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Abstract 
Mammals are equipped with several anatomically and functionally distinct sensory systems to 

communicate with the external world. The accessory olfactory system (also known as the 

vomeronasal system) is specialized to detect socially relevant chemosignals and transmit 

sensory information to higher brain areas. Chemoperception is mediated by vomeronasal 

sensory neurons (VSNs) expressing chemoreceptors out of three major families of G protein-

coupled receptors (GPCRs): vomeronasal receptors (Vrs) type 1 (V1rs/Vmn1rs), type 2 

(V2rs/Vmn2rs), and a subgroup of formyl peptide receptors (Fprs). V1rs and some Fprs are 

expressed in VSNs localized in the apical zone of the sensory epithelium and coexpress with 

the G protein subunit Gαi2. Basal VSNs express V2rs or one Fpr and overlap with the 

expression of the G protein subunit Gαo. Thus far, only a limited number of Vrs out of the 

almost 400 receptor genes were matched with their potential ligands, at least partially due to a 

tremendous amount of potential agonists as well as the lack of robust heterologous expression 

assays to analyze receptor-ligand interactions. To overcome this limitation, I hypothesized 

that a Herpes Simplex Virus type 1 (HSV-1)-derived amplicon delivery system can facilitate 

expression of all three groups of vomeronasal receptor genes in native VSNs to characterize 

cell responses to potential ligands. To test this hypothesis, I validated the functionality of the 

expression system with proposed receptor-ligand interactions. I showed through calcium 

imaging measurements in infected VSNs that amplicon-induced expression of Vmn1r89, 

Vmn1r237, Vmn2r26, and Fpr3 caused a robust increase in responsivity to sulfated steroids, a 

MHC-peptide, or the hexapeptide W-peptide. Suggested receptor-ligand interactions were 

partially confirmed by combining calcium imaging measurements with a single cell Reverse 

Transcriptase-Polymerase Chain Reaction (RT-PCR) approach. Furthermore, the developed 

expression system allowed me to propose for the first time a potential receptor (Vmn2r74) to 

detect the high molecular weight urine fraction (HMW), a source of major urinary proteins 

(MUPs). HMW is linked to various behavioral outputs like aggression, attraction, or 

countermarking.  

In summary, I provide a novel tool to deorphanize VNO ligand detection; an important 

requirement to understand chemosignal-based mammalian communication.  
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Zusammenfassung 
Um mit ihrem äußeren Umfeld zu kommunizieren, sind Säugetiere mit mehreren anatomisch 

und funktionell unterschiedlichen Sensorik-Systemen ausgestattet. Das akzessorische 

olfaktorische System (auch bekannt als Vomeronasalorgan) ist darauf spezialisiert sozial 

relevante chemische Signalstoffe zu erkennen und an höhere Hirnzentren weiterzuleiten. Die 

Perzeption chemischer Signalstoffe wird von sensorischen Vomeronasalneuronen vermittelt, 

die Chemorezeptoren der drei Hauptfamilien von G Protein-gekoppelten Rezeptoren 

(GPCRs), nämlich den Vomeronasalrezeptoren Typ 1 (V1rs/Vmn1rs), Typ 2 (V2rs/Vmn2rs) 

und eine Untergruppe von Formyl Peptid Rezeptoren (Fprs), exprimieren. V1rs und einige 

Fprs werden zusammen mit der G Protein Untereinheit Gαi2 in apikal gelegenen VSNs 

expremiert. Basale VSNs hingegen expremieren V2rs oder einen Fpr zusammen mit der G 

Protein Untereinheit Gαo. Bisher konnte nur für eine begrenzte Anzahl Vrs der beinahe 400 

Rezeptorgenen der passende Ligand identifiziert werden, was zumindest teilweise darin 

begründet ist, dass es eine schier unendliche Anzahl an möglichen Agonisten gibt, sowie dem 

Fehlen eines robusten heterologen Testsystems zum Entschlüsseln von Rezeptor-Liganden 

Interaktionen. Um dieses Problem zu lösen, habe ich die Hypothese aufgestellt, dass ein 

Herpes Simplex Virus Typ 1 (HSV-1) basiertes Amplicon Transfer System zur Expression 

aller drei Gruppen von vomeronasalen Rezeptorgenen in natürlichen VSNs genutzt werden 

kann, um zelluläre Antworten auf potentielle Liganden zu untersuchen. Um diese Hypothese 

zu testen, habe ich die Funktionalität des Expressionssystems mit bekannten Rezeptor-

Liganden Interaktionspartnern validiert. Ich habe durch Calcium Imaging Experimente in 

infizierten VSNs gezeigt, dass die virale Expression von Vmn1r89, Vmn1r237, Vmn2r26 und 

Fpr3 zu einem deutlichen Anstieg der Antworten auf sulfatierte Steroide, auf ein MHC-

bindendes Peptid und das Hexapeptid W-Peptid führt. Die vorgeschlagenen Rezeptor-

Liganden Interaktionen wurden teilweise durch eine Kombination von Calcium Imaging 

Messungen mit der Einzelzell Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

bestätigt. Darüber hinaus konnte ich mit diesem Expressionssystem zum ersten Mal einen 

potentiellen Rezeptor (Vmn2r74) zur Detektion der Urinfraktion ermitteln, die Komponenten 

eines höheren Molekulargewichtes (High Molecular Weight; HMW) beinhaltet. Die HMW 

Fraktion enthält die Major Urinary Proteins (MUPs) und steuert zahlreiche Verhalten wie 

z.B. Aggression, Attraktion oder Markierungsverhalten. Zusammenfassend stelle ich ein 

neues Hilfsmittel vor um die Detektion von VNO-Liganden zu entschlüsseln; eine wichtige 

Voraussetzung zum Verständnis der Kommunikation von Säugetieren mittels chemischer 

Signalstoffe.  
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1 INTRODUCTION 
 

1.1 The olfactory system 
Animals must constantly make decisions about food, resources, predators, competitors, and 

mates. Correct processing of environmental information is essential for making these 

appropriate decisions and to maximize survival. Therefore, animals are equipped with 

different perception systems to sense, facilitate, and decode the information emerging from 

their surroundings. Most nocturnal animals, such as mice, have a highly developed olfactory 

system to detect chemosignals enabling them to communicate with the environment. These 

chemosignals convey information about predators, food as well as reproductive status and 

gender of conspecifics. To process this huge variety of chemical information, the olfactory 

system in mice has evolved into several distinct subsystems, some of which are anatomically 

segregated (Fig. 1) (Munger et al., 2009). These subsystems are comprised of the canonical 

main olfactory system and the accessory olfactory system (also known as the vomeronasal 

system). Other known smaller olfactory subsystems also exist in the nose, such as the septal 

organ of Masera, the GC-D cell system, the trace-amine-associated receptor cell system, and 

the Grüneberg ganglion (GG). 

Anatomical separation is accompanied by functional divergence and is executed by 

specialized chemoreceptors, signaling mechanisms, and neural projections to olfactory 

processing nuclei in the brain. However, many of the receptors identified are orphan-

receptors, particularly those in the vomeronasal system with its 400 receptor genes, where 

only a few receptors have been matched with suitable ligands. To overcome this limitation, a 

novel expression system was developed to deorphanize receptor-ligand interactions in the 

vomeronasal system. Knowledge of chemostimuli detected by the vomeronasal organ may 

also help to decipher the logic of chemodetection in other subsystems, as some ligands 

activate more than one subsystem. Due to this partially overlapping activation pattern, the 

following sections will introduce the reader to the most prominent olfactory subsystems and 

their receptors. 
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Figure 1: Schematic sagittal section of the mouse head with its different olfactory subsystems. 
The tip of the nose hosts the Grüneberg ganglion (GG) neurons (yellow). The vomeronasal organ (VNO) is separated into at 
least two molecular distinct zones called the apical and basal zones (green and red). The nasopalatine duct enables contact to 
the nasal cavity (NC) and is filled with mucus. The main olfactory epithelium (MOE) is separated into four turbinates and 
equipped with different sensory neurons: the guanylyl-cyclase D neurons (GCD; purple dots), trace amine-associated receptor 
neurons (Taars), and canonical odorant receptor-expressing neurons (OSNs). The septal organ of Masera (SOM; light blue) is 
located in the septum, ventral to the MOE. The main olfactory bulb (MOB), the necklace glomeruli (NG), and the accessory 
olfactory bulb (AOB) form the olfactory bulb in the mouse forebrain. These structures are innervated by different sensory 
olfactory neuron types and send further projections to higher brain areas. Figure adapted from Leinders-Zufall T, Ma M 
(2009) Olfactory Epithelium. In: Squire L, Albright T, Bloom F, Gage F, Spitzer N (eds) Encyclopedia of Neuroscience, 4th 
edition. Elsevier Science, Amsterdam, pp. 113-118. 
 

 

1.1.1 Main olfactory system (MOS) 

Among different perception systems, the sense of smell is one of the most fascinating senses 

for humans, probably due to broad emotional associations (Krusemark et al., 2013). Humans 

may discriminate up to one trillion stimuli (Bushdid et al., 2014). Although the exact number 

remains controversial (Meister, 2015), olfaction enables animals to sense and evaluate a huge 

number of chemical signals present in the environment. The MOS consists of the main 

olfactory epithelium (MOE), the main olfactory bulb (MOB), and higher olfactory centers of 

the brain (Munger et al., 2009). The MOE is composed of a heterogeneous group of sensory 

cells characterized by the expression of receptors, signaling components, and ion channels 

(Zufall and Munger, 2001). 
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1.1.1.1 Canonical olfactory sensory neurons (OSNs) 

The vast majority of sensory neurons in the MOE express one member of the odorant receptor 

(Or) gene family, termed classical or canonical olfactory sensory neurons (OSNs). Canonical 

OSNs are ciliated, bipolar in shape, and have been proposed to detect odorants (Munger et al., 

2009). Ors were identified in the early 1990s by Buck and Axel and belong to the class A 

rhodopsin-like G protein-coupled receptors (GPCRs) (Buck and Axel, 1991). 

GPCRs are coupled to G proteins and participate in initial signaling mechanisms, leading to 

opening of ion channels (Imai and Sakano, 2008). Activation of G protein-coupled signaling 

cascades may also affect transcriptional regulation (Sorkin and Von Zastrow, 2009). Ors 

account for 3–4% of the mammalian genome, whereas the number of Or genes varies between 

species: humans possess 300–400 intact genes and almost the same number of pseudogenes 

(Niimura and Nei, 2003; Matsui et al., 2010; Verbeurgt et al., 2014). Or genes are distributed 

on almost every human chromosome (except chromosomes 20 and Y) with a high degree of 

individual diversity. This diversity is further increased by different mechanisms, such as 

single-nucleotide polymorphisms and insertions/deletions of Or loci. The mouse genome 

contains about 1430 total Or genes, of which almost 1200 are intact (Niimura, 2009). GPCRs 

have a high relevance in medical drug design studies, as they are involved in the regulation of 

many physiological processes in the body. The Ors are particularly interesting as they make 

up the largest family of GPCRs. 

These receptors have a conserved N-terminal glycosylation site and several conserved motifs 

in transmembrane regions 3 (TM3), 5 (TM5), 6 (TM6), and 7 (TM7) (Fig. 2) (Fleischer et al., 

2009). Computational homology modeling and side-directed mutagenesis studies on the 

structure of Ors have revealed that TM3, TM5, TM6, and TM7 build a ligand binding site 

formed by hydrophobic amino acids, which is important for receptor-ligand interactions 

(Katada et al., 2005; Abaffy et al., 2007). Such hydrophobic interactions are weaker than 

ionic- or hydrogen-based interactions observed in non-olfactory GPCRs and could explain the 

relatively high tolerance in the tuning profile and overlapping receptive range of many Ors 

(Araneda et al., 2000; Kajiya et al., 2001; Abaffy et al., 2006; Repicky and Luetje, 2009; 

Saito et al., 2009). Furthermore, studies in humans and Drosophila melanogaster suggest that 

Ors may form homo- or heterooligomers for signal transduction (Neuhaus et al., 2005; Belloir 

et al., 2017). 

Each OSN typically expresses only one Or (Chess et al., 1994; Touhara, 2001), using one 

allele (monoallelic expression) (Ishii et al., 2001; Serizawa et al., 2003; Lewcock and Reed, 

2004); thus, following the “one receptor-one neuron rule.” However, the mechanism of how 
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individual OSNs facilitate this monogenic/monoallelic Or expression remains unclear. Recent 

studies favor a stochastic model (in contrast to a deterministic model), based on the 

orchestration of epigenetic chromatin modifications as well as transcription factors and 

enhancers (Dalton and Lomvardas, 2015). Or expression is not restricted to the olfactory 

tissue (Kang and Koo, 2012), as Ors are found in ganglia of the autonomic nervous system 

(Weber et al., 2002), insulin-secreting cells (Blache et al., 1998), carotid body (Chang et al., 

2015), and in testis (Fukuda et al., 2004), among other tissues. The functions of Ors in non-

olfactory tissues are unclear, as expression levels seem to be low; although some may have 

important physiological functions (Fukuda et al., 2004; Chang et al., 2015; Ferrer et al., 

2016). 

Ors normally show lower affinity compared to non-olfactory GPCRs and detect chemically 

different structures in a combined manner (Malnic et al., 1999): one receptor can detect 

several components and one stimulus can activate several Ors (Kajiya et al., 2001; Malnic et 

al., 1999; Saito et al., 2009). This tuning profile may allow detection of a vast number of 

chemostimuli with a limited number of Ors. However, how this combined activation pattern is 

transduced into a specific odor quality remains elusive. OSNs expressing a given Or project 

their axons to specific neural structures (glomeruli) in the olfactory bulb (OB), leading to a 

topographic activation map in the OB (Ressler et al., 1993; Vassar et al., 1993; Mombaerts et 

al., 1996; Mori et al., 1999). Even similar odors, such as those elicited by enantiomers 

differing only in their three-dimensional structure, induce a slightly different (by one activated 

glomerulus) activation pattern (Rubin and Katz, 2001). 

Guidance of the axon to the correct glomerulus in the OB is hereby dependent on the 

expressed Or itself (Wang et al., 1998) and at least partially on cyclic adenosine-3´,5´-

monophosphate (cAMP), a key signaling component in canonical OSNs (Imai et al., 2006; 

Chesler et al., 2007). Specialized neurons in the OB, also known as mitral and tufted cells, 

further transduce and represent the information to the olfactory cortex, where signals are 

further processed (Poo and Isaacson, 2009; Stettler and Axel, 2009). Subsets of OB mitral 

cells also send projections to the anterior medial amygdala, a region that is richly innervated 

by the accessory olfactory bulb (AOB) and important for processing innate behaviors and 

emotions. The amygdala offers a first platform to integrate information transduced by the 

main and accessory olfactory system (Pérez-Gómez et al., 2015; Brennan and Kendrick, 

2006; Mucignat-Caretta et al., 2012). Indeed, individual neurons in the amygdala appear to be 

stimulated by both systems and sensory neurons from other systems, which will be introduced 

in the following sections (Licht and Meredith, 1987). 
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Figure 2: Schematic drawing of olfactory receptor (Or) topology. 
Ors are seven transmembrane receptors with an extracellular N-terminus and an intracellular C-terminus. The conserved 
amino acids are shaded black; potential amino acids for G protein coupling and ligand binding are indicated with red capital 
letters. Schematic Or figure (right panel) refers to mouse Or73. EC: extracellular; TM: transmembrane; IC: intracellular. 
Figure adapted from Fleischer et al., 2009 and Touhara K, Niimura Y, Ihara S (2016) Vertebrate Odorant Receptors. In: 
Munger S, Zufall F (eds) Chemosensory Transduction- The Detection of Odors, Tastes, and Other Chemostimuli, 1st edition. 
Academic Press, London, p. 51. 
 

 

Many Ors have been matched with ligands (Mombaerts, 2004), using various experimental 

methods, including a gene targeting approach (Bozza et al., 2002), heterologous expression 

(Kajiya et al., 2001), single cell Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

(Touhara, 2001), and viral gene transfer (Touhara et al., 1999; Araneda et al., 2000). Known 

receptor-ligand pairs include (methylthio) methanethiol (MTMT), an odorant present in male 

mice urine (Lin et al., 2005), which is detected by the mouse Or83 (Olfr1509) (Duan et al., 

2012). MTMT enhances attractiveness to females (Lin et al., 2005). Or83 has been expressed 

heterologously in human embryonic kidney 293 cells (HEK293), and its activity was 

measured by a luciferase assay (Duan et al., 2012). Another component of male mouse urine 

is the unsaturated aliphatic alcohol (Z)-5-tetradecen-1-ol (Z5-14: OH), which may attract 

female mice (Yoshikawa et al., 2013). Z5-14: OH has been purified from the preputial gland 

of mice and is excreted under androgen control (Yoshikawa et al., 2013). Other Ors, such as 

Or37B, detect the long chain fatty acid hexadecanal, which is present in mouse feces (Bautze 

et al., 2012; Bautze et al., 2014). 

Ors and parts of the signal transduction machinery are mainly located at the olfactory cilia, as 

chemostimulation occurs only when this cellular compartment is perfused (Firestein et al., 

1990; Lowe and Gold, 1991). In the classical signal transduction model, ligand binding to the 

Or activates the G protein subunit Gαolf (Belluscio et al., 1998). Gαolf further activates the 

adenylyl cyclase type III (ACIII) (Bakalyar and Reed, 1990), which converts adenosine 

triphosphate (ATP) into cAMP. cAMP binds to a cyclic nucleotide gated channel (CNG), 
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inducing entry of calcium and sodium ions, which cause depolarization (Frings and 

Lindemann, 1991). Additionally, other channels expressed in OSNs can augment the 

depolarization event (Stephan et al., 2009; Rasche et al., 2010). Cyclic guanosine-3´,5´-

monophosphate (cGMP) is another second messenger that increases in response to odor 

stimulation (Breer et al., 1992). cGMP is synthesized from guanosine triphosphate (GTP) 

either by soluble or particulate guanylyl cyclases (sGC or pGC). cGMP may be linked to 

regulation of the CNG channel and therefore connected to odor adaption (Zufall and Leinders-

Zufall, 2000; Pifferi et al., 2006; Zufall and Leinders-Zufall, 1997). Furthermore, cGMP is 

also linked with cAMP production and cAMP signaling (Moon et al., 2005; Pietrobon et al., 

2011; Kroner et al., 1996), providing an additional signaling pathway in OSNs to facilitate 

odor responses. cAMP and cGMP signaling interplay (Pietrobon et al., 2011) and therefore 

may act in parallel in one cell. 

It is likely that additional pathways exist in the MOE and are used by specific subpopulations 

of cells; some have been already identified (see 1.1.1.2–1.1.1.4). 

 

 

1.1.1.2 The guanyly cyclase D (GC-D) system and necklace glomeruli 

Apart from sGCs (1.1.1.1), a subpopulation of ciliated OSNs express membrane bound pGC 

from the subtype D (GC-D), which is enriched in the cilia (Fülle et al., 1995; Juilfs et al., 

1997; Walz et al., 2007). These neurons are also known as GC-D neurons. 

GC-D neurons detect the peptide hormones uroguanylin and guanylin, which are present in 

mouse feces and urine. How this activation is processed remains unclear, but detection likely 

occurs either via direct contact of the extracellular peptides with the pGC or by another, yet 

unknown, receptor. 

GC-D neurons also detect CS2 and CO2 (Munger et al., 2010; Hu et al., 2007), which can act 

intracellularly. CO2 enters the cell via passive transport through the plasma membrane and is 

converted into bicarbonate. The enzymatic activity of carbonic anhydrase type II, present in 

OSNs (Hu et al., 2007), accelerates conversion to bicarbonate. 

CS2 and guanylin/uroguanylin may be important for detecting food and evaluating the safety 

of a food source during socially transmitted food preference (Arakawa et al., 2013; Munger et 

al., 2010). In contrast to canonical OSNs, this subpopulation of cells lacks expression of 

classical Ors and common cAMP signaling pathway components. 

GC-D neurons innervate a group of up to 40 connected glomeruli, spatially arranged in a 

necklace-like structure surrounding the OB (Juilfs et al., 1997; Shinoda et al., 1989). 
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More recently, it was suggested that members of the four-pass transmembrane proteins 

(MS4A), a class of potential non-GPCR receptors, may contribute to ligand detection in GC-

D neurons (Greer et al., 2016). MS4A proteins are expressed in every GC-D neuron and are 

localized to the dendritic knobs. They are proposed to play a role in the detection of steroids, 

fatty acids, and nitrogenized cyclic molecules (Greer et al., 2016). It is not yet clear if MS4A 

acts only as a receptor or more as a receptor-ion channel (ionotropic receptor). 

 

 

1.1.1.3 Trace amine-associated receptor (Taar) neurons 

Vertebrate GPCRs detect trace amines and were originally identified in 2001 and called Taars 

(Borowsky et al., 2001; Bunzow et al., 2001; Lindemann et al., 2005). Taars were later found 

to be expressed in the olfactory epithelium (Liberles and Buck, 2006). Mice possess 15 Taar 

genes that are expressed almost exclusively in the nose, except Taar1, which is present in 

many cell types, including the brain (Lindemann et al., 2008). Expression of a particular Taar 

does not overlap with expression of any other Taar or Or, maintaining the “one neuron-one 

receptor” rule of olfactory neurons. Similar to most canonical OSNs, Taar-expressing neurons 

also use the the canonical cAMP-dependent odorant transduction cascade (Liberles and Buck, 

2006; Zhang et al., 2013). Olfactory Taars detect primary or tertiary amines, such as 

trimethylamine or β-phenylethylamine (Zhang et al., 2013), which is present in carnivore 

urine, activates the mouse Taar4 receptor, and induces avoidance in mice (Ferrero et al., 

2011; Dewan et al., 2013). Other Taars induce attraction in response to other compounds (Li 

et al., 2013). 

Interestingly, one study suggested that different ligands activating a particular Taar receptor 

can elicit opposite behaviors, such as attraction and aversion (Saraiva et al., 2016). This study 

also indicated that the MOE with its Taars may contribute to innate behaviors, which was 

originally thought to be exclusively facilitated by the accessory olfactory system. 

 

 

1.1.1.4 Other OSN subgroups 

Beside expression of Ors and Taars, some cells in the MOE seem to express vomeronasal 

type 1 (V1rs/Vmn1rs) and type 2 receptors (V2rs/Vmn2rs) (Karunadasa et al., 2006; 

Pascarella et al., 2014; Kanageswaran et al., 2015), which are mainly found in the accessory 

olfactory epithelium (1.1.2). Expression of Vrs in the MOE has also been reported in humans 

(Rodriguez et al., 2000), lemurs (Hohenbrink et al., 2014), goats (Wakabayashi et al., 2002, 
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2007; Ohara et al., 2013), and Xenopus laevis (Date-Ito et al., 2008). The functional relevance 

of Vr-expressing cells in the MOE, particularly in the context of a potential interaction with 

the VNO, remains to be determined. 

Another vomeronasal sensing component has been recently identified in the MOE. A 

subgroup of MOE cells expresses the transient receptor potential channel, subfamily c, 

member 2 (Trpc2) (Omura and Mombaerts, 2014, 2015). These cells also express a CNG 

channel (CNGA2), whereas expression of ACIII allows further subdivision into type A cells 

(positive for ACIII) and type B cells (negative for ACIII) (Omura and Mombaerts, 2014). In 

contrast to type B, some type A cells express Ors. However, type B cells express the sGC 

Gucy1B2 and have been linked to the detection of oxygen in a concentration-dependent 

manner (Bleymehl et al., 2016). 

Other Trp channel subtypes, including transient receptor potential cation channel, subfamily 

m, member 5 (Trpm5) and transient receptor potential channel, subfamily c, member 6 

(Trpc6), are also expressed in the MOE and may play a role in olfaction (Zufall F [2014] 

TRPs in Olfaction. In: Nilius B, Flockerzi V (eds) Mammalian Transient Receptor Potential 

(TRP) Cation Channel Volume II, 1st edition. Springer, Berlin, pp. 917-933). 

 

 

1.1.1.5 Behavior mediated by the MOE 

The MOE is tuned to detect a diverse array of odorants, ranging from food odors to 

compounds released by predators and conspecifics. Thus, the MOE can detect chemostimuli 

that could induce innate behaviors (Wang et al., 2006, 2007; Zufall and Leinders-Zufall, 

2007; Tirindelli et al., 2009; Baum, 2012; Saraiva et al., 2016). This is consistent with studies 

in other species where pheromones and socially relevant chemosignals are largely sensed by 

the MOE (Charra et al., 2012; Dorries et al., 1997). 

Chemostimuli detected by both systems raise the question of why this overlap exists and how 

information from both systems is integrated to form the behavioral output. For example, the 

ligand 2-heptanone is detected by the apical zone of the VNO (Leinders-Zufall et al., 2000) 

and by the MOE (Gaillard et al., 2002; Spehr et al., 2006). Segregation is also present at the 

level of the OB: 2-heptanone activates the MOB and the AOB (Xu et al., 2005). 
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1.1.2 Grüneberg ganglion (GG) 

This subsystem is located in the dorsal tip of both sides of the nose (Fig. 1) with no direct 

contact to the nasal cavity lumen, but is located adjacent to the naris opening (Grüneberg, 

1973). The GG was first described and named by Hans Grüneberg in the early 1970s 

(Grünberg, 1973). It comprises 300–500 ciliated cells arranged in a cluster-like structure with 

a length of about 1 mm (Brechbühl et al., 2008; Schmid et al., 2010). GG cells have been 

suggested to detect components released by conspecifics or predators that elicit aversive or 

aversive-like behaviors (Pérez-Gómez et al., 2015; Brechbühl et al., 2008, 2013; Debiec and 

Sullivan, 2014). Moreover, the GG may also act as a sensor for cool temperatures similar to 

certain sensory neurons found in Caenorhabditis elegans (Komatsu et al., 1996; Kuhara et al., 

2008; Biron et al., 2008). 

 

 

1.1.3 Septal organ of Masera (SOM) 

The SOM is located at the base of the nasal septum close to the nasopharynx opening. It was 

described and named by Rodolfo Masera in 1943 and is present in many mammals (Rodolfo-

Masera, 1943; Adams and McFarland 1971; Bojsen-Moller, 1975; Katz and Merzel, 1977; 

Kratzing, 1984; Taniguchi et al., 1993). The SOM is similar to the MOE system in terms of 

cellular composition: It is comprised of one to three layers of canonical OSNs and also 

contains microvillar cells, supporting cells, and Bowman’s glands (Miragall et al., 1984; 

Kratzing, 1984; Adams, 1992; Taniguchi et al., 1993; Giannetti et al., 1995). SOM neurons 

express several Or family genes (Kaluza et al., 2004; Tian and Ma, 2004). The function of 

this secondary sensory structure that shares a similar and overlapping receptor composition 

with the MOE is unclear. 

 

 

1.1.4 Vomeronasal organ (VNO) 

 

1.1.4.1 VNO structure 

The VNO is located on top of the palate and has a bilateral cigar-shaped structure (Jacobson 

et al., 1998). The VNO is encapsulated in bone for protection. In many species, the organ has 

contact with the outer world mainly via the nasopalatine duct to the olfactory cavity. The 

VNO is composed of a sensory epithelium that partially surrounds a liquid-filled lumen and a 

non-sensory cuboidal epithelium (Fig. 3). The laterally located non-sensory cuboidal 
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epithelium contains vascularized erectile tissue, which has been proposed to actively fill the 

VNO lumen with liquid (Trotier, 2011). Induction of the pumping process is probably 

facilitated by sympathic innervation (Meredith, 1994; Meredith and O`Connell, 1979). This 

active pumping can be induced by social interactions, such as during detection of volatile 

stimuli by the MOE (Martínez-García et al., 2009). 

The size of the organ can vary from species to species, but cetaceans, some bats, crocodilians, 

and most haplorrhine primates have lost this organ (Eisthen, 1992; Bhatnagar and Meisami, 

1998; Halpern and Martínez-Marcos, 2003). Humans acquire a VNO-like structure during 

early development (Smith and Bathanagar, 2000), but no functional VNO is present in adults 

(Meredith, 2001). 

In mice, the VNO is first visible around day 11 of gestation as a condensed structure in the 

olfactory placode (Cuschieri and Bannister, 1975). After embryonic day 18, the VNO is 

vascularized, and seems to be functional at birth, although microvilli composition is 

completed 8–10 days after birth. Interestingly, the AOB seems to be already functional in 

utero (Pedersen et al., 1983). The sensory epithelium is composed of bipolar glutamatergic 

neurons (Dudley and Moss, 1995), supporting (sustantecullar cells), progenitor, and stem 

cells. The VNO is constantly renewed during the lifetime (Brann and Firestein, 2010, 2014), 

and is enhanced by sex hormones under certain physiological conditions (Oboti et al., 2015). 

Most of the vomeronasal sensory neurons (VSNs) detect semiochemicals, using different 

types of GPCRs, such as V1rs, V2rs and formyl peptide receptors (Fprs). A semiochemical is 

defined as chemical component involved in the chemical interaction between organisms of the 

same species (Wyatt TD [ed] [2014] Pheromones and Animal Behavior-Chemical Signals and 

Signatures, 2nd edition. Cambridge University Press, Cambridge, p. 1). 

 

 

1.1.4.2 Vomeronasal receptor family 1 (V1r) 

V1rs were first identified in the mid-1990s by Catherine Dulac and Richard Axel using a 

subtractive single cell PCR approach (Dulac and Axel, 1995). These newly identified V1r 

genes (also known as Vmn1rs) belong to the rhodopsin-like family of GPCRs and share 

sequence homology with bitter taste receptors. V1r genes are distributed as clusters in the 

genome and usually contain one coding exon and a highly conserved promoter region (Young 

et al., 2005; Lane et al., 2002; Stewart and Lane, 2007). The mouse genome contains almost 

240 intact V1r genes (Young et al., 2010), grouped into 12 subfamilies according to their 

sequence similarities (Rodriguez et al., 2002). The number of V1rs and the ratio of intact 
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genes to pseudogenes (mice genome contains almost 150 V1r pseudogenes) can vary from 

species to species, indicating an evolutionary active set of receptors, which are probably 

adapted to specific ecological habitats. V1r expression follows a monoallelic and monogenic 

pattern (Rodriguez et al., 1999), which means that only one receptor is expressed per VSN, 

either from the maternal or parental allele. It has been proposed that VSNs select their 

receptor randomly and suppress expression of other V1rs (Dalton and Lomvardas, 2015). The 

underlying mechanism for the monogenic V1r choice is unclear, although V1r expression 

itself could prevent further activity of enhancer elements within a single V1r gene cluster, 

hereby suppressing expression of other V1rs (Roppolo et al., 2007). This model is called the 

“cluster lock” model and is based on a feedback loop mechanism, similar to the one described 

for Or expression (Chess et al., 1994). 

Responses in sensory VSNs (Tucker, 1963) and the AOB from hamsters suggested activation 

of the VNO by volatile stimuli. Almost 40 years later, Leinders-Zufall and coworkers showed 

that mouse VSNs can sense volatiles in an ultra-low concentration range (Leinders-Zufall et 

al., 2000). The volatile components detected in this study are present in mouse urine and were 

proposed previously to be pheromones (Novotny et al., 1999a; Jemiolo et al., 1986). The 

response profile patterns of individual VSNs showed a high degree of chemosensitivity to 

different stimuli with no overlapping responses (Leinders-Zufall et al., 2000). The number of 

responding cells could not be increased by higher stimulus concentrations, suggesting a 

narrow detection profile, in contrast to the broad activation pattern observed in many OSNs. 

Other studies confirmed that V1rs are specialized to sense small organic stimuli (Leinders-

Zufall et al., 2000; Boschat et al., 2002; Isogai et al., 2011; Haga-Yamanaka et al., 2014). 

Potential VSN ligands could be either released from conspecifics or from individuals of other 

species (e.g. predators) (Isogai et al., 2011). 

Mouse urine is a rich source of chemosignals and activates almost 40% of VSNs (He et al., 

2008). Activation seems to be dependent on a downstream signaling cascade that includes 

phospholipase C (PLC), inositol-1,4,5-triphosphate (IP3), and Trpc2 (Lucas et al., 2003; 

Leypold et al., 2002; Holy et al., 2000; Inamura et al., 1997; Stowers et al., 2002). Mouse 

urine contains a large number of sulfated steroids which account for ~80% of VSN activation 

in female mouse urine (Nodari et al., 2008). These sulfated steroids are mainly derivatives of 

androgens, estrogens, pregnenolone, and glucocorticoids (Nodari et al., 2008). Only 12 

sulfated steroids activate about 25% of the apical VSNs in calcium imaging measurements 

using objective-coupled planar illumination microscopy (Turaga and Holy, 2012). VSNs that 

are activated by sulfated steroids cover a broad range of selectivity and specificity: some 
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detect only a limited number of sulfated steroids, whereas others seem to be tuned to detect 

various groups of steroids (Turaga and Holy, 2012). Responses to sulfated steroids can also be 

functionally organized into different classes, indicating combined detection. This clustered 

activity pattern is also present in the AOB, as shown in ex vivo AOB preparations (Meeks et 

al., 2010; Hammen et al., 2014). The role of V1rs in the detection of sulfated steroids is not 

completely understood, although a mapping study and a gene targeting approach showed a 

correlation between activation and V1r expression (Isogai et al., 2011; Haga-Yamanaka et al., 

2014). Circulating steroids are sulfated to increase their solubility and to clear them in the 

urine (Mueller et al., 2015). Urinary steroids can reach micromolar levels depending on the 

physiological status of the urine donor (Nodari et al., 2008). Some contribute to transmit 

information about stress, sexual, or social status. Interestingly, at least some enzymes that 

modulate steroids have higher activity in females (Lewis, 1969), suggesting an association 

with the estrous cycle. Additionally, female mouse urine contains the steroid carboxylic acid, 

which was recently identified as a potential VSN activator that promotes mounting behavior 

(Fu et al., 2015). 

 

 

1.1.4.3 Vomeronasal receptor family 2 (V2r) 

A second class of GPCRs was identified independently in the VNO by three groups (Herrada 

and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997). The V2rs (also 

known as Vmn2rs) are part of the group C GPCRs (known as the metabotropic glutamate 

receptor group). V2rs are located in the basal layer of the vomeronasal sensory epithelium and 

are coexpressed with the G protein subunit Gαo (Matsunami and Buck, 1997; Jia and Halpern, 

1996). G proteins are proposed to initiate the first step of a downstream signaling cascade 

conveying ligand binding into an electrical signal, as shown conclusively by Chamero et al. 

(2011). 

V2rs are characterized by a long extracellular N-terminal tail, which is important for ligand 

binding (Matsunami and Buck, 1997). Their primary amino acid sequence length is about 

twice as long as that of V1rs (V1r: 300 amino acids; V2r: 600 amino acids). V2r genes 

contain multiple exons located along the whole genome. The mouse genome comprises ~122 

intact genes, which can be further divided into the A, B, C, and D subfamilies. The ABD 

subfamilies have about 115 members and subfamily C has seven members (Young and Trask, 

2007). The number of V2rs varies highly between species: rodents, amphibians, the opossum, 

and some snakes possess a high number of active genes, whereas other species, including 
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humans, have few or even no V2r repertoire (Shi and Zhang, 2007; Young and Trask, 2007). 

V2rs evolved independently of V1rs and differ functionally, as V2rs are proposed to detect 

peptides and proteinaceous components (Chamero et al., 2007, 2011; Leinders-Zufall et al., 

2014), whereas V1rs detect small organic compounds (Leinders-Zufall et al., 2000) as well as 

steroids (Haga-Yamanaka et al., 2014, 2015; Turaga and Holy, 2012). Functional and spatial 

segregation between V1rs and V2rs is also reflected in their VNO expression properties. 

Unlike V1rs, V2rs do not follow monogenetic receptor expression and are expressed in a non-

randomly combined manner with one receptor of the ABD subfamily together with at least 

one receptor of subfamily C (Ishii and Mombaerts, 2011; Martini et al., 2001; Silvotti et al., 

2007, 2011). 

The functional relevance of a subfamily organization of V2rs is undetermined, although 

different families could be linked to detection of specific ligands (Isogai et al., 2011). 

Furthermore, multiple receptors of one subfamily may facilitate a combined detection pattern, 

as suggested for major urinary proteins (MUPs) and major histocompatibility complex class I 

peptides (MHC-peptides) (Kaur et al., 2014; Leinders-Zufall et al., 2009). 

Additionally, some basal V2r-expressing VSNs coexpress at least one (often two or three) 

member of non-classical major histocompatibility complex 1b proteins (H2-Mv molecules) 

(Ishii and Mombaerts, 2008; Ishii et al., 2003; Leinders-Zufall et al., 2014; Loconto et al., 

2003). H2-Mv is composed of nine genes- M1, M9, M11, and six members of the M10 family. 

Expression in the dendritic knob and microvilli of VSNs indicates a potential role in signal 

transduction or ligand binding (Leinders-Zufall et al., 2014). From a functional point of view, 

H2-Mv molecules may form a functional complex with ß2-micorglobulin and V2rs to act as a 

chaperone or coreceptor and/or contribute to ligand sensitivity of V2rs (Loconto et al., 2003; 

Leinders-Zufall et al., 2014). The mechanism of the V2r-combined receptor choice is unclear, 

but it seems that VSNs first express a class A, B, or D receptor followed by the expression of 

the family C receptor and finally by expression of H2-Mv/ß2-microglobulin. Expression of the 

H2-Mv molecules is restricted to the lower sublayer of basal VSNs, reflecting a tripartite 

organization (apical layer, basal-upper layer without H2-Mv, basal layer with H2-Mv 

expression) (Fig. 3), which is also maintained at the AOB level. Thus, not all receptors need 

H2-Mv expression to detect ligands: Vmn2r26 (V2r1b) positive VSNs detect prototypic MHC-

peptides without H2-Mv expression (Fig. 3B). 
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Figure 3: Schematic coronal section of the VNO and receptors located in the sensory epithelium. 
A. Tripartite organization of the mouse VNO: AL, apical layer of the sensory epithelium (blue); BL, basal layer 
(yellow/orange), which can be further divided into two proposed molecular distinct sublayers, depending on expression or 
lack of one of the nine known H2-Mv genes (H2-Mv + or H2-Mv -). CT, cavernous tissue; BV, blood vessel; L, mucus filled 
lumen. B. Schematic drawing of VSNs expressing specific receptors with their proposed ligands. Color code is equal to A, 
indicating location of the VSNs. Black geometric figures show additional non-sensory cells in the VNO, including progenitor 
and sustentacular cells. Figure 3A is adapted from Pérez-Gómez et al., 2014. 
 

 

The first identified ligands for basal VSNs were 9-mer MHC-peptides at very low 

concentrations with high selectivity and high specificity (Leinders-Zufall et al., 2004). 

Experiments in gene-targeted mice identified Vmn2r26 (V2r1b) and Vmn2r81 (V2rf2) 

detecting MHC-peptides (Leinders-Zufall et al., 2009, 2014). Individual VSNs could 

distinguish between peptides varying in single amino acid residues, whereas modified anchor 

residues led to an elimination or diminution of the response. Some VSNs were activated by 

more than one peptide, and structurally dissimilar ones give rise to the idea of multiple V2r 

expression within these neurons (Leinders-Zufall et al., 2004). A combined detection pattern 

seems to be likely, as VSNs can detect several peptides, and a given peptide can be 

recognized by more than one receptor-neuron (Leinders-Zufall et al., 2009; He et al., 2008). 

Detection of MHC-peptides may have a role in social recognition and pregnancy 

failure/termination (Leinders-Zufall et al., 2004; Spehr et al., 2006). Overall, the exact 

function of VSN-based MHC-peptide activation is unknown, as MHC-peptides can also be 

detected by the MOE (Spehr at al., 2006). 

A second family of peptides recognized by V2rs are the exocrine gland-secreting peptides 

(ESP). The mouse genome holds 24 intact ESP genes and pseudogenes (Kimoto et al., 2007). 

These peptides have a mass of 5–15 kDa and are expressed in various exocrine glands. 
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Exocrine glands produce substances and secrete them via a duct onto an epithelial surface. For 

example, mice use their submaxillary, lacrimal, harderian, and extraorbital glands to secrete 

this group of peptides (Kimoto et al., 2007). The peptide expression profile differs among 

inbreed mouse strains and seems to follow a gender-specific pattern; ESP1 is only present in 

males, whereas ESP36 appears to be female specific (Kimoto et al., 2007). 

The male-specific ESP1 is secreted in the tears of male mice and induced activation of the 

VNO, as shown by electrovomeronasogram (EVG) measurements, calcium imaging 

measurments, and c-Fos immunostaining (Kimoto et al., 2005, 2007; Chamero et al., 2011). 

ESP1 has been matched to the Vmn2r116 (V2Rp5) receptor (Haga et al., 2010). Similar to 

MHC- peptides, signal transduction to detect ESP1 in VSNs is dependent on Gαo (Chamero et 

al., 2011). Another member of the ESP family, ESP22, functions as a juvenile-specific 

pheromone secreted from lacrimal glands into tear fluid of young mice. ESP22 expression in 

tears of adult mice (>12 weeks) is almost completely absent (Ferrero et al., 2013). ESP22 

activates the VNO on EVG recordings (Ferrero et al., 2013), although the receptor for this 

juvenile pheromone remains unknown. 

Two other ESP peptides, ESP5 and ESP6, activate Vmn2r111 and Vmn2r112 receptors in a 

heterologous expression system (Dey and Matsunami, 2011). The Vmn2r111 receptor detects 

ESP5, whereas Vmn2r112 is activated by both peptides. These two receptors as well as the 

Vmn2r116 receptor belong to the V2rp subfamily. 

Another important group of non-volatile components linked to activation of V2rs comprises 

MUPs. MUPs belong to the lipocalin family of proteins, a group of hydrophobic ligand 

binding proteins with a molecular mass of about 20 kDa. Although lipocalins have diverse 

functions, they share a similar glove-like spatial (tertiary) structure (Flower et al., 2000). This 

shape is characterized by a β-barrel, built up with eight anti-parallel β-sheets and α-helices at 

the C- and N-termini (Flower, 1995). The barrel structured protein is opened at one end to 

enable binding of small molecules inside the core. 

MUPs are mainly produced in the liver and are extensively secreted into the urine at high 

concentrations of 20–40 mg/ml (Beynon and Hurst, 2003; Szoka and Paigen, 1978). MUP 

expression is sex- and strain-dependent; urine of male mice is more enriched than that of 

females (Hastie et al., 1979). Expression of MUPs is regulated by different hormones, 

including testosterone, growth hormone, and thyroxine (Knopf et al., 1983; Hastie et al., 

1979). Mice typically express from 4 to 12 MUPs with dynamic and flexible expression 

profiles dependent on the age of the animal (Robertson et al., 1996, 1997; Hurst et al., 2001; 

Thoß et al., 2015). MUPs are also present in different bodily secretions, such as saliva and 
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milk, due to secretion by glands, including the parotid, sublingual, submaxillary, and the 

lacrimal gland (Shaw et al., 1983). 

The mouse genome encodes for 21 MUP genes, which are extremely similar to each other and 

differ only in a few amino acids (Logan et al., 2008; Mudge et al., 2008). These highly 

similar MUP genes are clustered together on chromosome 4, indicating rapid evolution of this 

gene cluster. A genome analysis revealed gene coexpansionof MUPs and V2rs in the mouse, 

rat, and opossum (Chamero et al., 2007), supporting the idea that specific V2rs can detect 

MUPs. Thus far, no specific V2r has been linked to MUP detection. Small volatile molecules 

can bind to the protein core, some of which are recognized by apical V1r-expressing VSNs 

(Leinders-Zufall et al., 2000). The two volatiles 2-sec-butyl-4,5dihydrothiazole (SBT) and 

2,3-dehydro-exo-brevicomin (DHB) bind to MUPs of C57BL/6 inbred mice (Sharrow et al., 

2002; Kwak et al., 2016). Additionally, farnesenes are found in MUPs of swiss albino mice 

(Marchlewska-Koj et al., 2000). These volatile components are proposed to function as 

pheromones independent of MUP binding (Novotny et al., 1985; Novotny et al., 1999b). 

Thus, MUPs may function as passive carriers of these small volatiles through the mucus to the 

VNO, stabilizing them and helping preserve the signals longer in the environment (Hurst et 

al., 1998). 

Apart from a carrier function, MUPs themselves have been proposed to function as 

pheromones. MUPs derived from small molecule-bound components induce calcium and 

electrical responses in V2r-expressing VSNs. These responses depend on Gαo and Trpc2 

(Chamero et al., 2007, 2011). MUPs play a role in the display of many different social 

behaviors, including countermarking behavior in male mice, which has been suggested to be 

dependent on combined sensory coding of MUPs in a correct composition and concentration 

(Kaur et al., 2014). Some MUPs elicit aggressive behaviors in mice and one MUP in 

particular present in male mouse urine, MUP20 or darcin, stimulates memory in female mice 

and sexual attraction to males (Roberts et al., 2010). Due to the variability of the MUPs in 

urine of individual wild mice, MUPs may play a role in individual recognition of conspecifics 

(Hurst et al., 2001), postulated as the “barcode hypothesis” (Thoß et al., 2015). 

MUP orthologs are also present in the genome of many species. Interestingly, MUPs from 

other species can be detected by mice inducing avoidance or fearful behavior in a Trpc2- and 

Gαo-dependent manner (Papes et al., 2010; Pérez-Gómez et al., 2015). 
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1.1.4.4 Formyl peptide receptors (Fprs) 

Fprs are candidates to detect specific pathogenic ligands (Kretschmer et al., 2010; Bufe et al., 

2015). They were originally described as expressed in the immune system to facilitate defense 

mechanisms against pathogens. A high throughput screening for GPCRs in VSNs revealed the 

expression of five (Fpr3, Fpr-rs3, Fpr-rs4, Fpr-rs6, and Fpr-rs7) of the seven known Fprs 

(Liberles et al., 2009). Fpr expression is dispersed into different small subsets of neurons and 

does not overlap with the expression of Vrs (Rivière et al., 2009). Calcium imaging 

measurements of single dendritic knobs support a potential role for ligand detection in VSNs 

(Rivière et al., 2009). One of the five Fprs present in VSNs (Fpr3) is expressed in basal 

VSNs (Gαo-expressing), whereas the remaining four Fprs (Fpr-rs3, 4, 6, and 7) overlap with 

Gαi2 (Liberles et al., 2009). 

Immune Fprs are tuned to detect a wide range of chemically diverse ligands (Bufe et al., 

2012). Most of the known classical Fpr agonists are N-formylated, including the well-

characterized tripeptide N-formyl-methionine-leucine-phenylalanine (f-MLF), originally 

described as a chemoattractant (Showell et al., 1976; Schiffmann et al., 1975), and the 

specific mitochondria-derived chemoattractant peptide ND1 (f-MFFINTLTL) (Shawar et al., 

1995). Interestingly, ND1 also activates VSNs expressing the vomeronasal receptor Vmn2r81 

(V2rf2) (Leinders-Zufall et al., 2014). Human and mouse immune Fprs have similar activation 

profiles in a heterologous expression system, although the species separated about 100 million 

years ago. This indicates functional conservation between human and mouse Fprs (Bufe et al., 

2012). Yet, it remains unclear how a limited number of receptors can detect such a variety of 

chemically different ligands with high selectivity. 

In contrast to broadly tuned immune Fprs, VNO Fprs seems to be more narrowly tuned. Fpr3 

is activated by the N-formylated and C-amidated synthetic hexapeptide W-peptide (w-pep; 

WKYMVm) (Bufe et al., 2012). The w-pep is a known activator of immune Fprs. Fpr3 

recognizes a much more limited number of ligands and signal peptides compared to classical 

Fprs. This narrowly tuned activation profile may be a consequence of a neo-functionalization 

of Fpr3 in the VNO (Bufe et al., 2012), perhaps used to detect ill conspecifics (Boillat et al., 

2015). 

Putative activators for the four Fprs expressed in the apical layer of the VNO (Fpr-rs3, Fpr-

rs4, Fpr-rs6 and Fpr-rs7) comprise the prototypical human immune Fpr agonist f-MLF, the 

antimicrobial CRAMP peptide, the inflammatory modulator lipoxin A4, and the urokinase-

type plasminogen activator receptor (Rivière et al., 2009). However, other studies could not 

confirm these observations (Bufe et al., 2012; Gao et al., 2007). 
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1.1.4.5 Canonical olfactory receptors in the VNO 

Additionally, several studies have revealed expression of Ors in the VNO (Lévai et al., 2006; 

Nakahara et al., 2016). Ors present in the VNO are also expressed in the MOE, although 

expression is higher in the VNO than in the MOE (Nakahara et al., 2016). Two studies using 

deep sequencing confirmed the finding of Lévai et al. (Ibarra-Soria et al., 2014; Nakahara et 

al., 2016). Both identified strong expression of the mouse Or36-1 (Olfr692) receptor in the 

VNO. Or36-1 detects pup odors and is involved in mediating “pup-oriented behaviors” in 

mice (Nakahara et al., 2016). These data are consistent with early experiments, indicating that 

the VNO is involved in the detection of conventional odorants (Sam et al., 2001; Trinh and 

Storm, 2004). 

 

 

1.1.4.6 Signal transduction 

The accessory olfactory system (AOS) in mice shows a functional and anatomical dichotomy 

within the sensory epithelium as well as in the AOB (Kumar et al., 1999; Belluscio et al., 

1999; Rodriguez et al., 1999). V1r-expressing VSNs are located more apically within the 

sensory epithelium, which is a zone that expresses Gαi2 and the phosphodiesterase isoform 

PDEA4 (Berghard and Buck, 1996; Cherry and Pho, 2002; Chamero et al., 2011; Leinders-

Zufall et al., 2004). V2r-expressing VSNs are located in the basal layer of the VNO and 

coexpress Gαo (Berghard and Buck, 1996; Jia and Halpern, 1996). Both G protein subunits 

are present in the dendritic tip and microvilli of VSNs (Berghard and Buck, 1996; Halpern et 

al., 1995; Matsuoka et al., 2001), suggesting a role in signal transduction. Indeed, conditional 

Gαo deletion abolishes sensitivity of VSNs to different peptide stimuli, such as MHC-

peptides, ESP, or MUPs in calcium imaging measurements and EVG recordings (Chamero et 

al., 2011). 

G alpha (α) subunits form a G protein complex together with beta (β) and gamma (γ) subunits, 

consisting of Gαoβ2γ8 in basal VSNs and Gαi2β2γ2 in apical VSNs (Montani et al., 2013). The 

expression profile can be heterogeneous depending on the developmental stage (Sathyanesan 

et al., 2013). After receptor-ligand binding, conformational changes lead to activation of β 

isoforms of PLC through the dissociated Gβ/Gγ-complex (Smrcka and Sternweis, 1993; 

Camps et al., 1992; Smrcka, 2008). It is not yet clear which PLCβ isoforms participate in 

signal transduction for receptor-ligand interactions. PLCβ2 is the only one suggested to 

contribute partially in the signal transduction to detect MUPs (Dey et al., 2015). 
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PLCβ proteins cleave phosphatidylinositol-4,5-bisphopshate (PIP2) into diacylglycerol (DAG) 

and IP3 (Fig. 4). Membrane-bound DAG interacts directly with Trpc2 gating calcium and 

sodium flux (Lucas et al., 2003). DAG can also be enzymatically metabolized to fatty acids, 

potentially arachidonic acid, which could also influence membrane-bound channels and 

therefore facilitate signal transduction (Spehr et al., 2002; Zhang et al., 2010). IP3 is soluble 

and important for calcium release from internal stores, although a direct role of IP3 in 

vomeronasal transduction is still unclear. 

Trpc2 is present in the dendritic knobs of VSNs and facilitates the influx of calcium and 

sodium into the cell, which generates an electrical signal (depolarization). Genetic ablation of 

the Trpc2 channel induces defects in socio-sexual behaviors in mice (Leypold et al., 2002; 

Stowers et al. 2002; Kimchi et al., 2007; Ferrero et al., 2013; Wu et al., 2014), suggesting a 

role for Trpc2 in chemotransduction. Trpc2 expression in the olfactory system was initially 

thought to be exclusive to VSNs. However, recent findings showed that Trpc2 is also present 

in the MOE (Omura and Mombaerts, 2014; 2015). Trpc2-mediated ionic influx seems to gate 

additional channels in VSNs, including the calcium-activated chloride channels 

TMEM16A/anoctmin1 and TMEM16B/anoctamin2 (ANO1 and 2), the small conductance 

calcium-activated potassium channel (SK3), large conductance calcium-sensitive potassium 

channels (BK channels), the G protein-activated inwardly rectifying potassium channel 

GIRK, and calcium-activated cation channels (CAN) (Dibattista et al., 2012; Amjad et al., 

2015; Kim et al., 2012; Zhang et al., 2008; Liman, 2003; Spehr et al., 2009). 
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Figure 4: Proposed VNO signal transduction pathway. 
A. Schematic drawing of proposed receptors in the VNO and their coupling to different G protein subunits (Go/Gαo, Gαi2, 
Gβ, and Gγ). V1r-expressing VSNs express the G protein subunit Gαi2; VSNs located in the basal layer of the VNO express 
at least one member of the V2r family C, with one member of the V2r A, B, or D family in a non-randomly combined pattern, 
and the Gαo subunit. Some basal VSNs express one member of the family C V2rs with one of the V2r A subfamily together 
with one of the nine known H2-Mv genes in combination with β2-microglobulin. Fpr-expressing neurons may express either 
Gαo or Gαi2 subunits. B. Changes in conformation during receptor-ligand interactions induce activation of the PLCβ, which 
degrades PIP2 into soluble IP3 and membrane-bound DAG. DAG is proposed to activate Trpc2 inducing depolarization via 
cation influx. Increased level of the second messenger calcium can further gate other channels, including the calcium-
activated chloride channels ANO1, 2, as well as CANs and BK/SK channels. Figure adapted from Spehr M (2016) 
Vomeronasal Transduction and Cell Signaling. In: Munger S, Zufall F (eds) Chemosensory Transduction- The Detection of 
Odors, Tastes, and Other Chemostimuli, 1st edition. Academic Press, London, p. 194. 
 

 

1.1.4.7 Projection of VSNs 

The dichotomy in the organization of the vomeronasal sensory epithelium is also maintained 

in the AOB, which is the first station for processing stimulus information for the brain. VSN 

axons are condensed into nerve bundles, which are sent dorsally through the cribriform plate 

to the AOB located dorso-caudally of the MOB. Apical neurons target areas in the anterior 

part of the AOB, whereas basal VSNs project to the posterior AOB (Jia and Halpern, 1996). 

Mitral/tufted cells form segregated structures called glomeruli that are synapsed as second 

order neurons by VSNs. In contrast to the MOB, VSNs carrying one receptor type contact 

several different glomeruli. This induces a combined activation pattern of different glomeruli 

dependent on ligand-receptor interactions (Hammen et al., 2014). The glomeruli can be 

modulated by inhibitory interneurons, suggesting that the AOB is not only a passive relay 

station but also a plastic area of integration (Wagner et al., 2006; Brennan and Kendrick, 
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2006). Information is further sent to areas of the limbic system (amygdala and hypothalamus) 

(Martinez-Marcos, 2009; Kang et al., 2011). Although the MOB mainly targets higher 

cortical areas (Miyamichi et al., 2011; Ghosh et al., 2011; Stettler and Axel., 2009; Sosulski 

et al., 2011), projections from the MOB and AOB overlap in some areas of the medial 

amygdala (Pro-Sistiaga et al., 2007; Kang et al., 2009), indicating functional integration of 

inputs from both systems (Kang et al., 2009). 

 

 

1.1.4.8 Behavior mediated by the VNO 

The VNO is responsible for several social behaviors in mice (Table 1), such as avoidance of 

predator signals, sick avoidance of conspecifics, aggression, and sexual behaviors (Leypold et 

al., 2002; Papes et al., 2010; Boillat et al., 2015; Chamero et al., 2007). A link between a 

chemosignal and a proposed receptor is thus far only known for a limited number of receptors 

(Table 1). The connection between the VNO and specific behavioral outputs has been 

elucidated by genetic deletion of major components in the VNO signaling cascade (Del Punta 

et al., 2002; Stowers et al., 2002; Leypold et al., 2002; Norlin et al., 2003; Kelliher et al., 

2006; Kimchi et al., 2007; Chamero et al., 2011; Kim et al., 2012; Leinders-Zufall et al., 

2014; Oboti et al., 2014; Pérez-Gómez et al., 2015; Nakahara et al., 2016), surgical disruption 

of the VNO (Clancy et al., 1984; Beauchamp et al., 1985; Lepri et al., 1985; Maruniak et al., 

1986; Lepri and Wysocki, 1987; Bean and Wysocki, 1989; Labov and Wysocki, 1989; 

Wysocki and Lepri, 1991; Wysocki et al., 2004; Pankevich et al., 2004, 2006a, 2006b; 

Kelliher et al., 2006; Kimchi et al., 2007), or by using specific VSN activators (Chamero et 

al., 2007; Haga et al., 2010; Papes et al., 2010; Kaur et al., 2014; Haga-Yamanaka et al., 

2014; Fu et al. 2015; Nakahara et al., 2016; Xu et al., 2016). 

 

 
Table 1. List of selected signaling molecules with proposed receptors and behavioral output. 

Chemosignal Source Receptor Behavioral effects Reference 

ESP1 Male mouse 

tears 

Vmn2r116 Lordosis 
 
 
 
Aggression 

Kimoto et al., 2007; Haga et al., 

2010 

Hattori et al., 2016 

ESP5 Mouse tears Vmn2r111 

Vmn2r112 

? Kimoto et al., 2007; Dey and 

Matsunami, 2011 

ESP6 Mouse tears Vmn2r112 ? Kimoto et al., 2007; Dey and 

Matsunami, 2011 
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ESP22 Juvenile mouse 

tears 

? Inhibition of male sexual 

behavior  

Ferrero et al., 2013 

HMW/MUPs Mouse urine ? Intermale aggression 
 
Maternal aggression 
 
Preference in females 
 
 
 
Countermarking behavior 
 
Puberty acceleration 
 
Ovulation 

Chamero et al., 2007, 2011 

Martín-Sánchez et al., 2015 

Cheetham et al., 2007; Roberts et 

al., 2010 

Kaur et al., 2014 

Mucignat-Caretta et al., 1995 
 
Morè, 2006 

MUP3  ? Intermale aggression 

countermarking 

Kaur et al., 2014 

 

MUP20   ? Attraction in females 

Conditioned place preference 
 
Countermarking behavior 

Roberts et al., 2010, 2012 
 
 
 
Kaur et al., 2014 

Feld4 Cat saliva ? Avoidance/Defensive 

behavior 

Papes et al., 2010; Pérez-Gómez 

et al., 2015 

MUP13 Rat urine  Defensive behavior Papes et al., 2010 

LMW Mouse urine ? Intermale aggression 

Maternal aggression 

Chamero et al., 2007, 2011 

MHC class I 

peptides 

Mouse urine Vmn2r26 

Vmn2r81 

Bruce effect Leinders-Zufall et al., 2009, 2014 

N-formylated 

peptides 

Bacteria 

ormitochondria 

Fpr3 

Vmn2r81 

? Rivière et al., 2009; Bufe et al., 

2012; Leinders-Zufall et al., 2014 

Steroids Female mouse 

urine 

Vmn1r89 

Vmn1r85 

Mounting behavior? Haga-Yamanaka et al., 2014 

α, β farnesene Preputial gland  ? Estrus induction 

Intermale aggression 

Puberty acceleration 
 
Female attraction 

Ma et al., 1999 

Novotny et al., 1990 

Novotny et al., 1999b 

Jemiolo et al., 1991 
     

2-heptanone Female mouse 

urine 

Vmn1r49 Puberty delay Boschat et al., 2002; Novotny et 

al., 1986 

trans-5-hepten-2-

one 

Female mouse 

urine 

? Puberty delay Novotny et al., 1986 

trans-4-hepten-2-

one 

Female mouse 

urine 

? Puberty delay Novotny et al., 1986 

n-pentyl acetate Female mouse 

urine 

? Puberty delay Novotny et al., 1986 

cis-2-penten-1-yl-

acetate 

Female mouse 

urine 

? Puberty delay Novotny et al., 1986 
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2,5-

dimethylpyrazine 

Female mouse 

urine 

? Puberty delay Novotny et al., 1986 

2-sec-butyl-4, 5-

dihydrothiazole 

Male mouse 

urine 

? Puberty acceleration 
 
 
 
Aggression 
 

Female attraction 
 
Whitten effect 

Novotny et al., 1999b; Kelly, 

1996 

Novotny et al., 1985 

Jemiolo et al., 1991 
 
Jemiolo et al., 1986 

2,3-dehydro-exo-

brevicomin 

Male mouse 

urine 

? Puberty acceleration 
 
 
 
Aggression 
 
Female attraction 
 
Whitten effect 

Novotny et al., 1999b; Kelly, 

1996 

Novotny et al., 1984, 1985 

Jemiolo et al., 1991 

Jemiolo et al., 1986 

 

 

1.1.5 Deorphanizing receptor-ligand interactions 

 

1.1.5.1 Heterologous system 

Identifying ligands for GPCRs is of great interest because of its relevance to drug 

development and involvement in many important physiological functions. Of the nearly 1200 

Ors encoded in the mouse genome, most have not been deorphanized. Only nine receptors 

(Vmn2r111, Vmn2r112, Vmn2r116, Vmn2r26, Vmn2r81, Vmn1r49, Vmn1r89, Vmn1r85 and 

Fpr3) of almost 400 functional VNO receptor genes have been deorphanized using different 

experimental approaches. Knowledge of precise receptor-ligand interactions is a fundamental 

step to decipher the logic of chemical communication. A major bottleneck to deorphanize Vrs 

and to proof their functionality seems to be the lack of suitable heterologous expression 

systems. Reasons for poor receptor expression are unclear but it seems to be due to receptor 

retention in the endoplasmic reticulum (ER) or a lack of suitable chaperone proteins (see 

Discussion). 

A functional heterologous expression system requires appropriate receptor transport to the 

plasma membrane as well as functional coupling to a signal transduction system, conveying 

and processing stimulus-induced receptor activation. Heterologous expression studies in Ors 

have revealed that they are often retained in the ER (Lu et al., 2003, 2004). A special 

“expression environment,” including accessory components, seems to be needed to 

functionally express Ors on the cell surface (McClintock and Sammeta, 2003; Gimelbrant et 
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al., 1999, 2001). This environment may be provided only by specific neurons and not by 

heterologous cells. Coexpression of receptor-transporting proteins, such as RTP1 or RTP2, 

receptor expression-enhancing proteins REEP1 (Saito et al., 2004), and the guanine 

nucleotide exchange factor for Gαolf Ric8B (Von Dannecker et al., 2005, 2006; Kerr et al., 

2008) improve the heterologous expression of Ors in HEK293 cells. Additionally, 

coexpressed components also seem to have a functional effect on Ors (Li and Matsunami, 

2011). For Vrs, it was recently described that calreticulin4, a chaperone-like protein, enhances 

proper surface expression of some V2rs (Dey and Matsunami, 2011). The N-terminal amino 

acid tags, such as rhodopsin (Krautwurst et al., 1998) or the 17-amino acid leucine rich N-

terminal signal peptide (Lucy-tag) (Shepard et al., 2013), enhance receptor expression, 

although such modifications may alter the response profile of the receptor (Zhuang and 

Matsunami, 2007). The most common used heterologous systems to deorphanize Ors include 

HEK293 cells, the HANA3A system, which is derived from HEK293T cells (Saito et al., 

2004), and the HeLa/Olf expression system (Shirokova et al., 2005). These systems are 

coupled to various approaches to monitor receptor activity indirectly by measuring second 

messengers or subsequent ionic currents (Katada et al., 2003; Saito et al., 2004). Other 

expression systems include Xenopus laevis oocytes (Katada et al., 2003; Abaffy et al., 2006, 

2007), the insect cell line Sf9 (Matarazzo et al., 2005), yeast (Minic et al., 2005), and a 

baculovirus system (Mitsui et al., 2012). The advantage of a heterologous system lies mainly 

in its technical/experimental simplicity as well as in its high throughput capacity. 

Disadvantages mainly refer to less physiological environments for receptor expression, which 

may limit functional expression. 

Thus far, heterologous expression has yielded only modest success in deorphanizing Vrs: 

ESP5 and ESP6 were proposed as potential ligands for Vmn2r111 and Vmn2r112 (Dey and 

Matsunami, 2011), Vmn2r1 as a low-sensitivity receptor for hydrophobic amino acids 

(DeMaria et al., 2013), and Fpr3 as the receptor for the synthetic hexapaptide w-pep (Bufe et 

al., 2012). The human V1rb2 receptor was linked to the detection of aliphatic alcohols using 

the Hela/Olf system (Shirokova et al., 2008). 

To overcome the limitations and drawbacks of a heterologous expression, Zhao and 

coworkers developed a virus-based expression system in rat OSNs as a natural and 

physiological environment to enable efficient and functional receptor expression (Zhao et al., 

1998). They used an adenovirus vector containing an expression cassette with the Or-I7 

odorant receptor combined with an internal ribosomal entry site (IRES) and a green 

fluorescent protein (GFP) to transfer the Or gene to OSNs. The IRES sequence enables 
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bicistronic expression of the receptor with GFP in the same cell. Infected cells were 

stimulated with odorants and the responses were analyzed by whole cell patch clamp 

recordings and electroolfactograms. Zhao and coworkers used this virus-based assay to 

identify octyl aldehyde as potential ligand for Or-I7. This ex vivo approach was also used in 

other studies to deorphanize mouse Or23 (Olfr16) (Touhara et al., 1999; Araneda et al., 

2000). However, this virus-based expression system has not been used in the VNO with a 

single Vr. 

 

 

1.1.5.2 Gene delivery in sensory neurons by viral vectors 

Several methods, including electroporation, nucleofection, calcium-phosphate coprecipitation, 

microinjection, biolistics, and lipofection have been described to transfer genes into cells; 

with different efficiencies based on the viability and expression levels of the transgene (Karra 

and Dahm, 2010). Neurons are postmitotic cells that are particularly challenging for 

introducing and expressing gene constructs. Virus-based gene transduction is widely used in 

neurons because of its high efficiency and suitability in vitro and in vivo. Different viral 

systems are available, depending on the transgene, the target cell type, and the experimental 

application. The most commonly used systems are herpes simplex virus (HSV), lentivirus, 

adenovirus (AV), and adeno-associated virus (AAV). 

AVs infect mitotic and postmitotic cells, including neurons, with high efficiency and do not 

integrate into the host genome. Expression of the transgene starts a few days postinfection and 

can last for several weeks. The main disadvantages of AVs are their preferential infection of 

glia cells and limited transgene size capacity. AAVs infect neurons with high efficiency 

(Royo et al., 2008) and low toxicity but suffer from late transgene expression onset and 

random integration into the host genome. Lentiviruses are RNA viruses that belong to the 

retrovirus family, such as the human immunodeficiency virus, and can be used in vivo and in 

vitro. Lentiviruses infect non-dividing cells (including neurons) with high efficiency, but 

transgene expression may last several days. 

Herpes Simplex Virus type 1 (HSV-1) is an excellent tool to transduce neurons because of its 

huge capacity, fast and robust expression, and natural tropism for neurons and epithelial cells. 

HSV-1 is an enveloped virus that carries a 150 kb genome divided into 75 genes, but 40 of 

these genes are not essential for virus replication. HSV-1 has a natural tropism for various cell 

types, facilitated by different glycoproteins on the surface. HSV-1 invades a host by 

retrograde transport along the axon of a neuron. HSV-1 can either enter a latent state or 
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induce a lytic infection, which causes reproduction and propagation of the virus. Several 

strategies for a HSV-1-derived gene transfer are available, including replication of defective 

and competent viruses as well as HSV-1-derived amplicons (Simonato et al., 2000; Spaete 

and Frenkel, 1982, 1985; Andersen et al., 1993). Viral amplicons are helper-dependent 

defective HSV-1-derived vectors indistinguishable from intact viruses in terms of structure 

and functionality. Viral amplicons are produced using an Escherichia coli (E. coli)-derived 

amplicon plasmid, equipped with one origin of replication and a packaging sequence plus the 

transgene of interest, which is packed into a viral amplicon as a concatemer of tandem repeats 

(Spaete and Frenkel, 1982). The capacity of the viral amplicon is up to 150 kb (Spaete and 

Frenkel, 1982), allowing delivery of whole genes. 

Extra genetic information is provided by a helper virus to package the viral amplicon with the 

plasmid. In this study, I used the replication defective HSV-1 mutant 5dl1.2, lacking an 

immediate early gene combined with a special cell line (see Material and Methods). Other 

amplicon-derived systems are available, such as Epstein-Barr virus (EBV)-derived systems or 

a combination of two herpes viruses, including a HSV-EBV hybrid amplicon system. Such 

modifications can be used to adapt the amplicon system to the target cell and to modify its 

tropism. Due to its versatile properties, the HSV-1-derived amplicon system is widely used to 

study expression of different genes linked to various neurodegenerative disease, such as 

Alzheimer´s disease, Parkinson´s disease, cancer, and learning and memory (Jerusalinsky et 

al., 2012). 

 

 

1.1.5.3 Gene-targeted mouse models as a Vr-deorphanizing tool 

Given the complexity of functional Or/Vr expression in heterologous systems, some studies 

have used gene-targeted mice to deorphanize olfactory and vomeronasal receptors. Leinders-

Zufall and coworkers identified that Vmn2r26 is activated with certain MHC-peptides 

(Leinders-Zufall et al., 2009) and Vmn2r81 is activated with both, MHC-peptides and the 

formylated peptide f-MFFINTLTL (Leinders-Zufall et al., 2014), using GFP-labeled cells. 

Vmn1r49-GFP transgenic cells are activated by 2-heptanone (Boschat et al., 2002) and 

sulfated steroids induce activation of cells expressing Vmn1r85- and Vmn1r89-TdTomato 

transgenes (Haga-Yamanaka et al., 2014). Genetically modified mice have also been used 

extensively in studies to deorphanize several Ors (Bozza et al., 2002; Grosmaitre et al., 2006). 

These tools are often complemented and utilized in combination with single cell RT-PCR and 

imaging approaches (Touhara, 2001; Kajiya et al., 2001; Nara et al., 2011). 
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2 AIMS 
Vomeronasal sensory neurons (VSNs) of the accessory olfactory epithelium compose three 

main groups of GPCRs: V1rs (Vmn1rs), V2rs (Vmn2rs) and Fprs. Function and tuning 

properties of most of the receptors present in the VNO remain poorly understood. Only a few 

receptors have been matched with their ligands. A major bottleneck in the identification of 

possible ligands for individual receptors is their inefficient expression in vitro due to retention 

in cellular compartments or non-functional coupling to the signal transduction machinery. 

However, knowledge of receptor-ligand interactions in the VNO is an important prerequisite 

to understand the logic of VNO ligand detection. 

To overcome this limitation, I hypothesize that native VSNs themselves provide the most 

capable cellular environment to express and localize Vrs. To prove this hypothesis, I aim to 

develop and validate a Herpes Simplex Virus type 1 (HSV-1)-derived amplicon delivery 

system allowing a functional expression of Vrs in native VSNs. 

 

1. First, I aim to set up a protocol that allows combining culture of primary VSNs with 

viral transgene transduction and subsequent calcium imaging measurements.  

2. Determine a critical time point regarding optimal cell survival and transgene 

expression for suitable functional analysis (calcium imaging measurements).  

3. Prepare viral amplicons either equipped with a green fluorescent marker protein (GFP) 

or a mCherry protein as fluorescent tag, to combine derived amplicon system with 

genetically marked VSNs.  

4. Test response profile of VSNs infected with one representative receptor of each of the 

three major groups of GPCRs present in the VNO to get insights into the functionality 

of amplicon-induced expression.  

5. Analyze receptor expression of VSNs responding to specific ligands in calcium 

imaging measurements, using a single cell RT-PCR approach.  

6. Identify potential receptors for the MUP-containing high molecular weight urine 

fraction (HMW) by amplicon-induced receptor expression and calcium imaging 

measurements.  

7. Since orthologoues MUPs are sensed via the VNO, I aim to determine the signal 

transduction mechanism of one orthologous MUP (Feld4). 
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3 MATERIALS AND METHODS 
 

3.1 Molecular cloning 
 

3.1.1 RNA extraction from tissue  

Two to three adult mice (for liver preparation male mice were used) older than eight weeks 

were anesthetized and sacrificed (see 3.9.1). Liver and/or VNO was dissected and tissue 

immediately homogenized. For RNA extraction the PureLink® RNA Mini Kit (Ambion) was 

used. RNA isolation was performed according to the manufacturer´s instructions. Briefly: 

tissue was transferred to an RNase-free Biosphere® SafeSeal tube 1.5 ml (reaction tube; 

Sarstedt) and a suitable amount (dependent on tissue weight) of lysis buffer (Ambion) 

containing 1% [v/v] 2-mercaptoethanol (Sigma Aldrich) was added. Tissue was homogenized 

using an RNase-free pestle. After centrifugation at 12000 g for 2 min at RT (Room 

Temperature) the supernatant was transferred to a reaction tube. One volume of 70% [v/v] 

ethanol was added to homogenized tissue, mixed, and transferred to a spin-cartridge 

(Ambion). Samples were centrifuged at 12000 g for 15 s at RT, and flow-through was 

disposed. To wash column-bound RNA, 350 µl wash buffer I (Ambion) were added and 

centrifuged at 12000 g for 15 s at RT. Subsequently, 80 µl of a DNase mix were added (8 µl 

10x DNase reaction buffer [Fermentas], 30 U DNase I [Fermentas] adjusted to 80 µl with 

diethyl dicarbonate [DEPC] treated water [Invitrogen]). To digest rests of genomic DNA, 

reaction was incubated for 15 min at RT. The reaction was stopped, and column washed by 

adding 500 µl wash buffer II (Ambion) followed by subsequent centrifugation at 12000 g for 

15 s at RT. Purification step was repeated once. The membrane was dried for 5 min at RT. To 

elute RNA, 30 µl DEPC treated water (Invitrogen) were added centrally to the column 

membrane and centrifuged at 12000 g for 1 min at RT. RNA was collected in a 1.5 ml 

reaction tube and stored at -80°C until further procedure.  

 

 

3.1.2 cDNA synthesis 

To transcribe extracted RNA into complementary DNA (cDNA), the SuperScriptTM III 

Reverse Transcriptase Kit (Invitrogen) was used according to manufacturer´s instructions. 

Eight µl of total RNA extracts (see 3.1.1) were mixed with 1 µl of a 50 µM oligo(dT)20 mix 

and 1 µl of a 10 mM 2´-deoxynucleoside 5´-triphosphate (dNTP) mix and incubated for 5 min 

at 65°C followed by 1 min on ice. To perform reverse transcription, 10 µl of a cDNA 
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synthesis mix (2 µl 10x Reverse transcription buffer [Invitrogen], 4 µl of a 25 mM MgCl2 

solution [Invitrogen], 2 µl of a 0.1 M dithiothreitol (DTT) solution [Invitrogen], 40 U 

RNaseOutTM [Invitrogen], and 200 U SuperscriptTM III reverse transcriptase [Invitrogen]) 

were added and incubated for 50 min at 50°C. Reaction was stopped by a heating cycle of 5 

min at 85°C. Samples were subsequently cooled on ice before adding 2 U Ribonuclease H 

(Invitrogen), which eliminates RNA complementary to cDNA. Reaction was performed for 20 

min at 37°C before cDNA samples were stored at -20°C or used immediately. 

 

 

3.1.3 Vomeronasal receptor cloning into pHSV-IRES-GFP vector 

Full-length coding regions of selected V1rs, V2rs, and Fpr3 were amplified from cDNA 

library of C57BL/6 mice (see 3.1.2) and cloned into either TOPO®-TA (Invitrogen) or 

pGEM®-T Easy (Promega) cloning vector. They were further subcloned into the pHSV-

IRES-GFP expression vector (kindly provided by Prof. M.T. Alonso, University of 

Valladolid, Spain).  

 

 

3.1.3.1 Amplification of receptor genes 

Full-length coding regions of receptors were amplified by PCR with gene-specific primers 

(Table 2) using whole VNO (male and female) cDNA library (see 3.1.2) as template. Primers 

were selected to span the entire gene sequence. PCR was performed with the Stratagene 

Herculase II Fusion DNA Polymerase System (Agilent Technologies). PCR conditions were 

optimized for each gene, containing the following components: 0.5 µl-4 µl cDNA, 10 µl 5x 

Herculase II reaction buffer (Agilent Technologies), 1µl Herculase II Fusion DNA 

polymerase (Agilent Technologies), 0.25 µM of each primer and 250 µM of each dNTP 

(dATP, dTTP, dGTP, dCTP; see abbreviation list). Dimethyl sulfoxide (DMSO; Agilent 

Technologies) was added at 3% [v/v] of the final reaction volume, which was adjusted to a 

final volume of 50 µl with H2Obidest. (autoclaved). 
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Table 2. Gene-specific primers. 

Gene Accession 
Numbers* Gene-Specific Primer Sequences [5’ > 3’]  

Fpr3 NM_008042.2 

Forward: 
CATAAGCTTATGGAAACCAACTACTCTATCCCTTT  

Reverse: 
CAAGTCGACTCATATTGCCTTTATTTCAATGTCTT 

 

Vmn2r26 NM_019917.2 

Forward: 
ATGAAATTACTCACTGCTTTCTCTC 

Reverse: 
TCATTTAAAGAACTTCTTTCTTGAATG 

 

Vmn2r74 NM_001105187.1 

Forward: 
ATGTTCTTCTTGAACTCTGTCTTCTG 

Reverse: 
TTAGGTGGTTAAATTTAACTCACGTC 

 

Vmn2r66   
NM_001033878.3 

Forward: 
ATGTTCACTTTGATCTCTGTCTTCT 

Reverse: 
TTAACTTATATTTTCAGCTTTAGCATGT 

 

Vmn2r65 NM_001105180.1 

Forward: 
ATGTTATCTTTCATGTCTTTCTTCCT 

Reverse:  
TTAATGGTTATATTCAATTTTAGAATGTG 

 

Vmn1r237 NM_134200.1 

Forward: 
ATGGAAAACAGTGACATTGTAATTAGTGT 

Reverse: 
TTAACTGGAGATCACCAGAAAGGGA 

 

 

 
 

Vmn1r89 

 
 

NM_134226.1 

Forward: 
ATGTTTTCAAGTGACACATTCTTCCAGA 

Reverse: 
TCAGCCATGCAGTGAACTTTGATG 

 

* = National center for biotechnology information (NCBI)  
 
 

PCR reactions were mixed on ice and ran on a Mastercycler gradient (Eppendorf).  

 

 

3.1.3.2 Gel electrophoresis 

To purify, separate, and assess quality and size of linearized DNA molecules, 1% [w/v] 

agarose (Sigma Aldrich) gels supplemented with ethidium bromide (Carl Roth®) were used. 

After polymerization at RT gels were ready to be loaded. 

DNA samples were mixed with 6x DNA loading dye (Fermentas) and loaded on a gel 

together with 10 µl of 0.1-10 kb DNA standards (PEQLAB and Thermo Scientific). 

Electrophoretic separation was performed in 100-250 ml 1x TBE buffer (Ambion) at 100 mV 

for 40 min. Detection and gel documentation was done with the ChemiDocTM system 

(BioRad) or with a UV-Transilluminator (λ = 254 nm). 
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3.1.3.3 Gel Band extraction 

Plasmid and PCR products were loaded on a 1% [w/v] agarose (Sigma Aldrich) gel and 

purified with the MiniElute Gel Extraction Kit (Qiagen) following manufacturer´s 

instructions. Gel bands of interest were carefully excised under UV-light and transferred to 

1.5 ml reaction tubes. According to the specific weight of the gel band, three volumes of 

solubilization buffer (Qiagen) were added and immediately incubated for 10 min at 50°C until 

bands were entirely solubilized. One gel volume of isopropanol (Sigma Aldrich) was added. 

Samples were mixed by pipetting up and down, transferred to a MiniElute spin-column 

(Qiagen), and centrifuged at 12000 g for 1 min. The flow-through was removed and spin-

column was washed once with 500 µl solubilization buffer (Qiagen). Afterward, the column 

was washed with washing buffer (Qiagen) and dried via centrifugation to remove remaining 

ethanol. 10-30 µl H2Obidest. (autoclaved) were put on the column, and the DNA was eluted via 

centrifugation at 12000 g for 2 min at RT. Purified products were stored at -20°C until use. 

 

 

3.1.3.4 DNA and RNA concentration measurements 

To measure purity and concentration of DNA- and RNA-solutions, light absorption at 260 nm 

wavelength (A260) and 280 nm wavelength (A280) was measured with an Ultrospec 2100 pro 

spectrophotometer (Amersham Biosciences). Solutions were diluted either 1:25 or 1:100 in 

H2Obidest. (autoclaved), mixed, and measured in a 10 mm quartz cuvette (path length: 10 mm). 

DNA-solutions were characterized by A260/280 quotient of 1.6 to 2.0, RNA-solutions with a 

quotient between 1.8 and 2.1.  

 

 

3.1.3.5 Sequencing  

Sequencing of DNA constructs was performed by Seqlab Co. (Göttingen, Germany) 

according to their internal quality standards.  
 

 

3.1.3.6 Subcloning into pGEM®-T Easy and TOPO®-TA vectors 

PCR fragment insertion into pGEM®-T Easy vector was performed according to 

manufacturer´s information. In brief: 5 µl of 2x Rapid ligation buffer (Promega) were mixed 

with 50 ng pGEM®-T Easy vector, 3 U T4 DNA ligase (Promega), and an adapted volume of 

PCR fragment, usually following an insert:vector molar ratio of 3:1. As background control, 
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reactions were prepared without insert (C1) and/or without T4 DNA ligase (C2). Reactions 

were incubated either for 3 h at RT or overnight at 4°C. 

Subcloning in TOPO®-TA vector (Invitrogen) was performed according to manufacturer´s 

protocol either. Up to 4 µl PCR product were mixed with 1 µl of a salt solution (Invitrogen) 

and 1 µl TOPO®-TA vector (Invitrogen) and incubated for 3 h at RT. Control reaction lacks 

the PCR fragment (insert).  

 

 

3.1.3.7 Preparation of competent Escherichia coli (E. coli) 

To prepare chemically competent bacteria (E.coli) for transformation (see 3.1.3.8), a starter 

culture of 6 ml LB medium (see 3.12) was inoculated with 10 µl TOP10 cells (Invitrogen) and 

incubated overnight (shaking; 220 rpm) at 37°C. Next day, 100 ml LB/Amp medium (see 

3.12) were inoculated with 1 ml of the starter culture and incubated at 37°C until absorbance 

at 600 nm wavelength (A600) of the bacteria mixture reaches a value of around 0.5. 

Subsequently, mixture was incubated on ice for 15 min. Cells were collected by centrifugation 

(1200 g for 15 min at 4°C) and resuspended in 30 ml competency buffer I (see 3.12). After 1 

h incubation on ice, cells were collected by centrifugation, dissolved in 25 ml competency 

buffer II (see 3.12), and incubated one ice for 15 min. Afterward, E.coli were shock-frosted 

with liquid nitrogen (-196°C) and stored at -80°C.   
 

 

3.1.3.8 Transformation of E. coli 

For transformation of ligation products either One Shot® TOP10 chemically competent E.coli 

(transformation efficiency > 109; Invitrogen) or TOP10 E.coli (Invitrogen), which were made 

competent in our laboratory (see 3.1.3.7), were used.  

Competent E.coli were stored at -80°C and thawed on ice for 10 min. 1-5 µl ligation product 

were carefully added to 50 µl competent E.coli and incubated for 20 min on ice. Heat-shock 

was performed for 30 s at 42°C followed by 2 min incubation on ice. Afterward, 150 µl super 

optimal broth with catabolite repression (SOC) medium (see 3.12) were added and E.coli 

incubated for 1 h shaking at 220 rpm. The mixture was spread on agar plates supplemented 

with 100 µg/ml ampicillin (Sigma Aldrich) and incubated overnight at 37°C. In some cases, 

transformation mixture was spread on agar plates supplemented with ampicillin and 5-bromo-

4-chloro-3-indolyl-β-D–galactopyranoside (X-Gal; Sigma Aldrich) solution for blue-white 

screening. X-Gal is a chromogenic substrate for ß-gal, a sequence present in the pGEM®-T 
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Easy and TOPO®-TA vector. If DNA fragment is inserted, ß-gal is not functional and 

positive clones appear as white colonies. To prepare LB/Amp agar plates, 40 µl X-Gal (20 

mg/ml, Sigma Aldrich) and 40 µl isopropyl β-D-1-thiogalactopyranoside (IPTG) solution 

(100 mM; Sigma Aldrich) were added on the surface of agar plates and incubated for 30 min 

at RT. 

 

 

3.1.3.9 Isolation of bacterial clones and plasmid amplification 

To control fragment insertion, usually 12 bacterial clones were isolated from agar plates and 

plasmid DNA was purified according to Miniprep Purification Protocol (Qiagen). Three ml 

LB/Amp medium (see 3.12) were inoculated with one picked clone, incubated at 37°C 

overnight (shaking; 220 rpm), and bacteria collected by centrifugation (12000 g for 2 min at 

RT). After bacteria lysis, neutralization, and precipitation, plasmid DNA was dissolved in 20 

µl H2Obidest. (autoclaved). To increase the amount of plasmid DNA, 250 ml LB/Amp medium 

(see 3.12) were inoculated with a single clone or with 1 ml an overnight starter culture (6 ml 

LB/Amp medium with a single picked clone). The mixture was incubated at 37°C overnight 

(shaking; 220 rpm). Plasmid DNA was isolated with the HiSpeed® Plasmid Midi Kit 

(Qiagen). Briefly: bacteria were harvested by centrifugation at 6000 g for 15 min at 4°C, 

resuspended, and lysed. The suspension was purified by a QIAfilter Midi Catridge (Qiagen), 

and plasmid DNA was collected using a HiSpeed® Midi Tip (Qiagen). After washing, 

plasmid DNA was eluted with buffer QF (Qiagen), concentrated with the QIAprecipitator 

Midi Module (Qiagen), and solved in 500 µl H2Obidest. (autoclaved).  

 

 

3.1.3.10 Restriction analysis for receptor cloning 

Insertion of receptor sequence into cloning vector (pGEM®-T Easy or TOPO®-TA vector) 

was evaluated by enzymatic restriction analysis. To analyze insertion into the vector, purified 

plasmid DNA was digested with EcoRI restriction enzyme (Fermentas) or independently with 

EcoRI and PstI restriction enzymes (Fermentas) according to manufacturer´s instructions. In 

brief: ~1 µg plasmid DNA was digested with 0.5-1 µl restriction enzyme and 2 µl 10x 

Restriction buffer (Fermentas). Mixture was adjusted with H2Obidest. (autoclaved) to a final 

volume of 20 µl. Enzymatic reaction was performed for 1 h at 37°C. Digestion reactions were 

analyzed on agarose gels (see 3.1.3.2). 
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3.1.3.11 Subcloning into pHSV-IRES-GFP expression vector 

Purified plasmid DNA of pGEM®-T Easy or TOPO®-TA insertion-positive clones was 

digested in parallel with the pHSV-IRES-GFP vector, using the following restriction enzymes 

(Fermentas): SalI/XbaI (Vmn2r26), HindIII/SalI (Vmnr2r65, Vmnr2r66, Vmnr2r74 and Fpr3) 

and HindIII/XbaI (Vmn1r89 and Vmn1r237). Digestion conditions were the following: 25 µl 

2x Tango buffer (Fermentas), ~1µg plasmid DNA and 2 µl of each restriction enzyme. 

Reaction volume was adjusted to 50 µl with H2Obidest. (autoclaved). Reactions were incubated 

for 30 min at 37°C, purified, and used for the ligation reaction.  

 

 

3.1.3.12 Ligation 

Ligations were performed for 3 h at RT with the digested insert and vector, 5 U T4 DNA 

ligase (Thermo Scientific), and 1 µl 10x Ligation reaction buffer (Thermo Scientific). As 

controls, two reactions were performed either without insert or without insert and T4 DNA 

ligase. 

 

 

3.1.3.13 Preparation of glycerol stocks 

To store bacteria equipped with specific plasmid DNA, 3 ml of an overnight culture were 

centrifuged at 1200 g for 5 min at RT, resuspended in 3 ml LB medium (see 3.12) 

supplemented with 15 % [v/v] glycerol (Sigma Aldrich), and stored at -80°C.  

 

 
3.1.4 Cloning procedure mCherry  

 

3.1.4.1 Cloning pHSV-IRES-mCherry constructs 

The mCherry sequence was amplified by PCR (Forward primer: 5´-

TGAATTCATGGTGAGCAAGGGCGAGGAGG-3´; Reverse primer: 5´-

TTCTCGAGTTACTTGTACAGCTCGTCCAT-3´) from the pcDNA3.1/hChR2(H134R)-

mCherry plasmid (Addgene plasmid #20938), kindly provided by Prof. Karl Deisserroth 

(Stanford University, Stanford, United States). The IRES sequence was amplified by PCR 

from the pHSV-IRES-GFP expression vector (kindly provided by Prof. M.T. Alonso, 

University of Valladolid, Valladolid Spain; Forward primer: 5´-

AAGACATTGAAATAAAGGCAATATGA-3`; Reverse primer: 5`-
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TGAATTCGGTGGCGATGGATCCCAGCTTGA-3´). To combine both sequences, an 

assembly PCR was performed and PCR product subcloned into pGEM®-T Easy vector. 

Sequences were further cloned into pHSV-IRES-GFP vector using the SalI restriction enzyme 

(Fermentas). A polyadenylation site from the pHSV-IRES-GFP vector was amplified by PCR 

(Forward primer: 5´-AAGGTACCTTCTCGAGCTGAGCGCCGGTC-3´; Reverse primer: 5´-

GGTCTAGAGCTTTATTTGTGAAATTTGTG-3´) and inserted downstream of the mCherry 

sequence, using XhoI/ XbaI restriction sites. Plasmid DNA of positive clones was isolated 

using a Miniprep Purification Protocol (Qiagen). Restriction analysis was performed as 

double restrictions according to manufacturer´s protocol with several restriction enzymes 

flanking the inserted fragment. Restriction products were evaluated by agarose gel 

electrophoresis (see 3.1.3.2). Plasmid DNA of positive clones was amplified by HiSpeed® 

Plasmid Midi Kit (Qiagen) (see 3.1.3.9), dissolved in 500 µl of H2Obidest. (autoclaved), and 

used for sequencing analysis (see 3.1.3.5).  

 

 

3.1.4.2 pHSV-Vmn2r74-IRES-mCherry construct 

Vmn2r74 sequence was excised from the pHSV-Vmn2r74-IRES-GFP vector using HindIII 

and SalI restriction sites, which flank the receptor sequence. Digestions were performed 

independently (HindIII and SalI restriction enzyme; Fermentas) and purified with the 

MiniElute Gel Extraction Kit (Qiagen) (see 3.1.3.3). Vmn2r74 sequence was ligated into 

HindIII- and SalI-restricted (Fermentas) pHSV-IRES-mCherry vector. Correct insertion was 

controlled by restriction analysis using HindIII and SalI restriction enzymes (Fermentas) and 

monitored by gel electrophoresis (see 3.1.3.2). After ligation (see 3.1.3.12) and transformation 

(see 3.1.3.8), plasmid DNA from positive clones was amplified using the HiSpeed® Plasmid 

Midi Kit (Qiagen) (see 3.1.3.9). 

 

 

3.1.5 Cloning of the recombinant major urinary protein 20 (MUP20) 

The coding sequence of the major urinary protein MUP20 was amplified by PCR (Forward 

primer: 5´-ATGAAGCTGCTGGTGCTG-3´; Reverse primer: 5´-

TCATTCTCGGGCCTCAAG-3`) from a cDNA library of male mice liver. PCR product was 

ligated into pGEM®-T Easy vector (see 3.1.3.6). After transformation (see 3.1.3.8), positive 

clones were isolated, and plasmid DNA was extracted (see 3.1.3.9). Restriction analysis was 

performed with CspI restriction enzyme (Fermentas) for 45 min at 37°C. Linearized plasmid 
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DNA was excised from agarose gel, purified (see 3.1.3.3), and eluted into 20 µl H2Obidest. 

(autoclaved). Linearized plasmid DNA was further digested with FastDigest® RsaI restriciton 

enzyme (Fermentas) according to manufacturer´s instructions and purified by agarose gel 

electrophoresis (see 3.1.3.2). Both restriction steps induced fragmentation of the plasmid 

DNA into two characteristic fragments. Fragment with inserted MUP20 sequence was 

confirmed by sequencing (Sequencing primer: 5´-ATGAAGCTGCTGGTGCTG-3´).  

For subcloning into pMAL-2cX vector (NEB), MUP20 sequence was amplified from 

pGEM®-T Easy vector by PCR using primers, which include BamHI and HindIII restriction 

sites (Forward primer: 5´-AGGATCCATGAAGCTGCTGGTGCTG-3`, Reverse primer: 5´-

CAAAAGCTTTCATTCTCGGGCCTCAAG-3`). To insert purified PCR products (insert) 

into pMAL-2cX vector, insert and vector were digested with FastDigest® HindIII and 

FastDigest® BamI restriction enzymes (Fermentas). Plasmid DNA was further used to 

prepare a glycerol stock (see 3.1.3.13) or used to express and purify the MUP (see 3.1.6). 

Plasmid DNA containing rFeld4 sequence was kindly provided by Prof. Lisa Stowers (The 

Scripps Research Institute, San Diego, United States), MUP7, MUP10, MUP19, and MUP3 

were kindly provided by Dr. Pablo Chamero (University of Tours, Nouzilly, France). 

 

 

3.1.6 Production of recombinant major urianry proteins (MUPs) 

To prepare recombinant MUPs (rMUPs), the pMal Protein Fusion and Purification System 

(NEB) was used. For a starter culture, 10 ml LB/Amp medium (see 3.12) were inoculated 

with a pipette tip scratched over the surface of a glycerol stock and grown overnight at 37°C 

(shaking; 220 rpm). Next day, the starter culture was diluted in 1 l LB/Amp medium and 

grown for 1 h at 37°C (shaking; 220 rpm). Gene expression in E.coli was induced adding 0.3 

mM IPTG (Sigma Aldrich) for 2 h at 37°C (shaking; 220 rpm). Bacteria were collected by 

centrifugation at 4000 g for 20 min at 4°C. Bacteria pellet was dissolved in 25 ml column 

buffer (see 3.12) supplemented with a protease inhibitor cocktail tablet (cOmpleteTM Tablets 

EASYpack; Roche) and incubated for 30 min on ice with 1 mg/ml lysozyme (Sigma Aldrich). 

Samples were sonicated for 10 min on ice (90% Duty cycle, 100% output control; Branson 

Sonifier 250) and centrifuged at 9000 g for 30 min at 4°C. Supernatant was removed and 

incubated with 2 ml bed volume of amylose resin (NEB) overnight at 4°C. Emulsion was 

washed twice with 50 ml pre-cooled column buffer (see 3.12) and amylose resin was collected 

by centrifugation at 100 g for 5 min at 4°C. To elute recombinant protein, amylose resin was 
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transferred to a 15 ml centrifuge tube (Greiner) and incubated with 2 ml column buffer (see 

3.12) supplemented with 25 mM maltose (Sigma Aldrich) for 2 h at RT.  

 

 

3.1.7 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Purity and concentration of rMUPs were evaluated by SDS-PAGE. Therefore, 1 µl and 5 µl of 

2 ml elution volume (see 3.1.6) were mixed with 1 µl SDS-sample buffer (20 µl 6x DNA 

loading dye [Fermentas] were mixed with 1 µl 2-mercaptoethanol [Sigma Aldrich] and 

adjusted with H2Obidest. [autoclaved] to a final volume of 6 µl). To estimate concentration of 

rMUPs, standard samples with defined amounts (usually: 0.5 µg-15 µg) of bovine serum 

albumin (BSA; NEB) were used and treated equal to rMUP samples. Samples were boiled for 

10 min at 95°C and cooled down on ice briefly. They were loaded on a precast RunBlue SDS 

protein gel 10% (Expedeon). SDS-PAGE run was performed in a Mini-PROTEAN® 3 Cell 

Chamber (Bio-Rad) in ~1 l of 1x SDS run buffer (Expedeon) at ~170 mV for 45 min. SDS-

PAGE was stained with 20 ml of InstantBlueTM protein stain solution for 2 h shaking (220 

rpm) at RT. 

 

 

3.2 Calcium imaging measurements using ratiometric calcium indicator 

dye fura-2 AM 
 

To monitor activation of VSNs, OSNs, and HEK293 cells, the calcium dye fura-2 AM (fura-

2; Molecular Probes) (Grynkiewicz et al., 1985) was used. The neutrally charged 

acetoxymethyl (AM) ester form of the dye (fura-2 AM) was used to load the cells by passive 

diffusion over the plasma membrane. After diffusion into cytoplasm, cellular esterase cleaves 

off AM ester. This induces a shift to the anionic form, which keeps the dye trapped in the cell. 

The anionic form, in contrast to the neutral form, can bind free calcium ions. Fura-2 excitation 

was performed at 340 nm and 380 nm wavelength, respectively. Fluorescence emission was 

collected at ~510 nm wavelength.  

 

 

3.2.1 Fura-2 loading 

Lyophilized fura-2 was dissolved according to manufacturer´s manual in DMSO to a final 

concentration of 5 mM. Cells attached to concanavalin A type V coated coverslips (see 3.5.1) 
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were washed with imaging buffer (see 3.12) and immediately incubated with 250 µl imaging 

buffer supplemented with 5 µM fura-2 for 30 min at RT in the dark.  

 

 

3.2.2 Live cell calcium imaging measurement 

Coverslips with fura-2-loaded cells were placed into a laminar flow-perfusion chamber 

(Warner Instruments) under constant perfusion with imaging buffer (see 3.12). Chemostimuli 

were applied for 30 s with 2 min washing (imaging buffer; see 3.12) intervals in between. 

Calcium imaging measurements were performed with an inverted Olympus IX71 microscope 

equipped with a charge-coupled device (CCD) camera (Hamamatsu) and 10x and 20x fluar 

0.75 objectives (Olympus). Image pairs after 340 nm and 380 nm wavelength excitation were 

acquired at a frequency of 0.25 Hz. Fluorescence ratio images at 340 nm and 380 nm 

wavelength (F340/F380) were calculated after background fluorescence subtraction, using 

XcellencePro software (Olympus). Acquisition of bright field and fluorescence images was 

performed with XcellencePro software (Olympus).  

 

 

3.2.3 Data processing and analysis 

Data analysis of fluorescence ratio images was performed with ImageJ 1.50i software (NIH) 

and Origin 8.6 software (OriginLab). Cells were selected and labeled manually as aregion of 

interest (ROI) and intensities of fluorescence ratio images (F340/F380) were calculated. 

Intensity values were plotted as line diagrams and visualized with Origin 8.6 software 

(OriginLab). Peak signals were defined as ligand-induced response when deviation in 

fluorescence ratio exceeds 1.5 the standard deviation of the mean of the baseline. Response 

analysis was performed manually. To compare response amplitudes, peak fluorescence ratio 

value (FP) and baseline fluorescence ratio value (F0) were measured and calculated as a 

quotient (FP/F0). Usually, FP/F0 quotients of associated cells were averaged and presented as 

arithmetic mean (± SEM). For comparison of individual variability of response amplitudes, F0 

was subtracted from FP values, normalized to the highest FP (Δrationorm) and plotted as color-

coded heatmap. 
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3.2.4 Chemostimuli 

Chemostimuli were prepared immediately before calcium imaging measurements and used for 

one experiment. The MHC-peptide SYFPEITHI (SYF) and the mitochondria-derived peptide 

f-MFFINTLTL (ND1) were dissolved to 100 µM stocks in the following solution: 120 mM 

NaCl, 25 mM NaHCO3, 5 mM KCl, 5 mM N, N-bis (2-hydroxyethyl)-2-aminoethanesulfonic 

acid (BES), 1 mM MgSO4, 1 mM CaCl2 and 10 mM D-glucose. They were further diluted 

with imaging buffer (see 3.12) to a final experimental concentration of 10-11 M and 10-7 M. 

Both peptides were kindly provided by Prof. Trese Leinders-Zufall (Saarland University, 

Homburg, Germany). Synthetic hexapeptide W-peptide (w-pep; WKYMVm) was initially 

dissolved in a solution (130 mM NaCl, 5 mM KCl, 2 mM CaCl2, 5 mM D-glucose, 10 mM 

HEPES) to a concentration of 1 mM and was further diluted in calcium imaging buffer (see 

3.12) to a final experimental concentration of 10-7 M. W-peptide was kindly provided by Dr. 

Bernd Bufe (Saarland University, Homburg, Germany). A mix of sulfated steroids (E mix) 

was composed of individual sulfated estrogens (Steraloid): E1050 (1,3,5(10)-estratrien-3, 

17β-diol disulphate, E1100 (1,3,5(10)-estratrien-3, 17β-diol 3-sulphate), E0893 (1,3,5(10)-

estratrien-3, 17α-diol 3-sulphate), E0588 (1,3,5(10)-7-estratetraen-3, 17β-diol 3-sulphate) 

each component at a final experimental concentration of 100 µM. In some experiments, 

E1050 was used as individual stimulus at a concentration of 100 µM. Androgen A7864 (5-

androsten-3β, 17β-diol disulphate; Steraloid) and sulfated steroid E2734 (1,3,5(10)-estratrien-

3, 16α, 17β-triol 17-sulphate; Steraloid) were used and diluted to a final experimental 

concentration of 100 µM. All individual steroids were diluted in DMSO to a stock 

concentration of 50 or 100 mM. As a negative control in calcium imaging measurements, a 

solution containing 0.2% [v/v] DMSO was used. Potassium chloride (KCl; Sigma Aldrich) 

was dissolved with imaging buffer (see 3.12) to a 1 M stock solution and further diluted to 

100 mM for experimental usage. An adenosine triphosphate solution (ATP; Sigma Aldrich) 

was used at a final experimental concentration of 60 µM. Maltose binding protein (MBP; 

NEB) was used at 10-7 or 500 nM. Recombinant mouse major urinary proteins (rMUPs) were 

diluted to a final concentration of 10-7 M. The recombinant MBP-Feld4 fusion protein 

(rFeld4) was used at a final experimental concentration of 500 nM. For the preparation of 

rMUPs see 3.1.6. Cat fur odor solution (CFO) was used undiluted. High molecular weight 

urine fraction (HMW) from C57BL/6 (B6) and BALB/c (B/c) mice were used in dilutions 

from 1:10000-1:1000-1:500-1:300 and 1:100. For HMW preparation see 3.2.4.1. All stimuli 

for fura-2 calcium imaging measurements were diluted with imaging buffer (see 3.12) to their 

final concentration.  
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3.2.4.1 High molecular weight urine fraction (HMW) preparation 

Mouse urine of adult B6 or B/c male mice (8-15weeks old; sexually naïve) was collected (~3 

mice per collection session) in accordance with the guidelines of the animal welfare 

committee of the University of Saarland. Collected urine (in average between 0.5 ml and 1 

ml) was size-fractioned via centrifugation (14000 g for 30 min at RT) using Nanosep® (Pall) 

or Microcon® (Millipore) 10 kDa molecular mass cutoff ultrafiltration columns. Flow-

through of the first centrifugation represents molecular components lower than 10 kDa (low 

molecular weight fraction of urine; LMW). Retentate representing urine components larger 

than 10 kDa (high molecular weight urine fraction; HMW) was washed three times with 0.5 

ml 1x phosphate-buffered saline (PBS; Sigma Aldrich) and resuspended in 1x PBS to the 

initial urine volume. HMW fraction was stored at 4°C not longer than 4 weeks. 

 

 

3.2.4.2 Cat fur odor solution (CFO) preparation 

A sterile (autoclaved) cotton pad was rubbed on a cat´s neck (four different domestic cats of 

both gender) and stored until usage at -80°C in a plastic bag. Cat odor solution was prepared 

freshly before use in calcium imaging measurements. Therefore, one cotton pad was 

incubated in 20 ml imaging buffer (see 3.12) shaking (220 rpm) for 2 h at 4°C. Afterward, the 

cotton pad was separated from the solution by centrifugation at 3000 g for 15 min at 4°C. 

Supernatant was transferred to a fresh 50 ml centrifuge tube (Greiner) and used undiluted in 

calcium imaging measurements (see 3.12).  

 

 

3.3 Single cell RT-PCR 
VSNs responding to a certain stimulus or non-responding control cells identified in calcium 

imaging measurements were isolated individually by a glass capillary (~10 µm diameter; 

Kwik-FillTM Borosilicate glass capillaries; World Precision Instruments Inc.) in 1 µl imaging 

buffer (see 3.12). Cells were transferred into 1 µl DEPC treated water (Invitrogen) in a 1.5 ml 

reaction tube. As control (-RT) one sample contained 1 µl DEPC treated water (Invitrogen) 

instead of an individual cell in 1 µl imaging buffer. Cells were immediately frozen in liquid 

nitrogen (-196°C) and stored at -80°C until usage. To perform RT-PCR, 5 µl pre-cooled cell 

lysis mix, consisting of 47 µl lysis buffer (100 µl 10x Reverse transcription buffer 

[Invitrogen], 60 µl 25 mM MgCl2 [Invitrogen], 5 µl NP-40 [Invitrogen], 50 µl of a 0.1 M 

DTT solution [Invitrogen] adjusted with 725 µl DEPC treated water [Invitrogen]), 1 µl 
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RNaseOUTTM (Invitrogen), 1µl of a 2 mM dNTP mix (Invitrogen) and 0.01 µg Anchor-T 

primer (5´-TATAGAATTCGCGGCCGCTCGCGA[T]24-3`; Eurofins Genomic) were added 

and sample was incubated for 1 min at 65°C to unfold mRNA. Samples were cooled on ice 

for at least 1 min before adding 0.5 µl Reverse transcription mix (RT-mix; 3 µl [600 U] 

Superscript® III reverse transcriptase [Invitrogen] and 0.5 µl RNaseOUTTM [Invitrogen]). 

The reaction was incubated for 90 min at 37°C followed by 15 min at 50°C. Incubation for 10 

min at 70°C stopped reaction and samples were cooled one ice for at least 1 min. To extend 

mRNAs with a poly(A)-tail, 5 µl of a terminal deoxynucleotidyl transferase (TdT) mix 

consisting of 0.15 µl 100 mM 2´-deoxyadenosine 5´-triphosphate (dATP; Fermentas), 0.5 µl 

10x Reverse transcription buffer (Invitrogen), 0.3 µl 25 mM MgCl2 (Invitrogen), 0.25 µl 

RNaseOUTTM (Invitrogen), 0.25 µl (5 U) TdT (Fermentas), and 3.55 µl DEPC treated water 

(Invitrogen) were added. Reactions were incubated for 20 min at 37°C and heat-inactivated 

for 10 min at 65°C. For cooling, samples were kept on ice. RT-tailed products were first 

amplified (first amplification PCR) with EX-Taq® HS DNA polymerase (TaKaRa) and 

Anchor-T primer (see above), using the following conditions: 2 µg Anchor-T primer (see 

above), 5 µl RT-tailed products and 25 µl Premix Taq™ DNA polymerase (TaKaRa Taq™ 

Version 2.0). PCR steps: 95°C for 2 min --> 37°C for 5 min --> 72°C for 20 min --> 30 cycles 

of 95°C for 30 s, 67°C for 1 min, 72°C for 6 min with 6 s extension on each cycle finalized at 

72°C for 10 min. Expression analysis was performed by PCR using gene-specific primers 

(second amplification PCR) (Table 3). PCRs were performed as described above with 2-4 µl 

PCR product of the first amplification PCR and 0.5-2 µl whole VNO cDNA (see 1.2) as 

positive control. Amplification was analyzed by gel electrophoresis (see 3.1.3.2). In both PCR 

reactions (first and second amplification PCR), a sample containing water instead of cDNA 

was used as a negative control. 
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Table 3. Gene-specific primers for Single and Low cell RT-PCR. 

Gene Accession 
Numbers* Gene-Specific Primer Sequences [5’ > 3’] 

Annealing 
temperature 

[°C] 

Internal 
Primer 
name 

Omp NM_011010.2 

Forward:  
CGTCTACCGCCTCGATTTCA 

Reverse:  
CAGAGGCCTTTAGGTTGGCA 

53 Omp1 

Omp NM_011010.2 

Forward: 
 GCACAGTTAGCAGGTTCAGCT 

Reverse:  
GGTTTGCAGTCCTGGCAGC 

55 Omp2 

Vmn2r1 NM_019918.2 

Forward:  
TTGTGGGCTGTATTGGGTGC 

Reverse:  
TGATCCCCCTGATCCAACCA 

55 Vmn2r1 

Trpc2 NM_001109897.2 
 

Forward:  
ATGTTCGGCATGGAAGAGCA 

Reverse:  
GATGACTCGAAGGCGGTAGG 

53 Trpc2 

Gαo NM_010308.3 

Forward:  
CTCCACGAGGACGAAACCAC 

Reverse:  
GCCCCGGAGATTGTTGGCA 

56 Gαo 

 
Gαi2 

 
NM_008138.4 

 

Forward:  
GAGCATGAAGCTGTTTGACAGC 

Reverse:  
CTCCTTGGTGTCTTTGCGC 

 
53 

 
Gαi2 

 
V1rj 

subfamily 

 
NM_145847.1 
NM_001167536.1 
NM_134226.1 

Forward:  
CATCACTCCCAGTAAYTCTAAGTGGGC 

Reverse: 
GCTGGGMTCTCTTGTRRTGYCTGTAGAG 

 
61 

V1rj 
subfamily 

* = National center for biotechnology information (NCBI)  
 

 

Gene-specific PCRs were performed as followed: 

 

Initial denaturation 94°C 5 min 

Denaturation 94°C 30s 

Annealing see Table 2 

Extension 72°C 1 min 

Final extension 72°C 10 min 

 

 

3.3.1 Low cell RT-PCR 

To prepare mRNA from 5 to >50 VNSs isolated with glass capillaries (see 3.3), the 

PureLinkTM RNA Mini Kit (Ambion) was used as described (see 3.1.1). Instead of tissue, 5-

50 cells were transferred to a 1.5 ml reaction tube (Greiner) and proceeded as described (see 

3.1.1). Transcripts were reversely transcribed into cDNA (see 3.1.2) and gene-specific PCRs 

were performed (see 3.3).  
 

35-40 cycles 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=142387600
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=755531207
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3.4 Cell-line culture 
 

3.4.1 HEK293 cell culture 

HEK293T (HEK293; ATCC® #CRL-11268), originated from human kidney tissue, were 

cultured in 100 mm Cellstar® petri dishes (Greiner) with 10 ml cell culture medium (see 

3.12). For cell culture maintenance, HEK293 cells were kept until 80-90% confluency. Cell 

culture medium (see 3.12) was removed using RNAse-, DNAse- and pyrogen-free Cellstar® 

serological pipettes (Greiner) and washed twice with 1x PBS (Sigma Aldrich). Cells were 

detached by adding 1 ml 1x Trypsin-EDTA (0.05%; Gibco). Subsequently, 9 ml cell culture 

medium (see 3.12) were added and cell suspension was centrifuged (100 g for 5 min at RT). 

Supernatant was removed and cells were resuspended in 5-10 ml cell culture medium (see 

3.12). One ml cell suspension was used to inoculate a new petri dish containing 9 ml cell 

culture medium (see 3.12). For further experimental usage, 105 HEK293 cells were counted 

with an improved Neubauer counting chamber (Hausser Scientific) and seeded on round 

coverslips (Menzel cover glasses; Thermo Scientific), which were previously coated with 

concanavalin A type V (Sigma Aldrich). Coating was performed via shaking incubation of 

round coverslips in 10 ml of a concanavalin A type V solution (0.5 mg/ml; dissolved in PBS) 

at 4°C overnight. In general, cells were kept in an incubator (37°C, 24% [v/v] O2 and 5% 

[v/v] CO2).   

 

 

3.4.2 2-2 cell-line 

To prepare viral amplicons for gene transduction in freshly dissociated VSNs, OSNs, or 

HEK293 cells, the 2-2 cell-line (Smith et al., 1992) was cultured. 2-2 cells were kept in 

culture under same conditions than HEK293 cells (see 3.4.1). 

 

 

3.5 Primary cell culture 

 
3.5.1 Dissociation of mouse vomeronasal sensory neurons (VSNs) 

The VNO was removed carefully without disturbing the tissue and moved to 1 ml 1x PBS at 

4°C. The cartilaginous capsule and rests of the vomer bone were removed. Following this, 

each lobe of the VNO was minced with fine forceps into small pieces. Crushing of the VNO 

was performed in a freshly prepared dissociation buffer containing 2.2 U/ml papain enzyme 
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(Worthington), 1.1 mM ethylenediaminetetraacetic acid (EDTA; Fermentas) and 5.5 mM D-

cysteine-HCl (Sigma Aldrich). All components were dissolved in 1x PBS (Sigma Aldrich). 

VNO tissue was slightly triturated by pipetting up and down and incubated at 37°C for 20 

min. After incubation, 1 ml of a DNase I solution (600 µl 1x PBS, 10 U DNAse I [Fermentas] 

and 400 µl of 5x Colorless GoTaq® reaction buffer [Promega]) was added. The reaction was 

stopped by adding 10 ml of pre-warmed cell culture medium (see 3.12). VSNs were collected 

by centrifugation (100 g for 5 min at 7°C). Cells were dissolved in 100 µl cell culture medium 

(see 3.12), and 25 µl cell suspension were platted on each round coverslip (Menzel cover 

glasses; Thermo Scientific) coated with concanavalin A type V (Sigma Aldrich). Coverslips 

were placed in a 4-well plate (Nunc) and incubated for 1 h at 37°C, 24% [v/v] O2, and 5% 

[v/v] CO2. Cells were either infected with viral amplicons (see 3.7) or loaded with calcium 

indicator fura-2 (Invitrogen) for calcium imaging measurements. 

 

 

3.5.2 Dissociation of mouse olfactory sensory neurons (OSNs) 

To dissociate olfactory sensory neurons (OSNs), the entire main olfactory epithelium (MOE) 

of one adult male mouse was removed and transferred to pre-cooled MOE dissociation buffer 

containing 2.2 U/ml papain enzyme (Worthington), 1.1 mM EDTA (Fermentas), 5.5 mM D-

cysteine-HCl (Sigma Aldrich), 10 U DNAse I (Fermentas) and 40 mM urea (Sigma Aldrich). 

All components were dissolved in 1x PBS (Sigma Aldrich). The MOE was carefully minced 

and dissected. After incubation for 20 min at 37°C, reaction was stopped by adding 10 ml of 

pre-warmed cell culture medium (see 3.12). Cells were collected by centrifugation and further 

processed as described for VSNs (see 3.5.1).  

 

 

3.6 Generation of HSV-1-derived amplicons 
To produce high titer HSV-1-derived amplicons, the 5dl1.2 helper virus/2-2 host cell system 

was used (Lim et al., 1996). First, 5x 105 2-2 cells were plated on a 60 mm Cellstar® petri 

dishes (Greiner) in 5 ml cell culture medium (see 3.12). Cells were incubated for 24 h in an 

incubator (37°C, 24% [v/v] O2 and 5% [v/v] CO2) until they reach 80-90% confluency. 

Afterward, they were transfected (see 3.8 and Fig. 5A) with pHSV-IRES-GFP or pHSV-

IRES-mCherry expression vectors either equipped with receptor cDNA or as empty vectors. 

The transfection efficiency and health status of cells were monitored by microscopy. Around 

24 h post transfection, medium was removed and replaced by 3 ml Dulbecco´s modified 



MATERIALS AND METHODS 

45 
 

eagle´s medium (DMEM-GlutaMAXTM-I; Gibco) supplemented with 2% [v/v] heat-

inactivated Fetal bovine serum (FBS; Gibco). For superinfection, transfected cells were 

infected (Fig. 5A) with 60-180 µl (~6-18x 105 plaque-forming units [pfu]) 5dl1.2 helper virus, 

which provides packaging sequences in trans (McCarthy et al., 1989). Helper virus was 

kindly provided by Prof. Dr. Teresa Alonso (University of Valladolid, Valladolid, Spain). 

Cytopathic effect (CPE) was monitored by microscopy and around 30-48 h post infection, 

cells were harvested by pipetting up and down. To harvest viral particles (amplicons), cells 

were alternately kept for 5 min in liquid nitrogen at -196°C and for 10 min in a water bath at 

37°C. Subsequently, cells were sonicated for 2 min at RT using a water bath sonicator 

(Bandelin; Sonorex RK 100). To pellet cellular debris, cells were centrifuged at 1000 g for 

5min at 4°C and supernatant (P0~3 ml) was collected. 

To amplify viral amplicons, 7x 105 fresh 2-2 cells were plated on a 60 mm Cellstar® petri 

dishes (Greiner) in 5 ml DMEM-GlutaMAXTM-I (Gibco) supplemented with 10% [v/v] heat-

inactivated FBS (Gibco). After 24 h, medium was replaced by 4 ml DMEM-GlutaMAXTM-I 

(Gibco) supplemented with 2% [v/v] heat-inactivated FBS (Gibco) and 3 ml P0 (see above) 

were added. Cells were incubated for 24 h at 37°C, 24% [v/v] O2 and 5% [v/v] CO2 until CPE 

was visible. They were collected by pipetting and transferred to a 15 ml centrifuge tube 

(Greiner). Amplicons were harvested by alternating freeze and thaw cycles (see above) 

followed by sonication and centrifugation (see above). Collected supernatant (P1~7 ml), 

which contains amplicons, was used for further amplification. 

Fresh 2x 106 2-2 cells were plated on two 100 mm Cellstar® petri dishes (Greiner) per sample 

in 10 ml DMEM-GlutaMAXTM-I (Gibco) supplemented with 10% [v/v] heat-inactivated FBS 

(Gibco). After 24 h incubation (37°C, 24% [v/v] O2 and 5% [v/v] CO2), medium was replaced 

by 2 ml DMEM-GlutaMAXTM-I (Gibco) supplemented with 2% [v/v] heat-inactivated FBS 

(Gibco) and 3.5 ml P1 supernatant were added to each of the two dishes. Cells were incubated 

for additional 24 h (see above) before medium was replaced by 2 ml Opti-MEM® (Gibco) 

supplemented with 1% [v/v] Bovine serum albumin (BSA; Sigma Aldrich). Cells were 

incubated until CPE was visible under microscopic control (~30 h). Supernatant (P2 ~2 ml) 

was harvested by freeze/thaw cycles and centrifugation as described above for P0 and P1. P2 

supernatant was further concentrated by centrifugation at 3000 g for 15 min at 7°C using 

Amicon® Ultra 4 Centrifugal Filter Units (Merck Millipore). Filter units retained components 

>10 kDa. Retained volume of supernatant (500 µl-1 ml) was aliquoted and stored at -80°C 

until usage.  
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HSV-1-derived amplicons are composed of a glycoprotein-coated envelope, which mediates 

intake into a host cell, and the tegument coat structure, important for gene activation and 

down-regulation of the host cell protein synthesis (Fig. 5B). 

 

 

A         B 

 
Figure 5. Production of HSV-1-derived amplicons in 2-2 cells. 
A. Schematic drawing of the preparation protocol for HSV-1-derived amplicons. 2-2 cells were transfected with pHSV 
expression vectors (Fig. 7 A-D) and subsequently infected with a replication-defective 5dl1.2 helper virus (helper). Helper 
enables packaging of multiple pHSV copies into viral particles (amplicons). A mixed culture of helper and amplicons is 
harvested after three times of amplification. B. Schematic drawing of a HSV-1-derived amplicon consisting of an envelope, a 
tegument structure, and a capsule structure containing the transgene sequence.  
 

 

3.6.1 Amplification of helper virus stock 

To amplify a 5dl1.2 helper virus stock, 10x 106 2-2 cells were plated on four 100 Cellstar® 

petri dishes (Greiner) in 5 ml DMEM-GlutaMAXTM-I (Gibco) supplemented with 10% [v/v] 

heat-inactivated FBS (Gibco) and incubated for 24 h at 37°C, 24% [v/v] O2 and 5% [v/v] 

CO2. Medium was replaced by 8 ml DMEM-GlutaMAXTM-I (Gibco) supplemented with 2% 

[v/v] heat-inactivated FBS (Gibco) and cells were infected with 60 µl of a 5dl1.2 seed stock. 

Infected cells were incubated (37°C, 24% [v/v] O2 and 5% [v/v] CO2) until they showed CPE. 

Helper virus was harvested as described above (see 3.6), aliquoted, and stored at -80°C.  

 

 

3.6.2 Amplicon titration 

To estimate titer of viral amplicon preparations, 50x 103 HEK293 cells were plated on 

concanavalin A type V coated coverslips in a 4-well plate (Nunc) and kept overnight at 37°C, 

24% [v/v] O2 and 5% [v/v] CO2. Next day, HEK293 cells were infected with different 

volumes (usually: 1 µl-5 µl-10 µl-20µl) of prepared viral amplicons and incubated for 16-20 h 

(37°C, 24% [v/v] O2 and 5% [v/v] CO2). Coverslips were washed one time with 500 µl 1x 
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PBS (Sigma Aldrich) followed by incubation for 15 min at RT in 500 µl 4% [v/v] 

paraformaldehyde solution (Electron Microscopy Sciences). Cells were washed three times 

with 500 µl 1x PBS. Afterward, they were placed in 5 µl Vectorshield® mounting medium 

(Vector) on a microscopic slide (VWR) and incubated for 30 min in the dark. Infected 

HEK293 cells were identified by GFP fluorescence microscopy. The relative number of 

infected cell was calculated dependent on the infection volume. Amplicon titers were between 

2x 105 and 8x 105 viral amplicons ml-1. 

 

 

3.7 Viral infection 
Freshly dissociated cells (VSNs or OSNs) or HEK293 cells were incubated (37°C, 24% [v/v] 

O2 and 5% [v/v] CO2) in 500 µl cell culture medium (see 3.12). Cells were infected with 1-25 

µl HSV-1-derived amplicons and incubated for 16-20 h. Before loading with fura-2 (see 

3.2.1) cells were washed two times with 500 µl imaging buffer (see 3.12). 

 

 

3.8 Transient Transfection 
For transfection of primary cells and HEK293 cells, the Lipofectamine® LTX & PLUSTM 

Reagent Kit (Invitrogen) was used. To transfect cells, 0.5-1 µg DNA was mixed with 1 µl 

PlusTM reagent in 50 µl Opti-MEM® (Gibco) and incubated for 5 min at RT. Additional 50 µl 

Opti-MEM® (Gibco) supplemented with 2 µl Lipofectamine® LTX were added. The mixture 

was incubated for 20 min at RT. Subsequently, 100 µl of the DNA/Lipofectmaine® LTX 

mixture were added to the cells and incubated for 24 h before analysis. Volumes were 

adjusted according to manufacturer´s multiplication factors.  

 

 

3.9 Mice 
 

3.9.1 Animal care and housing 

Animal care and experimental procedures were completed in accordance with the guidelines 

of the animal welfare committee of the Saarland University (approval number of the 

Institutional Animal care and Use Committee: H-2.2.4.1.1). Mice were kept under standard 

light/ dark cycle (12:12) and fed ad libidum with sterile water and animal food (Teklad 18% 
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Protein Rodent Diet, Harlan). Mice were euthanized by CO2 and cervical dislocation in 

accordance with the guidelines of the animal welfare committee of the Saarland University. 

 

 

3.9.2 C57BL/6 wild type mice 

For most of the experiments C57BL/6 from Charles River Laboratories were used for organ 

collection. Used male mice were sexually naïve. 

 

 

3.9.3 Omp-GFP mice 

VSNs of heterozygous Omp-GFP mice (B6.OMPtm3MomMomJ; originally JR# 006667) (Potter 

et al., 2001) were used for experiments with mCherry amplicons. Since the coding region of 

the Omp gene and part of the 3´non-translated region was replaced by GFP (Potter et al., 

2001), mature olfactory sensory cells can be visualized by GFP fluorescence microscopy. 

Omp-GFP mice were paired with C57BL/6 mice to produce heterozygous mice. 

 

 

3.9.4 Gnao1/OMP-Cre conditional Gαo knockout mice 

In some experiments, VSNs from a mutant mouse strain, in which the Gnao1 gene (coding for 

the G protein subunit Gαo) is deleted, were used. The gene was conditionally deleted under 

the control of the olfactory marker protein gene (Omp) (Chamero et al., 2011; Oboti et al., 

2014; Pérez-Gómez et al., 2015). Floxed Gnao1 mice (Gnao1fx/fx) were crossed with a mouse 

line, in which the coding sequence of the Cre recombinase is under the control of the Omp 

promoter (B6;129P2-Omptm4(cre)Mom/MomJ; Stock #: 006668) (Li et al., 2004). Mutant mice 

homozygous for Gnao1 alleles and heterozygous for Cre and Omp (cGαo
-/-) and mice 

heterozygous for deletion (cGαo
+/-) were used.  

 

 

3.10 Computational analysis and tools 
 

3.10.1 Software 

 

3.10.1.1 Microsoft office Word 2007  

This thesis was written in Microsoft Word 2007. 
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3.10.1.2 CorelDRAW Graphics suite X7 

Figures of this thesis were created in CorelDRAW Graphics suite X7. CorelDRAW was used 

to adjust brightness, crop, and rotate images.  

 

 

3.10.1.3 XcellencePro software (Olympus) 

Data acquisition of bright field images, fluorescence images, and calcium imaging 

measurements was performed with XcellencePro software (Olympus). 

 

 

3.10.1.4 Origin 8.6 (OriginLab) and ImageJ 1.50i (NIH) 

Image processing and data analysis of calcium imaging experiments were performed with 

Origin 8.6 software (OriginLab) and ImageJ 1.50i software (NIH). 

 

 

3.10.1.5 Chromas Lite (Technelysium Pty Ltd) and AnnHyb (Bioinformatics Organization) 

Gene sequences and chromatograms were anlyzed with Chromas Lite 2.0 software 

(Technelysium Pty Ltd) and AnnHyb version 4.946 software (Bioinformatics Organization). 

 

 

3.10.2 Computational analysis 

 

3.10.2.1 GFP fluorescence intensity comparison 

Ten or twenty VSNs or HEK293 cells showing GFP fluorescence at three different time 

points after amplicon infection (GFP-positive cells) were selected manually and defined as 

region of interest (ROI). Fluorescence intensity values of selected ROIs were calculated with 

ImageJ 1.50i software (NIH). The arithmetic mean of the fluorescence intensity values of 

three randomly selected GFP-negative cells was subtracted from individual intensities of 

GFP-positive cells. Corrected intensity values were averaged by calculation of the arithmetic 

mean and visualized as scatter plots using Origin 8.6 software (OriginLab). 
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3.10.3 Online tools 

Information about coding sequences and genes were collected by the U.S. government-funded 

national resource for molecular biology information (NCBI, http://www.ncbi.nlm.nih.gov/). 

For primer design, the NCBI based Primer-tool (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/) was used. To perform PCRs in silico, the University of California Santa Cruz (UCSC) 

Genome Browser was used (https://genome.ucsc.edu/cgi-bin/hgPcr). The NCBI BLAST® 

tool.(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch

&LINK_LOC=blasthome) was used to blast sequences. 

 

 

3.11 Statistics and mathematics 
For statistical analysis Origin 8.6 (OriginLab) was used. Mann-Whitney Test was used to 

evaluate the difference between two independent distributions. Multiple groups were 

compared with the Kruskal-Wallis analysis of variance (Kruskal-Wallis ANOVA with the 

Mann-Whitney Test as post hoc comparison). The relative amount of responding cells in 

calcium imaging measurements was calculated for each experiment individually. Relative 

values of associated experiments were averaged by calculation of the arithmetic mean 

(denoted as mean percentage). Error bars in figures represent the standard error of the mean 

percentage (± SEM). In some cases, the number of responding cells in calcium imaging 

measurements was presented as percentage of all responder cells compared to the total 

amount of analyzed cells (denoted as total percentage). 

 

 

3.12 Media and buffers 
 

Imaging buffer : 50 ml Hank’s balanced salt solution (10x HBBS; Gibco); 5 ml 1 M 

4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid (1 M HEPES; Gibco); adjusted with 

H2Obidest. to 500 ml. 

 

Column buffer: 20 ml 1 M Tris-HCl (Sigma Aldrich), adjusted to pH 7.4; 11.7 g NaCl 

(VWR); 2 ml 0.5 M ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich); adjusted with 

H2Obidest. to 1 l. 
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Competency buffer I: 20 ml 1 M KCl (Sigma Aldrich); 1.2 ml 5 M KCH3COOH (Sigma 

Aldrich); 12 ml 1 M CaCl2 (Sigma Aldrich); 30 ml [v/v] glycerol (Sigma Aldrich); adjusted 

with H2Obidest. to 200 ml and adjusted to pH 5.8. 

 

Competency buffer II: 4 ml 0.5 M 3-(N-morpholino)propanesulfonic acid (MOPS; Sigma 

Aldrich); 2 ml 1 M KCl (Sigma Aldrich); 15 ml 1 M CaCl2 (Sigma Aldrich); 30 ml [v/v] 

glycerol (Sigma Aldrich); adjusted with H2Obidest. to 200 ml and adjust to pH 6.8. 

 

Single cell lysis buffer: 100 μl 10x Reverse transcription buffer (Invitrogen), 60 μl 25 mM 

MgCl2 (Invitrogen), 5μl NP-40 (Invitrogen), 50 μl 0.1 M DTT (Invitrogen) adjusted with 

725μl DEPC treated water (Invitrogen) to 1 ml. 

 

Super optimal broth with catabolite repression (SOC) medium : 2% [m/v] casein 

(Carl Roth®), 5% [m/v] yeast extract (Fluka Analytical/ Sigma Aldrich), 0.05% [m/v] NaCl 

(VWR), 2.5 mM KCl (Sigma Aldrich), 10 mM MgCl2 (Sigma Aldrich) and 20 mM D-glucose 

(Sigma Aldrich), adjusted to pH 7.4. 

 

Luria-Broth (LB) medium: 1% [m/v] casein hydrolyzate (Carl Roth®), 0.5% [m/v] yeast 

extract (Fluka Analytical/ Sigma Aldrich), 0.5 % [m/v] NaCl (VWR), 0.2 % [m/v] D-glucose 

(Sigma Aldrich) adjusted to pH 7.4. 

 

LB/Amp medium: 1% [m/v] casein hydrolyzate (Carl Roth®), 0.5% [m/v] yeast extract 

(Fluka Analytical/ Sigma Aldrich), 0.5 % [m/v] NaCl (VWR), 0.2 % [m/v] D-glucose (Sigma 

Aldrich) adjusted to pH 7.4 and supplemented with 100 µg/ml ampicillin (Sigma Aldrich). 

 

Cell culture medium: DMEM-GlutaMAXTM-I (Gibco) supplemented with 10% [v/v] heat-

inactivated FBS (Gibco) and 100μg/ml penicillin plus 10μg/ml streptomycin (Gibco). 
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4 RESULTS 
 

4.1 Functional overexpression of vomeronasal receptors 
 

4.1.1 Heterologous expression of Vmn1r89 (V1rj2) in HEK293 cells 

Mice use the vomeronasal organ (VNO) to convey chemosensory information and facilitate 

social and reproductive behaviors. Around 400 functional vomeronasal receptor (Vr) genes 

have been identified in the mouse VNO. Thus far, only a few receptor-ligand pairs have been 

identified (Table 1). Most of the receptors have been deorphanized by gene-targeted mice 

expressing a fluorescent marker protein in specific sensory neurons. In some cases, the results 

have been verified through genetic deletions. Among identified receptor-ligand pairs are for 

example: Vmn1r89 (V1rj2) and Vmn1r85 (V1rj3), proposed to be activated by sulfated 

steroids (Haga-Yamanaka et al., 2014, 2015), Vmn2r26 (V2r1b) and Vmn2r81 (V2rf2) were 

paired with 9-mer peptides (Leinders-Zufall et al., 2009, 2014), Vmn2r116 (V2rp5) with the 

ESP1 peptide (Haga et al., 2010), and Vmn1r49 (V1rb2) with 2-heptanone (Boschat et al., 

2002). Three receptor-ligand pairs have been identified using a heterologous system (HEK293 

cells): Vmn2r112 (V2rp1) and Vmn2r111 (V2rp2) with ESP5 and ESP6 (Dey and 

Matsunami, 2011) and formyl peptide receptor 3 (Fpr3) with signal peptides related to 

pathogens (Bufe et al., 2015). In most cases, considerable difficulties were found to 

functionally express Vrs in heterologous cells likely as consequence of misled intracellular 

receptor targeting and/or missing components needed for proper receptor function. No V1r 

has been expressed in a heterologous system, to the best of my knowledge. 

 

First, I aimed to express a V1r, namely the Vmn1r89, in HEK293 cells. I selected this specific 

receptor since it was reported that Vmn1r89 can be robustly activated by sulfated steroids 

(Haga-Yamanaka et al., 2014). Vmn1r89 was cloned into a mammalian expression vector 

(pHSV-IRES-GFP). The cloned receptor sequence is hereby followed by an internal 

ribosomal entry site (IRES) and a green fluorescent marker protein sequence (GFP) leading to 

a bicistronic expression of the GFP and the transgene. HEK293 cells were then transfected 

(see 3.8) with the pHSV-Vmn1r89-IRES-GFP (Vmn1r89-GFP) vector. I tracked transfection 

efficiency by monitoring GFP expression in living cells (Fig. 6). GFP fluorescence was 

observed after 24 h with little or no cytotoxic effects (Fig. 6, left panel). Transfected HEK293 

cells were loaded with the calcium-sensitive dye fura-2 and calcium imaging measurements 

were performed. Cells were stimulated with a mix of sulfated steroids (E mix: E1050 



RESULTS 

53 
 

[1,3,5[10]-estratrien-3,17ß-diol disulphate]; E1100 [1,3,5[10]-estratrien-3,17ß-diol 3-

sulphate]; E0893 [1,3,5[10]-estratrien-3, 17α-diol 3-sulphate] and E0588 [1,3,5[10]-7-

estratetraen-3, 17β-diol 3-sulphate, each at 100 µM), which were previously described as 

potential activators of Vmn1r89 (Isogai et al., 2011; Haga-Yamanaka et al., 2014; 2015). 

Transfected cells failed to show any calcium response to the E mix (Fig. 6), indicating that 

V1r expression in HEK293 cells was not effective. Since the E mix and the sulfated steroid 

E2734 were dissolved in DMSO, I applied a solution containing the same amount of dimethyl 

sulfoxide (denoted as DMSO) as a control. Additionally, the high molecular weight fraction 

of C57BL/6 mouse urine (HMW) (see 3.2.4.1) and the sulfated steroid E2734 (1,3,5(10)-

estratrien-3, 16α, 17β-triol 17-sulphate), which does not activate Vmn1r89 (Isogai et al., 

2011), were used as further control solutions. E2734 is chemically and structurally related to 

the steroids included in the E mix. No responses to any of the control solutions were detected. 

As a positive control, a 60 µM adenosine triphosphate solution (ATP), which activates 

purinergic receptors, was applied. Most of the HEK293 cells (~90%) showed a response to 

ATP (Fig. 6), indicating that cells were viable and able to show calcium transients. As a 

transfection control the empty pHSV-IRES-GFP vector containing GFP but no receptor 

cDNA (GFP control) was used (Fig. 6). GFP control-transfected HEK293 cells showed a 

similar activity pattern compared to Vmn1r89-GFP-transfected cells (Fig. 6, upper panel). No 

responses to any of the applied stimuli, except for 60 µM ATP, were monitored. Thus, I was 

unsuccessful in expressing Vmn1r89 functionally in HEK293 cells. 
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Figure 6. Fura-2 calcium imaging assay of transfected HEK293 cells. 
HEK293 cells were transfected either with mammalian expression vector pHSV-Vmn1r89-IRES-GFP (Vmn1r89-GFP; upper 
panel) or with pHSV-IRES-GFP (GFP control) expression vector (lower panel) and loaded with fura-2. GFP fluorescence 
and pseudocolor fura-2 images of transfected HEK293 cells activated by adenosine triphosphate (ATP; 60 µM) are shown. 
F340/F380 ratio traces (arbitrary units a.u.) of individual cells (dashed circle) are indicated on the right panel. Transfected 
HEK293 cells did not show responses to a mix of sulfated steroids (E mix: E1050, E1100, E0893 and E0588; each at 100 
µM), the high molecular weight fraction of C57BL/6 mouse urine (HMW; 1:300), a DMSO control solution (DMSO; 
containing the same amount of DMSO compared to E mix), and the sulfated steroid E2734 (100 µM). ATP-induced calcium 
transients in both HEK293 cell transfections (Vmn1r89-GFP and GFP control) were monitored. Black arrows indicate start 
of stimulation. Scale bar: 20 µm.  
 

 

4.1.2 Herpes Simplex Virus type 1 (HSV-1)-derived amplicon system 

I hypothesized that native VSNs themselves could provide the most capable cellular 

environment to express Vrs. Thus, I aimed to develop a Herpes Simplex Virus type 1 (HSV-

1)-derived amplicon delivery system to functionally express Vrs in native VSNs.  

 

 

4.1.2.1 Cloning strategy 

To circumvent expression difficulties in HEK293 cells, I developed an uncomplicated and 

rapid Vr/Fpr3 expression system using a Herpes Simplex Virus type 1 (HSV-1)-derived 

amplicon system.  

To generate viral amplicons that cover all three major groups of Vrs, receptor cDNA from 

four different V2rs (Vmn2r74, Vmn2r66, Vmn2r65, and Vmn2r26; Fig. 7A), two V1rs 

(Vmn1r89 and Vmn1r237; Fig. 7B) and Fpr3 were cloned into a pHSV-IRES-GFP vector 

(Fig. 7A, B). The cloning cassette consists of a GFP sequence, an internal ribosomal entry site 

(IRES), and the receptor cDNA (Fig. 7A, B) to enable bicistronic expression of Vrs and GFP. 

Thus, receptor and marker protein are expressed as separate proteins within the same cell, 
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avoiding potential interferences in the conformation of the receptor protein by GFP. Infected 

cells were then monitored by green fluorescence and selected for further analysis in calcium 

imaging measurements. 

The mammalian expression vector pHSV-IRES-GFP contains prokaryotic sequences, 

including an ampicillin-resistance gene (Amp) to enable selective amplification in bacteria and 

a ColE1 sequence to facilitate vector replication. Additionally, this vector construct contains a 

HSV-1-based origin of replication (HSV-1 ori; Fig. 7A-D) together with a short packaging 

sequence (HSV-1 a/pac). These enable amplification of a high number of viral amplicon 

copies per cell, resulting in a high transgene expression. To amplify and produce viral 

amplicons, additional gene sequences are delivered in trans using a helper virus and the 

dedicated host cell line 2-2 (see 3.6). To evaluate the influence of the viral amplicon infection 

as well as the effect of the marker protein, I used control amplicons (GFP-only) equipped 

with pHSV-IRES-GFP vector, which expresses GFP but no receptor (Fig. 7C). 

I also generated a new pHSV-IRES expression vector, in which the GFP sequence was 

substituted by the one of mCherry (Fig. 7D). Two pHSV-IRES-mCherry vectors were cloned: 

one with the mCherry cDNA alone and a second with mCherry and Vmn2r74 cDNA (Fig. 

7D). Amplicons with these vectors could be used to infect VSNs from gene-targeted mouse 

lines, e.g. expressing GFP under Omp promoter control in mature sensory neurons. 
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Figure 7. pHSV expression vectors. 
A-D. Schematic drawing of 10 pHSV expression vectors (not in actual scale). Receptors are coexpressed with GFP using an 
internal ribosomal entry site (IRES). Expression vectors contain a prokaryotic ampicillin-resistance gene sequence (Amp) and 
an origin of replication sequence (ColE1) for amplification and selection of the plasmid vector in bacteria. A packaging 
sequence (HSV-1 a/pac) is used to pack transgenes into viral amplicons. The transgenic cassette is equipped with a strong 
viral promoter sequence (IE 4/5) and a polyadenylation sequence (polyA) finalizing transcription. Additionally, the 
expression vector contains a HSV-1-based origin of replication (HSV-1 ori) to amplify expression vector in mammalian cells. 
Various pHSV-IRES-GFP vectors encoding either V2rs (Vmn2r74, Vmn2r65, Vmn2r66, and Vmn2r26; A), V1rs (Vmn1r89; 
Vmn1r237; B), or Fpr3 (B) were cloned. A pHSV-IRES-GFP expression vector containing no receptor cDNA was used as 
control (C). For viral transduction in Omp-GFP-marked VSNs (see 3.9.3), receptor cDNA was cloned into a pHSV-IRES-
mCherry expression vector containing mCherry instead of GFP (D). 
 
 
 

A B 

C D 
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4.1.2.2  Time course of GFP expression in amplicon-infected HEK293 cells 

To test HSV-1-derived amplicon properties, the time course of GFP expression in infected 

HEK293 cells was determined. HEK293 cells infected with HSV-1-derived amplicons 

carrying GFP (HSV-1-GFP) were monitored by their GFP fluorescence at three different time 

points: 6, 24 and 48 h (Fig. 8). GFP fluorescence was observed 6 h post infection with a peak 

in fluorescence intensity after 48 h (Fig. 8). Cytotoxic effects (indicated by morphological 

alterations) were not observed at these time points. Average GFP fluorescence intensity 

showed a slight increase from 6 h to 24 h but a sharp (~50%) increase from 24 h to 48 h (Fig. 

8B). From this GFP expression profile in HEK293 cells, I conclude that 24-48 h post 

infection could be a suitable time frame to monitor functional Vr expression in native VSNs.  

 
 

 
Figure 8. GFP expression in infected HEK293 cells. 
A. GFP fluorescence and bright field (BF) images of HEK293 cells infected with HSV-1-GFP amplicons. GFP fluorescence 
was monitored at 6, 24 and 48 h post infection. B. The background-corrected GFP fluorescence intensity (arbitrary units a.u.) 
at three different time points was measured in HEK293 cells infected with HSV-1-GFP amplicons. Gray circles represent 
individual cells. Mean values of GFP fluorescence intensity for each time point are indicated as black bars. Intensity 
increases constantly from 6 h with a peak after 48 h. N= 10 cells (6 h); N= 20 cells (24 h); N= 48 cells (48 h). Scale bar: 50 
µm. 
 

 

A 

B 
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4.1.2.3 HSV-1-Vmn1r89-GFP amplicon infection in HEK293 cells 

Since transfection failed to induce functional expression of Vmn1r89 in HEK293 cells, I 

sought to determine whether an increase of receptor expression level via an amplicon-derived 

delivery system is functional in HEK293 cells. Thus, HEK293 cells were infected either with 

HSV-1-derived amplicons carrying Vmn1r89-GFP or with control amplicons just carrying 

GFP (GFP-only; no receptor DNA) (Fig. 9). At 24 h post infection, HEK293 cells were 

loaded with fura-2 and calcium imaging measurements were performed. Clear GFP 

fluorescence could be observed, indicative of efficient infection (Fig. 9A), but no response to 

E mix (Fig. 9). Similarly, no responses were observed to any other tested stimuli (HMW and 

DMSO). Occasional responses to the sulfated steroid E2734 were found in both, Vmn1r89-

GFP (three cells out of 333 infected cells) and GFP-only (two cells out of 240 infected cells) 

amplicon-infected HEK293 cells (Fig. 9). This indicates that these responses are likely 

unspecific and driven by a mechanism different from Vmn1r89. In Vmn1r89-GFP and control 

(GFP-only) amplicon-infected HEK293 cells I observed a similar response profile to ATP 

(~80% of infected cells), indicating that viral infection does not alter cell viability and 

response to ATP (Fig. 9). These experiments indicate, that amplicon-induced expression does 

not seem to facilitate functional Vr expression in HEK293 cells. Probably due to ineffective 

receptor transport to the membrane or missing coupling to a suitable signal transduction 

machinery.  
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Figure 9. Viral transduction of Vmn1r89-GFP in HEK293 cells. 
A. GFP fluorescence (left) and pseudocolor fura-2 (center, right) images of HEK293 cells infected with HSV-1-Vmn1r89-
GFP amplicons (Vmn1r89-GFP) or HSV-1-GFP amplicons (GFP-only) and loaded with fura-2. F340/F380 ratio traces 
(arbitrary units a.u.) of selected cells (dashed circle) are shown on the right. Stimuli: a DMSO control solution (DMSO, 
containing the same amount of DMSO compared to E mix), E mix: (E1050; E1100; E0893 and E0588; each at 100 µM); the 
high molecular weight fraction of C57BL/6 mouse urine (HMW; 1:300); E2734 (100 µM) and ATP (60 µM). Infected cells 
showed robust activation to ATP (60 µM) but no responses to HMW, DMSO control solution, and E mix. Black arrows 
indicate start of stimulation. Scale bar: 50 µm. B. Summary of GFP-positive (GFP+; infected) cell activation of HEK293 
cells either infected with HSV-1-Vmn1r89-GFP amplicons (Vmn1r89-GFP; green) or HSV-1-GFP amplicons (GFP-only; 
gray). Mean percentage of activated GFP+ cells by each stimulus (DMSO, E mix, HMW, E2734, and ATP) is indicated. 
Infected cells showed robust activation to ATP (Vmn1r89-GFP amplicon: mean percentage: 85.05% ± 1.63% SEM; GFP-
only amplicon: mean percentage: 84.98% ± 3.73% SEM) but no responses to HMW, a DMSO control solution, and E mix. 
Responses to E2734: Vmn1r89-GFP amplicon: mean percentage: 0.68% ± 0.68% SEM; GFP-only amplicon: mean 
percentage: 0.60% ± 0.60% SEM). N= 333 Vmn1r89-GFP amplicon-infected cells and 240 GFP-only amplicon-infected 
cells in 4 infection experiments for each amplicon. Numbers in parentheses denote activated cells out of all infected cells in 4 
infection experiments for each amplicon (Vmn1r89-GFP or GFP-only). Data expressed as mean ± SEM. 
 

 

4.1.2.4 Culture of vomeronasal sensory neurons (VSNs) 

Since HEK293 cells failed to functionally express Vrs, I reasoned that a more natural cellular 

microenvironment would be a better system to facilitate functional receptor expression. 

Receptors need to be correctly localized to the cell surface and coupled to a second messenger 

system to allow generation of measurable responses after ligand binding. Native VSNs 

themselves would be good candidates to provide this suitable cellular environment to properly 

express and localize Vrs. Further support for this assumption comes from the presence of only 
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two main signaling cascades: one involves Gαi2 coupled to V1r-expressing VSNs and most 

Fprs localized in the apical layer of the sensory epithelium; the second involves Gαo used by 

V2rs and Fpr3 localized in the basal cell layer.  

To transfer a Vr sequence into native VSNs, HSV-1-derived amplicons, which were 

previously tested for their expression capabilities in HEK293 cells (Fig. 8), were used. The 

HSV-1-derived amplicon system is characterized by a high specificity for VSNs since it uses 

the VNO to invade the central nervous system of rodents under natural conditions (Mori et al., 

2005).  

To culture VSNs in vitro and enable amplicon infection, I developed a protocol for a mouse 

VSN culture (see 3.5). After dissociation, cells were seeded on glass coverslips and incubated 

at 37°C in cell culture medium (see 3.12). After 1 h, cells were infected with HSV-1-GFP or -

mCherry amplicons and expression was monitored after 24 h by fluorescence microscopy 

(Fig. 10). I did not observe a decrease in cell abundance and any obvious morphological 

alterations. Using this method, allowed me to maintain acutely dissociated VSNs in vitro for 

24-48 h under standard cell culture conditions without cell loss and almost intact morphology 

(Figs. 10, 11).  

 

 

 
Figure 10. Culture of freshly dissociated VSNs 
and infection with HSV-1-derived amplicons. 
The VNO, located at the bottom of the mouse nasal 
cavity, is removed, enzymatically dissociated, and 
plated on concanavalin A type V coated glass 
coverslips. Cells were either infected with HSV-1-
GFP or with HSV-1-mCherry amplicons. Bright 
field (BF), GFP and mCherry fluorescence images of 
amplicon-infected cells (bottom). Scale bar: 20 µm. 
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Longer incubation periods resulted in increased cell death since 72 h post infection I found a 

sharp increase in morphological changes, such as compartmentalization, swelling, and 

bursting, indicative of cell death (Fig. 11).  

 

 

 
 
Figure 11. VSN culture after amplicon infection. 
C57BL/6 VSNs were freshly dissociated (0 h; uninfected) or infected with HSV-1-GFP amplicons and cell morphology was 
monitored after 24 h and 72 h using bright field microscopy. Cells maintained for 24 h in culture (central panel) showed 
intact morphology. 72 h post infection (right panel) cells showed clear alterations in cell shape and morphology, such as 
compartmentalization and swelling (black arrows), typical morphological features of cell death. Some cells bursted and 
collapsed (white arrow). Scale bar: 20 µm.  
 

 

The previous observations regarding the morphology of infected cells indicated that 24 h post 

infection could provide a suitable time point for functional measurements. Thus, I asked if 

robust transgene expression could be monitored in cells after 24 h. To test this, acutely 

dissociated VSNs were infected with HSV-1-GFP amplicons and GFP fluorescence intensity 

and relative cell abundance after 6, 24, and 48 h were analyzed (Fig. 12A). GFP fluorescence 

intensity could be observed at 6 h, sharply increasing in intensity at 24 h post infection (Fig. 

12B). After 48 h of incubation, GFP fluorescence intensity was still high but lower compared 

to 24 h (Fig. 12B), perhaps as a consequence of reduced cell fitness. To further characterize 

transgene expression in VSNs, I calculated the abundance of GFP positive cells in HSV-1-

derived amplicon-infected VSNs at the three time points: 6, 24 and 48 h (Fig. 12C). A steep 

increase in the relative number of cells expressing GFP from 19% at 6 h to 72% at 24 h was 

monitored. After 48 h, the number of GFP-expressing cells seems to stabilize. This high 

abundance of GFP-expressing cells matched with the observed increase in GFP fluorescence 

intensity, pointing to 20-24 h as the optimal time interval for infection efficiency and 

transgene expression in VSNs. From these experiments, I draw the conclusion that infected 

VSNs can express a virally transduced transgene in a suitable amount of cells. Furthermore, 

the best time point for further cell processing (calcium imaging measurements) seems to be 24 
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h post infection since fluorescence intensity decreases after 48 h. This decrease could indicate 

a reduced activity of the expression machinery due to infection or a general reduction of 

cellular fitness. 

 
 

  

 
Figure 12. HSV-1 transgene expression profile at different time points in VSNs. 
A. Fluorescence (HSV-1-GFP amplicon) images of dissociated C57BL/6 VSNs infected with HSV-1-GFP amplicons. GFP 
fluorescence was monitored at 6, 24 and 48 h post infection. Scale bar: 20 µm. B. Background-corrected GFP fluorescence 
intensity measured in arbitrary units (a.u.) on HSV-1-GFP amplicon-infected cells. For each time point 10-20 GFP-positive 
cells (GFP+; infected) were analyzed (gray dots). Black lines represent mean values of GFP fluorescence intensity. Number 
of GFP+ cells for each time point: N= 10 cells (6 h); N= 20 cells (24 h); N= 20 cells (48 h). C. Normalized abundance of 
GFP+ cells is plotted at 6, 24 and 48 h. Number of cells: 6 h: 10 GFP+ cells out of 209 total cells; 24 h: 35 GFP+ cells out of 
192 total cells; 48 h: 29 GFP+ cells out of 114 total cells. 
 

 

Overall, the HSV-1-derived amplicon system is feasible to infect and deliver transgenes to 

VSNs. However, this prompted the question of whether lipofection can recapitulate similar 

levels of GFP expression efficiency in VSNs. I analyzed GFP expression after 6, 24 and 48 h 

in VSNs transfected with the pHSV-IRES-GFP expression vector using lipofectamine® 

(Invitrogen). No GFP-positive cell at any time point was observed (Fig. 13). This indicates 

that lipofectamine®-induced transfection is not effective in VSNs. This further underlines the 

relevance of the newly developed HSV-1-derived amplicon system to deliver transgenes to 

native VSNs and identify receptor-ligand interactions. 
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Figure 13. Alternative gene delivery system in VSNs. 
GFP fluorescence (pHSV-IRES-GFP Transfection) and bright field (BF) images of C57BL/6 VSNs at three different time 
points (6, 24 and 48 h). Cells were transfected with a pHSV-IRES-GFP vector (upper panel) using lipofectamine® 
(Invitrogen). No GFP-positive cell was found in transfected VSNs. Transfection was performed according to manufacturer´s 
protocol. Scale bar: 20 µm. 
 

 

4.1.2.5 HSV-1-GFP amplicon infection of native VSNs 

To identify receptor-ligand pairs in native VSNs, changes in intracellular calcium were 

measured using the calcium indicator fura-2. First, I tested whether infected VSNs can be 

loaded with the dye efficiently. To test this, acutely dissociated VSNs were infected with 

HSV-1-GFP amplicons for 24 h and subsequently incubated in a fura-2-containing solution 

for 30 min. Infection efficiency was monitored by GFP expression and dye uptake (Fig. 14). 

Cells infected with the amplicon could also be loaded with fura-2, as exemplarily shown for 

one native VSN (Fig. 14A). After 30 min, a robust dye uptake in GFP-positive (infected) cells 

could be observed without major influence on the plasma membrane integrity (Fig. 14A). 

Infection rates of amplicons used in this study were calculated as percentage of GFP-

expressing cells relative to the total number of cells (Fig. 14B). Both, single receptor 

amplicon-infected VSNs (denoted as Vmn1r89-GFP, Vmn1r237-GFP, Fpr3-GFP, Vmn2r26-

GFP, Vmn2r74-GFP, Vmn2r65-GFP, Vmn2r66-GFP in Fig. 14B) as well as VSNs infected 

with control amplicons with no receptor sequence (denoted as GFP-only in Fig. 14B), showed 

infection rates in the range between ~8% and ~35% of all cells (Fig. 14B). Some amplicons 

showed higher infection rates than others (Fig. 14B) likely because of varying amplicon titer 

between preparations as well as differences in amplicon-helper ratio. Nevertheless, I observed 

no obvious differences based on the receptor type (V1rs, V2rs and Fprs) (Fig. 14B).  

Furthermore, the number of infected cells is large enough to be analyzed by calcium imaging 

measurements, even with varying infection rates.  
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Figure 14. HSV-1-GFP amplicon infection of VSNs followed by fura-2 loading. 
A. Bright field (BF), GFP fluorescence and pseudocolor fura-2 images of a single C57BL/6 VSN infected with HSV-1-GFP 
(GFP-only) amplicons. Individual VSN showed robust GFP expression and effective fura-2 dye uptake. Scale bar: 20 µm. B. 
Infection rates of different HSV-1-derived amplicons. Infection rates were calculated as the mean percentage of GFP-positive 
cells (GFP+; infected) relative to all C57BL/6 VSNs in associated experiments. Numbers: GFP-only amplicon: 193 GFP+ 
cells out of 1415 total cells, Vmn1r89-GFP amplicon: 436 GFP+ cells out of 1828 total cells, Vmn1r237-GFP amplicon: 299 
GFP+ cells out of 2499 total cells, Fpr3-GFP amplicon: 104 GFP+ cells out of 342 total cells, Vmn2r26-GFP amplicon: 271 
GFP+ cells out of 723 total cells, Vmn2r74-GFP amplicon: 261 GFP+ cells out of 1462 total cells, Vmn2r65-GFP amplicon: 
12 GFP+ cells out of 89 total cells, Vmn2r66-GFP amplicon: 136 GFP+ cells out of 1795 total cells. N= 3-4 infection 
experiments for each amplicon. Data expressed as mean ± SEM.  
 

 

4.1.2.6 HSV-1-mCherry amplicon infection in native VSNs 

Dissociation of the VNO leads to a mixed culture consisting of mature and immature VSNs, 

supporting cells, and progenitor cells. To determine whether infected cells are indeed VSNs, 

cells from heterozygous Omp-GFP mice (Potter et al., 2001) were used for infection 

experiments. These mice express GFP under the control of the olfactory marker protein 

(Omp) gene promoter, which is expressed in all mature VSNs. Following VNO dissociation, 

GFP fluorescence in ~70% of the cells in culture was monitored, thus identifying them as 

mature VSNs (Fig. 15B).  

Heterozygous Omp-GFP VSNs were infected with HSV-1-derived amplicons carrying either 

an mCherry (mCherry-only) (Fig. 15A) or a receptor-mCherry (Vmn2r74-mCherry) 

expression cassette. The number of cells positive for mCherry (mCherry+; indicating infected 

VSNs) and GFP (GFP+; indicating mature VSNs) 24 h post infection was analyzed to 

estimate the percentage of mCherry+ cells, which were also positive for GFP. Out of all 

counted mCherry+ cells (infected with mCherry-only amplicons) 81% were also positive for 

GFP (Fig. 15C). In receptor-mCherry amplicon-infected VSNs 65% of the mCherry+ cells 

were also positive for GFP. These data indicate that the majority of infected cells in my VSN 

preparation protocol are likely mature VSNs. Therefore, I could assume that functional 

expression measurements (calcium imaging) to test my hypothesis that native VSNs would be 

the most competent cells for functional Vr and Fpr expression are mainly performed in VSNs. 
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Figure 15. HSV-1-derived amplicon infection of heterozygous Omp-GFP VSNs. 
A. GFP, mCherry and merged fluorescence images of three individual cells. VSNs were dissociated from the VNO of 
heterozygous Omp-GFP mice and infected with HSV-1-mCherry amplicons. One cell of the three GFP-positive cells (GFP+) 
was also positive for mCherry. Scale bar: 20 µm. B. Around 70% (mean percentage) of the cells in culture (prepared from 
heterozygous Omp-GFP mice) were positive for GFP (2179 GFP+ cells out of 3134 total cells, N= 6 infection experiments). 
C. Heterozygous Omp-GFP cells were infected either with HSV-1-mCherry (mCherry-only) or HSV-1-Vmn2r74-mCherry 
(Vmn2r74-mCherry) amplicons. Mean percentage of cells positive for mCherry and GFP (mCherry+/GFP+ cells) relative to 
all mCherry+ cells. Of all mCherry+ cells infected with HSV-1-mCherry amplicons 81% (289 mCherry+/GFP+ cells out of 
335 mCherry+ cells, N= 3 infection experiments) also expressed GFP, indicative of mature VSNs. In Vmn2r74-mCherry 
amplicon-infected cells 65% of the mCherry+cells did also express GFP (158 mCherry+/GFP+ cells out of 221 mCherry+ 
cells, N= 3 infection experiments). Data expressed as mean ± SEM. 
 

 

4.1.3 Functional validation of the HSV-1-derived expression system in VSNs 

 

4.1.3.1 Vmn1r89 expression in VSNs 

After showing that native mature VSNs can be infected with HSV-1-derived amplicons, I 

asked if amplicon-induced expression of Vrs is functional in cultured VSNs. To test 

functionality, I stimulated virally transduced cells with already known ligands for specific 

receptors. I selected two V1rs (Vmn1r89 and Vmn1r237), which were proposed to be 

activated by sulfated steroids (Isogai et al., 2011; Haga-Yamanaka et al., 2014, 2015). I 

started with Vmn1r89 and infected freshly dissociated VSNs from male C57BL/6 mice with 

two HSV-1-derived amplicons: HSV-1-Vmn1r89-GFP (Vmn1r89-GFP) or as control HSV-1-

GFP (GFP-only). After 24 h incubation with viral amplicons, cells were loaded with fura-2 

and calcium imaging measurements were performed (Fig. 16A). As stimulus, I selected four 

sulfated steroids, which were previously shown to activate Vmn1r89, and applied them as a 

mix (E mix: E1050 [1,3,5[10]-estratrien-3,17ß-diol disulphate]; E1100 [1,3,5[10]-estratrien-

3,17ß-diol 3-sulphate]; E0893 [1,3,5[10]-estratrien-3, 17α-diol 3-sulphate] and E0588 
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[1,3,5[10]-7-estratetraen-3, 17β-diol 3-sulphate, each at 100 µM). As a negative control, I 

used the related sulfated steroid E2734 (1,3,5(10)-estratrien-3, 16α, 17β-triol 17-sulphate; 100 

µM). E2734 is chemically and structurally related to the E mix components. I opted for 

stimuli concentrations in the high end of the dose-response curves for Vmn1r89 to maximize 

discernability of the responses (Haga-Yamanaka et al., 2014, 2015). Similar steroid 

concentrations were already successfully used in calcium imaging measurements of 

dissociated VSNs (Celsi et al., 2012). Since steroids are dissolved in DMSO, I used a DMSO 

control solution (containing the same amount of DMSO compared to E mix) to detect 

potential false-positive responder cells. HMW of freshly prepared C57BL/6 mouse urine, 

which activates V2rs, was used as an additional control in a 1:300 dilution. As a positive 

control, a high potassium chloride solution (KCl; 100 mM), which induces a depolarization of 

the cell, was used. VSNs infected with Vmn1r89-GFP amplicons showed robust responses to 

the E mix (Fig. 16A). This observation was in sharp contrast to previous experiments 

performed in HEK293 cells (Figs. 6, 9). In these cells, neither transfection nor virally induced 

expression of Vmn1r89 revealed any responsivity to the E mix.  

VSNs infected with control amplicons (GFP-only) were used to address the influence of GFP, 

infection, and endogenous receptor composition on cell responses. Mean percentage of 

responding cells (relative to all GFP-positive cells) to each tested stimulus was compared 

between cells infected with Vmn1r89-GFP and GFP-only amplicons (Fig. 16B). VSNs 

infected with Vmn1r89-GFP amplicons showed a 7-fold higher number of responsive cells to 

the E mix compared to GFP-only amplicon-infected cells (Mann-Whitney Test: * p< 0.05) 

(Fig. 16B). To exclude false-positive E mix responders, cells that showed responses to the 

DMSO control solution and E mix were not considered as positive responses. Importantly, 

cells infected with Vmn1r89-GFP amplicons did not show an increase in responsivity to the 

control solutions, including the chemically related steroid E2734, the DMSO control solution, 

and HMW (Mann-Whitney Test: p= 0.17-0.6). However, both groups of infected cells 

(Vmn1r89-GFP and GFP-only amplicons) showed a comparable percentage of responder 

cells to high KCl (Fig. 16B), indicating that cells are viable and excitable. These data reveal 

that the HSV-1-derived amplicon system is a feasible tool for functional expression of 

Vmn1r89 in VSNs. I could monitor a significant responsivity of this individual V1r to sulfated 

steroids in VSNs, which is independent of GFP expression and amplicon infection. Thus, I 

could confirm previous observations matching Vmn1r89 with sulfated steroids on the single 

cell level. In contrast to HEK293 cells showing no responsivity to the E mix, I could observe 
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robust responses to applied E mix in Vmn1r89-GFP-expressing VSNs. This matches my 

hypothesis that VSN could provide a functional system to overexpress receptors.   

 

 

 
 
Figure 16. Functional expression of Vmn1r89 in HSV-1-derived amplicon-infected VSNs. 
A. Left, bright field (BF), GFP fluorescence and pseudocolor fura-2 images of a single C57BL/6 VSN infected with HSV-1-
Vmn1r89-GFP (Vmn1r89-GFP) amplicons. The cell is activated by a mix of four sulfated steroids (E mix: E1050; E1100; 
E0893 and E0588; each at 100 µM). Right, F340/F380 ratio traces expressed as arbitrary units (a.u.) of the activated cell are 
shown. The cell was not responding to a DMSO control solution (containing the same amount of DMSO than E mix), the 
high molecular weight fraction of C57BL/6 mouse urine (HMW; 1:300) and the chemically related sulfated steroid E2734 
(100 µM). Black arrows indicate start of stimulation. Scale bar: 20 µm. B. Summary of GFP-positive cell (GFP+; infected) 
activation (mean percentage of activated GFP+ cells) for each stimulus in C57BL/6 VSNs either infected with Vmn1r89-GFP 
amplicons (green) or with GFP-only control amplicons (gray). VSNs expressing Vmn1r89-GFP showed increased 
responsivity to E mix (E1050; E1100; E0893 and E0588; each at 100 µM) compared to GFP-only amplicon-infected VSNs 
(Vmn1r89-GFP amplicon: mean percentage: 5.03% ± 1.12% SEM; GFP-only amplicon: mean percentage: 0.71% ± 0.48% 
SEM; Kruskal-Wallis ANOVA, DF (9), p= 9.36x 10-11; post hoc comparison: Mann-Whitney Test: * p < 0.05). No 
significant increase in activation was found for E2734 (100 µM), the high molecular weight fraction of C57BL/6 mouse urine 
(HMW; 1:300), a DMSO control solution (containing the same amount of DMSO than E mix) or a high potassium chloride 
solution (KCl; 100 mM) (Mann-Whitney Test: p= 0.09-0.6). N= 436 Vmn1r89-GFP amplicon-infected cells: 25 E mix 
responder cells, 9 DMSO responder cells, 0 HMW responder cells, 6 E2734 responder cells and 258 high KCl responder cells 
in 8 infection experiments. 334 GFP-only amplicon-infected cells: 3 E mix responder cells, 2 DMSO responder cells, 3 
HMW responder cells, and 153 high KCl responder cells in 8 infection experiments; 229 GFP-only amplicon-infected cells: 
5 E2734 responder cells and 106 high KCl responder cells in 8 infection experiments Data expressed as mean ± SEM. 
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Monitored responsivity to the E mix prompted the question how specific Vmn1r89-GFP-

expressing VSNs detect the E mix solution. To answer this question, calcium transients of 25 

E mix-activated cells previously infected with Vmn1r89-GFP amplicons were analyzed. First, 

I compared peak fluorescence ratio values (FP) of the 25 E mix responder cells to each applied 

stimulus, which were normalized to the baseline fluorescence ratio value (F0) before stimulus 

application (presented as mean peak fluorescence FP/F0 quotient; Fig.17A). Cells showed 

similar increased mean peak fluorescence quotient (FP/F0) to E mix and high KCl (Mann-

Whitney Test: p= 0.95) (Fig. 17A). The chemically related sulfated steroid E2734, HMW, and 

DMSO did not induce an increase of FP/F0 in Vmn1r89-GFP-expressing cells.  

To gain insights into the individual variability of peak responses, normalized Δratio responses 

(see 3.2.3) of 25 E mix responder cells to each stimulus were compared and visualized in a 

color-coded heatmap (Fig. 17B). These cells lacked responses to any other tested stimulus, 

except to high KCl. Normalized Δratio responses of individual E mix responder cells were 

heterogeneous for E mix and high KCl. Importantly, cells showing a particular level of 

response to E mix also showed a similar response level to high KCl (Fig. 17C), probably 

reflecting a cellular variability in terms of cell fitness or maturity. A comparison between E 

mix and high KCl response amplitudes (expressed as normalized Δratio responses) revealed 

no statistical difference in the cell-to-cell response variability (Mann-Whitney Test: p= 0.90) 

(Fig. 17C). Thus, response amplitudes were comparable for both, which indicates that 

measured amplitudes reflect calcium transients in a physiological range.  
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Figure 17. Response profile of VSNs responding to E mix. 
A. Normalized mean peak fluorescence ratio values (expressed as 
mean fluorescence ratio quotient FP/F0; arbitrary units a.u.) of 25 
Vmn1r89-GFP-expressing VSNs responding to sulfated steroid 
mix (E mix: E1050; E1100; E0893 and E0588; each at 100 µM). 
Peak fluorescence ratio values (FP) were normalized to the baseline 
fluorescence ratio value (F0) before stimulus application. The 
increase in mean peak fluorescence quotient (FP/F0; arbitrary units 
a.u.) was observed after E mix and KCl (100 mM) application. 
Mean FP/F0 values were not statistically different (Mann-Whitney 
Test: p= 0.95). B. Color-coded heatmap of C57BL/6 VSNs 
responding to sulfated steroid mix (E mix). Baseline-subtracted 

peak fluorescence ratio values were normalized to highest peak in associated experiments (Δrationorm; see 3.2.3). All E mix-
activated cells did not show responses to any other tested stimuli, except for a high potassium chloride solution (KCl) (24 out 
of 25 cells). C. Comparative analysis of normalized Δratio responses (Δrationorm) on 25 cells responding to E mix and high 
KCl (except for one cell). Individual cells are visualized as separate circles. Responses to E mix and high KCl were not 
statistically different (Mann-Whitney Test: p= 0.90). Red line indicates linear fit of response amplitudes (slope= 0.44). 
 

 

4.1.3.2 Expression of Vmn1r237 in native VSNs 

Other V1r receptors different from Vmn1r89 also have been reported to be sensitive to 

sulfated steroids. Vmn1r237-expressing VSNs were shown to be good candidates in detecting 

sulfated steroids, including the four present in the E mix (Isogai et al., 2011). To determine 

whether Vmn1r237 follows a similar activation profile to E mix in the HSV-1-derived 

amplicon delivery system, Vmn1r237 was cloned into the expression cassette of the pHSV-

IRES-GFP vector and receptor amplicons were prepared. Calcium responses of VSNs 

infected with HSV-1-Vmn1r237-GFP (Vmn1r237-GFP) amplicons to a battery of ligands, 

including the previously used E mix, were monitored (Fig. 18). As negative controls, I used 

the sulfated androgen A7864 (5-Androsten-3β, 17β-Diol disulfate) (Isogai et al., 2011), 

HMW, a DMSO control solution, and a high KCl solution as positive control (all as described 

before). A7864 is proposed not to activate Vmn1r237 (Isogai et al., 2011), similar as E2734 

A 

B 

C 



RESULTS 

70 
 

for Vmn1r89. A7864 was used at the same concentration as E2734 in previous experiments 

(100 µM).  

Similar to previous observations, VSNs infected with Vmn1r237-GFP amplicons showed 

robust responses to E mix (Fig. 18A). An almost 5-fold increase in the number of activated 

cells to the E mix was observed in Vmn1r237-GFP-infected cells compared to GFP-only 

amplicon-infected VSNs (Fig. 18B). Importantly, no significant increase in the number of 

VSNs showing responses to A7864, HMW, and DMSO could be monitored (Mann-Whitney 

Test: p= 0.21-0.89). Nonetheless, a tendency to detect A7864 was observed since 13 out of 

653 Vmn1r237-GFP amplicon-infected VSNs showed responses to this component. However, 

this group of cells showed almost no overlap with VSNs responding to E mix. Both groups of 

infected VSNs (Vmn1r237-GFP and GFP-only amplicon-infected cells) showed a comparable 

number of responses to high KCl (Vmn1r237-GFP amplicon: 332 cells out of 653 GFP+ cells, 

GFP-only amplicon: 153 cells out of 334 GFP+ cells).  

To further characterize E mix responder cells, I compared mean peak fluorescence quotient 

(FP/F0) of 26 Vmn1r237-GFP amplicon-infected E mix responder VSNs to all tested stimuli 

(Fig. 18C). VSNs showed an increased FP/F0 to E mix and KCl but only a moderate increase 

to A7864 and HMW. This indicates, that E mix responder cells are mainly activated by E mix 

and high KCl, whereas FP/F0 for both stimuli was not different (Mann-Whitney Test: p= 

0.15). Since FP/F0 did not deliver information about individual overlapping responder cells, 

the activation profile of all 26 E mix responder cells was visualized in an activation map (Fig. 

18D). This activation map showed that only two E mix responder cells out of 26 were also 

activated by A7864.  

Overall, these experiments indicate an activation of Vmn1r237-GFP-expressing cells by the E 

mix but not by androgen A7684, HMW, or a DMSO control solution. These data further 

support the assumption that Vmn1r237 can detect sulfated steroids, which was previously 

proposed (Isogai et al., 2011). With the detection of this additional proposed receptor-ligand 

pair, I could further confirm the functionality of this expression system.  
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Figure 18. Vmn1r237 expression 
in VSNs increases responsivity to 
E mix. 
A. Left, bright field (BF), GFP 
fluorescence and pseudocolor fura-
2 images of a single C57BL/6 VSN 
infected with Vmn1r237-GFP 
amplicons and activated by E mix 
(E1050; E1100; E0893 and E0588; 
each at 100 µM). Time course of 
intracellular calcium of this cell is 
shown on the right. A DMSO 
control solution (containing the 
same amount of DMSO present in 
E mix); androgen A7864 
(Androgen; 100 µM), the high 
molecular weight fraction of 
C57BL/6 mouse urine (HMW; 
1:300), and a high potassium 
chloride solution (KCl; 100 mM) 
were used as controls. Black 
arrows indicate start of stimulation. 

Scale bar: 10 µm. B. Mean percentage of activated GFP-positive (GFP+; 
infected) cells by each stimulus in C57BL/6 VSNs either infected with 
Vmn1r237-GFP amplicons (orange) or with GFP-only control amplicons 
(gray). VSNs expressing Vmn1r237-GFP showed higher (Vmn1r237-GFP 
amplicon: mean percentage: 3.27% ± 1.00% SEM; GFP-only amplicon: 
mean percentage: 0.71% ± 0.48% SEM; Kruskal-Wallis ANOVA, DF (9), 
p= 6.92x 10-10; post hoc comparison: Mann-Whitney Test: * p< 0.05) 
number of responses to E mix (E1050; E1100; E0893 and E0588; each at 
100 µM) compared to GFP-only control amplicon-infected VSNs 
(Vmn1r237-GFP amplicon: 26 responder cells out of 653 total GFP+ cells; 
GFP-only amplicon: 3 responder cells out of 334 total GFP+ cells). N = 653 
Vmn1r237-GFP amplicon-infected cells: 3 DMSO responder cells, 13 
androgen A7864 responder cells, 26 E mix responder cells, 4 HMW 
responder cells and 332 high KCl responder cells in 11 infection 
experiments. 334 GFP-only amplicon-infected cells: 2 DMSO responder 
cells, 2 androgen A7864 responder cells, 3 E mix responder cells, 3 HMW 

responder cells and 153 high KCl responder cells in 8 infection experiments. Data expressed as mean ± SEM. C. Normalized 
mean peak fluorescence ratio values (expressed as mean peak fluorescence quotient FP/F0; arbitrary units a.u.) of 26 
Vmn1r237-GFP-expressing cells responding to sulfated steroid mix (E mix: E1050; E1100; E0893 and E0588; each at 100 
µM). The increase in FP/F0 was observed after E mix and high KCl (100 mM) stimulation, which was not statistically 
different (Mann-Whitney Test: p= 0.15). Mean FP/F0 to E mix was significantly different to androgen A7864 and HMW 
(Kruskal-Wallis ANOVA, DF (4), p= 2.25x 10-21, post hoc comparison: Mann-Whitney Test: 4.93x 10-9 and 3.40x 10-10: *** 
p< 0.001). D. Individual activation map of 26 E mix responder cells to different applied stimuli. 25 cells out of 26 E mix 
responder cells were also activated by KCl. Two cells out of 26 E mix responder cells showed overlapping activity with 
androgen A7864. One cell was activated by E mix, HMW, and KCl. 
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4.1.3.3 Functional expression of a V2r (Vmn2r26) in native VSNs 

The two examples of V1r expression suggest that the use of the HSV-1-derived amplicon 

system in native VSNs is functional. To verify if this procedure also works for V2rs, an 

already known receptor-ligand pair was tested. I used the Vmn2r26 receptor with its proposed 

peptide ligand SYFPEITHI (SYF). Previous studies in VNO tissue slices using V2r1b 

(Vmn2r26)-IRES-tauGFP gene-targeted mice revealed that more than half of VSNs 

expressing this receptor were activated by the peptide SYF.  

I monitored responsivity to SYF in VSNs infected with HSV-1-Vmn2r26-GFP (Vmn2r26-

GFP) amplicons using calcium imaging measurements (Fig. 19A). To stimulate infected cells 

with SYF, I used a concentration of 10-11 M, which was previously reported to activate 

Vmn2r26-GFP-expressing VSNs. As controls, I used HMW (as described before), the 

mitochondria-derived peptide ND1 (f-MFFINTLTL; 10-7 M), and high KCl (100 mM). ND1 

is proposed to activate another V2r, namely the Vmn2r81, and therefore a suitable control to 

assess the specificity of functional V2r expression in this HSV-1-derived amplicon system. 

ND1 was used in the same concentration as previously described for calcium imaging 

measurements in tissue slice preparations (Leinders-Zufall et al., 2014).  

A 6-fold increase in the number of Vmn2r26-GFP amplicon-infected VSNs responding to 

SYF compared to GFP-only control amplicon-infected VSNs was observed (Mann-Whitney 

Test: ** p< 0.005) (Fig. 19B). Other tested ligands such as ND1 and HMW did not induce a 

higher responsivity in Vmn2r26-GFP amplicon-infected VSNs compared to control amplicon-

infected VSNs (Mann-Whitney Test: p= 0.3-0.7). Additionally, the mean peak fluorescence 

quotient FP/F0 of 19 cells was analyzed (Fig. 19C). SYF responder cells showed significant 

higher FP/F0 to SYF compared to HMW and ND1 (Mann-Whitney Test: *** p< 0.001). An 

activation map of individual responder cells further revealed that SYF responder cells showed 

almost no activation overlap to ND1 or HMW (Fig. 19D). 

With this experiments, I could show the functionality of the HSV-1-derived amplicon system 

to detect potential V2r ligands and confirm an already proposed receptor-ligand interaction. 

Furthermore, response analysis reveals a high specificity of the system at least for the ligand 

battery tested in this assay. Since I could show detection of a ligand at very low concentration, 

I assume that this system provides a high degree of sensitivity even to very low stimulus 

concentrations.    
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Figure 19. Viral transduction of Vmn2r26 in 
VSNs. 
A. Bright field (BF), GFP fluorescence and 
pseudocolored fura-2 images of a single VSN 
infected with Vmn2r26-GFP amplicons and 
activated by the MHC-peptide SYFPEITHI 
(SYF; 10-11 M) but not by a buffer control 
solution (imaging buffer; see 3.12), the high 
molecular weight fraction of C57BL/6 mouse 
urine (HMW; 1:300) and the ND1 peptide (f-
MFFINTLTL; 10-7 M) . A neighboring non-
infected GFP-negative cell did not show any 
calcium increase during peptide stimulation. 
Changes in the intracellular calcium level of the 
stimulated cell are shown on the right. Black 
arrows indicate start of stimulation. Scale bar: 
10 µm. B. Mean percentages of activated GFP-
positive (GFP+; infected) cells by the MHC-
peptide SYFPEITHI (SYF; 10-11 M), the high 
molecular weight fraction of C57BL/6 mouse 

urine (HMW; 1:300), the ND1 peptide (f-MFFINTLTL; 10-7 M) 
and a high potassium chloride solution (KCl; 100 mM) in C57BL/6 
VSNs either infected with Vmn2r26-GFP amplicons (red) or GFP-
only control amplicons (gray) are shown. VSNs expressing 
Vmn2r26-GFP showed increased responsivity to SYF (Vmn2r26-
GFP amplicon: mean percentage: 4.08% ± 1.03% SEM; GFP-only 
amplicon: mean percentage: 0.67% ± 0.40% SEM; Kruskal-Wallis 
ANOVA, DF (7), p= 3.49x 10-15, post hoc comparison: Mann-
Whitney Test:** p< 0.005) compared to GFP-only control 
amplicon-infected VSNs (Vmn2r26-GFP amplicon: 19 cells out of 
469 total GFP+ cells; GFP-only amplicon: 6 cells out of 1224 total 
GFP+ cells). No increase in the number of activated cells (Mann-
Whitney Test: p= 0.3-0.7) was observed for HMW (Vmn2r26-GFP 
amplicon: 3 HMW responder cells out of 469 total GFP+ cells; 
GFP-only amplicon: 9 HMW responder cells out of 1224 total 
GFP+ cells) or ND1 (Vmn2r26-GFP amplicon: 3 ND1 responder 
cells out of 469 total GFP+ cells; GFP-only amplicon: 10 ND1 
responder cells out of 1224 total GFP+ cells. Responder cells to 

high KCl (Vmn2r26-GFP amplicon: 363 cells out of 469 total GFP+ cells; GFP-only amplicon: 766 cells out of 1224 total 
GFP+ cells). N = 469 Vmn2r26-GFP amplicon-infected cells and 1224 GFP-only amplicon-infected cells, in 9 and 21 
infection experiments. Data expressed as mean ± SEM. C. Normalized mean peak fluorescence ratio values (expressed as 
mean peak fluorescence quotient FP/F0; arbitrary units a.u.) of 19 Vmn2r26-GFP-expressing cells responding to SYF. The 
increase in FP/F0 was observed after SYF (10-11 M) and high KCl (100 mM) stimulation and was not statistically different 
(Mann-Whitney Test: p= 0.11). FP/F0 to SYF was significantly different to ND1 peptide- and HMW-induced responses 
(Kruskal-Wallis ANOVA, DF (3), p= 2.58x 10-9, post hoc comparison: Mann-Whitney Test: 1.03x 10-6 and 2.51x 10-7). D. 
Individual activation map of 19 SYF responder cells to different applied stimuli. 15 out of 19 SYF responder cells were also 
activated by KCl. 3 cells out of 19 SYF responder cells showed overlapping activity with ND1. 1 cell was activated by 
HMW, SYF, ND1, and high KCl.  
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Previous studies revealed that the G protein subunit Gαo is required to induce electrical and 

calcium responses in the VNO, evoked by SYF and some formylated peptides (Chamero et 

al., 2011). To gain insight into the signaling properties of amplicon-induced V2r expression, 

cells obtained from the Gnao1/Omp-Cre conditional Gαo knockout mouse line were infected 

with Vmn2r26-GFP amplicons. Calcium responses to SYF were drastically reduced (Fig. 20) 

(2 responder cells out of 193 total GFP+ cells), now reaching similar values as those evoked 

by HMW and ND1 (~1% of GFP+ cells). Normal calcium transients were observed in 

response to KCl, indicating viability and excitability (Fig. 20). Overall, these results indicate 

that Gαo is necessary to induce enhanced responsiveness to SYF in amplicon-induced 

Vmn2r26 expression in VSNs. 

 

 

 
Figure 20. Viral transduction of Vmn2r26 in 
cGαo

-/- VSNs. 
Mean percentage of activated cells in Vmn2r26-
GFP amplicon-infected VSNs from Gnao1/Omp-
Cre conditional Gαo knockout mice (cGαo

-/-). For 
stimuli and concentrations see Fig. 19. Mean 
percentage of activated GFP-positive cells by 
SYF (2 cells out of 193 GFP-positive cells) was 
similar to response levels to HMW (2 cells out of 
193 GFP-positive cells) and ND1 (3 cells out of 
193 GFP-positive cells). Data expressed as mean 
± SEM. An example of a cell showing changes in 
the intracellular calcium level due to stimulation 
with SYF is shown on the right.  

 

 

4.1.3.4 Expression of Fpr3 in native VSNs 

The third group of GPCRs in the VNO is comprised of Fprs. Thus, VSNs were infected with 

amplicons carrying the Fpr3 receptor, for which a ligand is known. This receptor can be 

expressed in HEK293 cells (Bufe et al., 2012). Heterologous expression of Fpr3 

demonstrated that the receptor can be activated by a synthetic formylated 6-mer peptide, also 

known as W-peptide (w-pep). Interestingly, the related ND1 peptide is an activator of immune 

Fprs, but does not activate Fpr3 (Bufe et al., 2012). In addition, ND1 peptide can activate 

V2r-expressing VSNs, likely the Vmn2r81 receptor. Thus, I used the ND1 peptide as a 

negative control to assess specific activation of Fpr3-GFP-expressing VSNs. I used the same 

concentration as previously applied in Vmn2r26 expression experiments (10-7 M). VSNs were 

either infected with HSV-1-Fpr3-GFP (Fpr3-GFP) amplicons (Fig. 21A) or with HSV-1-

GFP (GFP-only) control amplicons. Stimulating infected VSNs with w-pep, gave robust 
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calcium responses having a 20-fold increase in the number of activated cells compared to 

GFP-only amplicon-infected cells (Fpr3-GFP amplicon: mean percentage : 2.49% ± 1.30% 

SEM, 4 w-pep responder cells out of 163 total Fpr3-GFP amplicon-infected cells; GFP-only 

amplicon: mean percentage : 0.09% ± 0.06% SEM, 2 w-pep responder cells out of 1224 total 

GFP-only amplicon-infected cells; Mann-Whitney Test: * p< 0.05) (Fig. 21B). No increase in 

the number of activated cells was observed for HMW and ND1 (Mann-Whitney Test: p= 

0.48-0.91). Together, these results indicate that the HSV-1-derived amplicon system is also 

applicable to Fpr3-GFP-expressing VSNs. Overall, I could confirm already known receptor-

ligand interactions for all three groups of receptors (V1r, V2r and Fpr), thus indicating that 

this newly developed system is functional and a suitable tool to deorphanize Vrs and Fprs. I 

could also show that this system can detect ligands at nanomolar concentrations. 

 

 
 

 

Figure 21.  Viral transduction of Fpr3 in VSNs. 
A. Bright field (BF), GFP fluorescence and pseudocolor fura-2 
images of a single Fpr3-GFP amplicon-infected VSN, which is 
activated by the synthetic hexapeptide W-peptide (w-pep; 10-7 M) 
but not by buffer control solution (imaging buffer; see 3.12). Black 
arrows indicate start of stimulation. Scale bar: 10µm. B. Mean 
percentage of activated GFP-positive (GFP+; infected) cells in 
C57BL/6 VSNs either infected with Fpr3-GFP amplicons (blue) or GFP-only control amplicons (gray). Cells expressing 
Fpr3-GFP showed an increased number of activated cells to the W-peptide (w-pep; 10-7 M) (Fpr3-GFP amplicon: 4 cells out 
of 163 total GFP+ cells; GFP-only amplicon: 2 cells out of 1224 total GFP+ cells) compared to GFP-only amplicon-infected 
cells (Kruskal-Wallis ANOVA, DF (7), p= 1.67x 10-13, post hoc comparison: Mann-Whitney Test: * p< 0.05) but not to the 
high molecular weight fraction of C57BL/6 mouse urine (HMW; 1:300) (Fpr3-GFP amplicon: 2 cells out of 163 total GFP+ 
cells; GFP-only amplicon: 9 cells out of 1224 total GFP+ cells) and the ND1 peptide (f-MFFINTLTL; 10-7 M) (Fpr3-GFP 
amplicon: 1 cell out of 163 total GFP+ cells; GFP-only amplicon: 10 cells out of 1224 total GFP+ cells) (Mann-Whitney 
Test: p= 0.48-0.91). Responses to a high potassium chloride solution (KCl; 100 mM): Fpr3-GFP amplicon: 81 cells out of 
163 total GFP+ cells; GFP-only amplicon: 766 cells out of 1224 total GFP+ cells). N = 163 Fpr3-GFP amplicon-infected 
cells and 1224 GFP-only amplicon-infected cells, in 6 and 21 infection experiments. Data expressed as mean ± SEM.  
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4.2 A putative high molecular weight fraction (HMW) receptor 
 

4.2.1 HMW-induced activation of Vmn2r74 

Mouse urine contains chemosignals sufficient to promote robust social behaviors, such as 

intermale territorial aggression (Chamero et al., 2007), reproductive-associated behaviors 

(Novotny et al., 1999b), and countermarking (Kaur et al., 2014). Mice secrete unusually large 

amounts of protein (in the range of several milligrams per milliliter) in urine (Beynon and 

Hurst, 2003). The larger fraction of proteins in urine corresponds to major urinary proteins 

(MUPs), a family of 21 proteins belonging to the lipocalin superfamily. Size fractionation 

experiments using urine from lab mice revealed that the high molecular weight fraction 

(HMW: urine components > 10 kDa) is primarily composed of 4-5 major urinary proteins 

(MUPs) (Chamero et al., 2007). Further characterization determined that MUPs are detected 

by a VSN subclass that expresses Gαo (Chamero et al., 2007). Like other lipocalins, MUPs 

are capable of binding small organic compounds, such as 2-sec-butyl-4,5-dihydrothaizole 

(SBT) and 2,3-dehydro-exo-brevicomin (DHB), among others, which may have pheromonal 

activity (Novotny et al., 1985; Novotny et al., 1999b). Therefore, it has been speculated that 

MUPs may function as mere passive pheromone carriers. However, MUPs produced as 

recombinant proteins in bacteria and without any urinary ligand present are able to activate 

VSNs with a similar activation rate to that observed by native (purified from urine) HMW 

fractions (Chamero et al., 2007). Recombinant MUPs (rMUPs) are reportedly sufficient to 

induce robust intermale aggression (Chamero et al., 2007; Kaur et al., 2014), indicating that 

MUPs themselves may have a role as pheromones/semiochemicals.  

Receptors involved in MUP recognition by VSNs have thus far not been identified. A parallel 

expansion in the gene numbers occurred for both, V2rs and MUPs in mice, rats, and opossums 

(Chamero et al., 2007), suggesting that V2rs may be involved in detecting MUPs. Together 

with my practical supervisor Dr. Pablo Chamero, I speculated that the clade 3 of family A 

V2rs comprising a total of 10 receptors (Vmn2r65, Vmn2r66, Vmn2r67, Vmn2r69, Vmn2r70, 

Vmn2r74, Vmn2r76, Vmn2r77, Vmn2r78, Vmn2r79) could be a good candidate to detect 

some or all of the 21 mouse MUPs. The idea that one clade may be specific for the detection 

of one class of ligands is further supported by the observation that another family of peptide 

pheromones, the exocrine gland secretory peptides (ESP), appears to be detected by one 

specific V2r subfamily (clade 4) as well.  

To test whether V2rs from clade 3 can be activated by the MUP-containing HMW urine 

fraction, three different receptors from this clade were selected (Vmn2r74, Vmn2r66, and 
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Vmn2r65) and cloned into pHSV-IRES-GFP expression vectors, which were used to prepare 

HSV-1-derived amplicons (Fig 5).  

Freshly dissociated VSNs from C57BL/6 mice were either infected with amplicons carrying 

one of the three receptors (Vmn2r74-GFP, Vmn2r65-GFP, and Vmn2r66-GFP) or GFP-only 

control amplicons. VSNs were loaded with fura-2 (Fig. 22) and responses to different ligands 

were monitored in calcium imaging measurements. I stimulated cells initially with HMW 

(1:300), SYF (10-11 M), w-pep (10-7 M), and with high KCl (100 mM). I selected the peptide 

SYF, which activates the Vmn2r26 receptor (Fig. 19), and the Fpr3-activating hexapeptide w-

pep (Fig. 21) as controls to exclude unspecific responses to any proteinaceous components. I 

used the same concentrations as I used successfully in previous experiments.VSNs infected 

with Vmn2r74-GFP amplicons showed robust responses to HMW and high KCl but not to 

buffer control solution (imaging buffer; see 3.12), SYF, or w-pep (Fig. 22). These initial 

calcium imaging measurements propose for the first time a potential receptor, being 

Vmn2r74, to detect MUP-containing HMW. 

 
 

 
 
Figure 22. Expression of Vmn2r74 in HSV-1-derived amplicon-infected VSNs. 
GFP fluorescence and pseudocolor fura-2 images of a single cell infected with Vmn2r74-GFP amplicons. The cell showed 
robust responses to the high molecular weight fraction of C57BL/6 mouse urine (HMW; 1:300) and a high potassium 
chloride solution (KCl; 100 mM). F340/F380 ratio traces (arbitrary units a.u.) of the selected individual cell are shown on the 
right. No responses were observed to the buffer control solution (imaging buffer), to SYFPEITHI (SYF; 10-11 M), and the 
hexapeptide W-Peptide (w-pep; 10-7 M). Black arrows indicate start of stimulation. Scale bar: 10 µm. 

 

 

To determine if Vmn2r74 shows increased responsivity to HMW compared to GFP-only, 

Vmn2r65-GFP, and Vmn2r66-GFP amplicon-infected VSNs, I compared the mean 

percentage of responding cells (Fig. 23A-C) and the total percentage of activated cells (Fig. 

23D-F). GFP-only control amplicons were used to control the influence of infection on 

responsivity as well as to control background activation due to potentially endogenous 

receptor expression in monitored VSNs.  
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I found that cells infected with Vmn2r74-GFP amplicons showed a 9-fold higher number of 

responding cells to HMW compared to cells infected with GFP-only control amplicons 

(Mann-Whitney Test: * p< 0.05) (Fig. 23A). I observed no increase in responsivity to the 

peptides SYF and w-pep (Mann-Whitney Test: p= 0.17-0.22). This indicates that Vmn2r74-

GFP-expressing cells specifically detect HMW but not any other tested ligand.  
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Figure 23. Viral transduction of 3 V2rs in native VSNs.  
A.-C. Mean percentage of activated GFP-positive (GFP+; infected) cells by five different ligands: the high molecular weight 
fraction of C57BL/6 mouse urine (HMW; 1:300), SYFPEITHI (SYF; 10-11 M), the hexapeptide W-Peptide (w-pep; 10-7 M), 
buffer control solution (imaging buffer; see 3.12) and a high potassium chloride solution (KCl; 100 mM). C57BL/6 VSNs 
were either infected with Vmn2r74-GFP amplicons (black), Vmn2r65-GFP amplicons (blue), Vmn2r66-GFP amplicons 
(green) or GFP-only control amplicons (gray). Cells expressing Vmn2r74-GFP showed increased responsivity to HMW (10 
cells out of 99 total GFP+ cells; mean percentage: 9.53% ± 3.89% SEM) compared to GFP-only control amplicon-infected 
cells (8 cells out of 1224 total GFP+ cells; mean percentage: 1.28% ± 0.52% SEM) (Kruskal-Wallis ANOVA, DF (9), p= 
1.24x 10-12, post hoc comparison: Mann-Whitney Test: * p< 0.05). Cells expressing either Vmn2r65-GFP or Vmn2r66-GFP 
showed no increased number of activated cells to any of the tested stimuli. The number of activated GFP+ cells to high KCl 
was similar for all four groups. NT= not tested. D.-E. Total percentage of activated GFP+ cells, indicating the percentage of 
all responder cells to a tested stimulus relative to all GFP+ cells. NT= not tested. Numbers in parentheses denote the number 
of activated cells out of all GFP+ cells. N= 99 Vmn2r74-GFP amplicon-infected cells, 1224 GFP-only amplicon-infected 
cells, 185 Vmn2r66-GFP amplicon-infected cells and 41 Vmn2r65-GFP amplicon-infected cells. N= 4 (3), 21, 21 and 5 
infection experiments. Data expressed as mean ± SEM. 
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To determine the level of specificity to HMW in Vmn2r74-GFP-expressing cells, I further 

analyzed the mean peak fluorescence quotient FP/F0 of 10 cells responding to HMW (1:300) 

(Fig. 24A). HMW responder cells showed significant higher FP/F0 to HMW compared to the 

two other applied peptides w-pep and SYF (Kruskal-Wallis ANOVA, DF (4), p= 2.06x 10-5, 

post hoc comparison: Mann-Whitney Test: ** p< 0.005). To determine the reason for low 

mean FP/F0 to high KCl, I plotted all cells on an activation map revealing that only five HMW 

responder cells showed an overlap to KCl (Fig. 24B). Only three cells out of 10 HMW 

responder cells showed an overlapping activation with SYF. Response to SYF could be 

generated by an endogenously expressed receptor in this cell. This would indicate that two 

individual Vrs, one native and one transduced, could be functionally expressed in the same 

cell. From these experiments, I conclude that Vmn2r74 could be a candidate receptor to detect 

HMW.  

 

 

 
 
Figure 24. Response profile of Vmn2r74-GFP amplicon-infected VSNs. 
A. Normalized mean peak fluorescence ratio values (expressed as mean peak fluorescence quotient FP/F0; arbitrary units a.u.) 
of 10 (6) Vmn2r74-GFP-expressing cells responding to HMW. Increase in FP/F0 was observed after stimulation with the high 
molecular weight fraction of C57BL/6 mouse urine (HMW; 1:300), which was statistically different to SYFPEITHI- (SYF; 
10-11 M) and hexapeptide W-Peptide- (w-pep; 10-7 M) induced increase in FP/F0 (Kruskal-Wallis ANOVA, DF (4), p= 2.06x 
10-5, post hoc comparison: Mann-Whitney Test: ** p< 0.005). B. Response profile of 10 (6) Vmn2r74-GFP amplicon-
infected VSNs to the high molecular weight fraction of C57BL/6 mouse urine (HMW; 1:300), SYFPEITHI (SYF; 10-11 M), 
the hexapeptide W-Peptide (w-pep; 10-7 M), buffer control solution (imaging buffer; see 3.12), and a high potassium chloride 
solution (KCl; 100 mM). Three cells out of 10 HMW-activated cells overlapped with SYF activation. 
 

 

To determine if responsivity of Vmn2r74-GFP-expressing VSNs is linked to Gαo signaling, I 

repeated the experiment in Gαo deficient VSNs obtained from cGαo
-/- mice (see 3.9). I 

observed no detectable responses to HMW in Vmn2r74-GFP-expressing VSNs (Fig. 25), 
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indicating that increased responsivity to HMW in VSNs is strongly dependent on Gαo 

expression.  

 

 

 
Figure 25. Viral transduction of Vmn2r74 in cGαo -/- VSNs. 
Mean percentage of activated GFP-positive (GFP+; infected) cells by the 
high molecular weight fraction of C57BL/6 mouse urine (HMW; 1:300), 
SYFPEITHI (SYF, 10-11 M), ND1 peptide (f-MFFINTLTL; 10-7 M), and a 
high potassium chloride solution (KCl; 100 mM) in cGαo deficient VSNs 
infected with Vmn2r74-GFP amplicons. VSNs expressing Vmn2r74-GFP 
showed no responses to HMW (0/189 GFP+ cells). 5 cells out of 189 total 
GFP+ cells responded either to SYF or ND1; 3 to the peptide w-pep 
(3/189). Most of the cells (124/189 GFP+ cells) showed robust responses 
to high KCl. N= 189 Vmn2r74-GFP amplicon-infected cells in 11 
infection experiments. Data expressed as mean ± SEM.  
 

 

 

 

4.2.2 Dose-dependent activation of Vmn2r74-GFP amplicon-infected cells 

In my initial study, I could show that an increased number of Vmn2r74-GFP-expressing cells 

responded to a 1:300 HMW dilution compared to cells infected with GFP-only amplicons. 

Therefore, I asked if this observed difference would also persist using various HMW 

dilutions. This could provide further information regarding the sensitivity of Vmn2r74-GFP-

expressing cells. To answer this, freshly dissociated VSNs were either infected with 

Vmn2r74-GFP amplicons or with GFP-only control amplicons and five different dilutions of 

HMW (1:10000, 1:1000, 1:500, 1:300 and 1:100) were tested in calcium imaging 

measurements. I observed responses to any tested HMW dilution in receptor and control 

amplicon-infected cells. A comparison of the number of activated cells between GFP-only 

and Vmn2r74-GFP amplicon-infected VSNs revealed that low HMW concentrations 

(1:10000-1:500) activate a comparable amount of cells (Vmn2r74-GFP amplicon: 4 out of 

376 infected cells to HMW 1:10000, 6/376 to HMW 1:1000, 6/376 to HMW 1:500; GFP-only 

amplicon: 4/360 to HMW 1:10000, 3/360 to HMW 1:1000, 7/360 to HMW 1:500) (Fig. 26A). 

This indicates that viral amplicon-induced Vmn2r74 expression is likely to have no influence 

on the detection of low HMW concentrations and that responses observed at low 

concentrations are mediated by endogenous receptors. Another possibility is that the HSV-1-

derived amplicon system is not suitable to detect slight differences between receptor and 

control amplicon-infected VSNs at these concentrations. At higher HMW concentrations 

(HMW 1:300 and HMW 1:100) a difference in the number of activated cells between both 
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groups of cells became obvious. Regarding the number of responding cells, activation of 

Vmn2r74-GFP-expressing VSNs is dependent on the HMW concentration. This observation 

prompted the question if the receptor response itself also follows a dose-dependent activation. 

Therefore, I compared FP/F0 values after stimulation with HMW 1:300 and HMW 1:100 in 

Vmn2r74-GFP amplicon-infected cells. I observed an increase in FP/F0 comparing HMW 

1:300- and HMW 1:100-induced peak responses (Mann-Whitney Test: * p< 0.05). These 

results suggest that HMW-induced responses are dose-dependent in Vmn2r74-GFP cells, 

assuming that Vmn2r74 is solely responsible for HMW-induced activation. Overall, these 

experiments suggest that at low concentrations likely one or more endogenous receptors may 

detect components present in the HMW, leading to a similar number of activated cells in 

Vmn2r74-GFP and GFP-only amplicon-infected cells, whereas at higher HMW 

concentrations, Vmn2r74 is specifically activated. Overall, I conclude that Vmn2r74 

expression increases the sensitivity to HMW in a dose-dependent manner.  

 
 

 

 
 
Figure 26. Summary of GFP-positive cell activation for different dilutions of HMW. 
A. Total percentage of activated GFP-positive (GFP+; infected) cells either infected with Vmn2r74-GFP amplicons (black) or 
GFP-only amplicons (gray). Activity after application of different HMW dilutions was monitored by calcium imaging 
measurements. Vmn2r74-GFP amplicon-infected VSNs showed the following response profile: 4 responder cells out of 376 
Vmn2r74-GFP amplicon-infected cells to HMW 1:10000, 6/376 to HMW 1:1000, 6/376 to HMW 1:500, 10/376 to HMW 
1:300 and 21/ 376 to HMW 1:100. GFP-only control amplicon-infected cells: 4/360 to HMW 1:10 000, 3/360 to HMW 
1:1000, 7/360 to HMW 1:500, 7/360 to HMW 1:300 and 9/360 to HMW 1:100. N= 376 Vmn2r74-GFPamplicon-infected 
cells, 360 GFP-only amplicon-infected cells, in 6 and 7 infection experiments, respectively. B. Normalized mean peak 
fluorescence ratio values (expressed as mean peak fluorescence quotient FP/F0; arbitrary units a.u.) of Vmn2r74-GFP-
expressing cells (black) responding HMW 1:300 or HMW 1:100. An increase in FP/F0 between HMW 1:300- and HMW 
1:100-responding cells was observed (Mann-Whitney Test: * p< 0.05).  
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To further analyze the response profile of Vmn2r74-GFP amplicon-infected cells, I monitored 

original F340/F380 ratio traces of infected cells and compared their response profile in an 

activation map (Fig. 27B). I identified a heterogeneous population of cells based on their 

responses to different HMW dilutions. Most of them responded to 1:300 or 1:100 HMW 

dilutions (Fig. 27). Since I assumed that only responses to higher HMW concentrations 

(HMW 1:300 and HMW 1:100) are induced by Vmn2r74 expression, I focussed on cells 

responding to these dilutions. I saw that most of the cells respond to a single dilution (cell 22, 

cell 45 in Fig. 27A). Cell 22 showed only a response to the 1:300 dilution but not to 1:100. It 

may be that this cell was already fully saturated by this HMW dilution leading to a receptor-

ligand internalization, which would explain missing activation to the 1:100 HMW dilution. 

Cell 45 in contrast, was only responding to the 1:100 HMW dilution, indicating that activating 

compound was too low concentrated in the 1:300 HMW dilution. These results suggest that 

Vmn2r74-GFP-expressing VSNs detect HMW depending on its concentration.  

 

 

 
 

 

 
Figure 27. Calcium imaging of VSNs infected with Vmn2r74-GFP amplicons and stimulated with different HMW 
dilutions. 
A. F340/F380 ratio traces (arbitrary units a.u.) of Vmn2r74-GFP amplicon-infected VSNs stimulated with different HMW 
dilutions (1:10000-1:100). VSNs showed responses to a single stimulus (cell 21, 45). Black arrows indicate start of 
stimulation. B. Activation map of Vmn2r74-GFP amplicon-infected cells after application of different HMW dilutions 
(1:10000-1:100). 36 cells out of 376 total Vmn2r74-GFP amplicon-infected cells responded to tested HMW dilutions. 21 
cells out of 36 cells were activated by a 1:100 HMW dilution. Only 3 cells showed responses to a 1:300 and a 1:100 HMW 
dilution. 
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4.2.3 HMW activation of Vmn2r74-GFP amplicon-infected Omp-GFP VSNs 

In previous experiments, I observed that Vmn2r74-GFP-expressing VSNs showed an 

increased number of responding cells to HMW. However, VNO dissociation yields a 

heterogeneous cell mix composed of VSNs, supporting glia cells, and immature progenitors. 

To determine whether HMW-activated Vmn2r74-GFP-expressing cells are indeed VSNs, I 

repeated experiments in dissociated cells from heterozygous Omp-GFP mice (see 3.9). VSNs 

were infected either with Vmn2r74-mCherry or with mCherry-only control amplicons. 

Calcium imaging measurements were performed in cells positive for both, GFP (indicative of 

mature VSNs) and mCherry (indicative of infection) (Fig. 28A).  

I observed responses to HMW (diluted 1:100) in around 3% of VSNs positive for GFP and 

mCherry (Vmn2r74-mCherry amplicon: mean percentage: 3.15% ± 1.28% SEM; 7 cells out of 

220 total GFP+/mCherry+ cells) (Fig. 28B, C). In contrast, no responses to HMW were 

observed in mCherry-only control amplicon-infected VSNs (0 cells out of total 315 

GFP+/mCherry+ cells). These results reveal that Vmn2r74-GFP-expressing cells activated by 

HMW are indeed mature VSNs.  

 

 

 
Figure 28. Expression of Vmn2r74 in Omp-GFP 
cells. 
A. Bright field (BF), mCherry, GFP fluorescence, and 
pseudocolored fura-2 ratio images from heterozygous 
Omp-GFP VSNs infected with Vmn2r74-GFP 
amplicons and F340/F380 ratio traces (arbitrary units 
a.u.) of a selected VSN responding to the high 
molecular weight fraction of C57BL/6 mouse urine 
(HMW; 1:100). Scale bar: 20 µm. Black arrow 
indicates start of stimulation. B. Total percentage of 
activated cells by HMW (1:100) in GFP- and mCherry-
positive (GFP+/mCherry+) cells either infected with 
Vmn2r74-mCherry amplicons (black) or mCherry-only 
control amplicons (gray). Numbers in parentheses 
denote activated cells out of all monitored 
GFP+/mCherry+ cells. N= 220 and 315 
GFP+/mCherry+ cells were screened in 6 and 10 
infection experiments. C. Mean percentage of HMW-
activated cells (Vmn2r74-mCherry amplicon: mean 
percentage: 3.15% ± 1.28% SEM; 7 cells out of 220 
total GFP+/mCherry+ cells; mCherry-only amplicon: 0 
cells out of 315 total GFP+/mCherry+ cells). Data 
expressed as mean ± SEM. 
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4.2.4 Vmn2r74 expression in olfactory sensory neurons (OSNs) 

The main olfactory system (MOS) is the major chemodetection subsystem in the mouse nose 

and is located in the dorsal nasal cavity (Fig. 29A) of the mouse, housing olfactory sensory 

neurons (OSNs). Although OSNs and VSNs use different signal transduction mechanisms, 

vomeronasal signal transduction molecules, originally thought to be expressed exclusively in 

VSNs, have also been found in subsets of OSNs, including the cation channel Trpc2 (Omura 

and Mombaerts, 2014), Gαo, and Gαi2 (Berghard and Buck, 1996); yet, their physiological 

role in OSNs is still unclear. This raises the question if OSNs, which can even express Vrs, 

could provide a suitable and functional cellular environment to express Vmn2r74, as 

previously observed in VSNs. Interestingly, Zhao and coworkers (Zhao et al., 1998) used 

successfully a virus-based expression system for a functional Or study. This study showed 

that viral infection and overexpression is working in OSNs, at least for Ors. 

To test this, freshly dissociated OSNs from heterozygous Omp-GFP mice were infected with 

Vmn2r74-mCherry amplicons (Fig. 29A) and calcium imaging measurements were 

performed. In my analysis, I focused on cells that were positive for GFP (GFP+; indicative of 

mature OSNs) and positive for mCherry (mCherry+; indicative of infection). First, I 

compared the infection rate between OSNs and VSNs derived from heterozygous Omp-GFP 

mice (Fig. 29B). I calculated the number of GFP+ cells that were also positive for mCherry 

and compared the mean percentages (Fig. 29B). I observed a lower infection rate in OSNs 

(mean percentage: 4.02% ± 1.26% SEM; 29 GFP+/mCherry+ cells out of 943 GFP+ cells) 

compared to VSNs (mean percentage: 11.47% ± 3.16% SEM; 124 GFP+/mCherry+ cells out 

of 1187 GFP+ cells). These experiments indicate that infection efficiency is lower in OSNs 

compared to VSNs because of decreased specificity or differences in reporter protein 

expression. 
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Figure 29. HSV-1-derived amplicon infection in olfactory sensory neurons (OSNs).  
A. Schematic drawing of the mouse nose, which houses the VNO and the MOE. Bright field (BF), GFP, and mCherry 
fluorescence images from freshly dissociated OSNs from heterozygous Omp-GFP mice infected with Vmn2r74-mCherry 
amplicons. Merged image of GFP and mCherry fluorescence indicated a cell (white arrow) positive for both markers. B. The 
infection rate in freshly dissociated VSNs (black) and OSNs (white), showing the mean percentage of cells positive for GFP 
and mCherry expression. Infected VSNs were almost three times more abundant than OSNs (VSNs: 11.47% ± 3.16% SEM; 
124 GFP+/mCherry+ cells out of 1187 total GFP+ cells in 5 infection experiments; OSNs: 4.02% ± 1.26% SEM; 29 
GFP+/mCherry+ cells out of total 943 GFP+ cells in 5 infection experiments). Data expressed as mean ± SEM. Scale bar: 20 
µm. 
 

 

Although the infection rate is limited in OSNs, I was interested in determining if Vmn2r47-

GFP amplicon-infected OSNs could induce responses to different HMW dilutions (1:500, 

1:300 and 1:100). Therefore, calcium imaging measurements in GFP+ and mCherry+ OSNs 

were performed (Fig. 30A, B). I could not detect any response to any of the three different 

tested HMW dilutions (1:500, 1:300 and 1:100) (Fig. 30). In contrast, more than 50% of cells 

(28 KCl responder cells out of 55 GFP+/mCherry+ cells) responded to high KCl (100 mM) 

(Fig. 30C). These experiments indicate that OSNs do not provide a suitable cellular 

environment to functionally express Vmn2r74. These findings back my hypothesis that VSNs 

offer the best environment for Vr expression. I could further conclude that OSNs (like 

HEK293 cells) may lack key components for functional Vr expression. It is likely that Vrs 

need a very narrowly tuned cellular environment that can only be provided by VSNs 

themselves in vitro. 
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Figure 30. Viral transduction of Vmn2r74 in OSNs.  
A. Bright field (BF), GFP, mCherry fluorescence, and pseudocolor fura-2 ratio images from a single OSN infected with 
Vmn2r74-mCherry amplicons. Scale bar: 10 µm. B. F340/F389 ratio traces from cell in A showing a robust response to a 
high potassium chloride solution (KCl; 100 mM) but not to the high molecular weight fraction of C57BL/6 mouse urine 
(HMW; 1:500, 1:300 and 1:100). Black arrows indicate start of stimulation. C. Total percentage of activated cells. Number in 
parentheses denote activated cells out of all infected cells. No cell out of 87 total GFP+/mCherry+ cells responded to any 
HMW dilution (see [B]) in 13 infection experiments. 28 cells out of 55 total GFP+/mCherry+ cells responded to high KCl 
(total percentage: 50.90%) in 7 infection experiments.  
 

 

4.2.5 Strain-dependent difference in HMW activation of Vmn2r74-GFP-expressing 

VSNs 

Thus far, I could show that HMW derived from adult male C57BL/6 (B6) mouse urine 

induces responses in Vmn2r74-GFP-expressing cells. Since HMW from B6 mice is a mixture 

of five MUPs (MUP7, 10, 19, 20, 3), it is not yet clear which of the MUPs indeed activate 

Vmn2r74. It is possible that several MUPs activate Vmn2r74. Since lab mice typically 

express between 4-5 MUPs out of the 21 functional genes in a gender- and strain-dependent 

manner (Logan et al., 2008; Mudge et al., 2008), I prepared the HMW fraction from urine of 

BALB/c (B/c) mice. B/c male mice secrete four MUPs (MUP7, 10, 12, 19) into urine and 

share the expression of three MUPs (MUP7, 10, 19) with B6 mice, but lack the expression of 

MUP20 and MUP3. Additionally, B/c mice express MUP12, which is missing in B6 HMW 

and an allelic variant of MUP10 different from that expressed in B6. 
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Thus, comparing stimulation of Vmn2r74-GFP-expressing cells with HMW from both strains 

could reveal if MUP3 and/or MUP20 play a role in Vmn2r74 activation. To test whether these 

two MUPs may alter the response profile of Vmn2r74-GFP-expressing cells, VSNs were 

infected with Vmn2r74-GFP amplicons and responses to B/c and B6 HMW were compared. I 

could observe robust responses to both HMW fractions in receptor-infected VSNs (Fig. 31A, 

B).  

 

 

 
 
Figure 31. Calcium imaging measurements of Vmn2r74-GFP-expressing cells to HMW from different mouse strains. 
A. and B. Bright field (BF), GFP fluorescence, pseudocolor fura-2 ratio image, and F340/F380 ratio traces (arbitrary units 
a.u.) from VSNs infected with Vmn2r74-GFP amplicons. I applied HMW (1:100) from male B/c or B6 mice. As controls, a 
buffer control solution (imaging buffer; see 3.12) and a high potassium chloride solution (KCl; 100 mM) were used. Robust 
responses to both, B6 HMW (A.) and B/c HMW (B.), were monitored with no overlap with control buffer solution, but clear 
overlap with high KCl. Black arrows indicate start of stimulation. Scale bar: 20 µm. 
 

 

Next, I compared the number of activated cells by B6 and B/c HMW fractions. I observed a 

significantly (Kruskal-Wallis ANOVA, DF (9), p= 2.17x 10-24, post hoc comparison: Mann-

Whitney Test: * p < 0.05) higher amount of activated cells to B6 HMW compared to HMW 

from B/c (Fig. 32A, B). Thirty VSNs out of 728 Vmn2r74-GFP amplicon-infected cells 

responded to B6 HMW, whereas only 6 cells to B/c HMW (Fig. 32B). This difference 
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suggests that MUP3 and/or MUP20, which are missing in B/c HMW, are potential activators 

of the Vmn2r74 receptor or alternatively that concentration differences of single MUPs, 

which are present in both fractions, are responsible for the higher amount of activated cells. I 

also detected a fraction of cells showing responses to both HMW fractions (Fig. 32C). These 

cells could sense MUPs present in both mice strains (MUP7, 10, 19). However, no significant 

differences could be observed compared to GFP-only control amplicon-infected VSNs 

(Mann-Whitney Test: p= 0.47). This indicates that it is unlikely that Vmn2r74 increases 

sensitivity to MUPs present in both strains. Interestingly, I also observed a tendency of a 

higher amount of activated cells to B/c HMW compared to GFP-only control amplicon-

infected VSNs, suggesting that Vmn2r74 may also detect MUPs that are exclusively present 

in B/c HMW fraction (MUP12 and perhaps an allelic variant of MUP10). Importantly, the 

number of Vmn2r74-GFP amplicon-infected VSNs that showed responses to buffer control 

solution was significantly lower (Kruskal-Wallis ANOVA, DF (9), p= 2.17x 10-24, post hoc 

comparison: Mann-Whitney Test: ** p < 0.005) compared to the number of cells activated by 

B6 HMW. The number of GFP-only amplicon-infected VSNs that showed responses to B6 

HMW was also significantly lower compared to Vmn2r74-GFP amplicon-infected VSNs 

(Kruskal-Wallis ANOVA, (9), p= 2.17x 10-24, post hoc comparison: Mann-Whitney Test: * p 

< 0.05).  

Overall, I could conclude from this combinatorial experiments that MUP3 and/or MUP20 are 

candidates for the activation of the Vmn2r74 receptor since more cells respond to B6 HMW 

compared to B/c HMW, which lacks these MUPs. However, I cannot exclude from these 

experiments that concentration differences of single MUPs in B6 and B/c HMW are 

responsible for different activation profiles and therefore mask the activation profile of 

Vmn2r74. A logic continuation would be to test single recombinant MUPs to decipher 

activation logic of the potential MUP receptor Vmn2r74.  
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Figure 32. Summary of GFP+ cell activation by HMW fractions from different 
mouse strains.  
A. Mean percentage of activated GFP-positive (GFP+; infected) cells either infected 
with Vmn2r74-GFP amplicons (black) or with GFP-only control amplicons (gray 
bars) to different stimuli. High molecular weight (HMW; 1:100) fraction of BALB/c 
(B/c) and C57BL/6 (B6) mouse urine was tested. VSNs infected with Vmn2r74-GFP 
amplicons showed increased responsivity to B6 HMW compared to B/c HMW (B6 
HMW: mean percentage: 5.16% ± 1.45% SEM; 30 responder cells out of 728 total 
Vmn2r74-GFP amplicon-infected cells; B/c HMW: 1.30% ± 0.63% SEM; 6 responder 
cells out of 728 total Vmn2r74-GFP amplicon-infected cells; Kruskal-Wallis 
ANOVA, DF (9), p= 2.17x 10-27, post hoc comparison: Mann-Whitney Test: * p< 
0.05). Responsivity to B6 HMW compared to buffer control solution: B6 HMW: 
mean percentage: 5.16% ± 1.45% SEM; 30 responder cells out of 728 total Vmn2r74-
GFP amplicon-infected cells; buffer control: 0.74% ± 0.29% SEM; 7 responder cells 
out of 728 total Vmn2r74-GFP amplicon-infected cells; Kruskal-Wallis ANOVA, DF 
(9), p= 2.17x 10-27, post hoc comparison: Mann-Whitney Test: ** p< 0.005. 
Responsivity to B6 HMW in Vmn2r74-GFP amplicon-infected cells compared to 
GFP-only control amplicon-infected cells: mean percentage: 5.16% ± 1.45% SEM; 30 
responder cells out of 728 total Vmn2r74-GFP amplicon-infected cells; GFP-only 
amplicon: 1.31% ± 0.80% SEM; 5 responder cells out of 661 total GFP-only 
amplicon-infected cells; Kruskal-Wallis ANOVA, DF (9), p= 2.17x 10-27, post hoc 
comparison: Mann-Whitney Test: * p< 0.05. Comparison of B/c HMW-induced 
responsivity in Vmn2r74-GFP and GFP-only control amplicon-infected VSNs: Vmn2r74-GFP amplicon: mean percentage: 
1.30% ± 0.63% SEM; 6 responder cells out of 728 total Vmn2r74-GFP amplicon-infected cells; GFP-only amplicon: 0.10% 
± 0.10% SEM; 1 responder cell out of 661 total GFP-only amplicon-infected cells. B. Total percentage of activated GFP+ 
cells. Most of the activated VSNs responded to B6 HMW (30 cells out of 728 total GFP+ cells). Vmn2r74-GFP infected 
VSNs also showed following responses: 7/728 cells to buffer control solution (imaging buffer; see 3.12), 6/728 to B/c HMW 
and 7/728 responded to both HMW fractions. Out of 661 total GFP-only control amplicon-infected cells, 5 cells responded to 
B6 HMW and 1 cell responded to B/c HMW. N= 728 Vmn2r74-GFP amplicon-infected cells and 661 GFP-only amplicon-
infected cells in 27 and 16 infection experiments, respectively. Numbers in parentheses denote the number of activated GFP+ 
cells out of all infected cells. C. Activation profile of Vmn2r74-GFP amplicon-infected cells. 30 cells responded to B6 
HMW, 7 to BALB/c HMW, and 7 to both.  
 

 

 

 

 

B A 

C 



RESULTS 

91 
 

4.2.6 Single MUP activation of Vmn2r74-GFP-expressing VSNs 

From the previous experiments, I deduced that MUP3 and MUP20 could be candidates to 

activate the Vmn2r74 receptor. 

To determine if this is the case, five B6 MUPs (rMUP7, 10, 19, 20, 3) were produced as 

recombinant maltose binding fusion proteins (MBP-MUP fusion protein; see 3.1.6). VSNs 

infected with Vmn2r74-GFP amplicons were stimulated with these five different single 

recombinant MUPs (rMUP7, 10, 19, 20 and 3); each diluted to a final concentration of 10-7 

M. This concentration was used in previous studies, inducing robust responses in uninfected 

native VSNs (Chamero et al., 2011; Leinders-Zufall et al., 2014). All rMUPs gave robust 

responses in receptor-infected VSNs, except for MUP20 (Fig. 33A, B). To exclude false-

positive responders among rMUP activated cells, MBP was used as a negative control at the 

same concentration than individual rMUPs (diluted 10-7 M). I observed a similar amount of 

cells responding to MBP than found for individual rMUPs (~1% of all infected cells). 

Nevertheless, none of the rMUP-activated responder cells overlapped with MBP activation, 

suggesting that rMUP-induced responses are likely not due to the MBP fusion (Fig. 33C). To 

determine the role of Vmn2r74 in rMUP-induced activation, VSNs were infected with GFP-

only control amplicons and their activation profile was compared to that of Vmn2r74-GFP 

amplicon-infected VSNs. The number of rMUP-activated cells in GFP-only amplicon-

infected cells was indistinguishable from receptor-infected VSNs- for almost all rMUPs. 

These results differ from experiments with the natural MUP source, the HMW fraction, in 

which I observed an increase in responsivity to HMW in Vmn2r74-GFP-expressing VSNs. 

The reason for this is not known. One explanation could be that rMUP concentration is too 

low to activate the Vmn2r74 receptor. Further studies using a dose-dependent approach may 

solve this issue (for further explanation see Discussion). 

My previous data suggested MUP3 and/or MUP20 as potential activators of Vmn2r74. Since 

MUP20 induced no responses in receptor-expressing cells, I focussed on MUP3 and asked if a 

difference in the peak responses exists between Vmn2r74-GFP and GFP-only amplicon-

infected VSNs. Thus, I compared the FP/F0 quotient of the 7 Vmn2r74-GFP amplicon-infected 

rMUP3 responder cells with the values from the 5 GFP-only amplicon-infected rMUP3 

responder cells (Fig. 33D). I observed no difference between both groups. A concentration-

dependent receptor activation study could help to determine if the lack of increased 

responsivity in Vmn2r74-GFP amplicon-infected cells is at least partially due to insufficient 

rMUP concentrations used in this experiment. Additionally, it is possible that Vmn2r74 

requires a unique mix of different MUPs to be activated, which is only present in the natural 
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MUP source, the HMW. Furthermore, it cannot be excluded that MUPs need a specific steric 

structure to activate Vmn2r74, which is potentially modified by MBP fusion. Overall, these 

results are not closing the door for Vmn2r74 as potential MUP receptor since many 

parameters have to be determined in future studies (for details see Discussion).  

 
 

 

  
Figure 33. Recombinant MUP (rMUP) stimulation of Vmn2r74-transduced VSNs. 
A. F340/F380 ratio traces of two individual cells either responding to rMUP3 (10-7 M) or rMUP19 (10-7 M). B. Summary of 
GFP+ cell activation after stimulation in Vmn2r74-GFP or GFP-only amplicon-infected VSNs. The total percentage of 
activated GFP-positive (GFP+; infected) cells is shown. 5 recombinant proteins (rMUP7, rMUP10, rMUP19, rMUP3 and 
rMUP20), each at a concentration of 10-7 M, were applied. As a negative control, Maltose binding protein (MBP) was used at 
10-7 M. Vmn2r74-GFP amplicon-infected responder cells: 7 cells out of 785 total GFP+ cells responded to MBP, 4/785 to 
rMUP7, 4/785 to rMUP10, 6/785 to rMUP19, 0/363 to rMUP20 and 7/785 to rMUP3. GFP-only amplicon-infected 
responder cells: 2 cells out of 476 responded to MBP, 5/476 to rMUP7, 3/476 to rMUP10, 4/476 to rMUP19, 5/476 to 
rMUP3 and 9/661 to rMUP20. Numbers in parentheses denote the number of activated GFP+ cells out of all infected cells. 
N= 785 Vmn2r74-GFP amplicon-infected cells in 43 infection experiments; MUP20 experiments: N= 363 Vmn2r74-GFP 
amplicon-infected cells in 16 infection experiments. N= 476 GFP-only amplicon-infected cells in 12 infection experiments; 
MUP20 experiments: N= 661 GFP-only amplicon-infected cells in 11 infection experiments. C. Activation profile of 19 
Vmn2r74-GFP amplicon-infected cells responding to tested rMUP. D. Normalized mean peak fluorescence ratio values 
(expressed as peak fluorescence quotient FP/F0; arbitrary units a.u.) of 7 Vmn2r74-GFP-expressing cells responding to 
rMUP3 (10-7 M). Individual cells are marked as black squares. Mean value is indicated as red line (1.36% ± 0.06% SEM). 
FP/F0 values of 5 individual GFP-only amplicon-infected cells responding to rMUP3 are indicated as gray squares. Mean 
value is indicated as red line (1.43% ± 0.13% SEM). No difference in FP/F0 quotient between both groups was observed.  
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4.3 Receptor identification by Calcium imaging and single cell RT-PCR 
 

4.3.1 Identification of specific gene transcripts in whole VNO using RT-PCR 

To confirm and use an alternative method in identifying ligand-receptor pairs, I set up a single 

cell reverse transcription-polymerase chain reaction (RT-PCR) approach in combination with 

calcium imaging measurements. The idea was to identify receptor gene transcripts in 

individual cells previously activated by a stimulus in calcium imaging measurements. I first 

tested in an initial approach if gene transcripts, specifically receptor and signal transduction 

transcripts, can be amplified from whole VNO cDNA.  

First, I prepared cDNA from pooled whole VNOs of 2-3 C57BL/6 mice (both genders) and 

extracted RNA. Prepared cDNA was used to perform PCRs with primers designed to detect 

Trpc2, Omp, and Vmn2r1 transcripts. Trpc2 encodes for the transient receptor potential cation 

channel, subfamily c, member 2, which is highly expressed in the VNO and seems to have a 

direct role in the VNO signaling cascade (Liman et al., 1999; Lucas et al., 2003). The 

olfactory marker protein (Omp) is present in mature VSNs, which represent around 80% of a 

dissociated VSN culture (Fig. 15). To identify a V2r transcript, I selected a receptor, which is 

expressed by a high number of VSNs. The Vmn2r1 receptor, which belongs to family C of 

V2rs, is expressed in around 29% of basal VSNs (Silvotti et al., 2007). Thus, this receptor 

provides a promising candidate to detect gene transcripts of an individual receptor. I could 

amplify all selected gene transcripts by PCR using gene-specific primer pairs (Fig. 34A-C). 

No amplificates were detected in water control samples (wc). Product size was monitored in 

ethidium bromide agarose gels: Vmn2r1 specific primers yielded RT-PCR products with a 

length of 432 bp, Omp1 of 320 bp, and Trpc2 of 435 bp. PCR products were verified by DNA 

sequencing (see 3.1.3.5). This indicates that Vrs and signaling components of VSNs can be 

amplified and detected with a gene-specific PCR approach. These experiments provide the 

basis to further screen for gene transcripts on the individual cell level. 
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Figure 34. Ethidium bromide-stained agarose gels of RT-PCR products of whole VNO cDNA. 
RT-PCR amplification with different gene-specific primers designed to detect Omp (A.) (primer Omp1; see table 3), Trpc2 
(B.), and Vmn2r1 (C.) were performed either with whole VNO cDNA (VNO) or water (wc) as a template. PCR products 
were loaded on 1% ethidium bromide agarose gels. No bands were visible in water control samples (wc). RT-PCR products 
were identified by size (Omp: 320bp; Trpc2: 435bp; Vmn2r1: 432bp ) and confirmed by sequencing reaction.  
 

 

4.3.2 Detection of gene-specific transcripts from individual VSNs 

After showing that specific gene transcripts can be amplified and detected by RT-PCR from 

whole VNO, the next step towards single cell RT-PCR was to amplify gene transcripts from 

individual cells. To determine the lowest amount of cells necessary to detect specific gene 

transcripts, I isolated 5, 10, 25, 50 and more than 50 (>50 cells) cells (VSNs, derived from 

C57BL/6 mice) using a microcapillary pipette. Cells were collected in lysis buffer and RNA 

was extracted (see 3.3.1). Prepared cDNA was used as a template to amplify Omp and Trpc2, 

which were already used in the previous experiment as a marker for general signaling 

components. Amplification was visualized in agarose gels stained with ethidium bromide 

(Fig. 35A, B). I was able to detect PCR products for Omp in samples with >50, 50, and 25 

cells (white arrow, Fig. 35A). PCRs using 5 and 10 cell samples did not yield any detectable 

product. RT-PCRs for Trpc2 yielded positive bands for samples with 25 cells, 50 cells, and 

whole VNO cDNA (VNO). No bands were detectable in 5 and 10 cell samples (Fig. 35B). To 

control functionality of PCR, I used whole VNO cDNA, which was successfully used in my 

previous experiments to amplify Omp and Trpc2 gene transcripts. Water-containing samples 

were used as negative controls. Since both markers (Omp and Trpc2) were only detectable in 

25 pooled cells, I conclude that this may be the detection threshold for this protocol (see 

3.3.1).  
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Figure 35. RT-PCRs for olfactory marker protein (Omp) and transient receptor potential channel c2 (Trpc2).  
A. Ethidium bromide-stained agarose gel of RT-PCR amplification with gene-specific primers designed to detect Omp 
transcripts (primer Omp1; see table 3) in 5, 10, 25, 50, and more than 50 (> 50 cells) isolated cells. Cells were isolated, 
pooled, and used as a template for reverse transcription. Whole VNO cDNA (VNO) was used as positive control. Water was 
used as negative control (wc). -RT indicates a second water control for reverse transcription. Omp product size (Omp: 320bp) 
was estimated using a standard DNA ladder (left). B. Trpc2 PCR (product size: 435bp) of 5, 10, 25, and 50 isolated VSNs.  
 

 

4.3.3 RT-PCR of HMW-activated native VSNs  

Since I hypothesized that Vmn2r74 is a potential candidate to detect HMW/MUPs, I wanted 

to determine if cells activated by HMW can be further characterized by the developed RT-

PCR approach in terms of their transcription profile. The first question that has to be 

answered is if HMW-responding cells belong to the subgroup of basal VSNs expressing 

family C Vmn2r1. To test this, VSNs from C57BL/6 mice were dissociated and tested in 

calcium imaging measurements. As stimuli, I selected HMW and as a negative control the 

sulfated steroid E1050, which induces activation of the Vmn1r89 receptor (Haga-Yamanaka 

et al., 2015). I assumed that this component would not activate V2r-expressing cells. Since I 

determined in previous experiments a detection threshold for gene-specific transcripts of at 

least 25 cells, I collected 27 cells responding to HMW (1:100) but not to the sulfated steroid 

E1050. To control that potential gene transcripts were specific for HMW-responding cells, I 

also selected 27 cells, which did not show activation to HMW in calcium imaging 

measurements (denoted as n/r). Cells were lysed and used as a template for reverse 

transcription with gene-specific PCRs to detect Vmn2r1 and Trpc2 transcripts (Fig. 36A, B).  

I observed Trpc2 products in the HMW responder sample (Fig. 36A; two slots), in non-HMW 

responder cells (n/r), and in the whole VNO (VNO) (Fig. 36A). Interestingly, I could identify 

amplification of the Vmn2r1 gene transcript in the fraction of cells that showed activation 

after HMW stimulation. This gene transcript was absent in the cell fraction, which was not 

activated by HMW (Fig. 36B). This indicates that HMW-responding cells belong to the 

subgroup of basal VSNs expressing the family C Vmn2r1. Furthermore, these data also reveal 

that calcium imaging can be functionally combined with a RT-PCR approach. 
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Figure 36. Gene-specific RT-PCR for Trpc2 and Vmn2r1 in isolated VSNs after HMW stimulation in calcium imaging. 
Ethidium bromide-stained agarose gel of RT-PCR amplifications with gene-specific primers designed to detect Trpc2 (A.) 
and Vmn2r1 (B.) transcripts in cells, which were stimulated with HMW (1:100) and sulfated steroid E1050 (100 µM). 27 
cells showing responses to the high molecular weight fraction of C57BL/6 mouse urine (HMW; 1:100) (HMW responder) 
and 27 cells not showing responses to any of the applied stimuli (n/r) were isolated, pooled, and used as a template for 
reverse transcription. Sterile water as template (wc) was used as negative control. -RT indicates a second negative control, in 
which water was added as a template for reverse transcription. Whole VNO cDNA (VNO) was used as positive control. 
Vmn2r1 amplification product in HMW responder sample in B. is indicated by a white arrow. Product size: see Fig. 33. 
 

 

4.3.4 Detection of gene transcripts in single VSNs after stimulus activation 

Since I could show that 27 pooled HMW-responding cells likely belong to a subgroup of 

specific basal VSNs characterized by the expression of a family C V2r, I sought to repeat this 

experiments on the single cell level, which provides more profound and detailed information 

than a pool of cells. From a pool of responder cells, one cannot exclude the possibility that 

some individual cells contain the gene transcript of a specific receptor, whereas others do not. 

To overcome this limitation in transcription profile accuracy, I adapted the receptor 

identification method for the single cell transcript detection. My aim was to identify Vmn2r1 

expression in HMW responder cells and detect Vmn2r74 gene transcripts. 

To set up and validate the single cell approach, I chose a subgroup of V1rs (V1rj clade), 

which were described to detect the sulfated steroid E1050 (100 µM). Thus, I targeted VSNs 

that showed robust calcium responses to E1050 but not to HMW (HMW; 1:300) and a DMSO 

control solution (DMSO; containing the same amount of DMSO compared to E1050 solution) 

to exclude false-positives. I observed 9 out of 408 cells responding to E1050, 12 to HMW, 

and one cell to the DMSO control solution (Fig. 37A, B). Single VSNs were picked with a 

microcapillary pipette after stimulation in calcium imaging, and single cell cDNA was 

prepared using a previously described procedure (Omura and Mombaerts, 2015) (Fig. 37C). 
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Figure 37. Cell picking of VSNs activated by the sulfated steroid E1050. 
A. Mean percentage of activated cells after stimulation with a DMSO control solution (DMSO; containing the same amount 
of DMSO compared to E1050 solution), the sulfated steroid 1,3,5(10)-estratrien-3, 17β-diol disulphate (E1050; 100 µM), and 
the high molecular weight fraction of C57BL/6 mouse urine (HMW: 1:300). Mean percentages: DMSO responder cells: 
0.18% ± 0.18% SEM; 1 DMSO responder cell out of 408 total cells in 3 infection experiments; E1050 responder cells: 2.05% 
± 0.33% SEM; 9 E1050 responder cells out of 408 total cells in 3 infection experiments, and HMW responder cells: 2.87% ± 
0.59% SEM; 12 HMW responder cells out of 408 total cells in 3 infection experiments. B. Representative intracellular 
calcium increase (F340/F380, arbitrary units a.u.) of a VSN (cell A) loaded with fura-2 in response to E1050 (100 µM) 
(chemical structure shown on the side), but not to the high molecular weight fraction of C57BL/6 mouse urine (HMW: 
1:300). C. Bright field and pseudocolor fura-2 ratio images of the cell shown in A during stimulation with a DMSO control 
solution (DMSO), HMW, and E1050. Responsive cells were later picked using a microcapillary pipette. Arrowhead points to 
the cell before and after (inside microcapillary pipette) picking. Scale bar: 10 µm. 
 

 

Five single cells responding to E1050 were independently isolated immediately after calcium 

imaging measurement, lysed, and prepared for RT-PCR to determine if receptors from the 

V1rj clade can be amplified (Fig. 38). I used degenerated primers for the V1rj subgroup of 

V1rs, capturing Vmn1r89, Vmn1r85, and Vmn1r86 genes. To verify that these cells are indeed 

VSNs, I further used specific primers to detect Omp and the G protein subunits Gαi2 and Gαo. 

Both G protein subunits are expressed in different layers of the VNO. A control cell, which 

was not responding to E1050 (n/r), was isolated and its cDNA used for PCR. The (n/r) control 

cell showed expression of Omp and Gnai2 (gene for Gαi2), indicating that it is likely a VSN of 

the apical zone. This cell showed no response to E1050 and no detectable expression of V1rj 

transcripts. Therefore, it is likely that this cell expressed a different V1r. Four out of five cells 

responding to E1050 showed a PCR product for Omp, and Gnai2, which is typically 

expressed together with V1rs in the apical layer of the sensory VNO epithelium. For Gnao1 

gene transcripts, encoding Gαo and proposed to be not present in V1r-expressing VSNs, no 

detectable expression was monitored in any single cell (Fig. 38). V1rj transcripts were 

identified in four out of the five E1050-activated cells, but not in the randomly picked cell 

(n/r), which was not activated by the sulfated steroid E1050. This result was expected since 

previous studies showed that VSNs responding to E1050 express V1rs of the V1rj subfamily 
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(Haga-Yamanaka et al., 2014). To identify individual receptor transcripts, PCR-amplified 

V1rj products were isolated and sequenced. Transcripts for Vmn1r89 and Vmn1r85 were 

identified, which is also consistent with the literature, since both receptors are described to be 

activated by E1050 (Haga-Yamanaka et al., 2014).  

Overall, I could set up a single cell RT-PCR approach that allows identification of individual 

receptors in single cells responding to a specific ligand in calcium imaging measurements.  

This approach was also used to identify the potential HMW receptor Vmn2r74 in HMW-

responding cells. However, I could not detect expression of Vmn2r74 transcripts in HMW-

responding cells (data not shown). The reason for this lack of expression is not clear. It may 

be that detection of V2r specific transcripts, which are longer than V1r transcripts, is not 

working with this approach. To test this, I could stimulate cells in future experiments with the 

peptide SYFPEITHI, which was matched with the Vmn2r26 receptor, and perform gene-

specific PCR for the Vmn2r26 receptor. Furthermore, it is not yet clear if different MUPs 

present in the HMW fraction activate different receptors. This would explain that HMW-

responding cells did not show expression of Vmn2r74 in the single cell RT-PCR approach, but 

expressed another HMW-detecting receptor. To test this, I could stimulate cells with 

individual recombinant MUPs and screen for the Vmn2r74 transcript. A good candidate would 

be MUP3 since I could show that Vm2r74-GFP-expressing cells are mainly activated by 

HMW fractions that contain MUP3 (Fig. 32). Picking more HMW responder cells to cover a 

broader amount of cells potentially expressing various receptors may also help to identify 

individual MUP receptors.  

 

 

 
 

Figure 38. Single cell RT-PCR of VSNs responding to the sulfated steroid E1050 in calcium imaging.  
Ethidium bromide-stained agarose gels of RT-PCR products generated from five cells (A to E) showing calcium responses to 
1,3,5(10)-estratrien-3, 17β-diol disulphate (E1050, 100 µM), a cell lacking a response to E1050 (n/r), and two water controls 
(wc1 and wc2). cDNA collected from pooled whole VNO tissue was used as positive control (VNO). PCR amplifications of 
cDNA collected from single cells were performed using gene-specific primers for Omp (primer Omp2; see table 3), Gnai2 
(Gαi2), Gnao1 (Gαo), and degenerated primers for three members of the V1rj subfamily. Product sizes: Omp: 197 bp, Gαi2: 
220 bp, Gαo: 348 bp and V1rj: 320 bp. 
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4.4 Kairomone activation of VSNs 
In addition to pheromones and signals from individuals of the same species, the mammalian 

olfactory system is also capable of detecting semiochemicals released by other species. One 

of its modalities consists of signals that may be beneficial for one of the species, such as those 

enabling identification of a potential predator. These chemostimuli, also called kairomones, 

provide the receiver species with an invaluable selective advantage for survival. Kairomone-

induced behaviors, such as aversion or fear-like behaviors, are proposed to be genetically 

predetermined. Indeed, it has been shown that innate predator-induced avoidance is driven by 

kairomones acting on different olfactory subsystems: the VNO, the Grüneberg ganglion (GG), 

as well as chemosensory neurons within the main olfactory epithelium (MOE) (Pérez-Gómez 

et al., 2015). Signals are further processed in different areas of the olfactory bulb and 

converge in limbic areas (in the medial amygdala and the ventromedial hypothalamus) (Pérez-

Gómez et al., 2015). However, the contribution of specific VSN subsets to kairomone 

detection is incompletely understood.  

Chamero and coworkers (Chamero et al., 2011) have previously shown that detection of 

peptides and proteins depends on the presence of Gαo. Cat fur odor (CFO) and Feld4, a cat 

MUP orthologue present in saliva, have both been reported to activate mouse VSNs and 

induce avoidance in mice (Papes et al., 2010). A natural conclusion would be that these 

compounds are detected by VSNs expressing Gαo. 

Therefore, I tested CFO and recombinant Feld4 (rFeld4) in calcium imaging measurements on 

freshly dissociated VSNs from cGαo
-/- mice, in which the Gnao1 gene (encoding Gαo) is 

conditionally deleted (Chamero et al., 2011) by Cre-mediated excision of the target gene in all 

Omp positive cells. VSNs from heterozygous (cGαo
+/-) and C57/BL6 (B6) animals were used 

as controls. Maltose binding protein (MBP) was used as a negative control since rFeld4 is 

present as a fusion protein with MBP. MBP allows identification of false-positive rFeld4 

responder cells. Robust responses to CFO and rFeld4 in B6 and heterozygous (cGαo
+/-) mice 

were observed, identifying two main subsets of responder cells: one fraction of cells 

responded only to CFO and the second group to both, rFeld4 and CFO (Fig. 39, left panel). 

Each fraction accounts for ~50% of CFO-responding cells (53% CFO-only and 47% CFO + 

rFeld4). Of all responding cells, 16% were activated by rFeld4 but not by CFO. In VSNs from 

cGαo
-/- mice, responses to CFO were also observed (Fig. 39, right panel). However, VSN 

activation by rFeld4 was nearly absent in these cGαo
-/- VSNs (Fig. 39, right panel).  
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Figure 39. Representative F340/F380 ratio traces from B6 and cGαo

-/- VSNs. 
VSNs from B6 mice and cGαo

-/- mice were dissociated, loaded with fura-2 dye, and calcium responses to cat fur odor (CFO; 
20 ml of 1x HBSS solution incubated with one cat-odorized cotton pad) and recombinant MBP-Feld4 fusion protein (rFeld4; 
500 nM) were analyzed. Maltose binding protein (MBP; 500 nM) was used as a negative control. Intracellular calcium 
increase (F340/F380 ratio traces; arbitrary units [a.u.]) of representative VSNs from both strains (left and right panel) in 
response to CFO and rFeld4 (B6) or CFO (cGαo

-/-) are shown. Responses to rFeld4 were abolished in cGαo
-/- VSNs (right 

panel). 53% of all cells responding to CFO showed only responses to CFO; 47% of CFO-responding cells did also show 
responses to rFeld4. 16% of all responding cells were activated by rFeld4 but not by CFO. Black arrows indicate start of 
stimulation.  
 

 

Next, I compared the mean percentage of responding cells to each stimulus (MBP, CFO, and 

rFeld4) between VSNs from the three different tested genotypes (Fig. 40): B6, cGαo
-/-, and 

cGαo
+/-. In VSNs from B6 and cGαo

+/-, I observed that CFO and rFeld4 activated almost 2% 

of total cells, indicating that VSNs from both strains sense both stimuli in a comparable 

number of cells. Almost half of the cells responding to CFO showed also robust responses to 

rFeld4. This indicates that rFeld4 could be a bioactive component present in CFO. In contrast 

to B6 and cGαo
+/-, VSNs from cGαo

-/- mice showed a ~50% reduction in the response to CFO, 

and responses to rFeld4 were nearly absent (LSD: *** p< 0.001) (Fig. 40). cGαo
-/- VSNs 

activated by CFO showed no overlap with residual rFeld4 responses. This drastic reduction in 

the response profile for rFeld4 is consistent with the idea that basal (Gαo-expressing) VSNs 

detect peptides and proteinaceous components (Chamero et al., 2007, 2011; Leinders-Zufall 

et al., 2004, 2009; Kimoto et al., 2005).  
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Figure 40. Summary of VSN kairomone activation in mice lacking Gαo (cGαo

-/-). 
Mean percentage of activated B6 (white), cGαo

+/- heterozygous (gray), and cGαo
-/- cells (black) with three different stimuli: 

Maltose binding protein (MBP; 500 nM), cat fur odor (CFO; 20 ml of 1x HBSS solution incubated with one cat-odorized 
cotton pad), and recombinant MBP-Feld4 fusion protein (rFeld4; 500 nM). VSNs from cGαo

-/- mice showed strong reduction 
in response pattern to rFeld4. N= 8115, 12935 and 11282 total VNO cells from 14 B6, 20 cGαo

+/- and 21 cGαo
-/- mice. 

ANOVA: F7,111 = 27.28, post hoc comparison: LSD: **p < 0.005, ***p < 0.001, **p < 0.005. Data expressed as mean ± 
SEM. 
 

 

Overall, these experiments reveal that CFO detection in the VNO is both Gαo-dependent and -

independent. Since CFO is a complex stimulus, it is likely to contain other bioactive 

components different from Feld4 that are detected by VSNs. These components would be 

transduced in a Gαo-independent fashion- for example by apical VSNs using a different G 

protein. rFeld4 seems to be entirely dependent on Gαo signaling because responses are 

abolished in cGαo
-/- VSNs. These data suggest that rFeld4 is a major active component in 

CFO, responsible for around 50% of its bioactivity in our experimental conditions.  
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5 DISCUSSION 
The main goal of this PhD project was to develop a functional expression system for Vrs in 

native VSNs and identify and match putative ligands with their specific receptor. A Herpes 

Simplex Virus type 1 (HSV-1)-derived amplicon system was developed, which allows 

functional gene delivery of different Vr types in VSNs. Selected members (Vmn1r89, 

Vmn1r237, Vmn2r26, and Fpr3) from each of the three main vomeronasal receptor families 

were ectopically expressed in dissociated VSNs. Expression of the receptors increased 

responsivity to specific ligands that were previously linked to these receptors (Isogai et al., 

2011; Bufe et al., 2012, Haga-Yamanaka et al., 2014; Leinders-Zufall et al., 2009). This is the 

first study that has functionally expressed Vrs in VSNs ex vivo using a virus-based expression 

system. This approach overcomes the limitations that heterologous expression systems 

encounter to express Vrs; thus permitting broader investigation of receptor-ligand interactions 

in VSNs. 

Vmn2r74 receptor was identified as a potential detector for the HMW urine fraction, mainly 

constituted by MUPs. HMW is a highly bioactive component, linked to various social 

behaviors in mice (Pérez-Gómez et al., 2014). Identifying a HMW receptor could help to 

understand how chemosensory information is encoded in mice, important for displaying 

social behaviors. 

 

 

5.1 Vr expression in heterologous cells 
A few of the ~150 mouse V2rs and one human V1r have been matched with potential ligands 

in a heterologous expression system (Dey and Matsunami, 2011; Shirokova et al., 2008). 

Some Vrs can be expressed in heterologous cell lines, including HEK293 cells (Dey and 

Matsunami, 2011) and a mouse spermatogonia cell line (Loconto et al., 2003), but with poor 

performance. They are probably retained in the endoplasmic reticulum (ER) and fail to 

localize to the membrane surface (Dey and Matsunami, 2011). This inefficient surface 

expression also affects other GPCR families, including Ors (Lu et al., 2003) and adrenergic 

receptors (Salahpour et al., 2004). Hence, Vrs are particularly difficult to express in 

heterologous cell systems, indicating that expression of these receptors requires interaction 

with cell-specific factors and a specific cellular environment. It may be that receptor-specific 

factors are needed for functional surface expression, as some V2rs can be expressed whereas 

others cannot. 
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Functional expression of the Vmn1r89 receptor was tested in a heterologous expression 

system using lipofection and fura-2 calcium imaging measurements. No positive responses to 

sulfated steroids were monitored, which are proposed ligands for this receptor (Isogai et al., 

2011; Haga-Yamanaka et al., 2014, 2015). Using a viral transduction system (HSV-1-derived 

amplicon system) to induce high expression of Vmn1r89 in HEK293 cells did not affect the 

response to sulfated steroids (Fig. 9), suggesting that the cellular environment of HEK293 

cells rather than the higher expression levels provided by HSV-1-derived amplicons may be 

the limiting factor for functional Vr expression. This was likely caused by a lack of surface 

expression of the receptor due to retention in the ER and/or Golgi apparatus or by non-

functional surface expression. ER retention is a major bottleneck in heterologous GPCR 

expression, including Ors (Lu et al., 2003, 2004; Gimelbrant et al., 1999) and Vrs (Dey and 

Matsunami, 2011). Indeed, trafficking of GPCRs to specialized localizations, such as the 

cilium of an OSN, is a complex mechanism that may involve many GPCR-interacting 

proteins (Magalhaes et al., 2012). At least some GPCRs are transported via vesicles through 

the ER and the trans-Golgi network to the ciliary pocket where further anterograde trafficking 

to the cilium is organized (Schou et al., 2015). An important stage of this mechanism is the 

coupling of some GPCRs to other GPCRs to form homo- or heterooligomers (Kleinau et al., 

2016) or to unrelated accessory proteins that transport the receptor to the plasma membrane. 

OlfC in zebrafish requires coexpression of OlfCc1 (an orthologue to family C Vmn2r1 in 

mice) to be targeted to the surface of HEK293 cells (DeMaria et al., 2013). 

Additionally, coexpression of major histocompatibility class (MHC) Ib molecules also 

improves receptor expression, at least for some V2rs in a spermatogonia cell line (Loconto et 

al., 2003). It is not yet clear whether MHC Ib molecules act as chaperones or whether they 

may have an active function on ligand binding. Although they contribute to V2r sensitivity, 

they seem dispensable for detecting ligands (Leinders-Zufall et al., 2014). 

Additionally, interactions with different proteins, such as the receptor-activity-modifying 

proteins (RAMPS), which facilitate the surface expression of the calcitonin-like receptor 

(McLatchie et al., 1998) and amino acid composition of the receptor itself, could influence 

poor receptor trafficking and retention in heterologous cells as well (Bubnell et al., 2015). 

The possibility that Vmn1r89 is correctly targeted to the surface plasma membrane but is not 

functional, due to a misled coupling to a signal transduction machinery, cannot be overlooked. 

Furthermore, missing post-translational modifications and/or interactions with cofactors could 

cause non-functionality. 
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Nonetheless, functional surface expression in heterologous cell systems can be improved by 

cotransfection with receptor-transporting proteins or adding N-terminal extensions. These 

extensions include amino acids from rhodopsin (Rho-tag) (Krautwurst et al., 1998), a 17-

amino acid leucine rich N-terminal peptide tag (Lucy-tag; Shepard et al., 2013), or an 

octapeptide (Flag-tag). These tags have been proposed to enhance Or and Vr surface 

expression in vitro (Bufe et al., 2012; Dey and Matsunami, 2011; DeMaria et al., 2013). 

However, these N-terminal tags may alter responsive profiles, at least proposed for some Ors 

(Zhuang and Matsunami, 2007). 

The complexity of conditions used in different Vr studies suggests that Vrs may need 

coexpression of a number of factors, some potentially even receptor-specific, to be functional 

in HEK293 cells. Exceptions are certain vomeronasal Fprs, that have been expressed in 

HEK293 cells without any coexpression of additional proteins or N-terminal extensions 

(Rivière et al., 2009). Overall, it is likely that Vrs require cell-type and receptor-specific 

components for functional expression in HEK293 cells; therefore, limiting this tool to 

deorphanize receptor-ligand interactions. 

 

 

5.2 HSV-1-derived amplicon system to transduce Vrs to intact VSNs 
A HSV-1-derived amplicon system for ex vivo receptor expression in freshly dissociated 

VSNs was set up to overcome the limitations of Vr expression in HEK293 cells. I 

hypothesized that VSNs would provide an appropriate cellular environment for functional Vr 

expression. Viral transduction approaches are already successfully used in Or research, such 

as adenovirus to infect the MOE. Functionality was tested by calcium imaging measurements 

or electrical measurements (Zhao et al., 1998; Touhara et al., 1999; Araneda et al., 2000). 

In this study, freshly dissociated VSNs were infected and combined with live cell calcium 

imaging measurements to monitor ligand binding to selected Vrs. 

 

 

5.3 Infection efficiency and natural tropism of HSV-1 for VSNs 
Among the large variety of available transduction systems, a HSV-1-derived amplicon system 

was used to express different Vrs in native VSNs because for four main reasons: 1) amplicons 

are defective gene transfer vectors, in which the amplicon genome does not carry protein-

encoding viral sequences; 2) consequently, they are safe for the host and almost nontoxic for 

the infected cells, yet have the ability to transduce cells at exceedingly high efficiencies; 3) 
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complete absence of virus genes provides space to accommodate very large foreign DNA 

sequences, including complete genes and 4) HSV-1 is specifically effective for infecting 

VSNs because it targets the mouse VNO as a route for neuroinvasion of the rodent central 

nervous system under natural conditions (Mori et al., 2005). Thus, HSV-1-derived amplicons 

are adequate candidates for fast and robust ectopic receptor expression in VSNs. A mean of 

~20% of all dissociated VSNs were infected (Fig. 14) and 76% of which were neurons (Fig. 

15). Infection rates varied, depending on the batch of preparation, but were independent of 

receptor type (Fig. 14). Variations in infection rate were probably caused by different ratios of 

helper virus vs. amplified amplicons in different batches. The reason is not clear but it is 

likely that the status and transfection efficiency of the 2-2 cells could influence the ratio. 

Nevertheless, these infection rates provided a sufficient amount of infected cells to screen for 

ligand-induced activity in calcium imaging measurements. Furthermore, infections in 

dissociated VSNs may be more efficient than any in vivo expected infection. Infection rates in 

the MOE, which is more accessible to external delivery than the VNO, using adenoviruses 

with higher virus titer compared to HSV-1-derived amplicons, barely reach 1-2% of infected 

sensory neurons (Zhao et al., 1998).  

A lower (almost three-fold) infection rate was observed in OSNs compared to VSNs (Fig. 29). 

One explanation could be that HSV-1-derived amplicons, which have a natural tropism for 

VSNs, are not equipped with suitable glycoproteins on their envelope surface to enter OSNs 

efficiently. Therefore, HSV-1-derived amplicons may have a higher specificity for VSNs. 

Another reason could be that expression of the transduced cloning cassette consisting of the 

receptor and the mCherry marker protein cDNA was differently expressed and processed in 

VSNs and OSNs. This could lead to a difference in mCherry fluorescence. Alternatively, this 

lower rate may only be a consequence of the larger cell density obtained in MOE cultures. 

 

5.4 GFP expression properties of HSV-1-derived amplicon-infected cells 
To monitor receptor expression, a GFP sequence was inserted into the cloning cassette (Fig. 

7). The IRES sequence facilitates bicistronic expression of the receptor and GFP as separate 

proteins within the same cell (Kim et al., 1992). This strategy avoids undesirable side effects 

of fusion proteins or adding extra residues to the receptor sequence. The HSV-1-derived 

amplicon infection of VSNs was monitored and 24 h post infection was the best time point to 

analyze infected VSNs on calcium imaging. GFP fluorescence intensity in infected VSNs 

peaked at 24 h and decreased after 48 h, probably due to reduced fitness. Furthermore, 

massive cell death of dissociated VSNs 72 h post infection was detected (Fig. 11), probably 
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due to virus toxicity and the lack of surrounding glia cells. Fortunately, infected cells could be 

loaded with fura-2 24 h post infection (Fig. 14), and dye uptake was a direct indicator of an 

intact plasma membrane integrity. VSNs transfected by lipofection did not show GFP 

fluorescence. Transfection of primary cells is complex and depends on many different factors 

like cell membrane composition and health status of the cells. In VSNs, lipofection may be 

blocked by inappropriate membrane composition or membrane alterations secondary to the 

dissociation. This disqualifies this widely used and well established gene-delivery tool and 

further supports the technical relevance of the newly developed HSV-1-derived amplicon 

system. Overall, a HSV-1-derived amplicon system is suitable for efficient transgene 

transduction in VSNs and can be used for ligand screening in rapid calcium imaging 

measurements of several hundred cells in parallel- simplifying the ligand screening 

remarkably. 

 

 

5.5 Functional validation of Vr expression 
Four members (Vmn1r89, Vmn1r237, Vmn2r26, and Fpr3) of all three major VNO receptor 

families were selected to monitor ligand binding and to test the functionality of this HSV-1-

derived expression system in dissociated VSNs combined with fura-2 live cell calcium 

imaging. Receptor expression induced a significant increase in the number of cells responding 

to specific ligands (Figs. 16, 18, 19, 21). These receptors have been linked with their ligands 

using different approaches, including heterologous expression (Fpr3- Bufe et al., 2012, 2015), 

genetically targeted mouse lines (Vmn2r26 and Vmn1r89- Haga-Yamanaka et al., 2014; 

Leinders-Zufall et al., 2009), and a combination of immunohistochemistry and in-situ 

hybridization (Vmn1r237- Isogai et al., 2011). Infection with control amplicons containing 

only GFP and no receptor (GFP-only) was insufficient to increase the response rate, 

indicating that viral infection and GFP do not contribute to the increased response rate. 

Closely related ligands for specific receptors were unable to increase responsivity as well, 

suggesting a high degree of specificity. Particularly, the response profile of Vmn1r89-GFP-

expressing VSNs did not overlap with that of the steroid E2734 (Fig. 18), which is similar in 

terms of structure to the activating steroids. A similar extent of specificity was observed in 

V2r-GFP-infected VSNs: a larger number of VSNs expressing Vmn2r74-GFP was activated 

by the HMW fraction of C57BL/6 (B6) male mouse urine compared to HMW from BALB/c 

(B/c). Even more, Vmn2r26-GFP-expressing VSNs detected the 9-mer peptide SYFPEITHI 

(SYF) but not the the mitochondria-derived peptide ND1 (f-MFFINTLTL), which seems to be 
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sensed by another V2r (Vmn2r81) (Leinders-Zufall et al., 2014). All three receptor types 

distinguished related components from their potential ligand. However, in rare exceptions, 

overlapping response profiles were observed to more than one ligand. This could be a 

consequence of a parallel expression of an endogenous and ectopically expressed receptor in 

the same cell. This idea is consistent with previous studies showing that individual VSNs can 

be activated by different peptides (Leinders-Zufall et al., 2004). 

Furthermore, detection of some stimuli was in the nanomolar range (Fig. 19), indicating a 

high affinity for specific ligands; similar to previously observed ligand detection features in 

intact slice preparations of mice VNOs (Leinders-Zufall et al., 2004, 2014). 

As cells expressing a virally transduced receptor probably maintain expression of an 

endogenous receptor, I cannot exclude that the endogenous receptor interacted with the 

ectopically expressed receptor by forming heterodimers or heteromultimers, which may alter 

the response profile. Further experiments expressing different receptor types ectopically and 

simultaneously in the same cell are needed to address this question. 

Ligand responses of infected cells followed the pattern of transient increases in intracellular 

calcium measured in untreated cells (Chamero et al., 2011), suggesting that the endogenous 

second messenger signaling cascade in infected cells is most likely responsible for generating 

the observed responses. This assumption was further supported by experiments performed in 

cGαo
-/- mice lacking a major component (Gαo) for signaling in basal VSNs (Chamero et al., 

2011): cGαo
-/- VSNs infected with Vmn2r26-GFP or Vmn2r74-GFP amplicons failed to show 

an increase in responses to SYF and HMW, respectively (Figs. 20, 25). 

Interestingly, responses were detectable in Vmn2r26-GFP amplicon-infected cGαo
-/- VSNs to 

SYF, the high molecular weight fraction of mouse urine (HMW), and ND1 (Fig. 25). 

However, the number of responding cells was very low for all ligands, indicating that 

responses likely reflected non-specific background activity rather than specific activation. 

 

The overall number of activated cells was relatively low (3-5%), although as many as 76% of 

the amplicon-infected cells were neurons (Fig. 15). The reasons for this is not known, but 

several factors may contribute. First, not all of the receptor amplicon-infected cells provide an 

appropriate access to the correct signaling cascade, as only half of the neurons express either 

Gαi2 or Gαo and further components could be necessary for correct receptor localization 

(including receptor-modifying proteins, such as Homer-like proteins, calreticulin 4, and 

phospholipase [PLC]). Second, the requirement for specific molecular partners to form 
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receptor oligomers. Third, some ligands may act as receptor antagonist, inducing inactivation 

of the receptor. 

Overall, an amplicon-derived delivery system was developed to identify receptor-ligand pairs 

with high specificity and sensitivity. Amplicons were combined with different fluorescent 

marker proteins that allowed measurements in genetically labeled cells. 

 

 

5.6 Vmn2r74 receptor expression increases responses to HMW 
Ectopic expression of Vmn2r74 induces an increase in responsivity to HMW in VSNs (Figs. 

23, 28, 32). HMW activation occured in up to 10% of all infected VSNs by calcium imaging 

measurements. This activation rate was slightly higher compared to activated cells ectopically 

expressing Fpr3-GFP, Vmn2r26-GFP, Vmn1r89-GFP, and Vmn1r237-GFP (3-6% on 

average). In contrast, activation rates in control amplicon-infected cells were largely similar 

for all tested ligands, including HMW (1-2% of infected cells), indicating high specificity of 

the Vmn2r74 receptor for HMW. This is further supported by a dose-dependent response rate 

of Vmn2r74-GFP-expressing cells (Fig. 26), which showed a higher number of responding 

cells under stimulation with higher HMW concentrations. The receptor peak response to 

1:100 diluted HMW in Vmn2r74-GFP-expressing cells was higher compared to the 1:300 

HMW dilution. As dose-dependent activation of a receptor is an important requirement for a 

proposed receptor-ligand interaction, this further backs Vmn2r74 as potential HMW receptor. 

Overall, the percentage of Vmn2r74 receptor amplicon-infected cells responded to HMW was 

variable (between 3-10%). Importantly, the amount of activated cells compared to control 

amplicon-infected (GFP-only) was always consistently larger, independently of the response 

rate. The difference in the increased responsivity factor (compared to GFP-only responder 

cells) varied between two-fold and seven-fold. This variation may reflect the heterogeneity of 

native dissociated VSNs in culture (depending on the individual culture preparation) as well 

as differences in stimulus application (different stimuli and order of application). Variations in 

stimuli application may alter background activity of amplicon-infected cells.  

 

HMW of C57BL/6 mouse urine is composed of five different MUPs. However, it is not clear 

whether Vmn2r74 expression favors detection of one or several MUPs, or whether other 

receptors are also involved in detecting the MUPs present in HMW. Consistent with multiple 

detection of several MUPs are observations that some cells responded to 1:100 HMW 
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dilutions, whereas others responded to 1:300 HMW dilutions. This suggests that different 

MUPs may be detected by the same receptor depending on their individual concentration. 

Two related receptors of the same clade, Vmn2r65 and Vmn2r66, failed to show increased 

number of responses to HMW (Fig. 23), indicating that HMW activation may be largely 

specific for Vmn2r74. However, it cannot be excluded that other receptors of the 10 members 

of this clade or even receptors from different clades could be also tuned to detect HMW. 

Nonetheless, HMW contained only a fraction (5 of 21) of the mouse MUP pool, not 

considering dozens of heterospecific MUP orthologues. Responses to other tested 

proteinaceous components (SYF and W-peptide [w-pep]), which are linked to different 

receptors (Leinders-Zufall et al., 2009; Bufe et al., 2012), did not increase in Vmn2r74-GFP-

expressing cells. This indicates moderate specificity to HMW. Three of the HMW-activated 

cells (Vmn2r74-GFP-expressing) showed also activation to SYF (Fig. 24), suggesting 

coexpression of the Vmn2r74 transgene with an endogenous receptor that could detect SYF. 

Interactions between the ectopically expressed Vmn2r74 and the endogenous receptor may 

also lead to a broader tuning profile and allow parallel detection of HMW and SYF. 

HMW detection in Vmn2r74-GFP-expressing cells seemed to follow a concentration-

dependent mechanism (Fig. 26). Regarding the number of activated cells, such a mechanism 

was already described for HMW, pooled MUPs, and urine in uninfected VSNs (Chamero et 

al., 2007; Leinders-Zufall et al., 2014). As Vmn2r74-GFP expression increased the responses 

to high HMW concentrations (Fig. 26), Vmn2r74 may be broadly tuned to detect various 

MUPs at high concentrations, at least for the MUPs present in my HMW preparation. This 

would be in agreement with a combined coding scenario, in which different VSN 

subpopulations detect different MUPs, depending on their composition and relative 

concentrations (Kaur et al., 2014). 

However, it could not be excluded that Vmn2r74 is also being activated by low HMW 

concentrations, which might not be detected because of the limited sensitivity of this 

expression system. In this case, the low activation rate and high HMW background in control 

amplicon-infected cells may uncover subtler variations in activity. 

 

Vmn2r74-GFP-expressing VSNs showed different response rates to HMW from the C57BL/6 

(B6) and BALB/c (B/c) mouse strains (Figs. 31, 32). B/c-derived HMW lacked two MUPs 

(MUP3 and MUP20) present in B6 HMW, but contained one MUP (MUP12)- not present in 

B6. Thus, MUP3 and MUP20 could be responsible for the increased responsivity to B6 

HMW. Alternatively, concentration ratio differences between specific MUPs in each HMW 
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could induce these different activation profiles. The fraction of infected cells responding to 

both stimuli (Figs. 31, 32) was small compared to the fraction of cells responding to B6 

HMW. This indicates that overlap seems to be a rare event. This further indicates that the 

Vmn2r74 receptor could be tuned to detect MUP3 and/or MUP20 and discriminate between 

other individual MUPs. Another possibility is that Vmn2r74-GFP-expressing cells are not 

tuned to detect individual MUPs (e.g., MUP3 and MUP20), but more to a defined MUP 

composition as proposed by Kaur et al. (2014).  

Unfortunately, activation experiments using Vmn2r74-GFP-expressing cells with single 

rMUPs remained inconclusive due to similar background activity in GFP-only amplicon-

infected cells and high background activity to MBP (Fig. 33). However, responses to all 

rMUPs were detectable, except MUP20, in Vmn2r74-GFP-expressing cells with no overlap to 

MBP, indicating that rMUP induced responses are not generated by the MBP fusion protein. I 

compared peak response ratio values of HMW responder cells (either infected with Vmn2r74-

GFP or GFP-only control) but could not detect a difference in the peak responses. The reason 

for the limited success in the response profile to rMUPs is not yet clear, although one 

possibility is that rMUP concentrations were insufficient to elicit the same responses as 

HMW. Future dose-dependent rMUP activation could help determine the influence of the 

rMUP concentration to activate Vmn2r74-GFP-expressing cells. Nonetheless, the lack of 

overlapping activation profiles for different HMW sources suggests that Vmn2r74 receptor 

may be able to distinguish between individual MUPs; although they share a high similarity. 

This is consistent with a context-dependent activation model for MUPs, as previously 

proposed (Kaur et al., 2014). Kaur and coworkers showed that different VSN populations can 

detect different rMUPs. Some VSNs even seemed to be tuned to detect several rMUPs in a 

mix depending on the concentration and composition. It is likely that more than one receptor 

participates in this context-dependent detection mechanism. 

Furthermore, MUPs, recombinantly produced in bacteria, could be structurally different from 

natural MUPs or they may carry small molecules in their pocket influencing receptor 

activation. In future experiments, small molecule displacers, such as menadione, could be 

used to strip off all bound molecules from rMUPs and HMW and test if response profile 

changed in Vmn2r74-GFP-expressing cells. 
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5.7 Single cell RT-PCR to decipher receptor-ligand pairs 
To access the identity of cells responding to specific ligands in live cell calcium imaging 

measurements, I used a RT-PCR approach. A microcapillary pipette-mediated cell picking 

approach was adapted with a suitable mRNA purification system. A commercially available 

silica-membrane was used to purify mRNA of 5-50 cells, previously isolated and picked from 

a dissociated VSN culture. The mRNA was reverse transcribed into cDNA and amplified for 

gene-specific transcripts of the olfactory marker protein (Omp) and the transient receptor 

potential channel, subfamily 2, member 2 (Trpc2) (Fig. 35). I selected these two general 

marker proteins for mature VSNs as they are proposed to be widely expressed in mature 

rodent VSNs (Berghard et al., 1996; Liman et al., 1999; Barrios et al., 2014). The detection 

threshold was determined to be 25 cells to amplify gene-specific products (Fig. 35). This 

threshold was rather due to a limitation of the silica-based membrane to purify mRNA from a 

few cells (~25 cells) than to an inadequate number of transcripts within individual cells. 

Independent of this limitation, the protocol was adapted to calcium imaging measurements 

and Trpc2 transcripts were amplified in 27 cells that previously responded to HMW and not to 

the sulfated steroid E1050. To further characterize HMW-responding cells and test their 

affiliation to a subgroup of V2rs expressing the family C V2r, namely Vmn2r1, this gene 

transcript was amplified in HMW-responding cells. 

This family C V2r (Vmn2r1), which is widely expressed in basal VSNs, was not present in 

non-responding cells. Vmn2r1 may be coexpressed with an ABD family V2r (Vmn2r74) 

essential for detecting HMW. Cells lacking Vmn2r1 could either detect other components, 

independent of Vmn2r1 expression or express a V1r, which is important for detecting non-

proteinaceous stimuli. 

Increased responsivity of V1r amplicon-infected cells to sulfated steroids was observed, so a 

single cell RT-PCR approach was set up to confirm these data. Furthermore, this approach 

could help to confirm receptor identity on the single cell level. A new protocol (different from 

the protocol described above) was adapted, which was already successfully used for OSNs 

(Omura and Mombaerts, 2014). 

A clade of receptors (transcripts were further characterized by sequencing as Vmn1r89 and 

Vmn1r85) and basic signal transduction components (G protein subunits) were identified in 

cells, previously responding to a sulfated steroid (E1050) (Figs. 37, 38). Cells not responding 

to E1050 did not express any of the two V1rs, suggesting that these cells are equipped with a 

different receptor tuned to detect other stimuli. Global amplification of all mRNA transcripts 

rather than separate purification of mRNA via a silica-based membrane was used to avoid loss 
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of transcripts (Dixon et al., 2000) as individual cells possess a very limited amount of mRNA 

(in the range of 1pg). To confirm my functional expression data, this new protocol was used 

to determine and detect Vmn2r1 (similar to clade-specific PCR for V1rs) and Vmn2r74 

transcripts in cells previously responding to HMW. Unfortunately, these transcripts were not 

detectable in HMW-responding cells. Since HMW is composed of different MUPs, which are 

potentially detected by various receptors, it might be that the tested HMW-responding cells 

expressed another HMW receptor apart from Vmn2r74. To overcome this issue, further 

experiments with a single rMUP as stimulus could help to identify Vmn2r74 transcripts in 

responding cells. One could test all five MUPs, present in mouse urine, individually and 

screen for Vmn2r74 transcripts in the cDNA library of responding cells.  

However, independent of the protocol and detection thresholds, specific V1rs and V2rs 

(Vmn2r74) may have different transcripts levels and are therefore not equally accessible via 

this RT-PCR approach. It is already known that gene expression can vary between individual 

cells (Huang, 2009), suggesting that subgroups of basal and/or apical cells could have varying 

transcript levels of receptors and signaling components. This could be another explanation for 

the lack of receptor transcripts in HMW-responding cells. The reason for this heterogeneity 

may have numerous explanations like epigenetic cell status, microenvironment, and circadian 

rhythm. Recently, it was shown that mice exposed to prolonged odorant stimulation showed a 

concentration-dependent decrease and circadian adaption of transcript levels of individual Ors 

upon stimulation (Von der Weid et al., 2015). As the mice used for cell picking experiments 

and RT-PCR analysis were usually housed together in one cage, they may have been exposed 

to various emitted stimuli, including urine of “roommates”, which may induced adaptive 

transcriptional processes. This could potentially lead to a reduction of transcript levels of 

potential HMW receptors like Vmn2r74. It would be interesting to test HMW responder cells 

from single housed mice. 

Furthermore, technical limitations and constraints could cause differences in transcript levels 

between V1r- and V2r-expressing cells. Additionally, V1r transcripts are shorter and more 

stable than V2rs and therefore more accessible to amplification. As a consequence, gene-

specific amplification of short sequence receptors such as V1rs could be more efficient, 

leading to an easier detection. 
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5.8 VSN detection of the cat MUP Feld4 
Mouse VSNs can detect orthologous MUPs, like Feld4, which is present in the saliva of cats. I 

tested whether recombinant Feld4 (rFeld4) and cat fur odor (CFO) require the G protein 

subunit Gαo for detection. To test this, I performed calcium imaging measurements in 

different mouse strains. In B6 and heterozygous (cGαo
+/-) VSNs both stimuli activated around 

2% of all cells, indicating that VSNs from both strains sense both stimuli similarly. Nearly 

half of the cells responding to CFO also responded to rFeld4, pointing to Feld4 as a potential 

bioactive component present in CFO. In contrast, VSNs from cGαo
-/- mice displayed a ~50% 

reduction in the response (percentage of activated cells) to CFO and responses to rFeld4 were 

abolished (Figs. 39, 40). This is consistent with the idea that basal (Gαo-expressing) VSNs 

detect peptides and proteinaceous components (Chamero et al., 2007, 2011; Leinders-Zufall 

et al., 2009, 2014; Kimoto et al., 2005). Interestingly, VSNs from cGαo
-/- mice were still 

partially able to detect CFO, suggesting that CFO contains more bioactive components using 

a different (Gαo-independent) signaling cascade. 

Reduced predator detection has important consequences at the behavioral level: cGαo
-/- mice 

were no longer able to display innate avoidance behavior to either rFeld4 or CFO (Pérez-

Gómez et al., 2015). Surprisingly, they showed attractive behavior to CFO, perhaps as a 

consequence of the presence of attractive chemostimuli. 

Overall, these experiments revealed that detection of CFO in the VNO is Gαo-dependent and -

independent, whereas that of rFeld4 seemed to be entirely dependent on Gαo signaling. CFO 

is likely to contain other bioactive components different from Feld4 that are detected by 

VSNs transduced in a Gαo-independent fashion; for example by apical VSNs. 
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6 CONCLUSIONS 
1. In this doctoral project, I introduced a novel HSV-1-derived expression system (ex vivo) to 

identify and characterize activity and tuning properties of individual Vrs. Through dissociated 

native VSNs my system facilitates ectopic receptor expression in their natural 

microenvironment, circumventing non-functional Vr expression observed in heterologous 

systems. Knowledge of potential ligands for individual receptors contributes enormously to 

understand the function of the VNO in mice. Receptor-ligand interactions identified by my 

system could be the basis for analyzing a causal link between receptor expression and 

potential behavioral effects. Since the generation of knockin or knockout mice is time-

consuming and costly, my approach bridges the gap between the lack of suitable heterologous 

systems and a gene-targeted approach to identify potential receptor-ligand pairs. 

 

2. I could show functional expression for all three types of GPCRs present in the VNO and 

confirm previously suggested receptor-ligand pairs. To my knowledge, this is the first study 

showing activation of a single rodent V1r to a specific ligand in vitro. Furthermore, I could 

show ligand-induced activation of the Vmn1r237 receptor to a mix of sulfated steroids, 

suggesting a direct link between the receptor and the ligand. 

 

3. This study also provides for the first time the identity of a potential receptor to detect the 

HMW urine fraction, which contributes to a wide range of social behaviors observed in mice. 

My experiments propose a concentration- and strain-dependent activation profile of Vmn2r74-

GFP-expressing cells by HMW. Further experiments using genetically modified mice lacking 

this specific receptor could help to determine a potential link between Vmn2r74 activation 

and MUPs in vivo. Furthermore, a behavioral analysis will address the question if the lack of 

this receptor induces a reduction of specific MUP-induced behaviors. 

 

4. I showed for the first time that activation of VSNs by a MUP orthologue secreted by cats, 

namely Feld4, is dependent on the G protein subunit Gαo. This indicates that a subset of VSNs 

that express Gαo is specialized in detecting chemosignals from different species, perhaps 

important to induce escaping behaviors from potential predators. 

 

5. I established an approach to identify Vr transcripts in single VSNs that respond to specific 

ligands by combining single cell RT-PCR with calcium imaging measurements. By using this 

method, I confirmed proposed receptor-ligand interactions on the RNA/DNA level. 
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