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Abstract

Crypt neurons are one of the subtypes of sensory neurons in the olfactory epithelium of
zebrafish. A single member of the ORA gene family, ORA 4, was found to be expressed
in all crypt neurons. Crypt neurons project to a single glomerulus of the medio-dorsal
cluster in the olfactory bulb. However, the function of crypt neurons still needs to be
elucidated. Some studies have implicated the role of crypt neurons in kin recognition of

larval zebrafish; however, the respective ligands have not been identified in those studies.

To understand the function of crypt neurons we generated an ORA4 knockout in our lab.
First, | checked whether crypt neurons are viable without an ORA4 receptor. | found that
crypt neurons do not require the ORA4 receptor to survive, and they also maintain their
target glomerulus in the absence of functional ORA4 receptor. Interestingly the number
of crypt neurons is significantly increased in the knockout, consistent with a compensatory
mechanism. | then used neural activity markers such as p-Erk in wildtype and knockout
fish, along with live calcium imaging in wildtype fish to investigate whether the activation
of ORA4 receptor observed in heterologous expression system is also present in vivo. p-
Erk results were variable, but calcium imaging reproducibly showed activated neurons in
bo olfactory bulb. As a first step to analyze the function of ORA4 receptor signaling
pathway | established that larval zebrafish prefer the activating stimulus irrespective of
their metabolic state. However, the spatial distribution of activated neurons observed in
calcium imaging does not support a mediation of this innate attraction by crypt neurons.
For time reasons behavior could not be studied in the knockout fish.



Zusammenfassung

Kryptneuronen sind eine der Typen von Sinnesneuronen im Riechepithel des
Zebrafisches. Es wurde festgestellt, dass ein einzelnes Mitglied der ORA-Genfamilie,
ORA 4, in allen Kryptneuronen exprimiert wird. Alle Kryptneuronen projizieren auf einen
einzigen Glomerulus des medio-dorsalen Clusters im Riechkolben, dem Bulbus
olfactorius. Die Funktion der Kryptneuronen muss jedoch noch aufgeklart werden. Einige
Studien haben die Rolle von Kryptneuronen bei der Verwandtschaftserkennung von
Zebrafischlarven impliziert, jedoch wurden die entsprechenden Liganden in diesen
Studien nicht identifiziert.

Um die Funktion von Kryptneuronen zu verstehen, haben wir in unserem Labor einen
ORA4-knockout erzeugt. Zuerst prifte ich, ob Kryptneuronen ohne einen ORA4-Rezeptor
lebensfahig sind. Ich fand heraus, dass Kryptneuronen den ORA4-Rezeptor nicht zum
Uberleben benétigen und dass sie ihren Ziel-Glomerulus auch in Abwesenheit eines funk-
tionierenden ORA4 beibehalten. Interessanterweise ist die Anzahl der Kryptneuronen im
knockout signifikant erhoht, was einen Kompensationsmechanismus implizieren konnte.
Ich habe dann neurale Aktivitatsmarker, wie p-Erk bei Wildtyp- und knockout-Fischen zu-
sammen mit der Kalzium-Live-Bildgebung bei Wildtyp-Fischen verwendet, um zu unter-
suchen, ob die im heterologen Expressionssystem beobachtete Aktivierung des ORA4-
Rezeptors auch in vivo vorhanden ist. p-Erk-Ergebnisse waren variabel, aber die Kal-
zium-Live-Bildgebung zeigte reproduzierbar aktivierte Neuronen sowohl im Riechkolben.
In einem ersten Schritt zur Analyse der Funktion des ORA4-Rezeptor-Signalweges stellte
ich fest, dass Zebrafischlarven unabhangig von ihrem Stoffwechselzustand den aktivie-
renden Reiz bevorzugen. Die in der Calcium-Bildgebung beobachtete raumliche Vertei-
lung der aktivierten Neuronen unterstutzt jedoch nicht die Vermittlung dieser angebore-
nen Anziehung durch Kryptneuronen. Aus Zeitgrunden konnte das Verhalten bei den
knockout-Fischen nicht untersucht werden
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1. Introduction

To make sense of the environment, an animal possesses sensory systems which consist
of sensory receptors, and subsequent neural circuits. In terrestrial and marine organisms,
sensory systems are constantly processing information and making the organism aware
of the stimuli such as smell, light, touch, taste and monitoring the internal state of organ-
ism. Sensory systems are expected to be present in all animals, and in vertebrates can
be classified into three physical (vision, auditory, touch) and two chemical (olfaction and
taste) senses.

Olfaction is an ancient sense and is one of the main tools that animals use to make sense
of their environment. There are many chemical cues in the environment of the organism.
Vertebrates, including fishes efficiently use their sense of smell for locating food, detecting
danger, communicating with kin members and for reproduction. Fish including zebrafish
detect and discriminate huge variety of odorants such as amino acids, nucleotides, bile
acids, amines, steroids, and prostaglandins. Such odor signals evoke fundamental be-
haviors important for the survival of species (Yoshihara, 2014). In tetrapods, two majors
anatomically and functionally separate sensory organs are present, the vomeronasal or-
gan (VNO) and the main olfactory epithelium (MOE). VNO is specialized to sense phero-
mones (volatile and non-volatile), and MOE serves as a general odor detector for volatile
molecules. The olfactory epithelium is connected to the olfactory bulb, whereas the pro-
jections from the VNO goes to the accessory olfactory bulb. In contrast to tetrapods fish
have developed a single olfactory organ with a single sensory surface containing several
distinct types of olfactory sensory neurons. All olfactory sensory neurons send their axons
in the olfactory bulb, which is neuroanatomically and functionally segregated into different
glomerular clusters (Baier and Korsching 1994; Braubach et al., 2012). Output neurons
from the olfactory bulb called mitral and tufted neurons project axons to target areas in
the higher brain regions such as ventral telencephalon and habenula, finally generating
various behavioral phenotypes in response to different odors (Yoshihara., 2014).

Zebrafish as a model organism offers distinct advantage such as easy maintenance, ease
of breeding, large progeny, and optical transparency during development. Olfactory sys-

tem of zebrafish has been well studied and comprises 5 morphologically distinct types of
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olfactory sensory neurons (ciliated, microvillous, crypt, kappe and pear shaped A2c¢ neu-
rons. Olfactory receptors such as OR, V1R, V2R, TAAR, and recently discovered A2c
receptor appear to be expressed in different olfactory sensory neuron populations (Ahuja
et al., 2014; Alioto and Ngai 2005, Hashiguchi and Nishida 2006, 2007; Saraiva and
Korsching 2007, Wakisaka 2017). Each olfactory neuron type expresses lar sensory neu-
rons Unexpectedly, one member of the ORA family ORA4 was found to be expressed in
all crypt neurons (Oka et al., 2012), thus give rise to “one neuron - one receptor”’, mode
of expression, which is an unique mode of expression for a olfactory receptor as com-
pared to “one neuron type-one receptor’ mode of expression mentioned above. This
makes crypt neurons interesting neurons to investigate. To understand the function of
crypt neurons we generated an ORA4 knockout in our lab, to check whether crypt neurons
survive without a receptor. Some studies have implicated crypt neurons in kin recognition
of larval zebrafish (Biechl et al., 2016, Gerlach et al., 2019). This appears inconsistent
with our results (Behrens and Korsching, unpublished observation) that the ORA4 recep-
tor is activated by alkaline pH in heterologous expression system. The purpose of this
study was to investigate the relationship of alkaline stimulus and ORA4 in zebrafish in
vivo by comparing wildtype and ORA4 knockout fish, using a combination of methods.

10



1.1 Zebrafish olfactory system

A) Olfactory system B) Olfactory organ C) Olfactory epithelium D) Olfactory bulb

Figure 2: General organization of the zebrafish olfactory system (Figure taken from Ochoa and Jacobs,
2019)

General organization of zebrafish olfactory system

Interestingly, in teleost fish peripheral organization of the olfactory system is different from
that of the mammals. Teleost including zebrafish have developed only a single type of
olfactory organ called the olfactory rosette. In case of zebrafish the rosette contains five
morphologically distinct olfactory sensory neurons: ciliated, microvillous, crypt (Hansen
et al., 2004, Ahuja et al., 2013), kappe (Ahuja et al., 2014) and pear shaped adenosine
receptor containing olfactory sensory neurons (Wakisaka et al., 2017). Individual neurons
in the olfactory epithelium project their axons via olfactory nerve to olfactory bulb which
comprises of glomerular clusters serving as the first relay station to receive the odor in-
formation (Baier and Korsching, 1994; Braubach et al., 2012). From the olfactory bulb
mitral and tufted neurons target to different areas in the higher brain regions such as

habenula and ventral nucleus of ventral telencephalon (Miyasaka et al., 2009).
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1.2 Olfactory sensory neurons and receptor types

basal lamina

olfactory lamella

cell type micro- kappe pear other
villous

Figure 3: Types of olfactory sensory neurons (Image modified from Milan Dieris, Doctoral Thesis, 2018)
Olfactory sensory neuron expresses distinct receptors (Yoshihara, 2014) belonging to
different olfactory receptor families. Zebrafish genome contains 150 OR-type, ~60 V2R-
related Olfc genes, 7 V1R-related ORA genes, and ~100 TAAR type olfactory receptor
genes. (Alioto and Ngai, 2005; Hashiguchi and Nishda, 2006, 2007; Sato et al., 2007;
Saraiva and Korsching, 2007; Hussain et al., 2009; Zapilko and Korsching, 2016; Ahuja
et al., 2018).

Ciliated neurons in the olfactory epithelium, possess long dendrites, and extend several
long cilia into the lumen of the nasal cavity. The ciliated neurons express OR, TAARs
(Cao et al., 1998; Speca et al., 1999; Hansen et al., 2004; Hussain et al., 2009).

Microvillous olfactory sensory neurons constitute a minor population in olfactory epithe-
lium of zebrafish. Microvillous neurons exhibit a short dendrite and emanate short but

numerous microvilli and express V2R-related OIfC genes (Sato et al., 2005).

Crypt neurons constitute third type of olfactory sensory neurons (Hansen and
Zeiske,1998; Hansen et al., 2003, 2004) which are identified by large globular soma,
along with the presence of both cilia and microvilli. Recently a small and highly conserved
family of V1R-like genes have been identified: 7 highly conserved receptor genes were

12



reported in teleost fish and a new nomenclature was awarded to the gene family called
‘ORA gene family” (Saraiva and Korsching, 2007; Zapilko and Korsching, 2016).
Unexpectedly, one member of the ORA family ORA4 was found to be expressed in all
crypt neurons (Oka et al., 2012). This homogeneous expression of a single receptor in
the entire cell type is different from the “one cell type - one receptor” mode of expression
in the ciliated and the microvillous neurons leading to more restricted “one cell — one
receptor” mode of expression. In recent studies functional role of crypt neurons has been

suggested in kin odor recognition in zebrafish larvae (Beichl et al., 2016).

Kappe neurons have been reported as fourth type of olfactory sensory neurons with mi-
crovilli, but different from microvillous neurons (Ahuja et al., 2014), their functional im-
portance has yet to be identified. So far, they have only been observed in zebrafish.

Pear-shaped neurons have been recently identified, which express adenosine receptor
A2c (Wakisaka et al., 2017). They are located apically in the lamellae and project to a
large lateral glomerulus (IG2), which reacts to AMP, ADP and ATP (Wakisaka et al.,
2017). Since nucleotides are considered feeding stimulus for fish, pear shaped neurons
are thought to involved in feeding behavior in zebrafish.

13



1.3 General mechanism of signal transduction in olfactory sensory
neurons

olf Ca*

actory . o. B a ® .
receptor ® [ J ® o Ca’* activated ® ®" Na

Cl" channel

R

Figure 4: A schematic diagram of olfactory signal transduction. Olfactory signal transduction begins
with the activation of an olfactory receptor (OR) in the ciliary membrane; this leads to an increase in cyclic
AMP (cAMP) synthesis through the activation of adenylate cyclase type lll (ACIIl) via a G protein (Golf)-
coupled cascade. The increase in cAMP concentration causes cyclic nucleotide-gated (CNG) channels to
open, leading to an increase in intracellular Ca 2+ concentration and depolarization of the cell membrane
by the Ca 2+-activated chloride channel. Among several molecules of the olfactory signal transduction, OR,
olfactory marker protein (OMP), Golf protein a-subunit (Gaolf), and ACIII have known to be olfactory specific

molecules. Figure taken from Kang and Koo, 2012.

The olfactory system senses the odorants in the environment via odorant receptors which
are in the cilia of olfactory sensory neurons (OSNs) in the olfactory epithelium of terrestrial
and aquatic organisms. When an odorant binds the olfactory receptor, it triggers a signal-
ing cascade leading to generation of action potential. Once activated leads to an increase
of intracellular cAMP caused by the membrane form of adenylate cyclase Il (ACIII) (Wong
et al 2000). Increased intracellular cAMP causes an external cation influx by activating a
cation-selective cyclic nucleotide gated (CNG) channel (Nakamura and Gold 1987).
Plasma membrane depolarization is further triggered by calcium-activated chloride chan-
nels (Berg et al., 2012). Elevated intracellular calcium concentration is brought back to
resting levels by expelling calcium ions through the plasma membrane by sodium/potas-
sium exchanger (NCX), a potassium-dependent sodium potassium exchanger (NCX4),
and a plasma membrane Ca?* ATpase (PMCA) (Brini and Carafoli, 2011). OMP olfactory
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marker protein facilitates NCX activity and allows for the rapid Ca2+ extrusion (Kwon et
al., 2009).

The inhibitory G protein (Gi1b) has been found to be expressed with ORA 4 receptor (Oka
et al., 2012), which supports the notion that signal transduction of ORA4 is mediated by
an inhibitory G protein

1.4 Phosphorylated Erk (p-Erk) as a marker for neuronal activity

The extracellular signal-regulated kinase (Erk, including Erk1 and Erk 2), is a member of
mitogen activated protein kinase (MAPKk) family. Activation of ERK occurs by its upstream
kinase MEK (MAP kinase or ERK kinase) (Widmann et al., 1999). Studies have reported
that ERK is involved in neuronal and synaptic plasticity underlying learning, memory, and
pain sensitivity (Ji et al., 2002). GPCRs have been shown to stimulate MAP kinase phos-
phorylation cascade which is used as an indicator of neural activity in wide variety of cell
types and species., because of its better temporal resolution as compared to other mark-
ers of neuronal activity for example the immediate early gene c-fos (Gao and Ji., 2009)
(Wetzker and Bohmer, 2003). Phosphorylation of the extracellular signal-regulated kinase
(Erk), has been used as an activity marker for neuronal activation in larval and adult
zebrafish (Randlett et al., 2015; Dieris et al., 2017; Hussain et al., 2013).

1.5 Functional organization of olfactory bulb in zebrafish

Different set of odorants excite different type of olfactory sensory neurons in zebrafish
(Friedrich and Korsching, 1998; Hussain et al., 2013; Dieris et al., 2016). Olfactory neu-
rons project their axons to the olfactory bulb, which is further segregated into individual
glomeruli acting as a first relay station for the segregation of olfactory information (Baier
and Korsching, 1994; Braubach et al., 2012). Numerous neuroanatomical tracing studies
were conducted to reveal the pattern of projection of olfactory sensory neurons to the
olfactory bulb (Morita and Finger, 1998; Doving et al., 2011; Hamdani and Doving 2002,
2006; Hansen et al 2003). Further, introduction of genetic labelling and gene trap provided
detailed insight of the axonal wiring from olfactory epithelium to olfactory bulb (Miyasaka
et al., 2009; Sato et al., 2005, 2007; Koide et al., 2009).
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The ciliated olfactory sensory neurons project their axons to the maG, vaG, dG, and dIG
clusters, mpG glomerulus, 1G2 glomerulus and the most of vmG glomeruli, whereas mi-
crovillous OSNs project their axons to all glomeruli in the IG cluster except for 1G2, one
of the two vpG glomeruli and several mdg glomeruli (Sato et al., 2005) (Braubach et al.,
2012). Crypt neurons which contain ORA4 receptor have been shown to project to the
large medio-dorsal glomerulus mdg2 (Ahuja et al., 2013), while kappe neurons project to
the mdG5 glomerulus (Ahuja et al., 2014). The segregation of neural pathways forms the
basis for the distinction of olfactory information at the level of olfactory bulb and repre-
sented on the olfactory bulb as “odor map”. (see Figure on next page)

A series of studies measured the activity from the glomerulus using either voltage sensi-
tive dyes or calcium indicators gave the evidence of an odor map in olfactory bulb of
zebrafish (Friedrich and Korsching 1997, 1998; Fuss and Korsching 2001) Adult Zebrafish
displays strong attraction to amino acids. (Steele et al., 1990, Koide et al., 2009). Micro-
villous olfactory sensory neurons detects amino acids (Hansen et al., 2003) and as a
result activation of multiple glomeruli was seen in the |G cluster (Friedrich and Korsching
1997, 1998; Fuss and Korsching, 2001). Fish produce bile acid derivative specific to their
own species (Hagey et al., 2010), suggesting their role in olfactory-mediated social inter-
action. Bile acids elicit strong responses in the dG and parts of vmG cluster (Friedrich
and Korsching, 1998). Amines, for example cadaverine has been shown to selectively
activate dIG (Dieris et al., 2017). Prostaglandin PGFZ2a elicits response in a specific

16



ventral glomerulus (Yabuki et al., 2016), and nucleotides are processed by lateral glomer-
ulus (Wakisaka et al., 2017)

a

dorsal view lateral view ventral view

g
-

17,20P-S
Various

odorants

Amino acids
IG

Figure 5: Glomerular clusters and odor map in the adult zebrafish olfactory bulb (OB). (a) Whole-
mount OB immunostained with anti-SV2 antibody, viewed from dorsal, lateral, and ventral sides. (b) Eight glomerular
clusters and 29 identifiable glomeruli. (c) Odor map, nucleotides, SE skin extract, dG dorsal glomerular, dIG dorso-

lateral, IG lateral, maG medio-anterior, mpG medioposterior, mdG medio-dorsal, vaG ventro-anterior, vmG ventro-me-

dial, vpG ventro-posterior (Figure taken from Yoshihara, 2014)
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1.6 Organization of olfactory bulb in larval zebrafish

As mentioned in the previous section, glomeruli are anatomically and functionally ar-
ranged in olfactory bulb of mature zebrafish OB (Braubach et al., 2012). The anatomical
and neurochemical organization in zebrafish larva resemble the mature olfactory bulb as
early as 72 hpf (Braubach et al., 2013)
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Figure 6: Frontal views of OBs from five 72 hpf embryos, as seen through the skull. Glomeruli labeled
selectively with anti-calretinin (A1-A3, substacks of optical sections from same specimen), anti-Gas/olf (B),
anti-S100 (D), and anti-Gao (E) antibodies. Four large and irregularly shaped regions (dG, dIG, maG, and
vmG/vaG) were always labeled by anti-calretinin and anti-Gas/olf antibodies (C,F). A1-A3, C, IG labeled

only with the anti-calretinin antibody. The mdG2 and mdG5 were selectively immunoreactive (IR) to anti-
18



S100 (D) and anti-Gao (E), respectively, and displayed inconsistent staining with the anti-calretinin antibody
(compare A1-C). The remaining mdG were labeled only with general structural markers, such as anti-SV2.
F, The schematic summarizes the distributions of glomeruli at 72 hpf. The scale bar in A3 also applies to
A1, A2. (Figure taken from Braubach et al 2013)

From 36 hpf onwards, olfactory sensory axons send their projections to the olfactory bulb
where they target individual glomeruli (Dynes and Ngai, 1998). Glomeruli in zebrafish
larvae undergoes a process of activity dependent maturation (Li et al., 2005; Braubach et
al., 2013) leading to the appearance of discreet glomerular clusters such as (mdg) and

other glomerular regions (Braubach et al., 2013)

1.7 Olfactory processing in the higher brain areas of zebrafish

The fish olfactory system detects variety of compounds, which are responsible for crucial
behaviors important for survival of the animal such as feeding, reproduction, social inter-
action and avoiding predation. Odorants are detected by the olfactory sensory neurons in
the olfactory epithelium, and then the information is sent to olfactory bulb, which acts as
the first relay station for processing of olfactory information. Mitral and tufted neurons
(Glutamatergic) are the major neurons in the olfactory bulb of zebrafish (Edwards and
Michael, 2002). Dendrites of mitral neurons and tufted neurons receive synaptic input
from the olfactory sensory neurons and project their axons to higher brain regions such
as telencephalon and diencephalon (Fuller et al., 2006; Miyasaka et al., 2009).

oT CB

OE S N ~! RST

Figure 7: Targets of Mitral neurons from olfactory bulb

OE: olfactory epithelium, OB: olfactory bulb, TE: telencephalon, Dp: dorsal-posterior part of the telenceph-

alon, Hb:habenula, Vv: ventral nucleus of the ventral telencephalon, OT: optic tectum, PT: posterior
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tubercle, HT: hypothalamus, CB: cerebellum, MLR: mesencephalic locomotor region; RST: reticulo-spinal

tract, SC: spinal cord. Figure adapted from Kermen et al., 2013)

In telencephalon, the mitral neurons project axons to Vv (Ventral nucleus of Ventral Tel-
encephalon, Dp (dorsal posterior part of telencephalon) which (in teleost) is homologous
to the mammalian primary olfactory (piriform) cortex, and to Vv (Ventral nucleus of ventral
Telencephalon) which is a homolog to septal area, part of limbic system in mammals
(Rink and Wullimann, 2004; Miyaska et al., 2009; Gayoso et al., 2011). The lateral olfac-
tory tract contains fibers which originates in the lateral olfactory bulb, whereas medial
olfactory tract contains the fibers which originate in the medial olfactory bulb (Shel-
don.,1912). Medial and lateral olfactory tracts are separate, anatomically defined axon
bundles, which allowed the researchers to experimentally manipulate these tracts across
different fish species (Doving et al., 1980). Dye tracing studies and genetic labelling ap-
proaches gave an insight on different brain regions which are targeted by mitral neurons
and are involved in olfactory processing (Rink and Wullimann 2004; Miyaska et al., 2009,
2014)

Different higher brain areas are activated by different set of odorants. Bile acids activate
the medial pallium, whereas amino acids and nucleotides activate lateral pallium which is
a part of Dp (Nikonov et al., 2005). Habenula has gained popularity in recent years due
its role in processing value-related information, which receives diverse sensory inputs due
to its unique asymmetrical pattern (Miyasaka et al., 2009). Right dorsal habenula which
is innervated by mitral neurons in olfactory bulb (Miyasaka et al., 2014) has been shown
to mediate social interaction in larval zebrafish (Krishnan et al., 2014).

Hypothalamus is in the ventral diencephalon and plays a key role in mediating several
vital physiological functions (Machluf et al., 2011). In zebrafish hypothalamus receives
input from olfactory sensory neurons via mitral neurons (Reinig et al., 2017) and is
responsible for mediating behavioural phenotypes such as stress response along the
HPA axis (Joels and Baram., 2009), feeding (Wee et al., 2019) and reproductive
behaviour (Zohar et al., 2010).
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1.8 Larval zebrafish behavior

Zebrafish larvae are sensitive to various sensory stimuli such as chemo sensation, touch,
olfaction, audition, heat sensation and vision (Kalueff et al., 2013). Reflexive responses
to touch appear around 21 hours post fertilization (Amant and Drapeau, 1998). Zebrafish
larvae displays occasional tail flicks from 3 dpf onwards (Lindsay and Vogt, 2004). Various
studies have described commonly observed behaviours of zebrafish larvae, which include
thigmotaxis (tendency to remain close to the walls of the petri-dish), and startle response
(Colwill and Creton, 2011). Other well studied behaviour characteristics includes
optokinetic response-eye movement in response to moving object (Orger and Baier,
2005), and prey capture (Muto and Kawakami, 2013).

In the last decade zebrafish larvae became an attractive model to study pharmacological
manipulations. With the introduction of high throughput screening techniques, ease of
replication, commercially available software for data analysis it was made possible to
screen the behavior of larvae at different stages of development on presentation with
different stimuli. In neuroscience research zebrafish became an attractive model because
their advantage of optical transparency, and small size which makes it possible to screen
the effect of stimulants over a large sample size (Kokel et al., 2010).

The behaviour repertoire of zebrafish larvae has been utilized for studying effects of drugs
for psychiatric iliness such as anxiety and mood disorders, and also for the identification
of novel compounds for the treatment of psychiatric illness (Kokel et al., 2010; Luna et
al., 2017). Behaviour of larval zebrafish has also been utilized to trace the neural circuits
associated with innate behaviour such as attraction, aversion (Krishnan et al., 2014) and
prey capture (Muto and Kawakami, 2013). Zebrafish larvae undergo a process of rapid
embryogenesis in the first few days after successful hatching, and as they continue to
grow their reliance on the yolk sac as their food source diminishes. From 5dpf onwards
zebrafish larvae need to be supported with external food sources for their survival, as
they begin to display swimming bouts which could be seen as exploratory, for avoidance
from predators or for food foraging (Chen et al., 2019). Thus, the first week of
development acts as a crucial transitional period in the feeding behaviour of zebrafish

larvae. Zebrafish larvae in their first week of development are attracted to intermediate
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concentration of bile salts but tend to avoid higher concentration. Larvae displayed aver-
sion to 10uM of GCDA, while 1uM of GCDA was an attractive odor (Krishnan et al., 2014),
which suggests that larvae can discriminate between different concentrations of the same
olfactory cue, processing it as either rewarding or aversive stimuli. Food extract acts as
a positive rewarding stimulus for zebrafish larvae and they display significant increase in
the swimming speed after the addition of food odor (Chen et al., 2019). On analyzing the
calcium levels in higher olfactory brain regions in elav/3::GcaMP5 5 dpf larvae in response
to food odor, it was observed that neurons of right dorsal habenula responded on the
addition of food odor. In zebrafish, habenula is divided into dorsal and ventral habenula.
Dysfunction or lesion of right dorsal habenula resulted in significant impairment of food
seeking behavior (Chen et al., 2019). In lower vertebrates habenula acts as modulator in
processing emotion related information by modulating the release of neurotransmitters.
The role of habenula has been well studied in fear and anxiety-related behavior in rodents
and zebrafish (Hikosaka, 2010), while in zebrafish besides receiving fear and anxiety re-
lated inputs, role of habenula has also been studied modulating inputs from visual and

olfactory pathways (Zhang et al., 2017).

In the last decade development of genetically encoded calcium indicators and with the
development of functional imaging (confocal/two photon microscopy) has given an added
advantage to study the neural networks that are activated on the activation of olfactory

Sensory neurons.
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1.9 Imaging Calcium in neurons

Calcium ions mediate a variety of intracellular signals that regulate the fate of multitude
of functions in a living biological organism (Berridge et al., 2000). The function of calcium
ions ranges from the control of heart muscle to the regulation of cell cycle, cell proliferation
and cell death (Orrenius et al., 2003). In nervous system, the functional role of calcium
ions is vitally important as it triggers the exocytosis of neurotransmitters containing syn-
aptic vesicles (Neher and Sakaba, 2008). In the post-synapse a transient rise of calcium
ions in the dendritic spines is essential for the activity induced synaptic plasticity of the
neurons (Lyons and West, 2011). Thus, making calcium ions as the hallmark for the vitally
essential processes in the nervous system. Intra cellular calcium signals can function over
a wide variety of time scales, with different amplitudes and at varied location in the cellular
environment of the organism, for example neurotransmitters release take milliseconds
while the regulation of gene transcription in the nucleus could take over hours to execute
(Berridge et al., 2003). This unique characteristic of calcium ions has given rise to the
possibilities for investigation of multiple cellular processes in the living organism.

Investigation of calcium signals in the last decade has benefitted enormously from the
development of visualization techniques which greatly improved the qualitative and quan-
titative estimation of intracellular calcium signals. Historically, aequorins a bioluminescent
calcium binding photoprotein was first used for monitoring the dynamics of cellular cal-
cium signaling, (Ashley and Ridgway, 1968). Calcium indicators then evolved to synthetic
dye for example arsenzaro (lIlI) (Brown et al. 1975) which provided invaluable insight into
the functioning of neuronal processes. However, their application was tedious and time
consuming (Smith and Zucker, 1980). Furthermore, more sensitive dyes were developed
by the hybridization of highly selective chelators like EGTA or BAPTA which were respon-
sible for the chelation of free calcium ions with fluorescent chromophore (Tsien et al.,
1980). These developed fluorescent indicators were called as quin-2, fura-2, indo-1, and
fluro-3 (Tsien et al., 1980). Quin-2 is excited by ultraviolet light and was one of the first
dye among fluorescent indicators to be used for biological experiments (Pozzan et al.,
1982; Tsien et al., 1980). Over the years many synthetic calcium indicators have been
introduced, for example Oregon Green BAPTA and fluo-4 dye families (Paredes et al.,
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2008), which have been widely used for neuroscience research because of their ease of
implementation and provided a better signal to noise ratio as compared to Fura family
dyes (Paredes et al., 2008).

The next crucial development in calcium imaging research came in the form of develop-
ment of protein based genetically encoded calcium indicators (GECI) (Miyawaki et al.,
1997). The early versions of GECls had limited application as their response kinetics were
slow and had low signal to noise ratios, in the last decade there has been tremendous
improvements in improving the response kinetics of genetically encoded calcium indica-
tors such as GCaMP (Chen et al., 2013)
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(A) Bioluminescent protein. Binding of calcium ions to aequorin leads to the oxidation of the prosthetic group coelenterazine (C, left
side) to colenteramide (C, right side). Colenteramide relaxes to the ground state while emitting a photon of 470 nm.

(B) Chemical calcium indicator. Fura-2 is excitable by ultraviolet light (e.g., 350/380 nm) and its emission peak is between 505 and
520 nm. The binding of calcium ions by fura-2 leads to changes in the emitted fluorescence.

(C) FRET-based genetically encoded calcium indicator (GECI). After binding of calcium ions to yellow cameleon 3.60 the two
fluorescent proteins, ECFP (donor) and Venus (acceptor), approach. This enables Fo™ rster resonance energy transfer (FRET) and
thus, the blue fluorescence of 480 nm decreases, whereas the fluorescence of 530 nm increases.

(D) Single-fluorophore genetically encoded calcium indicator (GECI). After binding of calcium to GCaMP conformational intra-
molecular changes lead to an increase in the emitted fluorescence of 515 nm, modified from (Greinberger and Konnerth., 2012)

GECI provides an added advantage over traditional calcium indicators with the cell and
tissue specific expression, making the process non-invasive. The development of genet-
ically encoded calcium indicators has paralleled the advanced imaging methods (Eilers
and Konnerth, 2009) which made possible to record and analyze real time fluorescence
signals of the biological processes at a single cell resolution. Two-photon microscopy
further developed the area of calcium imaging research in many laboratories around the
world (Helmchen and Denk, 2005; Svoboda and Yasuda, 2006).

1.9.1 Neuronal Calcium signaling

As described above intracellular calcium acts as an important messenger to facilitate a
variety of functions in a living organism. Inside the cell calcium dynamics constantly
change and the balance between the calcium influx and efflux in the cell is determined by
the exchange of calcium from the cellular environment as well as the release of calcium

from internal stores (Schwaller et al., 2010).
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Figure 9: Neuronal Calcium Signaling: Sources of calcium influx are calcium-permeable-a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid(AMPA) and N-methyl-D-aspartate (NMDA) glutamate type re-
ceptors, voltage-gated calcium channels (VGCC),nicotinic acetylcholine receptors (nAChR), and transient
receptor potential type C (TRPC) channels. Calcium release from internal stores is mediated by inositol
trisphosphate receptors (IP3R) and ryanodine receptors (RyR). Inositol trisphosphate can be generated by
metabotropic glutamate receptors (mGIuR). Calcium efflux is mediated by the plasma membrane calcium
ATPase (PMCA), the sodium-calcium exchanger (NCX), and the sarco-/endoplasmic reticulum calcium
ATPase (SERCA). Also, the mitochondria are important for neuronal calcium homeostasis. (Modified from
Greinberger and Konnerth, 2012)

The calcium ions which are responsible for giving rise to calcium spikes are the free cal-

cium ions.

Endoplasmic reticulum acts as a store house for intracellular calcium, and the release of
calcium ions from ER is mediated by inositol triphosphate and ryanodine receptors (Ber-
ridge, 1998). The high level of calcium within the endoplasmic reticulum is maintained by
sarco-endoplasmic reticulum calcium ATPase (SERCA) which is responsible for the
transport of calcium ions from the cytosol to the lumen of ER (Berridge, 1998). Mitochon-
dria are another source of intracellular calcium ions, and they acts as a calcium buffer by
taking up calcium during calcium elevations in the cytosol and then releasing them back
to the cytosol (Duchen, 1999). The exchange of calcium between the cell and the extra-
cellular space is mediated by multiple receptors and ion channels, for example voltage
gated calcium channels, ionotropic glutamate receptors, nicotinic acetylcholine receptors
(nChR), and transient receptor potential type C (TRPC ) channels (Fucile, 2004).

The cellular calcium levels are determined by multiple processes, which co-ordinate with
each other to regulate processes such as neurotransmitter release (Grienberger and Kon-
nerth, 2012). Thus, developing a mechanistic understanding of a pathway for specific

source of calcium inside the cell is still unclear and under investigation.
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1.9.2 GCaMP6 as a Calcium indicator

Figure 10: Crystal structure of GCaMP (Figure taken from Akerboom et al., 2012)

In the last 10 years of Calcium Imaging research Genetically Encoded Calcium Indicators
(GECI), have been extensively used for imaging intracellular calcium levels in zebra fish,
flies and mouse in vivo (Zariwala et al., 2012, Tian et al., 2009, Muto et al., 2017). In the
layer 2/3 of pyramidal neurons in the mouse visual cortex, GCaMP6 was able to detect
single action potentials in the neurons, and also responses evoked by light in the ganglion
neurons in adult rodent tissue (Zariwala et al., 2012). GCaMP®6, as calcium sensors pro-
vides useful insights into the organization and dynamics of calcium influxes in the cellular

environment.

As shown in Figure11, GCaMP comprises of circularly permuted green fluorescent protein
(cpGFP) (Baird et al., 1999), calmodulin (CaM)- calcium binding protein, and CaM-inter-
acting M13 peptide (Crivici and Ikura, 1995). The CaM / M13 complex sits close to the
chromophore inside cpGFP 3 barrael (Akerboom et al., 2012). Calcium ions on binding
to the calcium binding domain in calmodulin results in making conformational changes in
the CaM/M13 domain modulating the solvent access resulting in increased brightness.
Multiple studies were conducted involving protein mutagenesis and screening for calcium
activity giving rise to different version of GCaMP (Tian et al., 2009), (Akerboom et al.,
2012), (Nakai et al., 2001).
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Based on sensitivity and response kinetics Chen et al. (2013) have screened GCaMPs
as a sensor for calcium sensitivity in cultured assay of rat hippocampal neurons contain-
ing GCaMP variants. The study made a quantitative comparison among different variants
of GCaMPs.
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Figure 11: GCaMP structure27,64 and mutations in different GCaMP variants relative to GCaMP5G. b,
Responses averaged across multiple neurons and wells for GCaMP3, 5G, 6f, 6m, 6s, and OGB1-AM. Top,
fluorescence changes in response to 1 action potential. Bottom, 10 action potentials (Figure taken from
Chen et al., 2013)

When compared to GCaMP5G, the GCaMP6 sensors displayed similar baseline bright-
ness and a dynamic range (described as AF/FO at 160 action potentials) was increased
by 1.1-1.6. When stimulated with small numbers of action potentials GCaMP6s produced
>10-fold larger signals than GCaMP3. When compared to GCaMP5G, GCaMP6s exhib-
ited 3-fold higher affinity for calcium, while maintaining the same baseline fluorescence.
Further mutagenesis of the calcium binding domain in the GCaMP6 variants resulted in
the development the GCaMP?7 series, which are characterized by improved sensitivity to
one action potential and higher signal-to-noise ratio due to enhanced brightness (Dana
et al., 2018).
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1.9.3 Imaging neuronal activity in vivo using GCaMP6s

GCaMPs have been tested as neural indicators in vivo by various research groups lead-
ing to a better understanding of neuronal activity in vivo different organisms ranging from
C.elegans (Luo et al., 2014) , Drosophilla (Simpson and Looger, 2018), zebrafish (Aherns
et al., 2013 ; Barker and Baier, 2015), and rodents (Niell and Stryker, 2008 ; Chen et al.,
2013).

Zebrafish larvae encoding GCaMP6 have proved to be helpful in providing insights in
visualization of neural circuits activated by certain goal directed behaviors such as prey
capture, and attraction/aversion in zebrafish, thus making GCaMP6 a forefront tool in

understanding of neural circuits (Bahl and Engert, 2019; Haesemeyer et al., 2018).
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2. Aim of the thesis

Crypt neurons are a type of olfactory sensory neurons which project their axons to the
medio-dorsal cluster 2 (mdg2) in the olfactory bulb (Ahuja et al., 2013). One receptor from
the ORA gene family, ORA 4 was found to be expressed in crypt neurons and was acti-
vated by alkaline pH in heterologous expression system. The purpose of this study was
to investigate the relationship of alkaline stimulus and ORA4 in zebrafish in vivo by com-
paring wildtype and ORA4 knockout fish, using a combination of methods. | used neural
activity markers and calcium imaging with elav/3::GCaMPG6s larvae to study the neural

circuits activated in response to an alkaline stimulus.
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3. Material and Methods

3.1 Organisms

3.1.2 Zebrafish strains and Animal care

Fish was housed in groups of up to 30animals in tanks with day/night cycle 14-hour light
and 10-hour darkness. Fish water consisted of equal parts mixture of desalted water and
tap water. pH of the circulating water was maintained between pH 7,0 — 7,4. Fish were
fed twice a day, with brine shrimp artemia (Sanders, USA) and flake food (Terta,

Germany). The following zebrafish strains were used in the study:

Strain Feature Origin

WT/KS wildtype Cologne

WT/Ab wildtype Tubingen

Casper(elavi3:: Calcium sensor in neurons HHMI, Janelia Farms

GCaMP6s)

Tg(elavi3::nls- Calcium sensor in neurons  AG Arrenberg, Institute for

GCaMP6s)mpn400Tg System Neuroscience,
Tubingen

Male and female zebrafish were kept in the plastic mating tanks overnight separated by
a plastic separator, which was removed the next morning within the first 15 minutes at the
start of light cycle for zebrafish. The eggs that fall on the bottom of the mating tank through
the grid are collected and washed with first tap water, and then were kept in the E3
medium until further use. From 5 dpf onwards larvae were fed with fresh paramecium
(cultured in the lab) 20ml/day, and supplemented with red breeze (reefdepot.de), until 20
dpf with 15-20 embryos in a mouse cage. At 20 dpf, the fish were transferred to fresh

mouse cages (a maximum of 4 fish/ mouse cage) and were connected to the facility water
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for the next 3-4 weeks. In the mouse cages fishes were supplemented with artemia along
with finely grinded fish food flakes.

ORAA4 /- fish

ORA 4 -/- fish was generated in our lab using CRISPR/Cas 9 (Liu and Korsching,
unpublished). The knockout fish had a frameshift mutation in ORA 4 gene. Mutated

sequence is shown below:

>AM778166.1 Danio rerio partial mRNA for olfactory receptor class A (Vlir-like
homolog) (orad4 gene)
ATGTCTGAGGTCCTGACGGTGGACGCGGTTCTCTTCGGCCTGCTGGTGTTCTCTGGTATCATTGGAAACARIqui
Liu

TCATGGTCATCTATGTGGTGTTTGACTGTGCTAAATTGTGCGCCTCTCGCCACCTGCCGCCGTCTGACAC
CATCCTGGTGCACCTGTGTCTGGCTAACCTGCTGACGTCAGTGTTCCGCACGGTGCCGATCTTCGTGTCG
GACCTGGGCCTGCAGGTGTGGCTGACGGCGGGCTGGTGCCGCGTCTTCATGCTGCTGTGGGTGTGGTGGC
GGGCGGTGGGCTGCTGGGTCACCTTGGCTCTCAGCGCCTTCCACTGCGCCACCCTGCGTCGCCAGCATGT
CTCCATGGGGCCGCTGGGTCACTCGCGGGAGCGTCGCCGCGTCTGGGTCGTCCTGGCGGTGGTGTGGGCT
GCAAACCTGCTGTTCTCGCTGCCGGCGCTGGTCTACACCACACAGGTGCGTGGGAACGCTACCGTGGAGC
TGATGGTGATTAGCTGCACCAC

ORA4 (WT): GGGCCTGCAGGTGTGG-CTGACGGCGGGCTGGTGGTGCCGCGTCTT

ORAA4 -/-: GGGCCTGCAGGTGTEGGECT----BECGGGCTGGTGCCGCGTCTT

3.1.3 Bacterial Strains
For transformations and cloning of plasmids the electroporation-competent strain E. coli
XL1 blue (Agilent Genomics, USA) was used.

The animal handling was approved by the governmental animal care and use office
(Landesamt fur Natur, umwelt und Verbraucherschutz Nordrhein-Westfalen, Protocol No.
8.87-51.05.20.10.217), and was in accordance with the German Animal Welfare Act as
well as with the General Administrative Directive for the execution of the Protection of

Animal
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3.2 Technical equipment, chemicals, and disposables

3.2.1 Technical equipment

Type

Cryostat

Electrophoresis Chamber
Electrophoresis Power
supply

Fluorescence Microscope

Gel Documentation
System

Halogen Lamp
Heating Plate

Incubator (dry)
Incubator (wet)

Laser Scanning
Microscope

Laser Scanning
Microscope

Microcentrifuge
Microcentrifuge (cooling)
Micropipette Puller
Microwave

Peristaltic Pump
pH-Meter

Pipets (10/20/200/1000 pl)
Precision scale

Rasberry Pi-Camera
Module

Model
CM 1900

Power Pac 300
Bio-Rad
BZ-9000
GelDoc XR

iLux 150NL
MEDAX

GFL
LSM 510

SP8

Micro Star 17
Z233 MK-2
P-97

900 & Grill

Calimatic 766
Research Plus
LA120S
Model V2.1

Manufacturer
Leica
Bio-Rad
Bio-Rad

Keyence
Bio-Rad

Visitool
StorkTronic
Memmert
KMF

Zeiss

Leica

VWR

Hermle

Sutter Instruments
Severin
Cole-Parmer
Knick

Eppendorf
Sartorius

Rasberry
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Rotary Mixer

Scale

Shaker

SLR Camera
Spectrophotometer
Stereomicroscope
Thermal Mixer
Thermal Cycler
Vortex

R1

Universal

Bio Shaker 3D
D5100
Nanodrop one
Stemi 2000

Thermomixer Comfort

LifeEco

Vortex Genie 2

Pelco

Sartorius

BIOSAN

Nikon

Thermo Fisher

Zeiss

Eppendorf

BIOER

Benden and Hobein AG

3.3 Chemicals, reagents, and pre-mixed solutions
If not stated otherwise all chemicals were obtained from VWR at molecular biology

grade. All chemicals from other sources are listed below:

Description
A-Lysine
Acetic anhydride

BCIP (5-bromo-4-chloro-3-indolyl-

phosphate)
Blocking Reagent

BSA (Bovine Serum Albumin) 2 96%

Cadaverine
D-Fructose
Dimethyl sulfoxide

di-Sodium hydrogene phosphate

EDTA

Instant Ocean Sea Salt
Low-melting point agarose

Methylene Blue
MS-222
Phenol Red

Manufacturer /Supplier
Sigma
Sigma
Roche

Roche

Sigma
Sigma-Aldrich
Applichem
Sigma

Merck

Sigma

Instant Ocean
Sigma

Sigma
Sigma-Aldrich
Fluka
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Phenol-Chloroform-lsoamyl alcohol
mixture (25:24:1)
Phenylthiocarbamide

Sheep Serum

TAE buffer 50x (Rotiphorese)
TissueTek cryo-embedding medium
Triton X-100

Tween20

Vecta mount permanent mounting
medium

Vecta mount permanent mounting
medium (w/ DAPI)

yeast tRNA

3.4 Disposables

Sigma

Sigma
Sigma

Roth
Sakura
Merck
Sigma
Vector Labs

Vector Labs

Thermo Fischer Scientific

Plastic and glass beakers, flasks and bottles were autoclaved prior to use

Disposables Specifications
Borosilicate Capillary GB100F -10
Conical Tubes 15ml, 50ml
Coverslips 24x60 mm
Hypodermic Needles Sterican
Laboratory Film

Latex Gloves powderfree
Microcentrifuge Tubes 1.5 ml, 2 ml
Microloader Tips 20 i
Microscope Slides Superfrost
Microscope Slides Standard

Pasteur Pipet
PCR-Tubes

Manufacturer/Supplier
Science Products
Falcon

VWR

Braun

PARAFILM

VWR

Axygen
Eppendorf

VWR

VWR

VWR

VWR
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Petri Dish

Pipet Tips
Pipet Tips with Filter
Syringes

@ 34.5mm, @ 60mm, 100
mm

10/200/1000 pl
SurPhob
2/5/10/20 ml

3.5 Enzymes and premixed enzymes

Proteinase K

GoTaq Green Mastermix
Bsal

EcoR1

3.6 Antibodies
Antibody

anti-TrkA (763) antibody

a-p-Erk rabbit IgG,
polyclonal

a-S100 rabbit IgG

Alexa Fluor 488 goat a-
rabbit IgG

Alexa Fluor 594 goat a-
mouse IgG

Roche, CH

VWR

VWR
Biozym

Braun

Promega, GER

New England Biolabs

New England Biolabs

Source
rabbit 1IgG; 1:100,
(Ahuja et al., 2013),

Santa Cruz
Biotechnology

Cell Signaling
Technology, USA

Agilent, former Dako,
USA

Invitrogen, GER

Invitrogen, GER

Catalogue number
#sc-118

#9101

#20311

#A21206

#A11005
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3.7 Media

LB-medium 1 litre

Ampicillin

Kanamycin

3.8 Buffers and solution

60x E3 solution (Stock
Concentration)

1x PBS (Tween /Triton)

Paraformaldehyde

Primary antibody
solution

109
109

59
pH to 7.5

stock solution
100mg/ml
50mg/ml

34.8¢g
1649
58¢g
9.78 g
137 mm
2.7 mm
10 mm
1.8 mm
(0,1% viv
(0,1% viv
pH 7.3
1x

4% wiv
1x

1,5% wiv
5% viv

NaCl
Tryptone
yeast extract
NaOH

Working concentration

100 pg/ml
50 pg/ml

NaCl

KCI
CaCl2-2H20
MgCl2-6H20
NaCl

KCI
Na2HPO4
KH2PO4
Triton X100)
Tween20)
with NaOH
PBS

Paraformaldehyde

PBS-Triton
BSA

Sheep Serum



DNA extraction buffer 100 mm
100 mm
250 mm
1% wiv
200 pg/ml

“Quick” DNA extraction 10 mm

buffer 2 mm
0,2% wiv

200 pg/ml

3.9 Kits

Tris-HCI
EDTA

NaCl

SDS
Proteinase K
Tris-HCI
EDTA

Triton X100

Proteinase K

The following Kits were used according to instruction manual

Name
NucleoSpin® Plasmid
NucleoSpin® Gel and PCR Clean-up

Manufacturer
Macherey-Nagel, GER
Macherey-Nagel, GER
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3.10 Molecular Biology Techniques

3.10.1 DNA extraction from embryos or tissue by phenol/chloroform method

To get DNA from tissue in larger amounts this method is used

The embryol/tissue is lysed in 30 ul of DNA extraction buffer freshly added with 200 ng/ul
Proteinase K. Tissue lyses was done either by mechanically with a pestle or mortar or by
shaking the tissue in a thermomixer at 700 rpm and 56 °C for a maximum of 1 hour. 70 pl
of extraction buffer was added and it was mixed by inverting the tissue several times. 50ul
of phenol/chloroform/iso-amylalcohol (25:24:1) was added to the mixture and the tube
was inverted several times. Spinning of tube was done on a bench top spinner for 5
minutes at 13,000 g the aqueous phase carefully collected and transferred into a new
tube. The DNA was pelleted by spinning for 5-8 minutes at high speed at the tabletop
spinner. The supernatant was discarded, and the tubes were left to dry at room
temperature for few minutes. The pellet was dried was washed with 200 pl 80% ethanol
and centrifuged again. After drying the pellet, it was re-suspended in 20-50 pl 10 mm Tris-
HCI pH 8. The DNA concentration was measured and determined with a NanoDrop™
Photometer.

3.10.2 “Quick” genomic DNA preparation for PCR

This protocol was used as a relatively quicker method than phenol/chloroform to screen
larger amounts of embryos/tissue for genotyping by PCR. After obtaining the tissues from
tissue biopsy it was incubated in the DNA extraction buffer at 56°C for 2-3 hours (if
required overnight) on a thermomixer. The tubes were then centrifuged for 30s at 11,000
g to pellet the tissue after being digested. 10ulof supernatant was used for PCR reactions.
DNA samples were stored at -20 °C until further use.

3.10.3 DNA amplification by using polymerase chain reaction
Polymerase chain reaction (PCR) is used for the amplification of DNA templates using
appropriate forward and reverse primers. Primers were designed using primer 3 tool

(http://primer3.ut.ee/). 10-100 ng of DNA was used as a template for PCR reactions.
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The standard protocol was followed for amplifying the DNA templates: -

Initial denaturation 95 °C, for 3 minutes
denaturation 95°C,45s

primer annealing 51-58 °C, 45 s 35 x
extension 72°C, 30-90 s

final extension 72°C, 5 minutes

end 4°C, =

The annealing temperature was calculated by using an online tool Tm-calculator, provided
by Thermo Fischer website. The typical temperature that is used for annealing is 55°C,
which can have a different range depending upon the GC contents of oligonucleotides
.The length of the elongation was for 5 minutes at 72°C which can also vary depending
on the length of the fragment which is being amplified. Tag-based polymerases generally

process around 1 kb/min.

3.10.4 DNA sequencing

DNA sequencing was used to check for the sequence of amplified PCR product. DNA
sequencing was conducted using Eurofins Genomics (Germany) sequencing services.
PCR samples were purified using PCR purification kit from Machery Nagel. Samples were
prepared as instructed by sequencing service and usually contained 10-50 ng/ul template
DNA which was either a purified PCR product, plasmid, or genomic DNA. Either forward
or reverse primer (2,5 uM), 10-20ul was added with DNA sample. Results were analysed
using the GATC viewer and/or NCBI blast, where sequence alignments were analysed
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3.11 Histological Methods

3.11.1 Anti-TrkA labelling for crypt neuron in zebrafish larvae whole mounts

Anti-TrkA antibody has been reported as a sensitive marker for crypt neurons (Ahuja et
al., 2013). To check for the presence of crypt neurons in ORA4-/- embryos, healthy
fertilized eggs were collected and kept at 28°C in E3 medium until day 5 post fertilization.
On day 5 embryos were collected and transferred to 4%PFA for one hour (short fixation).
Following fixation, embryos were washed thoroughly with 1X PBST, (3 times for 20
minutes each), and treated with 150 mM Tris pH 9.0, for 5 minutes at room temperature.
Embryos in Eppendorf tubes were then heated at 70°C for 15 minutes and allowed to cool
for the next 20 minutes. Embryos were washed with 1X PBST, (3 times for 20 minutes
each). Blocking solution (5% sheep serum/normal goat serum in 1X PBST), was added
and embryos were kept in incubation for 1 hour at room temperature. Anti-TrkA antibody
rabbit polyclonal IgG (Santa Cruz Biotechnology) 1:400 was added to the embryos and

left for overnight incubation at 4°C.

The next day embryos were again given washes with 1X PBST, (3 times for 20 minutes
each). Secondary antibody Alexa-conjugated-498 donkey anti-rabbit IgG (1:400) in
blocking solution was added and left for overnight incubation at 4°C.

Microscopy

On the following day embryos were given several washes with PBST and embedded in
0.8% low gelling agarose for microcopy with Zeiss LSM confocal microscope.
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3.11.2 Anti-TrkA labelling for crypt neurons in adult zebrafish OE (WT/ ORA 4-/-)
The protocol followed has been described by Ahuja et al. (2013)

Adult wild type and ORA 4-/- fish were to cold anesthetized on ice, and after de-capitation
the heads were transferred to 4% PFA and for 15-20 minutes (short fixation). Dorsal
cranium was further removed, and olfactory epithelium was carefully dissected out and
transferred to Tissue Tek (Sakura). Tissue Tek was frozen at -80 degrees for few minutes.
20pm sections were cut using a cryostat and picked on a slide and left for drying for 15
minutes. After drying, slides were transferred to 100% acetone maintained at -20°C for
15 minutes. Slides were then washed in a glass jar filled with PBST (3 times 10 minutes
each) at room temperature. Blocking solution (0.5% in PBS) was added to the slides and
left for incubation for one hour at room temperature in a moist chamber. Anti-TrkA rabbit
polyclonal (Santa Cruz Biotechnology) (1:1000 dilution), around 100ul was added to the
slides and incubated overnight in a moist chamber at 4°C. The next day slides were
washed with PBST again (3 times for 10 minutes each) and secondary antibody in PBST
(goat anti-rabbit 1gG, Alexa conjugated-498, 1:200 dilution), was added to the slides.
Slides were kept in incubation for 2 hours in a moist chamber. The slides were then
washed with PBST (3 minutes each 3 times) and mounted with Vecta sheild with DAPI
for microscopy.

3.11.3 Labelling of the crypt neuron glomerulus by Anti-TrkA antibody

It has been reported that the single mediodorsal glomerulus mdg2, is also labelled by
Anti-TrkA antibody (Ahuja et al., 2013). So, | decided to use the same antibody to locate
the glomeruli in the olfactory bulb of ORA 4 -/- adult zebrafish.

3.11.4 Cryosectioning of the olfactory bulb

WT and ORA 4 -/- fish were cold anesthetized and decapitated and transferred to 4% PFA
at 4°C for an overnight fixation. The next morning heads were given a gentle wash in
PBST to remove the excess PFA. Dorsal cranium was removed, and exposed olfactory
bulbs along with telencephalon was dissected out and transferred to Tissue Tek (Sakura)
and frozen. 10 um coronal section were thawed mounted on Super-frost plus glass slides

(Thermo). Slides were left to dry for 15 minutes and then incubated in acetone at -20°C
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for next15 minutes, washed several times with PBST and blocked with 5% Normal Goat
Serum in PBST for one hour at room temperature. After blocking, slides were incubated
with two separate antibodies (Zns2, mouse monoclonal IgG Oregon), 1:1000 dilution in
blocking solution for labeling all the glomeruli, and Anti-TrkA rabbit polyclonal IgG (1:1000
) dilution in the blocking solution for labelling the mdg2 cluster, and kept for overnight
incubation in a moist chamber. The next day slides were given several washes with PBST
and incubated with secondary antibodies for two hours at room temperature. Slides were
then washed with PBST and mounted with Vecta sheild with DAPI and observed under

fluorescence microscope

3.11.5 Whole mount p-Erk staining for olfactory bulb
Protocol followed has been described in Dieris et al., 2017

Both WT and the ORA 4 -/- fish were given a 3-minute exposure to the stimulant. After 3
minutes fish were transferred to ice for cold anesthetization. Once anesthetized, fish head

were removed, and transferred to 4% PFA and further kept at 4°C for overnight incubation.

Following overnight incubation, next day dorsal cranium was dissected, and brain tissue
was taken out and washed several times in PBST to remove excess PFA and transferred

to —20 °C methanol for overnight incubation.

Following incubation, the next day brains were re-hydrated in a dilution series of 75%,
50%, 25% methanol in PBST (5 min each). After rehydration they were washed again in
PBST. Blocking solution was then added containing 10% calf serum/1% DMSO in PBST
for 1 h. Samples were then incubated with primary antibody a-p-Erk (1:50 in blocking
solution) at 4 °C for 5—7 days on a vertical rotator (~12 rpm).

Following several PBST washes, incubation with secondary antibody (1:200 in blocking
solution) was performed and samples were left to incubate at 4 °C for 3 days. After three
days brain tissues were again washed several times in PBST and then a fructose gradient
series was used to clear the tissue ( 20%, 40%, 60%, 80%, and 100%) fructose in PBS

(w/v) on a vertical rotator at room temperature for 4 h or at 4 °C overnight.
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3.11.6 Anti-TrkA Labelling of medio dorsal glomeruli in the olfactory bulb in
zebrafish embryo

The protocol for staining was first described by Braubach et al., 2013

5-6 larvae at 9 dpf AB/TU Zebrafish larvae were anesthetized by dipping them in ice cold
water maintained at 4 degree centigrade. Larvae were then transferred to 2% PFA in PBS
maintained at 4 degrees centigrade and left overnight at 4 degrees centigrade for fixation in
1.5 ml Eppendorf tubes.

Next day PFA was carefully removed from the Eppendorf tubes. The larvae were washed with
PBST 3 times for 20 minutes each at room temperature. Larvae were then left for incubation
in PBS-based blocking solution containing 0.25% v/v Triton X-100, 2% v/v dimethyl sulfoxide,

1% v/v normal goat serum and 1% w/v bovine serum albumin, in PBS for 48 hours.

After 2 days embryos were incubated with primary antibody Anti-TrkA (1:100, Rabbit
IgG,Sigma) in blocking solution for 4 days. After 4 days, blocking solution containing primary
antibody was removed and embryos were washed thoroughly with PBST 5 times for 20
minutes at room temperature. Further, larvae were incubated with secondary antibody (Alexa
Fluor 488 goat a-rabbit IgG (1:50), Invitrogen) in PBST for 3 days. After 3 days, secondary
antibody was washed thoroughly by giving PBST washes 5 washes for 20 minutes.

Glycerol clearing
After PBST washing larvae were incubated for 24 hours in a 3:1 solution of glycerol with 0.1
M Tris buffer pH 8.0, containing 2% (w/v) n-propy! gallate (Sigma).

Sample preparation

Larvae were carefully transferred to another eppendorf tube and immersed for one hour in
99% percent glycerol in A drop of 99 % glycerol was placed on the microscopic glass slide
and embryo was added to it, aligned under the light microscope in dorso-lateral position.
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Microscopy

Leica Sp8 confocal microscope was used for taking the confocal stacks. 20x water immersion
objective was used for taking confocal stacks. Once the position of embryo was aligned under
objective, He-Ne laser was switched on and a zoom factor of 1.50 was selected from the
control panel located at the graphic user interface.

Anti-TrkA staining was identified as the bright green fluorescence against light green
background. Optical section of 0.88um were taken covering a maximum depth of 108 um
dorso-ventrally. Confocal stacks were processed using the Image J software, and maximum

projections of the confocal stacks was obtained for the final visualization of the olfactory bulb.

3.12 Calcium Imaging using Zebrafish larvae

Sample Preparation

9 dpf larvae were used for the imaging experiments. elavi3: GCaMP6s larva were
anesthetized using 0.01% MS-222. The larva was carefully observed for 2 minutes, and when
movement completely seized, the animal was picked up and embedded in 1.2% low gelling
agarose on a sylgard plate. Agarose was carefully removed from the mouth of the animal so
that stimulus could reach to the mouth of the animal. The animal was dipped in E3 medium
and transferred to the microscope.

Microscopy

Leica Sp8 Confocal microscope at the imaging facility at the University of Koln was used for
the microscopy. Sylgard plate containing the larva was placed on the stage of the microscope.
20x water immersion lens was used for the microscopy. A flow of 7.5 ml/minute of E3 medium
was maintained throughout the experiment. 30ulof stimulus was added with a difference of at

least 40 s between two intermittent stimuli.
Imaging movies were further analyzed by using Fiji and custom written scripts using MATLAB.

Stimulus application If not stated otherwise 10mM Tris pH 7.00 was used as neutral pH and
10mM Tris pH 8.60 was used as alkaline pH for calcium Imaging experiments. Cadaverine
was used at a concentration of 100uM for all experiments.
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4. Results

4.1 Crypt neurons survive in ORA4-/- background and maintain their
target glomerulus

Crypt neurons containing ORA 4 receptor project their axons to medio-dorsal glomerulus
2 (mdg 2), (Ahuja et al., 2013). We wanted to check whether crypt neurons survive in the
absence of ORA 4 receptor. ORA4 -/- was generated our lab using CRISPR/Cas9
methodology (Lui and Korsching, unpublished). Anti-TrkA antibody has been reported as
specific marker for crypt neurons (Ahuja et al., 2013). On performing immuno-
histochemistry on the olfactory epithelium of ORA 4 -/- adult fish (see material and
methods /histological methods) it was observed that crypt neurons survive in ORA4 -/-
background.

Olfactory bulb was removed and sectioned, Anti-TrkA staining was performed on the
10um sections of olfactory bulb and it was observed that crypt neurons also maintain their
target glomerulus (mdg2) in ORA4-/- (Figure12, 2nd last panel from below).

5 dpf larval zebrafish (WT and ORA4-/-) were stained using Anti-TrkA antibody, and at 5
dpf crypt neurons were observed in WT as well as in ORA4-/- fish. This data indicates
that that loss of ORA4 receptor has no effect on the survival of crypt neurons, in adult as

well as larval zebrafish. °
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5 dpf larva

Figure 12: Crypt neurons survive in ORA4-/- background and maintain their target glomerulus Anti TrkA
staining in wild type and ORA4-/- adult zebrafish (topmost panel). Magnified view of the selected are below.
Crypt neurons maintain their target glomerulus (middle panel). Anti-TrkA staining in zebrafish larvae (WT vs
ORAA4-/-) bottom panel.
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4.2 Changes in crypt neuron abundance and morphology in the ORA4
knockout

After staining with Anti-TrkA antibody diameter ratios of crypt neurons (width/height) were
measured for 6 dpf larval zebrafish (WT and ORAA4-/-). On plotting the ECDF (Empirical
Cumulative Distribution Function) for diameter ratios, no significant difference was
observed (Figure 13, Panel A), indicating in larvae crypt neurons tend to maintain their
globular morphology

Blind evaluation was done for the diameter ratios of crypt neurons stained with Anti-TrkA
antibody in adult zebrafish (WT vs ORA4-/-). A significant difference in ECDF of diameter
ratio was observed (**p=0.0019, KS test), between WT and ORA4 -/- indicating that the
absence of ORA 4 receptor affects the morphology of the crypt neurons in adult zebrafish.

Crypt neurons were significantly slender in ORA4-/-, Figure 13, Panel B.

In larval zebrafish crypt neurons were stained with Anti-TrKA antibody for 3 ,4 5, and 6
dpf, in WT and ORA4-/-. Significantly more number of crypt neurons were seen at 6 dpf
in ORA4-/- larval zebrafish (**p=0.0048), Figure 13 Panel C. In adult zebrafish olfactory
epithelium, again more number of crypt neurons were observed/section in ORA4-/-
zebrafish as compared to WT (**p<0.001), Figure 13 Panel D
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Figure 13: Changes in crypt neuron abundance and morphology in the ORA4 knockout. Panels A and B
show the distribution of diameter ratios (cell width/height) for larval (panel A) and adult (panel B) zebrafish in
WT and ORA4-/-, given as ECDF (empirical cumulative distribution function). No significant difference was
observed for larval zebrafish, but in adult zebrafish crypt neurons of the knockout fish were significantly more
slender (**p=0.0019). Panels C and D show number of crypt neurons in zebrafish larvae (Panel C, 3, 4, 5 and
6dpf) and adult zebrafish (panel D). Significantly more crypt neurons were seen in the knockout compared to
wildtype (** p=0.0048 for 6dpf larvae), and (***p<0.001 for sections of adult olfactory epithelium, blind

evaluation).
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4.3 Anti-TrkA labelling for medio-dorsal cluster 2 (mdg2) in larval
zebrafish

9 dpf and 12 dpf embryo (WT and elav/3::GCaMP6s) were stained with Anti-TrkA anti-
body. Crypt neurons and mediodorsal cluster (mdg2) was labelled as shown in the Fig-
ure14 (top, middle, and bottom panel).

After staining, optical sections of olfactory bulb 0.88um in depth were obtained dorso-
ventrally for both WT and elavi3::GCaMP6s larva covering a total of approximately 108
um. In the olfactory bulb, Anti-TrKA staining was observed in the first 10 optical sections
dorso-ventrally, covering a total depth of 8-10uM in both WT and elavl3::GCaMP6s strain
see Figure 14.

Hence, while performing calcium imaging experiments, the dorsal surface of the olfactory
bulb was kept in focus keeping medio-dorsal cluster 2 in the field of view.

Additionally, 0.88um deep optical sections of olfactory bulb for 9 dpf live head strained
elavl3::GCaMPG6s larvae were also obtained.

On carefully examining these stacks of WT 9 dpf Anti-Trka stained larvae with the stacks
of elavi3:: GCaMP6s 9 dpf live head strained larva, it was found that location of medio-
dorsal cluster co-indices with the location of fibers of pallial commissure which can be
seen in live elavi3:: GCaMP6s larvae but disappear on staining, see Figure 14 and 26 B.

Fibers of pallial commissure are among the major fiber tracks appearing at 48hpf in
zebrafish larvae (Abraham et al., 2008), and connecting the two olfactory bulbs. The fiber
bundle is visible in a live 9 dpf elavl3::GCaMP6s larva, which additionally served as an
anatomical marker for locating medio-dorsal cluster in live elavi3::GCaMP6s larvae while

performing calcium imaging experiments.
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Larva 1 Larva 2
Anti-trka 9 dpf » Antitrka 9 dpf

Larva 3 Larva 4
Anti-trka 12 dpf Anti-trka 12 dpf

elavl3::GcaMP6s larva elavi3::GcaMP6s larva
Larva 5 Larva 5
Anti-trka 12 dpf 4 B Anti-trka 12 dpf

Figure 14: Anti-TrkA labelling for medio-dorsal cluster 2 (mdg2) in larval zebrafish. Crypt neurons are
labelled in green against a faint background. Projections from crypt neurons are also labelled in green and
could be seen on the dorsal surface of olfactory bulb both in 9 and 12 dpf WT larvae. In the bottom panel a

magnified image of medio-dorsal cluster (mdg) can be seen
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4.4 Multilane setup for larval behavior
9 dpf larvae were kept in the behavior room overnight, so that they are acclimatized to the
environment of the room. All behavioral experiment was performed in between 9 am until 4

pm., as it was observed that larvae were active during this span of time (data not shown)

The testing setup consisted of a 20 cm long and 21 cm wide apparatus divided into 16 lanes
of 1.5 cm each. Each lane was filled with 10 ml of E3 medium, and 100yl of stimulus was
added at one end and E3 at other end of the lane. Each lane was further divided into 10
segments of 2 cm each, to mark the position of larvae while swimming. Each segment was
given a score depending on their position from the point of stimulus introduction. The segment
at the point of stimulation was assigned a position index of 100 and the segment farthest

away was assigned position index of 0.

Before testing, embryos were starved for 3 hours exactly 2 hours in the petri dish and for one
hour in the elongated tanks) so that they are motivated to move in the behavior setup. After

an hour, the embryos were relaxed until they displayed normal swimming behavior.

100 pl of E3 medium was used as a negative control. Food odor was prepared by mixing 40
mg of food odor in 100 ml of E3 medium, incubated on a rotor for one hour and filtered.
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Figure15: Multilane setup for behavioral analysis of zebrafish larvae.
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4.5 Larval Zebrafish response to food odor

9 dpf zebrafish were used for this experiment. The night before larvae were transferred
from the fish room and kept at the behavior room maintained at 37 degrees for overnight
acclimatization. In the morning at fresh food odor was prepared by dissolving the 0.4g/L
of baby food in E3 medium and incubating it on a magnetic stirrer of an hour. After an
hour, the solution was filtered using a standard filter paper to remove the undissolved
particles and filtered solution was collected in a glass beaker.

Simultaneously, overnight acclimatized embryos were given the food odor in a petri dish
for 15 minutes, after that larvae were removed from petri dish and transferred into the
fresh petri dish containing E3 medium. 4-5 larvae were kept in a single petri dish. The
larvae were left for starving for a total of 3 hours (2 hours in the petri dish and 1 hour in
the lanes of multi-lane setup).

After 3 hours of incubation larvae were given 100 pl of the stimulus on one end of the
multi-lane setup. The setup was divided into compartments 12 compartments 2 cm each
to identify the position of larvae in any given frame of time. Each compartment was given
a position index between 0 to 110. For evaluation, the position of E3 was designated as
0 and position of the stimulus being tested against E3 was designated as 110. If the larvae
displayed attraction/preference for a given stimulus they would spend most of their time
towards higher position index. If the animals are aversive for a stimulus, they would run
away from it and spend much of their time towards the values of lower position index.
Animals were recorded for a total of 20 minutes, 10 minutes pre-stimulus and 10 minutes
of post-stimulus phase. At the start of post-stimulus phase 100 pl of E3 medium was given
at the position index 0, and 100 ul of food odor was given at the position index of 110 and

recorded for 10 minutes.

For evaluation, the video was stopped every 30s and the position index of the larvae in
each lane was noted down. Hence each larva consisted of 40 data points consisting of

20 points pre-stimulus and 20 points post-stimulus. The data was further evaluated using
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custom written scripts and position index of the larvae was calculated using scripts
provided by Malvina Kuschmann, a masters student in the lab.

In the Figure 16 each larva is indicated by a single graph. The first graph shows position
index of the larvae. Blue line indicates the position index of the larvae before and after
the stimulus. The food stimulus was always given at the value 110, and hence it can be
seen that the larva 2, 6, 7, 8, and 12 the position index values get shifted towards the
food odor source. In the larvae 3, 4, 5 and 11 no major shift towards the food odor source

was observed.

The next graph is the Empirical cumulative distribution function (ECDF). The blue curve
in the graph indicates the position index in the pre-stimulus phase while the orange curve
indicates the position index in the posts-stimulus phase.

When the orange and the blue ECDF curves are further away from each other indicates
a difference in the position index before and after the stimulus. If the position index pre
and post stimulus are remarkably similar, then there would no major difference in the
pattern of curves i.e. they would overlap each other indicative of no effect of the stimulus
on the larvae. When 100 ul of E3 and food odor was administered at opposite ends of
each lane it can be observed from the ECDF graphs that larvae 1, 2, 6, 7, 8 and 9 showed
strong preference for food odor. It needs to be noted that statistical tests for individual
larvae were not performed. Larva 4 was aversive as it spent much of its time away from
the food odor in post stimulus phase and larva 10 did not move much from the position
index of 110 during experiment. Larva 5 and Larva 12 only showed slight preference for
the food odor as indicated by the ECDF post stimulus curves. Overall, 6 out of 12 larvae
showed strong preference for the food odor, which 2 of them displayed a slight preference

for food odor (see also Figure19)
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Figure 16: Position index of individual larvae pre and post stimulus of food odor. Food odor is introduced
at timepoint 0 on y axis. Graph on the right-hand side indicate position index of the larvae 10 minutes (600s)
pre stimulus and 10 minutes (600s) post stimulus. ECDF graphs to the right indicates the change in the position

index pre and post stimulus
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4.6 Larval zebrafish response to alkaline pH

The experimental conditions were similar as for testing alkaline pH as they were for the
food odor. Larvae were brought into the behavior room on the evening before the
experiment was to be performed. Larvae were fed in the evening with baby food and left
overnight. The next morning, they were fed again for 15 minutes with freshly prepared
baby food extract as described earlier. Then taken out from the food source and starved
for 3 hours as described earlier.

100 pl of E3 medium was always given at the position 0 while 100 ul of Tris was given
always given at the position 110. Larvae behavior was recoded for 20 minutes, 10 minutes
pre stimulus and 10 minutes post stimulus. The first graph in Figure17 describes the

position index of the larvae before and after stimulus

Larvae 6 and Larvae 9 displayed a strong preference to alkaline pH. As indicated by the
graph of their position index they tend to spend time closer to the alkaline pH in the post
stimulus phase. The effect can be easily seen in the pre and post stimulus ECDF of the
same animals. The post stimulus ECDF graph of both animals displays strong preference
for alkaline pH, as they get shifted towards the values of higher position index.

Larvae 2, larvae 5 and larvae 11 displayed only a slight preference for the alkaline pH.
These three animals seemed to be oscillating between the segments of E3 and alkaline
pH. Larva 1, 3, 8 and 10 showed no preference for alkaline pH, as it can be easily seen
in position index graph of larvae 8 it did not display a preference for any of the stimuli
presented, hence the ECDF post and pre stimulus graphs are overlapping with each
other.

However, some of the larvae displayed aversion to alkaline. This can be easily seen from
the position index graphs (Figure17) of larvae 4, larvae 7 and larvae 12. Larvae 12
displays a clear aversion from alkaline pH, as it moves away from the odor stimulus
source in the post stimulus phase of the experiment. ECDF graph of the same animal
shows a clear aversion as it can be seen position index is shifted away from the alkaline
stimulus source. Larva7, also moves away from the alkaline stimulus source, and it can
also be interpreted from the data that it shows some preference for E3 medium.

58



Whereas, larvae 4 displays only a slight aversion for the alkaline stimulus source. Overall,
at an individual level 16% of the larvae (2/12) displayed a strong preference for alkaline
pH, 40% (4/12), displayed a slight preference for alkaline pH where as 25% (3/12),
displayed an aversion to alkaline pH. When the data was pooled a preference for alkaline
pH was observed (see also Figure19)
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Figure 17: Larval zebrafish response to alkaline pH. Position index of individual larvae pre and post
stimulus of alkaline pH introduced at time point 0. Graph on the right-hand side indicate position index of
the larvae 10 minutes (600s) pre stimulus and 10 minutes (600s) post stimulus. ECDF graphs to the right
indicates the change in the position index pre and post stimulus
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4.7 Larval zebrafish response to neutral pH

Neutral pH of 7.00 buffered with Tris was used as a negative control to check the effect
of neutral pH on 9 dpf zebrafish larvae behavior. Larva were carried from the fish facility
and kept in the behavior room for overnight acclimatization maintained at 37 degrees.
The next morning larvae were fed with food odor extract prepared as described earlier for
15 minutes and transferred into different petri dishes, 3-4 larvae per dish. Larvae were
starved for 2 hours in the petri dish and 1 hour in the multi-lane setup. Recordings were
done for 20 minutes, 10 minutes of pre-stimulus and for 10 minutes in the post-stimulus

phase.

The experimental conditions with respect to lighting in the behavior and timing of the
experiment were kept the same as they were for food odor and alkaline pH. All the
behavior experiments were performed between 9.00 am in the morning until 4.00 pm in
the evening. Throughout the experiment the temperature of the multi-lane setup was kept
at 37 degrees.

Atotal number of 11 larvae were tested to check where whether they have any preference
for neutral pH. Concluding from the observation as seen in the Figure on the next page,
larvae 1, 4, 8 and 11 displayed aversion to Neutral pH, as seen by their ECDF graphs
larvae moved away from the source of stimulus in the post stimulus phase of experiment.
Larvae 3, larvae 6 and larvae 7 displayed no preference for neutral pH, as their pre and
post stimulus graphs are overlapping with each other. (see Figure18)

Strong attraction was displayed by larvae 2, 9 and 10. It can also be seen from their
position index as well ECDF graphs (see Figure18)

Overall, it can be concluded that neutral pH evokes mixed behavior from 9 dpf zebrafish
larvae, ranging from strong attraction to strong aversion. However, a clearer picture was

obtained when ECDF for all the larvae was pooled together (see also Figure19)
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Figure 18: Position index of individual larvae pre and post stimulus of neutral pH introduced at time point
0 on y axis. Graph on the right-hand side indicate position index of the larvae 10 minutes (600s) pre stimulus
and 10 minutes (600s) post stimulus. ECDF graphs to the right indicates the change in the position index
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4.8 Pooled ECDF for larval behavior

Data collected from individual larvae was pooled together and evaluated. It was observed
as shown in the Figure19 first panel that 9 dpf zebrafish larvae displayed strong attraction
to 0.4g/L food odor with ***p <0.001(KS test). It can also be seen from the ECDF graphs
that post food odor ECDF curve is strongly shifted towards the odor source i.e towards
the preference index value 120. Thus, food odor served as a positive control for multilane
behavioral setup.

Neutral pH has overall no effect on the behavior of 9 dpf larvae. As could be seen in the
Figure 19 middle panel, pre and post ECDF curves are overlapping with each other with
p=0.170 (KS test) which is non-significant. Indicating no net effect of Tris itself on

zebrafish behavior. Thus, serving as a negative control for larval behavior (see Figure 19)

However, when the pH of Tris is slightly alkaline, 9 dpf larvae displays preference for the
odor source (bottom panel Figure19), with *p=0.031 (KS) test. This indicates that animals
were able to sense a slight change in the pH of the solution and that influences the overall
behavior of the animal. This gives us a possibility that the attractive/preference behavior
in 9dpf larvae might be mediated through ORA4 receptor sitting in crypt neurons (Oka et
al., 2012). Alkaline pH reacted with ORA 4 receptor in vivo in cell culture (Behrens and
Korsching unpublished). The evaluation was done manually which proved to be a
cumbersome and tedious process, raising the possibility of manual errors, thus | setup an
automated tracking setup for tracking larval zebrafish.
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Tracking Setup

w

. Black plastic box containing LED
lights and Rasberri Pi camera

. Black wodden box painted black

. Hybond paper

. Perti dish containing 34.55 mm

agarose well filled with 4.5 ml of E3

X, y tracks

y coordinate

x coordinate

Light on dark background settings in Ctrax

Larval track

Figure 20: Automated behavior setup for zebrafish larvae
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4.9 Automated tracking setup in petri plate

1.

9 dpf larvae were used for monitoring the behavior of the fish under IR

background.

A black wooden box was constructed and painted black, 26 cm in height,
with a platform for recording made of transparent plastic sheet 15 cm wide
and 16 cm long, covered with sheets of hy-bond paper to evenly spread IR
light

Petri dish was filled with 2% agarose gel and allowed to solidify at room

temperature.

34.5 mm of agarose well was cut out in the center of petri dish and filled
with 4.5ml of E3 medium. Having walls of the well with agarose gel

completely removes reflection.

9dpf larvae was gently placed in middle of petri dish and allowed to

acclimatize in the setup for 15 minutes

Rasberry pi camera could be connected directly to a working laptop via
bluetooth, and activity of the animal could be seen live on the computer

screen.

Before recording, for an experiment the image acquisition was selected to
“negative”, from Rasberry’s graphic user interface, which greatly improves

the contrast between animal and the background
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4.10 Tracking larval zebrafish using Ctrax

1. Rasberry Pi cam and the video recording software gives the image
movie recorded at 25 frames per second in the format of .mpeg file,
which can be converted into .avi format recommended by Ctrax.

2. Once the video is uploaded to Ctrax, a graphic user interface opens
giving three options as below, light on dark background option was
selected as the recorded videos had a uniform black background the
larvae can be seen as a white spot with sharp contrast to the
background. Click next (as shown in the Figure below)

Initialize background

Ctrax depends on an unchanging

background, which is subtracted

away from each frame of video to

leave only the moving objects (i.e.,
the flies). First, are your flies dark
on a light background or light on a frame 116 frame 1687 frame 3197
dark background?

O dark on light background

frame 847 frame 2445 frame 4312

® light on dark background

O not so clean

Next >

Randomize Frames frame 922 frame 2496 frame 7534

3. Ctrax then asks to define the region of interest, since the background evenly dark
and edges are not recognized by Ctrax as animals select “don’t use region of
interest Click next (as shown below in the figure)

Define region of interest

We can define a region of interest to
prevent tracking in areas where no
fiies will ever be. What shape is your
arena or tracking area?

frame 116 frame 1687 frame 3197

O circular

- frame 847 frame 2445 frame 4312
O polygonal
(@ don't use region of interest
< Previous Next >
Randomize Frames frame 922 frame 2496 frame 7534
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" - o X

Check background

Look carefully at the background
image. It should look exactly like an
empty arena. If there are any
“ghosts"” of flies in the background
image, then flies entering those areas
will likely not be tracked correctly.
Does the image have "ghost flies™?

O yes, fix ghosts

®) no, it's fine

< Previous Next >

4. Check the image for “Ghost flies”, if the larvae had been moving constantly and
was not stuck to one part of the petri dish for longer than 10 seconds, the image
will look like an empty arena. If that is the situation as below, choose the option, no
its fine from the graphic user interface. If Ctrax recognizes the ghost flies or ghost
larvae, draw the rectangle around the ghost larvae. Click next (as shown in the Ul
above)

5. Ctrax then asks to decide a low threshold value to define the edges of the larvae
making each larva distinct. Since in the setup we had one larva per condition a low
threshold of 5 was enough. Larvae should be covered with a red outline in every

frame, indicating that Ctrax is detecting exactly one larva per frame. Click next

Choose low threshold

The high threshold is the minimum
signal strength required in at least
one pixel of each connected

(fly). The low
defines the edges of the flies - pixels
are foreground if they are above the frame 116: 1 flies frame 1687: 1 flies frame 3197: 1 flies
low threshold and also near a pixel
above the high threshold. Set it to
make each fly distinct.

low threshold: 5 frame 847: 1 flies frame 2445: 1 flies frame 4312: 1 flies

< Previous Next >

Randomize Frames frame 922: 1flies  frame 2496: 1flies  frame 7534: 1 flies
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6. Ctrax then asks to choose a high threshold for the for the animals. This allows the
background to be subtracted and identify the pixels that truly belongs to the animal.
A high threshold of 15 was selected which allowed Ctrax to identify exactly one

animal per frame. Click next

!
Choose high threshold

After subtracting the background,
Ctrax uses thresholds to determine
which “foreground” pixels truly belong
to flies. The high threshold is the

i deviation from g
required in at least one pixel of each frame 116: 1 flies frame 1687: 1 flies frame 3197: 1 flie:
fly. Set it as high as you can while
each fly is visible.

high threshold: 15 frame 847: 1 flies frame 2445: 1 flies frame 4312: 1 fliet

< Previous Next >

Randomize Frames frame 922: 1 flies frame 2496 1 flies frame 7534: 1 flie:

7. Next select “do not use shape bounds “, since in the setup we are using a single

1
Auto-compute shape?

Setting bounds on the shapes of real
flies in the movie helps allow Ctrax to
discard spurious detections. These
bounds can be estimated
automatically. However, if your current

| threshold settings have many frame 116 frame 1687 frame 3197
spurious detections, the automatic
computation might prefer false flies to
the real ones.

@® don't use shape bounds

frame 847 frame 2445 frame 4312

O auto-compute shape bounds

O manually set bounds

s

Randomize Frames frame 922 frame 2496 frame 7534

larva/arena. Click next.

8. By clicking on randomize frames multiple times cross check to ensure that the larva
is covered by a red circle in every single frame. If you find a red circle missing in
any of the frames from the larva go back to the settings and adjust the thresholds.
Then click on start tracking. Ctrax will open a window and start tracking the larva in

real time. After tracking is done data can be exported as a MATLAB file. The
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software generates 2 files that can be used for the post processing of the data, a
MATLARB file(.mat) and a backup file(.ann). If everything went smoothly, we get 3
files in the folder the original .avi file, mat file and. ann file.

Post -processing of the tracked movie and fixing errors in the data

9.

10.

11.

12.

13.

14.

15.

Fix error tool is needed to be installed from the online repository provided by Ctrax,
which is a script written in MATLAB, and requires a MATLAB graphic user interface,
hence MATLAB needs to be prior installed on the computer. While downloading the
fix error tool, make sure to save it in the same folder as MATLAB was originally
downloaded, otherwise MATLAB might not be able to read it. Once the script is
downloaded, run the script in MATLAB.

To run the fix error GUI three files would be required, the original .avi file,.mat file,
which is exported from MATLAB, and. ann back up file that Ctrax creates.

Once the GUI is started it will first ask to open the original movie file and the
exported file from MATLAB. Then it will ask to enter the frame rate of the movie, in
our case it was 25 frames/ second.

On clicking next, it will ask to enter the size of the arena in mm, the size of the
arenas shown in Figure20 (bottom panel, left) was 34.55 mm in diameter

Fix error tools starts a GUI in which one can see the quality of the tracking video.
First click on Flip image option. The recording quality of the tracks was fine and as
a result there was no sudden birth/death of the tracks. Suddenly the embryo would
flip itself or jump quickly from one frame to another and hence fix error tools only
asked to confirm the identity on the basis of suspicion of the identity of the animal
in both of the frames, if that option comes us click “correct” , and the tool will
preserve the identity of the fish throughout the track.

When all the errors have been sorted out the tool will close itself and save the
results as a new MATLAB file.

Open the new MATLARB file saved from fix error tool in MATLAB. In the workspace
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the MATLAB file will be displayed as trx (1) file with a column, since there was only
a single zebrafish larva in the arena

16. Use the command xpos=(trx(1).x_mm) and xpos=(trx(1).y_mm). This command
will separate the x and Y co-ordinates in to two separate columns and will give the
output two separate MATLAB sheets.

17. The x and y co-ordinates can be used as copied to another program for example
excel to create a track. Alternatively, use the command (plot(trx(1).x_mm), plot (trx
(1). y_mm)), to get a MATLAB figure of the tracks
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4.11. 9 dpf larvae (not starved) displayed significant attraction to

alkaline pH in petri plate setup

Larvae were kept in the behaviour room maintained at 37 degrees, for overnight
habituation. The next morning larvae were fed with 100 ul food odor mixture in a petri dish
(0.4g/L), and through the experiment food mixture was supplied to animals, and care was
taken not to starve larvae during experiment. The protocol is modified from (Chen et al.,
2019) and (Kaniganti et al., 2019)

Before the start of experiment, every animal was acclimatized in the recording chamber
for 10 minutes (not recorded), at the end of 10 minutes behaviour of larvae was recorded
for 3 minutes and this phase is designated as NS (no stimulus phase). At the end of NS
phase another break of 3 minutes was given (not recorded), so that the larvae could relax.

After 3 minutes, 10 pyl E3 medium with a pipette was gently placed in the centre of petri
dish, and the behaviour of larvae was recorded for the next 3 minutes followed by rest for
another 3 minutes (not recorded). After that 10 pl of neutral pH was placed in the middle
of petri dish and behaviour of larvae was recorded, followed by another rest for 3 minutes
(not recorded) followed by introducing 10plITris alkaline pH and larvae was further

recorded for 3 minutes.

The same pattern was applied to 10 different animals, giving 6 videos per larvae, and 60
videos from a single experiment were obtained. All 60 videos were tracked using Caltech
Fly tracking software Ctrax (Branson et al.,2009). After post processing of the videos and
fixing errors, as described in the previous section mean velocity of the larvae and the
distance from the centre was calculated and plotted for, all 10 animals as shown in Figure
21.

The mean velocities obtained for individual larvae for each condition was compared and
the ratio of Post-Pre/Pre was calculated. From Figure 21 (top left panel) addition of any

stimulus into recording well has no significant effect on the mean velocities of the larvae.
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This indicates that animals were not excited just by the addition of a new stimuli. Hence
the system was stable, and embryos were not stressed during experiment.

On comparing the ratios Post-pre/Pre for mean velocities (E3 vs neutral pH) and (E3 vs
Alk) there was a significant difference in the ratios for the mean velocities (**p=0.0071
paired t test). This data indicates that 9dpf larval zebrafish were excited on the addition
alkaline pH.

Zebrafish larvae also displayed a significant decrease in the mean ratios of Post-Pre/Pre
(E3 vs neutral pH) and (E3 vs Alk pH) for the distance from the centre on the addition
alkaline pH. (Figure 21 bottom right graph, *p=0.0407), indicating an attraction for alkaline
pH
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Figure 21: Significant attraction to alkaline pH Significant difference in the mean velocities (pH 7.00 vs
Alkaline pH (**p=0.0071, paired t-test and distance from the centre (*p=0.0407 paired t test) was observed
No significant difference in the mean velocities or distance from the centre was seen on the addition of pH
7.00 or Alkaline pH (Alk) when compared to no stimulus (NS) condition (top panel)
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4.12. 9 dpf larvae (starved) displays no significant attraction to food
odor in petri plate setup

The temperature of behaviour room was kept at 37 degrees and the conditions for

experiments were kept similar as described in the previous section.

For testing food odor as an attractive stimulant for 9 dpf zebrafish larvae | used the same
concentration of (0.4g/L) like the multilane lane setup to test the effect of food odor (see
Figure19)

Larvae were transported to the behaviour room a day before the experiment and kept
overnight to acclimatize to the conditions of behaviour room. The next morning larvae
were pooled in a petri dish and given 100 pl of food odor, for 15 minutes. After 15 minutes,
larvae were separated from the petri dish containing food odor, and individually starved

in separate petri dishes for exactly 3 hours.

After 3 hours, individual larvae were kept in the recording chamber and acclimatised for
10 minutes so the animal get used to the recording chamber, thus reducing stress on the

animal.

After 10 minutes, recording was switched on and embryos were recorded for 3 minutes
for a no-stimulus (NS) phase. After that 3 minutes resting period was given (not recoded),
and at the end of resting phase a 10 pl stimulus of E3 medium was given and behaviour
of larvae was recoded for 3 minutes, again followed by a resting phase of 3 minutes. After
that 10 pl of food odor was given to the larvae and response of animal was recorded for

3 minutes.

Once videos for experiments were obtained, Ctrax was used to obtain the trajectory, and
the data for mean velocity and the distance from the centre of stimulus application was

evaluated.

On calculating the ratios of Post-Pre/Pre (Preference Index), for different conditions it was
observed as seen in the (Figure 22 top right graph), there was an increase in the mean

velocities of larvae after the addition of E3 medium and food odor, when compared to no
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stimulus condition. Indicating that embryos were excited on the addition of E3 medium

and food odor however, the difference in mean velocities was not significant.

Mean distance from the centre also increased for larvae on the addition of E3 medium
and food odor, (Figure 22 top right graph). Larvae tend to move away from the stimulus
source, both with E3 and food odor. Since the animals were fed well before the
experiment, as it can be observed that they were not motivated to explore the stimulus

source.

Different set of animals were starved for exactly 3 hours before experiment. On evaluating
the mean velocities, it was observed that the Post-Pre/Pre ratios for mean velocities of
the animals decreased on the addition of E3 medium and food odor (Figure 22 left bottom
graph). However, the difference was not significant.

Although, when comparing the ratios of distance from the centre for no stimulus (NS) vs
E3 and NS vs Food, (Figure 22 bottom right panel), it can be observed that larvae tend
to come closer to the food source, however this difference was not significant. Indicating
that larvae in a well plate setup was not significantly attracted to food odor, as an attractive
stimulant. Another set of 9 dpf larvae were starved as described previously, and 100 ul of
food odor was given at the centre of petri dish. The protocol was described first by (Chen
et al., 2019). Inconsistent with their data, in our setup zebrafish larvae did not display a
significant increase in mean velocity on presentation of 100 pl of food odor, (Figure 22
right graph), also there was no significant difference in the distance from the centre
indicating no attraction to food odor.
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Figure 22 A: Larvae were not attracted to food odor (0.4g/L) in automated tracking setup. No
significant difference was observed in the mean velocities or distance from the center on the addition of
either 10 of E3 or food odor to non-starved larvae when compared to No stimulus (NS) recording (top
panel). 3-hour starved larvae also did not show any significant attraction to food odor, in terms of increase
in mean velocity or decrease in the distance from the center (Bottom panel).
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Figure 22 B: Larvae were not attracted to 100 pl of food odor 100 pl of food odor also did not
significantly increases the velocity of the larvae or decreases the distance from the centre of perti-dish (odor

source of the stimulus).
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4.13 p-Erk labelling with Alkaline pH
Phosphorylated Erk has been used as an activity marker to trace the activity of neurons
on stimulation of a specific ligand for example cadaverine (Dieris et al., 2017). | used the

same approach to look for the neural activity in olfactory bulb in response to alkaline pH

A stimulating chamber was constructed, that allows for the minimum interference between
the animal and the experimenter. The stimulating chamber consisted of black box
(8.5x18.5cm) that is completely opaque, and the fish cannot see the experimenter. It is
further divided in to two compartments that can hold about 500 ml of water each. The
compartment is divided by a transparent divider that separates the two compartments and
prevents the leakage between them. The frictional resistance initially offered by the rubber
holding the barrier together was reduced by the application of graphite which reduced the
friction to quarter of the originally experienced. Before starting the experiment, | decided
to check the stability of the pH in the prototype as a function of time. It was observed that
change in the pH on both the sides of the compartment was stable until 4 minutes and
prototype could be used for stimulation with alkaline pH. Before stimulating, fishes were
kept for overnight acclimatization with system water supplemented with 0.03% sea salt
and buffered with 10 millimolar Tris pH 7.0.

Next morning, fishes were bought to the behavior room and acclimatized for one hour so
that they are familiar with the new environment which helps them to remain as relaxed as
possible during the experiment. One of the compartments was filled with 500ml of system
water supplemented with 0.03% sea salt and buffered with 10 mM Tris with pH 7.0. Other
compartment was also filled with 500ml of system water (Buffered with 10 millimolar Tris
alkaline pH with 0.03%sea salt)

Fishes were acclimatized in pH 7.0 compartment for 30 minutes. After 30 minutes the
divider was lifted, and a time frame for two minutes was given to the fish to enter towards
the alkaline compartment. Once fish entered the alkaline compartment, divider was
pushed down, and a stimulus time of 3 minutes was given to the fish. After 3 minutes fish
was swiftly taken out of the apparatus and put on ice for cold anesthetization.
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Cadaverine was used as a positive control, as it has been shown to evoke p-Erk signals
in the dorsolateral cluster of olfactory bulbs (Dieris et al., 2017). Neutral pH was used as
a negative control and alkaline pH was used as a test control. Next, fish was decapitated
and transferred to 4% PFA for overnight. The olfactory bulb was stained using the protocol
described by Dieris et al. (2017). After immuno-histochemistry, stained olfactory bulbs
were subjected to tissue clearing, using gradient of 20%, 60%, 80% w/v sucrose solution
in PBS overnight in each condition. After immersing the tissue overnight in 80% sucrose
solution, tissue was separated and mounted between two coverslips, with a drop of 80%
sucrose as a mounting medium. Whole mount stacks of olfactory bulb were taken with
SP8 confocal microscope at imaging facility Biozentrum.

After obtaining confocal stacks maximum projections were obtained using FIJI software.

As it has been mentioned earlier that crypt cells project their axons to medio-dorsal
glomerulus (Ahuja et al., 2013). A lot of variability in the signal intensity was observed as
shown in Figure 23. Medio-dorsal cluster was faintly labelled in both WT and ORA4-/-
fish, which is inconsistent to the findings in the heterologous expression system (Behrens
and Korsching, unpublished observation). A lot of variability in p-Erk signal intensity was
observed in the dorsal cluster (DG) and dorsolateral cluster (DLG) both in WT and ORA4-
/- fish.
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Figure 23: p-Erk labelling with alkaline pH. Cadaverine was taken as a positive control which
distinctly labels dorsolateral cluster, in ORA4-/- (Fish 1), as seen in WT fish (Dieris et al., 2017) top panel
left. Neutral pH was taken as negative control (top panel). On stimulating with Tris (alkaline pH) a lot of
variability in labelling was observed (middle panel), in both WT and as well as OR A 4 -/- fish.
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4.14 Calcium imaging for odor stimulation

Calcium ions generate a wide variety of signals that mediate a large variety of function in
the cellular environment (Berridge et al., 2000). To trace the activity of calcium ion in the
cellular environment a wide variety of calcium indicators have been developed and have
been successfully used to visualize the activity of neurons using confocal microscopy
(Grienberger and Konnerth, 2012). Fluorescent calcium indicators such as GCaMP&G,
have been widely used in a wide variety of organisms ranging from C.elegans to rodents
(Nguyen et al., 2016) , (Chen et al., 2017). Stably expressing GCaMPG6s under the control
of elavl3 promoter (previously called HuC) were obtained from Janelia Farms Research,
courtesy Misha Ahrens lab. Another line of elavi3::GCaMPG6 fish was a kind gift from Prof.
Arrenberg’s lab, University of Tubingen . Both the fish lines were used for calcium imaging

experiments.

Setup for stimulation

9 dpf embryos were used for odor stimulation experiments.

Embryos were anesthetized with 0.01% MS-222. After that the embryos were embedded
in 1.2 percent agarose gel, and placed on a sylgard plate, which was kindly made for our
experiments by Helmut Wratil from Prof. Kloppenberg lab. Sylgard is a silicone elastomer
which allows laminar flow of liquids to be maintained on its surface, is stable at room
temperature. Once embryos were stable in agarose gel, it was immersed in 100 pl of E3
medium. Small amount of agarose with a thin flattened platinum wire was scratched from

the nose and upper lip of the animal, so that the odor could reach the nose of larvae.

The setup was placed at the stage of confocal microscope, and two injection needles
were attached to the plate using Blue Tac (a non-odor adhesive). The tips were placed
1.5 cm away in both directions as shown in the (Figure 24) from the nose of the larvae.
E3 medium was circulated at the rate of 7.5 ml /minute using a peristaltic pump.

30 ul of stimulus pulses with a pipette were given to the embryo after at an interval of 40-

60 sec.
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Figure 24: Calcium imaging setup for stimulation of zebrafish larvae. Lateral view of the setup (Top

panel). Schematic view of the experimental setup (middle panel). Photograph of the experimental setup

bottom panel)
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4.14.1 KCL induces a characteristic spike response from neurons in olfactory
bulb and telencephalon

Once the larva was embedded in the agarose gel, a 10-minute baseline recording was
performed to check the stability of the animal and for motion artefacts. Once the larvae
were stable in agarose gel and wriggling of the head could not be observed in a 10-minute
recording, the animal was used for experiments, if a lot of wriggling was observed the

animal was not used for the experiment or embedded again.

KCL has been used as a positive control in calcium imaging experiments to check for
quality of preparation (Chen and Huang, 2017) as it depolarizes the neurons. If the
calcium indicator is expressed and functional it will give a characteristic spike response.
Once the larva was stable, a pulse of 30 yl of KCL was given to check whether the
stimulus was reaching the animal. A characteristic response in the form of fluorescent
spike was observed from the larvae olfactory bulb neurons (Figure 25 top panel), on
application of KCL. The trace of DF/FO shows a sudden spike in the fluorescent intensity
for nearly all neuron in the olfactory bulb on at 83s in a 2-minute recording (Figure 25,
middle panel). The effect of KCL can also be seen at a level of individual neuron, neuron
4 and neuron 76, though they are sitting at different positions in the olfactory bulb and
apart from each other, they display a peak rise in the fluorescence on the application of
KCL (Figure 25). Further, closely examining the line scan for Neuron 4, close to the
application of KCL at 83s, a delay of 1s can be seen after application of stimulus. Neuron
4 undergoes, hyperpolarization, followed by depolarization at 84s and after 2 seconds
repolarizes again. Thus, after the addition of the stimulus in the bath application, it takes

1 second for the stimulus to reach the animal.

The depolarization observed on the application of KCL confirms that in the setup was
functional, stimulus was reaching with a nose of the larvae and could be used for further

experiment.
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Figure 25: KCL depolarizes neurons in the olfactory bulb. Images of 9dpf larvae during 1M KCL
administration at 83s in a 120s recording (Top panel). DF/FO of neuron 4 on KCL administration (middle
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responding neurons on KCL application (middle right panel). X-axis is the time in seconds. Recordings were
done at a frequency of 1Hz (one frame/second).
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4.14.2 Analysis pipeline

Since cells showed a lot of spontaneous activity even without stimulus, we selected two
criteria to distinguish a bona fide stimulus response from such spontaneous activity. As
measuring parameter DF/FO was chosen. The first criterion was that a peak should
exceed 3 standard deviations of the pre stimulus signal, and no such peak was observed
during a defined period preceding the stimulus. This period was taken as the first 30
seconds of the recording for Tubingen strain, and in the first 60s in Janelia Campus strain
since longer recordings could be obtained in this strain. Additionally, the neuron should
not have any peak 3 standard deviations away from the baseline in the 20 seconds before
the stimulus presentation, in accordance with published selection criteria (Chia et al.,
2019)

The second criterion concerned half width of peak and delay to peak. A half width of
maximally 20s and delay to peak for maximally 20 seconds was taken as cut off criterion
for selecting neurons, because in the bath application it was observed that 1% methylene
blue dye would be completely washed from the stimulating chamber in maximum of 20
seconds. Both criteria together helped in removing spontaneously active neurons from
the raw data. An overview of all validated response peaks for cadaverine is shown in
Figure 26.

The stimulus consisted of 30 pl pulses. For plotting DF/F0O, mean of absolute F values for
first 40-60 seconds was taken as FO. ROls were made encircling the neuron, and line
scans of DF/FO were plotted using a custom written macro for image acquisition software
Fiji. This macro was written with the help of Peter Zentis, Imaging facility, CECAD. Vertical
lines indicating the time point of stimulus application were added using Graph pad prism
software. A custom written MATLAB script was used to check whether the response from
the cell’s qualifies 3 sigma criteria i.e the peak amplitude of the response should be at
least 3 standard deviations away from the mean.

Location of the responding neurons was determined by reference to anatomical markers

visible in the fluorescence image as can be seen in the Figure 26.
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Analysis pipeline

1.DF/F0 traces were obtained using Fiji (Image J)
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Figure 26 A: The analysis pipeline to screen the stimulus responsive neurons is visualized with
representative examples. Dotted lines crossing the x-axis are the time points of individual stimuli (light blue,
E3; dark blue neutral, pH; red, alkaline pH; green, cadaverine; violet, 0.1M KCL).Horizontal red line on y
axis on graph indicates the threshold value for 3 sigma criteria.
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4.14.3 Responses of neurons to cadaverine (Tubingen strain)

Cadaverine triggers innate avoidance behavior in adult zebrafish (Hussain et al., 2013).
A single glomerulus was identified in the olfactory bulb as a cadaverine-responsive
glomerulus (Dieris et al., 2017). | used 30 pl of 100pM cadaverine solution as positive
control to establish the appropriate imaging conditions and analyzed potential cadaverine
responses in 342 neurons from the olfactory bulb (Figures 26 B, 27 and 28). In total, six
neurons qualified the criteria of a responding neuron (see section Results/ Analysis
pipeline). From DF/FO traces as shown in Figures 26, 27 and 28, some cadaverine-
responsive neurons also responded to alkaline pH. One of these six cadaverine

responsive neurons also responded to neutral pH.
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Figure 26 B: Cadaverine responsive neurons in the olfactory bulb. Experiments were conducted on
(elavi3:: GCaMP6s) Tlbingen strain. A pulse of cadaverine was given at 203s, indicated by dashed green
line (in the graph below). Two pulses of alkaline pH indicated by dashed red line were given before
cadaverine at 43s and 98s indicated. Majority of the neurons that responded to cadaverine did not respond
to alkaline pH. Few cadaverine responsive neurons responded to neutral pH (indicated by dashed line).
White dashed lines represent anatomical markers.
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Figure 28: DF/FO traces of individual neurons with cadaverine as stimulus at 203s (dashed green line).



4.14.4 Response of neurons to neutral pH (Tlibingen strain)

Some of the neurons in the larva olfactory bulb and telencephalon responded to neutral
pH with different amplitudes. These neurons did not exhibit a response peak on
application of alkaline pH, at 43 and at 98s. No response peak was observed on the
application of cadaverine at 203s (see Figure 29).
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Figure 29: Response of Neutral pH in the olfactory bulb. Experiment performed on Tibingen strain
fishes. Interestingly the neurons in the olfactory bulb of (elavi3:: GCaMP6s) that responded to neutral pH
with a response peak (indicated by a blue dashed line, graph in the bottom panel) did not elicit a response
peak on stimulation with alkaline pH (dashed red line) at 240s recording. Some (2 out of 5) of the neutral
pH responsive neurons also responded to cadaverine (stimulus indicated by dashed green line) on x axis.
Sampling frequency 1Hz. White dashed lines represent anatomical markers.
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4.14.5 Response of neurons to alkaline pH (Tubingen strain)

Fibers of pallial commissure was used as an anatomical marker to locate the position of
medio-dorsal cluster. When alkaline pH was given as an odor stimulus to the larva, a
response peak was observed after the stimulation. When the stimulus was repeated at
98s 5 out of 6 alkaline responsive neurons responded again although with varying
amplitudes (Figure 31, 32). Interestingly these neurons do not respond with a response

peak on the application of neutral pH and cadaverine

4.14.6 Majority of the neurons responding to Cadaverine do not

respond to alkaline pH in GCaMP6s larvae at 9 dpf

30 pl of alkaline pH was given as an odor pulse, at 43s as indicated in the line scans of
the graphs in Figure (31, 32). Another pulse of 30 ul was given at 98s. Further neutral pH
was given as a negative control. Cadaverine was given at 203s. From DF/FO ratios it can
be observed that majority of neurons that gave a response peak to cadaverine, did not
show a response peak on the application of alkaline pH. However, one cadaverine re-

sponding neuron (neuron 37) also responded to neutral pH.
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Figure 31: Response of alkaline pH in the olfactory bulb. Experiments performed on Tiibingen strain
fishes (elavi3:: GCaMP6s). Two pulses were given one at 43s as shown in the Figure (top panel), and other
at 96s. Neurons that responded to alkaline pH (indicated by red dashed line) did not respond to neutral pH
(indicated by dashed blue line on x axis).Cadaverine was given at 203s (indicated by dashed green line ).
Majority of the neurons that responded to neutral pH did not respond to Cadaverine. White dashed lines
represent anatomical markers.
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Figure 32: Alkaline response neurons. Experiments performed on Tiibingen strain fishes. Pulses of 30yl
of alkaline pH (indicated by dashed red line on x axis were given and 6 neurons responded to alkaline pH.
Neurons that responded to alkaline pH did not responded cadaverine (see neuron 5, 6, 29, 151). 4 out of 6
neurons responded to the second stimulus of alkaline. None of the alkaline responsive neurons responded
to neutral pH (indicated by blue line on x axis) and to cadaverine.
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4.14.7 Responses of neurons to Cadaverine (Janelia strain)

We obtained stably expressing GCaMP6s lines with kind co-operation from Misha
Ahrens lab at Janelia Campus. The fish lines were raised in our lab, mated after 3
months and 9 dpf embryos were used for experiments.

When a 30 pl pulse of cadaverine was given to the embryos, neurons exhibited a
characteristic response spike on stimulation with 30 yl of Cadaverine Figure 33, 34). A
total of 356 neurons were analyzed in the olfactory bulb and telencephalon. 8 neurons
fulfilled our cutoff criteria as stimulus responsive neuron on the application of cadaverine.
Maijority of the neurons that responded to stimulus of Cadaverine did not respond to
alkaline stimulus (see Figure 33). 1 out 8 Cadaverine responsive neurons also responded
to alkaline pH (see Figure 33). E3 medium and Neutral pH was used as negative control.
The neurons that responded to cadaverine did not respond to Tris and E3 medium (see
Figure 33), indicating the reactivity of theses neurons to cadaverine.
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Figure 33: Cadaverine responsive neurons in the olfactory bulb Experiments were performed (elav/3::
GCaMP6s), Janelia strain fish. A pulse of cadaverine was administered at 374s see top panel, indicated by
green dashed line. 30pl of E3 medium was give as negative control at the start of recording at 98s (indicated
by a light blue line on x axis), followed by neutral pH (indicated by blue dashed line). A pulse of alkaline pH
was given before the administration of cadaverine (indicated by dashed red line) (see graph in the bottom
panel). Sampling frequency 1Hz. White dashed lines represent anatomical markers.
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Figure 34: DF/FO0 of individual neuron responding to Cadaverine at 374s.
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4.14.8 Response of neurons to alkaline pH (Janelia strain)

On introducing a 30 pl odor pulse of alkaline, a spike in the DF/FO for certain neurons was
observed. Around 300 neurons in the olfactory bulb and telencephalon were analyzed.
The neurons that qualified the cut off criteria (see section Results /Analysis pipeline) were
considered as responsive neurons to alkaline pH. Out of 300 neurons 8 neurons qualified
our criteria (see Results/Analysis pipeline). On looking at these neurons on the dorsal
surface of larvae, 2 neurons were present at telencephalon, 2 neurons at medio-dorsal
cluster, 2 neurons in the dorsal cluster and 1 neuron in the dorsolateral cluster. The
position of these neurons was not exclusive to medio-dorsal cluster, as we would have
expected (see figure, 25, 42 and 43). 3 out of 6 alkaline responsive neurons also
responded to cadaverine (see Figure 37)
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Figure 35: Response of alkaline pH in the olfactory bulb Experiments were performed on (elavi/3::
GCaMP6s), Janelia strain fish . A pulse was at 305s (top panel) given one at 43s indicated as a dashed
line as shown in the Figure (top panel). Neurons that responded to alkaline pH did not respond to Neutral
pH (indicated by a blue dashed line on x axis). Cadaverine was given at 374s indicated by a dashed green
line. Few neurons that responded to alkaline pH also responded to cadaverine. Majority of the neurons that
responded cadaverine did not respond to neutral pH (indicated by dashed dark blue line on the x axis). E3
medium was given as a negative control, neither of alkaline responsive neurons responded to E3. White
dashed lines represent anatomical markers.
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4.14.9 Responses of Neutral pH and E3 medium (Janelia strain)

Some neurons in these larvae also responded to neutral pH and E3 medium (Figure 38,
40). However, these responses were not specific to E3 medium or neutral pH. Neurons
that respond to neutral pH also responded to E3 medium, alkaline pH and cadaverine
(Figure 38, 40). Thus, no specificity in the response could be seen, indicating that these

responses can be motion artefacts due to stimulus pulse given to the larva.
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Figure 38: E3 responsive neurons. Few neurons were observed in 9 dpf larve (elav/3:: GCaMP®6s) larvae
that responded to 30ul stimulation of E3 (indicated by light blue line on x-axis, see graph in the bottom
panel). E3 responsive neuron also responded to neutral pH (indicated by violet line on the x-axis) and to
Cadaverine (indicated by green line on x axis), White dashed lines represents anatomical markers.
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Figure 40: Response of the neuron to neutral pH. Experiments were done on elav/3:: GCaMP6s, Janelia
strain fishes. 30ul of Tris was given at 222s (indicated by dashed green blue line on x-axis).1 out of 3 neutral
pH responding neuron also responded to cadaverine(indicated by dashed green line on x-axis) and alkaline
pH (indicated by red line on x-axis). Sampling frequency 1 Hz. White dashed lines represent anatomical
markers.
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4.14.10 Medio-dorsal cluster and dorsal cluster predominantly
responded to alkaline stimulus in olfactory bulb of elavl3:: GCaMP6s

9 dpf larvae

On observing the videos obtained from calcium imaging experiment for elavi3:: GCaMP6s
Janelia Campus strain, positions for the Region of Interest (ROI) associated with an odor
responsive neuron were traced. Their location was identified using pallial commissure as
an anatomical marker situated on the boundary of olfactory bulb and telencephalon.
Pooling the data from 4 different larvae analyzed indicated that alkaline responsive
neurons were majorly situated in the medio-dorsal (Mdg) and dorsal glomerulus (DG)
(Figure 44 top panel). Some of the alkaline responsive neurons were also found in

dorsolateral cluster.

Dorsolateral cluster (DLG) in adult zebrafish responded to cadaverine (Dieris et al., 2017).
However, in larval zebrafish cadaverine reactivity in olfactory bulb was not limited to
dorsolateral cluster. (Figure 42, top panel. Mdg and DG also responded to cadaverine.
Neutral pH did not elicit an excitatory response in the olfactory bulb. As majority of the
neutral pH responsive neurons were found to be in telencephalon. E3 responsive neurons
were found to be distributed throughout olfactory bulb and telencephalon (Figure 42,

bottom panel).

In TUbingen strain, elavi3::GCaMPG6s, alkaline responsive neurons were located in medio-
dorsal (Mdg) and dorsal glomerulus (DG) Figure (43, top panel). Dorsolateral cluster
responded with very few alkaline responsive neurons (Figure 44, top left graph).

Neutral pH produced no response in the olfactory bulb of zebrafish. Of all the neurons
analyzed in 3 larvae, neutral pH responsive neurons were in telencephalon. (Figure 43,
bottom left graph). Consistent with the Janelia fish strain, alkaline reactivity in 9 dpf
Tubingen strain larvae was also not limited only to medio-dorsal cluster (Figure 43)
Similarly , no topology was observed in cadaverine responsive neurons, as they were

also present in medio-dorsal (mdg) and dorsal cluster (DG) (Figure 43)
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Figure 42: Location of neurons that responded to various stimuli (elav/3:: GCaMP6s), Janelia strain The
position of neuron was traced to the location of corresponding ROI (Region of interest) on the surface of
olfactory bulb. As it can be seen from top panel that alkaline and cadaverine responsive neurons were not
clustered to a specific region in the olfactory bulb but were distributed at different locations in the OB. The
same can be observed in E3 responsive neurons (bottom panel right graph). Majority of neutral pH (Tris pH
7.00) responsive neurons were in telencephalon (bottom left panel).
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Figure 43: Location of stimulus responsive neurons. (elavi3::GCaMP6s), Tiibingen strain Alkaline
responsive neurons were distributed throughout the OB (top panel right graph). The same could be seen
with cadaverine responsive neurons (top right panel). No neutral pH (Tris pH 7.00) responsive neurons
were seen in the OB (Bottom left panel). E3 responsive neurons were not able to qualify our criteria both in
olfactory bulb as well as in telencephalon, and hence are not represented in the graph.
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4.14.11 Neutral pH and E3 medium do not stimulate significant number of neurons
in the medio-dorsal and dorsal glomerulus

When the data was pooled from all the recordings and it was observed that neutral pH
when tested as an odor in calcium imaging experiments significantly excited a smaller
number of neurons/larvae as compared to alkaline pH in medio-dorsal cluster (*p=0.0293,
unpaired t-test) (Figure 44, top panel). There was a significant difference in the total
number of neurons/larvae that responded to cadaverine in medio-dorsal glomerulus as

compared to neutral pH (**p=0.031, unpaired t-test), (Figure44, top panel).

In Dorsal glomerulus alkaline and cadaverine responders/larvae were significantly greater
than neutral pH responding neurons (**p=0.0067, unpaired t-test), (*p=0.0406, unpaired
t-test) respectively (Figure44, top panel). There was no significant difference in alkaline

responders/larvae and cadaverine responders/larvae in dorsal glomerulus.

Neurons in telencephalon responded to all 4-stimului presented to larvae in calcium
imaging experiments. There was no significant difference in the number of responding

neurons/ larvae in between different stimulus presented (Figure 44, bottom right panel).
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Figure 44 : Neutral pH and E3 medium do not stimulate significant number of neurons in the medio-
dorsal and dorsal glomerulus Neutral pH (indicated as Tris) excited significantly a smaller number of
neurons/larvae as compared to alkaline pH (Alk) in medio-dorsal cluster (*p=0.0293, unpaired t-test) top
panel left. Medio-dorsal cluster (Mdg) also responded to cadaverine. Significant difference in the total
number of neurons/larvae was observed that responded cadaverine (cad) as compared to neutral pH
(**p=0.031), in medio-dorsal glomerulus. There was no significant difference in the neurons/larvae between
neutral pH and E3 responsive neurons. In Dorsal glomerulus alkaline responders/larvae were significantly
greater than neutral pH responding neurons (*p=0.0406, unpaired t-test). In dorsolateral cluster there was

only significant difference in between cadaverine and E3 responsive neurons (**p=0.0087, unpaired t-test).
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4.12 Qualitative analysis of stimulus responsive neurons

4.12.1 Janelia Campus Strain

Based on neuroanatomical locations, neurons were divided either belonging to olfactory
bulb or telencephalon. Qualitative properties of the neurons such as half width, amplitude
and delay to peak were analysed. In the olfactory bulb, it was found that there was a
significant difference in the average half width of alkaline and E3 responsive neurons
(**p=0.002, unpaired t test). (Figure 45, top panel). There was also a significant difference
in the half width of cadaverine and E3 responsive neurons (**p= 0.002, unpaired t- test).
Average half width of neutral pH responsive neurons was also different from E3
responsive neurons (**p= 0.012). However, there was no significant difference in between
the amplitudes and delay to peak times among different population of neurons responding
to different stimuli (Figure 45), top panel.

In telencephalon, alkaline responsive neurons had the largest half widths and amplitudes
when compared to the half widths of cadaverine and neutral pH responsive neurons.
However, there was no significant difference in any of the qualitative parameter among
the different population of neurons responding to alkaline, neutral pH or to cadaverine
(Figure 45, bottom panel).
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Figure 45: Qualitative analysis of stimulus responsive neurons Janelia strain (elavi3::GCaMP6s)

In the olfactory bulb a significant difference in the half widths was observed in between alkaline and
cadaverine responsive neurons (*p=0.0465, unpaired t test top panel left graph) In the olfactory bulb, there
was also a significant difference in the half width of cadaverine and E3 responsive neurons (**p= 0.002,
unpaired t- test). Average half width of neutral pH (indicated as Tris) responsive neurons was also different
from E3 responsive neurons (**p= 0.012). However, there was no significant difference in between the
amplitudes and delay to peak times among different population of neurons responding to different stimuli,
(top panel). In telencephalon, alkaline responsive neurons had the largest half widths and amplitudes when
compared to the half widths of cadaverine and neutral pH responsive neurons.
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4.12.2 Tubingen Strain

For analysis neurons were segregated based on neuroanatomical locations either
belonging to olfactory bulb or telencephalon. On analysing the half width of stimulus
responsive neurons in the olfactory bulb, a significant difference was observed in between
alkaline and cadaverine responsive neurons (*p=0.0465, unpaired t-test) (Figure46, top
panel). There was no significant difference in the half width between alkaline and neutral
pH responsive neurons (Figure 46, top panel). No significant difference was found in the
amplitudes among neurons responding to different stimuli. Alkaline responsive neurons
display the longest delay to peak times and there was a significant difference in delay to
peak time between alkaline and neutral pH responsive neurons (*p=0.0147, t-test) (Figure

46, top panel)

In telencephalon, alkaline responsive neurons display the shortest half width and there
was a significant difference in the half width among the alkaline and cadaverine
responsive neurons (**p=0.0038, unpaired t-test) (Figure 46 bottom panel). Alkaline
responsive neurons in telencephalon also displayed the shortest amplitude which was
significantly different from cadaverine responsive neurons (*p=0.0164, t-test), and neutral
pH responsive neurons (***p=0.006 t-test), while neutral pH responsive neurons (Figure
46, bottom panel). There was no significant difference in the delay to peak response

among alkaline, cadaverine and neutral pH responsive neurons.
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Figure 46: Qualitative analysis of stimulus responsive neurons Tiibingen strain (elav/3::GCaMp6s)

In the olfactory bulb, a significant difference was observed in the half width between alkaline and cadaverine
responsive neurons (*p=0.0465, unpaired t test) top panel. There was no significant difference in the half
width between alkaline and Neutral pH responsive neurons, top panel. No significant difference was found
in the amplitudes among neurons responding to different stimuli. Alkaline responsive neurons display the
longest delay to peak times and there was a significant difference among delay to peak time between
alkaline and Neutral pH responsive neurons (*p=0.0147, unpaired t test), top panel)

In telencephalon, alkaline responsive neurons display the shortest half width and there was a significant
difference in the half width among the alkaline and Cadaverine responsive neurons (**p=0.0038, unpaired
t test) (bottom panel). Alkaline responsive neurons in telencephalon also displayed the shortest amplitude
which was significantly different from cadaverine responsive neurons (*p=0.0164, unpaired t test), and
Neutral pH responsive neurons (***p=0.006), while Neutral pH responsive neurons, bottom panel. There
was no significant difference in the delay to peak response among alkaline, cadaverine and Neutral pH
responsive neurons.
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5. Discussion

In the last decade zebrafish has emerged as a potent model organism for neuroscience
research. They have a well-developed nervous system and have an ability to give
behavior output in response to a wide variety of stimuli. The stimulus can be in the form
of an odor e.g. cadaverine (Hussain et al., 2013), visual stimulus in the form of moving
prey (Bianco et al., 2011), and auditory stimulus (Zeddies and Fay, 2005). Odor
information is taken up by the olfactory sensory neurons in the olfactory bulb and
processed in the higher olfactory centers such as habenula to give a behavior output
(Miyasaka et al., 2009). Attractive and aversive behavior have been studied in adult
zebrafish (Hussain et al., 2013), (Namekawa et al., 2018). Amino acids act as an olfactory
cue to elicit an attractive response in adult zebrafish via microvillous olfactory sensory
neurons (Friedrich and Korsching, 1997; Koide et al., 2009), while cadaverine has found
to be eliciting aversive response in adult zebrafish (Hussain et al., 2013), via ciliated

olfactory sensory neurons (Dieris et al., 2017)

Crypt neurons project their axons to medio-dorsal cluster of the olfactory bulb, mdg2
(Ahuja et al., 2013). One of the receptors form the ORA gene family “ORA4” was found
to be expressed exclusively in crypt neurons, giving them a “one neuron-one receptor
type” mode of expression (Oka et al., 2012). Hence it is interesting to find the function of
ORA4 receptor and its physiological role in the zebrafish olfaction.

5.1 ORA4 Receptor is not essential for the survival of crypt neurons

A CRISPR/Cas 9 knockout for ORA 4 receptor was generated in our lab (Liu and
Korsching unpublished). Using Anti-TrkA antibody staining we found out that crypt
neurons do not require the ORA4 receptor to survive. Crypt neurons were also present in
ORAA4-/- zebrafish. They do not maintain their globular morphology in adult ORA4-/-
zebrafish (Figure 13), and were found to be significantly more slender IN ORA4-/- as
compared to WT. The olfactory receptors are G-protein coupled receptors, once activated
they initiate downstream signaling cascade leading to a variety of physiological
processes, (Kang and Koo, 2012). In the absence of ORA4 receptor, the downstream
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signaling cascades in the crypt neurons is compromised, which might be affecting the
maturation and the development of globular morphology ORA4-/- adult zebrafish. It was
also observed that more number of crypt neurons were present in ORA4-/- 6 dpf larval
and adult zebrafish as compared to WT. (see figure 13). The rise in the number of crypt
neurons in knockout can be a mechanism to compensate for the loss of receptor. The
ORA gene family consists of six olfactory genes in teleost fish (7 in zebrafish) which are
highly conserved (Saraiva and Korsching, 2007; Zapilko and Korsching, 2016). Neurons
may choose another ORA receptor as compensation and thereby survive, similar to what
has been observed in another olfactory receptor family (Johnson et al., 2012)

Since crypt neurons survive the ORA4 knockout we can test the role of ORA4 in crypt

neuron responses.

First, we checked whether activation by alkaline pH reported in heterologous expression

can also be observed in vivo and crypt neurons remain functional in ORA 4-/- background.

To ask this question we needed to know whether alkaline pH (Behrens and Korsching
unpublished observation), reported to be a ligand for ORA4 receptor, also reacts to crypt

neurons in-vivo in live animal.

5.2 Immediate early genes as a marker for neuronal activity

In the mammalian system, several immediate early genes, such as c-Fos, Arc, p-Erk have
been used as indicator of neuronal activity since their expression gets transiently
upregulated upon neuronal activation. In this manner, the location of neurons critical for
generating different behavior such as attraction, aversion, mating, sleep, pain sensitivity
and drug addiction has been identified (Gao and Ji, 2009). The downstream components
of mitogen activated proteins (MAP) kinases mediate a wide variety of cellular behaviors
in response to an external stimulus (Zarubin and Han, 2005).

Phosphorylated extracellular signal-regulated-kinase (ERK, also known as mitogen-
activated MAP kinase) (Ji et al., 1999) has been used in studies to localize active neurons
including zebrafish (Dieris et al., 2016). After stimulus or a tissue injury c-Fos starts to be

induced after 30-60 minutes, whereas p-Erk can be induced within few minutes of
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stimulus (Gao and Ji., 2009). Recent studies with p-Erk showed 7 minutes of stimulus
presentation to obtain the best signal to noise ratio in staining of larval zebrafish (Biechl
et al., 2016). In my optimization studies 3 minutes of stimulus for adult zebrafish was
optimal (Dieris et al., 2017). | found that medio-dorsal cluster was faintly labelled as
compared to dorsal and dorsolateral cluster in the olfactory bulb of adult zebrafish on
stimulating the fish with alkaline pH (Figure 23). This was unexpected because medio-
dorsal cluster (mdg2) is a target glomerulus for crypt neurons (Ahuja et al., 2013). This
was the first attempt to the best to our knowledge to check the neural circuits activated in
response to alkaline stimulus in adult zebrafish. These results would suggest that
olfactory sensory neurons projecting to dorsal and dorsolateral cluster (ciliated neurons)
(Friedrich and Korsching, 1998) (Miyasaka et al., 2009) (Dieris et al., 2016), might be
reacting to alkaline pH, but do not support such a response for crypt neurons, which do
project to one of the mediodorsal glomeruli. However, the high variability of the p-Erk
labeling does not allow a firm conclusion. Therefore, we switched to live calcium imaging
(see below) to get a clearer understanding of the neural circuits which are activated by

alkaline stimulus.

5.3 Zebrafish larval behavior in response to alkaline stimulus

Adult zebrafish displayed attraction to alkaline pH (Ahuja and Korsching, unpublished
observation). We wanted to ask whether the same applies to larval zebrafish. Zebrafish
larvae display locomotive behavior from 4 dpf onwards (Lindsay and Vogt., 2004). From
5 dpf, the yolk sac supporting the larvae begins to diminish, and they get motivated to
look for food source (Lindsay and Vogt., 2004). Two channel choice setup was used to
check the response of adult zebrafish presented with 100uM cadaverine (Hussian et al.,
2013). For larval zebrafish we made a setup that was much simpler to use. It contained
a plexiglass chamber which consisting of 14 lanes 20 cm long, 2cm wide and 10 ml of E3
medium could be added in each lane. 9dpf larvae were used for this setup as it was
observed that at 9 dpf majority of larvae displayed locomotive behavior in multilane setup
(data not shown). We found that 9 dpf larvae displayed significant attraction to food odor
vs E3. There was no significant preference for neutral pH/E3 but there was significant
attraction for alkaline pH vs E3 (see Figure 19)
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From these experiments it can be concluded that zebrafish larvae preferred alkaline pH
over neutral pH or E3 medium. The evaluation for these experiments was cumbersome,
as the entire evaluation was performed manually using a video camera and stopping the
video after every 30s to mark the position index of the larvae. This process also left room
for human error. Therefore, | established an automated tracking system using Rasberry
Pi camera with infra-red background.

The increase in the velocity has been used as a parameter for attractive behavior in
zebrafish larva (Chen et al., 2019). Along with increase in velocity, there was also a
significant decrease in the distance from the center with alkaline pH, i.e larvae preferred
to stay close to the source of stimulus. These two parameters indicate a preference for
alkalinity by zebrafish larvae, consistent with the initial results with the multilane setup.
Animals were not starved before the experiment for the automated tracking system, in
contrast to the multilane setup, and hence this preference was not based on the metabolic
state of the larvae (results in Figure 19 and 21).

5.4 What could be the physiological meaning of preference for
alkaline pH?

Animals effectively secrete ammonia (NH3) as a product of protein metabolism, to avoid
the toxic effects associated with its accumulation in the body fluids (Kumai et al., 2011).
Fresh water fish like zebrafish secrete ammonia as a direct waste product because fresh
water provides an ambient reservoir for continuous secretion of ammonia (Wright and
Wood 1995). There are multiple mechanisms for zebrafish to let go off the ammonia load
form the body (Chew et al., 2005). In adults the gills are the major source of ammonia
excretion, and the dominant models indicates that branchial ammonia is excreted from
freshwater fish mainly through blood to water ammonia gradients (Shih et al., 2008). In
zebrafish larvae there are multiple sources of ammonia secretion, including snout,
kidneys, and yolk sac, in which yolk sac of larvae plays an important in ammonia secretion
(Shih et al., 2008). Ammonia is a strong base, 1M aqueous solution of ammonia has a pH
of 11.63, (Ullman Encyclopedia of Industrial Chemistry, 2006). There is a speculation for
possibility that attraction for alkalinity might be larval preference for secreted ammonia.

Since larvae zebrafish have small size, and limited ability to defend themselves against
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predators, they tend to shoal together (Miller and Gerlai, 2007). Thus, sensing secreted
ammonia might come as an added advantage indicating a shoal of fish larvae nearby,

promoting the survival of zebrafish larvae.
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5.5 Ctrax for tracking zebrafish larvae

Ctrax is an open source, freely available machine vision program for estimating
simultaneously the orientations of many animals, originally developed to quantify the
behavior of multiple walking flies in the arena (Branson et al., 2009). In the recent years,
Ctrax has been extensively used to study the behavior of zebrafish larvae (Ingebretson
and Masino, 2013). Zebrafish larvae are small compared to adult fish and this presents a
challenge in their detection by tracking software. One of the key requirements for
detecting the larvae without losing the animal in any frame is a creation of a uniform
background. Infra-red light helps in setting a uniform background and increasing the
animal body to background contrast, so software can detect the edges of the larvae

without losing the larvae in any frame.

Another important issue is the reflection from the edges of the petri-dish. The reflections
on the edge are considered as another animal by Ctrax while tracking the larvae, which
results in changing the identity of the animal. To solve this issue, | cut out the arena from
an agarose-filled large petri dish. The agarose well edges completely removed the
reflection of the larvae. We optimized the size and shape of this agarose well, together
with agarose concentration and infrared lighting. A 34.5 mm in diameter and 1.5 cm deep
agarose well was scooped out in a petri dish filled with 1% agarose gel. Once the
experimental conditions are optimized, Ctrax was very effective in tracing the larvae
throughout the recording. Occasional jumps were corrected using fix-error MATLAB script
(Branson et al., 2009), which helps in maintain the identity of the animal before and after
the jupm

5.6 Advantage of Ctrax over id Tracker

Another widely used zebrafish tracking software that can track and maintain the identity
of a single fish among a pool of fish is idTracker (Escudero et al., 2014). This makes
idTracker suitable for analysing group behaviour in adult zebrafish. | attempted to use
idTracker to track the zebrafish larvae. | found that idTracker was able to identify the
larvae, and also to track them if there is one larvae/arena (as was the case in my

experiments) but it was not able to maintain the identity of that larva over the entire
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recording. During recording zebrafish larvae sometimes jumps over few millimetres
known as startle reflex (Schier et al., 2019) (Privat and Sumbre, 2020). Larvae usually
can get scared or excited by several factors, including the presentation of stimulus in the
arena, movement in the surroundings etc. If the jumps in a 3-minute recording are limited
to 1 or 2, it does not disturb the overall co-ordinates of the trajectory, but it loses the co-
ordinates of the tracking for few frames before and after the jump, and the software does
not provide a mechanism to fix the gaps in the trajectory. Thus, after the jump the track is
interpreted as belonging to another larva. idTracker also require high speed computers
and excellent video quality to get reliable videos, which were not available in the lab.

On the other hand, Ctrax gives a fix-error MATLAB script (Branson et al., 2009), this script
helps in fixing the errors such as sudden jumps and identity swapping, which saves a lot
of time and reduces the number of trials required due to higher percentage of valid
experiments. Ctrax is designed to function with standard laptop and desktop computers

and commercially available IR-sensitive cameras, which makes it very user friendly.

5.7 GCaMP as a calcium indicator for analyzing neural networks in
zebrafish larvae

Multiple neurons in the nervous system form a functional unit to perform a task. The net
outcome of the neuronal activity is in the form of a behavioral output. There are various
set of tools and techniques that exist, which have their own set of advantages and
disadvantages. Electrophysiological recordings using electrodes have been widely used
to study the cellular properties of the neurons (Steriade et al., 2011). These methods
havthe advantage of providing detailed temporal resolution but are limited by the number

of neurons that can be studied simultaneously.

Optical imaging using bolus loaded of AM esters dyes has allowed for the recording at
high spatial resolution from many neurons at the same time (Stosiek et al., 2003;
Helmchen and Denk, 2005). The advantage of using calcium indicators over
electrophysiological recordings is that it provides a read out of the neural activity from

multiple neurons or from a population of neurons. Calcium dyes have been successfully
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used in understanding the chemotropic odorant coding in the olfactory bulb of adult
zebrafish (Friedrich and Korsching, 1997). Calcium loading dyes results in high
background and residual fluorescence as well as nonspecific labelling due to the lack of
genetic control (Stosiek et al., 2003). They have also been reported not to be fit for with
long imaging sessions due to bleaching (Aramuni and Griesbeck, 2013). Calcium loading
dyes and electrode methods are highly invasive to the cell and making the long recording
with the tissue much difficult to achieve (Polikov et al., 2005).

Genetically encoded calcium indicators (GECI) with the combination of modern
microscopy techniques such as confocal and multi-photon microscopy, have been used
for imagining multiple neurons in live zebrafish expressed under the cell specific promoter
(Ahrens et al., 2013). GECIs have allowed for the non-invasive measurements for the

cellular properties across a neural circuit in a live behaving animal.

GCaMP as a genetically encoded calcium indictor has been useful because it can be
introduced into the neurons of interest using a suitable promoter and can measure
calcium influx upon voltage changes in the neuron (Nakai et al., 2001). GCaMP-HS as a
calcium indicator has been successfully expressed and studied in spinal motor neurons
in zebrafish and the fluorescence changes in GCAMP-HS were perfectly matched with
actual muscle contraction, indicating the robust calcium dynamics (Muto and Kawakami,
2011).

In the nervous system, to identify the neurons which are responsible for performing a
cognitive task, a sensitive calcium indicator is required which can report activity in the
individual neuron in vivo. GCaMP3 expressed under the elavi3 promoter in zebrafish was
initially used as calcium indicator to study the attractive/aversive circuits in zebrafish
habenula (Krishna et al., 2014). A modified version GCaMP3, with faster kinetics have
been developed over the period of time called GCaMP6s. Pan neural expression of
GCaMP6s under the elavi3 promoter have been used to study and analyze the neuronal
activity in optokinetic response in the midbrain (Wang et al., 2020) and food seeking
behavior in right dorsal habenula (Chen et al., 2019). Selective expression of GCaMP6s

in the optic tectum of the midbrain has been used study the prey capture in zebrafish
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larvae (Muto and Kawakami., 2016). Thus, making GCaMP6s a non-invasive tissue

specific expressing calcium imaging dye.

For our experimental setup we wanted to find the response of alkaline pH in the olfactory
bulb of the 9 dpf zebrafish larvae. Imaging experiments were conducted keeping in focus
the medio dorsal cluster 2 (mdg2) which is the target area for crypt neurons in the olfactory
bulb. Calcium responses were recorded from the mitral and tufted neurons in the OB.

For my experimental findings we did not observed any topology in the alkaline responsive
neurons (see Figure 42 and 43). The same was observed for cadaverine responding
neurons (see figure 42 and 43). However, in adult zebrafish, a single identified glomerulus
was activated in response to 100pM cadaverine (see section figure) which was consistent
with the findings of Dieris et al. (2017).

However, | did not observe any topology in the spatial distribution of alkaline-responsive
neurons in the adult zebrafish olfactory bulb (see figure 42, 43, 45, 46). This is consistent
with a two-photon calcium imaging study by Gerlach et al. (2019), which did not find kin-
odor responsive neurons situated exclusively around medio-dorsal cluster. In an earlier
study using p-Erk as marker of neuronal activation they had shown crypt neurons to react
to zebrafish kin odor (Biechl et al., 2016). Interestingly, in that study, the mediodorsal area
did respond specifically to the kin odor. It is possible that despite the higher sensitivity
and better time resolution of the calcium-imaging dyes compared to p-Erk labeling, the
specificity of calcium imaging dyes is worse due to the high amount of spontaneous
calcium fluctuations. This data is preliminary to discuss the qualitative properties of
stimulus responsive neurons in the olfactory bulb, a large sample size would be required
to analyze in detail qualitative response of neurons to different stimuli.

In my p-Erk experiments | saw a specific response of the dorsolateral cluster (DLG) to
cadaverine (see figure 25), consistent with the findings of Dieris et al. (2017). But again,
in the calcium-imaging experiments no topology was observed for Cadaverine-
responding neurons, which were distributed across all areas of the olfactory bulb (see
figure 42).
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In contrast to the cadaverine response, the p-Erk response to alkaline pH in adult
zebrafish was highly variable (see figure 25), and in particular the mediodorsal cluster
seemed mostly less intensely labelled than other glomerular clusters (namely DLG and
DG) (see figure 25). While these data are too preliminary to draw any conclusion
concerning the localization of alkaline response in the OB they certainly do not support
alkaline sensitivity being mediated by OSN projecting to the mediodorsal cluster.

However, in calcium-imaging experiments with larval zebrafish, we observe that alkaline
responsive neurons are distributed in mediodorsal (which is the target site for crypt
neurons in OB) and dorsal glomeruli (see figure 44). It is conceivable that the maturation
of neuronal circuits in the olfactory bulb would increase the calcium oscillations so that
the odor-specific component is not robustly detectable in adult fish — the inhibitory
interneurons often have later birth periods compared to projection neurons. It can also
not be excluded that many OSN would respond to alkaline pH, not necessarily as a
receptor-mediated interaction. Another possible interpretation of the results could be that
in larval zebrafish crypt neurons might have a role to play in sensing alkalinity and is not

consistently maintained into adulthood.

As discussed above, a lot of spontaneous activity in the neurons was observed and up to
90% of the recorded neurons had to be excluded from analysis of imaging data because
of that. This is one of the drawbacks of calcium dyes that they pick up calcium oscillations
resulting in a background of spontaneous activity, making the post analysis of the imaging
data cumbersome. One of the possible solutions for making the analysis easier for the
experimenter is a more accurate spatial resolution of the stimulus application and bringing

the stimulus exposure to the olfactory epithelium of the larvae within a shorter time range.

Telencephalon is a third relay station in the processing of olfactory information. In adult
zebrafish as well as in larvae it receives olfactory information via projection neurons from
the olfactory bulb. Dp (dorsal posterior part of telencephalon) which in teleost including
zebrafish is homologous to mammalian piriform (olfactory) cortex. Ventral telencephalon
also receives projection neurons which is a homolog to the septal area, part of limbic
system in mammals (Miyasaka et al., 2014). Hence, it was an interesting question to ask

whether the neurons in telencephalon in larval zebrafish respond to olfactory stimulus.
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In calcium imaging experiments, along with olfactory bulb, dorso-frontal and dorsal
posterior surface of telencephalon was kept in the imaging focus. It was observed that
majority of the neurons in telencephalon did not qualify our set criteria as a stimulus
responsive neuron (see Results /Analysis pipeline), Figure 44, 45, 56. This implies that
neurons in the telencephalon of larval zebrafish experience a lot of calcium fluctuations.
In adult zebrafish as well, a high background activity in the telencephalon has been
reported independent of stimulus application termed as “representation noise” (Jacobson
et al., 2018).

Telencephalon in adult zebrafish has also been reported to exhibit substantial variability
and adaptation following stimulus application (Jacobson et al., 2018). Jacobson and
colleagues discovered that neurons of (Dp) in telencephalon adapted over trails on

stimulus application.

In larval zebrafish, telencephalon as an odor responsive higher brain region has not been
studied extensively in calcium imaging studies, one of the possible reasons might be high
calcium fluctuations and background noise leading to high variability in the data, as seen
in the adult zebrafish. This can be a possible explanation for the variability in the
qualitative properties of the stimulus responsive neurons in telencephalon between two

strains of fish (see Figure 45 and 46).

It can only be speculated that telencephalon in developing larval zebrafish might be
involved in processing multitude of information coming from different sensory modalities,
however, role of telencephalon in larval zebrafish as a modulator for sensory information

is still under investigation.

In zebrafish larvae, habenula which is part of diencephalon has been studied by various
groups as a modulator of olfactory information. Dysfunction or lesion of right dorsal
habenula resulted in significant impairment of food seeking behavior (Chen et al., 2019).
In zebrafish role of habenula has also been studied in fear and anxiety-related behavior
(Hikosaka, 2010), and in modulating inputs from olfactory pathways (Zhang et al., 2017).
Thus, it would be interesting to investigate to the response of habenula neurons to

olfactory stimuli for further calcium Imaging experiments.
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5.8 Controlled odor stimulation by using a microchip

We are currently developing a microchip adapted from (Candelier et al., 2015) in which
5-9 dpf zebrafish larvae can be embedded with agarose gel. The setup will enhance the
ability to deliver complex stimuli in precisely controlled with spatio-temporal structures
analogous to those encountered in natural conditions. The microfluidic device can deliver
multiple chemical stimuli spatial precision (in the range 1-10 ms range), to a larva
restrained in agarose gel. The microfluidic device can be combined with confocal
microscope with a sampling rate of 1Hz, and the neuronal activity in the olfactory bulb
and brain areas can be monitored. However, due to the highly demanding micro-drilling
techniques required for making the chip, it did not become ready during the timeframe of
my thesis.

Incoming stimulus

Circulating E3 medium Microchip ‘ i :

28

(Candelier et al., 2015)

Zebrafish larva

Figure 47: Maximum projection of the microchip prototype with 9 dpf larvae
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7. Appendix

7.1 Abbreviations

ATP Adenosine triphosphate

BSA Bovine serum albumin

CAM calmodulin

cAMP cyclic adenosine monophosphate
CNG cyclic nucleotide gated ion channels

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

DAPI 4’,6- Diamidino-2-Phenylindole

dIG dorso-lateral cluster of glomeruli

DMSO Dimethylsulfoxide

dpf days post fertilization

GECI Genetically encoded calcium Indicators
GPCR G Protein coupled receptors

GTP guanine triphosphate

IEG immediate early genes

IHC immuno-histochemistry

OB olfactory bulb

OE olfactory epithelium

OR olfactory receptor

OSN olfactory sensory neurons

PBS phosphate buffered saline

PCR polymerase chain reaction

p-Erk phosphorylated extracellular -signal regulated kinase
rpm rounds per minute

TAAR trace amine-associated receptor
V1R/V2R vomeronasal receptor type 1 and 2
RT room temperature

PFA Paraformaldehyde
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7.2 Macro for obtaining raw data from Fiji
FoStart=0;

FoEnd=30;

path=File.openDialog("Please open file");
dir=File.getParent(path);
file=File.getName(path);
resultDir=dir+File.separator+substring(file, 0, lengthOf(file)-4);
if(!File.exists(resultDir)){

File.makeDirectory(resultDir);
}
open(path);
currentlmg=getimagelD();

run("To ROl Manager");

Stack.getDimensions(width, height, channels, slices, frames);
roilnt=newArray(frames);
for (roi = 0; roi < roiManager("count"); roi++) {
//selectimage(currentimg);
Array.fill(roilnt, 0);
roiManager("Select", roi);
for (frame = 1; frame < frames; frame++) {
Stack.setFrame(frame);
roiManager("Select", roi);
getStatistics(area, mean, min, max, std, histogram);

roilnt[frame-1]=mean;

//Array.show(roilnt);

FoArray=Array.slice(roilnt,FoStart,FoEnd);
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Array.getStatistics(FoArray, min, max, mean, stdDev);

FoValue=mean;

//print(FoValue);

roiFFo=newArray(roilnt.length);

for (i = 0; i < roilnt.length; i++) {
roiFFoli]=roilnt[i]/FoValue;

}

roiDeltaF=newArray(roilnt.length);

roiDeltaFFo=newArray(roilnt.length);

for (i = 0; i < roilnt.length; i++) {
roiDeltaF[i]=roilnt[i]-FoValue;
roiDeltaFFo[i]=roiDeltaF[i]/FoValue;

}

//Array.show(roiFFo);

Plot.create("deltaF/Fo plot Roi"+roi, "frame", "deltaF/Fo", roiDeltaFFo);

Plot.update();

plotimg=getimagelD();

rename("deltaF over Fo plot");

plotTitle=getTitle();

saveResults();

waitForUser("check");

close();

}

function saveResults(){
run("Clear Results");
for (i = 0; i < roilnt.length; i++) {
setResult("Frame", nResults, i+1);

setResult("Flu [a.u.]", nResults-1,roilnt[i]);
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setResult("F/Fo", nResults-1,roiFFol[i]);
setResult("deltaF", nResults-1,roiDeltaF[i]);
setResult("deltaF/Fo", nResults-1,roiDeltaFFol[i]);
if(i==0){
setResult("Fo [a.u.]", nResults-1,FoValue);
setResult("Fo 1st frame", nResults-1,FoStart);

setResult("Fo last frame", nResults-1,FoEnd);

}

resultPath=resultDir+File.separator+roi+1+"_"+"resultTable.csv";
saveAs("results", resultPath);

selectimage(plotimg);

selectWindow(plotTitle);
resultPath=resultDir+File.separator+roi+1+" "+"deltaFFo-plot.png";

saveAs("png", resultPath);
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