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Il. Introduction

The sense of smell (olfactory sense) plays a vital role in many essential behaviors
such as prey detection, predator evasion and reproduction. Most vertebrate species
possess a specialized olfactory system to detect and discriminate diverse odorants such
as amino acids, nucleotides, bile salts, gonadal steroids, and prostaglandins (Speca et al.
1999). However, the molecular understanding of fish olfaction is lagging behind, since the

seminal discoveries were mostly made in the mammalian olfactory system.

In 1991, the groundbreaking research from then postdoc Linda Buck in Richard
Axels laboratory led to the discovery of the first olfactory receptors. In subsequent work
Linda Buck and Richard Axel could show that olfactory receptors constitute a huge gene
family, and are expressed in olfactory sensory neurons (OSNs), which are grouped in
distinct expression zones (Buck & Axel 1991). Furthermore they deorphanized many
olfactory receptors and began the characterization of olfactory brain circuits activated by
these receptors (Buck 2005). This pioneer work was recognized by the Nobel committee,
who in 2004 awarded Linda Buck and Richard Axel with the Nobel prize in Physiology or

Medicine.

A. Mammalian olfactory architecture is characterized by segregation
in several olfactory organs

Five to six different olfactory receptor gene families that are expressed in two major
and possibly several minor cell types carry the complexity of odor detection in mammals
(reviewed in (Gaillard et al. 2004; Fleischer et al. 2009; Hayden & Teeling 2014)). Most
mammals, including rodents, exhibit a bipartite olfactory system that is anatomically
segregated into two main olfactory surfaces (main olfactory epithelium; MOE and
vomeronasal organ; VNO). Each organ expresses distinct olfactory receptor gene families
and recognizes distinct classes of odorants. Apart from these, rodents also possess two
other olfactory subsystems (Figure 1b) which are known to express olfactory receptors,
i.e. the septal organ (SO) and the Grueneberg ganglion (GG), cf. (Hayden & Teeling 2014;
Fleischer et al. 2009)

The MOE mostly contains ciliated neurons, which express a large repertoire of
olfactory receptors (odorant receptors, ORs) (Mombaerts et al. 1996), as well as the much

smaller taar gene family (Johnson et al. 2012) and their axons project to the main olfactory
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bulb (OB) (Mombaerts et al. 1996; Johnson et al. 2012). The VNO contains microvillous
neurons that express two families of vomeronasal receptors (v1rs and v2rs) and their
axons projects to the accessory olfactory bulb (AOB) (Wagner et al. 2006). Furthermore, a
recently characterized small family of rodent-specific olfactory receptors, i.e. formyl-
peptide receptors are also known to be expressed in VNO (Figure 1b) (Riviére et al.
2009).

In rodents, the grueneberg ganglion is localized at the tip of the nose, close to the
opening of the naris. The neurons of grueneberg ganglion are spherical shaped and
possess thirty to forty primary cilia per neuron (Brechbihl et al. 2008). Furthermore, their
cell bodies are ensheathed by glial cells (Brechbuhl et al. 2013). Grueneberg ganglion
neurons project their axons to a small number of glomeruli in the caudal main olfactory
bulb (Fleischer et al. 2009; Brechbuhl et al. 2008; Brechblhl et al. 2013). These neurons
express elements of a cGMP second messenger pathway, including the cGMP-specific
cyclic nucleotide-gated channel CNGA3 and the cGMP-stimulated phosphodiesterase
PDE?2 (Juilfs et al. 1997; Meyer et al. 2000; Leinders-Zufall et al. 2007). Recent findings in
rodents suggest the functional role of grueneberg ganglion neurons as a fine-tuned cold
sensor or alarm pheromone sensor (Munger et al. 2010; Schmid et al. 2010; Brechbuhl et
al. 2008).

The septal organ is a small patch of olfactory neuroepithelium at the ventral base of
the nasal septum found in many mammals (Kratzing 1978; Kocianova et al. 2006). Initial
characterization of the septal organ suggests the involvement of two signaling cascades,

which was later confirmed with the identification of corresponding fitting receptors i.e. ORs
and GC-D (Kaluza et al. 2004) .

However, the receptor segregation as described above is not without exceptions. A
few V1R transcripts have been detected in the MOE of humans and goats (Rodriguez et
al. 2002; Wakabayashi et al. 2007) . Similarly, one particular V2R subtype-V2R83- is also
expressed outside VNO in the neurons of the grueneberg ganglion (Fleischer et al. 2009).
Interestingly, whole-genome sequencing revealed the ectopic expression of ORs in non-
chemosensory tissues e.g. MOR23 and testicular hOR17-4 (Kang & Koo 2012). Moreover,
TAAR1 is the only TAAR subtype which is not expressed on the olfactory epithelium, but
indeed express in stomach, kidney, lungs and some brain regions (amygdala) (Babusyte et
al. 2013; Bradaia et al. 2009; Hussain et al. 2009a; Panas et al. 2012).



PhD Thesis, 2014/15 11

B. Fish possess a single olfactory organ

The fish olfactory system consist of a single olfactory organ which is known to
express orthologs of all known mammalian olfactory receptor families except formyl-
peptide receptors (FPRs) (Korsching 2009). Furthermore, fish possess the same main
types of olfactory sensory neurons, ciliated neurons, which harbor olfactory receptors of or
and taar gene families, and microvillous neurons which express v1rs and v2rs olfactory
receptor gene families (Sato et al. 2005) (Figure 1a). In addition to these well known cell
types, fishes possess a third type of olfactory sensory neuron, crypt neurons, which were
originally identified morphologically by electron microscopy (Hansen & Zeiske 1998; Parisi
et al. 2014). In rodents, novel and rare populations of olfactory sensory neurons are
reported as well (Elsaesser & Paysan 2007; Elsaesser et al. 2005). This further strengthen
the hypothesis of existence of new olfactory sensory neurons in zebrafish. Crypt neurons
appeared early in vertebrate evolution, are already present in cartilaginous fish (Ferrando
et al. 2006), and have been described in many teleost fish as well (Hansen & Zeiske
1998). Crypt neurons exhibit a large globular soma and possess both cilia and microvilli,
and the eponymous crypt of unknown significance. Electron microscopy study suggests
the cilia (up to 7 in number, 9+2 pattern of microtubules) are submerged in the upper
portion of the cell body and the microvilli are located on the apical rim of the crypt. In
comparison to other known olfactory cell types, crypt neurons have relatively larger
nucleus which covers 1/3rd of the cellular volume. Crypt neurons also contains larger size
mitochondria and abundant ribosomes (Hansen & Zeiske 1998). Higher magnification in
electron microscopy showed axons emanating from the crypt neurons, suggesting them to
constitute functional neurons with projections to olfactory bulb. Each crypt neuron is in
close contact to a specialized supporting cell, which is electron-lucent and bears microvilli
(Hansen & Zeiske 1998; Hansen & Finger 2000). Furthermore, | have recently identified a
novel, fourth olfactory sensory neuron population in zebrafish, which were named as

kappe neurons for their characteristic shape (Ahuja et al. 2014).
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Figure 1: Schematic representation of the olfactory system of zebrafish (a) and mouse (b).
(a) Cyan dot on the fish forehead is the representation of the olfactory epithelium. The
sensory surface (cyan-colored) contains OSNs expressing olfactory receptors of 4 gene
families. (b) Rodents olfactory architecture is characterized by segregation in several
olfactory organs. The olfactory receptor types expressed in each of these organs are
indicated by color: ORs in blue, V1Rs in orange, V2Rs in green, TAARs in red, FPRs in
purple, GC-D in brown (a: modified from Luis Saraiva doctoral thesis (Saraiva & Korsching
2007); b: modified from (Fleischer et al. 2009)).

C. Principles of olfactory processing in vertebrates

Despite these obvious differences between the coarse structure of fish and
mammalian olfactory organs, the logic of olfactory processing is remarkably similar. With
very few exceptions (Sato et al. 2005), a receptor neuron selects a single receptor gene
for expression out of the complete olfactory receptor repertoire. This feature is known as
“one neuron—one receptor” rule. Thus individual OSN reflect the odor response spectrum
of the particular olfactory receptor they express. However, a violation of this rule was
observed in Danio rerio, where closely related receptors may be co-expressed (zOR103-1
with zOR103-2 and/or zOR103-5 (Sato et al. 2005).

Secondly, similar to mammals, fishes also obey principle of “convergence of like
axons to target glomeruli” (Braubach et al. 2012). This principle suggest that the OSNs
expressing a given olfactory receptor converge into a specific region in the olfactory bulb
called glomeruli. This principle results in a receptotopic map on the olfactory bulb (Mori &
Sakano 2011), however in comparison to rodents, a little is known about the receptotopic
map in fishes (Friedrich & Korsching 1997; Friedrich & Korsching 1998).
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D. All olfactory receptor gene families, except one are GPCRs

As mentioned in the initial remarks, the molecular identity of the olfactory receptors
came to light in 1991, after the pioneer work of Linda Buck and Richard Axel which led to
the discovery of a large and diverse family of G protein-coupled receptors (GPCRs),
expressed in the rat olfactory epithelium that were proposed to function as odorant
receptors (Buck & Axel 1991). The repertoire of olfactory receptor genes currently consists
of 6 different gene families, the odorant receptors (ors), vomeronasal receptor genes (v1rs
and vZ2rs), and trace amine-associated receptor genes (faars), membrane guanylate
cyclase (GC-D) and the recently characterized formyl peptide-like receptors (fprs), for
review see (Buck 2004; Fleischer et al. 2009) (Figure 2).

ORs, V1Rs, TAARs, V2Rs GC-D
and FPRs

Figure 2: Schematic representation of the membrane topology of olfactory receptors.
ORs, V1Rs, V2Rs, TAARs, and FPRs belong to the GPCRs which contains seven
transmembrane domains (indicated by cylinders), guanylate cyclase GC-D comprises only
one transmembrane domain. In all receptor types, the N-terminus is localized to the
extracellular face of the cell membrane whereas the C-terminal end resides intracellularly.
(modified from (Fleischer et al. 2009)).

1. ORA (v1r-related) olfactory receptors

Some mammalian species have over 100 v1r genes which are expressed in VNO

(Fleischer et al. 2009; Ibarra-Soria et al. 2014). In contrast, the corresponding family in
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teleosts, the v1r-related ora gene family, is very small and comprises just 6 genes (Saraiva
& Korsching 2007; Korsching 2009.). Like other olfactory receptors, ora genes are
expressed in a sparse population within the sensory surface of fish olfactory epithelium
(Saraiva & Korsching 2007; Pfister & Rodriguez 2005). In comparison with the other
receptor gene families in teleosts, the ora gene family exhibits several peculiar properties
i.e. orthologs of ora genes in other species are more closely related to each other than to
their paralogs in the same species (Saraiva & Korsching 2007). In other words, the ora
genes are evolutionary more ancient than the teleost species, and indeed their direct
orthologs can be found in lineages as far as that of cartilaginous fishes (Saraiva &
Korsching 2007). Consistent with this observation, an analysis of synonymous to
nonsynonymous mutation rates revealed that ora genes are under strong selective
pressure and evolve much slower than other olfactory receptor genes. Strikingly, the
genomic arrangement of ora genes is also unlike other olfactory receptors which mostly
exist in clusters, often in the same genomic orientation. In contrast, four out of the six ora
genes are arranged in closely linked asymmetrical gene pairs across all species studied.
Both head to head (ora1/ora2) and tail to tail (ora3/ora4) arrangements exist (Saraiva &
Korsching 2007). Ligands for the mammalian v71rs were found among the low molecular
weight steroids (Isogai et al. 2011; Punta et al. 2002; Boschat et al. 2002), whereas
nothing is known about the ligands and their molecular identities of v1r-related ora genes.
For this, Two research groups teamed up a while ago to attempt deorphanization of teleost
ora receptors (ORA1), the Korsching lab in Cologne and the Meyerhof lab in Potsdam.
They have identified that ORA1 detects p-hydroxy phenyl acetic acid (pHPAA) with high
sensitivity and specificity. Furthermore, in order to elucidate the biological function of this
compound, | have performed different behavioral experiments. Neither aversive nor
attractive behavior was observed using the ligand, but interestingly | found that oviposition
behavior could be elicited, when pairs of adult zebrafish were exposed even to low

concentrations of this ligand (Behrens et al. 2014).
2. TAARSs olfactory receptors

Trace amine-associated receptors (taars) are related to G-protein-coupled
aminergic neurotransmitter receptors such as dopamine receptors. Taar genes have been
found in several genomes including that of lower vertebrates (Gloriam et al. 2005). A
detailed characterization of the teleost tfaar genes repertoire has been performed
(Hashiguchi & Nishida 2007; Hussain et al. 2009). The latter analysis contradicts the
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former in that it suggests a late evolutionary origin of taar genes within the MRCA of
cartilaginous fishes and bony fishes, since shark possesses taar genes with all signature
motifs, whereas in lamprey only taar-like genes were found. Two of the three subclasses of
teleost taar genes contain the amine binding motif and are expected to possess amine
ligands (Hussain et al. 2009). Receptors from all three classes are expressed in sparse
populations of OSNs, within the range of expression of or genes. Teleost taar families are
generally larger that mammalian families, e.g. zebrafish possess 112 taar genes (Hussain
et al. 2009), compared to only 14 taar genes for mouse. Mammalian TAARs are activated
by amine ligands (Borowsky et al. 2001; Liberles 2009; Ferrero et al. 2011; Liberles &
Buck 2006) . Some of these amines are present in mouse urine in gender- or stress-
dependent concentrations, leading to speculations that TAARs might be involved in the
detection of some ‘urine-borne’ pheromones (Liberles & Buck 2006). In the rodent MOE,
TAARs are co-expressed with the Gas- related G protein, Goolf (Liberles & Buck 2006); in
the grueneberg ganglion, however, TAARs are co-expressed with Ga i2 (Fleischer et al.
2009). A recent study suggests TAARS is activated by a sexually dimorphic mouse odor
(Ferrero et al. 2012; Dewan et al. 2013). TAARS5 detects male mouse odor with exquisite
sensitivity, and this response is both sex and age dependent. However, until very recently,

no ligands for teleost TAAR receptors had been reported.

Recently, the first teleost TAAR receptor, TAAR13c was deorphanized in the
Korsching lab (Hussain et al. 2013). In this publication it was shown that TAAR13c of
zebrafish detects cadaverine with high sensitivity and specificity in an heterologous
expression system. | have validated these findings in vivo by analyzing a neural activation
marker (phospho-ERK) together with a TAAR13c antibody after exposure of zebrafish to
different concentrations of cadaverine. Furthermore, | have also established a behavioral
assay using a two-channel-choice paradigm that enables an accurate determination of the
concentration dependence of the cadaverine-elicited aversive behavior reported in
(Hussain et al. 2013). Together, my results show that at low concentrations of cadaverine

TAAR13c constitutes the major receptor involved in the aversive response.
3. OIfC (V2R-related) olfactory receptors

The OIfC receptors are related to mammalian V2R receptors and like these belong
to the class C of GPCRs. They contains a large N-terminal extracellular regions and also

possess similarities to metabolic glutamate receptors (Alioto & Ngai 2006) (Figure 2).
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Unlike other olfactory receptors, they are not monophyletic. OIfC receptors repertoire size
varies several-fold between teleost species, but are well within the range of mammalian
v2r repertoires (Korsching 2009). Extreme species-specific specialization has led to the
complete loss of the v2r family in several mammalian species. (Luu et al. 2004) performed
modelling for OIfCa1 together with ligand analysis, and suggested amino acids as the key
ligand for teleost OIfC receptors. Furthermore in 2013, another member of this family,
Olfcc1, which exhibits a broad expression within the sensory surface of olfactory
epithelium, was deorphanized. It recognizes polar, nonpolar, acidic, and basic amino acids
as natural ligands (De Maria et al. 2013). This receptor co-expresses with other OIfC
receptors and promotes their localization to the plasma membrane and therefore helps in

intracellular trafficking of other olfactory receptors of the same family.
4, OR (Odorant receptors) olfactory receptors

OR (odorant receptors) have been subdivided into two classes: Class | which
mainly contains fish specific OR genes, though it also contains some members of the
mammalian ORs and Class Il which solely contains members of mammalian OR genes
(Buck & Axel 1991; Fleischer et al. 2009; Korsching 2009). Mammals have lost most of the
teleost OR groups but large gene expansions in the two remaining groups increased the
mammailan OR gene repertories severalfold as compared to the teleost fish (Korsching
2009). Within teleost fishes, zebrafish exhibit a severalfold larger OR repertoire than
pufferfish (Korsching 2009). Similar to the genomic location of or genes in mammals,
zebrafish OR genes are mainly present in gene clusters but some occur as isolated genes
(Gaillard et al. 2004; Fleischer et al. 2009). Zebrafish ORs exhibit a slow rate of evolution
in comparison with mammalian OR genes and thus do not show any sign of positive
selection, in contrast to the latter (reviewed in (Korsching 2009)). In zebrafish as in
mammals, each OR gene is expressed in a sparse population of OSNs within the sensory
surface. An early study performed by (Weth et al. 1996), suggested restricted spatial
expression patterns for different zebrafish ORs, so-called expression domains, within the

adult olfactory epithelium.
5. FPR (formyl peptide receptors) olfactory receptors

About two decades ago a new class of GPCRs called formyl peptide receptors was

discovered (Boulay et al. 1990). Interestingly, for genes are without introns and have
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known to be clustered on a single chromosome (mouse chromosome 17). FPRs were
known to have a function in the immune system, but recently some rodent fprs have been
shown to function as olfactory receptors (Riviére et al. 2009). Careful analysis revealed
that seven murine fpr genes are expressed in about 1% of the VNO sensory neurons.
FPR-expressing sensory neurons do not co-express other members of VNO-specific gene
families i.e. VIRs and V2Rs. Their coding sequences are intronless and their open reading
frames encode proteins of about 350 amino acid residues (Gao et al. 1998; Wang & Ye
2002) with highly conserved transmembrane domains and more variable extracellular
domains; the latter are supposed to be involved in ligand binding (Migeotte et al. 2006).
(Figure 2). Like the FPRs expressed in immune cells, FPRs expressed in VNO sensory
neurons are activated by formylated peptides and other disease-related compounds,

suggesting a potential function in detection of infected conspecifics or contaminated food.
6. Membrane Guanylate Cyclase (GC-D) olfactory receptors

A membrane bound GC-D was found to be expressed in a subset of OSNs in the
MOE (Juilfs et al. 1997). These sensory neurons exhibit a different signaling pathway as
compared to other sensory neurons of the mammalian MOE which mainly transduce via
the canonical cAMP pathway (Liberles 2014). GC-D positive neurons are endowed with
cGMP-dependent phosphodiesterase PDE2A and a cGMP sensitive cyclic nucleotide-
gated ion channel (Juilfs et al. 1997; Meyer et al. 2000). Furthermore, a small subset of
neurons in the septal organ also express GC-D receptors (Walz et al. 2007) . GC-D
positive neurons project their axons to a discrete chain of glomeruli in the MOB (Juilfs et
al. 1997; Leinders-Zufall et al. 2007; Walz et al. 2007). Higher magnification revealed the
apical localization of GC-D receptor, co-localize with cilia and thus exhibits an ideal
location for odor detection. Uroguanylin and guanylin were identified as a specific ligands
to activate GC-D positive neurons, in a GC-D dependent manner (Leinders-Zufall et al.
2014; Leinders-Zufall et al. 2007). These findings were later supported in heterologous
system expressing GC-D (Duda & Sharma 2008). Other findings indicate that GC-D may
also be involved in the detection of carbon dioxide (CO,), since GC-D neurons — in

contrast to other OSNs — respond to low concentrations of CO, (Sun et al. 2009).

E. Expression of different receptor gene families is segregated to different OSN
types

Consistent with the mammalian signal transduction pathway, zebrafish ciliated
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OSNs express similar signal transduction machineries downstream of OR-type olfactory
receptors, such as olfactory-specific GTP-binding protein subunit (Golf) and cyclic
nucleotide-gated cation channel A2 subunit (cnga2) (Hansen et al. 2003; Sato et al.
2005) . Olfactory marker protein (omp) expression is restricted to ciliated OSNs, and is not
found in the microvillous OSNs in zebrafish (Sato et al. 2005), different from the situation
in mammals, where OMP is expressed in all the chemosensory neurons in both the MOE
and VNO (Mombaerts 2006; Omura & Mombaerts 2014). The microvillous OSNSs in
zebrafish express transient receptor potential channel C2 (trpc2) (Sato et al. 2005; Oka et
al. 2012), whose mouse ortholog plays a central role in the signal transduction cascade of
vomeronasal sensory neurons for social and sexual behaviors (Ma 2012; Isogai et al.
2011). In addition to these two cell types known from mammals, fishes possess a third
type of olfactory sensory neuron, crypt neurons. Recent studies in zebrafish suggest the
expression of a single member of a highly conserved receptor gene family (the v1r-related
ora genes) in crypt neurons (positive for S100-immunoreactivity) and suggests a ‘one cell
type—one receptor’ mode of expression (Oka et al. 2012). All three types of olfactory
sensory neurons in fishes have been defined by the presence of characteristic molecular
markers, omp for ciliated neurons, trpc2 for microvillous neurons and S100-like
immunoreactivity or TrkA-like immunoreactivity for crypt neurons (Germana et al. 2004;
Catania et al. 2003).

F. Each OSN subtype expresses distinct signaling Ga proteins

The alpha subunits of the hetrotrimeric G proteins are mainly responsible for
transducing signals and are well studied in mammalian systems. In mammals, OR and
TAAR olfactory receptors signal via Golf (Belluscio et al. 1998; Liberles & Buck 2006),
V1Rs and all FPRs except FPR-rs1 transduce via Gi2 and V2Rs and FPR-rs1 via Go
(Berghard & Buck 1996; Riviere et al. 2009; Liberles 2009) .Recently a comprehensive
evaluation of zebrafish G alpha proteins has shown the expression of Go1, Go2, Gi, and
Golf in the olfactory epithelium (Oka & Korsching 2011). Thus, olfactory receptors in
mammals and teleosts mostly have homologous signaling molecules but also show some
molecular differences, possibly resulting from their adaptation to the respective
environment. The fish-specific crypt neurons were shown to express a specific G alpha
subunit, Gi1b and therefore suggest the sole identified receptor of crypt neurons, Ora4,

may transduce via Gi1b in crypt neurons (Oka et al. 2012) (Figure 3).
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Figure 3: Schematic representation of all 3 olfactory sensory neuron types and

corresponding olfactory receptors. Modified from (Oka et al. 2012).

G. Olfactory axon convergence to target glomeruli

Various studies in rodents suggest that axons originating from OSNs expressing a
particular olfactory receptor projects to a specific pair of glomeruli with stereotypical
position in the OB. This led to the idea of “"one glomerulus-one receptor”, and consequently
suggested the presence of a receptotopic map in the olfactory bulb. Visualization of axonal
projections of receptor-specific OSNs has been achieved by three different methods in
mice. Firstly, OR-IRES-reporter knock-in mice have been employed to visualize the target
glomeruli in the olfactory bulb (Mombaerts et al. 1996). Secondly, traces of OR receptor
transcripts have been detected at the axon terminals by in situ hybridization (Vassar et al.
1994), and lastly, traces of the OR receptor protein have been detected at the axon
terminals (Strotmann et al. 2004). In zebrafish the second and third methods failed to
identify axonal convergence presumably due to lower abundance of mMRNA and proteins in
axonal terminals of OSNs. Therefore a transgenic approach was used to identify the target
glomeruli for ciliated and microvillous neurons (Sato et al. 2005). Transgenic zebrafish with
fluorescent reporter genes under promoter control of trpc2 and omp (Sato et al. 2005),
showed mutually exclusive glomerular innervation in the olfactory bulb. All six glomeruli of
the mediodorsal cluster in double transgenic fishes (Tg(OMP:lynRFP) and Tg(TRPC2:gap-
Venus) were not labeled suggesting these glomeruli could belong to the third population of
OSN:Ss, crypt neurons (Sato et al. 2005). However, in two fish species, catfish and crucian

carp, a ventral position of the crypt neuron target region has been suggested based on
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backtracing experiments (Hansen et al. 2003; Hamdani el & Doving 2006). Therefore it
was unclear whether crypt neurons project to a single target glomerulus in the olfactory
bulb in accordance with the rules found for mammalian olfactory receptors of the OR
(Mombaerts et al. 1996) and taar (Johnson et al. 2012) families, or whether they might
connect to several target regions like neurons expressing mammalian v7rs (Wagner et al.
2006).

| have used the crypt neuron marker TrkA-like immunoreactivity, backtracing and
morphometry to identify the target region of crypt neurons as a single identified glomerulus
of the mediodorsal cluster, mdg2 (Ahuja et al 2013). Thus the axonal convergence of
neurons expressing the V1R-related ORA4 is unlike that observed for mammalian V1Rs,

and corresponds to that observed for mammalian ORs and TAARSs.
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lll. Aims of the study

Olfaction is a key sense by which organisms acquire information about the
surrounding world. Basic features of olfactory information processing are conserved
throughout the vertebrate phylum. Zebrafish has in recent years become a good vertebrate

model system to study olfaction.

Olfactory sensory neurons come in different types, which constitute different
subsystems with characteristic olfactory receptor repertoires, signal transduction
machinery, neuronal circuits, and biological function. The two major types, ciliated and
microvillous neurons, are well characterized, but a third type, crypt neurons, is not well
understood. | have undertaken to identify the target region of crypt neuron axons in the
olfactory bulb (Ahuja et al. 2013). In the course of these studies | have discovered a novel,
fourth type of olfactory sensory neurons called kappe neurons, which constitute a fourth
subsystem (Ahuja et al. 2014).

My second objective was the in vivo validation of ligands for zebrafish olfactory
receptors that had been identified in heterologous expression systems. | have established
phospho-ERK as a odor-induced neuronal activation marker in zebrafish, and used this
marker together with a receptor antibody to assess, whether the receptor analyzed
(TAAR13c) is the maijor receptor for its ligand (cadaverine). Moreover, | have established a
two-choice behavioral assay to measure the cadaverine-induced aversion behavior at
defined stimulus concentrations (Hussain et al. 2013). For another receptor/ligand pair,
ORA1 and p-hydroxyphenylacetic acid, | have searched for a biological function, and have
identified enhanced oviposition as olfactory-mediated response of zebrafish to p-

hydroxyphenyl-acetic acid (Behrens et al. 2014; Ahuja & Korsching 2014).
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Gaurav Ahuja, Ivan lvandic, Mehmet Saltuerk, Yuichiro Oka, Walter Nadler &
Sigrun |. Korsching. Zebrafish crypt neurons project to a single, identified
mediodorsal glomerulus. Sci. Rep. 3, 2063; DOI:10.1038/srep02063 (2013).
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Zebrafish crypt neurons project to a
single, identified mediodorsal
glomerulus

Gaurav Ahuja’, Ivan Ivandi¢', Mehmet Saltiirk!, Yuichiro Oka'*, Walter Nadler? & Sigrun I. Korsching'

Unstitute of Genetics, University at Cologne, D-50674 Cologne, Germany, ZInstitute for Advanced Simulation (IAS), Juelich
Supercomputing Centre (JSC), Forschungszentrum Juelich, D-52425 Juelich, Germany.

Crypt neurons are a third type of olfactory receptor neurons with a highly unusual “one cell type - one
receptor” mode of expression, the same receptor being expressed by the entire population of crypt neurons.
Attempts to identify the target region(s) of crypt neurons have been inconclusive so far. We report that
TrkA-like immunoreactivity specifically labeled somata, axons, and terminals of zebrafish crypt neurons
and reveal a single glomerulus, mdg2 of the dorsomedial group, as target glomerulus of crypt neurons.
Injection of a fluorescent tracing dye into the mdg2 glomerulus retrogradely labeled mostly crypt neurons,
as assessed by quantitative morphometry, whereas no crypt neurons were found after injections in
neighboring glomeruli. Our data provide strong evidence that crypt neurons converge onto a single
glomerulus, and thus form a labeled line consisting of a single sensory cell type, a single olfactory receptor
and a single target glomerulus.

Ifactory coding in vertebrates employs a receptotopic map in the target region of olfactory receptor

neurons, the olfactory bulb"*. The monogenic expression of large olfactory receptor gene families in

ciliated olfactory receptor neurons engenders a correspondingly large repertoire of target modules
(glomeruli) in the olfactory bulb, due to axonal convergence. Similarly, microvillous neurons, another type of
olfactory receptor neurons, express large gene families and converge into many target glomeruli. Crypt neurons
constitute a third type of olfactory receptor neurons’. They appeared early in vertebrate evolution, are already
present in cartilaginous fish*, and have been described in many teleost fish as well®>. Crypt neurons have been
originally identified by their conspicuous morphology, which includes a large globular soma, the presence of both
cilia and microvilli, and the eponymous crypt of unknown significance. A single olfactory receptor, the VI1R-
related ORA4, was found to be expressed in zebrafish crypt neurons®, but it is unclear whether crypt neurons
project to a single target glomerulus in the olfactory bulb in accordance with the rules found for olfactory
receptors of the OR” and TAAR® families, or whether they might connect to several target regions like neurons
expressing mammalian VIRs’.

Crypt neurons constitute an intriguing cell population, and several attempts have been made to elucidate their
function'®™"* and their target region in the olfactory bulb'*-'®. However, results have been partially incongruous,
and progress has been hampered by the paucity of available markers, compounded by the absence of quantitative
measures to identify crypt neurons. Germana et al (2004)'* observed S100-like immunoreactivity in morpholo-
gically identified crypt cells, and this antibody was used in several subsequent studies, e.g'*"'®. These attempts to
use S100-like immunoreactivity as marker for crypt neurons have led to the suggestion that crypt neuron
terminals are located in the dorsomedial and lateral glomerular fields of the olfactory bulb'*. However, anti
$100 antibody requires very particular assay conditions to serve as specific marker for crypt neurons®, which were
not met in those studies, resulting in additional labeling of numerous receptor neurons with microvillous
morphology and corresponding uncertainty about the true target glomeruli of crypt neurons. Oka et al, 2012°
could show that the microvillous-like subpopulation labeled by the S100 antibody indeed expressed an s100 gene,
5100z°°, whereas the immunoreactivity in crypt neurons was caused by an unknown protein with better retention
in the tissue, allowing to differentiate between these two cell populations by omitting the fixation step of the
standard immunohistochemical procedure. However, this modification precludes the use of $100-like immuno-
reactivity in many procedures, including visualization of axonal terminal regions.

Another marker reported for crypt neurons, anti-trkA antibody*', has not been investigated further so far.
Using population-based quantitative analysis we report here that trkA-like immunoreactivity constitutes a robust
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and sensitive marker for crypt neurons that reliably labels only crypt
neurons in a variety of experimental conditions. Using this marker
we could identify a single mediodorsal glomerulus, mdg2, as target
glomerulus for crypt neurons. Backtracing from this glomerulus with
the fluorescent tracer Dil labeled mostly crypt neurons, in contrast to
backtracing from neighboring glomeruli, confirming mdg?2 as target
glomerulus for crypt neurons. These results are consistent with a ‘one
olfactory receptor cell type — one target glomerulus’ concept, a novel
coding strategy in vertebrate olfaction.

Results

TrkA-like immunoreactivity is a robust and sensitive marker for
crypt neurons. Crypt neurons are an intriguing olfactory recep-
tor neuron population of so far unclear function. Here we have
performed immunohistochemistry with TrkA antibody on cryostat
sections of adult zebrafish olfactory epithelium to examine the
suitability of TrkA-like immunoreactivity as a marker of crypt
neurons under standard histological conditions, i.e. in fixed tissue.
We identify crypt neurons in fixed tissue by a quantitative analysis of
cell shape and position, using the corresponding values measured for
an established crypt neuron marker® as reference.

In fresh frozen tissue sparse globose cells are co-labeled by S100
and TrkA antibody (Fig. 1d). In quantitative evaluation we find that
TrkA-label completely overlaps with S100-label in unfixed tissue
(Fig. 1e). In other words, TrkA replicates the S100 staining under
conditions, in which S100-labeling is specific to crypt neurons, cf.°.

Moreover, TrkA labeling also is restricted to sparse large globose
cells under standard histological conditions (Fig. la-c, f, g), in which
the S100 antibody labels many additional cells (Fig. 1c, e-g). As a
measure of globosity we chose the ratio of vertical to horizontal
diameter (SI Fig. 1a), cf.°. The distribution of values for this ratio is
undistinguishable for cells labeled by S100 antibody in unfixed tissue
and TrkA antibody-labeled cells in either fixed or unfixed tissue
(Fig. 1f-g). Thus, TrkA-labeled cells in fixed tissue exhibit very sim-
ilar cellular morphology to bona fide crypt neurons® (Fig. 1f, g). In
contrast, values for the diameter ratio of S100-labeled cells in fixed
tissue deviate drastically (Fig. 1f-g). Pairwise comparisons of the
unbinned distributions by a Kolmogorov-Smirnov test> showed p
values above 0.5 for the conditions ‘TrkA in fixed tissue’, “TrkA in
unfixed tissue’, ‘S100 in unfixed tissue’, whereas all comparisons with
‘S100 in fixed tissue’ exhibited p values below 107 (SI Table 1). Thus,
consistent with previous reports®, statistical evaluation shows the
population of cells labeled with S100 antibody in fixed tissue to be
significantly different from the crypt neuron population, due to the
presence of a large additional cell population with more elongated
shapes. In contrast, TrkA-like immunoreactivity is a specific marker
for crypt neurons, both in unfixed and in fixed tissue.

Furthermore, TrkA-labeled cells in fixed tissue exhibit an apical-
centered distribution (Fig. la-b,h-i) characteristic for bona fide
crypt neurons, cf.°. Again, the distribution for S100-labeled cells in
fixed tissue (Fig. 1h-i) is significantly different (p < 0.0002), even
though the S100-labeled non-crypt cells are rather apically located as
well. Note that the Kolmogorov-Smirnov test detects small differ-
ences in position between different cell populations (cf. Fig. 1i),
which are easily overlooked when relying on qualitative inspection
or even the common histogram representation (Fig. 1h). We observe
roughly 400 TrkA-labeled cells per olfactory epithelium, in good
accordance with previously published values for frequency of crypt
neurons®. Taken together, we conclude that TrkA-like immuno-
reactivity is a reliable, robust and specific marker for crypt neurons.

TrkA-like immunoreactivity is not caused by TrkA protein. To
establish, whether TrkA-like immunoreactivity measures TrkA
protein, we have compared the mRNA expression pattern of TrkA
with the immunolabeling. An intron-spanning primer pair for
TrkA was made within the region common to all predicted
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isoforms (cf. Ensembl gene ENSDARG00000004586) and expres-
sion was examined by RT-PCR with cDNA from different tissues.
Brain, known to express both trkA and its ligand, NGF***, gave a
clear signal at the expected molecular weight, and nonneuronal
tissues were negative as expected, but no band was detectable in
olfactory epithelium (Fig. 2a).

We then performed in situ hybridization with a trkA probe on
larval zebrafish whole mounts. As expected*>*, the inner ear showed
trkA expression, and the same structures were labeled by the trkA
antibody (Fig. 2¢,d,g,h), confirming the suitability of both probe and
antibody. However, no in situ hybridization signal was observed in
the olfactory epithelium (Fig. 2e, i), although the Trk antibody
stained one to a few globose cells per larval nose (Fig. 2f, j), in
accordance with expectations for the abundance of crypt neurons
at that developmental stage®.

Finally, we performed a Western blot with protein extracts from
olfactory epithelium and brain (Fig. 2b) and observed a band with the
characteristic fuzzy appearance of glycoproteins in brain samples at
133 kDa (Fig. 2b), which is very similar to the apparent molecular
weight reported for glycosylated TrkA*. Such a band was absent
from olfactory epithelium, which, however, showed several other
bands not corresponding to TrkA (Fig. 2b). Taken together, these
results suggest that in olfactory epithelium TrkA-like immunoreacti-
vity is caused by a cross-reacting protein instead of TrkA itself. The
molecular nature of this antigen is unknown.

A single mediodorsal glomerulus, mdg?2, is labeled by TrkA anti-
body. The subcellular distribution of the TrkA antigen is rather
homogenous, and even the initial axon segment of individual crypt
neurons is visible at high magnification (Fig. 1b). Within the olfac-
tory bulb axons are expected to converge into common fascicles and
terminal structures, which should facilitate the detection of crypt
neuron target glomeruli. Hence we used the TrkA antibody for
immunohistochemical labeling of whole mounts of olfactory bulb
in an attempt to identify the target region(s) of crypt neurons. We
report that within each olfactory bulb a single terminal structure with
the typical morphology of a glomerulus is labeled by the TrkA
antibody (Fig. 3a-c, SI Fig. 1c). This glomerulus is bilaterally
symmetrical for the left and right olfactory bulb, but there is no
mirror glomerulus within each olfactory bulb, in contrast to such
patterns in the rodent olfactory bulb®. This finding is consistent with
the absence of a recognizable symmetry axis in the glomerular
pattern within each olfactory bulb in zebrafish®.

The TrkA-labeled glomerulus is situated extremely dorsal, as seen
in cross sections (Fig. 3e), about one glomerular diameter away from
the midline (Fig. 3a,d-f) and very far posterior, as seen in a dorsal
view (Fig. 3a,d,f). This position was reproducibly found in ten glom-
eruli from five different animals, and the coordinates for the center of
the glomerulus in dorsal view were quantified as 0.069 +/— 0.006,
0.27 +/— 0.02 (mean +/— SEM, n = 10; values represent normal-
ized distance from the dorsal posterior end of the olfactory bulb and
from the midline, respectively, see SI Fig. 1f,g for a graphical defini-
tion of coordinates). The shape of the glomerulus is oblong (major-
to-minor diameter ratio 1.50 +/— 0.07, mean +/— SEM, n = 10),
with the long axis parallel to the telencephalic surface and its dimen-
sions (50 to 100 pm) are within the range reported for other glom-
eruli in zebrafish®. In the majority of cases two axon fascicles enter
the TrkA-labeled glomerulus (Fig. 3a-c). Convergence of TrkA-
labeled axons seems to occur well before they reach the target region
proper, because the nerve bundles are visible for long distances
(Fig. 3a,d,f) similar to observations made for genetically labeled
glomeruli™*?'.

Zebrafish olfactory glomeruli form a stereotyped pattern and are
interindividually recognizable'’*°. We have performed double label-
ing of TrkA and SV2, a synaptic marker labeling the complete glom-
erular pattern, to identify the TrkA glomerulus (Fig. 3 a,d,f). We
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Figure 1| TrkA-like immunoreactivity co-localizes with $100-like
immunoreactivity and crypt neuron morphology. (a) TrkA-like
immunoreactivity (green) is seen in a sparse population of ovoid cells in
horizontal sections of olfactory epithelium (fixed); the inset shows another
TrkA-labeled neuron at higher magnification. (b) Enlargement of several
TrkA-labeled cells from another section showing the typical ovoid shape of
crypt neurons; the inset shows another TrkA-labeled neuron at 1000X
magnification, enabling visualization of the initial axon segment.

(c) Double labeling with anti-S100 antibody (red) and anti-TrkA antibody
(green) in fixed tissue shows TrkA labeling restricted to a subset of cells
with S$100-like immunoreactivity. Note the difference in morphology
between double-labelled cell (yellow) and TrkA-/S100+ cells (red). (d) In
fresh-frozen tissue S100-like immunoreactivity and TrkA-like
immunoreactivity label the same, sparse population of globose cells.

(e) Quantification of overlap between S100 and TrkA-staining, values
given are mean +/— SEM. TrkA-positive cells show nearly complete
overlap with S100-positive cells in fresh-frozen tissue (p = 0.2, Student’s t-
test, two-sided, unpaired), where S100 label is specific for crypt neurons®,
but constitute only a minority of S100-positive cells in fixed tissue

(p < 107'%, Student’s t-test, two-sided, unpaired), in which S100 antibody
labels many more cells besides crypt neurons®. (f, g) The ratio of vertical to
horizontal diameter, ‘diameter ratio (v/h)’, was measured for TrkA- and
S100-labeled cells under standard histological conditions (‘fixed’) and in
fresh frozen tissue (‘fresh’). (f) histogram, (g) empirical cumulative
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distribution function (ECDF) of the unbinned distributions. Note the
extreme similarity of the distribution for TrkA in both conditions with the
distribution for S100 in fresh-frozen tissue and the drastic difference

(p < 107, Kolmogorov-Smirnov test, cf. SI Table 1) to the distribution of
$100-labeled cells under standard histological conditions (‘fixed’).

(h), (i) The relative height of labeled cells within the olfactory lamella was
compared for TrkA- and S100-labeled cells under standard histological
conditions, i.e. in fixed tissue. (h) histogram, (i) empirical cumulative
distribution function (ECDF) of the unbinned distributions. The
difference between distributions was highly significant (Kolmogorov-
Smirnov test, p < 0.0002). Scale bars 80 um for (a) and 10 pm for (b—d),
respectively.

report that the TrkA-labeled glomerulus unambiguously maps to
mdg?2 (nomenclature after'”), one of six glomeruli in the mediodorsal
cluster. This assignment is based on nearly identical coordinates of
the trkA-labeled glomerulus (cf. Fig. 3e, f, SI Fig. 1f,i) and mdg2 (SI
Fig. 1f,g,j, ¢f"”) in all three dimensions (anterior-posterior, medial-
lateral, and dorsal-ventral). All neighboring glomeruli show clearly
different coordinates (SI Fig. 1g,i,j). Previously this mediodorsal clus-
ter as well as a dorsolateral region had been suggested as target
regions for crypt neurons, albeit based on S100 antibody staining
in unspecific mode, e.g.'*. We did not detect any trkA-positive fibers
in the dorsolateral area (Fig. 3, SI Fig. 1c), suggesting that the S100
labeling observed in this area resulted from non-crypt neurons.
Within the mediodorsal area we have identified the crypt neuron
target as a single glomerulus, mdg2.

Backtracing with Dil from the mdg2 glomerulus labels nearly
exclusively crypt neurons. We wished to verify mdg2 as crypt
neuron target glomerulus by an independent method. To this end
we backtraced olfactory receptor neurons connecting to this
glomerulus by localized injection of Dil, an intensely fluorescent
dye, into the mdg2 glomerulus. The injection site (Fig. 4e,i) was
chosen in the unlabeled olfactory bulb according to the stereotyped
position of mdg2, monitored during tracing by the emergence of
fluorescent axon bundles, and its coordinates were determined in
the whole mount after tracing. About half of the injections (n =
12) resulted in localized dye injections. We considered an injection
localized, if the half-width of fluorescence intensity after tracing was
100-150 um, at the lower range corresponding to about one glome-
rular diameter. Seven of these injections resulted in backtraced
olfactory receptor neurons. Two of those injections (0.10, 0.26 and
0.12, 0.26; anterior-posterior, medial-lateral coordinates, respec-
tively, c¢f. SI Fig. 1f) were centered at the position of the mdg2
glomerulus (0.07, 0.27, cf. SI Fig. 1i-j). As control we injected at a
similar posterior level about one glomerular diameter further lateral
(0.25, 0.52), a position where dlgl and possibly dlg2 of the
dorsolateral group are expected (SI Fig. 1i-j). The coordinates of
another control injection, further anterior and very close to the
midline (0.34, 0.06), suggest an injection into mdg3"’, the medially
adjacent neighbor glomerulus of mdg2 (SI Fig. 1i-j).

After several weeks of tracing we analysed the labeled cell popula-
tions in cryostat sections of the olfactory epithelium. Between 10 and
130 cells were labeled per injection, at the upper range corresponding
to a sizable fraction of neurons innervating a glomerulus®*’. Cells
backtraced from mdg2 are mostly globose and exhibit an apical
position within the olfactory lamellae (Fig. 4b.f,j, SI Fig. 1b,d,e,), both
telltale signs of crypt neuron-like morphology®. In contrast, cells
backtraced from the dlgl injection site generally showed elongated
shapes and more basal positions of the somata within the lamella
(Fig. 4d,h,1, ST Fig. 1b,d,e). Furthermore, cells backtraced from mdg2
rarely exhibited any dendritic processes, as expected for crypt neu-
rons, whereas cells backtraced from the more central injection site
(dlg 1) mostly showed long dendritic processes, which are expected
for ciliated olfactory receptor neurons (Fig. 4). Cells backtraced from
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Figure 2 | TrkA-like immunoreactivity does not co-localize with TrkA expression in the olfactory epithelium. (a) RT-PCR shows TrkA expression
(upper panel) in brain (Br), but not in olfactory epithelium (OE) nor olfactory bulb (OB), heart (Hr) and eye, all from adult animals. Beta actin signals
(lower panel) are of similar intensity for all tissues. Arrowhead, position of amplification product from genomic DNA. (b) Left side, Western Blot with
protein extracts from brain (Br) and olfactory epthelium (OE). Apparent molecular weight for several bands (asterisks) in brain and olfactory epithelium
was determined from line scans (right side), only brain extracts show expected band (arrowhead). (c—f) Whole mounts of 5 dpf zebrafish larvae;
(g-j), 8-10 pm sections from the whole mounts depicted above. Panels (¢, f, g, j) show TrkA antibody staining, panels (d, e, h, i) depict in situ
hybridization with TrkA probe. (c) TrkA antibody staining labels several structures in the inner ear of zebrafish larvae (asterisks). (d) TrkA probe labels
similar structures in the inner ear (asterisks). (e) No signal is observed with the same TrkA probe in the olfactory epithelium of the same larvae.

(f) However, TrkA antibody clearly labels several cells in the olfactory epithelium. (g) Specific labeling (barbed line) in hair cells of the macula (yellow due
to complete overlap with HCS1 staining (red), a hair cell marker®'. Blue, DAPI as nuclear counterstain. (h) The TrkA probe labels hair cells of the macula
(barbed line). (i) No signal from TrkA probe detected in sections of the olfactory epithelium. (j) In contrast, TrkA antibody labels sparse cells in the OE

with a globose morphology. Scale bars 20 pum for (g—j).

the mdg3 position exhibited an intermediate morphology (SI Fig.
le), less elongated than those from the more central injection site
and less globose than crypt neurons, consistent with a microvillous
phenotype.

We evaluated the significance of these findings by quantification
of morphological variables for cells backtraced from mdg2 glom-
erulus and comparing them with the values obtained for control
injections in adjacent glomeruli. The most conspicuous feature of
crypt cells is their globose shape. This shape will result in smaller
values for the ratio of vertical to horizontal diameter, compared to
those for other types of neurons. TrkA-labeling showed 1.7 as upper
limit of diameter ratios for crypt neurons (Fig. 1g) and most non-
crypt cells exhibit distinctly larger values (cf. Fig. 1g, SI Fig. 1e). We
therefore selected 1.5 as a conservative cutoff criterion to assign a
backtraced cell to either crypt or non-crypt neuron population.

The large majority of cells backtraced from the mdg2 glomerulus
form a dense cluster in a scatter plot representation of vertical and
horizontal cell diameter (Fig. 5a). All cells in the cluster exhibit
diameter ratios below 1.5, in other words, crypt neuron morphology.
The complete distribution of diameter ratios for cells backtraced

from the mdg2 glomerulus is very similar to the distribution for
TrkA-labeled crypt neurons, both in the traditional histogram rep-
resentation (Fig. 5b) and, even more distinctly, in the unbinned
representation as empirical cumulative distribution function
(Fig. 5¢). The distribution of cells backtraced from mdg2 deviates
from the TrkA distribution only by the presence of a small shoulder
towards larger diameter ratios, presumably reflecting the presence of
a small population of non-crypt neurons in the backtraced cells, cf.
(Fig. 5a). Another injection at mdg2 coordinates showed very similar
results, albeit with a slightly larger shoulder towards larger diameter
ratios (SI Fig. le), presumably due to the slightly less localized nature
of this injection.

In contrast, cells backtraced from control injections into dlgl and
mdg3 glomeruli show without exception diameter ratios well above
1.5 (Fig. 5a, SI Fig. 1d.e), i.e. a drastically different distribution
(Fig. 5b, ¢, SI Fig. le). Pairwise comparisons of the unbinned dis-
tributions by a Kolmogorov-Smirnov test*> showed very significant
differences between either control injection and TrkA-labeled crypt
neurons (p < 107%, SI Table 1), whereas the mdg?2 injection was not
significantly different (SI Table 1). Furthermore, the distribution of
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Figure 3 | TrkA antibody labels a single glomerulus in the olfactory bulb.
(a), (d), (f) Whole mount of adult zebrafish olfactory bulb labeled with (a)
TrkA antibody (green); (d) synaptic vesicle protein 2 (SV2, red); and (f)
overlay of both labels. SV2 is a general synaptic marker, which visualizes all
glomeruli. The olfactory nerves were cut at the entrance to the olfactory
bulb (asterisks) before staining. Dorsal view, for orientation compare the
schematic drawing (g). A single labeled glomerulus (arrowhead), very far
posterior and ‘not-quite-medial’, is seen in each olfactory bulb, entered by
two nerve fascicles (arrows). Yellow color in overlay (f) confirms the TrkA-
labeled structure as glomerulus. (b), (c), higher magnification of two other
TrkA-labeled glomeruli, each with two incoming nerve fascicles.

(e) posterior vibratome cross section of olfactory bulbs shows the
extremely dorsal position of the TrkA-labeled glomerulus. No other
glomeruli are labeled by TrkA antibody in this or more anterior bulbar
sections (Suppl. Fig. 1c). Scale bar 200 pm for (a,d,f) and 20 pum for (c,e).

cells backtraced from the mdg2 glomerulus was very significantly
different from either of the two control injection sites (p < 107°, SI
Table 1).

The highly segregated distributions for mdg2 and neighboring
control injections show that dye uptake has been nearly completely
localized to the mdg2 glomerulus or excluded from it in the case of
control injections. Any sizable spillover of dye uptake should have
resulted in considerable overlap of these distributions.

As an auxillary variable we also quantified the position of the cell
somata with respect to the basal-to-apical dimension. Crypt neurons
exhibit a very apical location, close to the lumen, with microvillous
olfactory receptor neurons situated somewhat deeper and ciliated
receptor neurons more basally located, closer to the basal lamina.
We find that the basal-to-apical distribution of cells backtraced from
the mdg2 glomerulus is very similar to that of TrkA-labeled crypt
neurons (Fig. 5d, e). A small shoulder towards more basal values
(Fig. 5d,e) in the former, but not the latter presumably reflects the
presence of a small population of non-crypt neurons in the back-
traced cells, cf. (Fig. 5a). In contrast, cells backtraced from the dlgl
control injection show a drastically different basal-to-apical distri-
bution, both with respect to peak position and steepness of the
distribution (Fig. 5d,e). Kolmogorov-Smirnov test showed this dif-
ference to be highly significant (p < 107°).
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Taken together, a thorough quantitative analysis of cell morpho-
logy has shown that most cells backtraced from the mdg2 glomerulus
are crypt neurons. Since we made a conservative estimate for the
cutoff criterion for identification of crypt neurons, and since some
diffusion of the dye outside the direct site of injection is unavoidable,
resulting in a small fraction of backtraced cells that connect to
adjacent glomeruli, these data support the assumption that mdg2
is innervated exclusively by crypt neurons.

Discussion

Crypt neurons have engendered considerable interest as a third type
of olfactory receptor neurons with a peculiar morphology combining
elements of the other two populations, ciliated and microvilllous
receptor neurons®. Several attempts have been made to elucidate
their neuronal circuits, beginning with studies that sought to identify
their target regions in the olfactory bulb''***. A cluster of medio-
dorsal glomeruli has been suggested as potential targets of crypt
neurons, based on absence of fluorescence in some genetically
labeled zebrafish lines and differential staining in others'®. How-
ever, backtracing from the olfactory bulb pointed to broader target
regions, as Dil injections in both dorsomedial and dorsolateral field
resulted in labeled crypt neurons'. Similarly, attempts to use the
crypt neuron marker $100-like immunoreactivity in the olfactory
bulb clearly pointed to both dorsomedial and dorsolateral sites'’,
although those authors chose to focus on only one of those sites.
Taken together, all these attempts to localize the target glomerulus/
glomeruli used unspecific antibodies'*'*'” or diffusible backtracing
dyes'*", both of which might overestimate the spatial extent of the
target region.

Recently we reported that a single olfactory receptor, the V1R-like
ora4 gene, is expressed in all crypt neurons® as defined by quantitat-
ive morphological assessment. This finding per se could suggest
either several target glomeruli, cf. e.g.” or a single target glomerulus,
cf. e.g.®. A clarification of the target region critically depends on the
availability of a suitable marker for crypt neurons - as shown
recently® and summarized here in the Introduction, S100-like
immunoreactivity is not suitable for this purpose. Thus we set out
to identify a robust and specific marker, which could be used to
directly identify the crypt neuron target glomerulus/glomeruli.

We report here that a TrkA antibody previously shown to label cell
somata with crypt neuron-like morphology in the olfactory epithe-
lium?*' fulfills these criteria. We show that the TrkA antibody is fully
specific under standard histological conditions that enable detection
of axons and terminals, unlike the S100 antibody also suggested by
the same group as crypt neuron marker'. Unfortunately, in crypt
neurons the anti-TrkA antibody does not detect TrkA, but an
unknown antigen, and consequently it is not straightforward to
extend our results into development of a genetic marker for crypt
neurons. Nevertheless we observe staining in all cellular compart-
ments, somata, axons and axonal terminals, which allowed the
unequivocal determination of the crypt cell target region.

Using this marker, we could show that crypt neurons project
exclusively into a single glomerulus of the mediodorsal field, the
mdg2 glomerulus. The glomerulus is named according to' and is
identical to the mdpG2 glomerulus in the original study showing
stereotyped interindividually invariant glomeruli in the zebrafish
olfactory bulb®. Crypt neuron termini were neither detected in the
remaining glomeruli of the mediodorsal group nor in any other
glomerulus. Backtracing with Dil confirmed this conclusion, since
the large majority of neurons backtraced from the mdg2 glomerulus
showed crypt neuron-specific morphology, whereas no such cells
were labeled by backtracing from neighboring glomeruli. Our back-
tracing results are partially consistent with experiments by Gayoso et
al, 2012"%, who showed labeling of crypt neurons after application of
Dil to the mediodorsal glomerular field (mdgl-6), although in those
studies no attempt was made to narrow down the target structure(s).
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Figure 4 | Dil injection in mdg2 glomerulus labels crypt neurons, in contrast to injection in neighboring glomeruli. Localized injections of Dil were
placed at the approximate position of mdg2 and dlgl glomerulus and verified after tracing ((e), (i) and (g), (k), respectively). False color is used to
distinguish mdg?2 injections (red) and dlgl injections (blue) in all panels. Results shown are from one animal each for mdg2 and dlg1 position.

(a), (c), brightfield micrographs show olfactory epithelium, olfactory bulb and anterior telencephalon. (e), (g), fluorescent images of the same area show
the injection sites after the tracing period. (i), (k), overlay of brightfield and fluorescent images above shows the position of injection sites. Red oval in k)
represents the site of injection into mdg2. Second (mdg2 injection) and fourth (dlgl injection) column show tracing results in cryostat sections of the
olfactory epithelium. (b), (d), several cells are labeled within a section; (f), (h), enlargements from another (f) or the same section (h). (J) nine
representative cells backtraced from mgd2 position from several different sections are shown at high magnification; (1). likewise for dlgl position. Note
the clear difference in morphology between cells backtraced from mdg2 and the adjacent dlgl position. Scale bars, b,d (80 pm) and (f;,h) (10 pm)

respectively.

However," also reported backtracing of crypt neurons after Dil
injections into the dorsolateral field (dlg glomeruli), in contrast to
results from our injection into the dlgl glomerulus. We assume that
this result' might be explainable by subtle differences in dye applica-
tion leading to increased diffusion of the dye compared to our experi-
ments. Taking into account that the more restricted pattern of
backtraced cells is more likely to accurately reflect the true condition
we conclude that crypt neurons in zebrafish possess a single dor-
somedial target glomerulus, named mdg2 according to"”.

The presence of a single target glomerulus for crypt neurons is
consistent with expectations for the target size of crypt neurons, since
both the sparse spatial pattern of crypt neurons™® and the absolute
numbers of neurons labeled by either of the crypt neuron markers
(TrkaA, this study; ORA4, S100 in specific labeling conditions®) are
well within the range of corresponding values for individual olfactory
receptor genes®"*>%.

The very homogenous labeling of glomerular structures by the
TrkA antibody would seem to argue against the small number of

backtraced cells without explicit crypt neuron morphology reflecting
an additional innervation to the mdg2 glomerulus. We consider it
much more likely that some diffusion of Dil from the injection site
into neighboring glomeruli, e.g. the very closely appositioned mdg3
glomerulus, results in labeling of some non-crypt neurons. Generally
it has not been possible to restrict such dye injections to a single
glomerulus'**. Even though our injections do show glomerular reso-
lution, a small minority of cells backtraced from adjacent glomeruli is
to be expected.

Our characterisation of a second immunohistochemical marker
for crypt neurons (TrkA-like immunoreactivity), independent from
a previously characterized marker (S100-like immunoreactivity®),
and nevertheless completely overlapping, strengthens the concept
resulting from a preceding study® that crypt neurons show a novel
‘one cell type — one receptor’ mode of expression, distinct from the
‘one neuron - one receptor’ mode of expression established for cili-
ated olfactory receptor neurons®"*. Furthermore, here we extend this
observation to a ‘one cell type — one receptor — one glomerulus’
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Figure 5 | Quantitative analysis of tracing results shows specific crypt
neuron labeling for mdg2 injection sites. (a) Scatter plot of vertical vs.
horizontal diameter for injections into mdg2 (left panel) and dlgl (right
panel), each cross represents a single cell, data are from the same injections
depicted in Fig. 4. Cells are considered to have crypt-like morphology, if
the ratio vertical to horizontal diameter is equal or less than 1.5 (cutoff
visualized by the magenta line). Note the dense cluster of crypt neurons in
the mdg2 injection and the absence of crypt neurons for injections into the
dlg position. (b) histogram and (c) CDF of the diameter ratios for mdg2
(red) and dlgl (blue) injections and trkA-labeled cells (green, same values
as shown in Fig. 1f). Note that distributions for mgd2 injections and TrkA,
the crypt neuron marker, are indistinguishable, whereas the distribution
for dlgl sharply diverges. (d) histogram and (e) CDF of the basal-to-apical
position for mdg2 (red) and dlgl (blue) injections and trkA-labeled cells
(green), same conclusion as in (b—c). (f) Percentage of cells with crypt-like
diameter ratios in TrkA-labeled cells, cells backtraced from the mdg2
injection and the dlgl injection. (g) schematic representation of the
backtracing results.
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concept, which is reminescent of the specialized subsystems used in
insect pheromone detection® but to the best of our knowledge repre-
sents a novel coding strategy in vertebrate olfaction.

It should be noted that this interpretation rests on the assumption
that the entire crypt neuron population is labeled by TrkA-like
immunoreactivity. Since it is not possible to quantify crypt neuron
numbers at the EM level with any degree of accuracy, cf.**, one could
posit the existence of a ‘cryptic’ cell population with crypt neuron
morphology, but invisible in either TrkA- or S100-antibody labeling.
In particular the neighboring mediodorsal glomeruli'” could be con-
sidered candidate targets for such a ‘cryptic’ population, since they,
like mdg2, are not labeled in zebrafish transgenic for markers of the
other two known cell populations, ciliated and microvillous receptor
neurons'®. While we can not rule out this hypothetical possibility
altogether, several observations provide contrary evidence.

Firstly, a control injection of Dil at the approximate coordinates of
the mdg3 glomerulus labeled elongated cells resembling microvillous
neurons, i.e. with non-crypt morphology. Secondly, G,-like immu-
noreactivity is a specific marker for another mediodorsal glomerulus,
mdg5", and labels cells with non-crypt morphology in the olfactory
epithelium'’. Thirdly, the mere existence of a small and variable
proportion of non-crypt neurons in addition to the crypt neurons
backtraced from injections into the mdg2 glomerulus argues against
crypt neurons innervating all adjacent glomeruli, since these non-
crypt (and non-ciliated) neurons presumably result from dye dif-
fusion into the adjacent mediodorsal glomeruli.

The receptor genes expressed by neurons innervating the other
five glomeruli of the mediodorsal group'” are not known. It is note-
worthy that there are six genes in the V1R-like ora gene family of
zebrafish®, and six glomeruli in the mediodorsal group. Here we
have paired one of these genes (ora4) with one of these glomeruli
(mdg2). It remains to be seen, whether this finding might be general-
izable to the entire ORA family and entire mediodorsal glomerular
group.

Interestingly, for two other fish species, catfish and crucian carp, a
ventral position of the crypt neuron target region has been suggested
based on backtracing experiments®** similar to those performed
here. A distinctly different position of the target glomerulus of crypt
neurons could entail differences in the subsequent circuits and thus
possibly differences in function of crypt neurons between species.
The relatively medial position of the zebrafish crypt neuron glom-
erulus is consistent with the axons of downstream projection neu-
rons joining the medial olfactory tract, ¢f.*' for the topology of the
projection neurons. In several species the medial olfactory tract is
assumed to convey pheromone detection*** as well as alarm res-
ponse'', and conceivably either pheromones or alarm substance
might act as activators of crypt neurons. However, different ligands
have been reported to activate crypt neurons'>" and their down-
stream projection neurons in different species™. So far it is not
known whether this reflects a difference in receptor gene expression
between species or, alternatively, species-specific alterations of the
ORA4 receptor. Additionally, species differences in G alpha gene
expression have been reported®*>*, which also may implicate differ-
ent functions for crypt neurons of different species.

Taken together, we have identified the target region for zebrafish
crypt neurons as a single glomerulus, situated dorsally and rather
medially in the olfactory bulb. This extends the previous hypothesis
of ‘one cell type — one receptor’ for crypt neurons into a ‘one olfactory
receptor cell type — one target glomerulus’ concept, a novel coding
strategy in vertebrate olfaction.

Methods

Antibodies, tissue and animal handling. Primary antibodies used were anti-S100
antibody (rabbit IgG; 1:1000; catalog no. Z0311, Dako), anti-TrkA (763) antibody
(rabbit IgG; 1:100; sc-118, Santa Cruz Biotechnology), anti-HCS1 monoclonal and
anti-SV2 monoclonal mouse IgG1 (supernatant 1:250 and 1 : 50, respectively,
Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA).
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Secondary antibodies used were donkey anti-rabbit IgG conjugated to Alexa Fluor
488 (A21206, Invitrogen), goat anti-rabbit IgG conjugated to Alexa Fluor 594
(A11012, Invitrogen) and goat anti-mouse conjugated to Alexa Fluor 594 (A11005,
Invitrogen).

Adult wild type zebrafish (Ab/Ti strain, 8-12 months old) were maintained at
28°C on 14/10-hour light/dark cycle. Progeny was raised in a nursery incubator under
the same conditions.

Adult fish were sacrificed by decapitation during anesthesia with MS-222 (ethyl 3-
aminobenzoate, Sigma). Animal handling was covered by Animal Use Record
20.10.217 (issued by the State Agency for Nature, Environment and Consumer
Protection NRW, LANUV).

Tissues were embedded in 5% low melting agarose and sectioned by vibratome
(Pelco 101) or embedded in TissueTek O.C.T. compound (Sakura), and cut by
cryostat (Leica CM1900) at —20°C. Fluorescence was analysed using wide field
fluorescence microscopes (Keyence BZ-8100E and BZ-9000) for sections and a Nikon
CoolPix 950 digital camera attached to a Nikon SMZ-U binocular for whole mounts.

‘Whole mount olfactory bulb immunohistochemistry. The dorsal cranium was
removed, exposed brains were fixed by immersion in 4% paraformaldehyde (PFA, pH
7.4) in phosphate-buffered saline (PBS, pH 7.5) overnight at 4°C and olfactory bulbs
still connected to telencephalon were dissected out. Staining was performed
according to'’, with minor modifications. After blocking, samples were incubated
with primary antibodies anti-TrkA and anti-synaptic vesicle protein 2 (SV2) at 4°C
for 20 to 25 days on a vertical rotator (5 sec/round), followed by several washes over a
period of 3 hrs at room temperature. Subsequently, the olfactory bulbs were
incubated with secondary antibodies for 7 days at 4°C, followed by several washes at
room temperature. Tissue was cleared as described'”. Both primary and secondary
antibodies were used at a final dilution of 1:100 in blocking reagent. For detailed
examination 100 pm vibratome sections were analysed.

‘Whole mount larvae immunohistochemistry. 10-20 5dpf embryos were fixed
overnight in 4% PFA in PBS, washed in PBS and permeabilized overnight with 1.5%
Triton-X 100 in 1X PBS at 4°C, followed by 2 hrs blocking at room temperature in
BDP (0.1% DMSO, 1% BSA in 1X PBS) containing 5% NGS (Normal goat serum).
The larvae were incubated with a cocktail of primary antibodies in BDP overnight at
4°C, followed by multiple washes in BDP at room temperature. Larvae were incubated
with secondary antibodies (1:250 dilution) in BDP overnight at 4°C, followed by
extensive washes with BDP over a period of several hours with multiple changes;
subsequently the BDP was exchanged with 1X PBS. The success of the staining was
confirmed using a fluorescent microscope, subsequently cryosections of 8 pM
thickness were prepared. Slides were mounted with VectaShield containing DAPI
(Vector).

Immunohistochemistry on cryosections. Heads were either pre-incubated before
dissection overnight at 4°C in freshly prepared 4% PFA in 1X PBS (pre-fixed tissue)
or dissected directly (fresh-frozen tissue). Horizontal cryosections (8 pm) of the
olfactory epithelia were thaw-mounted onto Superfrost Plus slide glasses (Thermo),
incubated in acetone at —20°C for 15 mins, washed several times in PBST, and
blocked in 5% normal goat serum in PBST (blocking solution) for 1 hr at room
temperature. In order to overcome the limitations arising from same species
antibodies in double labeling, the Fc portion of the anti-S100 antibody was covalently
conjugated with fluorescein (Thermo Scientific, 53029) as described*®. For double
labeling, the slides were overnight incubated at 4°C with anti-TrkA antibody (1:200
dilution in blocking solution), washed 3 times in PBST to remove unbound anti-
TrKA and incubated for 2 hrs at room temperature with the first of the two secondary
antibodies (anti-rabbit alexa fluor 488). Slides were further washed 3 times in PBST,
incubated for 1 hr in blocking solution, followed by overnight incubation at 4°C with
flu-labeled anti-S100 (second primary antibody), washed 3 times for 10 min each and
incubated for 2 hrs at room temperature with alkaline phosphatase (AP) conjugated
anti-fluorescein (the second of the two secondary antibodies). S100-labeled cells were
visualized by enzymatic reaction of AP with HNPP Fluorescent Detection Set
(Roche). The slides were washed in PBS and mounted with VectaShield containing
DAPI (Vector).

Western blot analysis. Olfactory epithelium and telencephalon from six fishes were
dissected and immediately transferred to RIPA lysis buffer (Sigma, R0278), followed
by mechanical homogenization and 10 min sonication. The samples were centrifuged
for 10 mins at 4°C and the protein concentration in the supernatant was determined
by Bradford. Protein samples were separated by SDS-PAGE and transferred onto
PVDF membrane by electrophoretic transfer (100 V, 90 min). Afterwards, the
membrane was washed 3 times with PBS containing 0.1% Tween 20 for 5 minutes
each and blocked using 5% milk powder (BIO-RAD, 170-6404) dissolved in PBST for
1 hour at room temperature. Primary antibody was prepared in 5% skim milk (DNA
grade, BioRad) in PBST and added to the membrane followed by incubation at 4°C
overnight. After 3 washes for 5 minutes each in PBST, the membrane was incubated in
secondary antibody, prepared in 5% skim milk in PBST for 1 hour at room
temperature. After three rinses in PBST, ECL reagent plus Western Blotting
Detection Reagents (RPN2132) was used for developing. Western blots were analysed
using Image] (http://rsbweb.nih.gov/ij/).

RT-PCR. Total RNA samples were prepared from adult zebrafish tissues of the wild-
type Ab/Tiibingen strain with the RNeasy kit (QIAGEN). After digestion with DNase

31

1,100 ng RNA for each tissue were subjected to the first-strand cDNA synthesis with
RevertAid MmLYV reverse transcriptase (Fermentas), using oligo(dT),s primer.
Subsequent PCR was performed using Red Taq mix (Bioline) with gene-specific
primers for Dr_actin and Dr_TrkA (forward: CCCCATTGAGCACGGTATT,
reverse: TCATGGAAGTCCACATGGCAGAAG, and forward:
ACTTTGAAAATAGCCAATGAGTCC, reverse: TGATGACCAACCTTTGCTGT,
respectively).

The following conditions were used: 10 min at 95°C, followed by 35 cycles of 45 sec
at 95°C, 45 sec at 55°C, and 60 sec at 72°C, and a final extension of 10 min at 72°C.

Whole mount in situ hybridization. Digoxigenin (DIG) RNA probes were
synthesized according to the DIG RNA labeling kit supplier protocol (Roche
Molecular Biochemicals) using the Dr_TrkA primers.

FW 5’- AAGGTACC GGCTGAATGTGCCAATCTCT -3’ and RV 5'-
AAGAGCTCTCCCCGATCTTCACTACCAG -3'. In situ hybridization was carried
out according to”. Hybridizations were performed on 5 dpf old larvae overnight at
65°C and stringent washes were done in 0.2X SSC at 65°C. Anti-DIG primary
antibody coupled to alkaline phosphatase (Roche Molecular Biochemicals) and NBT-
BCIP (Roche Molecular Biochemicals) were used for signal detection.

Dil tracing. The fluorescent carbocyanine dye 1,1’-dioctadecyl 3,3,3",3"-
tetramethylindocarbocyanine perchlorate (Dil; Molecular Probes) was used for
retrograde tracing of olfactory receptor neurons as described by™. Briefly, zebrafish
heads were pre-fixed in freshly prepared 4% PFA overnight. Afterwards, the dorsal
side of the olfactory bulbs was exposed and a small Dil crystal was placed with the help
of a glass micro-needle for 5-10 seconds. Tracing was allowed to proceed in 4% PFA
in PBS at 37°C for 2-3 weeks. The fixative was changed every 2-3 days. After tracing,
olfactory epithelia, and olfactory bulbs plus telencephalon were dissected.
Cryosections of olfactory epithelia were immediately analyzed. The olfactory bulb
was documented as whole mount, and afterwards sectioned by vibratome (Pelco 101;
100 pm transverse sections). Sections were mounted on Superfrost Plus slide glasses.

Measurement and analysis of spatial coordinates. Spatial coordinates were
measured in arbitrary units and normalized. For olfactory bulb coordinates whole
mounts of olfactory bulb, with telencephalon attached, were viewed from dorsal. An
axis cross was put at the center of the glomerulus or injection site and maximal values
were determined for medial-to-lateral and anterior-to-posterior direction as the
corresponding line segments (see SI Fig. 1f). Thus possible values range from 0/0
(medial most/posterior-most) to 1/1 (lateral-most/anterior-most). Vertical cell
diameter was determined as maximal cell length perpendicular to the basal lamina
(soma and dendrite, if any) and horizontal diameter as maximal cell width, i.e. parallel
to the basal lamina (see SI Fig. 1a). For apical-to-basal position in the olfactory
epithelium the shortest distance between center of the cell soma and basal border of
the epithelial layer was normalized to the shortest distance between basal and apical
border of the epithelial layer at the position of the cell to be measured (see SI Fig. 1b).
Thus the range of values is between 0 (most basal) and 1 (most apical).

Unbinned distributions were represented as the corresponding empirical cumu-
lative distribution function (ECDF)***. To estimate, whether two spatial distribu-
tions were significantly different, we performed Kolmogorov-Smirnov tests on the
unbinned distributions as described in*”. This test is particularly suitable for con-
tinuous distributions and makes no assumptions about the nature of the distributions
investigated. This is essential since the skewness of some observed distributions
showed that these are not Gaussian. Due to the sensitive nature of the test on large
distributions (n > 100) we selected p < 0.01 as cutoff criterion for significant dif-
ference. Results of the Kolmogorov-Smirnov test were confirmed by permutation
analysis*® without exception.
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SI Figure 1 Quantification of shape and position

a) Diameter ratio for cells is measured as ratio of maximal vertical length to maximal
horizontal diameter. Vertical diameter is measured perpendicular to lumen border and
basal lamina border of the olfactory lamella. b) Height of the cell within the olfactory
lamella (h;, value for center of soma) is normalized to maximal height of the lamella (h,) at
the position of the cell to account for the rather variable thickness of the olfactory lamellae.
c) TrkA-like immunoreactivity after whole mount staining of the olfactory bulb in a complete
series of 50 uym thick horizontal cryosections. Z Stack images (0.5 ym optical section)
were taken at 40x magnification, maximal projection is shown. Dorsal to ventral, from top
to down; arrows, a single labeled glomerulus per olfactory bulb is seen in section C;
arrowheads, peripheral segments of the glomerulus are visible in the directly adjoining
sections; asterisks, background signal at the tissue surface; dashed line, telencephalic
border; tel, telencephalon; OB, olfactory bulb. d) Visualization of the empirical cumulative
distribution function (ECDF) for the diameter ratio of the two cells depicted in a). While this
is a fictive example, distributions with as few as ten measurements can be examined for
coarse features, and high resolution is obtained above 50-100 measurements, which
makes the (unbinned) cumulative distribution function much more sensitive than the
commonly used histogram representation of binned values. e) Diameter ratios for olfactory
receptor neurons backtraced from Dil injections in mdg2 (red, data shown in main text;
cyan, another injection), mdg3 (yellow) and dig1 (blue, data shown in main text). Values for
trkA-labeled crypt neurons (green) are shown for comparison. Data are shown as empirical
cumulative distribution function (CDF) as described in d). f) Coordinates of trkA glomeruli
and injection site centers in the olfactory bulb are normalized to maximal bulbar length and
width visible in dorsal view with telencephalon still attached at that position. Anterior-
posterior length is measured from posterior (0) to anterior (1), parallel to the midline;
medial-lateral length is measured from medial, perpendicular to the anterior-posterior axis.
g) Outline of mediodorsal and dorsolateral glomeruli traced onto a cropout of Fig. 3b of
Braubach et al.”. This orientation of the olfactory bulb is most similar to that of our
experiments. h) Minimal Dil diffusion after tracing is seen in a vibrotome cross section
obtained after tracing. Fluorescence (top panel), brightfield (middle panel) and the overlay
of both (third panel). Line scans through the center of the left injection site (yellow, green,
top panel) show minimal spread of the dye. Half width of fluorescence intensity is indicated
by the arrows. i) Coordinates of injection sites in the olfactory bulb, measured as described
in f). Colors and labels represent the nearest glomerular position. The centroid of the
coordinates for the TrkA-labeled glomerulus is given for comparison (green oval, mean+/-
SD, n=10) . j) Coordinates of glomeruli outlined in g), measured as described in f). Colors
and labels represent glomeruli examined in this paper.

1 Braubach OR, Fine A, Croll RP. Distribution and functional organization of glomeruli in
the olfactory bulbs of zebrafish (Danio rerio). The Journal of comparative neurology
2012, 520(11): 2317-2339, Spc2311.
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Table S1 Pairwise comparison of distributions for Diameter ratio using the Kolmogorov-
Smirnov test

Diameter ratio (vertical / horizontal)

cell label 1 vs. cell label 2 p-value
S100 'fresh’ S100 *fixed' p<0.000001
S100 'fresh’ TrkA 'fresh’ p=0.72
S100 'fresh’ TrkA 'fixed' p=0.69
S100 'fixed' TrkA 'fixed' p<0.000001
TrkA 'fresh’ TrkA 'fixed' p=0.55
TrkA 'fixed' Mdg2 p=0.027
TrkA 'fixed' Mdg3 p<0.000001
TrkA 'fixed' Dig1 p<0.000001
Mdg2 Mdg3 p=0.000001
Mdg2 Dig1 p<0.000001
Mdg3 Dig1 p=0.00066

The Kolmogorov-Smirnov test ', a measure of distribution differences, makes no assumption
about the nature of the distributions. This is essential because distributions analysed here are
non-Gaussian. As cutoff for significance we chose p<0.01 due to the sensitive nature of this
test for large distributions. S100 'fresh’, S100-like immunoreactivity in unfixed tissue; S100
'fixed', S100-like immunoreactivity in fixed tissue; TrkA 'fresh’, TrkA-like immunoreactivity in
unfixed tissue; TrkA 'fixed', TrkA-like immunoreactivity in fixed tissue; Mdg2, Dil injection into
mdg2; Mdg3, Dil injection into mdg3; DIg1, Dil injection into dig1.

1 Press WH TS, Vetterling WT, Flannery BP. Numerical recipes in C: The art of scientific
computing, vol. second, 1992.
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Kappe neurons, a novel population of
olfactory sensory neurons

Gaurav Ahuja, Shahrzad Bozorg Nia*, Veronika Zapilko*, Vladimir Shiriagin, Daniel Kowatschew,
Yuichiro Okat & Sigrun I. Korsching

Institut fir Genetik, Universitét zu Kéln, Zilpicher Str. 47a, 50674 Kéln, Germany.

Perception of olfactory stimuli is mediated by distinct populations of olfactory sensory neurons, each with a
characteristic set of morphological as well as functional parameters. Beyond two large populations of ciliated
and microvillous neurons, a third population, crypt neurons, has been identified in teleost and cartilaginous
fishes. We report here a novel, fourth olfactory sensory neuron population in zebrafish, which we named
kappe neurons for their characteristic shape. Kappe neurons are identified by their G,-like immunoreactivity,
and show a distinct spatial distribution within the olfactory epithelium, similar to, but significantly different
from that of crypt neurons. Furthermore, kappe neurons project to a single identified target glomerulus
within the olfactory bulb, mdg5 of the mediodorsal cluster, whereas crypt neurons are known to project
exclusively to the mdg2 glomerulus. Kappe neurons are negative for established markers of ciliated,
microvillous and crypt neurons, but appear to have microvilli. Kappe neurons constitute the fourth type of
olfactory sensory neurons reported in teleost fishes and their existence suggests that encoding of olfactory
stimuli may require a higher complexity than hitherto assumed already in the peripheral olfactory system.

wo main types of olfactory sensory neurons are employed by the vertebrate olfactory system for detection of

odors, ciliated neurons that express olfactory receptors of the OR and TAAR gene families, and microvillous

neurons that express VIR and V2R genes' . Both types are present in tetrapods as well as teleost fish*.
Additionally, fish employ a third type of olfactory sensory neuron, the crypt neurons, named for their conspicu-
ous shape, and possessing cilia and microvilli within the same cell*. The three cell types are intermingled within a
single sensory surface in fishes, but can be distinguished by their characteristic shape and spatial position: a
slender dendrite and a basal soma for ciliated neurons, a plump cell body and an intermediate soma position for
microvillous neurons, and a large globose soma with an apical position for crypt neurons>. Moreover, all three
types have been defined by the presence of characteristic molecular markers, OMP for ciliated neurons’, TRPC2
for microvillous neurons” and TrkA- as well as S100-like immunoreactivity (TrkA-ir, S100-ir) for crypt neu-
rons*’, see>® for clarification. Crypt neurons have recently been shown to express a single olfactory receptor,
ORA4’, and to project to a single target glomerulus in the olfactory bulb, mdg2 of the mediodorsal cluster®. On the
other side, a recent report has suggested that some of the neurons innervating another glomerulus of the
mediodorsal cluster, mdg5, and identified by G,-ir, show crypt neuron-like morphology'. This was an intriguing
suggestion because it implied that neurons innervating a single glomerulus could be morphologically and
presumably functionally heterogenous - a violation of the well-established rule of axonal convergence of same
receptor-expressing neurons into a homogenous glomerulus''. The question remained unanswered, though,
because neither quantitative assessment of shape and spatial position nor double labeling with a crypt neuron
marker had been reported. Here we performed a thorough quantitative analysis of several morphological para-
meters, together with double-labeling experiments for established molecular markers of ciliated, microvillous and
crypt neurons. We find that the neuronal population identified by G,-ir does not overlap with crypt, ciliated and
microvillous neurons, using established molecular markers for the latter three types of olfactory sensory neurons.
Furthermore, cell shape and spatial position are unique for G,-ir-positive neurons, and significantly different
from either crypt, ciliated or microvillous neurons. We conclude that G,-ir-positive neurons constitute a novel,
fourth type of olfactory sensory neurons. This suggests a higher complexity than so far assumed already in the
peripheral olfactory system.

Results

A homogenous population of olfactory sensory neurons with characteristic shape and spatial position is
labeled by G, antibody. G,-ir-positive neurons have been described as a morphologically heterogenous

| 4:4037 | DOI: 10.1038/srep04037 1



population including cells with the globose shape typical of crypt
neurons'®. We suspected that at least part of this heterogeneity
might be due to different sectioning angles of the labelled cells.
Therefore we engaged in analysis of distributions for different cell
shape and position parameters, as opposed to focusing on single cell
properties. In our experience the former approach is much more
powerful, and allows to distinguish homogenous from hetero-
genous cell populations with high sensitivity and accuracy>*'>.

We report here that G,-ir labels a sparse population of pear- or
bottle-shaped cells with a characteristic cap of intense G,-ir at the
apical end of the cells (Fig. 1a, b, c). We have used the ratio of
horizontal to vertical diameter of these cells as measure of their shape
cf>*. A value of 1 would correspond to a perfectly circular shape, with
decreasing values pointing to increasingly elongated shapes. We find
a median value of 0.66 for G,-ir-positive neurons, distinctly lower
than that of crypt neurons® and see below, but also much larger than
that of ciliated neurons® and see below. The distribution of diameter
ratios is narrow (Fig. 1f), consistent with a homogenous population.
Importantly, the empirical cumulative distribution function (ECDF)
of the diameter ratio is a single sigmoid curve (Fig. 1g), indicative of a
homogenous population (a mix of different populations would result
in either a step or quasi-linear function, c¢f.°.

Beyond a characteristic shape, G,-ir-positive neurons also have a
very conspicuous position within the olfactory epithelium. It is
known that such restricted spatial distributions are characteristic
parameters for particular subpopulations, e.g. olfactory sensory neu-
rons expressing a particular receptor®*'. Across a lamella, G,-ir-
positive neurons tend to lie very apical, close to the lumen and far
away from the basal lamina. We quantified this parameter as relative
height (he; = hsoma center/thickness of sensory layer; 0, basal; 1, api-
cal). The histogram shows a rather narrow peak and the ECDF exhi-
bits a sigmoidal shape, indicative of a homogenous population
(Fig. 1f, g).

Within a lamella, the distance of G,-ir-positive cells to the median
raphe, the center of the epithelium, is generally rather small, com-
pared to the full extent of the sensory epithelium. We quantified this
coordinate as relative radius (Ire] = I'soma center/length of the lamella;
0, innermost; 1, outermost, ¢f.">. The histogram of radial distance
values shows a steep and narrow peak, and the corresponding
ECDF exhibits a sigmoidal shape consistent with a homogenous
population (Fig. 1f, g). Within the epithelium, a third axis is defined
by the series of horizontal sections. Here, the majority of G,-ir-pos-
itive cells were concentrated in a few sections close to the opening of
the cup-shaped epithelium, and far away from the basal region con-
taining the olfactory nerve bundles (Fig. 1f, g).

Taken together, we have quantified four different morphological
and spatial parameters for G,-ir-positive cells. All four distributions
are consistent with the presence of a single, homogenous cell popu-
lation. G,-ir-positive cells are also labeled by zns2-immunostaining,
a general marker for sensory neurons, and in high magnification
initial axon segments are visible, suggesting that G,-ir-positive cells
are indeed neurons (Fig. 1a).

Furthermore, whole mount immunohistochemistry of the olfact-
ory bulb using G, antibody results in the labeling of a single, bilateral
symmetric glomerulus (Fig. 1 d, e), confirming that these cells are
sensory neurons that convey information to the brain. Comparison
with zns2-immunostaining, which labels the entire glomerular pat-
tern, allows to identify the G,-ir-positive glomerulus as mdg5, con-
sistent with a previous report'®. Between 200 to 500 G,-ir-positive
neurons are present in a single olfactory epithelium, which is well
within the range expected to innervate a single glomerulus, cf.'.

G,-ir-positive neurons are different from crypt neurons. The apical
laminar position of G,-ir-positive neurons is roughly similar to that
of crypt neurons®, even though their shape is generally somewhat
more slender than that of crypt neurons c¢f.>°. However, cells with
morphology similar to that of crypt neurons have been reported in
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the G,-ir-positive cell population'®. Therefore we have used the G,
antibody in parallel with an established crypt neuron marker, S100-ir,
to examine a potential overlap between these two markers. We report
here that G,-ir and S100-ir label mutually exclusive cell populations
(Fig. 2a—c, f). Also, as shown above, G,-ir-positive neuron terminals
in the olfactory bulb innervate a different glomerulus, mdg5,
compared to mdg2, the crypt neuron glomerulus®.

Furthermore, we have examined the shape and spatial distribution
of G,-ir-positive and crypt neurons identified by a second marker,
TrkA-ir, in alternating sections to obtain a stringent comparison of
the properties of both cell populations. We find subtle, but highly
significant (p < 107°) differences in relative height and relative
radius between the two populations (Fig. 2e, g). G,-ir-positive neu-
rons are even more apically situated within the lamella than TrkA-ir-
positive neurons (maximal difference between the distributions
25%), and they are found closer to the median raphe than crypt
neurons (maximal difference between the distributions 22%).
Within the entire olfactory epithelium, G,-ir-positive neurons are
found in more apical sections closer to the opening of the cup-shaped
olfactory organ, compared to TrkA-ir-positive neurons (Fig. 2h).
Finally the comparison of cell shapes shows the largest difference
between both populations (54%), with G,-ir-positive neurons sig-
nificantly (p < 107°) less globose than crypt neurons (Fig. 2d).

Taken together, G,-ir-positive neurons differ significantly in all
morphological parameters analysed from crypt neurons. Next, we
examined, whether G,-ir-positive neurons might belong to either
microvillous or ciliated neuron populations.

G,-ir-positive neurons are different from ciliated and microvi-
llous neurons. Ciliated neurons in teleosts specifically express the
olfactory marker protein (OMP), and a transgenic line is available, in
which the OMP promoter faithfully drives expression of a red
fluorescent protein (RFP), Tg(OMP:lynRFP)’. We performed G,
immunostaining with transgenic epithelia, and report here that
almost all G,-ir-positive neurons (98%) are negative for RFP
(Fig. 3a, f). This suggests that G,-ir-positive neurons do not belong
to the population of ciliated neurons.

Moreover, a comparison of cell shape and preferred laminar posi-
tion within the lamella shows highly significant differences between
G,-ir-positive and OMP-positive neurons. Ciliated neurons tend to
have a very slender shape, and rather basal cell bodies, whereas G-ir-
positive neurons are mostly pear-shaped and are found at extreme
apical positions within the lamella, even more apical than crypt
neurons (Fig. 3e, g, h). Only 1-2% overlap are observed between
G,-ir and OMP distributions (Fig. 3h).

Next, we investigated, whether G,-ir-positive neurons might
express the microvillous neuronal marker TRPC2’. First, we
employed a transgenic line, which largely reproduces the endogen-
ous TRPC2 pattern, Tg(TRPC2:gap-Venus)’. We report that G,-ir-
positive cells were negative for Venus fluorescence (Fig. 3b, f).
Secondly, we also performed direct double labeling in wildtype zeb-
rafish, detecting G,-ir by immunostaining and TRPC2 by in situ
hybridization. Again, almost all G,-ir-positive cells (>98%) were
negative for TRPC2 signals (Fig. 3¢, f), suggesting that G,-ir-positive
neurons are different from microvillous neurons.

Furthermore, a comparison of cell shape and preferred laminar
position within the lamella shows highly significant differences
between G,-ir-positive and TRPC2-positive neurons (p < 107°).
Microvillous neurons are somewhat slender in shape, and their cell
bodies are preferentially located more basal than crypt neuron
somata, whereas G,-ir-positive neurons are mostly pear-shaped
and are found at extreme apical positions within the lamella, more
apical than crypt neurons (Fig. 3¢, e, g, h).

Finally we have examined a potential overlap of G,-ir-positive
neurons with the calretinin-positive population of olfactory sensory
neurons. Calretinin appears to label subpopulations of ciliated and
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Figure 1 | G,-like immunoreactivity reveals a distinct population of sparse, pear-shaped sensory neurons in zebrafish olfactory epithelium. (a) G,-ir
(green) is seen in a sparse population of pear-shaped cells in horizontal sections of the olfactory epithelium (short-fixed), using DAPI as counter-stain
(blue); r, radial distance. Top right inset at higher magnification shows a G,-ir-positive cell (green), co-labeled with zns2 (red), and visible nucleus (DAPI,
blue). Bottom left inset at higher magnification shows a G,-ir-positive cell with initial axon segment (ax) and cap (cp). (b) At higher magnification the
apical position of G,-ir-positive cells (green) is clearly visible. @,, vertical cell diameter; @y, horizontal cell diameter; h, laminar height; dotted half-circle, the
apical dendritic part of G,-ir-positive olfactory sensory neurons resembles a cap. (c) Nine G,-ir-positive cells show the typical range of morphologies for
these neurons. (d) Whole mount of adult zebrafish olfactory bulb double-labeled with anti- G, and anti-zns2 antibodies, dorsal view. Zns2 labels all
glomeruli, whereas G,-ir labels a single medial glomerulus (yellow).The olfactory nerves were cut at the entrance to the olfactory bulb before staining. (e)
Horizontal vibrotome cross-section (100 um) reveals the extremely dorsal position of the Go-immunoreactive glomerulus in each olfactory bulb. A single,
thick axon bundle is seen entering the glomerulus. (f,g) One shape parameter and three spatial parameters were quantified for the G,-ir-positive cell
population, and shown as histogram (f) and empirical cumulative distribution function, ECDF (g). From left to right: ratio of horizontal to vertical
diameter, laminar height (normalized to maximal height), radial distance (normalized to maximal radius), and number of cells per 10 pm horizontal cross
section of the olfactory epithelium; x axis units and labels are valid for both (f) and (g). Scale bars correspond to 50 pm (a), 5 pm (b), and 100 pm (d, e).
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Figure 2 | G,-ir-positive neuron population is different from crypt neurons. (a) Double labeling with anti-G, antibody (green) and anti-S100 antibody
(red, marker for crypt neurons) in cryostat sections of short-fixed olfactory epithelium reveals two mutually exclusive sensory neuron populations. Insets,
single neurons at higher magnifications. Note the differences in morphology of these two cell populations; arrow in top right insert, the cap-like structure
typical for G,-ir-positive neurons. (b—c) Higher magnifications show the typical shapes of G,-ir-positive neurons (pear-shaped) and crypt neurons
(globose), indicated by filled arrow heads and open arrow heads, respectively. (d—e, g—h) One shape parameter and three spatial parameters (see Fig. 1b for
graphical explanation) were quantified for the TrkA-ir-positive cell population and the corresponding empirical cumulative distribution function, ECDF,
was compared with that of G,-ir-positive neurons; ***, distributions of TrkA-ir and G,-ir cells are significantly different (p < 107°), as assessed by
Kolmogorov-Smirnov test of the unbinned distributions. (d), ratio of horizontal to vertical diameter [diameter ratio (op/0,)], (e), laminar height
normalized to maximal height is shown. (f), Absence of co-label for G,-ir and TrkA-ir cell populations. (g) Relative radial distance of labeled cells is
shown. (h) Number of cells per 10 pm horizontal cross section of the olfactory epithelium was analysed for G,-ir and TrkA-ir-positive neurons. (i)
Maximal vertical distance (A max) of distributions as indicated; ¢ ratio, diameter ratio; height, normalized laminar height; radius, normalized radial
distance; z axis, section number (ordinal). Vertical distance can range between 0 (identical curves) and 1 (no overlap of x value range). Scale bars
correspond to 100 pm (a) and 10 pm (b, ¢).

microvillous neurons'®'>'®. Again we observe no co-localisation for
Go-ir and calretinin (<1%, Fig. 3d, f), confirming the results for
ciliated and microvillous neuron markers (OMP and TRPC2,
respectively). We note that both cell shape and laminar height dis-
tribution of calretinin-positive neurons are identical to the respective
distributions of OMP-positive neurons, which itself show nearly no
overlap with those of TRPC2-positive neurons (Fig. 3e, g, h). These

results are consistent with calretinin-positive neurons being ciliated
neurons, ¢f.'’. In summary, G,-ir-positive neurons exhibit a con-
spicuous distinct shape and preferred laminar position, significantly
different from the morphology and location observed for the three
known populations of olfactory sensory neurons. Moreover, molecu-
lar markers for ciliated, microvillous and crypt neurons are absent in
G, -ir-positive neurons. We conclude that G,-ir-positive neurons do
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Figure 3 | G,-ir-positive neurons do not co-localize with established markers for ciliated and microvillous neurons. (a-d), Double labeling of G,-ir-
positive cells with different markers is analysed in horizontal cryostat sections of olfactory epithelia; dashed line, basal border; dotted line, apical border of
the sensory layer; scale bar, 20 um. (a) Double fluorescent labeling of anti-Go antibody (green) with RFP (red) expressed in ciliated neurons in
Tg(OMP:lyn-mRFP) shows absence of co-localization; filled grey arrowhead, G,-ir-positive cell; open arrowhead, REP-positive cell. (b) Double
fluorescent labeling of anti-G, antibody with Venus expressed in microvillous neurons in Tg(TRPC2:Venus) line shows absence of co-localization. G,-ir
signal is set to green, Venus signal is set to red; filled arrowhead, G,, -ir-positive cell; open arrowhead, Venus-positive cell. (c) Double fluorescent labeling
of anti- G, antibody (green) with in situ hybridisation signal from TRPC2 probe® shows absence of co-localization; filled grey arrowhead, G,-ir-positive
cell; open arrowhead, TRPC2-positive cell. (d) Double fluorescent labeling of anti-G, antibody (green) with anti-calretinin antibody (red) shows absence
of co-localization; filled grey arrowhead, G,-ir-positive cell; open arrowhead, calretinin-positive cell. (e) The empirical cumulative distribution function
(ECDF) for a cell shape parameter (diameter ratio) shows distributions for TRPC2 and OMP-positive cells to be different from each other as well as from
G,-ir and TrkA-ir, shown for comparison here. (f) Quantification of co-label for G,-ir and markers for microvillous, ciliated and crypt neurons (as
indicated) shows 0 to 2% co-label (yellow) in G,-ir-positive neurons. Such small percentages amount to a handful of cells in an entire olfactory
epithelium, and are likely to accrue from the dense packing of cells, dendrites, cilia and microvilli, at the limit of light-microscopic resolution. (g) The
empirical cumulative distribution function (ECDF) for a cell localisation parameter (laminar height) shows distributions for TRPC2 and OMP-positive
cells to be different from each other as well as from G,-ir and TrkA-ir-positive cells, shown for comparison here. (h) Maximal vertical distance (A max) of
distributions as indicated; ¢ ratio, diameter ratio; height, normalized laminar height. Significance of distribution differences is assessed by Kolmogorov-
Smirnov test of the unbinned distributions; a, p < 107% b, p > 0.6.

Kappe neurons are tubulin-negative and actin-positive. We per-
formed immunostaining with anti-tubulin and anti-actin antibodies
together with G, antibody to further characterize kappe neurons. We
report that tubulin staining mostly does not overlap with G,-ir

not belong to the three known populations, but constitute a fourth
type of olfactory sensory neuron. Due to their conspicuous ’cap’
(German: Kappe) we suggest to name this novel population kappe
neurons.
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(Fig. 4a, ). Rare cases of overlap may be due to technical reasons,
since tubulin-positive cilia of ciliated neurons are densely packed in
the apical layer, cf. (Fig. 4a). Since tubulin is an essential component
of cilia'” we conclude that kappe neurons do not possess cilia.
Microvilli, on the other hand, require actin as essential
component'®. We observe nearly complete co-labeling of G,-ir and
actin (Fig. 4c), with the actin antibody consistently labeling a small
apical spot within the cap of kappe neurons (Fig. 4b). Although
immuno-EM studies will be required to draw a firm conclusion,
these results suggest that kappe neurons may possess microvilli.

Discussion

Three different types of olfactory sensory neurons are known in the
vertebrate sense of smell, ciliated, microvillous and crypt neurons*.
Here we report the presence of a fourth type of olfactory sensory
neurons, kappe neurons, identified by the presence of G,-ir'%, which

co-label
B Go-ir

# cells

actin Basal Lamina

tubulin

Figure 4 | Kappe neurons are tubulin-negative and actin-positive.
Double labeling of G,-ir-positive cells with anti-tubulin or anti-actin
antibody is analysed in horizontal cryostat sections of olfactory epithelia.
(a) Double fluorescent labeling of G,-ir (green) and tubulin (red) shows
absence of co-localization; scale bar 10 pm. The insets represent magnified
images of single neurons taken at 100X magnification, 0.1 pm optical
sections. (b) Double fluorescent labeling of G,-ir (green) and actin (red)
shows co-localization: G,-ir positive neurons exhibit highly localized actin
staining at the apical surface of their cell bodies, the expected position for
microvilli. Scale bar 10 um. The insets show single neurons, images taken
at 100X magnification, 0.1 pm optical sections. (c) Quantification of co-
label for G,-ir and actin or tubulin, respectively, shows over 90% co-label
(yellow) for actin, but less than 10% co-label for tubulin. The small
number of G,-ir/tubulin co-labeled cells is likely to result from the dense
packing of cells, dendrites, cilia and microvilli, at the limit of light-
microscopic resolution. (d) Schematic representation of four types of
olfactory sensory neurons with their laminar position. Ciliated neurons
(orange) have round somata and slender dendrites that terminate in
bundles of cilia on the epithelial surface. They constitue the most basal
layer of olfactory sensory neuron. Microvillous neurons (blue) have
bundles of microvilli on their apical surface. Crypt neurons (red) are
globular-shaped and carry both microvilli and cilia on their apical surface.
They are located more apical than microvillous neurons. G,-ir-positive
kappe neurons (green) are pear-shaped with an apical appendage
resembling a cap (German: Kappe), have no cilia, and are located even
more apical than crypt neurons. Kappe neurons (green) constitute a novel
olfactory sensory neuron population.
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do not express the molecular markers commonly accepted as defin-
ing ciliated, microvillous, and crypt neurons. We used a population-
based quantitative approach to characterize kappe neurons, and
show them to be highly significantly different in shape and spatial
location from each of the three previously known populations of
olfactory sensory neurons. Kappe neurons are a rare cell population
with a few hundred cells per olfactory organ, consistent with the
expression of only one or very few olfactory receptor genes in this
type of sensory neurons. Thus, it is conceivable that additional such
populations of olfactory sensory neurons might exist, ¢f.*>*°, but they
would presumably only come into view after identification of a
molecular marker specific for such a population.

It is not clear, whether G,-ir labels the same type of kappe neurons
in other teleost fish species. Different patterns of G, immunoreacti-
vity have been reported for different fish species, both for sparse
neuron populations described as crypt-like neurons*'~** and for fre-
quent neuron populations of undefined'® or microvillous*** pheno-
type. It is conceivable that in the absence of knowledge about kappe
neurons, some may have been mistaken as crypt neurons in those
earlier studies, since kappe neurons are more similar to crypt neu-
rons than to the other two populations, ciliated and microvillous
neurons. In any case, the observed species differences preclude the
use of G,-ir as a defining criterion of kappe neurons in other fish
species.

Kappe neurons project to a single glomerulus in the mediodorsal
cluster, mdg5 (this manuscript, see also'®). With the identification of
kappe neurons two of the six glomeruli in this cluster have been
shown to be innervated by distinct populations of olfactory neurons,
mdg5 by kappe neurons and mdg2 by crypt neurons. It will be
interesting to see, whether this observation will be generalizable to
the remaining four glomeruli in this cluster. Indeed, all six medio-
dorsal glomeruli are negative for ciliated and microvillous markers’
in the double transgenic line also used here.

The presence of G,-like immunoreactivity in kappe neurons could
suggest G, as a possible signal transduction molecule for these neu-
rons. However, the subcellular distribution of G,-ir in dendrite,
cytoplasm, axon and axon terminals is unexpectedly broad.
Additionally, in situ hybridization with G, shows a large and broadly
distributed cell population®, inconsistent with the small and spatially
restricted population of G,-ir-positive neurons. Thus, we cannot
exclude that G,-ir in kappe neurons might be caused by a cross-
reacting antigen, reminescent of the situation for standard molecular
markers of crypt neurons, $100-ir* and TrkA-ir®.

Kappe neurons feature a dot of intense actin signal somewhat
recessed on their apical cap, suggesting the presence of microvilli
in these neurons. However, in all other aspects investigated (shape,
location, molecular markers), kappe neurons are highly significantly
different from microvillous neurons, and in particular they do not
express TRPC2, the accepted molecular marker and signal transduc-
tion molecule of microvillous neurons.

The functional role of kappe neurons is not known so far, but their
sheer existence shows an astonishing complexity of odor representa-
tion already in the periphery of the olfactory system.

Methods
Antibodies, tissue and animal handling. Primary antibodies used were anti-S100
antibody (rabbit IgG; 1:500; catalog no. Z0311, Dako), anti- G, (K-20) antibody
(rabbit IgG; 1:50; sc-387, Santa Cruz Biotechnology), anti-TrkA (763) antibody
(rabbit IgG; 1: 100; sc-118, Santa Cruz Biotechnology), anti-zns2 (monoclonal mouse
IgG1;1: 50; supernatant, Developmental Studies Hybridoma Bank, University of
Towa, Iowa City, IA), anti-calretinin (mouse IgG; 1:200; Swant (Bellinzona,
Switzerland), anti-tubulin (mouse monoclonal antibody IgG, 1: 300; G712, Promega)
and beta-actin (mouse monoclonal antibody; A5441; 1:300; Sigma). Secondary
antibodies used were donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (A21206,
Invitrogen), goat anti-rabbit IgG conjugated to Alexa Fluor 594 (A11012, Invitrogen)
and goat anti-mouse conjugated to Alexa Fluor 594 (A11005, Invitrogen).

Adult wild type zebrafish (Ab/Ti strain, 8-12 months old) were maintained at
28°C on 14/10-hour light/dark cycle. Adult fish were sacrificed by decapitation
during anesthesia with MS-222 (ethyl 3-aminobenzoate, Sigma). Those experiments
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were approved by the governmental animal care and use office (Landesamt fiir Natur,
Umwelt und Verbraucherschutz Nordrhein- Westfalen, Recklinghausen, Germany,
Protocol No. 8.87-51.05.20.10.217) and were in accordance with the German Animal
Welfare Act as well as with the General Administrative Directive for the Execution of
the Protection of Animals Act. Tissues were embedded in 5% low melting agarose and
sectioned by vibratome (Pelco 101) or embedded in TissueTek O.C.T. compound
(Sakura), and cut by cryostat (Leica CM1900) at —20°C. Fluorescence was analysed
using a wide field fluorescence microscope (Keyence BZ-9000) for sections and whole
mounts. Transgenic zebrafish lines for ciliated neurons, Tg(OMP:lyn-mRFP-S), and
microvillous neurons, Tg(TRPC2:gap-Venus), were used in this study.

Whole mount olfactory bulb immunohistochemistry. The dorsal cranium was
removed, exposed brains were fixed by immersion in 4% paraformaldehyde (PFA, pH
7.4) in phosphate-buffered saline (PBS, pH 7.5) overnight at 4°C and olfactory bulbs
were dissected out, keeping their connection to the telencephalon intact. Staining was
performed according to®. After blocking, samples were incubated with primary
antibodies anti-G, and anti-zns2 either single or in mixture at 4°C for 20 to 25 days on
avertical rotator (5 sec/round), followed by several washes over a period of 3 hours at
room temperature. Subsequently, the olfactory bulbs were incubated with secondary
antibodies for 7 days at 4°C, followed by several washes at room temperature. Tissue
was cleared as described®. Both primary and secondary antibodies were used at a final
dilution of 1:100 in blocking reagent. For detailed examination 100 pm vibratome
sections were analysed.

Immunohistochemistry on cryosections. Heads were either pre-incubated before
dissection in cold freshly prepared 4% PFA in PBS for 5 min (pre-fixed tissue) or
dissected directly (fresh-frozen tissue). We found that a short fixation step of 5 min
does not impair the specificity of the S100 antibody for crypt neurons, in contrast to
long fixation times, cf.*. Horizontal cryosections (8 pum) of the olfactory epithelia were
thaw-mounted onto Superfrost Plus slide glasses (Thermo), incubated in acetone at
—20°C for 15 min, washed several times in PBST, and blocked in 5% normal goat
serum in PBST (blocking solution) for 1 hour at room temperature.

In order to overcome the limitations arising from same species antibodies in double
labeling, the Fc portion of the anti-S100 antibody was covalently conjugated with
fluorescein (Thermo Scientific, 53029) as described*. For double labeling, the slides
were overnight incubated at 4°C with anti-G,, antibody (1:50 dilution in blocking
solution), washed 3 times in PBST to remove unbound anti-G, antibody and incu-
bated for 2 hours at room temperature with the first of the two secondary antibodies
(anti-rabbit alexa fluor 488). Slides were further washed 3 times in PBST, incubated
for 1 hour in blocking solution, followed by overnight incubation at 4°C with flu-
labeled anti-S100 (second primary antibody), washed 3 times for 10 min each and
incubated for 2 hours at room temperature with alkaline phosphatase (AP) conju-
gated anti-fluorescein (the second of the two secondary antibodies). S100-labeled cells
were visualized by enzymatic reaction of AP with HNPP Fluorescent Detection Set
(Roche). The slides were washed in PBS and mounted with VectaShield containing
DAPI (Vector).

Immunohistochemistry combined with in situ hybridization. TRPC2 cRNA
riboprobe was prepared as described’. Pretreatment of sections, probe hybridization,
and stringent washing were performed as described previously'?, except that
Proteinase K treatment was omitted. For high stringency conditions the final washes
were performed at 65°C in 0.2X SSC. Afterward, sections were blocked in 1%
blocking reagent (Roche) in PBS for 1 h. The slides were then incubated with sheep
anti-DIG Fab fragments conjugated with alkaline phosphatase (AP, Roche; 1:200)
together with rabbit anti-G,, antibody (1:50) in the blocking solution at 4°C
overnight. After washing three times in PBS, sections were treated with the secondary
antibody (1:200) in PBS for 2 h at room temperature. Hybridized probes were
visualized by enzymatic reaction of AP with HNPP Fluorescent Detection Set
(Roche). After evaluating the success of the staining, slides were washed in PBS,
mounted with VectaShield with DAPI (Vector), and observed and photographed
with a fluorescent microscope (BZ-9000, Keyence).

Quantification and statistical evaluation. Spatial coordinates were measured in
arbitrary units and normalized. Horizontal cell diameter was determined as maximal
cell width, i.e. parallel to the basal lamina, and vertical diameter was determined as
maximal cell length perpendicular to the basal lamina (soma and dendrite, if any), see
Fig. 1b. For laminar height in the olfactory epithelium the distance between center of
the cell soma and basal border of the epithelial layer (see Fig. 1b) was normalized to
the distance between basal and apical border of the epithelial layer at the position of
the cell to be measured. Thus the range of values is between 0 (most basal) and 1 (most
apical). Radial distance was measured from the apex of the lamellar curve’, i.e. closest
to the median raphe, to the cell soma center (see Fig. 1b), and normalized to the
distance between the central position and the border of the epithelial section. Finally,
the cardinal number of sections served as z axis coordinate. One hundred to several
hundred cells were measured for each marker and spatial coordinate.

Distributions are depicted as histograms or as the corresponding empirical
cumulative distribution function (ECDF) of the unbinned distributions®”?*,

To estimate whether two spatial or shape distributions were significantly different,
we performed Kolmogorov-Smirnov tests on the unbinned distributions as
described®. This test is particularly suitable for continuous distributions and makes
no assumptions about the nature of the distributions investigated, which is essential
because the skewness of the observed distributions shows that these are not Gaussian.
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Due to the sensitive nature of the test on large distributions (n > 100), we selected P <
0.01 as cutoff criterion for significant difference. Results of the Kolmogorov-Smirnov
test were confirmed by permutation analysis* without exception.

1. Mombaerts, P. et al. Visualizing an olfactory sensory map. Cell 87, 675-86 (1996).

2. Johnson, M. A. et al. Neurons expressing trace amine-associated receptors project
to discrete glomeruli and constitute an olfactory subsystem. Proc Natl Acad Sci U S
A 109, 13410-5 (2012).

3. Wagner, S, Gresser, A. L., Torello, A. T. & Dulac, C. A multireceptor genetic
approach uncovers an ordered integration of vno sensory inputs in the accessory
olfactory bulb. Neuron 50, 697-709 (2006).

4. Hansen, A. & Zeiske, E. The peripheral olfactory organ of the zebrafish, danio
rerio: An ultrastructural study. Chem Senses 23, 39-48 (1998).

5. Oka, Y., Saraiva, L. R. & Korsching, S. I. Crypt neurons express a single vlr-related
ora gene. Chem Senses 37, 219-27 (2012).

6. Ahuja, G. et al. Zebrafish crypt neurons project to a single, identified mediodorsal
glomerulus. Sci Rep 3, 2063 (2013).

7. Sato, Y., Miyasaka, N. & Yoshihara, Y. Mutually exclusive glomerular innervation
by two distinct types of olfactory sensory neurons revealed in transgenic zebrafish.
J Neurosci 25, 4889-97 (2005).

8. Germana, A. et al. $100 protein-like immunoreactivity in the crypt olfactory
neurons of the adult zebrafish. Neurosci Lett 371, 196-8 (2004).

9. Catania, S. et al. The crypt neurons in the olfactory epithelium of the adult

zebrafish express trka-like immunoreactivity. Neurosci Lett 350, 5-8 (2003).

. Braubach, O. R, Fine, A. & Croll, R. P. Distribution and functional organization of
glomeruli in the olfactory bulbs of zebrafish (danio rerio). ] Comp Neurol 520,
2317-39, Spcl (2012).

. Mombaerts, P. Axonal wiring in the mouse olfactory system. Annu Rev Cell Dev
Biol 22, 713-37 (2006).

12. Syed, A. S., Sansone, A., Nadler, W., Manzini, I. & Korsching, S. I. Ancestral

amphibian v2rs are expressed in the main olfactory epithelium. Proc Natl Acad Sci
U S A 110, 7714-9 (2013).

13. Weth, F., Nadler, W. & Korsching, S. Nested expression domains for odorant
receptors in zebrafish olfactory epithelium. Proc Natl Acad Sci U S A 93, 13321-6
(1996).

14. Conzelmann, S. et al. A novel brain receptor is expressed in a distinct population
of olfactory sensory neurons. Eur ] Neurosci 12, 3926-34 (2000).

15. DeMaria, S. et al. Role of a ubiquitously expressed receptor in the vertebrate
olfactory system. J Neurosci 33, 15235-47 (2013).

16. Gayoso, J. A, Castro, A., Anadon, R. & Manso, M. J. Differential bulbar and
extrabulbar projections of diverse olfactory receptor neuron populations in the
adult zebrafish (danio rerio). ] Comp Neurol 519, 247-76 (2011).

17. Arikawa, K. & Williams, D. S. Acetylated alpha-tubulin in the connecting cilium of
developing rat photoreceptors. Invest Ophthalmol Vis Sci 34, 2145-9 (1993).

18. Arikawa, K., Hicks, J. L. & Williams, D. S. Identification of actin filaments in the
rhabdomeral microvilli of drosophila photoreceptors. J Cell Biol 110, 1993-8 (1990).

19. Brechbuhl, J., Klaey, M. & Broillet, M. C. Grueneberg ganglion cells mediate alarm
pheromone detection in mice. Science 321, 1092-5 (2008).

20. Elsaesser, R. & Paysan, J. The sense of smell, its signalling pathways, and the
dichotomy of cilia and microvilli in olfactory sensory cells. BMC Neurosci 8 Suppl
3, S1 (2007).

. Hansen, A. & Zielinski, B. S. Diversity in the olfactory epithelium of bony fishes:
Development, lamellar arrangement, sensory neuron cell types and transduction
components. ] Neurocytol 34, 183-208 (2005).

22. Hansen, A. et al. Correlation between olfactory receptor cell type and function in

the channel catfish. J Neurosci 23, 9328-39 (2003).

23. Hansen, A., Anderson, K. T. & Finger, T. E. Differential distribution of olfactory
receptor neurons in goldfish: Structural and molecular correlates. ] Comp Neurol
477, 347-59 (2004).

24. Ferrando, S. et al. Inmunolocalization of g protein alpha subunits in the olfactory
system of polypterus senegalus (cladistia, actinopterygii). Neurosci Lett 499,
127-31 (2011).

25. Oka, Y. & Korsching, S. I. Shared and unique g alpha proteins in the zebrafish

versus mammalian senses of taste and smell. Chemn Senses 36, 357-65 (2011).

Korsching, S. & Thoenen, H. Two-site enzyme immunoassay for nerve growth

factor. Methods Enzymol 147, 167-85 (1987).

27. Wilk, M. B. & Gnanadesikan, R. Probability plotting methods for the analysis of
data. Biometrika 55, 1-17 (1968).

28. Feller, W. An introduction to probability theory and its applications. (Vol. I, New
York: Wiley, 1966).

29. Press, W. H., Teukolsky, S. A., Vetterling, W. T. & Flannery, B. P. Numerical
recipes in c: The art of scientific computing. (Cambridge university press,
cambridge. Vol. Second, 1992).

30. Manly, B. F. J. Randomization, bootstrap and monte carlo methods in biology,
(London: Chapman and Hall/CRC, London, 1997).

1

(=]

1

—

2

—

2

=

Acknowledgments
We thank Walter Nadler for implementing the Kolmogorov-Smirnov test and the
permutation analysis, Priyanka Maiti for technical help, and Mehmet Saltiirk for taking

| 4:4037 | DOI: 10.1038/srep04037

7



good care of the zebrafish. We gratefully acknowledge financial support from the German
Science foundation (grant KO 1046/7-1 to S.LK.) and the International Graduate School
IGSDHD (G.A., V.S.).

Author contributions

The experiments were designed by S.LK. and G.A., and performed by G.A., V.S., D.K. and
Y.O. Illustrations were drafted by V.Z., G.A. and S.1.K. Data analysis was done by S.LK., S.B.
and G.A. S.LK. wrote the paper.

45
Additional information

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Ahuja, G. et al. Kappe neurons, a novel population of olfactory
sensory neurons. Sci. Rep. 4, 4037; DOI:10.1038/srep04037 (2014).

@@@@ This work is licensed under a Creative Commons Attribution-
Y NG ND

NonCommercial-NoDerivs 3.0 Unported license. To view a copy of this license,
visit http://creativecommons.org/licenses/by-nc-nd/3.0

| 4:4037 | DOI: 10.1038/srep04037


http://creativecommons.org/licenses/by-nc-nd/3.0

46

Publication 3

Ashiq Hussain*, Luis R. Saraiva*, David M. Ferrero*, Gaurav Ahuja*, Venkatesh S.
Krishna, Stephen D. Liberles, and Sigrun |. Korsching. High-affinity olfactory
receptor for the death-associated odor cadaverine; PNAS, doi/10.1073/ pnas.
1318596110 (2013). * Equal contribution

http://www.pnas.org/content/110/48/19579.abstract



http://www.pnas.org/content/110/48/19579.abstract

47

High-affinity olfactory receptor for the
death-associated odor cadaverine

Ashiq Hussain®"2, Luis R. Saraiva®*3, David M. Ferrero®?, Gaurav Ahuja®?, Venkatesh S. Krishna?,

Stephen D. Liberles®™*, and Sigrun 1. Korsching®*

2Institut fur Genetik, Universitat zu Kéln, 50674 Cologne, Germany; and "Department of Cell Biology, Harvard University, Boston, MA 02115

Edited* by Cornelia I. Bargmann, The Rockefeller University, New York, NY, and approved October 18, 2013 (received for review October 2, 2013)

Carrion smell is strongly repugnant to humans and triggers distinct
innate behaviors in many other species. This smell is mainly carried
by two small aliphatic diamines, putrescine and cadaverine, which
are generated by bacterial decarboxylation of the basic amino
acids ornithine and lysine. Depending on the species, these diamines
may also serve as feeding attractants, oviposition attractants, or
social cues. Behavioral responses to diamines have not been in-
vestigated in zebrafish, a powerful model system for studying
vertebrate olfaction. Furthermore, olfactory receptors that detect
cadaverine and putrescine have not been identified in any species
so far. Here, we show robust olfactory-mediated avoidance behav-
ior of zebrafish to cadaverine and related diamines, and concomi-
tant activation of sparse olfactory sensory neurons by these diamines.
The large majority of neurons activated by low concentrations of
cadaverine expresses a particular olfactory receptor, trace amine-
associated receptor 13c (TAAR13c). Structure-activity analysis indi-
cates TAAR13c to be a general diamine sensor, with pronounced
selectivity for odd chains of medium length. This receptor can also
be activated by decaying fish extracts, a physiologically relevant
source of diamines. The identification of a sensitive zebrafish
olfactory receptor for these diamines provides a molecular basis
for studying neural circuits connecting sensation, perception, and
innate behavior.

Danio rerio | aversion | heterologous expression | polyamines

Cadaverine, putrescine, and other biogenic diamines are strongly
repulsive odors to humans, for whom these odors presumably
signal bacterial contamination. It may be expected that animal
species feeding on carcasses attribute a more positive valence to
diamines, and indeed both putrescine and cadaverine have been
reported to be feeding attractants for rats (1) as well as goldfish (2).
Similarly, insects depositing their eggs in carcasses or other pro-
teineacous materials are attracted by these diamines (3). Beyond
signaling danger or food, putrescine and cadaverine also serve as
social cues in several vertebrate species, both for marking of
territories—for example, in feline species (4)—and for burial of
conspecifics (5).

Very little is known about the molecular and cellular basis of
cadaverine-driven behaviors. Cadaverine and putrescine evoke
electrophysiological responses in the olfactory epithelium of two
fish species (2, 6) and cadaverine-responsive olfactory sensory
neurons and glomeruli have been identified in the mouse (7, 8).
However, chemosensory receptors that detect cadaverine or re-
lated diamines are unknown in any species, and could provide
valuable tools to study how the olfactory system mediates innate
aversion or attraction.

Here, we show that cadaverine is a major product of zebrafish
tissue decay, activates a zebrafish olfactory receptor (trace amine-
associated receptor 13c, TAAR13c) with high affinity, and elicits
a strong, low-threshold, and olfactory-mediated avoidance response
in zebrafish. In vivo measurements indicate that high affinity
cadaverine responses occur primarily in TAAR13c-expressing
olfactory sensory neurons. These findings provide an important
foundation for understanding the molecular basis of a powerful
odor-driven behavior.

www.pnas.org/cgi/doi/10.1073/pnas.1318596110

Results

Zebrafish Avoid a Cadaverine Odor Source. The zebrafish has in
recent years emerged as an important model system for un-
derstanding olfaction in vertebrates because of a remarkable
similarity in the basic principles of olfactory representation (9)
and some technical advantages over the mammalian system (10).
However, behavioral responses of zebrafish to diamines have not
been described. We report here that zebrafish, like humans, show
pronounced innate aversion behavior for cadaverine (Fig. 1).

We developed a valence assay to measure behavioral re-
sponses of zebrafish to olfactory cues. Zebrafish were habituated to
arectangular tank, and the position of each fish was recorded before
and after odor delivery. Shifts in average position toward or away
from the odor source were recorded as attraction and avoidance,
respectively. Food odor, an attractant for zebrafish, caused a mean
displacement of 0.25 tank lengths (TLs, P < 0.01) toward the odor
source (Fig. 1B), but tank water alone had no effect (Fig. 1C and
Table S1). In contrast, cadaverine caused a mean displacement of
0.28 TLs (P < 0.01) away from the odor source, and was thus aversive
(Fig. 1 4 and C, and Table S1). Furthermore, the fish spent several-
fold less time in close approach (distances < 0.05 TL) to the stimulus
application site (P < 0.0001), although this area was not completely
avoided (P < 0.03) (Fig. 14 and Table S1), suggesting that the
zebrafish did for short periods of time investigate the area, where
stimulus was given. Mean velocity or total distance traveled was not
altered during avoidance behavior (Table S1). Thus, the displace-
ment observed is not caused by changes in motility but may result
from an assessment of odor valence by the fish.

Next, we analyzed whether related diamines were similarly
aversive. We tested diamines with different carbon chain lengths,
ranging from C3 (diaminopropane) to Cl0 (diaminodecane).
Avoidance behavior was observed (Fig. 1C) to putrescine (C4),
cadaverine (C5), diaminohexane (C6), diaminoheptane (C7),
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Fig. 1. Aversive behavioral response of zebrafish to
diamines. (A and B) Cadaverine-evoked aversion and
food odor-evoked attraction of individual zebrafish
as visualized by movement patterns before (orange
tracks) and after (brown tracks) stimulus addition

(1 mM, 180 pL). The position of stimulus deposition
(blue X), as well as the mean location before (blue
circle) and after (red, green circles) stimulus addition
are indicated. The axes represent tank dimensions.
(C) Mean displacement was expressed as a percent-
age of tank length (n = 6 + SEM). Addition of tank
water alone had no significant effect, whereas food
odor elicited strong attraction. Similar avoidance
behavior was observed in male and female fish.
Significance was evaluated by Student t test, *P <
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and diaminooctane (C8), but not to diaminopropane (C3) or
diaminodecane (C10). Time spent in close approach to the
stimulus application site did not differ significantly from presti-
mulus values for diaminopropane and diaminodecane, but was
reduced to one-third or less for the other diamines (P < 0.0001)
(Table S1). Only cadaverine and putrescine are naturally abun-
dant in carrion (see below); other diamines not found ecologi-
cally may be aversive because they function as agonists for
cadaverine and putrescine-activated receptors.

Avoidance behavior to cadaverine and putrescine was abol-
ished (P < 0.01) in fish, whose nostrils were closed by tissue glue,
showing the avoidance to be mediated by olfaction and not other
sensory modalities (Fig. 1D). Avoidance responses to cadaverine,
putrescine, and diaminoheptane exhibited similar dose-dependence
(Fig. 1E), with complete saturation at 1 mM diamine in the
stimulus, half-maximal values at 100 pM, and about one-third of
maximal values at 10 pM (Fig. 1E). The actual concentrations
encountered by the zebrafish at the time of decision-making are
expected to be much lower than these values because of dilution
of a small stimulus volume (180 pL) into a large tank volume (9
L). To obtain a more stringent estimate of behavioral sensitivity,
we have therefore used a two-channel preference assay (11), with
a constant cadaverine concentration in one of the two streams
during the stimulus period. Cadaverine evoked robust avoidance
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0.05, **P < 0.01. (D) Aversion behavior requires ol-
factory input. Nostril closure of zebrafish eliminates
aversion to 1 mM cadaverine or putrescine. Black
bars, no treatment; white bars, nostril closure; **P <
0.01, n = 3 + SEM. (E) Avoidance behavior to dia-
mines was dose-dependent. Responses to cadaverine
and diaminoheptane were measured over a broad
concentration range (1 pM to 1 M, n = 3 + SEM). The
behavior is clearly saturable at 1-mM stimulus con-
centration. Significance was evaluated by Student
t test, asterisks refer to cadaverine, *P < 0.05, **P <
0.01. The slight decrease at higher concentrations is
not significant except for putrescine (P < 0.05). (F)
Cadaverine-evoked aversion of an individual zebra-
fish in a flow-through two-channel set-up (11) as
visualized by movement patterns before (orange
tracks) and after (brown tracks) change of the upper
channel to a chronic concentration of 10 uM cadav-
erine. The arrows indicate direction of flow (cadav-
erine, gray; water, white). Dotted gray lines enclose
0.4 the mixing zone not included in analysis of prefer-
ence. The axes represent tank dimensions. (G) Aversion
0] behavior of zebrafish in the two-channel preference

[ test is maximal at 10 pM cadaverine. The avoidance
cadaverine index shows similar avoidance of the cadaverine
10 100 uM channel for 10 and 100 uM cadaverine (gray bars).
Significance in comparison with water was evaluated
by Student t test, *P < 0.05, **P < 0.01.

0.8

avoidance index

047

responses in this paradigm, with similar levels of avoidance ob-
served at 10 pM (avoidance index 0.81 + 0.18 SEM, n =4, P <
0.01) and 100 uM (avoidance index 0.73 + 0.24 SEM, n =4, P <
0.05). Such sensitive detection suggests the existence of special-
ized olfactory receptors for diamines.

Cadaverine and Other Diamines Activate Sparse Olfactory Sensory
Neurons. We observed diamine-evoked increases in c-Fos expres-
sion and pERK levels in sparse olfactory sensory neurons. ERK
phosphorylation and c-Fos expression are induced by neuronal
activity, and are widely used reporters for neuron responsiveness,
including in the olfactory system (12, 13). Olfactory tissue was
obtained from zebrafish (n = 102) exposed to diamines or control
stimuli and stained using standard immunohistochemical (IHC)
techniques. c-Fos expression was similarly and robustly induced
by food odor, cadaverine, and other diamines (~6.0 cells per
lamella) but not tank water alone (<0.5 cells per lamella), with
low background levels likely resulting from residual odors in tank
water (Fig. 2 4 and B, and Fig. S1). The frequency of pERK-
containing cells was similar to that of c-Fos—expressing cells for
food odor, cadaverine, and diaminohexane. Some differences in
c-Fos induction and ERK phosphorylation were observed for
other diamines, and could reflect differences in reporter sensi-
tivity for lower affinity ligands or the much longer exposure time
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Fig. 2. Diamines elicit c-Fos and pERK increase in olfactory sensory neurons.
(A) Zebrafish (n = 21) were exposed to stimuli indicated (2 or 5 mM). c-Fos
IHC (green) and nuclear staining (propidium iodide, red), enabled visuali-
zation of c-Fos™ nuclei (yellow), some emphasized by gray arrow heads. (B
and C) Quantification of c-Fos* nuclei/lamella as a function of diamine chain
length (B) or concentration (C). Results from one representative experiment
each are shown. Counting was done on randomized micrographs, values
given represent mean + SEM. Significance in comparison with water was
evaluated by Student t test, *P < 0.05, **P < 0.01. (B) 1, water; 2, food ex-
tract; 3-8, numbers reflect carbon chain length of diamines; 9, dia-
minodecane. (D) Zebrafish (n = 14) were exposed to stimuli indicated
(1 mM). Some pERK-labeled cells (red) are emphasized by gray arrowheads;
nuclear counterstain (DAPI, blue). Red central stripes in some panels, un-
specific label in the basal lamina outside the sensory region. (E and F)
Quantification of pERK* cells/lamella as function of chain length (E) or
concentration (F). Values given represent mean + SEM. Significance in
comparison with water was evaluated by Student t test, **P < 0.01. (E)
Results from two experiments are shown; 1, water; 2, food extract; 3-8,
numbers reflect carbon chain length of diamines; 9, diaminodecane. (F)
Evaluation was partly on randomized data, no difference was seen between
randomized and nonrandomized evaluation.

required for c-Fos expression. Dose-dependent analysis indi-
cated threshold c-Fos responses to cadaverine and diamino-
heptane at 2 and 5 pM, respectively (Fig. 2C). Low concen-
trations of cadaverine and putrescine resulted in very low
frequencies of pERK-labeled cells (Fig. 2F), consistent with
detection by a single olfactory receptor (cf. refs. 14 and 15). The
range of diamine chain lengths (C3 to C10) that stimulate either
c-Fos expression or ERK phosphorylation in olfactory tissue
includes all diamines that promote aversive behavior (C4 to C8),
consistent with this behavior being mediated by olfaction. How-
ever, olfactory receptors that detect cadaverine in zebrafish or any
species have not been identified so far.

TAAR13c Is an Olfactory Receptor for Cadaverine and Other Diamines.
As in mammals (16), zebrafish TAARs function as olfactory re-
ceptors (17). We reasoned that a zebrafish TAAR could mediate
the cadaverine avoidance behavior because several rodent TAARs
detect biogenic amines, including some highly aversive odors (16,
18-20). As a result of numerous gene-duplication events, the
zebrafish TAAR family is large, with 112 receptors encoded by
the zebrafish genome (17). So far, ligands have not been iden-
tified for any zebrafish TAAR, and identification of such ligands
would be a key step toward understanding their physiological roles.

The dynamic evolution of the teleost Taar gene family led to
widespread loss (17) of an amine-binding motif found in biogenic
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amine receptors (21). However, most class I and class II tele-
ost TAARs retain this amine-binding motif (17), making them
good candidates for contributing to amine perception by the
fish olfactory system.

We initiated a chemical screen to identify agonists for zebra-
fish TAARSs and selected representatives from each of the five
TAAR subfamilies retaining the amine-binding motif and three
TAARs without it (see Fig. 3D for phylogenetic position of genes
analyzed). We previously developed a reporter gene system to
measure ligand-induced TAAR activation (16, 19); here, we used
this system to identify zebrafish TAAR agonists among 93 test
odorants, including a large number of amines, diamines, polyamines,
and amino acids.

One receptor tested, zebrafish TAAR13c, gave robust responses
to cadaverine (1,5-diaminopentane) and related aliphatic dia-
mines (Fig. 3 A and C). Cadaverine activated HEK293 cells ex-
pressing TAAR13c, but not control cells lacking TAAR13c, with a
half-maximal response (ECs) occurring at 23 + 3 pM (mean +
SD) and a threshold response occurring at 3 uM (Fig. 3E). Ca-
daverine variants, in which one amino group is replaced with
a hydroxyl group, methyl group, or hydrogen, did not activate
TAAR13c (Fig. 3B). Furthermore, 47 different aliphatic and
aromatic monoamines with varying chain lengths, degrees of
substitution, and functional groups, did not activate TAAR13c
(Fig. 3A4). This structure—activity analysis suggests that TAAR13c
contains two remote cation recognition sites, both of which re-
quire occupancy for receptor activation.

TAAR13c Preferentially Detects Odd-Chained Diamines. We next
measured TAAR13c responses to diamines ranging from C3
to C10 across several concentrations (Fig. 3E) and found ca-
daverine (C5) and diaminoheptane (C7) to activate TAAR13c
with highest affinity (ECsp = 23 + 3 pM and 30 + 2 pM, re-
spectively). Diaminohexane (C6) had ~fivefold reduced affinity,
whereas putrescine (C4) and diaminooctane (C8) had >10-fold
reduced affinity. Diaminopropane (C3) and diaminodecane (C10)
did not activate TAAR13c at any concentration tested. Further-
more, other dibasic ligands, including cystamine, agmatine, and
histamine, activated TAAR13c with reduced affinity (Fig. S1).
Although TAARI13c detected numerous primary amines, it
showed reduced activity for the tertiary amine derived from
putrescine, tetramethyl-1,4-diaminobutane (Fig. 34). Indeed,
TAARI13c is phylogenetically closer to those mammalian TAARs
that detect primary amines than to those preferring tertiary amines
(Fig. 3D) (cf. ref. 18).

Interestingly, both fish avoidance behavior and sensory neuron
responses showed no distinct preference for odd-chained dia-
mines, suggesting the existence of other receptors tuned to even-
chained diamines. This finding is consistent with electrophysio-
logical studies indicating limited cross-adaptation of olfactory
responses to cadaverine and putrescine (2). Here, we identified
TAAR13c as a highly sensitive detector of odd-chained diamines
that include the repulsive odor cadaverine.

A Physiological Source of Cadaverine Activates TAAR13c. A physio-
logically relevant source of diamine odors is decomposing car-
casses, whose presence may signal danger. In these circumstances,
cadaverine will be present in a complex mixture together with
other potentially odorous chemicals that also result from tissue
decay. Thus far we have examined TAAR13c responses to pure
chemicals; next we asked whether TAAR13c could detect cadav-
erine produced during the natural process of tissue decomposition.

We prepared fish extracts by placing a killed zebrafish in PBS
for 0 min (“fresh”) or 1 wk (“rotten”). PBS solutions were ho-
mogenized and centrifuged to remove debris, and resulting
supernatants used as “extracts.” We found that rotten fish extracts
provided a potent stimulus for TAAR13c, but that fresh extracts
had no activity (Fig. 44). Next, we analyzed the concentration
dependence of fresh and rotten fish extracts. We observed a half-
maximal response to rotten fish extracts diluted ~1,000-fold from
the initial preparation (Fig. 4B). In contrast, fresh fish extracts
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Fig. 3. TAAR13c is a sensitive diamine detector. (A) HEK293 cells were transfected with TAAR13c plasmid and a reporter gene, incubated with 93 different
test chemicals (1 mM), and assayed for reporter gene activity. TAAR13c activity is reported after normalization to responses from control stimuli (media
alone). Only aliphatic and mixed aliphatic/aromatic diamines and polyamines activate TAAR13c. No responses to diamines were observed in cells transfected
with reporter gene alone. (B) TAAR13c activation requires a divalent ligand with two amino groups. TAAR13c responses (n = 3 + SEM, 1-mM stimuli) were
measured for: 1, cadaverine; 2, 5-amino-1-pentanol; 3, hexylamine; 4, pentylamine; or “-" no ligand. (C) TAAR13c prefers odd-chained diamines. Responses of
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Higher affinity is seen for odd-chained diamines.

did not activate TAAR13c at any concentration tested, up to a 10-
fold dilution (Fig. 4B). These results indicate that TAAR13c is
able to detect diamines in a complex and physiologically re-
levant mixture.

Cadaverine Is the Principal TAAR13c Activator in Decayed Fish. To
determine the most relevant TAAR13c ligands in rotten fish
extracts, we quantified the levels of diamines using liquid chro-
matography and tandem mass spectrometry (LC/MS). The number
of ion counts with the mass-charge ratio (m/z) corresponding to
nine different diamines (putrescine, cadaverine, diaminohexane,
diaminoheptane, diaminooctane, agmatine, cystamine, histamine,
and cysteamine) were separately graphed over time. The retention
time and integrated area of observed peaks were compared with
standards for chemical assignment and quantification. None of
these nine amines were detected in fresh fish extracts, and only
cadaverine, putrescine, and histamine were detected in rotten fish
extract (Fig. 4C). Cadaverine was the most abundant diamine
detected, and levels of cadaverine, but not putrescine or histamine,
were sufficient to explain the striking sensitivity of TAAR13c for
decomposed tissue (Fig. 4D).

High-Affinity Cadaverine Responses Occur Primarily in TAAR13c-
Expressing Neurons. We next sought to determine whether high-
affinity cadaverine responses occurred primarily in TAAR13*
or TAAR13c™ olfactory sensory neurons. We generated a poly-
clonal antibody that recognizes a highly divergent region of the
TAARI13c sequence that is not conserved in closely related
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TAAR13 family members (Fig. S1). This antibody labeled a 55-
kDa protein in olfactory epithelium, but not other tissues by
Western blot analysis, and an extremely sparse population of
olfactory sensory neurons (0.3 cells per lamella) (Fig. S1) by IHC
analysis. Two-color analysis indicated colabeling of olfactory
sensory neurons with TAAR13c antibody and Taarl3c cRNA
riboprobe, with Taarl3c riboprobe labeling three- to sixfold
more cells, likely because of cross-hybridization to the four other
Taarl3c family members. Neurons labeled by TAAR13c anti-
body showed a ciliary morphology (Fig. S1) and occurred at a
frequency similar to that predicted for expression of individual
olfactory receptor genes (15).

Next, we asked whether cells labeled by the TAAR13c anti-
body responded to diamines using two-color IHC analysis for
pERK and TAAR13c. We found that cadaverine-responsive
neurons could be classified as low or high affinity based on re-
sponse sensitivity. High-affinity (10 pM) cadaverine responses
occurred primarily (~90%) in TAAR13c-expressing cells (Fig.
5), whereas increasing cadaverine concentration 10-fold resulted
in increased numbers of responsive neurons, suggesting recruit-
ment of additional low-affinity receptors (Fig. 5). TAAR13c cells
were distinct from those activated by low concentrations (10 pM)
of putrescine (Fig. 5), consistent with our findings that TAAR13c
prefers odd-chained diamines. Taken together, these results are
consistent with TAAR13c being a major component in high-af-
finity cadaverine recognition by zebrafish.
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Fig.4. TAAR13cis activated by a biological source of diamines. (4) TAAR13c
detects rotten but not fresh fish extracts diluted 100-fold. Values are given
as signal-to-blank ratios. (B) Rotten fish extract activates TAAR13c in a dose-
dependent manner, whereas fresh extract shows no activity at any concen-
tration. (C) LUMS analysis showed that rotten but not fresh fish extracts
contain cadaverine, putrescine, and histamine at concentrations indicated.
No other TAAR13c activators were detected (“-", below detection limit of
0.5 mM). (D) TAAR13c activation by rotten fish extract can be explained by
cadaverine content. Gray solid curves indicate inferred TAAR13c activation
by cadaverine and putrescine present in the various dilutions of rotten fish
extract and are superimposed on a curve (dashed lines) reporting measured
dose-dependent TAAR13c activation by rotten fish extract (see B).

Discussion

Cadaverine and putrescine are death-associated odors produced
by microbe-mediated decarboxylation of basic amino acids (22).
Chemosensory receptors that detect these odors are unknown in
any species and could provide valuable tools to study how the ol-
factory system mediates innate aversion or attraction (cf. ref. 23).
Here, we show that zebrafish TAAR13c detects cadaverine
with high sensitivity and specificity. This study is unique in re-
porting a ligand for any of the 112 zebrafish TAARs, and fol-
lowing identification of two amino acid-activated receptors from
the V2R-related receptor family (24, 25), constitutes the third
deorphanization of any fish olfactory receptor. TAARI13c is
strongly activated by primary amines and indeed is phylogenet-
ically closer to those rodent TAARs that prefer primary over
tertiary amines (18). Moreover, TAAR13c has distinct molecular
recognition properties compared with many biogenic amine-
activated G protein-coupled receptors in that it is selective for
diamines compared with monoamines. Structure activity analysis
indicates an unusual divalent ligand binding pocket requiring two
remote positive charges for activation. A conserved aspartic acid
in biogenic amine receptors that forms a salt bridge with the li-
gand amino group is retained in TAAR13c (Asp™*?), but resi-
dues important for recognition of the second amine are not
known. Nevertheless, the existence of a second amine contact
site raises the possibility for a unique inverted mode of mono-
amine recognition by G protein-coupled receptors that lose the
conserved Asp>>? but retain the second recognition site.
TAAR13c is a narrowly tuned receptor that prefers medium-
length, odd-chained diamines. Although a pronounced tuning to
chain length is commonly found for olfactory receptors (26, 27),
TAAR13c is peculiar in its strong preference for odd-chained
diamines. Odd- and even-chained diamines have significant dif-
ferences in the relative orientation and positioning of the two amino
groups, and their cognate olfactory receptors likely have negatively
charged counterions in distinct locations of the agonist binding
pocket. Interestingly, odd-chained and even-chained diamines did
elicit comparable aversive behavior, which suggests the presence of
additional zebrafish olfactory receptors activated by even-chained
diamines, consistent with data from cross-adaptation studies (6).
Some estimates about the conceivable size of the cadaverine
receptor repertoire can be derived from our quantitative analy-
sis of sensory neuron responses. We find that many receptor
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neurons show increased pERK levels at high cadaverine con-
centrations, consistent with the presence of several olfactory
receptors that can detect cadaverine. However, at low concen-
trations an extremely sparse population of receptor neurons (0.3
cells per lamella, about 100 cells per olfactory rosette) is acti-
vated, corresponding to the lower limit of cell numbers found for
individual olfactory receptor genes (cf. ref. 15). Moreover, the
large majority of these cells expresses TAAR13c, consistent with
this receptor being a major component of high affinity cadav-
erine detection. Further investigation, in particular TAAR13c
loss-of-function analysis, will be required to delineate the exact
role of TAAR13c in generating avoidance behavior to diamines.

The dose-dependence of cadaverine-evoked avoidance behav-
iors, c-Fos and pERK induction, and TAAR13c activation are all
understandably different, because stimulus application, signal de-
tection threshold, and signal/noise ratio are specific to each
method. Receptor affinities can be much lower in heterologous
systems than in vivo (28-30), where expression of receptors and
signaling components are presumably optimized. Nevertheless, the
threshold of cadaverine detection by TAARI13c of 3 pM is very
similar to in vivo thresholds observed for the intact olfactory sys-
tem (6, 31) and to thresholds measured for isolated olfactory
sensory neurons (2). Although it is difficult to estimate naturally
occurring cadaverine concentrations close to dead fish, the ca-
daverine concentration we measured in rotten zebrafish extracts
was several orders of magnitude higher than the TAAR13c ac-
tivation threshold, and presumably high enough to allow de-
tection of that odor source from some distance. Importantly, the
behavioral response in the two-choice assay is maximal at the
same low concentration of cadaverine, which elicits neuronal ac-
tivity predominantly in TAAR13c-expressing cells. Thus, the
available data are consistent with TAAR13c being a significant
part of the receptor repertoire that detects cadaverine present in
ecologically relevant sources.

TAAR13c arose during teleost evolution and orthologs are
not found in rodents and humans who also detect cadaverine.
Thus, cadaverine-activated olfactory receptors in mammals may
present a case of convergent evolution, either within the verte-
brate TAAR family or between different olfactory receptor
families (cf. ref. 27). In vitro studies did not identify a high-affinity
cadaverine receptor among mouse, rat, or human TAARs (18),
although cadaverine reportedly activates TAAR-containing glo-
meruli in mice at high concentrations (8). Other mammalian
TAARs also detect aversive amines; for example, isoamylamine
(TAAR3) and 2-phenylethylamine (TAAR4), both likewise
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Fig. 5. Cadaverine activates TAAR13c-expressing neurons. Zebrafish were
exposed to cadaverine (cad) and putrescine (put) at concentrations indicated
and processed for concomitant IHC of TAAR13c (green fluorescence) and
PERK (red fluorescence). DAPI was used as nuclear counterstain (blue).
Sometimes the basal lamina was stained unspecifically (green and red stripes
in the center of some lamellae). Asterisks, pERK™ cells; arrows, colabeled cells
(yellow) and pERK*/TAAR13c™ cells (red). (Scale bars: 10 pm.) (Lower Left)
Quantitative evaluation, values are given as normalized cell numbers (120-
250 cells per condition were analyzed); green bar, TAAR13c*/pERK™ cells;
yellow bar, double label; red bar, TAAR13c /pERK" cells.
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Fig. 6. Graphical summary of key findings.

produced by decarboxylation of amino acids (16, 18, 19, 32). Indeed,
amines are an odor group that is chemically suited both to aquatic
and airborne detection. Interestingly, trimethylamine, a TAARS
agonist, is an aversive odor to humans and rats (20, 33) but attractive
to mice (20). This finding is reminiscent of cadaverine, which is at-
tractive to goldfish (2) but aversive to zebrafish (present results).

Taking these data together, we have shown that TAAR13c
emerges as a sensitive olfactory receptor for the death-associated
odor cadaverine, both in isolation and as part of a complex mixture.
Cadaverine at low concentrations activates a sparse population of
TAARI13c-expressing olfactory sensory neurons and elicits power-
ful and innate avoidance behavior in zebrafish, a vertebrate model
system. See Fig. 6 for a graphical summary of key findings. Such an
association of odors and cognate receptors with a powerful avoid-
ance response provides a molecular basis for studying neural cir-
cuits connecting sensation with perception of odor valence.

Materials and Methods

TAAR Cloning. TAAR13c cDNA (National Center for Biotechnology Information
accession no. NM_001083040.1) was cloned from zebrafish genomic DNA using
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standard methods. For other clones, primer, and vector information, see S/
Materials and Methods.

TAAR Phylogenetic Analysis. The TAAR gene dataset was from ref. 17. For
algorithms used, see SI Materials and Methods.

TAAR Functional Assays. The reporter assay was performed as described pre-
viously (16). Details for assay and receptor sequences are provided in S/
Materials and Methods.

Antibody Generation. A unique peptide of 16 amino acids served as immu-
nogen for TAAR13c. Details are provided in S/ Materials and Methods.

Western Blot. The Western blot was performed as described previously (34).
Details are provided in S/ Materials and Methods.

Immunohistochemistry. Standard procedures were used. Protocols are pro-
vided in S/ Materials and Methods.

Immunohistochemistry Combined with in Situ Hybridization. In situ hybrid-
izaiton-IHC was performed as described previously (35). Protocols and details
for antibody and probe are supplied in S/ Materials and Methods.

Behavioral Analysis. Fish motion was tracked pre- and poststimulus addition.
Two set-ups were used: single arena and two channel. Details of set-ups and
analysis are provided in S/ Materials and Methods.

Quantitative LC/MS Analysis of Diamines. Protocols for sample preparation,
processing, and analysis are provided in S/ Materials and Methods.

ACKNOWLEDGMENTS. We thank Walter Nadler for help with programming;
Yuichiro Oka for critical review of the manuscript; Wayne Korzan, Matthias
Gruhn, and Kim Korsching for technical advice; Jamie Lemon and Priyanka Maity
for technical support; and Ansgar Bueschges for housing our behavioral set-up.
This work was supported by Deutsche Forschungsgemeinschaft Award KO-1046/
3 (to S.I.K.); an International Graduate School in Genetics and Functional
Genomics stipend (to A.H. and L.RS.); an International Graduate School in
Development Health and Disease stipend (to G.A.); a Boehringer Ingelheim
travel grant (to L.R.S.); and a grant (Award Number RO1DC010155) from the
National Institute on Deafness and Other Communicative Disorders (to S.D.L.).

18. Ferrero DM, et al. (2012) Agonists for 13 trace amine-associated receptors provide
insight into the molecular basis of odor selectivity. ACS Chem Biol 7(7):1184-1189.

19. Ferrero DM, et al. (2011) Detection and avoidance of a carnivore odor by prey. Proc
Natl Acad Sci USA 108(27):11235-11240.

20. Li Q, et al. (2013) Synchronous evolution of an odor biosynthesis pathway and be-

havioral response. Curr Biol 23(1):11-20.

Huang ES (2003) Construction of a sequence motif characteristic of aminergic G

protein-coupled receptors. Protein Sci 12(7):1360-1367.

22. Mietz JL, Karmas E (1978) Polyamine and histamine content of rockfish, salmon, lobster,
and shrimp as an indicator of decomposition. J Assoc Off Anal Chem 61(1):139-145.

23. Mori K, Sakano H (2011) How is the olfactory map formed and interpreted in the
mammalian brain? Annu Rev Neurosci 34:467-499.

24. Speca DJ, et al. (1999) Functional identification of a goldfish odorant receptor.
Neuron 23(3):487-498.

25. Demaria S, et al. (2013) Role of a ubiquitously expressed receptor in the vertebrate
olfactory system. J Neurosci 33(38):15235-15247.

26. Fuss SH, Korsching SI (2001) Odorant feature detection: Activity mapping of structure
response relationships in the zebrafish olfactory bulb. J Neurosci 21(21):8396-8407.

27. Saito H, Chi Q, Zhuang H, Matsunami H, Mainland JD (2009) Odor coding by a mam-
malian receptor repertoire. Sci Signal 2(60):ra9.

28. Mombaerts P (2004) Genes and ligands for odorant, vomeronasal and taste receptors.
Nat Rev Neurosci 5(4):263-278.

29. Oka Y, et al. (2006) Odorant receptor map in the mouse olfactory bulb: In vivo sen-
sitivity and specificity of receptor-defined glomeruli. Neuron 52(5):857-869.

30. Krautwurst D, Yau KW, Reed RR (1998) Identification of ligands for olfactory re-

ceptors by functional expression of a receptor library. Cell 95(7):917-926.
. Friedrich RW, Korsching SI (1997) Combinatorial and chemotopic odorant coding in
the zebrafish olfactory bulb visualized by optical imaging. Neuron 18(5):737-752.

32. Kobayakawa K, et al. (2007) Innate versus learned odour processing in the mouse
olfactory bulb. Nature 450(7169):503-508.

33. Mitchell SC, Smith RL (2001) Trimethylaminuria: The fish malodor syndrome. Drug
Metab Dispos 29(4 Pt 2):517-521.

34. Ahuja G, et al. (2013) Zebrafish crypt neurons project to a single, identified medi-
odorsal glomerulus. Sci Rep 3:2063.

35. Oka 'Y, Saraiva LR, Korsching SI (2012) Crypt neurons express a single V1R-related ora
gene. Chem Senses 37(3):219-227.

21.

3

Hussain et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318596110/-/DCSupplemental/pnas.201318596SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1318596110

[ T

/

1\

=y

Supporting Information

Hussain et al. 10.1073/pnas.1318596110

S| Materials and Methods

Trace Amine-Associated Receptor Cloning. Trace amine-associated
receptor (TAAR)13c cDNA (National Center for Biotechnology
Information accession no. NM_001083040.1) was amplified from
zebrafish genomic DNA using specific PCR primers with flanking
restriction sites NotI (5’) and EcoRI (3'):

5"t ATTTGCGGCCGCCATGGATTTATCATCACAAGAA,
3": CCGGAATTCTCAAACCGTAAATAAATTGAT.

The PCR product was digested with Notl and EcoRI, and li-
gated into pcDNA3.1(-) expression vectors with or without a se-
quence encoding the first 20 amino acids of bovine rhodopsin (1,
2). The construct without the rhodopsin tag did not show any ac-
tivity in the functional assays, presumably because of inefficient
transport to the plasma membrane.

Other genes used in this study were TAAR1 (NM_001082904),
TAAR10 (NM_001083038.2), TAAR11 (NM_001083077),
TAAR12f (NM_001082907), TAAR13a (NW_001878149),
TAAR13b (NM_001083042), TAAR13d (NM_001083041),
TAAR15a (NM_001083039), TAAR16¢c (NW_001877318), and
TAAR20t (NW_001877075.3). For phylogenetic position of
genes, see Fig. 3.

TAAR Phylogenetic Analysis. A phylogenetic tree for faar genes
was constructed using a modified maximum-likelihood method
(PhyML-aLRT) with SPR setting for tree optimization and y*-
based aLRT for branch support (3), and rendered using Treedyn
(4). The gene set and alignment algorithm were as described
previously (5), but only three mammalian species were included
(mouse, rat, human).

TAAR Functional Assays. TAAR13c receptor activation was mea-
sured in a heterologous expression using a previously established
cAMP-dependent assay (1). Half-maximal response (ECsg) val-
ues were determined within the concentration range of 0.3 uM to
1 mM, using a four parameter sigmoidal fit (6), and represent
averages from four to six independent experiments, with in-
dividual values weighted by the variance of the respective curve
fits. SE and degrees-of-freedom are calculated as appropriate for
weighted averages. Fish extracts were prepared as described
below for HPLC analysis. Expected responses for cadaverine and
putrescine within fish extract were calculated using the sigmoidal
regression curves obtained above.

Antibody Generation. We used a unique peptide consisting of 16
amino acids (NP_001076509.1, amino acids sequence from 234 to
249) as immunogen for TAAR13c (Fig. S1). Identity to other
TAARI13 family members was in the range of 62-81%. Peptide
synthesis and polyclonal antibody production (rabbit) were per-
formed by Innovagen. Specificity of the antibody was established
by Western blot with extracts from different tissues and compe-
tition with 10-fold molar excess of peptide immunogen (Fig. S1).

Western Blot. The Western blot with the adult zebrafish organs
was performed as described previously (7). After the blocking
step, the membrane was incubated with anti-TAAR13c antibody
(1:100) or anti-pERK antibody (1:500) in blocking solution
overnight at 4 °C. For the peptide competition assay, the anti-
TAAR13c antibody was preincubated overnight at 4 °C with 10-
fold molar access of immunization peptide. After three washes
for 5 min each in PBST, the membrane was incubated in sec-
ondary antibody (1:5,000) for 1 h at room temperature. After three
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rinses in PBST, ECL reagent from Amersham (RPN2132) or
Thermo Scientific (No. 34096) was used for developing the blot.

Immunohistochemistry. Individual zebrafish were placed in 20-30
mL of tank water in a 50-mL falcon tube and exposed to food
odor, nothing, or diamine concentrations between 0.2 pM and
5 mM for 1 h (c-Fos) or 2-5 min (pERK) at room temperature.
Fish were kept in a separate area to avoid any visual or physical
stimuli and care was taken to minimize stress because of han-
dling. After 1 h, fish were quickly killed by decapitation, the
olfactory epithelium was dissected, and 8- to 10-pum fresh-frozen
sections were obtained. Sections were fixed in 4% (wt/vol) PFA for
3-10 min at room temperature, washed three times for 10 min each
in PBS 1x (pH 7.5), dried by incubation in acetone for 15 min at
—20 °C, washed again three times for 5 min in PBST (PBS +
0.1% Triton-X100) and blocked in 5% normal goat serum in
PBST for at least 1 h at room temperature. The tissue was then
incubated with primary antibody (rabbit polyclonal anti—c-Fos
antibody K-25, 1: 200 dilution, Santa Cruz or mouse anti-pERK
antibody, 1:100 dilution, Cell Signaling) in blocking solution
overnight at 4 °C. After extensive washing in PBST (3x 10 min),
the sections were incubated with 1:200 dilution of secondary goat
antibodies (anti-rabbit antibodies coupled to Alexa-488,A11008,
Invitrogen or Alexa-594, A11037, Invitrogen or anti-mouse an-
tibodies coupled to Alexa-594, Invitrogen, A11005) in PBST for
2 h at room temperature. Sections were washed three times with
PBST, incubated with DAPI or 1:1,000 dilution of propidium
iodide (Sigma-Aldrich) for 30 min in the dark at room temper-
ature, washed three times with PBST, mounted, and embedded
in Vectashield (Vector). Nuclear localization of c-Fos was estab-
lished by costaining with propidium iodide, and the frequency of
immunopositive nuclei was determined by randomized evaluation.
Some pERK experiments were evaluated without randomization,
and results of these analyses were not distinguishable from those
of randomized evaluation.

Immunohistochemistry Combined with in Situ Hybridization. Taarl3c
cRNA riboprobe (bases 1-601) was prepared using standard
methods. Pretreatment of sections, probe hybridization, and
stringent washing were performed as described previously (8),
except that Proteinase K treatment was omitted. For high strin-
gency conditions the final washes were performed at 65 °C in
0.2x SSC, and for low stringency salt concentration was raised to
0.7x SSC. Afterward, sections were blocked in 1% blocking re-
agent (Roche) in PBS for 1 h. The slides were then incubated
with sheep anti-DIG Fab fragments conjugated with alkaline
phosphatase (AP, Roche; 1:200) together with rabbit anti-
Taar13c antibody (1:100) in the blocking solution at 4 °C over-
night. After washing three times in PBS, sections were treated
with the secondary antibody (1:200) in PBS for 2 h at room
temperature. Hybridized probes were visualized by enzymatic
reaction of AP with HNPP Fluorescent Detection Set (Roche).
After evaluating the success of the staining, slides were washed
in PBS, mounted with VectaShield with DAPI (Vector), and
observed and photographed with a fluorescent microscope (BZ-
9000, Keyence).

Behavioral Analysis. Individual adult zebrafish between 6 and 12
mo of age (Ab/Tii strain) were tested 2 h after feeding and in the
light phase of the diurnal cycle. For generation of transiently
anosmic fish, both nostrils were glued with Histoacryl (Braun)
and the fishes were allowed a resting period of 24 h before being
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tested. Anosmic fish showed normal motility (P = 0.71, n = 6).
Before the test, fish were habituated for 45 min to an elongated
tank (10x 100 cm, 9 L fresh filtered water). Fish movements
were video recorded (30 frames per second) from above for
5 min before and after stimulus addition (180 pL odor or tank
water as control) by an experimenter not visible to the fish. In
initial experiments stimulus diffusion was examined by addition
of dye, which spread to about one-quarter of the tank after 5 min.
The 5-min trial period covers most of the observed avoidance
behavior and was therefore chosen for quantification.

Fish movements were tracked using WINANALYZE auto-
mated motion tracker (www.winanalyze.com) (9), and the tracking
was visually monitored. Distance to stimulus application site, ve-
locity, and angular movement were visualized as histogram and
as function of time, as well as averaged over time, using Excel
(Microsoft) and OpenOffice (Apache). Total track length and
the spatial patterns of tracks showed great intertrial and interfish
variability, but were mostly very similar between the two 5-min
periods of control experiments (Table S1). Distance relative to
the odor source was determined for each frame and averaged
separately before and after stimulus addition. Mean displacement
was calculated as a difference of average location and expressed
as percent of total tank length (TL). It should be noted that the
maximal possible displacement starting from a random track is
equivalent to 0.5 TL. Significance was evaluated by Student ¢ test
(two-sided, unpaired).

Close approach to the site of stimulus application was defined
as distances smaller than 5% TL and time spent in close approach
was measured as number of video frames fulfilling this criterion.
For intertrial comparison, the difference of such frames before
and after stimulus addition was calculated and normalized to the
number of frames before stimulus addition. Significance was
evaluated by Student ¢ test (two-sided, unpaired).

Intertrial times of 1 to 2 h led to severely impaired evasive
behavior in the subsequent trial. Thus, the minimal intertrial time
period was set to 2 d, and no adaptation was observed under these
conditions. Stimuli were applied in random order. Fish food odor
was prepared by incubating fish food in water [10% (wt/vol)
Tetramin, 2 h] and removal of solid debris by centrifugation.

For some experiments zebrafish avoidance behavior was ana-
lyzed in a Y-shaped tank (10), with two separate inflow channels
(each 5 x 13 cm) and a mixing zone (10 x 11 cm). In this set-up,

. Liberles SD, Buck LB (2006) A second class of chemosensory receptors in the olfactory
epithelium. Nature 442(7103):645-650.
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a more stringent upper limit for the actual stimulus concentra-
tion encountered by the fish can be determined. The following
modifications were made for these experiments: Fishes were
kept unfed for 24 h, then individual fish were habituated to the
set-up for at least 45 min. Flow rate was adjusted to 350 mL/min
for each channel independently via pump. At this rate the fish
investigated freely each channel as well as the mixing zone. In
initial experiment dye was added to one channel, which gradually
spread in the mixing zone, but never entered back into the other
channel. Fish movements were recorded for 4 min before and
after switching one channel to stimulus solution. To ensure that
fish would actively sample both compartments during the test
phase, we only evaluated experiments, for which the fish in the
prestimulus phase spent at least 20% of their time in the lesser
visited side. No consistent bias for one channel was observed.
Fish movements were tracked using LoliTrack v3 automated
motion tracker (www.loligosystems.com) (11) and the tracking
was visually monitored. Time spent in each compartment was
analyzed using Open Office (Apache) and the avoidance index
was determined: Al = [(f, — t,)/(ta + tp)ead. — (ta — 1p)/(ta +
tp)water), Where t, = prestimulus, ¢, = stimulus period, cq= ca-
daverine, and ., = water channel. The value range for Al is
between 1 (complete aversion) and —1 (complete attraction),
starting with random movement in the prestimulus period.

Quantitative LC/MS Analysis of Diamines. Adult zebrafish were kil-
led, incubated in PBS (6.3 mL/g) for 0 min (“fresh”) or 1 wk
at room temperature (“rotten”), homogenized, and centrifuged
to remove debris. Extracts were further diluted 100-fold in PBS
and analyzed by LC/MS using a Luna C18 column (Phenomenex,
4.6 x 100 mm) on an Agilent 1200 HPLC instrument (Agilent
Technologies). Samples were eluted using a linear gradient
[0-60% (vol/vol)] of solvent A (acetonitrile plus 0.1% formic
acid) in solvent B (water plus 0.1% formic acid). The samples
were analyzed in tandem by mass spectroscopy on an Agilent
6130 Quadrupole LC/MS system (Agilent Technologies). The
numbers of ion counts with the mass-charge ratio (m/z) cor-
responding to putrescine, cadaverine, diaminohexane, dia-
minoheptane, diaminooctane, agmatine, cystamine, histamine,
and cysteamine were separately graphed over time and com-
pared with internal standards for quantitation. The detection
limit was 0.5 mM.

7. Ahuja G, et al. (2013) Zebrafish crypt neurons project to a single, identified
mediodorsal glomerulus. Sci Rep 3:2063.

. Weth F, Nadler W, Korsching S (1996) Nested expression domains for odorant
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13326.

. Neumeister H, Cellucci CJ, Rapp PE, Korn H, Faber DS (2004) Dynamical analysis reveals
individuality of locomotion in goldfish. J Exp Biol 207(Pt 4):697-708.

10. Gerlach G, Atema J, Kingsford MJ, Black KP, Miller-Sims V (2007) Smelling home can
prevent dispersal of reef fish larvae. Proc Nat/ Acad Sci USA 104(3):858-863.

. Schack HB, Malte H, Madsen PT (2008) The responses of Atlantic cod (Gadus morhua L.)
to ultrasound-emitting predators: stress, behavioural changes or debilitation? J Exp
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Fig. S1. Additional data. (A) Diamines elicit c-Fos and pERK increase in olfactory sensory neurons. (Upper) Zebrafish (n = 12) were exposed to stimuli indicated
(2 or 5 mM for diamines). c-Fos immunohistochemistry (green) and nuclear staining (propidium iodide, red), enabled visualization of c-Fos* nuclei (yellow),
some emphasized by gray arrow heads. (Lower) Zebrafish (n = 8) were exposed to stimuli indicated (1 mM). Some pERK-labeled cells (red) are emphasized by
gray arrow heads; nuclear counterstain (DAPI, blue). Red central stripes in some panels, unspecific label in the basal lamina outside the sensory region. (B) Dose-
dependent activation of TAAR13c by dibasic ligands cystamine, agmatine, and histamine. HEK293 cells were transfected with TAAR13c plasmid and a reporter
gene, incubated with chemicals at concentrations indicated, and assayed for reporter gene activity. Values are in relative units. A representative experiment is
shown (n = 3 + SEM). No responses to diamines were observed in cells transfected with reporter gene alone. Only activation by cystamine is saturable. For
comparison, the dose-response curve of cadaverine is shown (gray). (C) Sequence alignment of the peptide sequence used for the generation of TAAR13c
antibody with the corresponding segments from the four other members of the TAAR13 subfamily. Difference to the peptide sequence is shown as percentage
(Right). (D) Anti-TAAR13c antibody labels a sparse population of olfactory sensory neurons (green) in horizontal sections of olfactory epithelium. (Left) A
complete horizontal section contains only six TAAR13c* olfactory sensory neurons; (Center and Right) TAAR13c* cells at higher magnifications. Counterstain by
DAPI (blue). (E) Western blot analysis of protein extracts from gills, heart, 5 d postferitilization embryo (Emb), and olfactory epithelium (OE), using anti-
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TAAR13c antibody. (Upper) The antibody recognizes a specific protein with apparent molecular weight of 55 kDa in the olfactory extract lane; (Lower) no such
band was observed after preincubation of anti-TAAR13c antibody with 10x molar excess of peptide. Note that the high molecular weight band in heart (absent
in OE) is not eliminated by preincubation with peptide. Arrowheads, molecular weight of reference proteins in kilodaltons. (F and G) Concomitant immu-
nohistochemical detection of TAAR13c (green fluorescence) and Taar13c riboprobe (red fluorescence) in zebrafish olfactory rosettes. DAPI was used as nuclear
counterstain (blue). Washes were performed at low (0.7x SSC, 65 °C) and high stringency (0.2x SSC, 65 °C). Quantification of these results is shown in G. Color
code as indicated; ISH, in situ hybridization; IHC, immunohistochemistry. Several-fold more cells are labeled by the Taar13c riboprobe at low stringency (Upper),
resulting in a smaller percentage of all labeled cells for the double-labeled neurons (Lower). (H) Quantification of TAAR13c/pERK colocalization. Zebrafish were
exposed to cadaverine (cad) and putrescine (put) at concentrations indicated and processed for concomitant immunohistochemical detection of TAAR13c and
PERK. Results were quantified, color code as indicated. (Upper) Number of cells normalized per TAAR13c* cell; (Lower) cell populations are expressed as
percent of all labeled cells. (/) Western blot analysis of protein extract from OE, using anti-pERK antibody. The antibody recognizes two specific bands with
molecular weight corresponding to pERK1 and pERK2. Arrowheads, molecular weight of reference proteins in kilodaltons.

Table S1. Odor-induced behavioral responses of zebrafish

Displacement* Close approach®
[(post — pre), TL], [(post — pre)/pre], Track length ratio

Odor (1-mM stimulus) mean + SEM P value mean + SEM Pvalue*  Pvalue® (post/pre)’ P value
Water (negative control) 0.04 + 0.04 — -0.21 + 0.35 NS NA 0.91 + 0.04 —
Food extract (positive control) -0.25 + 0.06 <0.01 36+15 <0.05 NA 0.89 + 0.07 0.76
1,3-Diaminopropane —-0.01 + 0.01 NS 0.15 + 0.36 NS NA 0.99 + 0.05 0.35
1,4-Diaminobutane (putrescine) 0.21 + 0.04 <0.01 -0.66 + 0.05 <107 <107 0.92 + 0.08 0.88
1,5-Diaminopentane (cadaverine) 0.28 + 0.05 <0.01 -0.84 + 0.08 <107° <0.03 1.14 + 0.11 0.08
1,6-Diaminohexane 0.25 + 0.03 <0.01 -0.72 + 0.09 <1074 <0.01 1.01 + 0.07 0.26
1,7-Diaminoheptane 0.20 + 0.02 <0.01 —0.60 + 0.06 <1078 <0.001 0.92 + 0.07 0.91
1,8-Diaminooctane 0.17 + 0.04 <0.05 -0.72 + 0.1 <107 <0.03 0.93 + 0.04 0.74
1,10-Diaminodecane -0.04 + 0.05 NS 0.95 + 0.93 NS NA 0.95 + 0.07 0.53

*Overall displacement of fish is quantified as (mean distance to odor source after stimulus addition) minus (mean distance to odor source before stimulus
addition) and is expressed relative to tank length. Maximal possible displacement for fish with random movement before stimulus addition amounts to 0.5 TL;
positive values correspond to avoidance. P value is for Student t test against water, NS, not significant.

TClose approach time is measured as number of video frames in which the fish approaches the stimulus application site closer than 5% of tank length.
Normalized difference in close approach time is given as ([time in close approach post stimulus] — [time in close approach pre stimulus])/[time in close approach
prestimulus]. Negative values indicate avoidance.

*Significance for the difference between pre- and postclose approach time; P value determined by Student t test (two-sided).

Ssignificance for the difference between post-stimulus close approach time and zero close approach time (i.e., total avoidance); P value determined by Student
t test (one-sided); NA, not applicable.

YFish track lengths were summarized over 9,000 frames (equals 5 min) before and after stimulus addition. Post/Pre ratios are shown, no significant change in
track length and therefore velocity is seen. P values are determined by Student t test for the comparison with water (two-sided); none show significant
differences.
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Background: No ligands are known for any olfactory receptor of the vir-related ora gene family.
Results: Zebrafish ORA1 recognizes with high sensitivity and specificity 4-hydroxyphenylacetic acid. This compound elicits

oviposition behavior.

Conclusion: ORA1 was deorphanized with a ligand that may be a reproductive pheromone.
Significance: Pheromone reception conceivably might be the ancestral function of the ora/v1r family.

The teleost vIr-related ora genes are a small, highly conserved
olfactory receptor gene family of only six genes, whose direct
orthologues can be identified in lineages as far as that of carti-
laginous fish. However, no ligands for fish olfactory receptor
class A related genes (ORA) had been uncovered so far. Here we
have deorphanized the ORA1 receptor using heterologous
expression and calcium imaging. We report that zebrafish
ORAL1 recognizes with high specificity and sensitivity 4-hy-
droxyphenylacetic acid. The carboxyl group of this compound is
required in a particular distance from the aromatic ring,
whereas the hydroxyl group in the para-position is not essential,
but strongly enhances the binding efficacy. Low concentrations
of 4-hydroxyphenylacetic acid elicit increases in oviposition fre-
quency in zebrafish mating pairs. This effect is abolished by
naris closure. We hypothesize that 4-hydroxyphenylacetic acid
might function as a pheromone for reproductive behavior in
zebrafish. ORA1 is ancestral to mammalian V1Rs, and its puta-
tive function as pheromone receptor is reminiscent of the role of
several mammalian V1Rs as pheromone receptors.

Pheromones play essential roles in many intraspecies com-
munications, from mating preferences to control of aggression
and individual recognition. Chemical signaling also occurs
between species, e.g. for prey or predator detection. In mam-
mals two large gene families are thought to be mainly respon-
sible for detection of these signals, vomeronasal receptors type
1 and type 2 (V1R and V2R).? V2R receptors have been shown
to recognize peptides (1, 2), whereas VIR ligands are found
among low molecular weight molecules, such as steroids (Refs.
3 and 4, see also Ref. 5). We have recently shown that a small

" These authors contributed equally to this article.

2 To whom correspondence should be addressed. Tel.: 49-221-470-4843; Fax:
49-221-470-5172; E-mail: sigrun.korsching@uni-koeln.de.

3The abbreviations used are: VIR and V2R, vomeronasal 1 receptor and
vomeronasal 2 receptor.
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and highly conserved olfactory receptor gene family of just six
ora genes (6) constitutes the ancestral repertoire, from which
the large and dynamically evolving mammalian vir families
originate. All mammalian vIr genes are monophyletic with a
single pair of ora genes, oral and ora2 (6), whose direct ortho-
logues are present already in cartilaginous fish (7). In the light of
such drastic differences in evolutionary characteristics for vir
and vIr-related ora genes it would be interesting to compare
ORA ligands to those found for V1Rs. It is conceivable that
ligands of the slowly evolving ora genes could be closer to those
of ancestral v1r genes than the ligands of contemporary, rapidly
evolving vIr genes themselves.

The zebrafish olfactory system is well characterized (Ref. 8
and references therein), and so we chose zebrafish ora genes for
cloning and expression in a mammalian cell line. Activation of
the receptors was analyzed by calcium imaging, using a variety
of plausible assumptions as to potential ligands. Although none
of these assumptions were borne out, eventually one led us on
the track for a high affinity ligand of ORA1. We report the
structure-activity tuning of ORA1, and show that the most
effective ligand, 4-hydroxyphenylacetic acid, modulates repro-
ductive behavior of zebrafish.

EXPERIMENTAL PROCEDURES

Cloning of Zebrafish ORA1 and ORA2 ¢cDNA—oral and
ora2 are monoexonic genes, whose full-length coding
sequences were amplified from zebrafish genomic DNA, using
the following primers: ORA1_FW 5'-TAGAATTCATGGACCT-
GTGTGTCACCA-3', ORAL_RV 5'-ATAGTTTAGCGGCCG-
CCGTTCTTGCCGCTGGAGTT-3', ORA2_FW 5-CGGAAT-
TCATGATTGCGGAGG-CTGTG-3’, ORA2 RV 5'-ATA-
GTTTAGCGGCCG-CCGTGCATGGTCTCTGGCTG-3'.
Forward primers contain a 5’ EcoRI site and reverse primers
contain a NotI site. After PCR amplification, reaction products
were digested with EcoRI and NotI, and cloned into the EcoRI
and Notl sites of the modified vector pcDNA5SFRT PM (9),
thereby adding an amino-terminal sst3 epitope to facilitate effi-
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cient cell surface localization and a carboxyl-terminal HSV
(herpes simplex virus glycoprotein D) tag to enable immunolo-
gical detection of the receptors.

Immunocytochemistry of ORA Constructs Transfected into
HEK 293 Cells—Immunocytochemical detection of HEK 293T
cells stably expressing the G protein-chimera Gal6gust44 was
mainly done as described previously (10). Briefly, cells were
seeded onto poly-pD-lysine-coated glass coverslips in 24-well
plates. Cells were transiently transfected with constructs cod-
ing for ORA1 or ORA2 using Lipofectamine 2000 (Invitrogen),
and incubated for 24 h at 37 °C in 5% CO,. Next, the cells were
washed twice with PBS and placed for 30 min on ice to block
endocytosis. For cell surface labeling biotinylated concanavalin
A (Sigma) was applied at a dilution of 1:2,000 (1 h on ice). Repet-
itive washing with ice-cold PBS was followed by methanol/ac-
tone fixation (1:1 (v/v)) for 2 min. Following washing with PBS
at room temperature, cells were incubated with 5% normal
horse serum in PBS. Receptor proteins were detected with a
1:15,000 diluted anti-HSV antibody applied for 1 h at room
temperature in blocking reagent (5% normal horse serum in
PBS). Excess antibodies were removed by washing with PBS,
before 1:2,000 diluted anti-mouse Alexa 488 and 1:1,000 diluted
streptavidin Alexa 633 in PBS + 5% normal horse serum was
applied for 1 h at room temperature. Finally, the glass coverslips
were washed three times with PBS, once with deionized H,O,
and mounted with DAKO fluorescent mounting medium
(DAKO). Images were taken by confocal laser scanning micros-
copy (Leica TCS SP2). For determination of expression rates 3
representative images per construct were taken and the num-
ber of green (= receptor expressing) and red (= total cell num-
ber) cells were counted.

Functional Calcium Imaging Experiments—The functional
calcium imaging experiments were performed according to Ref.
10. Briefly, HEK 293T cells stably expressing the G protein-
chimera Gal6gust44 were seeded onto 96-well plates coated
with 10 ug/ml of poly-p-lysine. The next day cells were tran-
siently transfected with ORA1, ORA2, or human bitter taste
receptor TAS2R16 constructs using Lipofectamine 2000 (Invit-
rogen). After 24 h the cells were washed with buffer C1 (130 mm
NaCl, 5 mm KCl, 10 mm Hepes, pH 7.4, 2 mm CaCl,, 10 mm
glucose), and loaded with the calcium-responsive dye Fluo-4
AM in the presence of 1 mm probenecide, an inhibitor of ABC
transporter Al. To remove excessive fluorescence dye, cells
were washed three times with buffer C1 and transferred into a
fluorometric imaging plate reader (FLIPR, Molecular Devices)
for measurement. Test substances were dissolved in C1 buffer
and the changes in fluorescence after application of test sub-
stances were monitored. For the calculation of dose-response
functions data from at least two independent experiments were
obtained. For each experiment the signals of triplicate wells for
each concentration were averaged and the corresponding fluo-
rescence changes of mock-transfected cells were subtracted.
Graphs and calculations of EC,, concentrations were per-
formed using SigmaPlot. For the EC,, value determination
nonlinear regression analysis was performed using the equa-
tion: fly) = (@ — d)/1 + (x/ECz,)"" + d.
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Oxidation of L-Tyrosine and Related Compounds with Hydro-
gen Peroxide—To determine whether oxidative processes have
resulted in the formation of agonistic compounds originating
from “aged” L-tyrosine, we incubated candidate substances with
hydrogen peroxide solution. 100 mg of freshly ordered L-tyro-
sine proved to be inactive on ORA1-transfected cells in func-
tional calcium imaging experiments, as well as the same
amount of L-dopamine and L-phenylalanine were mixed with
250 ul of 30% hydrogen peroxide solution (because of limited
solubility 600 ul were used for L-phenylalanine) and incubated
for several hours at room temperature. After this, the samples
were subjected to brief centrifugation, the supernatants were
diluted at least 10,000-fold and then taken for subsequent func-
tional analyses. The remaining H,O, (at most 1 mm or 0.003%)
had no effect by itself.

HPLC Purification of Aged 1-Tyrosine—Both analytical and
preparative RP-HPLC of the samples was performed on a
PRONTOSIL 120-3-C18, SC 150-ace-EPS column (150 X 4.6
mm, 3 wm; Bischoff Analysentechnik und -geraete GmbH,
Leonberg, Germany) using a flow rate of 0.8 ml/min, UV detec-
tion at 280 nm, and a column temperature of 25°C with a
JASCO (Labor und Datentechnik GmbH, Gross-Umstadt, Ger-
many) chromatographic system. The separation is based on the
hydrophobic interactions of the analytes with the reverse phase
filling of the column. A distilled water (acidified with 2% acetic
acid; v/v)/methanol gradient was applied under the following
conditions: 0-20% methanol, 2 min; 20-35% methanol, 18
min; 35— 68% methanol, 2 min; 68% methanol, 3 min; 0—68%
methanol, 3 min; 0% methanol, 12 min (regeneration/equilibra-
tion). The tyrosine samples (10 mg/ml) were dissolved in dis-
tilled water. The concentration was decreased in case of ana-
lytical HPLC. The injection volume of the samples was
10-20 ul. Altogether 10 fractions were collected. Fraction 2
was identified to contain pure tyrosine using an external
standard and HPLC-MS (Shimadzu chromatographic LC-10
system equipped with a mass spectrometer LC-MS 2010 EV,
Kyoto, Japan; MS conditions were as follows: Interface ESI,
CDL temperature/heating block = 230°C, nebulizing gas
flow = 1.5 ml/min; detector voltage = 1.7 kV; interface volt-
age = 4.5 V; CDL voltage = 0. = V; Q-array voltage, DC =
20-30V, R = 85-125 V; scan modus, event time = 0.8 s, m/z =
120-550) performed under the same separation conditions as
described above. The compound in fraction 6 could not be ion-
ized under the applied MS conditions. The total peak area of the
fractions was used to estimate the amount in fractions 2 and 6
using an external tyrosine standard. The relative composition
was determined to be 67.6 and 5.2%, respectively.

Nuclear Magnetic Resonance (NMR) Spectroscopy—One-
and two-dimensional 'H and '*C NMR spectra were acquired
on a 500 MHz Avance III spectrometer (Bruker, Rheinstetten,
Germany), respectively. Dimethyl sulfoxide-d, MeOD (9:1, v/v)
was used as solvent and chemical shifts are reported in parts per
million relative to the solvent signal. Homo- and heteronuclear
correlation experiments were carried out using the pulse
sequences taken from the Bruker software library. Data
processing was performed by using TopSpin (2.1; Bruker,
Rheinstetten, Germany) as well as Mestre-C (Mestrelab
Research, A Coruna, Spain).
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Behavioral Assays—Analysis of aversion or attraction was
performed as described (11). Individual adult zebrafish (Ab/Ti
strain, 6 — 8 months old) were tested in an elongated tank (10 X
100 cm, 9 liters fresh filtered water) after 45 min of habituation.
Fish movements were video recorded (30 frames/second) from
the side for 5 min before and after stimulus addition (180 ul of
odor or tank water as control) by an experimenter not visible to
the fish. Fish movements were video recorded for 5 min before
and after stimulus addition (180 ul of 1 mMm 4-hydroxyphenyla-
cetic acid or water) and tracked using LoliTrack version 3 auto-
mated motion tracker (12). Distance to the odor source and
velocity were determined using Open Office (Apache). Mean
displacement was calculated as a difference of average location
and expressed as percent of total tank length. Significance was
evaluated by Student’s ¢ test (two-sided, unpaired).

To examine oviposition (egg laying), zebrafish were kept gen-
der-separated for 1-2 weeks prior to the experiment. In the
evening preceding the experiment the breeding pairs were
gently transferred to breeding tanks (20 X 10 c¢cm, 600 ml of
water), with female and male separated by a translucent divider.
The next morning, one-half hour into the light cycle the divider
was removed allowing the fish free movement. Pairs without
eggs after the 90-min contact time were then supplemented
with various concentrations of 4-hydroxyphenylacetic acid in
10 mm Tris, pH 7.4, or with buffer alone. The pairs were mon-
itored for the presence of eggs 90 min after the stimulus. For
generation of transiently anosmic fish, both nostrils were glued
with Histoacryl® (Braun) and the fish were allowed a resting
period of 24 h before being tested. Anosmic fish showed normal
motility. Significance was estimated by y-square analysis.

RESULTS

ORA1 and ORA2 Are Efficiently Expressed and Localize to the
Plasma Membrane—We have chosen zebrafish as the species
to search for ORA1/ORA2 agonists, because in this species the
expression of all ora family members in olfactory sensory neu-
rons has been shown (6). For heterologous expression we
selected a system that has been very efficient for functional
expression of bitter taste receptors (13), which are the closest
homologues of the ora/vir family (6). In short, the full-length
receptor sequence is fused to an N-terminal sst3 tag serving as
signal sequence (14) and a C-terminal hsv-epitope to enable
detection (15). The constructs were transiently expressed in
HEK 293T cells stably transfected with the broadly reactive G
protein, Gal6gust44 (16, 17). G protein-coupled chemorecep-
tors are sometimes poorly transported to the plasma mem-
brane in heterologous systems (see Refs. 18 —20), and we there-
fore analyzed the intracellular distribution of ORA1/ORA2 by
immunocytochemical detection. The receptors were visualized
using an antibody against the C-terminal hsv-epitope and the
cell surface was stained by concanavalin A, which serves both as
general cell marker and as label for plasma membrane (for
details see “Experimental Procedures”).

Both ORA receptors are robustly and reproducibly expressed.
Nearly two-thirds of all cells express each receptor (Fig. 14), and a
large fraction of the expressed protein appears to be localized at
the level of the plasma membrane as seen by the superposition
of the receptor signals with those of the cell surface label (Fig.
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1A). Thus, an essential prerequisite for functional characteriza-
tion is fulfilled for both ORA1 and ORA2.

ORA1I but Not ORA2 Reacts to a Mixture of Amino Acids—
Previous studies have demonstrated that amino acids and pher-
omones represent preferred olfactory stimuli for fish (21-23).
We have tested both types of potential ligands, using as positive
control cells expressing the bitter taste receptor TAS2R16 stim-
ulated with the bitter compound p-(—)-salicin (9). None of the
pheromones tested, among them those known to activate some
zebrafish glomeruli (21), could activate either ORA1 or ORA2
(Table 1).

In contrast, the mixture of all 20 proteinogenic L-amino acids
elicited a strong calcium signal for ORA1-transfected cells at 1
mM concentration per amino acid with a time course resem-
bling that of the positive control (Fig. 1B). Stimulation of trans-
fected cells with buffer alone had no effect, and likewise stimu-
lation of mock-transfected cells (empty expression vector) with
the full 20 amino acid mixture elicited no response (Fig. 1B).
Thus the signal obtained for ORA1 appears to be a specific
receptor-mediated response to the amino acid mixture. Ora2-
transfected cells were not activated by the mixture (Fig. 1B).

ORA1 Activation Is Caused by a 1-Tyrosine Contaminant—
To identify which of the 20 L-amino acids are able to activate
ORAL1, we next separately used each of the amino acids at the
same concentration (1 mm) (Fig. 1C). Only one amino acid,
tyrosine, mimicked the response elicited by the mixture of
amino acids, whereas the other 19 amino acids had no effect
(Fig. 1C), suggesting that ORA1 activation in the previous
experiment had been solely due to the presence of the L-ty-
rosine reagent.

However, when we attempted to validate this result using
other lots of tyrosine we did not observe any activation of ORA1
(Fig. 2A4). This excludes L-tyrosine as ligand and suggests a con-
taminant as the active compound. Because the first, active lot
had aged for a prolonged period at +4 °C and indeed exhibited
an off-color, we suspected contamination by some degradation
product as the active ingredient, which presumably was only
present in trace amounts and therefore likely to be a high
potency agonist.

The Active Compound Is Generated by Oxidation of Tyrosine—
We first examined whether the active ingredient might have
formed by oxidation of tyrosine, a process expected to happen
upon prolonged storage. We reacted fresh L-tyrosine with 30%
hydrogen peroxide and tested the reaction product at different
dilutions. Indeed, even at 1:10,000 dilution a strong signal was
generated, similar to the signal elicited by the aged tyrosine lot
(Fig. 2A4), and in stark contrast to the complete inability of
the fresh tyrosine itself to activate ORA1 (Fig. 24). When the
closely related substances L-dopamine and L-phenylalanine
were subjected to the same oxidation procedure, no response
was elicited either for the fresh (Table 1) or the oxidized com-
pounds (Fig. 2A4). Furthermore, hydrogen peroxide by itself had
no effect (Fig. 24). The outcome of this experiment suggested
that the active substance in the aged L-tyrosine indeed origi-
nated from oxidation of L-tyrosine.

Purification and Identification of the Active Compound by
HPLC and LC-MS—To identify the active compound or com-
pounds, we first performed an analytical HPLC separation of
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FIGURE 1. Activation of ORA receptors by amino acids. A, ORA receptors localize to the plasma membrane. HEK 293T cells were transfected as indicated, and
receptor protein was detected with an antibody against the C-terminal HSV epitope and Alexa 488-coupled secondary antibody (green, upper row). Cell
surfaces are visualized using biotinylated concanavalin A in combination with streptavidin/Alexa 633 (red label, middle row). Yellow color in the overlay (bottom
row) indicates close proximity of receptors with the plasma membrane. Insets show groups of cells magnified by a factor of three. Note the absence of green
signals in cells transfected with empty vector (third column). Cells expressing the ora genes (green) were counted and expressed as percentage of total cells
(red) = S.D. Scale bar, 75 um. B, ORA1 but not ORA2 is activated by an amino acid mixture. HEK 293T cells were transiently transfected with ORA1, ORA2,
TAS2R16, or empty vector, loaded with Fluo-4 AM, and stimulated with a mixture of all 20 proteinogenic amino acids (final concentration 1 mm each). Changes
in calcium levels were analyzed in a fluorometric imaging plate reader. Only ORA1-transfected cells show a response, comparable in size to that of the positive
control (TAS2R16 and 10 mm of the agonist b-(—)-salicin (9)). Thus, ORA1 appears to be specifically activated by one or several amino acids present in the amino
acid mixture. C, ORAT-expressing cells only respond to tyrosine. HEK 293T cells were transiently transfected with ORA1 or empty vector, loaded with the
calcium-sensitive dye fluo-4 AM, and analyzed in a fluorometric imaging plate reader before and after application of single amino acids at 1 mm concentration
each. Duplicate wells, one of which is shown here, were tested for each experimental condition. No change in fluorescence was seen for untransfected cells
(middle column) or cells transfected with empty vector (right column). The ORA1 response to tyrosine is comparable in size and time course to that of the bitter
taste receptor TAS2R16 to a strong agonist (D-(—)-salicin, 10 mm (9)).

salicin aa mix

Pos. control

aged tyrosine using a water/methanol gradient for elution from
a reversed phase C,4 column (Fig. 2B, for details see “Experi-
mental Procedures”). Ten major peaks were collected, dried
down, re-dissolved in 200 ul of H,O, and tested at 1:6 dilution
by functional calcium imaging of ORA1-expressing cells (Fig.
2C). ORAL was activated by a single peak contained in fraction
6, and no signals were observed in all other factions, consistent
with a single compound underlying the observed activation by
aged tyrosine. Fraction 6 amounted to 5.2% of the total peak
area, i.e. it constitutes a minor component of aged tyrosine.
To obtain enough material for structure determination the
HPLC purification was scaled up to obtain about 10 mg of puri-
fied fraction 6. The exact mass was determined by LC-TOF/MS

SASBMB

JULY 11,2014 -VOLUME 289-NUMBER 28

resulting in an elemental composition of CgHgO;. LC-MS
revealed an intense pseudo molecular ion [M-H]™ with m/z
151.0 and additional LC-MS/MS experiments showed a daugh-
ter ion m/z 107.0, supporting the cleavage of a molecule of CO,,
i.e. the presence of a carboxylic group. Analysis of the 'H NMR
spectroscopic data showed a total of 3 resonance signals, two of
them aromatic (6.67 and 7.02 ppm) and all three signals result-
ing from 2 protons each. The aromatic protons showed the
typical coupling pattern of an AA'XX" spin system of a para-
substituted aromatic ring. The third signal at 3.37 ppm was
shown by DEPT-135 as well as heteronuclear single quantum
coherence experiments to be derived from a methylene group.
The complete assignment of the structure was achieved by
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TABLE 1
Binding spectrum of ORA1

62

Active Compounds ECsy (uM) Max. amplitude (AF/F)
4-hydroxyphenylacetic acid 1.9£0.3 0.86 +£0.03
4-toloylacetic acid 148+ 1.8 0.54 +0.03
3,4-methylenedioxyphenylacetic acid 16.0+ 3.6 0.54 +0.04
4-methoxyphenylacetic acid 16.5+2.7 0.39+0.05
4-chlorophenylacetic acid 16.6 £1.6 0.49 £0.02
3,4-dihydroxyphenylacetic acid 22.8+2.7 0.36 £0.02
Phenylacetic acid 30.5+2.8 0.52+0.01
4-aminophenylacetic acid 91.7+17.3 0.58 +0.02
3-(4-hydroxyphenyl)-propionic acid 191.8 +39.8 0.17+0.01
4-hydroxyphenylacetamide 199.9 + 52.2 0.39+£0.03
Methyl-4-hydroxyphenylacetic acid 221.0+25.2 0.45+0.02
Inactive Compounds Maximal concentration tested (mM)

Proteinogenic amino acids
L-alanine 1 L-leucine 1
L-arginine 1 L-lysine 1
L-asparagine 1 L-methionine 1
L-aspartate 1 L-phenylalanine 1
L-cysteine 1 L-proline 1
L-glutamate 1 L-serine 1
L-glutamine 1 L-threonine 1
Glycine 1 L-tryptophane 1
L-histidine 1 L-tyrosine 1
L-isoleucine 1 L-valine 1

Other amino acids and derivatives
4-amino-L-phenylalanine 10 D-tyrosine 1
4-hydroxy-L-phenylglycine 10 DL-m-tyrosine 1
5-hydroxy-L-tryptophane 0.03 DL-o-tyrosine 3
4-iodo-L-phenylalanine 0.3 L-tyrosine methylester 1
4-nitro-L-phenylalanine 1

Steroids and prostaglandins
4-androstene-3,17-dione 0.003 15-keto-prostaglandin F2a 0.003
4-Pregnen-17,20B-diol-3-one 0.003 Prostaglandin F2a 0.003
4-Pregnen-17,20B-diol-3-one-20-sulphate ~ 0.003
4-Pregnen-17,20B,21-triol-3-one 0.003

Other compounds
L-DOPA 1 4-phenylenediacetic acid 1
Dopamine 1 Serotonin 0.3
4-hydroxybenzoic acid 3 Skatole 0.01
Indole 0.1 Tyramine 1
Indole-3-carboxylic acid 0.2
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FIGURE 2. ORAT1 is activated by 4-hydroxyphenylacetic acid, a contami-
nant of aged tyrosine. A, top row, cells were transfected with ORA1, and
challenged with 100 um of different stimuli as indicated. Calcium traces are
averaged from 3 wells. Only aged tyrosine (first column), i.e. the tyrosine lot
used in Fig. 1, and oxidized fresh tyrosine (third column) were active, but fresh
tyrosine itself (second column) was not. Hydrogen peroxide itself, L-dopamine
(L-DOPA), and L-phenylalanine (L-Phe) had no effect. Bottom row, cells trans-
fected with empty vector showed no response to any of the stimuli. Shown
are calcium traces averaged from 2 wells. Scaling: y axis = relative units, x
axis = 1 min. B, a single active compound is detected in aged L-tyrosine. 100
g of aged tyrosine was separated by HPLC fractionation using a water/meth-
anol gradient with UV detection at 280 nm. Ten fractions corresponding to
peak absorbance rates (labeled 1-10) were collected at the following time
points during the run: 7,3.4-5.6 min; 2,6.0-6.9 min; 3,7.5-8.2;4,8.2-9.2 min;
5,9.2-10.2 min; 6, 10.7-11.5 min; 7, 13.7-14.9 min; 8, 15.5-17.4; 9, 20.6-23
min; 70,25-29.5 min. y axis, absorbance units (AU); x axis, run time (min). Inset
of B, chemical characterization of fraction 6 showed 4-hydroxyphenylacetic
acid as the main compound. The carbon atoms of 4-hydroxyphenylacetic acid
are labeled by arbitrary numbers to allow easy association with the following
analytical, mass spectrometry, and NMR data that resulted in unambiguous
identification: UV-visible (0.1% aqueous HCOOH)/MeOH; 6/4, V/V): A .x =
228, 276 nm; LC/TOF-MS: CgHgO4; LC/MS (ESI): 151.1 (100; [M-H] 7); "H NMR
(500 MHz; dimethyl sulfoxide-ds/MeOD; 9/1, v/v; COSY):  3.37 [s, 2H, H-C(5)],
6.67 [m, 2H, H-C(3,3")], 7.02 [m, 2H, H-C(3,3")]; "*C NMR (125 MHz; dimethyl
sulfoxide-ds/MeOD; 9:1, v/v; DEPT-135, heteronuclear single quantum coher-
ence, heteronuclear multiple bond correlation): 6 40.3 (CH,, C(5)), 114.8 (CH,
C(3,3"),125.6 (C, C(1)), 130.1 (CH, C(2, 2")), 155.8 (C, C(4)), 173.2 (C, C(6)). C,
each of the collected fractions was dried, redissolved, and used to stimulate
ORAT1-transfected HEK 293T cells. Only fraction 6 resulted in fluorescence
changes. Last column, 100 um unpurified aged L-tyrosine served as positive
control (+con.). Cells transfected with empty vector showed no response to
any fraction. Scaling: y axis, arbitrary units; x axis 9 min.

means of heteronuclear multiple bond correlation optimized
for >*J ;; couplings. As an example, the carbonyl group reso-
nating at 173.2 ppm showed a correlation signal with the pro-
tons of the methylene group, indicating a -CH,COOH config-
uration and the carbon C(5) of the latter showed a cross-peak
with the aromatic ring protons H-C(2,2') via a *J;; coupling,
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FIGURE 3. Concentration-dependent saturable activation of ORA1 by
4-hydroxyphenylacetic acid. HEK 293T cells transfected with ORA1 or
empty vector were stimulated with different concentrations of 4-hydroxy-
phenylacetic acid, and calcium responses were imaged. For each concentra-
tion an average trace of three identically treated wells is shown (left panel). No
response is seen for ORAT-transfected cells stimulated with buffer and for
empty vector-transfected cells in all conditions (bottom panels). Note that
ORA1-transfected cells are at least 10-fold more sensitive to 4-hydroxy-
phenylacetic acid than to aged tyrosine. Scale bar: y axis, arbitrary units; x
axis, 2 min.

suggesting this acetyl group as ring substituent. The signal at
155.8 ppm is well in line with a quaternary carbon substituted in
the para-position with a phenolic system and showed the
expected correlations with protons H-C(2,2") and H-C(3,3'),
see Fig. 2B for nomenclature. Taking all spectroscopic data into
consideration, the degradation product of L-tyrosine could be
unequivocally identified as 4-hydroxyphenylacetic acid (Fig.
2B). Furthermore, spectroscopic data of commercially available
4-hydroxyphenylacetic acid showed an exact match with those
of the fraction 6 compound.

Validation of 4-Hydroxyphenylacetic Acid as ORA1 Ligand—
Calcium imaging of ORAl-transfected cells was performed
with different concentrations of commercial 4-hydroxypheny-
lacetic acid in the 3-300 uMm range. Responses were dose-de-
pendent and saturated at 30 M, at least an order of magnitude
lower than the original source, aged tyrosine (Fig. 3). This ratio
was consistent with the result from the HPLC separation, which
showed that 4-hydroxyphenylacetic acid was a contaminant in
the original source, well below 10%.

The absence of signals in cells transfected with empty vector
(Fig. 3) attests to the specificity of the functional data for ORA1-
transfected cells. From the results of all the functional experi-
ments we concluded that 1) 4-hydroxyphenylacetic acid is a
high potency agonist for the receptor ORA1, and 2) that rela-
tively minor structural changes destroy the agonistic properties
suggesting a pronounced selectivity of this receptor.

Activation of ORA1 by 4-Hydroxyphenylacetic-related Com-
pounds—To better understand the molecular features required
for ORA1 agonists, we measured dose-response relationships
for a variety of compounds structurally related to 4-hydroxy-
phenylacetic acid (Fig. 4, Table 1). Among this group, no better
agonist than 4-hydroxyphenylacetic acid was found, which
remains by far the best agonist exhibiting the lowest thresh-
old concentration (approximately 0.1 uMm), the lowest ECy,
concentration (1.9 = 0.3 um S.E.), and the largest maximal
signal amplitude (AF/F > 0.8).
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FIGURE 4. Agonist selectivity and efficacy of ORA1. HEK 293T Ga16gust44 cells were transfected with ORAT cDNA and stimulated with increasing concen-
trations of compounds related to 4-hydroxyphenylacetic acid to monitor the corresponding dose-response functions. Resulting calcium signals were mea-
sured by fluorometric detection. y axis, AF/F; x axis, decadic logarithm of the concentration given in micromolar. Structural formulas of the substances are
shown to the left of their names. A, 4-hydroxyphenylacetic acid activates ORA1 with an EC, value of 1.9 = 0.3 um and a maximal signal amplitude above 0.8
AF/F. Structural alterations at the carboxyl group shift the dose-response curve to varying degrees to the right as well as reduce the maximal signal amplitude.
B, structural alterations at the para-hydroxyl group shift the dose-response curve to the right as well as reduce the maximal signal amplitude. For comparison,
the calculated dose-response curve for the optimal agonist, 4-hydroxyphenylacetic acid, is depicted in gray. C, 10-fold reduction in affinity by a positive
inductive or mesomeric effect in para-position. For comparison, the calculated dose-response curve for the optimal agonist, 4-hydroxyphenylacetic acid, is

depicted in gray.

Of 55 compounds tested, only 11 4-hydroxyphenylacetic
acid-related compounds activated ORA1 and showed a dose-
dependent response (Fig. 4, Table 1). The efficacy as estimated
by the maximal signal amplitude of these compounds was
clearly lower, maximally 60% of the value observed for 4-hy-
droxyphenylacetic acid (Table 1), suggesting that all represent
partial agonists. The potency, as estimated by the EC,, value,
varied about 100-fold, with that of 4-hydroxyphenylacetic acid
about an order of magnitude higher than that of the next best
agonists (Table 1). Interestingly, the potencies do not correlate
well with maximal signal amplitudes (Table 1), suggesting that
potency and efficacy can vary independently for this receptor.

19784 JOURNAL OF BIOLOGICAL CHEMISTRY

The Carboxyl Group Is Required in a Particular Distance to
the Aromatic Ring Structure—Amidation or methylation of the
carboxyl group increases the EC;, value 100-fold, i.e. decreases
the affinity by 2 orders of magnitude (4-hydroxyphenylacet-
amide and methyl-4-hydroxyphenylacetic acid, respectively,
see Fig. 44, Table 1). Slightly increasing the distance from the
ring by intercalating a methylene group (3-(4-hydroxyphenyl)-
propionic acid) reduces the affinity by the same amount, but in
addition impairs the maximal signal amplitude massively, down
to 0.1 AF/F. Decreasing the distance of the carboxyl group from
the ring abolishes the activity completely (4-hydroxybenzoic
acid). Thus, the negative charge of the carboxyl group is
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required at a particular distance from the ring for efficient bind-
ing and in particular signal transduction. This hypothesis is
supported by our observation that many related compounds,
which were completely unable to activate ORA1 (Table 1),
show modifications in this part of the molecular structure, e.g.
the addition of a charged group (4-hydroxy-L-phenylglycine).

The para-Hydroxy Group Is Not Absolutely Required—Omit-
ting the para-hydroxy group (phenylacetic acid) results in
about an order of magnitude reduced potency and only 60% of
maximal signal amplitude (Fig. 4B, Table 1). However, many
variations of the para-substituent reduce the potency more
severely. For example, a negative mesomeric and inductive
effect in the para-position by exchanging the hydroxyl group
with an amino group (4-aminophenylacetic acid) leads to a
50-fold reduction in potency (Fig. 4B, Table 1). Introducing a
bulky (and charged) substituent in the para-position eliminates
the activity completely (4-phenylenediacetic acid, Fig. 4B).

A positive inductive or mesomeric effect at the para-position
is only marginally better than omitting the para-substituent
completely, as seen by the activities of 4-chlorophenylacetic
acid, 4-toloylacetic acid, 3,4-methylenedioxyphenylacetic acid,
3,4-dihydroxyphenylacetic acid, and 4-methoxyphenylacetic
acid (Fig. 4C, Table 1). Interestingly, all five compounds possess
undistinguishable EC,, values (Table 1), suggesting that the
exact shape and size of the para-substituent is not important.
The latter two compounds exhibit reduced maximal signal
amplitudes compared with the first three compounds (Fig. 4B,
Table 1). This uncoupling of affinity and efficacy would be con-
sistent with the p-substituent boosting the efficacy of the
ligand. Taken together, the para-hydroxyl group is not required
per se for activity, but enhances potency and efficacy massively.

4-Hydroxyphenylacetic Acid Modulates Zebrafish Reproduc-
tive Behavior—The high sensitivity of ORA1 for 4-hydroxyphe-
nylacetic acid suggests that this compound might be a relatively
close fit to the endogenous ligand, if not an endogenous ligand
itself. Its potency is over 10-fold better compared with that of a
recently identified ligand-receptor pair that signals aversion to
decaying flesh (11). This would be consistent with ORA1 serv-
ing as pheromone receptor, which generally exhibit higher sen-
sitivity than “normal” olfactory receptors (cf. Refs. 21 and 24).
Thus, we embarked on a search for innate zebrafish behavior
elicited by 4-hydroxyphenylacetic acid.

First, we investigated whether a point source of 4-hydroxy-
phenylacetic acid in a stationary tank would elicit attraction or
avoidance behavior (11). For these experiments 180 ul of 4-hy-
droxyphenylacetic acid solution (1 mm) was added to the tank
by an experimenter hidden from sight for the zebrafish. Using
the identical setup the same ligand concentration has been
found to elicit maximal aversion behavior for the above men-
tioned ligand/receptor pair with 10-fold lower affinity (cf. Fig.
5B). However, 4-hydroxyphenylacetic acid did not result in
detectable attraction or avoidance behavior (Fig. 5, A and B).
Furthermore, average velocity, a measure of agitation, did not
change after a 4-hydroxyphenylacetic acid stimulus was given,
and no incidents of freezing, a fear response, were observed
(Fig. 5, A and C).

Second, we considered a possible function of 4-hydroxyphe-
nylacetic acid as a signal in social interactions, and tested
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zebrafish pairs with 100 um 4-hydroxyphenylacetic acid (final
concentration). We noted chasing behavior and in one case
oviposition after contact with the odor in the case of female/
male pairs of zebrafish. This suggested to us that 4-hydroxyphe-
nylacetic acid might be involved in regulation of reproductive
behavior. It is well known that several reproductive hormones
and their metabolites including prostaglandins and steroids
and so far unidentified compounds do double duty as odors that
signal the reproductive state of the female to the male and vice
versa (see Ref. 22).

We then investigated a possible effect of 4-hydroxyphenyla-
cetic acid on oviposition behavior by exposing pairs of female
and male zebrafish to different concentrations of 4-hydroxy-
phenylacetic acid. Because pairing of zebrafish by itself can
induce oviposition, we kept the pairs together for 90 min before
stimulus or control solution was added. Under the experimen-
tal conditions used, this resulted in oviposition during the first
90 min in 5% of cases (n = 66). A similar frequency of 8% (n =
25) was observed for control pairs not exposed to stimulus dur-
ing the next 90 min. This frequency was used as a conservative
estimate of the background egg-laying frequency for the next 90
min. We report that oviposition frequency increased several-
fold after addition of 100 um (final concentration) 4-hydroxy-
phenylacetic acid. This increase was blocked after closing the
nostrils of the female with tissue glue (Fig. 5D). Both the
increase and the block were significant (x square test, n = 10,
p < 0.001, and n = 7, p < 0.02, respectively). The induced
oviposition persists at 4-hydroxyphenylacetic acid concentra-
tions of 30 and 10 uM (Fig. 5D), although the number of eggs
laid appeared to decrease with decreasing concentration. The
eggs appeared partially immature and contained a higher than
normal percentage of opaque (dead) eggs. We hypothesize that
this could be due to the 4-hydroxyphenylacetic acid stimulus
occurring out of physiological context in our experimental sit-
uation. We conclude that 4-hydroxyphenylacetic acid at low
concentrations can elicit a physiological response as part of a
reproductive behavior repertoire.

DISCUSSION

Our deorphanization of ORA1 constitutes the first instance
of a ligand identification for any member of the ora family of
olfactor receptor genes. In fact, ORAL1 is only the third deor-
phanized fish olfactory receptor overall, with the other two
receptors belonging to other families (11, 25). The small family
of just six ora genes is remarkable for its high degree of conser-
vation and its rather constant family size, both different from all
other olfactory receptor gene families analyzed so far. Further-
more, ora genes are under strong negative selection and teleost
ORA receptors possess direct orthologs even in cartilaginous
fish (7), i.e. before the evolutionary divergence in teleosts and
tetrapods. Thus, the ora family is ancestral to the mammalian
and more generally tetrapod vIr receptor gene repertoires. The
v1r receptors form a monophyletic tree with two of the six ora
genes, oral and ora2. Therefore, fish oral and ora2 genes may
remain closer to the ancestral vIr genes than the contemporary
vir genes themselves, which show a very dynamic evolution,
and exhibit many gene birth and death events. We have there-
fore attempted deorphanization of zebrafish ORA1 and ORA2
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FIGURE 5. Zebrafish behavioral responses to 4-hydroxyphenylacetic acid. A, fish were exposed to a point source (arrow) of 4-hydroxyphenylacetic acid (1
mm), and their movements were video tracked 5 min before and after stimulus addition. A representative track is shown, orange, prestimulus; brown, post-
stimulus. B, quantitative evaluation of tracks shows no evidence for attraction or aversion by 4-hydroxyphenylacetic acid (pHPAA), n.s., not significant. For
comparison, attraction by food extract (food) and aversion to cadaverine is shown, raw data for these panels, see Ref. 11. C, no difference in motility was seen
after exposure to 4-hydroxyphenylacetic acid. Motility is measured as average velocity and expressed as percent of the prestimulus value. D, oviposition
frequency of zebrafish mating pairs is increased after exposure to 4-hydroxyphenylacetic acid, final concentrations as indicated. Blue line indicates control
value (left gray bar). All three concentrations of 4-hydroxyphenylacetic acid are active, ***, p < 0.001. Naris closure (right gray bar) abolishes the increase in

oviposition events, **, p < 0.02. E, schematic representation of the olfactory-mediated response of zebrafish mating pairs to 4-hydroxyphenylacetic acid.

receptors, and have been successful for ORA1, for which we
identified and characterized several agonists.

We have shown ORAL1 to be a highly sensitive and specific
receptor for 4-hydroxyphenylacetic acid. An extensive search
of structurally related compounds yielded no compound with
similar or better potency and agonist efficacy. Albeit we cannot
exclude the existence of structurally unrelated agonists, within
the range of chemical structures analyzed, 4-hydroxyphenyla-
cetic acid emerges as the optimal activator for ORA1. The best
agonists among related compounds were about 10-fold less
potent and exhibited less than two-thirds of the efficacy com-
pared with 4-hydroxyphenylacetic acid. This large difference is
consistent with the hypothesis that 4-hydroxyphenylacetic acid
may be the physiologically relevant ligand for ORA1.

19786 JOURNAL OF BIOLOGICAL CHEMISTRY

4-Hydroxyphenylacetic acid is detected by ORA1 with at
least an order of magnitude higher sensitivity than typical food
odors, such as amino acids (EC,, values between 10 and 100 um
in vivo (24, 26, 27)) or the death-signaling odor cadaverine
(11), even though measurements in heterologous systems
may exhibit lower sensitivities for odorants than are
observed in vivo (see e.g. Refs. 28 and 29). This high sensitiv-
ity is consistent with a pheromonal function for 4-hydroxy-
phenylacetic acid, because pheromones are expected to be
detected at lower concentrations than normal odorants (21).

4-Hydroxyphenylacetic acid is a biogenic compound, which
occurs in several metabolic pathways including a minor cata-
bolic pathway for tyrosine (transamination, decarboxylation,
and oxidation of the resulting aldehyde to the corresponding
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acid (e.g. Ref. 30 and Brenda-enzymes). 4-Hydroxyphenylacetic
acid is produced in species as diverse as humans, insects, fungi,
and bacteria (Refs. 31-34, respectively). It is present in micro-
molar concentrations in several bodily secretions including
urine, feces (31), and saliva (35), and has been suggested as an
antimicrobial agent (32-34), and also as component of a sexual
display pheromone in felines (36).

Here we show that 4-hydroxyphenylacetic acid can modulate
oviposition, a reproductive behavior, in zebrafish. This modu-
lation appears to be mediated via the sense of smell, because it is
abolished by naris closure. So far mostly various steroids and
prostaglandins have been discussed as reproductive phero-
mones in fish species, but many pheromones remain uniden-
tified up to now (22). We propose that 4-hydroxyphenyla-
cetic acid may be in this category. Although we cannot
exclude that 4-hydroxyphenylacetic acid may be mimicking
a so far unknown endogenous steroid or prostaglandin, sev-
eral known steroid and prostaglandin pheromones (21, 22)
could not activate ORA1 in our assays.

ORAL1 appears to be a plausible candidate for mediating the
pheromonal effect of 4-hydroxyphenylacetic acid due to its
high affinity and specificity. Further experiments will be
required to firmly demonstrate this link and to rule out (or
establish) the presence of other olfactory receptors for 4-hy-
droxyphenylacetic acid. Thus, the data presented here give a
first glimpse onto a putative novel reproductive pheromone.
Unfortunately, a thorough examination of this intriguing pos-
sibility is beyond the scope of the present study.

Currently, both the olfactory sensory neuron type, in which
oral is expressed, and its signal transduction mechanism are not
known. Four morphologically and functionally different types of
olfactory sensory neurons have been described so far in teleost
fishes (37). Of these, crypt neurons can be excluded (38, 39), and
ciliated neurons appear unlikely (39), which leaves the newly dis-
covered kappe neurons (37) or microvillous neurons (39). The lat-
ter possibility would be analogous to the expression of vir in
microvillous neurons. Of the G proteins expressed in the olfactory
epithelium of zebrafish (40), Ga, has been shown to correlate with
crypt neurons (38, 39), and Ga, is assumed to be specific for
ciliated neurons, which leaves one of the two G, proteins expressed
in zebrafish olfactory sensory neurons as possibilities (40).

Our results reported here, the high specificity of ORA1
toward 4-hydroxyphenylacetic acid, together with the low
threshold of detection, and the activity of this odor in enhanc-
ing a reproductive function (Fig. 5E), are consistent with the
hypothesis that 4-hydroxyphenylacetic acid may have a phero-
mone function in zebrafish, and thus suggest ORA1 as a poten-
tial pheromone receptor. It is intriguing to speculate that
despite the drastic differences in the evolutionary dynamics of
v1r and ora genes and notwithstanding the opposing require-
ments for odors posed by aquatic and terrestrial habitats, a
function as pheromone receptor may be shared as well as ances-
tral for these two orthologous gene families.
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T eleost vlr-related ora genes consti-
tute a small and highly conserved
olfactory receptor gene family, and their
direct orthologs are present in lineages as
distant as cartilaginous fishes. Recently,
the first member of the ora gene family
was deorphanized. ORA1l detects p-
hydroxyphenylacetic acid with high sen-
sitivity and specificity. This compound
elicits olfactory-mediated  oviposition
behavior in adult zebrafish mating pairs,
suggesting a potential function as a
reproductive pheromone for pHPAA
itself or a related substance. This associa-
tion of an odor and its cognate receptor
with an oviposition response may provide
a molecular basis for studying neural cir-
cuits involved in fish reproduction.

Pheromones are chemical signals pro-
duced by a species and recognized by the
olfactory system of the conspecific to
mediate behavioral functions such as mat-
ing preferences and individual recogni-
tion. In mammals, vomeronasal sensory
neurons (VSNs) express members of 2
large olfactory receptor gene families, v1r
and v»2r, which are thought to mediate
pheromone detection." V2Rs recognize
peptides, whereas V1R ligands are found
among low molecular weight molecules,
such as steroids.'” The mammalian »/r
receptor family is large, with over 100
genes in rodent species, and undergoes fre-
quent species-specific expansions.4 Inter-
estingly, all mammalian »/r genes are
monophyletic with only 2 teleost ora
genes, oral and 0742.° Tn drastic contrast
to the rapidly evolving mammalian v/
genes, the teleost ora gene family is highly
conserved between all teleost species ana-
lyzed, and consists of the same 6 genes,

Communicative & Integrative Biology

with an occasional gene loss.” Even in car-
tilaginous fishes some direct orthologs are
observed.® Thus it was unclear, whether
teleost ora genes, despite their different
evolutionary dynamics, might also have a
pheromonal function like their mamma-
lian counterparts. Two research groups
teamed up a while ago to attempt deor-
phanization of teleost ora genes, the
Korsching lab in Cologne and the Meyer-
hof lab in Potsdam. Recently they
reported the deorphanization of ORAL,
which they found to detect p-hydroxyphe-
nylacetic acid (pHPAA) with high sensi-
tivity and specificity.” Moreover, behavior
analysis suggested that pHPAA induces
olfactory-mediated oviposition behavior
in adult zebrafish pairs’, which implies its
possible function as a putative fish
pheromone.

A Convoluted Path toward
Identification of an Olfactory
Ligand

The search for an ORA1 ligand turned
out to be quite the detective story. In the
end, a contaminant of the inidally sus-
pected ‘ligand” was identified as a sensitive
and specific agonist. Initial screening for
ligand identification was performed with
known odors for fish, including amino
acids and some reproductive phero-
mones.®* " Interestingly, all tested phero-
mones failed to activate ORA1, whereas a
strong activation response was elicited
with a mixture of the 20 proteinogenic
L-amino acids. Testing of the individual
amino acids indicated that activation was
due to L-tyrosine alone. Alas, this was an
old lot of tyrosine, and a freshly prepared

lot of L-tyrosine failed to reproduce the
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Figure 1. Graphical representation of key findings. Calcium imaging in a heterologous expression
assay identified p-hydroxyphenylacetic acid as a agonist of ORA1 receptor. Perception of p-hydrox-
yphenylacetic acid by the olfactory system of female zebrafish in the presence of a male can induce

activation response. This suggested to the
researchers that the active compound
might be a degradation product of
L-tyrosine. In fact, tyrosine is known to be
sensitive to oxidation upon prolonged
storage. Therefore, to test this hypothesis,
a fresh lot of L-Tyrosine was oxidized by
incubation with hydrogen peroxide, and
indeed strong agonist activity was
observed in the reaction product (hydro-
gen peroxide itself had no activity). This
suggested that the active substance in the
aged L-tyrosine originated from oxidative
decay of L-tyrosine. Subsequently, analyti-
cal HPLC chromatography on a reverse
phase column showed the agonist activity
in a single peak. To hunt the agonist
down, Meyerhof and Korsching solicited
the help of the Rawel group in Berlin to
obtain sufficient HPLC-purified material
for subsequent structural analysis. For
structure  determination these groups
joined efforts with the Hofmann group in
Munich, which used a combination of
LC-TOF/MS and proon NMR to
unravel the structure. The contaminant
was finally identified as pHPAA, and
functional testing of the synthetic com-
pound elicited a strong activation response
even at very low concentrations, with a
half-maximal response (ECsg) at 2 wM.

Could pHPAA be the Endogenous
Ligand?

Dose response analysis suggested that

pHPAA is recognized by ORAl with

much higher affinity compared to food

9,11,12
or even

13

odors such as amino acids
the death-associated odor cadaverine.
Furthermore, thorough testing of many
structurally related compounds did not
reveal any substance with better potency
or efficacy for ORAI. Any modification of
the carboxyl group such as amidation or
methylation reduced the affinity at least
2 orders of magnitude, and shortening the
distance of the carboxyl group to the ben-
zene ring by eliminating a methylene
group abolished agonist activity alto-
gether. Somewhat less severe constraints
were observed for the para hydroxy group,
whose elimination results only in a one
order of magnitude loss for the affinity.
However, a bulky group in this position
such as an acetyl group destroys agonist
activity completely. Interestingly, the effi-
cacy, i.e. the maximal response, varied
somewhat independently from the affin-
ity, as estimated by ECs, determination.
Both efficacy and affinity were maximal
for pHPAA. So, could the authors have
hit on the endogenous ligand for the
ORALI receptor?

Any endogenous signaling molecule
should fulfill 2 requirements: firstly there
should be a biosynthetic path generating
the molecule, and secondly it should have
a biological function. pHPAA is a product
of a minor catabolic pathway for tyro-
sine,14 which would seem to fulfill the first
requirement. Indeed it has been reported
that pHPAA is produced by diverse organ-

isms, such as humans, insects, fungi and
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bacteria. As for the second requirement,
biological functions for pHPAA have been
reported in a variety of species, ranging
from an antimicrobial property’® for
defense in several species to a component
of sexual display pheromone in felines.'®
Unfortunately, none of these species
included fish, and so the authors set out in
search of a possible behavioral answer to

pHPAA.

What is the Impact of pHPAA on
Zebrafish Behavior?

The authors had recently shown an
aversive response of zebrafish to the death-
associated odor cadaverine,'? and so began
to search for either aversive or attractive
responses to pHPAA. However, none of
the motion parameters analyzed showed
significant differences in the presence of
pHPAA. Again, an accidental observation
came to the help of the researchers. When
adult fish were tested in pairs, they noticed
sometimes deposition of eggs (oviposi-
tion). The effect turned out to be highly
significant in mixed gender pairs, and also
was observed at similarly low concentra-
tions as the ligand activation of the ORA1
receptor.

Admittedly, pHPAA does not show
much similarity to known classes of teleost
fish reproductive pheromones, which com-
prise several steroids and their sulfated
metabolites, as well as some prostaglan-
dins. Furthermore, those steroids and pros-
taglandins tested as possible agonists did
not activate ORA1.%'” However, knowl-
edge of fish reproductive pheromones is
sdll sketchy, and it is known that some
components are still unidentified.>'® Thus
the findings discussed here allow the
fascinating interpretation that the authors
have chanced onto a novel biological class
of reproductive pheromones (Fig. 1). Of
course, much remains to be done to shore
up this hypothesis and to rule out more
mundane alternative explanations.

What Do We Know About the
Cells Expressing ORA1?

The characteristic sparse expression
pattern of olfactory receptor genes in
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distributed neurons within the sensory
surface is also observed for zebrafish
ORA1.” However, the cell type and the
signal transduction cascade of ORAI
expressing neurons are still elusive. Four
different types of olfactory sensory neu-
rons are known in zebrafish, ciliated and
microvillous neurons as major popula-
tions'” and small populations of crypt and
kappe neurons.”™*! These 4 cell types dif-
fer in molecular markers, but also in mor-
phology and spatial distribution within
the olfactory epithelium.”?*?* In situ
hybridization showed ORAIl-expressing
neurons in apical positions within the
olfactory lamellae, which seems to exclude
the more basally located ciliated neu-
rons.”* Among the other 3 types, crypt
express
ORA1,%? which leaves microvillous neu-

neurons are known not to
rons or kappe neurons as candidates. Both
are present in the superficial layers.*’
However, it is also conceivable that yet
another, so far undetected class of olfac-
tory sensory neurons would
ORAL.

Olfactory receptors such as the oma
genes belong to the superfamily of G pro-
tein-coupled receptors, and are expected

express

to signal through trimeric G proteins.
Recently a comprehensive evaluation of
zebrafish G o proteins has shown the
expression of Gol, Go2, Gi, and Golf in
the olfactory epithelium.** Of these, one
of the 2 Go isoforms, or possibly G,
would be candidates for signal transduc-
tion of ORAI1, since the association of
Golf with ciliated neurons would seem to
rule out an expression in ORA1l-positive
neurons.”>*® Direct evidence will be pro-
vided by double labeling experiments
using ORA1 77 situ probe together with G
protein or cell type-specific markers.

Open Questions

unclear whether the
olfactory-mediated oviposition behavior
elicited by pHPAA is driven by ORALI as
a sole or major receptor. Alternatively,

So far it is

additional receptors may be contributing
to this phenotype. To address this ques-
tion, double labeling experiments with
ORA1 probe and established neuronal
activity markers could be performed.

www.landesbioscience.com

Neuronal activity markers such as cFOS,
phospho-ERK, egr-1, c-jun and Arc have
been successfully used in similar studies.””
Moreover, new genome editing techniques
like CRISPR/Cas or TALEN can be used
to knock out ORAIL in zebrafish.*® If
pHPAA-mediated oviposition will be
reduced or eliminated in such knock-outs,
this would constitute strong evidence for
the pHPAA effect being mediated by
ORAIl. CRISPR/Cas and TALEN may
also be useful for knock-in of marker
genes into the ORAL locus, allowing to
identify the ORALI target glomerulus in
the olfactory bulb. A knock-in of channel
rhodopsin® in the ORA1 locus could rig-
orously restrict neuronal activation to only
ORAl-expressing neurons, and thus
would present another possibility to exam-
ine whether ORAL1 activation by itself
would be sufficient to generate the ovipo-
sition response. Beyond the olfactory
bulb, it may be possible to map the
pHPAA-activated neural circuits with sin-
gle cell resolution in the intact zebrafish
brain using a combination of high-speed
light-sheet microscopy with genetically
encoded calcium indicator (GCaMP5/6),
¢/ Finally it will be interesting to exam-
ine, whether pHPAA is indeed the endog-
enous ligand of ORA1, in which case one
would expect to find a biosynthetic path-
way as well as a path to delivery of pHPAA
in the context of mating behavior.
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V. Discussion

Zebrafish crypt neurons project to a single, identified mediodorsal glomerulus

Of three types of olfactory sensory neurons present in vertebrates, the two major
populations, ciliated and microvillous neurons, have been extensively studied due to the
availability of suitable markers (Sato et al. 2005). In recent years, the third population,
crypt neurons have developed considerable interest due to their peculiar morphology and
also because they combine elements of the other two populations, ciliated and
microvilllous receptor neurons (Hansen & Zeiske 1998). However, comparatively little is
known about the third population, crypt neurons (Hansen & Zeiske 1998). So far no
genetic markers for crypt neurons have been described and thus identification of these
neurons depends on electron microscopy or TrkA- or S100-like immunoreactivity (Hansen
& Zeiske 1998; Germana et al. 2004; Catania et al. 2003). However, there have been
inconsistent reports using S100-like immunoreactivity. (Oka et al. 2012) showed that
different results could be obtained depending on the fixation conditions, and established
the optimal conditions for the specific labeling of crypt neurons as omitting the fixation
step. However, tissue preservation is unavoidably compromised under these conditions,
and attempts to use S100-like immunoreactivity to elucidate the neuronal circuits formed
by crypt neurons have remained inconclusive (Sato et al. 2005; Braubach et al. 2012;
Gayoso et al. 2012; Gayoso et al. 2011).

In a double transgenic line which labels both ciliated and microvillous sensory
neurons with reporter fluorescent dyes, fluorescence was noticably absent from all 6
glomeruli of the mediodorsal cluster (Sato et al. 2005). Consequently, these six glomeruli
were initially thought to be the target glomeruli of crypt neurons. Several years later, even
larger target regions for crypt neurons were suggested based on backtracing experiments
with Dil, a lypophilic tracer (Gayoso et al. 2012). In these studies, injections performed into
the dorsomedial and dorsolateral fields of the olfactory bulb both resulted in labeled crypt
neurons. Similarly, attempts to use the crypt neuron marker S100-like immunoreactivity in
the olfactory bulb clearly pointed to both dorsomedial and dorsolateral sites, under
standard immunostaining conditions (Braubach et al. 2012; Gayoso et al. 2012). Taken
together, all these attempts to localize the target glomerulus/ glomeruli either by using
unspecific antibodies or diffusible backtracing dyes, might overestimate the spatial extent

of the target region.
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Recently Oka, Saraiva and Korsching reported that a single olfactory receptor, the v1r-like
ora4 gene, is expressed in all crypt neurons as defined by quantitative morphological
assessment (Oka et al. 2012). Therefore | hypothesized that crypt neurons might possess
a single target glomerulus, in accordance with the axonal convergence principle
established for ciliated neurons. To test this hypothesis | investigated the suitability of
TrkA-immunoreactivity (Catania et al. 2003) as specific marker for crypt neurons. As
mentioned above, S100-immunoreactivity is not suitable for this purpose as it is not

restricted to crypt neurons under standard histological conditions.

In this study, | have characterized TrkA-immunoreactivity as a specific and robust
marker for crypt neurons. TrkA-immunoreactivity specifically labels crypt neurons soma,
axons and terminals. The absence of TrKA transcript and protein in the olfactory epithelium
suggests the reactivity of anti-TrkA antibody to some unknown antigen, creating limitations
to use it as a genetic marker. However, dense and specific labeling of crypt neuron axons
and terminals, under standard histological conditions, makes anti-TrKA antibody suitable to
determine its target region in the olfactory bulb. By using this marker, | have shown that
crypt neurons project exclusively to a single glomerulus of the mediodorsal cluster. The
glomerulus is identified and named as mdg2, in accordance to the nomenclature by
(Braubach et al. 2012). Moreover, | have obtained supporting results by another,
independent technique, axonal backtracing, which showed that the majority of the
population backtraced from mdg2 were crypt neurons, whereas no such cells were labeled

by backtracing from neighboring glomeruli (Figure 4).

These findings showing a single target glomerulus for crypt neurons depend on the
assumption that entire crypt neuron population is labeled by TrkA-immunoreactivity. Crypt
neurons were defined by their characteristic morphology at the electron microscopy level.
However, it is not possible to reliably quantify the total number of crypt neurons per
olfactory epithelium by electron microscopy (Hansen & Zeiske 1998). Hence one cannot
rule out the possibility of the existence of some cryptic cell population which are both S100
and TrkA-like immunoreactivity negative. However, several arguments make such a
possibility unlikely. Firstly, if such population exists then they would be expected to have
their projections in the those glomeruli which are negative for fluorescent staining in double
transgenic fish (Tg(TRPC2:Venus); Tg(OMP:lyn-mRFP)). Furthermore, the cell population
labeled by backtracing from a closely neighboring glomerulus, mdg3, were microvillous

neurons (based on morphometric analysis). Moreover, a small population of non-crypt cells
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(based on morphology and spatial distribution) obtained from Dil injection in mdg2,
suggesting nearby glomeruli take projections from microvillous neurons. Lastly, a recent
publication (Braubach et al. 2012), showed the projection of Go-like immunoreactivity-
positive neurons to mdg5 of the mediodorsal cluster. These neurons have non-crypt

morphology and in fact constitute a novel population, as discussed below.

All this evidence suggests that ora4-expressing crypt neurons project to a single
mediodorsal glomerulus (Oka et al. 2012; Ahuja et al. 2013). Since the ora gene family
consists of six members, there are 6 glomeruli in the mediodorsal cluster, and one ora
gene, ora4, projects to one of the glomeruli in the mediodorsal cluster, mdg2, it will be
interesting to see, whether the entire mediodorsal cluster receives projections from ora

gene-expressing OSNs.

Identification of a single glomerulus for crypt neurons is consistent with the concept
of a novel ‘one cell type — one receptor’ mode of expression for crypt neurons (Oka et al.
2012), which is distinct from and goes beyond the ‘one neuron — one receptor’ mode of
expression established for ciliated and microvillous olfactory receptor neurons. Here |
extend this observation to a ‘one cell type — one receptor — one glomerulus’ concept, which
is reminiscent of the specialized subsystems present in insect pheromone detection
(Hildebrand 1995).

.i\ Tel W,

OB

Figure 4: Schematic representation of backtracing results for the crypt neuron and a
neighboring glomerulus, mdg2 region and dlg region, respectively. The scheme illustrates
that mdg2 of the mediodorsal cluster obtains projections from the crypt neurons, whereas

the neighboring glomerulus of the dorso-lateral cluster takes projections from ciliated
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neurons (modified from (Ahuja et al. 2013)).

Kappe neurons, a novel population of olfactory sensory neurons

A recent publication suggested that Go-like immunoreactivity labels a mixture of
crypt and non-crypt neurons, nevertheless projects to a single glomerulus of the
mediodorsal cluster, mdg5 (Braubach et al. 2012). | thought to investigate these findings
because it is interesting to know if the neurons innervating a single glomerulus could be
morphologically and presumably functionally heterogeneous — a violation of the well-
established rule of axonal convergence of same receptor-expressing neurons into a
homogeneous glomerulus (Mombaerts 2006). Secondly in that study double labeling with
a crypt neuron marker was not attempted, and shape and spatial position of cells labeled

by Go-like immunoreactivity were not quantitatively assessed.

| have carefully addressed this question by performing thorough quantitative
analysis of several morphological parameters coupled with double labeling experiments
with established markers for all three known populations of olfactory sensory neurons
(Hansen & Zeiske 1998). My results show that Go-like immunoreactivity labeled neurons
do not express any markers for ciliated, microvillous and crypt neurons and indeed
possess a distinct shape and spatial position compared to these three populations. This
led to the identification and characterization of a novel fourth class of olfactory receptor
neurons, which we named as kappe neurons, due to the presence of cap-like structure
(kappe is German for cap) apically localized on these neurons (Ahuja et al. 2014) cf.
(Figure 5). It is not clear whether kappe neurons exist in other teleost fishes since Go-like
immunoreactivity shows heterogenous results (Ferrando et al. 2006; Hansen et al. 2004).
In some fishes, Go-like immunoreactivity is known to label a small subset of microvillous-
like neurons (Hansen & Zielinski 2005) and in other species it is known to label crypt-like
neurons (Hansen et al. 2003). The situation is additionally complicated because Go-like
immunoreactivity might not always label Go protein (Ahuja et al. 2014; Hansen et al.
2004). Indeed, the subcellular distribution of Go-immunoreactivity in dendrite, cytoplasm,
axon and axon terminals of kappe neurons is unexpectedly broad, since G proteins often
are preferentially localized to the apical, signal-transducing part of the cell. Furthermore, in
situ hybridization with Go probe on adult zebrafish olfactory epithelium showed a large and
broadly distributed cell population (Oka & Korsching 2011), inconsistent with the
expression pattern obtained from Go-like immunoreactive kappe neurons. This evidence

suggests that Go-immunoreactivity could be due to cross-reactivity with an unknown
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antigen. Incidentally, this would be similar to the situation for both crypt neuron markers,
anti-TrkA or anti-S100 antibodies (Oka et al. 2012; Ahuja et al. 2013). A further analysis of
kappe neurons will require the identification of the cross-reacting antigen, which will allow

the use of molecular and genetic tools.

In conclusion, kappe neurons and crypt neurons project to a single glomerulus -
mdg5 and mdg2 of the mediodorsal cluster, respectively (Ahuja et al. 2014; Ahuja et al.
2013). It will be interesting to see whether the remaining four glomeruli of the mediodorsal
cluster also might get input by specialized small neuronal populations like the crypt and

kappe neurons.

Lumen

Basal Lamina

Figure 5: Schematic representation of four types of olfactory sensory neurons and their
laminar positions. Ciliated neurons (orange) have round somata and slender dendrites that
terminate in bundles of cilia on the epithelial surface. Their nuclei position is relatively
basal along the laminar height in comparison to other OSN types. Microvillous neurons
(blue) have bundles of microvilli on their apical surface. Crypt neurons (red) are globular-
shaped and carry both microvilli and cilia on their apical surface. They are located more
apical than microvillous neurons. Go-immunoreactivity positive kappe neurons (green) are
pear-shaped with an apical appendage resembling a cap (German: Kappe), have no cilia,

and are located even more apical than crypt neurons (modified from (Ahuja et al. 2014)).
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Zebrafish olfactory receptor ORA1 recognizes a putative reproductive pheromone

The vir-related ora gene family is the latest of all teleost olfactory receptor gene
families to be characterized. In mammals, the v7r gene family undergoes frequent species-
specific expansions and can reach over 100 genes in rodent species (Gaillard et al. 2004).
Interestingly, all mammalian v7r genes are monophyletic with only two teleost ora genes,
oral and ora2 (Saraiva & Korsching 2007). In drastic contrast to the rapidly evolving
mammalian v7r genes, the teleost ora gene family is highly conserved between all teleost
species analyzed, and consists of the same six genes, with an occasional gene loss
(Saraiva & Korsching 2007). Even in cartilaginous fishes some direct orthologs are
observed (Venkatesh et al. 2014). Thus it was unclear, whether teleost ora genes, despite
their different evolutionary dynamics, might also have a pheromonal function like their
mammalian counterparts (Saraiva & Korsching 2007; Isogai et al. 2011). Therefore, to
address this question, two research groups teamed up a while ago to attempt
deorphanization of teleost ora genes, the Korsching lab in Cologne and the Meyerhof lab
in Potsdam. They have deorphanized ORA1, which we found to detect p-
hydroxyphenylacetic acid (pHPAA) with high sensitivity and specificity (Behrens et al.
2014). In order to understand the physiological importance of this compound, | have
performed attraction-aversion behavioral analysis, by using point source stimulus in a tank
apparatus (Hussain et al. 2013). However, none of the motion parameters analyzed
showed significant differences in the presence of pHPAA. An accidental observation
helped me to understand the physiological role of pHPAA. When | tested pairs of adult fish,
sometimes | noticed deposition of eggs (oviposition). Careful examination of this behavior
suggested that the effect is highly significant in mixed gender pairs, and that low
concentrations of pHPAA can elicit oviposition (Behrens et al. 2014). Moreover, the
transient anosmic female fish paired with a normosmic male failed to produce similar
results, suggesting the pHPPA-induced oviposition behavior depends on female olfactory
perception. Admittedly, pHPAA does not show much similarity to known classes of teleost
fish reproductive pheromones, which comprise several steroids and their sulfated
metabolites, as well as some prostaglandins (Stacey & Sorensen 2005). Furthermore,
those steroids and prostaglandins tested as possible agonists did not activate ORA1 in
heterologous system (Friedrich & Korsching 1998; Stacey & Sorensen 2005; Behrens et
al. 2014). However, knowledge of fish reproductive pheromones is still sketchy, and it is

known that some components are still unidentified (Sorensen et al. 1991; Stacey &
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Sorensen 2005). Thus the findings discussed here allow the interpretation that we have
chanced onto a novel biological class of reproductive pheromones (Figure 6). Of course,
much remains to be done to shore up this hypothesis and to rule out more mundane
alternative explanations. This includes the in-vivo validation of the contribution of ORA1
receptor for such inducible oviposition behavior and also the identification of the ORA1-
expressing cell type, transducing Ga protein and glomerular projection of ORA1
expressing olfactory sensory neurons. Identification of a physiological source of pHPAA
would rule out the always present concern that pHPAA just mimicks an endogenous
compound. One should also expect some difference in olfactory processing of pHPAA

between the sexes, if the hypothesis of a new reproductive pheromone is appropriate.

A pathway to oviposition

p-hydroxyphenylacetic acid

OH
Hom ORA1

Figure 6: Graphical representation illustrating perception of p-hydroxyphenylacetic acid by
the olfactory system of female zebrafish in the presence of a male can induce oviposition.
Taken from (Ahuja & Korsching 2014).

High-affinity olfactory receptor for the death-associated odor cadaverine

Cadaverine and putrescine are death-associated odors produced by microbe-
mediated decarboxylation of basic amino acids. Different innate behaviors (attraction or
aversion) are known for different species towards these amines i.e. attraction in goldfish
and rats and aversion in humans (Heale et al. 1996; Rolen et al. 2003; Hamana &
Matsuzaki 1984). Olfactory receptors for these diamines have been unknown in any
species, until Prof. Korsching's lab, in collaboration with Prof. Liberles group from Harvard,
has identified TAAR13c as cadaverine receptor (Hussain et al. 2013) by using a
heterologous ligand detection assay (Liberles & Buck 2006). They have examined various

genes of the taar gene family (which are expected to detect amines) and could identify one
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receptor, i.e. TAAR13c which recognizes both cadaverine (with high affinity) and
putrescine (with comparatively lower affinity). TAAR13c has distinct molecular recognition
properties which endow sensitivity for diamines but not monoamines. Structure activity
analysis indicates an unusual divalent ligand binding pocket requiring two remote positive
charges for activation. Furthermore, TAAR13c is strongly activated by primary amines and
indeed is phylogenetically closer to those rodent taars that prefer primary over tertiary
amines (Hussain et al. 2013a). TAAR13c arose during teleost evolution and orthologs are
absent in rodents and humans who also detect cadaverine. Thus, cadaverine-activated
olfactory receptors in mammals may present a case of convergent evolution, either within
the vertebrate taar family or between different olfactory receptor families (Saito et al.
2009).

Deorphanization of TAAR13c had been performed in vitro, and therefore it was necessary
to examine, whether the same ligands are recognized in vivo, and whether TAAR13c
constitutes a major receptor for cadaverine or, alternatively might be one of many
cadaverine receptors. To tackle these questions | have established a neural activation
marker, p-ERK, in zebrafish and | have developed a behavioral setup that allows defined
concentrations of stimulus to be used. By implementing these methods, | have performed

in vivo validation of the receptor ligand previously identified in vitro.

| observed that higher concentrations of cadaverine activate many olfactory receptor
neurons, and only a small subset of these neurons carry TAAR13c receptor (Hussain et al.
2013). However, tenfold lower concentrations mainly elicit phosphorylation of ERK in an
extremely sparse population of receptor neurons (about 100 cells/whole olfactory
epithelium) and indeed the large majority of these neurons carry the TAAR13c receptor
(Hussain et al. 2013). | have tested the same low concentration in an behavior experiment
testing for aversion/attraction using a 2 channel flow apparatus, and have found that this
low concentration (10uM) of cadaverine can induce pronounced aversion behavior in adult
zebrafish. However, further investigation, in particular TAAR13c loss-of-function analysis,
will be required to delineate the exact role of TAAR13c in generating avoidance behavior

to diamines.

Taken together, we have shown that TAAR13c emerges as a sensitive olfactory receptor
for the death-associated odor cadaverine, both in isolation and as part of a complex
mixture. Cadaverine at low concentrations both activates a sparse population of TAAR13c-

expressing olfactory sensory neurons and elicits powerful and innate avoidance behavior
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in zebrafish, a vertebrate model system (Figure 7). Such an association of odor and
cognate receptor with a powerful avoidance response provides a molecular basis for

studying neural circuits connecting sensation with perception of odor valence.

A pathway to aversion through cadaverine

Cadaverine TAAR13c

\.
/Q

HoNNAN"NNH, P>

% Aversion

+ Zebrafish olfactory receptor TAAR13c is a cadaverine receptor

» TAAR13c prefers odd-numbered, medium length diamines

» Decaying fish extracts activate TAAR13c due to cadaverine

+ Cadaverine activates TAAR13c-expressing olfactory receptor neurons
- Cadaverine triggers innate avoidance behavior in zebrafish.

Figure 7: Graphical summary of key findings in (Hussain et al. 2013). Figure taken from

(Hussain et al. 2013).

Coding strategies in small olfactory subsystems may be different from
those employed in large subsystems

With my observation that zebrafish crypt neurons project to a single, identified
mediodorsal glomerulus (Ahuja et al. 2013) and the previous knowledge that all crypt
neurons express the same receptor, ORA4, a novel coding strategy was revealed, which
we suggested to designate as the 'one cell type — one receptor — one glomerulus' strategy.
Furthermore, the novel population of olfactory sensory neurons | identified, kappe neurons,
also projects to a single target glomerulus (Ahuja et al. 2014), suggesting that they may
also exhibit a similar coding strategy, although currently their receptor/receptors are

unknown.
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A distinct behavioral response may be generated by activation of a single
high- affinity receptor

For two high-affinity olfactory receptors | have shown that a distinctive behavior
could be elicited at very low concentrations of their optimal ligand (aversion for cadaverine
(Hussain et al. 2013), oviposition for pHPAA (Behrens et al. 2014), respectively). For
cadaverine and its cognate receptor, TAAR13c, | could show that at the same low
concentration the large majority of neurons activated by cadaverine expresses TAAR13c,

suggesting that TAAR13c is the major or maybe even the only receptor carrying the

avoidance response to cadaverine.

These results provide an excellent starting point to examine the molecular basis of neural

circuits connecting sensation, perception, and innate behavior.
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VIl.Abstract

Olfaction or the sense of smell is phylogenetically ancient, and mediates many vital
behaviors such as prey detection, predator evasion, reproduction and kin recognition.
Basic principles of vertebrate olfaction, among them the so-called -'one neuron-one
receptor' rule and the principle of axonal convergence, are conserved in zebrafish, a
powerful vertebrate model system. Furthermore, zebrafish possess orthologs of all but one
of the six olfactory receptor families described for mammals, and both main olfactory
sensory neuron types, ciliated and microvillous neurons, are present in zebrafish, together

with the corresponding signal transduction cascades.

Here | show that the principle of axonal convergence of same-receptor-expressing
neurons is valid for crypt neurons, a poorly understood third type of olfactory neurons that
expresses the V1R-related ORA4 as sole olfactory receptor. | could identify the crypt
neuron target glomerulus as mdg2, one of six invariant glomeruli in the mediodorsal cluster
of the olfactory bulb.Together with the expression of ORA4 in all crypt neurons, this finding
reveals a novel coding strategy in vertebrate olfaction: 'one cell type — one target
glomerulus'. In the course of these studies | discovered and characterized a novel, forth
population of olfactory neurons, which we named kappe neurons for their cap-like apical
protrusion. For another member of the ora gene family, the recently deorphanized ORA1
receptor, | have identified a putative biological function for the first time. | could show that
low concentrations of para-hydroxyphenyl acetic acid, a high affinity ligand of ORA1, elicit
increases in oviposition frequency in zebrafish mating pairs, raising the exciting possibility

that para-hydroxyphenyl acetic acid might constitute a novel reproductive pheromone.

Whether the activation of a single olfactory receptor is sufficient to generate
behavioral output, is currently an active field of research. However there are very few
cases described, where this has been shown to be the case, chief among them the insect
pheromone receptors. | could show that low concentrations of cadaverine, a high affinity
ligand for a zebrafish trace amine-associated receptor, TAAR13c, are sufficient to elicit a
distinct avoidance behavior, and that at the same low concentration most of the activated
olfactory neurons expressed TAAR13c, using pERK levels as measure of neuronal
activation. This result suggests that TAAR13c is the major and conceivably the only

receptor eliciting sensitive avoidance behavior to cadaverine.
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VIll. Zusammenfassung

Der Geruchssinn ist phylogenetisch alt und vermittelt viele Uberlebenswichtige
Verhaltensweisen wie das Aufspiren von Beutetieren, das Wahrnehmen von
Fressfeinden, die Fortpflanzung und die Erkennung von Artgenossen. Grundlegende
Prinzipien des Geruchssinnes in Vertebraten, darunter die sogenannte ,ein Neuron-ein
Rezeptor“-Regel und das Prinzip der axonalen Konvergenz, sind auch fur den
Zebrabarbling gultig, der ein etabliertes Wirbeltiermodellsystem darstellt. Dartuber hinaus
besitzt der Zebrafisch Orthologe flr finf der sechs olfaktorischen Rezeptorfamilien, die fur
Saugetiere bekannt sind. Auch die beiden grossen Populationen olfaktorischer
sensorischer Neuronen, cilierte und mikrovillare Neuronen, sind im Zebrabarbling

vorhanden, zusammen mit den dazugehorigen Signaltransduktionskaskaden.

Ich konnte in dieser Arbeit zeigen, dass das Prinzip der axonalen Konvergenz von
Neuronen, die den gleichen Rezeptor exprimieren, flr Crypt-Neuronen guiltig ist, die einen
noch wenig verstandenen dritten Typus olfaktorischer Neurone darstellen und einen
einzigen olfaktorischen Rezeptor, ORA4, exprimieren. Den Zielglomerulus von Crypt-
Neuronen habe ich als mdg2 identifiziert, bei dem es sich um einen von sechs
unveranderlichen Glomeruli in dem mediodorsalen Cluster des olfaktorischen Bulbus
handelt. Zusammen mit der Expression von ORA4 in allen Crypt-Neuronen zeigt dieser
Befund ein neue Kodierungsstrategie im olfaktorischen System von Vertebraten: ,Ein
Zelltyp-ein Zielglomerulus®. Im Verlauf dieser Untersuchungen habe ich eine neue, vierte
Population olfaktorischer Neurone entdeckt und charakterisiert. Da diese Neuronen apikal
eine Kappe-ahnliche Struktur aufweisen, wurden sie von uns als Kappe-Neuronen

bezeichnet.

Fir ein anderes Mitglied der ora-Genfamilie, den ORA1-Rezeptor, habe ich zum
ersten Mal eine mutmalliche biologische Funktion identifiziert. Diesem Rezeptor konnte
kirzlich (4-Hydroxyphenyl)-essigsaure als hochaffiner Ligand zugeordnet werden, und ich
konnte zeigen, dass niedrige Konzentrationen dieses Liganden bei Zebrafischparchen die
Eiablage steigern, was die aufregende Maoglichkeit aufwirft, dass (4-Hydroxyphenyl)-

essigsaure ein neuartiges Reproduktionspheromon darstellen kdnnte.

Ob die Aktivierung eines einzigen olfaktorischen Rezeptors ausreicht, um ein
Verhalten hervorzurufen, ist eine gegenwartig aktiv untersuchte Fragestellung. Es sind nur

wenige Beispiele fur ein solches monogenes Verhalten bekannt, in erster Linie die
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Pheromonrezeptoren von Insekten. Ich konnte zeigen, dass niedrige Konzentrationen von
Kadaverin, einem hochaffinen Liganden fir einen trace amine-associated receptor des
Zebrabarblings, TAAR13c, ausreichend sind, um im Zebrafisch Vermeidungsverhalten
auszuldsen. Durch Messung von pERK als Mal} fur die neuronale Aktivitat konnte ich
zeigen, dass bei der gleichen niedrigen Konzentration die meisten der aktivierten
olfaktorischen Neurone TAAR13c exprimierten. Dieses Ergebnis deutet darauf hin, dass
TAAR13c der Hauptrezeptor und maoglicherweise bei geringen Konzentrationen der

einzige Rezeptor ist, der die aversive Reaktion auf Kadaverin auslost.
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List of abbreviations
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MOE : Main olfactory epithelium

VNO : Vomeronasal organ

GG : Grueneberg ganglion

SO : Septal organ

OR : Odorant receptor

TAAR : Trace amine-associated receptor

FPR : Formyl peptide receptor

ORA : Olfactory receptor classA-related

R I A Bl R N

zOR : Zebrafish odorant receptor

—_
(@]

. OSN : Olfactory sensory neuron

—_
—_

. OMP : Olfactory marker protein

—_
N

. TRPC2 : Transient receptor potential cation channel, subfamily C, member 2,

13.0B : Oilfactory Bulb

14. GFP  : Green fluorescent protein

15. VIR  : Vomeronasal receptor, type 1
16. V2R  : Vomeronasal receptor, type 2
17.MDG  : Mediodorsal glomeruli

—_
o

. pHPAA : para-hydroxy phenyl acetic acid






