behavior reflects associative
learning. To confirm this conclusion, we performed two
controls. First, we analyzed behavior in the absence of a
conditioned stimulus by re-analyzing swimming trajectories
from experiments 1-3 using the time window 60-30 s before
odor application as the response time window. The base-
line and reference time windows were shifted accordingly.
The resulting value of d was not significantly different from
zero (d=0.12+0.07; mean + SEM; n=62 fish; P=0.07,
Wilcoxon signed rank test) and significantly different from
the discrimination score of stimulus-induced behavior in the
same fish (P =9e-5; Fig. 5). Hence, the observed discrimi-
nation behavior cannot be explained by a bias in the training
or analysis procedure.

@ Springer

Second, we exposed an additional 16 fish to 18 presenta-
tions of Ala and 18 presentations of Trp as before (9 trials
each per day; 2 days total). However, food was delivered
15 min after application of both odors with a probability
of 50%. Hence, fish were exposed to the same number of
odor stimuli and food deliveries as before but odors did
not predict food. We then randomly assigned Ala or Trp
as CS+ and CS- in different fish in a balanced fashion and
analyzed behavioral responses as before. The procedure
was repeated 10 times for different random stimulus assign-
ments. No significant discrimination score was obtained in
any of these assignments (P> 0.28 in all cases; mean + SD:
P=0.64+0.22; range 0.28-0.87) and the discrimination
score remained close to zero (d = —0.06 +£0.10; mean+ SD;
Fig. 5). These results support the conclusion that the dif-
ferential behavioral responses in experiments 1-3 reflect
associative learning.

Experiment 5: conditioning can overcome innate
preferences

We further examined whether the learned association
between an odor stimulus and a food reward can overcome
innate odor responses. A previous study reported that naive
zebrafish are attracted to Ala but repelled by Cys (Viteb-
sky et al. 2005). We tested whether the aversive response
to Cys can be overcome when zebrafish are trained in the
odor discrimination paradigm with Cys as CS+ and Ala as
CS— (6 fish) or the opposite assignment (8 fish). Each fish
received only 12 trials with each stimulus, distributed over
3-5 days. Nevertheless, training resulted in the emergence of
positive behavioral responses to Cys and odor discrimination
was statistically significant (d=0.61; n=14 fish; P=9e—4;
Fig. 5). Hence, associative appetitive conditioning can also
be performed using aversive odors.

Discussion

We developed efficient methods to analyze olfactory dis-
crimination learning in adult zebrafish. Fish learned to
respond selectively to one of two odor stimuli with antici-
patory appetitive behavior. Training and analysis procedures
are automated and can be performed in a standard labora-
tory environment. This paradigm is well-suited to analyze
odor discrimination behavior and the underlying neuronal
mechanisms in zebrafish.

Odor discrimination paradigm
Olfactory conditioning resulted in complex modifications

of behavioral responses to odors. Learned responses to
the CS+ included an increase in swimming velocity, an
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approach of the reward zone, and sampling of the water
surface, reminiscent of the behavior that fish display in
their home tanks when caretakers approach for feeding.
Hence, fish appeared to learn the association between an
olfactory cue and a familiar set of feeding-related behav-
iors. We therefore assume that our training procedure
resulted primarily in classical conditioning.

Previous procedures for olfactory conditioning of adult
zebrafish are difficult to implement in a standard labora-
tory setting because they require enormous amounts of
water (Braubach et al. 2009) or very large tanks (Miklavc
and Valentin¢i¢ 2012). Moreover, training and analysis
were time-consuming because procedures are not auto-
mated. Importantly, previous procedures did not involve
differential conditioning to two odors (CS+ and CS—),
with few exceptions (Miklavc and Valentinc¢i¢ 2012). We
therefore developed a procedure that is fully automated,
requires only standard resources, and includes discrimina-
tion training. We expect that this procedure will be valu-
able to analyze the neural basis of discrimination learning.

A recent study by Doyle and colleagues described auto-
mated procedures for auditory and visual conditioning of
adult zebrafish that also rely on the conditioning of feeding
behavior (Doyle et al. 2017). The tasks follow a similar
rationale as ours but exhibit differences in experimental
procedures. First, we did not maintain fish in the fish facil-
ity during training, mainly to facilitate odor application
and to avoid contamination of the circulating water with
odors. Second, we trained fish individually rather than in
groups. Training one fish per tank decreases throughput
but facilitates quantitative analyses of multiple behavioral
components and enables comparisons between individuals.
Third, we trained fish to discriminate between two sensory
cues (CS+ and CS—), rather than to associate a single cue
with a behavioral output, because differential conditioning
is desired to analyze the neural basis of sensory discrimi-
nation. Despite the differences in task design and sensory
modalities, fish rapidly learned associations between the
CS and US in both studies (Doyle et al. 2017). An appeti-
tive paradigm for operant visual discrimination learning,
in contrast, required more extensive training (Mueller and
Neuhauss 2012), possibly because fish needed to learn
a novel behavioral sequence to collect rewards. Hence,
classical conditioning of feeding behavior appears to be
an effective strategy for the design of appetitive learning
tasks in zebrafish.

Based on observations of behaving fish, we hypothesized
that the conditioned behavior consists of multiple behavioral
components, and that the contribution of different behav-
ioral components varies between trials and individuals.
Consistent with this observation, the combined analysis of
multiple behavioral components improved the detection of
learned behavioral responses. Hence, the overt behavior was

complex even though the conditioning paradigm is concep-
tually simple.

Olfactory discrimination learning

Zebrafish developed differential behavioral responses to
related amino acid odors when and only when they dif-
fered in their prediction of food. Hence, fish discriminated
between odors and learned specific associations between
odors and behaviors, consistent with previous findings
(Braubach et al. 2009; Miklavc and Valentin¢i¢ 2012). Appe-
titive olfactory conditioning could be achieved even using
an odor that is innately aversive. Hence, olfactory condi-
tioning is a robust phenomenon that can overcome innate
odor preferences. This approach may be exploited to dissect
neural pathways that mediate innate and learned behavioral
responses to odors.

The 30 s delay between the onset of the CS and US pro-
vided the opportunity to quantify behavioral responses in
each trial. Continuous learning curves could therefore be
acquired without the need to introduce separate probe tri-
als, which may result in extinction. As the acquisition of
memory can be sensitive to the precise temporal relationship
between the CS and the US, experimental conditions may be
further improved by optimizing the delay between odor and
food application. However, we did not attempt this because
the chosen protocol already resulted in robust conditioning.

Statistically different behavioral responses to the CS+
and CS— were detected already after few training trials.
Zebrafish can therefore establish specific olfactory memories
based on a small amount of experience. Odor discrimina-
tion tasks that are widely used in rodents, in contrast, often
require hundreds of training trials to reach asymptotic per-
formance (Abraham et al. 2004; Bodyak and Slotnick 1999;
Rinberg et al. 2006). The reason for this difference in train-
ing requirement remains unclear. One possibility is that the
tasks for rodents include unnatural behavioral components
such as nose pokes, whereas the task for fish is based on the
conditioning of familiar food search behavior.

The ability of animals to discriminate odors is usually
assessed by a behavioral readout that is based on odor dis-
crimination learning. However, because learning itself modi-
fies odor representations (Abraham et al. 2014; Chapuis and
Wilson 2011; Chu et al. 2016; Li et al. 2008; Yamada et al.
2017), mechanisms of odor discrimination in naive or nearly
naive animals remain difficult to analyze. A rapid condition-
ing procedure may open new opportunities to address this
issue. We anticipate that the combination of behavioral and
physiological analyses in zebrafish will provide new insights
into the neuronal basis of olfactory processing and memory.
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3.3. DISCUSSION

3.3 DISCUSSION

A comprehensive dissection of any given neural circuit in order to understand its function requires
researchers to examine the outcome of specific manipulations on a behavioral level. For this purpose,
robust, efficient, scalable, and replicable behavioral assays are required. To this aim, we developed an

associative olfactory discrimination task.

This experimental design has several important aspects. First, the automation of the experimental
procedure makes it time efficient and allows to separate the experimenter from the subject. The
experimental setup consists of simple and affordable components, can be easily reproduced, and
conveniently extended and upscaled. Indeed, the initial behavioral setup has been reproduced several
times within the Friedrich lab and the experiments have been successfully reproduced by other
experimenters. As the extraction of behavioral features from videos is automated and the feature
postprocessing standardized, experimenters save time and remain ignorant to experimental
subgroups during analysis. The quantification of an individual fish’s discrimination performance
allows to correlate e.g., functional measurements or effects of targeted manipulation of neural systems
with behavioral performance. Using this behavioral score in a study led by Thomas Frank, we could
show that the odor preference measured in behavior was represented in the population activity of Dp,
the teleost homolog to piriform cortex [12], and that this mapping involved experience-dependent
changes in inhibitory IN activity. Moreover, training fish using this olfactory discrimination paradigm,
Chie Satou could show that a particular brain region afferent to OB selectively responds upon

presentation of odors that had been associated with a reward, but not other odors [234].

The learning of odor-food reward association is a robust phenomenon. We demonstrated odor
discrimination in different strains and since then it has been replicated in different experimental
conditions, e.g., adult zebrafish after virus injection [234] and juvenile fish (Nesibe Temiz-Karayol,
personal communication). We also showed that zebrafish can discriminate between rewarded and
unrewarded odors within the first day of training after only a few trials. The agreeable experimental
conditions, i.e., training in a home tank environment at a low to moderate flow rate may have
contributed to this. Furthermore, the conditioning did not have an operant component, instead we
measured odor response based on looking at various parameters of natural food search und feeding

behavior, thus capturing multiple aspects in which fish could express food expectation.

The experiment offers a tool to study basic odor discrimination behavior in zebrafish under different
conditions. This paradigm can be used as a basis to modify the training protocol in order to explore
further aspects of zebrafish olfactory behavior, for example, the resilience of the memory against

extinction or an individual fish’s capability to discriminate conditioned odors from similar odors.
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4. GLOSSARY

AOB = accessory olfactory bulb

AON = anterior olfactory nucleus

CDh = cutting degree

CNN = convolutional neuronal networks
CP = cibriform plate

CR = completely reconstructed

DA = dopamine

DL = deep layer

DLIN  =deep layer interneuron

c¢DLIN2 = common DLIN2

fDLIN2 = fringy DLIN2

IDLIN1 =DLIN1 with long-necked spines
rDLIN1 =rough DLIN1

sDLIN1 = sparsely spiny DLIN1

sDLIN2 = DLIN2 with stubby spines

ER = endoplasmatic reticulum

EPL = external plexiform layer

EPL-IN = external plexiform layer interneuron

ERL = expected run length

ETC = external tufted cell

FFN = flood filling networks

GC = granule cell

GCL = granule cell layer

GL = glomerular layer

GLIN  =glomerular layer interneuron

SGLIN1 =small GLIN1
IGLIN1 =large GLIN1

GT = ground truth

ICR = incompletely reconstructed
IN = interneuron

IPL = internal plexiform layer
LOT = lateral olfactory tract

1.

MC
MCL
MSC
MOT
OB
OE
OLFR
ONL
OSN
oT
PCA
PGC
PL
PLIN

GLOSSARY

= mitral cell

= mitral cell layer

= mixed synapse cell

= medial olfactory tract

= olfactory bulb

= olfactory epithelium

= olfactory receptor

= olfactory nerve layer

= olfactory sensory neuron
= olfactory tubercle

= principal component analysis
= periglomerular cell

= plexiform layer

= plexiform layer interneuron

rIPLIN3 = ribbon-like PLIN3

vPLIN
PN
PNC
PV

RC
SAC
dSAC
sSAC
SBEM
TC
UMAP
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3 =varicose PLIN3
= projection neuron
= perinest cell
= parvalbumin
= ruffed cell
= short axon cell
= deep short axon cell
= superficial short axon cell
= serial blockface electron microscopy
= tufted cell

= uniform manifold projection
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6.1. MANUAL OF THE AGGLOMERATION PROOFREADING TOOL

MANUAL OF THE
AGGLOMERATION PROOFREADING
TOOL

INSTRUCTIONS FOR US KEYBOARD

The goal is to reconstruct whole cells in a segmentation by correcting mistakes of the agglomeration.
Agglomeration mistakes are either false segment splits or false mergers. False segmentation mergers
cannot be fixed with this tool, their location should be stored to correct otherwise. Reconstruction
starts with one segment, usually containing the soma. From there follow along one neurite and add

falsely split segments and remove falsely merged segments.

1. MERGING FALSE SPLITS

Example:

[Beogio” 154853075 15844372 < | [§
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6.1. MANUAL OF THE AGGLOMERATION PROOFREADING TOOL

1. Move the cursor above the falsely split segment and press 'q’, try to target a location close to the

target branch!

2. Move the cursor above the target branch close to the falsely split segment and press 'd.’

2. SPLITTING FALSE AGGLOMERATION MERGERS

Example:

target neurite
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6.1. MANUAL OF THE AGGLOMERATION PROOFREADING TOOL

1. Move the cursor to one of the segments that is likely to be involved in the false merger and press 'c'.
All segments connected to this segment are displayed. Playing with the opacity of the agglomeration

layer 2 and the base volume layer 3 can help to determine the falsely merged segments.

r— —]

2. Find the wrongly merged pair:

o Ifthe segment is not merged to one in the wrong branch, hover over the next segment in the
base volume and press 'c' again.
o If a merged segment is found, move the cursor to this segment and split edges by pressing

'control + x'. The viewer will refresh.

[ a— —] -
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6.1. MANUAL OF THE AGGLOMERATION PROOFREADING TOOL

3. If the merged branches were split successfully, hover over the segment or branch that does not

belong to the target neuron and confirm the split of the merger by pressing 'k'.

3. REMOVING GROUPS OF FALSELY MERGED SEGMENTS

This serves to remove larger groups of segments that should be split from the target branch. It does
not preserve the connections of the segments to any other branch! This can be helpful to remove larger

groups of segments covering membranes or extracellular space that are merged to the target neuron.

Example:

x 16389, y 11522, z

3218

4 target heurite
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6.1. MANUAL OF THE AGGLOMERATION PROOFREADING TOOL

IMPORTANT: before using this, first make sure to empty the base volume viewport (press 'g').

1. Select any segment in the base volume that should be removed by hovering across the target

segment and pressing t.

2. Press 'control+]' to split off the merged segments. The viewer updates and shows the segments in

the neuron graph.
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6.1. MANUAL OF THE AGGLOMERATION PROOFREADING TOOL

3. Segments that do not belong to the neuron that is reconstructed can be removed by moving the

cursor to the segment and pressing 'shift+f'.

\'9~'25m’> 16256, y 11379, z 3218

fiow  Jfasgo ] Bogso <@ <|H
| | - |
T T B =~ e Y

4. BRANCH POINTS

1. Setabranch point by moving the viewport location to the merge site (e.g. right click) and press 'y.’

2. Jump to the last unfinished branch location by pressing '7".

3. Taga branch point as visited by pressing 'control+r'. It will be annotated with an ellipsoid and the
branch point will not be revisited when pressing '7'.

4. Remove a branch point annotation by hovering the cursor over the ellipsoid and press '0".

5. TAGGING SEGMENTATION MERGER LOCATIONS

Move the viewport center to the merger site (e.g. right click) and press 'm".
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