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III Zusammenfassung 

 

Fliegende Insekten orientieren sich in ihrer Umwelt mit Hilfe ihres hoch entwickelten 

olfaktorischen Systems. Es ermöglicht ihnen das Auffinden geeigneter Futter- und 

Eiablageplätze und ist unverzichtbar bei der innerartlichen Kommunikation. Der 

Geruchssinn muss dabei gleichzeitig sehr schnell und sensitiv sein um selbst geringste 

Mengen, z.B. des arteigenen Sexualpheromons, wahrnehmen zu können. Spezifische 

olfaktorische Rezeptoren (ORs) zur Detektion dieser Duftstoffe werden zusammen mit 

einem hoch konservierten Co-Rezeptor (Orco) in olfaktorischen Rezeptorneuronen 

(ORNs) auf den Insektenantennen exprimiert. Sie gehören zu den 7 Transmembran 

Rezeptoren, zeigen jedoch eine invertierte Membrantopologie im Vergleich zu den ORs 

der Vertebraten. Darüber hinaus bildet der OR/Orco-Komplex einen spontanaktiven 

Kationenkanal, die Bindung an ein G Protein ist allerdings umstritten. Daher ist noch 

ungeklärt, ob die Duftstoffbindung zu einer ionotropen Aktivierung des OR/Orco Kanals 

führt oder ob metabotrope Mechanismen die Bildung von zyklischem Adenosinmono-

phosphat (cAMP) oder Inositol 1,4,5-trisphosphat (IP3) bewirken. Mit Hilfe von extra-

zellulären Ableitungen einzelner Trichoidsensillen (tip recordings) auf den Antennen 

männlicher Manduca sexta wurde die Rolle von Orco sowie die Beteiligung einer 

Phospholipase Cβ (PLCβ)-abhängigen Transduktionskaskade untersucht. Es konnte 

gezeigt werden, dass die durch VUAA1 induzierte Spontanaktivität der ORNs durch 

OLC15 inhibiert und Orco somit kompetitiv gehemmt wurde. Eine Inhibition von Orco 

sollte die Antwort auf kurze Pheromonpulse sofort reduzieren, sollte die Transduktion 

über die Aktivierung des OR/Orco Kanals erfolgen. Die Ergebnisse dieser Arbeit 

zeigten jedoch keine Beeinflussung der primären Pheromonantwort, vielmehr wurde 

die späte, langanhaltende Antwort reduziert. Die ebenfalls als Orco-Antagonisten 

charakterisierten Amiloride MIA und HMA beeinflussen offensichtlich weitere Ziele, da 

eine substanz- und zeitgeberzeitabhängige Reduzierung der primären Antwort auftrat. 

Zusätzlich wurde die primäre Pheromonantwort durch die Inhibierung der PLCβ und 

der Proteinkinase C (PKC), sowie durch die Verwendung zweier Diacylglycerol (DAG)- 

Derivate signifikant beeinflusst. Hierbei zeigte die Inhibierung von PLCβ und PKC zeit-

geberzeitabhängige Unterschiede in der Stärke der Antwortreduktion. Auch die 

Applikation des DAG-Derivates DOG reduzierte die Pheromonantwort, während die 

Zugabe von OAG die ORN Aktivität steigern oder reduzieren konnte, abhängig von der 

verwendeten Derivatkonzentration und der Pheromonkonzentration. Die Ergebnisse 

dieser Arbeit deuten somit auf einen metabotropen, sehr wahrscheinlich PLCβ-

abhängigen Mechanismus für die Pheromontransduktion bei Manduca sexta. 
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IV Summary 

 

For fast and precise navigation flying insects rely on visual and olfactory cues. The 

sense of smell serves for the detection of suitable feeding and egg-laying sites and is a 

prerequisite for intraspecific communication. It has to be sensitive and fast at the same 

time to detect smallest amounts of odor traces, such as sex pheromones. Specialized 

olfactory receptor neurons (ORNs) on the insect’s antennae can detect these odor 

molecules. Each ORN expresses one type of odor-specific olfactory receptor (OR) 

together with a ubiquitous co-receptor (Orco). In contrast to mammalian ORs the 

membrane topology of these seven-transmembrane domain receptors is inversed and 

no G protein-binding site is known for insect ORs so far. Thus, the mechanisms of odor 

transduction in insects are discussed. It is unknown if odor-dependent depolarization of 

ORNs is mediated via direct opening of the OR/Orco ion channel complex or via a 

metabotropic transduction cascade involving either cyclic adenosine monophosphate 

(cAMP)- or inositol 1,4,5-trisphosphate (IP3)-production. With extracellular recordings 

from single olfactory sensilla (tip recordings) on the antennae of male Manduca sexta 

the role of Orco as well as the participation of a phospholipase Cβ (PLCβ)-dependent 

transduction cascade in pheromone detection was investigated. It was shown that 

OLC15 could block VUAA1-induced Orco activity, thus confirming that OLC15 

competitively blocks Orco. If pheromone transduction is mediated via ionotropic gating 

of an OR/Orco cation channel block of Orco should immediately suppress responses to 

brief pheromone stimulation. However, OLC15 had no influence on the phasic 

pheromone response but significantly reduced the late, long-lasting response if applied 

at IC50-concentrations. The two putative Orco antagonists MIA and HMA were shown to 

have other targets than OLC15 since a Zeitgebertime (ZT)- and agent-dependent 

reduction of the phasic response was observed. Additionally inhibition of PLCβ or 

protein kinase C (PKC) as well as increasing diacylglycerol (DAG)-concentrations in 

pheromone-sensitive ORNs significantly influenced the phasic pheromone response. 

PLCβ and PKC-inhibition reduced the responses ZT-dependently. While application of 

the DAG-derivate DOG decreased pheromone responses OAG could both increase or 

reduce ORN activity, depending on the analog-concentration and strength of the 

pheromone stimulus. Thus, the results of this thesis suggest that pheromone 

transduction in M. sexta ORNs is mediated via metabotropic, most likely PLCβ-

dependent mechanisms which are modulated depending on the physiological state of 

the animal or adaptation processes due to contact with strong pheromone stimulation. 
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1. Introduction 

 

The ability to detect chemical cues is a ubiquitous feature in nature. Therefore, almost 

all vertebrates and invertebrates but also bacteria (Nijland & Burgess, 2010), yeast 

(Dohlman, 2002) and even plants (Runyon et al., 2006) have developed mechanisms 

to detect chemical signals. They enable communication within a species and between 

species, which is crucial for the survival of both, sender and receiver of the signal. With 

emitting odors plants either attract pollinators or repel enemies while insects use 

chemical communication to signal their social status or mating availability, to mark a 

territory or to warn of danger. The olfactory system of insects enables for the detection 

of airborne and mostly volatile odors which can be simple molecules or complex 

mixtures of hundreds of molecular components. One of the most sensitive olfactory 

systems has evolved in moths. Some species are able to detect traces of their species-

specific attractant over kilometers and even smallest amounts are sufficient to elicit a 

behavioral response (Kaissling & Priesner, 1970). For communication with their 

conspecifics insects release pheromones (greek: phérein = to carry or to bear; 

hormōn = to stimulate) (Wyatt, 2003) which lead to a specific, innate reaction in the 

receiver (Karlson & Luscher, 1959). Pheromones are used as alarm signal, to attract 

mating partners, as trail signals or social cues. In this regard moth sex pheromones are 

very potent. They usually consist of only a few, sometimes identical components in 

closely related species (Wyatt, 2003; Berg et al., 2014), still their release will only 

attract the conspecific mates. This illustrates that not only the chemical composition but 

also the concentration ratios of the components are crucial for a proper response 

behavior (Kaissling, 1996). 

 

1.1. Olfaction and odor-guided behavior in moths 

The olfactory receptors neurons (ORNs) which detect odorous stimuli are mainly 

located on the antennae on the insect’s head. Due to its exposed position during flight 

the antenna can detect low odor concentrations and fast concentration changes which 

allows for navigation directed to the source or away from it. One example that 

illustrates the capability of the olfactory system of moths is the localization of a mating 

partner over large distances by male moths. Hereby females produce a species 

specific sex pheromone blend consisting of one to several small molecules which are 
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produced in abdominal glands (Itagaki & Conner, 1988; Wyatt, 2003; Raina, 2008). To 

call a conspecific male 1 to 22 ng/min (Bjostad et al., 1980; Haynes et al., 1983) of the 

blend are released into the surrounding air in short pulses indicated by the frequency of 

gland extrusion of about 1 to 2 Hz (Conner et al., 1980; Conner et al., 1985). Wind and 

other turbulences further distribute the pheromone, dividing it into even smaller 

filaments. Odor concentration in these filaments is not evenly distributed and there is 

no overall concentration gradient with regard to the odor source. On the contrary, 

plumes of pheromone are highly irregular and interspersed with patches of clean air 

(Hartlieb & Anderson, 1999; Cardé & Willis, 2008). Therefore, the frequency of odor 

filaments rather contains the information about the distance of the odor source and 

enables male moths to follow the pheromone plume to the calling female. Next to the 

presence of an attractive odorant knowing the direction of the wind is very important for 

navigation. Hence, male moths use odor triggered anemotaxis for pheromone 

detection. Their pheromone-directed flight can be divided in two strategies: When a 

male moth encounters a pheromone plume it will start flying upwind turning in zig-zags 

(surging). If the moth looses the odor track it turns into crossing the wind at larger 

angles and stops flying upwind (casting) (Baker & Vogt, 1988; Hartlieb & Anderson, 

1999; Cardé & Willis, 2008; Haupt et al., 2010). Pheromone source localization also 

depends on the intermittency of the signal, since the frequency of the encountered odor 

filaments seems to determine the turning frequency of the moth during surging. It was 

shown that with increasing pulse frequencies the turning behavior is reduced resulting 

in a straighter upwind flight (Mafra-Neto & Carde, 1994; Vickers & Baker, 1994). 

Constant pheromone stimulation in wind tunnel experiments resulted in cessation of 

upwind flight and switch to casting behavior (Baker et al., 1985). After approaching the 

calling female moths display courtship behavior prior to mating. This includes additional 

cues, such as male pheromones and tactile stimuli (Baker & Cardé, 1979a; Birch et al., 

1989; Haupt et al., 2010). 

To elicit a behavioral response the information about encountered pheromone 

molecules has to be processed in the olfactory system of the moth. Distinct subgroups 

of antennal ORNs express pheromone-specific olfactory receptors (ORs) on the 

surface of their dendritic cilia (Dobritsa et al., 2003; Hallem et al., 2004; Hallem & 

Carlson, 2006; Grosse-Wilde et al., 2010). The axons of antennal ORNs project to the 

first higher order processing center in olfaction – the antennal lobe (AL) in the central 

brain. It consists of small spherical structures, called glomeruli, where the input from all 

ORNs converges. Thus, ORNs which express the same OR project to a single 

glomerulus forming a spatial and temporal map of odor identity (Hansson et al., 1992; 
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Vosshall et al., 2000; Carlsson et al., 2002; Lei et al., 2004; Carey & Carlson, 2011). 

There they synapse onto a smaller number of projection neurons (PNs) which strongly 

improves the signal-to-noise ratio and amplifies weak signals (Bhandawat et al., 2007; 

Wilson, 2013; Galizia, 2014). Projection neurons send their axons to the mushroom 

body, the center for memory and learning, and to the lateral protocerebrum which is 

associated with innate olfactory behavior (Carey & Carlson, 2011; Galizia, 2014). 

 

1.2. Circadian rhythm in olfaction 

The female sex pheromone which is produced by specific glands in the terminal 

abdominal segments usually is a mixture of several short chain unsaturated 

hydrocarbons with terminal acetates, aldehydes or alcohols (Itagaki & Conner, 1988; 

Tumlinson et al., 1989; Kaissling, 2014). The release of pheromone peaks during the 

late night and correlates well with the time of maximum flight activity and highest 

sensitivity to pheromone in males (Sasaki & Riddiford, 1984; Groot, 2014). Even in 

constant darkness calling behavior as a sign for pheromone release as well as male 

responsiveness showed an endogenous rhythm of approximately 24 h in different 

insect species (Baker & Cardé, 1979b; Itagaki & Conner, 1988; Rosen et al., 2003; 

Silvegren et al., 2005; Saifullah & Page, 2009; Sadek et al., 2012). Thus, pheromone 

acts as coupling factor of circadian mating behavior in male and female. A central 

circadian pacemaker which has been located in the central brain or the optic lobes of 

many insects seems to be responsible for the establishment of circadian locomotor 

activity rhythms and sleep-wake cycle (Nishiitsutsuji-Uwo & Pittendrigh, 1968; Truman 

& Riddiford, 1970; Sokolove, 1975). It controls the circadian production and release of 

hormones that induce, e.g. eclosion, oviposition, flight activity and pheromone 

production (Sasaki & Riddiford, 1984; Raina, 1997; Saunders, 1997; Myers, 2003; 

Rafaeli, 2005; Polanska et al., 2009). A prerequisite of circadian pacemaker cells is the 

presence of so called clock genes, such as period (per), timeless (tim), Clock (Clk), and 

cycle (cyc). The expression of these genes oscillates in the course of about 24 h 

creating a negative feedback loop where the gene product itself inhibits its own 

translation. Most studies focused on the investigation of the molecular feedback loop in 

the fruitfly Drosophila melanogaster (Hardin, 2005; Tataroglu & Emery, 2015) but little 

is known about these mechanisms in moths (Groot, 2014). The expression of circadian 

genes was also shown in peripheral tissue, like Malpighian tubules, testes and 

antennae showing oscillating expression levels (Giebultowicz et al., 2000; Tanoue et 

al., 2004; Merlin et al., 2009; Tomioka et al., 2012). In some moth species, among 
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them Manduca sexta, circadian gene expression was found in ORNs, which could be 

identified as peripheral pacemaker neurons (Merlin et al., 2006; Merlin et al., 2007; 

Schuckel et al., 2007). Furthermore, it was shown that different proteins involved in 

regulation of the olfactory sensitivity, i.e. an odorant degrading enzyme in moth and the 

G-protein receptor kinase 2 in Drosophila, were expressed in a circadian manner 

(Merlin et al., 2007; Emery & Francis, 2008; Tanoue et al., 2008). Finally, also the 

expression of odorant binding proteins in the mosquitoes Anopheles gambiae and 

Aedes aegypti show rhythmic expression patterns (Rund et al., 2013a; Rund et al., 

2013b). So far it is not known whether also the expression of ORs underlies circadian 

rhythms. 

The circadian rhythms on the molecular level might be partly responsible for the 

observed daily rhythms in olfactory sensitivity of male moths. Hormones, such as 

octopamine (OA) and serotonin, on the other hand also strongly influence the 

responsiveness and sensitivity of the olfactory system of moths (Linn & Roelofs, 1986; 

Linn et al., 1992; Gatellier et al., 2004). The concentration of OA was shown to oscillate 

daytime-dependently as well as in constant darkness with highest OA-levels correlating 

with maximal activity (Linn et al., 1994; Linn et al., 1996; Schendzielorz et al., 2015). 

Electrophysiological investigations showed that application of OA increased responses 

of ORNs, leading to disadaptation of the ORNs during the animal’s resting phase 

(Pophof, 2000; 2002; Flecke & Stengl, 2009; Hillier & Kavanagh, 2015).  

 

1.3. The antenna of the hawk moth Manduca sexta 

For all experiments in this thesis the 

crepuscular hawk moth M. sexta 

(Linnaeus, 1763) was used. The moth, 

also referred to as tobacco hornworm, 

belongs to the family Sphingidae and 

originates in North- and Central 

America. During the last 50 years it 

became a model organism in various 

research fields, like neurobiology, 

ecology, or biochemistry. The animal is 

relatively large, rearing in laboratories 

is easy and fast and its nervous 

 

Fig. 1.1 Developmental stages of the hawk moth 
Manduca sexta. Eggs (upper left), fifth instar larva 
and pupa (middle), male adult (right) on a tobacco 
leaf. Picture provided by A. Werckenthin. 
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Fig. 1.2 Structure of male Manduca sexta antenna. (A) Frontal view of male hawk moth with exposed 
antenna. (B) Sensillar arrangement on the flagellum viewed from the leading edge. Dorsal (right) and 
ventral (left) side bear arches (ar) of long trichoid sensilla (proximal elements (p)). Shorter sensilla (scoop 
(sc)) extend around the leading edge. Scale bar: 100 µm (modified after Lee & Strausfeld (1990)). (C) 
Schematic drawing of the antennal cross-section. Trichoid sensilla (ts), stubby peg (p), shorter sensilla 
(ss), lumen (lu), nerve branches (nb),cuticle (c), nerve trunks (n), epidermis (e), scales (sc), blood vessel 
(b), trachea (t). Modified after Sanes & Hildebrand (1976b). 

system is easily accessible (Diamond et al., 2010). M. sexta is a holometabolous insect 

with a lifecycle of about 30 to 50 days. After hatching from the egg larvae usually 

undergo five molts within 19 to 23 days and grow from roughly 0.5 cm to about 7 cm. 

Complete metamorphosis takes place during the pupal stage, which lasts about 20 

days. Adult moths can survive up to 2 weeks after eclosion (Fig. 1.1) (Madden & 

Chamberlin, 1945). M. sexta is a phytophagous insect that uses a variety of host plants 

mostly from the family Solanaceae. While the larvae feed from the leaves, the adult 

moths drink the nectar of these plants. 

The hawk moth antennae are approx. 2 cm long unbranched appendages on the head 

(Fig. 1.2 A). Their architecture follows the general scheme and can be divided in a 

basal scape and pedicel, and an elongated flagellum. The scape connects the antenna 

with the head capsule and contains muscles and mechanoreceptors to control antennal 

movements (Schneider, 1964; Sanes & Hildebrand, 1976b). In the pedicel the 

Johnston’s organ, which registers antennal vibrations during flight, is located (Vande 

Berg, 1971). It is crucial for maintaining flight stability and fine tuning of movements 

during flight (Sane et al., 2007). The flagellum of the M. sexta antenna can be 

subdivided into almost 80 segments (annuli) and shows a prominent sexual 

dimorphism. In cross-section the female antenna is almost round whereas the shape of 

the male flagellum reminds of a keyhole with the elongated part facing forward during 

flight (Fig. 1.2 B, C) (Sanes & Hildebrand, 1976b; Shields & Hildebrand, 2001). The 
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ventral and dorsal part as well as the leading edge of this elongated segmental region 

house up to 2200 differently shaped sensory hairs (sensilla) (Keil, 1989; Lee & 

Strausfeld, 1990). In the rounded part of the antenna runs a trachea, a hemolymph 

filled vessel as well as two antennal nerves containing the axons of all sensory neurons 

of the antenna (Fig. 1.2 C) (Sanes & Hildebrand, 1976b). Annuli are interconnected via 

sclerotized intersegmental membranes at their rounded side which is covered with 

scales and contains only few sensilla (Sanes & Hildebrand, 1976b; Lee & Strausfeld, 

1990). 

Sensilla for different modalities, like olfaction, taste, mechano- , thermo- or 

hygrosensation are found in a specific arrangement on the antenna (Lee & Strausfeld, 

1990; Keil, 1999). These sensory hairs differ greatly in shape, function and abundance 

(Tab. 1.1). Despite their different morphology sensilla consist of one or several bipolar 

sensory neurons, auxiliary cells and cuticular elements (see section 1.4) (Altner & 

Prillinger, 1980; Keil, 1999). Classification of sensilla is mainly based on morphological 

features, concerning the structure of the hair wall or the number and distribution of 

pores of the hair (Tab. 1.1) (Altner & Prillinger, 1980; Keil, 1999). Sensilla (s.) 

trichoidea, s. basiconica and s. coeloconica are predominant on the male antenna 

(Sanes & Hildebrand, 1976b; Lee & Strausfeld, 1990). On the female antenna the 

male-specific long trichoid sensilla type I are missing since they house the pheromone 

sensitive ORNs which are necessary for male M. sexta to find the female for mating 

(Shields & Hildebrand, 2001). 

Tab. 1.1 Different sensilla types on the antenna of male Manduca sexta. Modified after Lee & 
Strausfeld (1990). 

Sensillum type Function No. of 
ORNs 

Length 
(in µm) 

Shape Wall type 

S. trichoidea I 
and II 

Olfactory 1 – 3 30 – 600 Hair Single wall with pores 

S. basiconica I 
and II 

Olfactory 1 – 3 10 – 30 Cone Single wall with pores 

S. chaetica I 
and II 

Gustatory / 
Mechanosensory 

1 or 5 100 Bristle Type I: terminal pore; 
Type II: no pores 

S. coeloconica I 
and II 

Olfactory / 
Thermo- / 
Hygrosensory 

3 or 5 2 – 5 Peg in 
pit 

Type I: double wall with 
pores;  
Type II: no pores 

S. styliform 
complex 

Thermo- / 
Hygrosensory 

3 50 Peg No pores 
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1.4. Architecture and function of pheromone-sensitive trichoid sensilla 

The most striking structure on the antenna of male M. sexta is the regular arrangement 

of the sensilla trichoidea (Fig. 1.2). More than 40 000 hairlike sensilla were located on 

one male antenna (Sanes & Hildebrand, 1976b), subsequent counts found more than 

800 male-specific trichoid sensilla type I on single annuli (Lee & Strausfeld, 1990). 

They form basket-like structures which are opened towards the leading edge of the 

antenna and consist of several rows of long trichoid sensilla (Fig. 1.2 B). The length of 

the sensilla varies whereby the longest hairs can be found on the outmost rows of the 

basket in the middle of the annulus. The hair shaft is filled with receptor or sensillum 

lymph and has a diameter of about 2-5 µm. The cuticular wall of these sensilla is circa 

0.4 µm thick and perforated by numerous pores (Keil, 1989; Lee & Strausfeld, 1990). 

Trichoid sensilla usually house two bipolar ORNs and three auxiliary cells which are 

located directly underneath the visible hair (Fig. 1.3). In the hawk moth one of the 

neurons almost always responds to the main pheromone component, bombykal (BAL; 

(E,Z)-10,12-hexadecadienal). The second ORN is mostly activated by (E,E,Z)-

10,12,14-hexadecatrienal (Kalinova et al., 2001). The neurons can be subdivided into 

soma, axon and dendrite, which consists of an inner dendritic segment and an outer 

dendritic cilium. The latter part reaches out into the hair and contains the pheromone 

specific ORs (Keil, 1989). Additionally, it was reported that the cilia can actively 

elongate and shorten again (Williams, 1988) while also winding around each other 

(Keil, 1984a). A specific feature of the outer dendrite is the presence of microtubules 

with the typical 9x2+0 arrangement in the basal-most part of the dendritic cilium. The 

outer dendrite forms regional swellings or beads but their function could not be clarified 

yet (Keil, 1984a; Williams, 1988; Keil, 1989). The axons of the antennal sensory 

neurons of each annulus gather into a pair of nerve braches that merge to the antennal 

nerves (one ventral and one dorsal per antenna) and project to the antennal lobe in the 

insect’s brain (Sanes & Hildebrand, 1976a).  

The non-neuronal auxiliary cells which surround the ORNs (Fig. 1.3) have different 

functions during development and in the adult moth. The innermost thecogen cell 

tightly enwraps the neurons from axon to inner dendritic segment. It forms septate 

junctions with the ORNs as well as with the trichogen cell to establish electrical 

isolation of the neurons. The dendritic sheath built by the thecogen cell surrounds the 

outgrowing cilium during development and encloses the inner dendritic segment of the 

ORNs in the adult (Steinbrecht, 1980; Keil, 1989; Keil, 1999; Keil, 2012). The trichogen 

cell surrounds the inner thecogen cell and secretes the cuticle of the hair shaft of the 

developing sensillum. Together with the outmost tormogen cell it forms the proximal 
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part of the receptor or sensillum lymph 

cavity (Fig. 1.3). Both cells are 

responsible for secretion and 

establishment of the composition of the 

sensillum lymph. The apical part of these 

cells is highly folded and contains 

densely packed V-ATPases (Gnatzy & 

Weber, 1978; Keil, 1989; Wieczorek et 

al., 1989; Klein & Zimmermann, 1991; 

Wieczorek et al., 2009). Together with a 

K+/2H+ antiporter a high extracellular K+ 

concentrations is generated (Kaissling, 

1995; Keil, 1999). This results in a 

transepithelial potential (TEP) between 

sensillum- and hemolymph which varies 

between 20 and 100 mV (Thurm & 

Wessel, 1979; Kueppers & Bunse, 1996). 

This potential difference is suggested to 

increase the driving force of the dendritic 

receptor potential after activation of the 

OR (Thurm & Wessel, 1979). 

 

1.5. Perireceptor events 

Transmission of olfactory information in flying moths is in the range of milliseconds, 

since they are able to follow odor concentration changes in natural plumes which occur 

within less than 100 ms (Vickers et al., 2001; de Bruyne & Baker, 2008). Hence, all 

processes of odor uptake and response generation are aimed towards high speed and 

sensitivity at the same time. The structure and antennal arrangement of trichoid 

sensilla is ideal for catching odor molecules. Pheromone molecules enter the sensillum 

lymph cavity via numerous pores in the hair cuticle. Subsequently, the mostly 

hydrophobic pheromone components are guided along pore tubules which have a 

diameter of about 10 - 20 nm and originate from the pores (Steinbrecht, 1973; Keil, 

1982; Steinbrecht, 1997). Specific pheromone-binding proteins (PBPs) take up the 

pheromone that reached the sensillum cavity (Fig. 1.4). The small soluble PBPs are 

secreted into the sensillum lymph by the trichogen and tormogen cell in very high 

 

Fig. 1.3 Scheme of Manduca sexta trichoid 
sensillum. Two olfactory receptor neurons 
(ORNs) are closely encapsuled by accessory 
cells (thecogen (TE), trichogen (TR) and 
thormogen (TO) cell). The dendritic cilia (CI) of 
the ORNs projects into the receptorlymph (RL)-
filled hairshaft which is covered with pores (P). 
BL = basal lamina; CU = cuticle; EP = epidermis; 
GL = glia; HL = hemolymph; D = dendrite. Figure 
provided by A. Nolte. 
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concentrations (Laue & Steinbrecht, 

1997) and are mainly found in 

pheromone-sensitive trichoid sensilla of 

the male. In contrast, general odorant-

binding proteins (GOBPs) are expressed 

in both male and female and seem to be 

involved in mediating the response to 

general, mostly plant-derived odors 

(Vogt et al., 1991; Steinbrecht et al., 

1995). Immunolabeling studies have 

shown that the expression of PBPs and 

OBPs is restricted to certain sensillum 

types (Laue & Steinbrecht, 1997; Vogt et 

al., 2002) and that some binding 

proteins seem to co-localize in the same 

sensilla (Nardi et al., 2003). Yet, PBPs 

as well as OBPs are not specific for 

single odor molecules but rather for classes of odors (Qiao et al., 2011). It is suggested 

that PBPs contribute to the odor selectivity of different sensillum types. Additionally, the 

presence of PBPs strongly increases the ORN’s sensitivity towards specific odors 

(Grosse-Wilde et al., 2006; Forstner et al., 2009). The binding proteins form a cavity 

wherein the pheromone molecule can be transported to the dendritic membrane  

(Fig. 1.4). To open this pocket the PBP has to undergo conformational changes which 

are pH-dependent (Wojtasek & Leal, 1999; Horst et al., 2001; Leal, 2013). Due to the 

negatively charged dendritic membrane (Keil, 1984b) the pH near the ORs is lower and 

the PBP can release the pheromone molecule (Kaissling, 2013; Leal, 2013). In moths it 

is most likely that pheromone molecules alone activate the OR (Fig. 1.4). An 

alternative hypothesis suggests that binding of the PBP-pheromone complex is 

necessary in Drosophila (Xu et al., 2005; Leal, 2013). 

Also removing of the bound pheromone molecule from the OR as well as its 

inactivation and degradation are not yet fully understood. Several types of odorant-

degrading enzymes (ODEs) were found in the antennae of different moth species  

(Fig. 1.4) (Vogt, 2005; Leal, 2013). Among these an antennal-specific esterase was 

found in Antheraea polypheus (Ishida & Leal, 2005) and an aldehyde oxidase which 

rapidly degrades BAL has been identified in M. sexta (Rybczynski et al., 1989). It is 

unclear whether the degradation of the pheromone by ODEs alone is fast enough for 

 

Fig. 1.4 Scheme of perireceptor events in 
trichoid sensilla. Pheromone (P) enters the 
sensillum via pore tubuli (PT) in the cuticle (CU). 
Pheromone-binding proteins (PBPB) take up 
pheromone molecules and guide them to the 
olfactory receptor (ORX) complex. Unbound 
pheromone will be degraded by pheromone 
degrading enzymes (PDE) or inactivated probably 
also by PBPs (PBPI). CP = Cytoplasm; PBPU = 
unbound PBP; RL = receptor lymph. 
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the OR to encounter a new ligand within the range of milliseconds, since the 

concentration of ODEs in the sensillum lymph is about 2x104 times lower than the PBP-

concentration (Ishida & Leal, 2005). Therefore it has been suggested that an unknown 

scavenger protein could rapidly inactivate the pheromone molecule until it will be 

degraded by ODEs. This could be another, yet unresolved, function of PBPs (Fig. 1.4) 

(Kaissling, 2013; Leal, 2013). Next to odorant-specific ORs and a ubiquitous co-

receptor (see section 1.6) a sensory neuron membrane protein (SNMP) is expressed in 

the dendritic membrane of ORNs (Rogers et al., 1997; Rogers et al., 2001). A function 

in the transmission of the odor molecule to the receptor is also assigned for this 

protein. It is suggested that the SNMP can bind the pheromone-PBP-complex and, 

thus keep it near the membrane where the pheromone molecule can be released to 

interact with the receptor (Rützler & Zwiebel, 2005). Furthermore, SNMP is expressed 

in the auxiliary cells, suggesting additional functions (Forstner et al., 2008). 

 

1.6. Olfactory receptor classes in insects 

After the identification of ORs in vertebrates which belong to the family of G protein-

coupled receptors (GPCRs) (Buck & Axel, 1991) scientist also searched for these 

receptors in insects. It was not until 1999 that the first insect ORs were identified in 

D. melanogaster. Like vertebrate ORs they belong to the clade of 7 transmembrane 

(7 TM) domain receptors but show no sequence similarity to any known class of 

GPCRs (Clyne et al., 1999; Gao & Chess, 1999; Vosshall et al., 1999). The number of 

functional ORs found in the genome of different insects varies between 10 in the 

human body louse to circa 60 in Drosophila and more than 350 in the ant Camponotus 

floridanus (Zhou et al., 2012; Missbach et al., 2014). ORs can be grouped according to 

their specificity. Moth pheromone receptors are usually very narrowly tuned to 

recognize only one or a few components of the species-specific sex pheromone. In 

Bombyx mori the male-specific pheromone receptors BmorOR1 and BmorOR3 

specifically respond solely either to bombykol or bombykal, the two components of its 

sex pheromone (Nakagawa et al., 2005). General odorant receptors in moths and most 

Drosophila ORs are more broadly tuned and can bind several members of different 

chemical classes (Hallem & Carlson, 2004; Hallem et al., 2004; Ghaninia et al., 2014). 

Another unique feature of insect ORs is their membrane topology, which is reverse to 

vertebrate ORs. Their N-terminal side faces the cytoplasm while the C-terminus is 

situated extracellularly (Fig. 1.5 A) (Benton et al., 2006; Lundin et al., 2007; Smart et 

al., 2008). For binding a G protein usually the C-terminus and the third cytoplasmatic 
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Fig. 1.5 Schematic structures of insect olfactory, gustatory and ionotropic receptors. (A) One 
conventional olfactory receptor (ORX) is always co-expressed with the conserved co-receptor (Orco). Both 
are 7 transmembrane (7TM) receptors with a cytoplasmatic N-terminus and an extracellular C-terminus. 
They form heteromers which build an unselective cation channel. (B) Gustatory receptors (GRs) also 
belong to the family of 7TM receptors with an inverted membrane topology and form heteromers with 
different GR-subunits. (C) In coeloconic sensilla up to five variant ionotropic receptors (IRs) are co-
expressed. Among these IR8a and IR25a are ubiquitously expressed. IRs resemble the ionotropic 
glutamate receptors but lack the glutamate binding site. They consist of 3 transmembrane domains which 
build an ion channel pore and a bipartite ligand-binding region. 

loop of the GPCR are necessary (Strader et al., 1994). In the case of insect ORs these 

parts face the extracellular side and cannot contribute to G protein binding, thus 

signaling via G protein-coupled mechanisms is under debate (see section 1.8). While 

distinct subgroups of ORNs usually express one odorant-specific OR, the olfactory 

receptor co-receptor (Orco) is co-expressed in almost all ORNs (Fig. 1.5 A) (Clyne et 

al., 1999; Vosshall et al., 1999; Dobritsa et al., 2003). This highly conserved receptor 

molecule can be found throughout different insect families showing high sequence 

similarities (Krieger et al., 2003; Larsson et al., 2004; Pitts et al., 2004; Patch et al., 

2009). The function of Orco is not completely resolved yet but it could be shown that it 

forms homomers as well as heteromers with the co-expressed conventional OR 

(Neuhaus et al., 2005; German et al., 2013; Mukunda et al., 2014a). Although Orco is 

not directly involved in ligand-binding (Dobritsa et al., 2003; Elmore et al., 2003; 

Nichols et al., 2011), it is essential for odor responses, since in orco mutant flies 

lacking the co-receptor, odorant detection was impaired (Larsson et al., 2004). In 

particular, Orco seems to be required for the localization and insertion of the OR in the 

ciliar membrane of ORNs, thus stabilizing the receptor complex (Larsson et al., 2004; 

Benton et al., 2006). Several studies confirmed that the OR/Orco complex forms a 

spontaneously active, non-specific cation channel in heterologous expression systems 

(Sato et al., 2008; Wicher et al., 2008; Jones et al., 2011; Sargsyan et al., 2011). But 

the location of the channel pore and the contribution of OR and Orco to the pore could 
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not be identified yet (Wicher et al., 2008; Pask et al., 2011; Nakagawa et al., 2012). If 

and how this leaky cation channel is involved in ligand-gated depolarization is still 

discussed (see section 1.8.3). 

Next to the divergent class of ORs two other classes of chemoreceptors were identified 

on the antennae of different insects. In CO2-sensing basiconic sensilla ORNs 

expressing gustatory receptors (GRs) are found (Fig. 1.5 B). These receptors are 

distantly related to ORs and generally two GRs are co-expressed in these sensilla, 

similar to OR expressing neurons (Jones et al., 2007; Vosshall & Stocker, 2007). Apart 

from their antennal localization GRs are mainly found on the labellum, legs and the 

wing margins where they detect bitter and sweet substances (Montell, 2009). The 

second non-OR type of receptors on insect antennae are the so called variant 

ionotropic receptors (IRs) which are found primarily in coeloconic sensilla (Fig. 1.5 C). 

They were first identified in Drosophila and belong to the family of ionotropic glutamate 

receptors (iGluRs) which mainly mediate synaptic transmission (Benton et al., 2009; 

Guo et al., 2013). The receptor consists of three transmembrane domains, a bipartite 

ligand-binding domain that usually binds glutamate and an ion channel domain. In 

chemosensory IRs the binding region lacks the typical glutamate binding motif, but 

instead shows high variability and it could be shown that IRs mainly bind acids and 

amines (Benton et al., 2009; Silbering et al., 2011). IRs are assumed to form 

heteromers since in one ORN two to five IRs are co-expressed whereby two distinct 

IRs (IR8a and IR25a) could function as co-receptors similar to Orco (Benton et al., 

2009; Ai et al., 2013). The expression of olfactory IRs is a common feature of insect 

antennae but IRs seem to be more ancient than ORs since they were also found in 

mollusks like Aplysia dactylomela and in the nematode Caenorhabditis elegans (Croset 

et al., 2010). So far, little is known about ligand binding and transduction mechanisms 

in both IRs and GRs but a function as ligand-gated ion channels is suggested for both 

(Montell, 2009; Ai et al., 2013). 

 

1.7. Spontaneous activity of ORNs 

In the absence of olfactory stimuli spontaneous action potentials (APs) can be 

observed in recordings from single ORNs (Kaissling & Priesner, 1970; Dolzer et al., 

2001). They result from ultradian oscillations of the membrane potential which are 

influenced by sequentially opening of different ion channels. In cultured moth ORNs 

voltage- and Ca2+-dependent Cl- and K+ channels were found which could mediate 
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repolarization of the activated ORN (Zufall et al., 1991; Dolzer et al., 2008; Pezier et al., 

2010). Thus, the membrane potential reaches levels below resting potential which 

induce opening of hyperpolarization-activated ion channels. In pacemaker cells 

hyperpolarization-activated cyclic nucleotide-gated (HCN) cation channels employing 

an Ih current play a major role in maintaining the resting potential (Robinson & 

Siegelbaum, 2003). Also in insect ORNs such HCN or Ih channels are present (Krieger 

et al., 1999; Marx et al., 1999; Krannich & Stengl, 2008). These channels could 

counteract the Cl- induced hyperpolarization and elevate the membrane potential to a 

level near the spiking threshold. Additionally, it was shown that also the current via the 

OR/Orco complex could be induced even at hyperpolarizing potentials (Wicher et al., 

2008). It is assumed that these alternating activity of de- and hyperpolarizing channels 

cause subthreshold membrane potential oscillations (STMPOs) in ORNs (Stengl, 

2010). Hence, if the ORNs spiking threshold of about -40 mV is reached the cell will 

generate spontaneous APs. The TEP, measured in tip recordings (see section 1.4), 

also shows slow oscillations (Dolzer et al., 2001). It is still unclear if and to what extend 

this TEP influences spontaneous activity of the ORN, since TEP oscillations showed a 

period of 2 - 8 minutes while several bursts of spontaneous APs occur within one 

minute, thus no correlation between these two parameters was observed (Dolzer et al., 

2001). 

The OR/Orco complex itself seems to have a strong influence on spontaneous activity 

in Drosophila. In heterologous expression systems the presence of the ligand-binding 

OR alone was sufficient to induce spontaneous APs (Wicher et al., 2008) whereas 

knockout of ORs resulted in reduced activity (Dobritsa et al., 2003). Additionally, the 

ligand-specific OR apparently determines the spontaneous firing rate of a certain ORN 

(Hallem et al., 2004). Application of specific Orco agonists and antagonists in 

heterologous systems as well as in vivo showed that inhibition of Orco reduced 

spontaneous activity while activation of Orco strongly increased the open propability of 

the OR/Orco ion channel and, thus, spontaneous ORN firing (Jones et al., 2011; Chen 

& Luetje, 2012; Jones et al., 2012; Nolte et al., 2013). When expressed alone or in 

combination with a ligand-binding OR in heterologous systems Orco forms a non-

selective leaky ion channel (see section 1.8.1). In orco mutants spontaneous activity 

was completely absent (Larsson et al., 2004; Benton et al., 2007). Thus, the permanent 

cation influx via the OR/Orco complex would cause constant depolarization of the ORN 

which could induce spontaneous activity (Stengl, 2010; Stengl & Funk, 2013). Finally, 

also the SNMP is assumed to play a role in spontaneous activity of ORNs. In 

D. melanogaster it was shown that knockout of SNMP strongly increased spontaneous 
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firing of ORNs (Benton et al., 2007; Jin et al., 2008). It is assumed that SNMP interacts 

with the OR/Orco complex which reduces spontaneous activity. 

 

1.8. The transduction of olfactory information in ORNs 

The most important step in odorant detection is the transmission of the chemical signal 

that reaches the receptor into an electrical response that can be processed by the brain 

and lead to behavioral output. Hereby the olfactory system has three main tasks: the 

precise identification of the odor, a high sensitivity to small amounts of the odor and the 

fast transmission of the signal. Pheromone detection in moths is very suitable for the 

investigation of these mechanisms, since it unites all three features. Pheromone 

receptors specifically bind only one or a few components of the pheromone mixture 

which guaranties precise odor recognition. To achieve fast responsiveness ionotropic 

mechanisms, e.g. via a ligand-gated ion channel are preferable. On the other hand, a 

very sensitive mechanism to amplify small signals is the use of second messenger-

mediated metabotropic signaling. For odor detection in insects the transduction 

pathways are not yet completely resolved and different hypotheses exist which will be 

discussed in the following sections. 

 

1.8.1. Odor transduction in Drosophila 

The fruit fly D. melanogaster is a commonly used model organism for the cellular and 

molecular investigation of the olfactory pathway, since multiple genetical as well as 

physiological and behavioral tools can be employed. The role of the OR/Orco complex 

as well as the involvement of second messengers was intensely investigated in the last 

years. Expression in different heterologous cell systems has shown that OR and Orco 

but also Orco alone form a spontaneously opening cation channel which elevates 

intracellular Ca2+ levels (Sato et al., 2008; Wicher et al., 2008; Jones et al., 2011; 

Mukunda et al., 2014a). A direct activation of the OR/Orco ion channel by OR-specific 

ligands (Sato et al., 2008; Smart et al., 2008; Wicher et al., 2008) is still controversially 

discussed (Fig. 1.6 A). When expressing different combinations of ligand-binding ORs 

and Orco in human embryonic kidney (HEK293) cells a fast inward current was 

detected after stimulation with the OR-specific ligand. This current was odor-dose-

dependent but apparently independent of the presence of ATP or GTP (Sato et al., 

2008). Together with the knowledge of the atypical membrane topology of insect ORs 

the authors suggested a solely ionotropic transduction mechanism for olfactory 
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information without activation of G proteins as a general principle in insect olfaction 

(Fig. 1.6 A) (Sato et al., 2008). A second study showed similar results by performing 

knockdown experiments hampering with the function of several G proteins. In single 

sensillum recordings from Drosophila ORNs they found no difference in the odorant 

response with or without functional G proteins (Yao & Carlson, 2010). Wicher et al. 

(2008) also found this fast ionotropic current but could additionally identify a slower 

current which required ATP. They could show that the intracellular cyclic adenosine 

monophosphate (cAMP) level was elevated after odor stimulation. Additionally, they 

found that a current could be elicited in heterologously expressed OR/Orco heteromers 

as well as Orco homomers by addition of cAMP. Hence, a dual activation of the 

OR/Orco ion channel complex via odorants and intracellular cAMP rises was 

postulated (Fig. 1.6 B). Ligand-binding would elicit a fast, less sensitive ionotropic 

current via opening the OR/Orco ion channel and additionally would activate a Gαs 

protein which induces activation of an adenylyl cyclase (AC) and therefore production 

of cAMP. The elevated cAMP level could increase the open probability of the OR/Orco 

channel and, thus, would lead to a second prolonged cation influx (Wicher et al., 2008). 

The authors argue that the pore of the OR/Orco ion channel is situated within the Orco 

molecule itself, since expression of Orco alone led to a cation current. 

Although direct coupling of the OR/Orco complex to G proteins could not be shown yet 

and the inverse topology of insect ORs questions it, too, there is considerable evidence 

for the presence of G proteins as well as other second messengers in Drosophila 

ORNs. Already before the knowledge of the insect OR structure the presence of the α-

subunit of Gq proteins in ORNs was proven with immunostainings (Talluri et al., 1995). 

Since Gq protein activates a phospholipase Cβ (PLCβ) which produces diacylglycerol 

(DAG) and inositol 1,4,5-trisphosphate (IP3) it was suggested that the transduction of 

olfactory information in Drosophila would be mediated via this mechanism (Talluri et al., 

1995). Following studies confirmed the localization of Gq protein in a majority of 

antennal ORNs and additionally showed that its knockout in olfactory neurons strongly 

reduced the antennal response to odorants, although not completely abolishing it (Kain 

et al., 2008). Also the attraction and avoidance behavior towards different odors was 

impaired when Gαq was missing in ORNs (Kalidas & Smith, 2002). Since olfaction in 

Drosophila was not completely lost it was suggested that other, likely G protein-

dependent mechanisms might exist simultaneously (Kalidas & Smith, 2002; Kain et al., 

2008). Indeed, next to the Gq protein an AC activating Gs, an AC inhibiting Gi and a Go 

protein were identified in the cilia of ORNs in D. melanogaster (Boto et al., 2010). 

Further evidence for the involvement of signaling via cAMP was provided by knockout 
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of an AC and a cAMP phosphodiesterase which both showed a reduced and prolonged 

odorant response (Martin et al., 2001; Gomez-Diaz et al., 2004). Additional support for 

the involvement of the Gq-dependent PLCβ and its products could also be found, since 

knockdown of PLCβ reduced odorant responses as well as mutation in a DAG kinase 

which degrades DAG to phosphatidic acid (Kain et al., 2008). Also an IP3 receptor was 

found in Drosophila ORNs which seems to be required for the maintenance of odorant 

responses and overexpression of an IP3 kinase altered the kinetics of antennal 

responses as well (Deshpande et al., 2000; Gomez-Diaz et al., 2006). Different 

hypotheses were formulated which try to merge these contradicting findings (see 

section 1.8.3). 

 

1.8.2. Odor transduction in moths 

Although olfactory processes have been thoroughly investigated in Drosophila and 

hypotheses about the transduction mechanisms are postulated upon these findings 

(see section 1.8.1) it is likely that olfactory transduction in other insects might work 

differently. Especially with regard to the different living conditions of flies, social insects 

or moths. High sensitivity but also the ability to follow a wide range of concentrations is 

necessary for pheromone detection in moth. Therefore a second messenger-

dependent transduction mechanism seems suitable. The presence of the PLCβ-

activating Gq protein as well as Gs in cilia of ORNs was shown for several moth species 

(Laue et al., 1997; Jacquin-Joly et al., 2002; Miura et al., 2005). In Spodoptera littoralis 

and A. polyphemus a PLCβ could be located in the pheromone sensitive trichoid 

sensilla (Maida et al., 2000; Chouquet et al., 2010). Also PLC activity increased upon 

odor stimulation in locust and cockroach resulting in an elevation of the antennal IP3 

level (Boekhoff et al., 1990a; Boekhoff et al., 1990b). Additionally, it was shown that 

this increase in IP3 happens within less than 100 ms after pheromone stimulation and 

rapidly decays again in both, cockroach and moth (Breer et al., 1990; Boekhoff et al., 

1993). PLCβ activation also leads to production of DAG in equimolar concentrations as 

IP3. Application of DAG was shown to increase ORN activity similar to weak odor 

stimulation (Maida et al., 2000; Pophof & Van der Goes van Naters, 2002). In addition 

a DAG kinase could be identified in trichoid sensilla of S. littoralis (Chouquet et al., 

2008). Further downstream of PLCβ activity a protein kinase C (PKC) is activated by 

DAG in the presence of Ca2+ (see section 1.8.3). PKC was shown to be present in 

homogenates of moth trichoid sensilla. Furthermore the PKC activity increased after 

pheromone stimulation (Maida et al., 2000). It was also found that different ion 
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channels in cultured moth ORNs were activated by PKC (Zufall & Hatt, 1991b; Dolzer 

et al., 2008) while its inhibition abolished the transient nature of the IP3 response to 

pheromone stimulation (Schleicher et al., 1994). In moth a direct coupling of odor 

perception to the activation of AC and its product cAMP was not reported (Boekhoff et 

al., 1993), yet application of cAMP increased the response of pheromone sensitive 

ORNs Zeitgebertime-dependently (Flecke et al., 2010). 

 

1.8.3. Ionotropic or metabotropic transduction? 

Numerous studies in different insects provided partially contradicting evidence for the 

involvement of different transduction cascades in the peripheral processing of olfactory 

information. Several hypotheses have been proposed trying to reconcile the different 

findings, whereby three main hypotheses are currently discussed. Since Sato and 

colleagues (2008) found that different combinations of OR/Orco complexes formed 

ligand-gated unspecific cation currents which were independent of ATP and GTP in 

heterologous cell systems, they hypothesized a solely ionotropic transduction 

mechanism for insect olfaction. The spontaneously opening channel would in this case 

be activated by odor binding which would increase the open propability of the OR/Orco 

channel and lead to depolarizing cation influx (Fig. 1.6 A) (Sato et al., 2008). They 

could also show that application of cAMP, cGMP or IP3 could not elicit a current via the 

OR/Orco ion channel. These findings were supported by single sensillum recordings 

and investigation of a heterologously expressed OR/Orco complex from Drosophila 

where the interference with different metabotropic cascades showed only marginal 

influence on the odorant responses (Smart et al., 2008; Yao & Carlson, 2010). 

With a different combination of heterologously expressed Drosophila OR/Orco 

complexes a fast, ionotropic current was found followed by a slower but more sensitive 

current after odor stimulation (Fig. 1.6 B) (Wicher et al., 2008). The second, slower 

current was found to depend on the presence of ATP or GTP while the first current 

remained also in their absence. Expression of the odorant sensitive OR together with a 

cyclic nucleotide-gated ion channel (CNG) in the absence of Orco showed an inward 

current after odor stimulation which indicated to cAMP production after OR activation. 

Therefore the authors suggested that the odor-binding OR directly couples to a Gs 

protein which would increase cAMP levels via activation of an AC (Fig. 1.6 B). By 

expressing Orco in HEK293 cells without a ligand-binding OR they were able to induce 

a current with application of a membrane-permeable cAMP-analog. Out of these 

findings it was suggested that the odorant-binding OR is able to activate the ion 
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channel built by Orco and additionally binds a Gs protein which is also activated upon 

odor binding. The increased intracellular cAMP-level would further activate Orco 

leading to a slower and prolonged opening of the Orco channel even at lower odor 

concentrations (Fig. 1.6 B) (Wicher et al., 2008). Further investigations of Orco 

revealed a PLC- and PKC-dependent increase in cAMP sensitivity of the co-receptor 

whereas in the absence of PKC Orco activation via cAMP was diminished. Additionally, 

mutation of five PKC phosphorylation sites in Orco also abolished cAMP-sensitivity 

(Sargsyan et al., 2011). A third mechanism to enhance Orco activity was found by 

increased calmodulin activity when Ca2+ levels were elevated (Mukunda et al., 2014b). 

Therefore it is possible that the previously reported partial dependence of the olfactory 

response on the PLCβ cascade (see section 1.8.1) is due to necessary 

phosphorylation of Orco. 

For pheromone transduction in moths a third hypothesis was postulated suggesting a 

solely metabotropic mechanism via a PLCβ-dependent cascade (Fig. 1.7). In cultured 

M. sexta ORNs stimulation with pheromone elicited a series of at least three inward 

currents. The first current was characterized as a fast and transient Ca2+ channel which 

was blocked by increasing intracellular Ca2+ concentrations within less than 100 ms 

(Stengl et al., 1992). It could also be shown that this channel was activated by inclusion 

of IP3 in the recording pipette during patch clamp experiments. This transient current 

was followed by a second Ca2+-dependent cation current which could also be blocked 

by IP3 induced Ca2+-rises. A third pheromone-induced inward current which is 

 

Fig. 1.6 Hypotheses of odor transduction in Drosophila melanogaster. (A) Sato and colleagues 
(2008) proposed a solely ionotropic mechanism for olfactory transduction in insects. Hereby binding of an 
odor molecule directly activates the OR/Orco ion channel complex which leads to a cation influx. (B) For 
odor transduction in Drosophila Wicher et al. (2008) presented a model of dual Orco activation. An odor 
molecule bound to the OR would directly activate Orco and lead to a fast and transient cation influx ○1 . 
The Gs protein coupled to the OR would activate an adenylyl cyclase (AC) which produces cAMP. If Orco 
was previously phosphorylated by protein kinase C (PKC) cAMP can bind and generate a second more 
slowly metabotropic cation current ○2 . In this model the pore of the ion channel is built by Orco alone. 
CP= cytoplasm. 
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permeable for K+ and Na+, but not for Ca2+, seems to be elicited by PKC in the 

presence of high Ca2+-levels (Fig. 1.7) (Stengl, 1993; 1994). Together with the finding 

that pheromone stimulation led to a fast and transient IP3 increase in antennal 

homogenates (see section 1.8.2) it was concluded that pheromone transduction in 

moths is mediated via a PLCβ-dependent transduction cascade (Fig. 1.7) (Stengl, 

2010; Stengl & Funk, 2013). Accordingly, a pheromone molecule would bind to the Gq 

protein-coupled OR/Orco complex which leads to activation of a PLCβ. This enzyme 

cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into equimolar amounts of DAG 

and IP3 which in turn activates a fast and transient Ca2+ current. This suggestion is also 

supported by the immunolocalization of an IP3 receptor which activates a Ca2+ channel 

in M. sexta ORN cilia (Laue & Steinbrecht, 1997). This first Ca2+ influx would then open 

the second Ca2+-dependent cation channel which further increases the intracellular 

Ca2+ concentration. This in turn would close both ion channels and together with the 

produced DAG a PKC could be activated (Fig. 1.7). It was shown that increased PKC 

concentrations terminate the pheromone response in moth sensilla (Schleicher et al., 

1994) most likely via a negative feedback on the PLCβ which would stop producing IP3 

and DAG (Ryu et al., 1990), thus guaranteeing the phasic character of the pheromone 

response. Additionally, PKC inhibits Ca2+ currents in ORNs but opens Ca2+-

impermeable cation channels instead (Zufall & Hatt, 1991b; Dolzer et al., 2008). Apart 

from activating PKC, DAG itself was shown to activate ion channels in ORNs which 

have similarities to transient receptor potential (TRP) channels as known from the 

Drosophila visual system (Krannich, 2008; Chouquet et al., 2009). In moths the direct 

involvement of the OR/Orco ion channel complex in pheromone-dependent 

depolarization could not be shown so far. In contrast, activation of the OR/Orco ion 

channel via the Orco agonist VUAA1 only increased spontaneous activity but had no 

effect on the initial pheromone response (Nolte et al., 2013). Therefore this model 

suggests that the OR/Orco cation current is responsible for spontaneous activity and 

membranepotential oscillations in moth ORNs (Stengl, 2010; Stengl & Funk, 2013). 

Thus, its activity might influence the sensitivity of the ORN by determining the distance 

between resting potential and spike threshold. One important step to fully clarify 

olfactory transduction mechanisms in insects would be to show whether the OR/Orco 

complex directly couples to a G protein or if G protein activity is a secondary effect of 

insect OR activation. 
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1.8.4. Modulation of odor transduction 

The olfactory system in moths is extremely sensitive but on the other hand it is able to 

respond to odors over a great range of concentrations. Therefore the insect must 

possess mechanisms to tune the sensitivity of this system according to its current 

situation. It could be shown that the responsiveness of single ORNs in vivo changes 

over the day with the highest sensitivity during the moths’ activity phase (Flecke et al., 

2006; Flecke & Stengl, 2009). It seems likely that these changes might be due to 

circadian rhythms in hormone release in the hemolymph. Indeed, it was found that the 

level of octopamine (OA), the insects stress hormone, shows rhythmic concentration 

changes over the course of day which also remained under constant conditions (Linn et 

al., 1994; Linn et al., 1996; Schendzielorz et al., 2015). Additionally, perfusion of single 

ORNs with OA could increase the response to pheromone only during the animals’ 

resting phase, suggesting that sensitivity is maximal when the moth is active and 

cannot be further increased (Flecke & Stengl, 2009). OA receptors could be localized in 

moth antennae where they mediate rises in cAMP as well as IP3 upon binding of OA 

(Dacks et al., 2006; Schendzielorz et al., 2015). The resulting daytime-dependent 

changes in cAMP- and IP3-levels could also influence the activity of the OR/Orco 

 

Fig. 1.7 Model of pheromone transduction in Manduca sexta. For moth pheromone detection a 
metabotropic transduction mechanism was suggested (Stengl, 2010; Stengl & Funk, 2013). It is assumed 
that the olfactory receptors (ORX) activate a Gq protein after pheromone binding. This initiates the cleavage 
of phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 
(IP3) by phospholipase Cβ (PLCβ). The first pheromone induced current is a transient Ca2+ influx via an IP3 
gated channel  which closes at high Ca2+ concentrations. Due to elevated Ca2+ levels a Ca2+ sensitive 
cation channel opens  and reinforces the depolarizing cation influx. In the presence of Ca2+ and DAG a 
protein kinase C (PKC) is activated which can open Ca2+-impermeable cation channels  under 
conditions of short term adaptation. Furthermore, PKC has a negative feedback function on PLCβ and 
terminates the pheromone response (not shown). In moth olfaction a direct involvement of the OR/Orco ion 
channel in pheromone responses could not be shown, therefore a function as pacemaker channel is 
assumed for Orco which can be phosphorylated by PKC and subsequently activated by cAMP or cGMP. 
CP= cytoplasm 
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complex and set the membrane potential of the ORN (Stengl, 2010; Stengl & Funk, 

2013). Changes in IP3-levels also indicate to oscillating DAG concentrations which in 

turn would increase PKC activity daytime-dependently. Activation of the OR/Orco 

complex could thus be influenced by rhythmic changes in the degree of 

phosphorylation and/or binding of cAMP (Sargsyan et al., 2011). Since moth ORNs are 

suggested to be circadian pacemaker cells (see section 1.2) sensitivity could also be 

controlled by daytime-dependent changes in expression-levels of ORs and/or Orco 

(Emery & Francis, 2008; Stengl & Funk, 2013). 

To obtain responsiveness of the olfactory system even in the presence of very high 

odor concentrations mechanisms have to be employed that change the sensitivity 

tuning of ORNs. High amounts of pheromone, e.g. close to the calling female, would 

lead to a very strong Ca2+ increase which blocks the fast and transient IP3- and Ca2+-

dependent ion channels (Stengl, 2010). Subsequent binding of odor molecules to the 

OR would then fail to elicit further Ca2+ influx via these channels leading to the loss of 

the olfactory signal. Elevated Ca2+ levels together with DAG increase PKC activity. 

Since PKC opens Ca2+-impermeable cation channels it would enable further 

depolarization under these conditions of short term adaptation (Dolzer et al., 2008). 

Possibly, the elevated PKC- and calmodulin concentrations could activate Orco 

(Sargsyan et al., 2011; Mukunda et al., 2014b) and induce cation influx via the 

OR/Orco complex in the presence of high pheromone concentrations also in moths as 

shown in vitro for B. mori (Sato et al., 2008). Second- to minute-long pheromone 

stimulation additionally led to slow but constant increases in cGMP levels in moth 

antennae causing conditions of long-term adaptation (Ziegelberger et al., 1990; 

Boekhoff et al., 1993; Stengl et al., 2001). Since different types of guanylyl cyclases 

(GCs) were found in M. sexta ORNs (Nighorn et al., 2001; Morton & Nighorn, 2003) 

long and strong pheromone stimulation could also induce long lasting rises in cGMP 

via binding to GCs (Stengl, 2010). Several cGMP-dependent cation as well as K+ 

channels with slower kinetics were identified in moth ORNs which would enable for 

tonic responses to long pheromone pulses (Dolzer et al., 2008; Krannich & Stengl, 

2008). 

 

1.9. Temporal resolution properties of the olfactory system 

Rapid and precise detection of odors is essential for fast flying moths like M. sexta 

which can reach speeds up to 5.3 m/s in a flight cage while up to 10 m/s are estimated 
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for free flying hawk moths (Stevenson et al., 1995). Under natural conditions odorants 

from different sources are present at the same time. For honeybees an odor-onset 

delay of 6 ms is sufficient to segregate odors, indicating that these components 

originate from different sources (Szyszka et al., 2012; Stierle et al., 2013). The 

challenging task for the moth olfactory system is to detect and follow the pulsated 

pheromone traces from the female. Not only wind but also the wing-beat of flying moths 

which can reach frequencies of about 20 Hz for M. sexta, induce air turbulences (Sane 

& Jacobson, 2006). Wind-tunnel experiments showed that continuous odor application 

leads to cessation of the searching behavior while the typical zig-zag upwind flight 

could only be elicited by stimulation with short odor pulses (see section 1.1) (Vickers, 

2006). Sustained presentation of pheromone was shown to desensitize moth ORNs 

which is expressed by reduced AP generation and decreased excitability for following 

stimuli (Kaissling et al., 1986; Dolzer et al., 2003). Brief pheromone pulses elicit a 

phasic/tonic response pattern of single ORNs which seems to be necessary for 

generating searching behavior (Kaissling et al., 1986). In single sensillum recordings 

maximal three to five pheromone pulses per second could be resolved (Rumbo & 

Kaissling, 1989; Marion-Poll & Tobin, 1992; Kodadova, 1996) while in recordings from 

the complete antenna (electroantennogram, EAG) a resolution of frequencies up to 

30 Hz was reported (Bau et al., 2002; Bau et al., 2005). Also the olfactory processing 

areas in the brain are able to follow pulsed odor stimuli whereby frequencies up to 

10 Hz could be followed by individual PNs in the antennal lobe of different moths 

(Christensen & Hildebrand, 1997; Lei & Hansson, 1999). The pulse resolution of some 

neurons could be improved when stimulating with an odor mixture, suggesting that 

lateral inhibition in PNs increases temporal resolution (Vickers et al., 1998). 

Investigations of the changes in local field potentials of the AL revealed pulse tracking 

frequencies up to 30 Hz (Tripathy et al., 2010). These resolutions seem to be in the 

physiological range of moths, since they resemble the speed of wing movement during 

flight. Recent studies apparently found much higher pulse tracking frequencies of up to 

100 Hz in EAG recordings from different insects (Szyszka et al., 2014). The 

physiological relevance of these high resolutions is not yet understood. It seems likely 

that the distance to the calling female is estimated by the frequency of encountered 

odor filaments rather than by odor intensity, since odor pulse frequency decreases with 

increasing distance due to wind turbulences (Stengl, 2010). 
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2. Aims of the study 

 

This thesis was aimed at the investigation of the transduction mechanisms in the 

peripheral olfactory system of insects. The hawk moth Manduca sexta was used as 

model organism since responses of single olfactory receptor neurons (ORNs) to the 

species-specific pheromone are well characterized by in vitro experiments (Stengl et 

al., 1992; Stengl, 1994) and a variety of ion channels which are directly or indirectly 

involved in pheromone transduction has been identified (Stengl, 1993; 1994; Dolzer et 

al., 2008; Krannich, 2008; Krannich & Stengl, 2008). Here, the pheromone response 

was analyzed in vivo by employing extracellular recordings from single pheromone-

sensitive trichoid sensilla (tip recordings) that house two ORNs, one of which is always 

sensitive to the main pheromone component bombykal (BAL) (Kalinova et al., 2001). 

In insect olfaction the participation of the receptor-ion channel-complex formed by 

olfactory receptor (OR) and the ubiquitous co-receptor (Orco) is controversially 

discussed. Since previous results showed that activation of Orco by the agonist VUAA1 

did not increase the BAL-response in vivo, as expected for ionotropic Orco-dependent 

mechanisms (Nolte et al., 2013), the effects of Orco inhibition by application of the 

antagonist OLC15 and the putative Orco inhibitors MIA and HMA (Pask et al., 2013) 

were analyzed in this study to further elucidate the function of Orco in odor 

transduction. 

Furthermore, there is accumulating evidence for the involvement of a metabotropic, 

phospholipase Cβ (PLCβ)-dependent transduction cascade (review: Stengl, 2010). 

Thus, the influence of the PLC-inhibitor U73122 and its non-functional analog U73343 

as well as application of two different diacylglycerol-derivates (DOG and OAG) and the 

potent protein kinase C (PKC)-inhibitor Gö 6976 on the immediate and late, long-

lasting response to brief BAL-stimuli was investigated in this study. 

All experiments were performed at different Zeitgebertimes (ZTs) since the sensitivity 

of the peripheral olfactory system varies daytime-dependently and different 

transduction cascades and/or modulation of pheromone transduction were suggested 

to underlie this changes. 
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3. Materials and Methods 

3.1. Animals 

For all experiments male M. sexta reared in in-house rearing facilities of the 

department of Animal Physiology at the University of Kassel were used. Male and 

female moths were kept in a one cubic meter box with resting opportunities. Adults 

were fed with sugar solution offered in reaction caps positioned in artificial flowers with 

bergamot scent. Since M. sexta is specialized on host plants form the family of 

nightshades (Solanaceae), for egg laying a tobacco plant was available. Eggs were 

collected and placed in small boxes. All larval stages were fed with an artificial diet 

(modified after Bell & Joachim (1976)). Fifth instar larvae were collected shortly before 

pupation and placed into wooden tubes. About fifteen days old pupae were separated 

by sex and males were cleaned and put in isolated boxes for hatching to avoid contact 

with female pheromone. All animals were constantly kept under long-day photoperiod 

conditions with 17 hours light and 7 hours dark, thereby Zeitgebertime (ZT) 0 was 

defined as lights on. Temperature was held between 24°C and 26°C with humidity of 

40 - 60%. For experiments animals were used about two days after eclosion and 

transferred to the rearing facilities after use. 

 

3.2. Ringer solutions and pharmaceuticals 

Since receptor and hemolymph strongly differ in their composition, hemolyph Ringer 

(HLR) was used for the indifferent electrode and sensillum-lymph Ringer (SLR) for the 

recording electrode. Ionic compositions were adapted from Kaissling (1995) (Tab. 3.1). 

Tab. 3.1 Composition of Ringer solutions. Sensillum-lymph (SLR) as well as hemolymph Ringer (HLR) 
contained the listed components in concentrations of mmol/l. Modified after Kaissling (1995). 

Chemical Structure HLR SLR 

Potassium chloride KCl 6.4 171.9 

Magnesium chloride MgCl2*6H2O 12.0 3.0 

Calcium chloride CaCl2*2H2O 1.0 1.0 

Sodium chloride NaCl 12.0 25.0 

HEPES C8H18N2O4S 10.0 10.0 

Glucose-monohydrate C6H12O6*H2O 354.0 22.5 
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The pH for both solutions was adjusted to 6.5 and for osmolarity setting mannitol was 

used. SLR was adjusted to 475 mOsmol/l and HLR was adjusted to 450 mOsmol/l. All 

pharmaceuticals were solved in dimethylsulfoxide (DMSO) and diluted in SLR. Final 

DMSO concentration was 0.1% in SLR with and without additional substances. If not 

otherwise stated all chemicals were purchased from Sigma Aldrich (Sigmal Aldrich Co., 

Munich, Germany). The Ringer solutions were stored in reaction caps at -20 °C until 

use. All pharmaceuticals and according concentrations used in this study are listed in 

Tab. 3.2.  

 

Tab. 3.2 List of pharmaceuticals.  

Abbr. Substance Function Concentration 

DOG 1,2-Dioctanoyl-sn-glycerol Membrane-permeable 

diacylglycerol 

1 µM; 100 µM;  

200 µM 

Gö 6976 12-(2-Cyanoethyl)-6,7,12,13-tetrahydro-13-

methyl-5-oxo-5H-indolo[2,3-a]pyrrolo[3,4-

c]carbazole 

Inhibitor of protein 

kinase C 

10 µM 

HMA 5-(N,N-hexamethylene)amiloride Cation channel blocker 10 µM 

MIA 5-(N-methyl-N-isobutyl)amiloride Cation channel blocker 10 µM 

OAG 1-Oleoyl-2-acetyl-sn-glycerol Membrane-permeable 

diacylglycerol 

1 µM; 100 µM;  

200 µM 

OLC15* N-(4-butylphenyl)-2-((4-ethyl-5-(2-

pyridinyl)-4H-1,2,4-triazol-3-

yl)thio)acetamide 

Orco antagonist 10 µM; 100 µM 

PDBu Phorbol 12,13-dibutyrate Activator of PKC 100 nM 

U73122 1-[6-[((17β)-3-Methoxyestra-1,3,5[10]-trien-

17-yl)amino]hexyl]-1H-pyrrole-2,5-dione 
Inhibitor of  

phopholipase C 

10 µM 

U73343 1-[6-[((17β)-3-Methoxyestra-1,3,5[10]-trien-

17-yl)amino]hexyl]-2,5-pyrrolidinedione 
Inactive analog of 

U73122 

10 µM 

VUAA1* N-(4-ethylphenyl)-2((4-ethyl-5-(3-pyridinyl)-

4H-1,2,4-triazol-3-yl)thio)acetamide 

Orco agonist 10 µM 

 
* generously provided by D. Wicher (Max-Planck-Institute for Chemical Ecology, Jena, Germany) 
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3.3. Tip Recording 

Electrophysiological investigations of the insect olfactory system were developed in the 

1950s. With Dietrich Schneider’s invention of the electroantennogram (EAG) 

(Schneider, 1957) he was able to record the electrical activity of several sensilla on the 

isolated antenna of B. mori to stimulation with the female pheromone. Nowadays this 

technique is used for quantitative investigations and by coupling the EAG to a gas 

chromatograph the analysis of single olfactory active substances in complex odor 

mixtures is possible (Arn et al., 1975). To examine the function and responsiveness of 

single sensilla different techniques were employed. With the insertion of a sharpened 

tungsten electrode in the base of trichoid or basiconic sensilla action potentials of the 

innervating ORNs can be measured (Schneider et al., 1964). A second method which 

is more suitable for recordings from moth sensilla is the tip recording which allows the 

measuring of action potentials as well as slower developing receptor potentials 

(Kaissling, 1974; Kaissling, 1995). 

 

3.3.1. Preparation 

Two day old male M. sexta that hatched isolated form female pheromone were taken 

for experiments. In order to prevent impairment of the measurements an anesthesia 

has been waived and animals were treated very cautious. The hawk moth was put in a 

custom built Teflon-holder and immobilized with adhesive tape. Additionally the right 

antenna was fixed with dental wax (Boxing wax, Sybron/Kerr, Romulus, MI, USA) near 

the base with the dorsal side facing upwards. About 15 of the distal most annuli were 

cut with micro-scissors. To establish electrical contact glass capillaries with a final tip 

diameter of 2 - 3 µm were pulled (DMZ-Universal Puller, Zeitz Instruments, Martinsried, 

Germany) and placed over Ag/AgCl-electrodes mounted on a micromanipulator. The 

indifferent glass electrode was filled with HLR and inserted into the cut tip of the 

antenna up to the level of the second remaining annulus by using a fine tuning 

manipulator (MMJ, Märzhäuser Wetzlar GmbH, Wetzlar, Germany).To avoid drying the 

cut surface was sealed with electrode gel (GE Medical Systems Information 

Technology, Freiburg, Germany). Subsequently some trichoid sensilla from the upper 

row of the sensillum-arch on the second annulus were shortened by one third of their 

length with sharpened forceps. A second glass capillary filled with SLR contained the 

recording electrode and was slipped above one of the cut hairs using a Leitz 

micromanipulator (Leica Microsystems, Wetzlar, Germany). To investigate ZT-

dependent effects experiments were performed in different behavioral states of the 
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animals. Recordings during the hawk moth’s resting phase were made between ZT 9 

and ZT 11, while the activity phase was investigate from ZT 1 to ZT 3. A subset of the 

experiments was performed at the beginning of the activity phase between ZT 17 and 

ZT 18, shortly after lights off. 

 

3.3.2. Drug application 

To investigate the effect of different pharmaceuticals on the olfactory transduction they 

were added to the SLR (see section 3.2). As soon as the recording electrode was 

slipped over the sensillum SLR and sensillum-lymph came into contact. Thus, 

application of the substances via passive diffusion started immediately. Usually the 

effect occurred within 5 to 10 minutes after contact. Due to the method the final 

concentration of the pharmaceuticals in the sensillum-lymph could not be determined. 

Control recordings with SLR containing 0.1 % DMSO were performed either in 

separate experiments or on the same sensillum directly prior to the drug application to 

obtain direct comparability between both measurements. Therefore the glass capillary 

containing SLR was removed and replaced by a second capillary filled with SLR plus 

an active substance. Since the few cut sensilla were mostly well recognizable, the 

recorded sensillum could easily be identified by position, length and shape and the new 

capillary could be slipped over the same sensillum. 

 

3.3.3. Pheromone stimulation 

A constant stream of charcoal-filtered and moistened air was blown over the antenna 

via a glass-tube. The mechanoreceptors close to the recording site should be adapted 

by the permanent stimulation and, thus, should not distort the measurement. 

Additionally, remaining molecules after pheromone stimulation were removed from the 

recording site very fast. According to the applied stimulation protocol short pulses of 

the main pheromone component bombykal (BAL) were given to the recording site to 

elicit responses of the BAL-sensitive ORN. Therefore the air stream was redirected to 

pass a cartridge with a BAL-containing filter paper. Using a computer-controlled 

magnetic valve (JFMH-5-PK-3, Festo, Esslingen, Germany) the air was directed to flow 

through the BAL cartridge while a second magnetic valve (PA 202-004 P, Staiger, 

Erligheim, Germany) precisely regulated the outflow of the pheromone enriched air. 

During stimulation the air was applied to the recording site via a second glass-tube 

installed in parallel to the constant air flow. Protocols used for stimulation were 
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developed with pClamp software (see section 3.3.6) and for single BAL-pulses the 

valves opened for 50 ms. An inter-stimulus-interval of 5 min was chosen to avoid short 

term adaptation in ORNs (Dolzer et al., 2003). The duration of the recordings varied 

between 30 and 120 min. 

 

3.3.4. Recording procedure and electrical circuitry 

During the recordings potential changes between recording and indifferent electrode 

were measured. Action potentials (APs) originated from both ORNs in the sensillum 

and could be distinguished by their size. The slower potential changes measured as 

summed transepithelial potential (TEP) were mainly dominated by the potentials 

generated by the ORNs. Additionally the accessory cells contribute to the TEP due to 

the presence of V-ATPases and the release of K+ into the sensillum-lymph (see section 

1.4). The recorded signal was preamplified and further transmitted to the main 

amplifier. For this step different devices were used but the gain was always set to 200. 

Recorded signals were amplified by using either a custom built amplifier or a bridge 

amplifier (BA-03X; npi Electronic GmbH, Tamm, Germany) with a maximum input 

resistance of 1012 Ω. A low-pass filter of 1.3 kHz was applied before transferring the 

signal to a Digidata 1200B digitizer (Molecular Devices, Sunnyvale, CA, USA) and 

storage on a PC. 

 

3.3.5. Current injection 

To evoke depolarization of the ORNs without pheromone application a current was 

induced via the recording electrode. The stimulation unit of the amplifier (BA-03X) was 

connected to a PC via TTL link and duration of current injection was controlled via 

software. In pretests different current intensities and durations were applied (Nolte, 

2016). A 3 nA current given for 10 s significantly increased the generation of APs while 

stronger or longer stimulation caused damages to the ORNs. 

 

3.3.6. Data acquisition 

Stimulation protocols were generated and data recording was managed with 

Clampex 8 (pClamp 8 software, Molecular Devices, Sunnyvale, CA, USA). The 

amplified signal from the sensillum was split and recorded as unfiltered DC signal for 
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registration of slow potential changes in the TEP and sensillum potential after BAL 

stimulation. Additionally the signal was high-pass filtered with a cut-off frequency of 

5 Hz (AC signal) to isolate the APs. To investigate the immediate response to BAL the 

first 5 s during and after stimulation (starting 180 ms before BAL stimulation) were 

recorded in gap-free mode with a sampling rate of 20 kHz. The following 295 s of inter-

stimulus-interval were recorded as fixed length events. By setting a threshold according 

to mean AP size a signal was recorded for 12.75 ms with a sampling rate of 19.6 kHz 

only when an event passed the threshold. 

 

3.3.7. Analyzed parameters 

As an immediate response to stimulation with BAL a negative deflection in the TEP 

(sensillum potential, SP) as well as superimposed APs could be measured (Fig. 3.1). 

Since the TEP represents the sum of potential changes between both electrodes the 

SP must be discriminated from the receptor potential which is the depolarization of the 

stimulated ORN alone. To investigate the influence of the applied pharmaceuticals on 

the pheromone transduction cascade several parameters occurring in the first seconds 

after stimulation were evaluated (Fig. 3.1). The sensillum potential amplitude (SPA) 

was measured between the onset of the deflection and the lowest point. This 

parameter strongly depends on the preparation and varies e.g. due to different 

resistance of the electrode or with the length of the hair, therefore the SPA was usually 

normalized to the value of the first stimulation. In some experiments also the absolute 

SPA was investigated. Furthermore, the initial slope, which represents the steepness of 

the depolarization between onset and half-maximal SPA was analyzed in a subset of 

the experiments and the correlation between SPA and initial slope was evaluated. The 

BAL-dependent APs were investigated in several aspects. First, the frequency of the 

first 6 or 10 APs was measured since this value changes pheromone dose-dependently 

and indicates the sensitivity of the ORN (Dolzer et al., 2003). Secondly, the latency 

between onset of the SPA and occurrence of the first AP was estimated as well as the 

overall distribution of APs within the first second after BAL-stimulation in post-stimulus 

time histograms (PSTHs). Therefore the response was divided into 10 ms bins starting 

with the beginning of BAL-stimulation and the number of APs per bin was estimated. 

Both parameters could be used to give evidence for the speed of the transduction and 

the underlying ion channels involved. 
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Application of short pulses of pheromone not only elicited an immediate phasic-tonic 

response of the ORN which lasts for about one second but also changed the 

occurrence of APs even several minutes after stimulation. This increased activity was 

termed late, long-lasting pheromone response (LLPR). To investigate the influence of 

the applied substances in this time window the number of APs between 5 and 300 s 

after BAL-stimulation was evaluated. To allow for comparison with the spontaneous 

ORN activity the recorded APs without pheromone stimulation were likewise evaluated 

for 295 s. 

To illustrate the development of an analyzed parameter over time of the recording 

mean values ± standard error (SEM) were plotted. Additionally, for statistical 

comparison values of the first five stimulations or inter-stimulus-intervals were 

calculated as mean ± SEM or as box plots with indicated median and 5 to 95 percentile 

represented by whiskers and compared to the last five stimulations of each long-term 

recording. For comparison of the AP distribution the means of the first 5 stimulations of 

recordings under the influence of an applied substance and the according controls 

were calculated and displayed in PSTHs. 

 

Fig. 3.1 Representative response of a bombykal (BAL)-sensitive ORN to stimulation with 1 µg BAL. 
The 50 ms long stimulation (indicated by horizontal bar) elicited a negative deflection in the transepithelial 
potential (sensillum potential) and a serious of action potentials (APs). In all experiments the maximal 
amplitude of the sensillum potential (SPA, green) was calculated as well as the latency between onset of 
the SPA and the first BAL-dependent AP (blue) and the frequency of the first 6 APs (red). The lower trace 
shows a high-pass filtered enlargement of the upper trace. 
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Current-evoked APs were calculated for a time-interval of 60 s beginning with the start 

of current injection. The number of current-evoked APs was compared to the 

spontaneous activity measured over 60 s. 

All graphs were prepared using GraphPad Prism 6 (GraphPad Software Inc., La Jolla, 

CA, USA) and CorelDraw X3 (Corel Corporation, Ottawa, Canada). 

 

3.3.8. Statistics 

For statistical analysis GraphPad Prism 6 was used. Each dataset was tested for 

Gaussian distribution using Shapiro-Wilk normality test. Since most data didn’t fulfill 

this criterion, subsequent analysis was performed using Mann-Whitney test for 

comparison of two groups or Kruskal-Wallis test if three or more datasets were 

analyzed. For multiple comparison the Dunn’s post-hoc test was used. Beginning and 

end of recordings were compared using the Wilcoxon test for paired data. The level for 

statistical significance was set to α=0.05. Exact P-values for each test are given in the 

text or in tables in the appendix. Asterisks indicate significant differences in figures 

(*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001). Analysis of the correlation of SPA and 

initial slope was performed by using the Spearman correlation coefficient. Values range 

between -1 and 1 with a significance level of α=0.05. If the coefficient is near 0 groups 

show no correlation while positive correlation is indicated by values near 1 and 

negative correlation is shown if values are near -1. 
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4. Results 

Passages written in italic and marked with “…” are exact quotes from Nolte et al. 

(submitted). 

 

4.1. No evidence for Orco-dependent ionotropic pheromone 

transduction in Manduca sexta 

The transduction mechanism of olfactory information in “insects is still not resolved 

because contradicting evidence either support ionotropic and/or metabotropic 

mechanisms even in the same species (reviews: Nakagawa & Vosshall, 2009; Stengl, 

2010)”. In this regard the role of the olfactory coreceptor (Orco) in odor transduction is 

of particular interest. The agreed upon functions of Orco are its necessity for the 

insertion of the odor-binding olfactory receptor (OR) in the membrane of the olfactory 

receptor neurons (ORNs) (Larsson et al., 2004; Benton et al., 2006) and the formation 

of “spontaneously opening unspecific cation channels (Sato et al., 2008; Wicher et al., 

2008; Nolte et al., 2013)” (see section 1.6). So far for Manduca sexta no evidence was 

found for the direct involvement of Orco in the generation of pheromone responses in 

vivo when the specific Orco agonist VUAA1 (Jones et al., 2011) was applied in tip 

recordings (Nolte et al., 2013). Here, short-term tip recordings were performed using 

the most potent Orco antagonist OLC15 (Orco ligand candidate) which is structurally 

directly related to VUAA1 (Chen & Luetje, 2012) to further investigate the influence of 

Orco on odor transduction mechanisms. Additionally the amiloride derivates HMA and 

MIA were investigated “which block odor transduction in crustaceans (Bobkov & Ache, 

2007) [and are] suggested to also block insect odorant receptor currents (Zufall & Hatt, 

1991a; Pask et al., 2013).” “Because previous analyses revealed Zeitgebertime (ZT)-

dependent changes of pheromone transduction, [the 20 min recordings] were 

performed at the end of the moth´s activity phase (ZT 1-3) and during its resting phase 

(ZT 9-11).” 

 

4.1.1. OLC15 is a competitive blocker for VUAA1-induced MsexOrco-activity 

Because there is general agreement that the OR/Orco ion channel complex affects 

spontaneous activity of ORNs in different species (review: Stengl & Funk, 2013) 

OLC15’s potency to suppress spontaneous activity of bombykal (BAL)-sensitive ORNs 

was examined. “In the absence of pheromone stimulation spontaneous activity of 
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ORNs is low. Thus,” infusion of the Orco agonist VUAA1 was used to increase 

spontaneous activity (Jones et al., 2011; Nolte et al., 2013) “and compared to 

recordings with co-application of increasing doses of OLC15. Orco agonist VUAA1 

[10 µM] increased spontaneous activity more effectively during the moth’s activity 

phase [n=12] than during the resting phase” (n=9) (Fig. 4.1; P=0.0102; Mann-Whitney 

test). “Co-infusion of OLC15 dose-dependently blocked VUAA1-dependent 

spontaneous activity. In these experiments 10 µM OLC15 blocked about half-maximal 

activity at both ZTs” (Fig. 4.1; late activity: n=14, P=0.0260; rest: n=12, P=0.0144; 

Dunn’s post hoc test). Thus, in all further experiments we employed OLC15 as 

MsexOrco antagonist at its IC50 concentration (10 µM).” 

 

4.1.2. OLC15 does not influence the phasic pheromone response in contrast to 

the amilorides HMA and MIA 

To investigate if the primary pheromone response of M. sexta ORNs is driven by an 

OR/Orco ion channel complex 10 µM OLC15 were applied in 20 min tip recordings. 

Additionally the effects of the presumptive Orco antagonists HMA and MIA (Pask et al., 

2013) were also investigated. If M. sexta employs “an Orco-dependent ionotropic 

transduction mechanism [Orco-interference] would strongly affect both, the 

 

Fig. 4.1 OLC15 inhibits Manduca sexta Orco-activity in vivo. Spontaneous activity of M. sexta 
olfactory receptor neurons (ORNs) is low (controls = DMSO) and can be significantly increased by 
application of 10 µM of the Orco agonist VUAA1 (Nolte et al. 2013). This increase was significantly 
stronger during the late activity phase (A) (n=16) as compared to rest (B) (n=14). Co-application of 
increasing concentrations of OLC15 (1 µM, 10 µM, 100 µM) prevented the VUAA1-dependent increase in 
spontaneous activity dose-dependently at both Zeitgebertimes. A competitive block with about half-
maximal effects with 10 µM OLC15 is suggested. (for exact P-values see Tabs. 7.1, 7.2 in the appendix. 
n.s. = not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or 
Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison). 
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pheromone-dependent receptor potential and the” phasic-tonic action potential (AP) 

response.” 

In response to a brief 50 ms pulse of 1 µg BAL, the main pheromone component of 

M. sexta, a sensillum potential with a superimposed phasic-tonic train of APs was 

measured (Fig. 4.2). After application of 10 µM OLC15 the pattern of the phasic 

pheromone response stayed unaltered during the activity phase as well as at rest 

(magenta in Fig. 4.2). However, in the presence of 10 µM HMA or MIA the sensillum 

potential and the AP frequency were strongly reduced (Fig. 4.2). After normalizing the 

SPA to the value of the first stimulation statistical analysis confirmed that OLC15-

application had no significant influence on the normalized SPA at both ZTs investigated 

(Fig. 4.3; activity phase: n=10, P>0.9999; rest: n=10, P>0.9999; Dunn’s post hoc test). 

In contrast to this, both amilorides decreased the normalized SPA during the late 

activity phase as well as during rest (Fig. 4.3) to the same extend, since no significant 

 

Fig. 4.2 The amiloride derivates MIA and HMA affect the primary pheromone response while it was 
unaltered by OLC15. The immediate response to stimulation with 1 µg bombykal (BAL), the main sex 
pheromone component of M. sexta consists of a receptor potential (measured as sensillum potential (SP) 
in tip recordings) (DC) and a train of superimposed action potentials (APs) (AC). With 10 µM OLC15 
(magenta) this immediate BAL-response was neither affected during the late activity phase (A) nor in 
recordings at rest (B). However, application of 10 µM MIA (blue) or HMA (green) strongly reduced the SP 
amplitude as well as the frequency of BAL-dependent APs and their onset. While the effect of MIA was 
stronger during the late activity phase (A) HMA was more effective at rest (B). 
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differences between HMA and MIA were found (for both ZTs: P>0.9999; Mann-Whitney 

test). Thus, the targets of amiloride-action differ from OLC15’s target. 

In the high-pass filtered signal the response to a brief pulse of 1 µg BAL can be divided 

into three different phases. Without pheromone contact the ORN shows spontaneous 

AP firing activity at low frequencies. As an immediate result of BAL-stimulation the 

ORN generates a burst of APs with a first phasic part lasting about 100 ms and a 

second tonic response pattern which is terminated within several hundred ms  

(Fig. 4.4). This first, immediate response is followed by a period of neuronal inactivity. 

About two seconds after pheromone stimulation the spiking activity of the ORN 

 

Fig. 4.3 The normalized sensillum potential amplitude (SPA) is not affected by OLC15 while 
amilorides decreased it. (A, B) In 20 min tip recordings during the late activity phase of M. sexta 
(Zeitgebertime, ZT 1) the normalized SPA in control recordings (DMSO, n=10) was stable (grey line in A). 
No significant changes occurred when 10 µM OLC15 (magenta, n=10) was applied. The amilorides HMA 
(green, n=10) and MIA (blue, n=10), however, significantly reduced the normalized SPA. (C, D) Also 
during rest (ZT 9) control recordings (DMSO, n=9) were stable and application of 10 µM OLC15 (n=10) 
had no significant effect on the normalized SPA. In the presence of 10 µM HMA (n=10) or MIA (n=10) 
again a significant reduction was found, suggesting different targets of OLC15 and the amilorides. B and 
D represent the values of all stimulations form A and C, respectively (box with median and whiskers from 
5% to 95%) for statistical analysis (for exact P-values see Tabs. 7.3, 7.4 in the appendix. n.s. = not 
significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-
Wallis test with Dunn’s post-hoc test for multiple comparison) 
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reappears with higher frequencies compared to the spontaneous activity. This late, 

long-lasting pheromone response (LLPR) lasts for seconds to minutes (Fig. 4.4). To 

analyze the effect of OLC15 and all other pharmaceuticals investigated different 

parameters of the AP response were evaluated, focusing on the analysis of the phasic 

AP response including the frequency of the first 11 or 6 BAL-dependent APs and the 

latency of the first AP. Additionally the LLPR comprising the number of APs between 5 

and 300 s after pheromone stimulation was analyzed, thus, a clear distinction between 

the different kinetics of the pheromone response was maintained. 

In post-stimulus time histograms (PSTHs) the mean distribution of APs in response to 

the five consecutive BAL-stimuli applied during 20 min tip recordings is shown (Fig. 4.5 
A, C). In control recordings (0.1% DMSO, n=10) and with application of 10 µM OLC15 

(n=10) the typical phasic-tonic response pattern was observed during the late activity 

phase as well as at rest. While in the presence of an amiloride the phasic part of the 

response was reduced, which was most evident when HMA (n=10) was applied in 

recordings during rest (Fig. 4.5 C). Already in the PSTHs differences in the onset of the 

AP response are visible (Fig. 4.5 A, C insert). Further analysis of the latency of the 

first AP in relation to the onset of the SPA revealed that all agents investigated 

significantly increased the latency at both ZTs without showing any significant 

differences in their effectiveness (Fig. 4.5 B, D). 

 

Fig. 4.4 Bombykal (BAL)-sensitive neurons show different kinetics in response to brief pulses of 
1 µg BAL. Olfactory receptor neurons (ORNs) display spontaneous activity in the absence of pheromone 
with low frequencies (yellow). A 50 ms stimulation with the main pheromone component BAL (red arrow) 
elicits a burst of APs consisting of a phasic part with high AP frequencies (red in enlargement) and a tonic 
part where frequencies decrease (blue in enlargement). After a period of inactivity neuronal activity of 
ORNs is much higher than without pheromone. Since this increased activity is a result of the previous 
stimulation and can last for several seconds to minutes it was termed late, long-lasting pheromone 
response (green). 
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To investigate the effect of OLC15 and the amilorides on the phasic part of the AP 

response the AP frequency, i.e. the mean of the first 10 inter-spike intervals was 

calculated (Fig. 4.6). In contrast to the latency no significant differences were obtained 

between control recordings and with application of 10 µM OLC15 at both ZTs (late 

activity: P=0.2200; rest: P=0.3497; Dunn’s post hoc test). However, especially in the 

course of recordings at rest a continuous reduction of the AP frequencies could be 

observed (Fig. 4.6 C) which suggests that also in the presence of the Orco inhibitor a 

delayed effect on the phasic response might occur, likely due to OLC15 accumulation 

in the sensillum-lymph. On the other hand, it was shown that application of 10 µM MIA 

significantly reduced the AP frequency only in recordings at the late activity phase (late 

 

Fig. 4.5 Only amilorides altered the response kinetics while all applied agents increased the 
latency of the first action potential (AP). (A) In the late activity phase the phasic part of the response 
(about 200 ms, see insert) to brief bombykal (BAL) stimuli was reduced with 10 µM HMA or MIA. With 
10 µM OLC15 only the onset of the response was delayed, however, the kinetics were unchanged. (B) 
Application of either amiloride or OLC15 significantly increased the latency of the first BAL-dependent AP 
during the late activity phase. (C) At rest application of 10 µM HMA reduced the number of APs during the 
phasic part of the response more strongly than 10 µM MIA. No effect was observed with 10 µM OLC15. 
(D) However, also at rest all agents significantly increased the latency of the first BAL-dependent AP. (A, 
C: solid line = mean; dotted lines = SEM; for exact P-values see Tabs. 7.3, 7.4 in the appendix. n.s. = not 
significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-
Wallis test with Dunn’s post-hoc test for multiple comparison) 
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activity: 151.2 ± 12.15 Hz, n=10, P=0.0031; rest: 159.9 ± 11.41 Hz, n=10, P=0.0525; 

Dunn’s post hoc test) while with 10 µM HMA a significant decrease in the AP frequency 

was found at ZT 9 only (Fig. 4.6; late activity: 171.6 ± 17.14, n=10, P=0.0680; rest: 

98.4 ± 11.13, n=10, P<0.0001; Dunn’s post hoc test). These findings also point to 

different targets of OLC15 and both amilorides. While OLC15 only increased the 

latency of the first AP, both amilorides had significant influence on all parameters of the 

phasic pheromone response. Additionally, even the targets of HMA and MIA might 

differ according to the ZT-dependent differences in the effect on the AP frequency.  

“To determine whether [the OLC15-] and the amiloride-dependent ion channels might 

affect the late, long-lasting pheromone response […] their effects in a time interval 

ranging from 5 to 300 seconds after pheromone application” was investigated. The 

 

Fig. 4.6 The initial action potential (AP) frequency was decreased by HMA and MIA while OLC15 
had no effect. (A, B) The mean frequency of the first 10 bombykal (BAL)-dependent APs in recordings at 
the late activity phase was significantly reduced only by application of 10 µM MIA (n=10). (C, D) The AP 
frequency at rest was also unchanged by 10 µM OLC15 (n=10). In this time window only recordings with 
10 µM HMA (n=10), but not MIA (n=10), significantly reduced the initial AP frequency. However, after 20 
minutes recordings with OLC15 showed a tendency for reduced AP frequencies at both Zeitgebertimes 
(ZTs) (A, C). (for exact P-values see Tabs. 7.3, 7.4 in the appendix. n.s. = not significant; *P<0,05; 
**P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s 
post-hoc test for multiple comparison) 
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LLPR in control recordings during the late activity phase (604.3 ± 47.94 APs in 295 s) 

was significantly higher as compared to recordings at ZT 9 (399.9 ± 25.14 APs in 

295 s; n=10, P=0.0027, Mann-Whitney test). Application of 10 µM OLC15 significantly 

reduced the LLPR only in the late activity phase (311.9 ± 22.66 APs in 295 s) while it 

was ineffective during rest (379.5 ± 28.91 APs in 295 s) (Fig. 4.7, late activity: n=10, 

P=0.0001; rest: n=10, P>0.9999; Dunn’s post hoc test). In the presence of the 

amiloride-derivate MIA a significant reduction in the LLPR was also only apparent 

during the late activity phase (293.8 ± 34.45 APs in 295 s, n=10, P<0.0001; rest: 

383.2 ± 32.93 APs in 295 s, n=10, P>0.9999; Dunn’s post hoc test). Application of 

10 µM HMA, however, significantly reduced the LLPR at both ZTs investigated  

(Fig. 4.7; late activity: 326.0 ± 32.58 APs in 295 s, n=10, P<0.0001; rest: 182.1 ± 26.83 

 

Fig. 4.7 All putative Orco antagonists reduced the late, long lasting pheromone response (LLPR) at 
the late activity phase while only HMA was effective also at rest. The number of action potentials 
between two consecutive bombykal (BAL) stimuli was estimated as late, long lasting pheromone 
response. (A, B) At the late activity phase LLPR was stable in control recordings (DMSO, grey, n=10). In 
the presence of 10 µM MIA (blue, n=10), HMA (green, n=10) or OLC15 (magenta, n=10) the LLPR was 
significantly reduced from the first stimulation (A). (C, D) The LLPR in control recordings at rest was lower 
as compared to the late activity phase. Application of 10 µM MIA (n=10) or OLC15 (n=10) did not change 
the LLPR, however, with 10 µM HMA (n=10) a significant reduction of the LLPR was observed. (for exact 
P-values see Tabs. 7.3, 7.4 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; 
****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for 
multiple comparison) 
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APs in 295 s, n=10, P<0.0001; Dunn’s post hoc test). Thus, also investigation of the 

LLPR hints towards different targets for the two amilorides studied. 

With a tenfold higher concentration of OLC15 (100 µM) it was investigated whether the 

late, long-lasting pheromone response could be completely blocked and which effects 

this would have on the phasic part of the response (Fig. 4.8). At both ZTs the SPA 

which was unaffected by 10 µM OLC15 was significantly reduced when the higher 

concentration was applied (late activity: n=4, P<0.0001; rest: n=8, P<0.0001; Dunn’s 

post hoc test). Also the AP frequency during the late activity phase (147.9 ± 13.80 Hz) 

as well as at rest (138.7 ± 9.08 Hz) was significantly reduced compared to the controls 

(Fig. 4.8 B, E; late activity: n=4, P=0.0005; rest: n=8, P<0.0001; Dunn’s post hoc test). 

 

Fig. 4.8 Increased OLC15 concentrations also affect immediate pheromone response. (A-C) 
Application of 10 µM OLC15 (n=10) which decreased the VUAA1-induced rise in ORN activity (Fig. 4.1) 
did not influence the immediate response but strongly significantly reduced the late, long lasting 
pheromone response at the late activity phase. A tenfold higher OLC15 concentration (n=4), however, 
decreased all parameters and reduced the LLPR even further. (D-F) Also at rest the higher OLC15 
concentration (n=8) significantly reduced the sensillum potential amplitude as well as the action potential 
frequency in the phasic part of the response. Additionally a significant reduction in the LLPR was 
observed with 100 µM OLC15, which was absent at lower concentrations. (for exact P-values see Tab. 
7.5 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, 
Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison) 
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Finally, also the LLPR was strongly reduced by 100 µM OLC15 at both ZTs but not 

completely absent (Fig. 4.8 C, F; late activity: 169.7 ± 19.94 APs in 295 s, n=4, 

P<0.0001; rest: 136.4 ± 14.43 APs in 295 s, n=8, P<0.0001; Dunn’s post hoc test). 

Thus, when applied at high concentrations also OLC15 strongly affects the immediate 

pheromone response, most likely via secondary effects due to the massive inhibition of 

Orco. 

 

4.1.3. A voltage-dependent ion channel is affected by OLC15 

Since a block of Orco with 10 µM OLC15, causing half-maximal inhibition of Orco, did 

not affect the primary pheromone response but rather reduced the activity between 

seconds to minutes after BAL-stimulation it was investigated whether the OR/Orco ion 

channel complex could be activated by depolarization and, thus, cause the LLPR. 

Spontaneous activity of single ORNs was measured for 60 s in tip recordings before 

and after application of a 10 s current (3 nA). During the late activity phase a significant 

increase in the spontaneous activity of controls (0.1% DMSO) was measured as a 

result of current injection (Fig. 4.9 A, before: 16.21 ± 2.42 APs in 10 s, n= 18, after: 

92.47 ± 8.33 APs in 10 s, n=12; P<0.0001, Mann-Whitney test). When 10 µM OLC15 

were applied at ZT 1 the spontaneous activity without current injection was unchanged 

(22.87 ± 5.44, n=10, P=0.2663, Mann-Whitney test). However, the current-dependent 

increase in spontaneous activity was prevented with OLC15 during the late activity 

phase (Fig. 4.9 A, 22.95 ± 4.72 APs in 10 s, n=11, P<0.0001, Mann-Whitney test). 

During rest spontaneous activity in control recordings could also be increased by 

current injection (P<0.0001, Mann-Whitney test). In contrast to the late activity phase, 

here application of 10 µM OLC15 could not completely prevent depolarization-

dependent increases in spontaneous activity (Fig. 4.9 B; before: 21.31 ± 3.72 APs in 

10 s, n=10, after: 33.68 ± 3.83 APs in 10 s; P=0.0446, Mann-Whitney test). These 

results are in accordance with the previous findings that the effects of Orco inhibition 

were significantly stronger during the late activity phase. Thus, it can be assumed that 

the OR/Orco ion channel complex is directly or indirectly voltage-dependent and its 

influence on pheromone transduction mechanisms is more pronounced during the late 

activity phase where the effects of 10 µM OLC15 were more significant. 
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In summary: OLC15 acts as competitive antagonist of the VUAA1-dependent increase 

in spontaneous activity in M. sexta ORNs. Additionally, no effects on the SPA and the 

phasic AP response were found. Only the latency of the first BAL-dependent AP was 

increased and the LLPR was significantly decreased by the putative Orco antagonist 

OLC15. The effects of the amilorides HMA and MIA, which were also suggested to 

block Orco (Pask et al., 2013) differed significantly from those observed in the 

presence of OLC15, thus, hinting to different targets of all agents investigated. Finally, 

it was shown that current injection could increase spontaneous activity of M. sexta 

ORNs and that application of OLC15 could prevent this elevation at least during the 

late activity phase. 

  

 

Fig. 4.9 Current injection-dependent increase in neuronal activity was inhibited by OLC15 only at 
the late activity phase. Spontaneous activity of single ORNs was calculated for 60 s in the absence of 
bombykal before and after application of a 10 s long current pulse of 3 nA. (A) At the late activity phase 
(Zeitgebertime, ZT 1) current injection significantly increased the spontaneous activity during the 60 s 
after the current pulse in control recordings (DMSO, hatched). Since spontaneous activity of ORNs is low 
also in the presence of 10 µM OLC15 (magenta) no significant difference to control recordings were 
observed. However, the increase in spontaneous activity after current injection was prevented by OLC15 
at the late activity phase. (B) Obviously this effect of OLC15 is ZT-dependent since at rest current 
injection increased the spontaneous activity also in the presence of 10 µM OLC15. (for exact P-values 
see Tabs. 7.6, 7.7 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; 
Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison) 
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4.2. Pheromone transduction in Manduca sexta olfactory receptor 

neurons involves a phospholipase Cβ 

It was shown previously that IP3, the product of phospholipase Cβ (PLCβ) activity 

increased after pheromone stimulation in moth antennae (Boekhoff et al., 1993). Also 

the presence of PLC in trichoid sensilla could be confirmed (Maida et al., 2000; 

Chouquet et al., 2010). Still, it is discussed whether the transduction of olfactory 

information involves a PLC or, as suggested for Drosophila, is mediated via direct 

opening of the OR/Orco ion channel complex (Sato et al., 2008). Since no evidence for 

an ionotropic transduction via OR/Orco was found in Manduca sexta (Nolte et al., 2013, 

see section 4.1), here the role of the PLCβ as a part of a metabotropic pheromone 

transduction cascade in hawk moth ORNs was investigated. Alternatively, a modulatory 

role for PLC and its products is discussed (Wicher, 2015). To further unravel the 

function of the PLC extracellular tip recordings were performed and the effects of the 

phosphatidylinositol-hydrolyzing PLC inhibitor U73122 (10 µM) and its inactive form 

(U73343, 10 µM) were investigated. Recordings lasting for 90 minutes were conducted 

in the early (Zeitgebertime, ZT 17) and late (ZT 1) activity phase as well as during the 

hawk moths’ resting phase (ZT 9). If pheromone transduction in M. sexta is mediated 

via direct opening of a receptor-coupled cation channel, inhibition of PLC should not 

affect the immediate, ionotropic pheromone response. However, PLC inhibition should 

affect all parameters of the phasic and late, long lasting pheromone response if 

bombykal (BAL)-transduction depends on metabotropic mechanisms which involve a 

PLC. 

 

4.2.1. PLC inhibition decreased sensillum potential amplitudes 

Stimulation of the BAL-sensitive ORN with a 50 ms pulse of 1 µg of the main 

pheromone component elicited a depolarizing sensillum potential (SP) as well as a 

burst of action potentials (APs) (Fig. 4.10). Under the influence of the PLC inhibitor 

U73122 the pheromone-dependent AP response was delayed and the AP frequency as 

well as the amplitude of the SP decreased (magenta in Fig. 4.10). The inactive form 

caused only minor changes in the AP response.  
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The sensillum potential amplitude (SPA) was normalized to the value of the first BAL-

stimulation for each dataset. Comparison of the beginning and the end (grey areas in 

Fig. 4.11 A, C, E) of control recordings during rest (DMSO, n=9) as well as in the late 

activity phase (n=7) showed no significant changes in the normalized SPA (Fig. 4.11 

A - D). However, in recordings performed at ZT 17, the early activity phase, the 

normalized SPA of control recordings significantly increased after about 20 min  

(Fig. 4.11 E, F; n= 7; P=0.0082; Wilcoxon test). The inactive form of the PLC inhibitor 

U73343 was tested in the resting (n=8) and in the late activity phase (n=8) of M. sexta 

and showed no significant changes in the course of recordings (late activity: P= 0.0547; 

rest: P= 0.1186; Wilcoxon test). Also in comparison with the controls no significant 

differences were observed in the first as well as in the last 20 min of all recordings  

(Fig. 4.11 A – D). Application of 10 µM of the PLC inhibitor U73122 continuously 

decreased the normalized SPA significantly throughout recordings at all ZTs 

investigated (Fig. 4.11). In the early (n=5) as well as in the late activity phase (n=10) 

the reduction of the normalized SPA started already in the first time window 

investigated, since a significant difference between control recordings and application 

of the active substance appeared directly after the start of the recordings (early activity 

phase: P=0.0224; late activity phase: P=0.0059; Dunn’s post-hoc test). After 90 min of 

recording the normalized SPA was significantly reduced by U73122 as compared to the 

controls at all ZT-times tested (early activity: P<0.0001; Mann Whitney test; late 

activity: P<0.0001; rest: P<0.0001; Dunn’s post hoc test). 

 

Fig. 4.10 Phospholipase C inhibitor U73122 
reduced responses to 1 µg bombykal (BAL). 
Original recording traces show responses to BAL with 
(magenta) and without (black) application of 10 µM 
U73122. Recordings were performed during the late 
activity phase (Zeitgebertime, ZT 1 - 2) and show the 
response 50 min after beginning of the recordings. 
The upper trace shows the unfiltered response while 
in the lower trace the high-pass filtered signal is 
shown. 
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4.2.2. U73122 delayed the AP response and decreased the frequency 

Next to the SPA also the AP response was affected by the inhibition of PLC. Although 

recordings with the inactive analog (U73343) showed no significant changes in the 

 

Fig. 4.11 Inhibition of phospholipase C (PLC) decreased the normalized sensillum potential 
amplitude (SPA). (A, B) Recordings at Zeitgebertime (ZT) 1 (late activity phase) showed a stable SPA for 
controls with application of either 0.1% DMSO (n=7) or 10 µM U73343 (n=8), the inactive form of a PLC 
inhibitor. With 10 µM of the active PLC inhibitor U73122 (n=10) the normalized SPA decreased over the 
course of recordings. For statistical analysis the first and the last 20 min of the recordings (grey areas) 
were analyzed and shown as box-plots. (C, D) During the resting phase (ZT 9) application of 10 µM 
U73122 (n=10) also significantly reduced the normalized SPA while controls (DMSO, n=9; U73343, n=8) 
were stable. (E, F) In recordings starting at lights off (ZT 17), which resembles the early activity phase of 
Manduca sexta, the normalized SPA of the controls (DMSO, n=7) strongly increased after about 20 min. 
In contrast, application of 10 µM U73122 (n=5) significantly decreased the normalized SPA. (for exact P-
values see Tabs. 7.8 - 7.10 in the appendix. n.s. = not significant; *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for 
multiple comparison) 
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frequency of the first six APs (AP frequency) between beginning and end of the 

recordings at rest (n=8; P=0.0858; Wilcoxon test) as well as during the late activity 

phase (n=8; P=0.3683; Wilcoxon test), significantly lower AP frequencies as compared 

to control recording were observed during the first 20 min of recordings at both ZTs 

 

Fig. 4.12 Phospholipase C (PLC) inhibitor U73122 significantly decreased the action potential (AP) 
frequency. (A, B) In the late activity phase (ZT 1) recordings with 0.1% DMSO (n=7) and the inactive 
PLC inhibitor U73343 (n=8) were unchanged throughout the measurements, however, significantly lower 
frequencies were observed in the first 20 min of recordings with U73343 as compared to the controls. 
Application of 10 µM U73122 (n=10), the active form of the PLC inhibitor significantly reduced the AP 
frequency. (C, D) Only under the influence of U73343 (n=8) the AP frequency stayed stable in the 90 min 
recordings starting at ZT 9. In controls (n=9) as well as during application of 10 µM U73122 (n=10) a 
significant decrease in the AP frequency was detected. However, the frequencies obtained under the 
influence of the PLC inhibitor were always significantly lower than in controls. (E, F) During the early 
activity phase (ZT 17) the strongest reduction of AP frequencies due to application of U73122 (n=5) was 
visible. Control recordings (n=7), however, showed no changes in this parameter. (for exact P-values see 
Tabs. 7.8 - 7.10 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; 
Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison) 
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(late activity: P=0.0162; rest: 0.0050, Dunn’s post hoc test). Application of the active 

PLC inhibitor U73122 significantly decreased the frequency of the first six BAL-induced 

APs in the course of the recordings at all three ZTs investigated (Fig. 4.12). During the 

early (n=7) as well as in the late activity phase (n=7) the AP frequency of control 

recordings was stable, although values showed a broad scattering in the late activity 

phase (Fig. 4.12 A, B, E, F). Mean values of AP frequencies at the start of control 

recordings ranged from 193.4 ± 7.92 Hz at rest (n=9) to 254.4 ± 16.06 Hz during the 

late activity phase. At the hawk moths’ resting phase the AP frequency in control 

recordings significantly decreased over the 90 minutes long recordings (Fig. 4.12 C, D; 

n=9; P<0.0001; Wilcoxon test). Interestingly, the AP frequency of control recordings 

during the late activity phase was significantly higher than during rest or the early 

activity phase (P<0.0001 and P=0.0006, respectively; Dunn’s post-hoc test). 

Comparison between controls and application of 10 µM U73122 revealed a significantly 

reduced AP frequency from the start of the recordings in the resting phase (n=10) as 

well as in the late activity phase (n=10). At the beginning of M. sexta activity phase 

(ZT 17) the AP frequencies showed roughly the same values with (n=5, 201.0 ± 

8.69 Hz) or without (n=7, 188.0 ± 9.57 Hz) application of U73122 (Fig. 4.12 E, F; 

P=0.4189; Mann-Whitney test). During these recordings also the strongest reduction of 

the AP frequency occurred. In the last 20 min of the recordings values between 118.5 ± 

10.04 Hz in the late activity phase and 88.5 ± 12.55 Hz in the early activity phase were 

measured in the presence of 10 µM U73122. However, the response to BAL was never 

completely abolished. 

The distribution of APs within the first second after BAL stimulation was investigated at 

the beginning and the end of each 90 min-long recording. The number of APs per 

10 ms bin was plotted in post-stimulus time histograms (PSTHs). In control recordings 

the distribution always showed a typical phasic-tonic response pattern with the majority 

of APs occurring in the first 150 - 200 ms after BAL stimulation (Fig. 4.13). This pattern 

could also be seen at the beginning of all recordings with either U73343 or U73122. 

However, during the late activity phase (ZT 1), the onset of the AP response was 

delayed compared to the controls for both analogs (Fig. 4.13 A). Between 70 and 

90 min of the recordings at all ZTs tested the distribution of APs became more tonic 

and the number of APs per 10 ms bin was decreased after the application of 10 µM 

U73122 while the distribution pattern in control recordings stayed almost unchanged. 

Application of the analog U73343 had no effect on the phasic AP distribution pattern 

after 90 min of recording (Fig. 4.13 B, D, E). 
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Fig. 4.13 Slowed and decreased action potential (AP) response after application of 10 µM U73122. 
In post-stimulus time histograms (PSTHs) the distribution of APs in the first second after bombykal (BAL) 
stimulation is shown for recordings with 0.1% DMSO (dark grey) and 10 µM of U73122 (magenta) or 
U73343 (blue), the active and inactive phospholipase C (PLC) inhibitor. (A, C, E) The mean distribution of 
APs in the first 20 min of recordings shows the typical phasic-tonic distribution for treated and untreated 
measurements. Application of U73122 in the late activity phase (n=10) as well as during rest (n=10) 
slightly delayed the occurrence of the BAL-dependent APs. (B, D, F) PSTHs from the end of the 
recordings (70 - 90 min) showed that the distribution of APs was neither changed in controls nor in the 
presence of U73343. However, U73122 strongly delayed the first BAL-induced AP and generally rendered 
the response more tonic which becomes apparent in the broader distribution of APs and the reduced 
maximum number of APs in the phasic response part. (solid line = mean; dotted lines = SEM) 



 
Results  56 

 
 

The delayed AP response found in PSTHs after application of U73122 was further 

analyzed by determining the latency of the first BAL-induced AP in relation to the start 

of the sensillum potential (Fig. 4.14). During the early (ZT 17) and late activity phase 

(ZT 1) the latency in control recordings was unchanged. In the beginning of these 

recordings the first AP typically occurred between 16.79 ± 1.85 ms (early activity 

 

Fig. 4.14 Inhibition of phospholipase C increased the latency of the first bombykal (BAL)-
dependent action potential (AP). (A, C, E) The course of recordings illustrates the development of the 
AP latency over the 90 minute long recordings. Application of the phospholipase C (PLC) inhibitor U73122 
strongly increased the latency of the BAL response at all ZT-times (late activity: n=10, rest: n=10, early 
activity: n=5). (B, D, F) The statistical analysis confirmed the most significant increase in the latency and 
additionally revealed a significant increase for control recordings in the resting phase (n=9). Application of 
U73343 did not change the latency of the first BAL-induced AP. (for exact P-values see Tabs. 7.8 - 7.10 in 
the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-
Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison) 
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phase; n=7) and 23.58 ± 3.63 ms (resting phase; n=9) after the onset of the sensillum 

potential. Also the latency in recordings with U73343 showed no significant changes 

over the time course during the late activity phase (n=8, P= 0.4180; Wilcoxon test) and 

the resting phase (n=8, P=0.8932; Wilcoxon test). However, during the latter time-

window the latency in control recordings significantly increased (P<0.0001; Wilcoxon 

test) while the AP frequency decreased (Fig. 4.12). Only application of the active PLC 

inhibitor U73122 strongly increased the latency of the first BAL-dependent AP at all 

ZTs investigated in a range from 77.94 ± 20.67 ms during the early activity phase (n=5) 

to 113.1 ± 18.56 ms at the end of recordings during the resting phase (n=10). Here, the 

elevated latency compared to control recording occurred already in the first 20 min of 

the recordings (Fig. 4.14 C, D; P=0.0225; Dunn’s post-hoc test). After about 50 min of 

recordings the latency strongly increased with application of U73122 but also the 

variation of the values increased much stronger than in controls and with U73343  

(Fig. 4.14). In the last 20 min of the recordings (end) the latency in the presence of 

U73122 was always significantly increased compared to the controls as well as 

U73343 (Fig. 4.14 B, D, F). 

 

4.2.3. Inhibition of PLC decreased the late, long-lasting response (LLPR) 

In all recordings an inter-stimulus interval of 5 min was applied to avoid effects of short-

term adaptation (Dolzer et al., 2003). Since ORNs show an elevated activity also 

minutes after BAL stimulation (Fig. 4.4) the LLPR, meaning the number of APs 

occurring between 5 and 300 s after stimulations, was analyzed. In the late activity 

phase (ZT 1) the LLPR in control recordings (n=7) was unchanged over the 90 min 

recordings but showed a high variation (Fig. 4.15 A, B; P= 0.8907; Wilcoxon test). 

During rest (n=9) as well as in the early activity phase (n=7) the number of APs 

between two BAL stimuli was reduced at the end of the control recordings (rest: 

P<0.0001, early activity: P=0.0307; Wilcoxon test). The values varied between 435.1 ± 

27.40 APs in the beginning of the resting phase (n=9) and 604.7 ± 61.70 APs in the 

first 20 min of the early activity phase (n=7). Generally more APs occurred in the LLPR 

during the animals’ activity phase leading to significant differences between the early 

activity phase and rest (P=0.0006; Dunn’s post-hoc test) as well as between the late 

activity phase and rest (P<0.0001; Dunn’s post-hoc test). Application of the PLC 

inhibitor U73122 also reduced the number of APs between two BAL-stimuli (Fig. 4.15). 

In the early activity phase (n=5) values for the LLPR were low from the beginning, 

leading to significant differences already in the first 20 min of the recordings (P<0.0001; 
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Mann-Whitney test). However, no further decrease was detected in recordings with 

U73122 (n=5; P=0.1851; Wilcoxon test). Although the LLPR in the late activity phase 

(n=10) as well as during rest (n=10) was also lower in recordings with U73122 from the 

beginning, it significantly decreased even further towards the end of the 90 min 
 

 
Fig. 4.15 Reduced late, long-lasting pheromone response by phospholipase C inhibition. (A-C) The 
course of the recordings showed that the firing activity of ORNs between two bombykal stimuli was stable 
for control recordings in the late activity phase while it decreased during rest and the early activity phase. 
Application of the PLC inhibitor U73122 always reduced the number of APs between stimuli and was most 
effective during the early activity phase as well as in the late activity phase. (D-F) For statistical analysis 
the beginning and end of each recording (grey areas in A-C) were compared for each ZT-time. In the late 
activity phase the late long-lasting pheromone response (LLPR) was significantly decreased by 
application of 10 µM U73122 within the recording. During rest this reduction was not significant. Since the 
number of APs also declined in control recordings in the resting phase, no significant differences could be 
detected at the end of these measurements. In the early activity phase the LLPR was low from the 
beginning in recordings with the PLC inhibitor. Therefore in this time window the strongest effect is visible. 
(for exact P-values see Tabs. 7.8 - 7.10 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; 
***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc 
test for multiple comparison) 
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recordings (Fig. 4.15 A-D). Since also the LLPR of control recordings decreased during 

rest, no significant differences in the number of APs between BAL-stimuli with and 

without U73122 were detected at the end of the recordings (Fig. 4.15 C, D; P=0.2435; 

Dunn’s post-hoc test). Application of U73343 during rest significantly reduced the 

number of APs in the first 20 minutes of the recordings compared to the controls (n=8; 

P=0.0233; Dunn’s post-hoc test) but no further decrease was observed (Fig. 4.15 C, 
D). In the late activity phase no significant differences were observed compared to the 

control (Fig. 4.15 A, B). 

In summary: With U73122, a potent inhibitor of the phospholipase C (PLC) and its 

inactive analog U73343 the influence of PLC on the response to brief bombykal (BAL) 

pulses (1 µg) was investigated. Although described as inactive control, application of 

10 µM U73343 significantly reduced the AP frequency in recordings at the late activity 

phase (ZT 1) as well as during rest (ZT 9). However, all further parameters investigated 

were unaffected by U73343. In contrast, application of 10 µM of the active PLC 

inhibitor, U73122, significantly reduced the parameters of the immediate pheromone 

response at all ZTs investigated with especially strong effects on the latency of the first 

BAL-dependent AP. Furthermore, the late, long-lasting pheromone response was 

significantly reduced during PLC inhibition. For all parameters investigated the 

strongest effects of U73122 were observed at the beginning of the activity phase 

(ZT 17). 

 

  



 
Results  60 

 
 

4.3. Diacylglycerol is involved in the olfactory transduction cascade of 

Manduca sexta 

 

In patch clamp recordings of cultured olfactory receptor neurons (ORNs) from Manduca 

sexta it was demonstrated that stimulation with pheromone elicited a sequence of at 

least three inward currents (Stengl, 1993; 1994). Application of the second messenger 

inositol 1,4,5-trisphosphate (IP3) initiated a very transient inward current which 

resembled the first pheromone-induced current. Together with the finding of a fast and 

transient increase in IP3 concentrations after pheromone stimulation in antennal lysates 

of different insect species (Breer et al., 1990; Boekhoff et al., 1993), it was suggested 

that the phospholipase Cβ pathway is the primary candidate for insect pheromone 

transduction. Since the discovery of the olfactory co-receptor Orco and its ion channel 

properties a controversial discussion arose and different models of odor transduction 

were proposed (see section 1.8). For M. sexta pheromone transduction so far no 

evidence for an Orco-dependent ionotropic mechanism were found (Nolte et al., 2013, 

see section 4.1). However, in section 4.2 phospholipase C (PLC) inhibition was shown 

to affect M. sexta bombykal transduction. As PLC activity cleaves phosphotidylinositol 

4,5-bisphosphate (PIP2) into IP3 and diacylglycerol (DAG), the influence of the two 

DAG-analogs 1,2-dioctanoly-sn-glycerol (DOG) and 1-oleoyl-2-acetyl-sn-glycerol 

(OAG) was tested in extracellular tip recordings. The two-hour long recordings were 

performed at Zeitgebertime (ZT) 1, the late activity phase and ZT 9, the resting phase 

of the hawk moth. Since IP3 is the prime candidate for driving the pheromone-induced 

depolarization by direct Ca2+ channel opening, the role of DAG is suggested to be 

rather modulatory due to its targets, transient potential receptor channels and protein 

kinase C. 

 

4.3.1. Sensillum potential amplitudes were increased by OAG but were not 

affected by DOG 

The typical response pattern of bombykal (BAL)-sensitive ORNs to brief stimulation 

with the main pheromone component consisted of a slow sensillum pontential and a 

series of action potentials (APs). Application of 100 µM DOG and OAG strongly 

influenced the response to 50 ms pulses of 1 µg BAL (Fig. 4.16). While DOG only 

slightly affected the sensillum potential amplitude (SPA) and decreased the AP-
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response, the DAG-derivate OAG increased both parameters of the pheromone 

response. 

Normalization of the SPA of each dataset to the value of the first stimulation revealed 

stable values in the control recordings containing 0.1% DMSO over the recording 

period of two hours during the late activity (n=6) as well as during the resting phase 

(n=7; Fig. 4.17). In the animals’ activity phase the DAG-analog DOG (n=9) did not 

affect the normalized SPA, since both, comparison with control recordings (P=0.878; 

Dunn’s post hoc test) as well as comparing beginning and end of recordings with DOG-

application (P=0.6816; Wilcoxon test) revealed no significant differences (Fig. 4.17 A, 
B). However, 15 to 20 min after start of the recordings, application of OAG (n=6) began 

to increase the normalized SPA, leading to significant differences between beginning 

and end of the OAG-recordings (P= 0.0008; Wilcoxon test). After 100 to 120 min the 

increase in the normalized SPA was also significant compared to control recordings 

(Fig. 4.17 A, B; P=0.0042; Dunn’s post-hoc test). The same effect for OAG could be 

seen in the hawk moth’s resting phase. Here, the difference between recordings with 

100 µM OAG (n=7) and 0.1% DMSO (n=7) was even stronger (P=0.0002; Dunn’s post-

hoc test), since in the resting phase the normalized SPA constantly increased while in 

the late activity phase the maximum increase was reached about 40 min after the start 

 

Fig. 4.16 The Diacylglycerol-derivate OAG increased slow and fast potential changes in response 
to 1 µg bombykal (BAL) while DOG reduced the action potential (AP) response. Original recording 
traces show responses to 50 ms pulses of BAL under the influence of the diacylglycerol (DAG)-analogs 
OAG (magenta) and DOG (blue) in comparison to recordings with 0.1% DMSO (black). Traces were taken 
from experiments performed in the late activity phase about 30 minutes after the beginning of the 
recordings. (A) Unfiltered traces show the increased sensillum potential amplitude with 100 µM OAG 
(upper trace) but no changes during the application of DOG (lower trace). The box represents the area 
shown enlarged and high-pass filtered in B. (B) The typical AP response was rendered more phasic when 
OAG was applied (magenta) while with 100 µM DOG it became more tonic (blue). 
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of the recordings (Fig. 4.17 A, C). Additionally, the variation of the values was smaller 

during rest. Application of 100 µM DOG (n=7) in this time window slightly increase the 

normalized SPA in the first hour of the recordings while a decrease occurred in the 

second hour resulting in an overall reduction of the normalized SPA (P=0.0002; 

Wilcoxon test). Compared to the control recordings (n=7) the slight increase was not 

significant (P=0.3910; Dunn’s post hoc test) but the decrease in the normalized SPA in 

the second half of the recordings resulted in significant differences compared to 

controls in the last 20 min of the recordings (Fig. 4.17 C, D; P=0.0097; Dunn’s post-hoc 

test). 

 

 

Fig. 4.17 The normalized sensillum potential amplitude (SPA) was increased by OAG but not DOG. 
The SPA in response to stimulation with 1 µg bombykal (BAL) was normalized to the value of the first 
stimulation and relative changes in the SPA are shown. Statistical analysis was performed during the first 
and last 20 minutes of the recordings. (A, B) In the late activity phase (Zeitgebertime, ZT 1) the 
normalized SPA was stable for recordings with 0.1% DMSO (n=6) and 100 µM DOG (n=9). Application of 
100 µM OAG (n=6) increased the normalized SPA over the course of the recording resulting in significant 
differences to controls and DOG. (C, D) Also, during the resting phase 100 µM OAG (n=7) increased the 
normalized SPA over 120 minutes. Application of 100 µM DOG (n=7) first slightly increased the SPA 
before significantly decreasing it in the second hour of the recording. (for exact P-values see Tabs. 7.11, 
7.13 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, 
Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison) 
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In further experiments two additional concentrations of DOG and OAG were applied 

and their effect on the BAL-response was investigated. Comparison of the mean values 

over the two hour recordings resulted in significantly reduced normalized SPAs during 

the late activity phase (ZT 1) for both, 1 µM (n=7) and 200 µM DOG (n=5) regarding 

the controls (n=6) as well as 100 µM DOG (n=9; Fig. 4.18 A). Also the percentage 

change for 1 µM and 200 µM DOG (-21.28 ± 2.23% and -28.03 ± 3.41%, respectively) 

was significant, while 100 µM DOG showed almost no deviation from the control during 

 

Fig. 4.18 Dose-dependent effects of DOG and OAG on the normalized sensillum potential 
amplitude (SPA). (A, B) 1 µM, 100 µM and 200 µM of the diacylglycerol (DAG)-analogs DOG and OAG 
were applied in tip recordings during the late activity phase (Zeitgebertime, ZT 1). The overall values (A) 
as well as the percentage changes to the controls (B) show a significant decrease in the normalized SPA 
in the presence of 1 µM (n=7) or 200 µM DOG (n=5) while 100 µM DOG (n=9) had no effect. Application 
of OAG lead to a significant reduction of the normalized SPA for a concentration of 1 µM (n=5) while it 
was significantly increased with 100 µM (n=6) and 200 µM OAG (n=5). (C) In the resting phase (ZT 9) the 
mean values of the normalized SPA were significantly reduced by 1 µM DOG (n=6) and strongly 
increased by application of 200 µM DOG (n=7) and 100 µM OAG (n=7). All other concentrations showed 
no significant differences from the controls in their mean values. (D) However, all concentrations applied 
showed significant differences in the percentage change from the control. (for exact P-values see Tabs. 
7.11, 7.12, 7.14 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; 
Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison) 
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the late activity phase (Fig. 4.18 B; +4.01 ± 3.31%; P=0.3154; Wilcoxon test). 

Application of 1 µM OAG (n=5) likewise reduced the normalized SPA compared to 

controls and both higher OAG concentrations. While 100 µM OAG (n=6) strongly 

increased the normalized SPA, application of 200 µM (n=5) still increased the SPA but 

to a lesser extent, leading to significantly lower values compared to 100 µM OAG  

(Fig. 4.18 A; 1.132 ± 0.038; P<0.0001; Dunn’s post-hoc test). For application of 

100 µM OAG a total increase of the normalized SPA by 34.70 ± 3.15% was found while 

200 µM OAG elevated it by only 12.33 ± 3.75% (Fig. 4.18 B). Yet, both concentrations 

significantly increased the normalized SPAs (100 µM OAG: P<0.0001, 200 µM OAG: 

P=0.0023; Wilcoxon test). The most noticeable difference in recordings during the 

resting phase is the strong increase of the normalized SPA when 200 µM DOG was 

applied (Fig. 4.18 C; n=7; 1.738 ± 0.179). Although the variation was high the elevation 

of the normalized SPA was significant compared to 1 µM (n=6) or 100 µM DOG (n=7; 

P<0.0001 Dunn’s post-hoc test) as well as to the controls (n=7; P=0.0001; Mann-

Whitney test). The lowest dose of DOG significantly reduced the normalized SPA also 

at the resting phase (-28.40 ± 2.24%) compared to the controls (Fig. 4.18 D; P<0.0001; 

Wilcoxon test). The overall effect of 100 µM DOG was a less pronounced, yet still 

significant decrease in the normalized SPA (-6.27 ± 2.18%; P=0.0076; Wilcoxon test). 

The effects of the different concentrations of OAG during the resting phase of M. sexta 

were comparable to the late activity phase although to a lesser extent. Here, the overall 

increase of the normalized SPA after application of 200 µM OAG (n=5) was not 

significant (Fig. 4.18 C; P=0.0862; Mann-Whitney test). However, regarding the 

percentage change revealed a significant increase of the normalized SPA by 9.05 ± 

3.19% (P=0.0389; Wilcoxon test). A stronger effect was obtained by 100 µM OAG 

(n=7) resulting in an increase in the normalized SPA of 22.11 ± 1.80% (Fig. 4.18 D; 

P<0.0001; Wilcoxon test). Under the influence of 1 µM OAG (n=6) the normalized SPA 

was slightly reduced which resulted in significant differences in the percentage change 

to the controls (P=0.0366; Wilcoxon test). 

 

4.3.2. Opposite effects of DOG and OAG on the AP response 

The frequency of the first six action potentials (AP frequency) after stimulation with 1 µg 

BAL was calculated and represents the phasic part of the response. In control 

recordings it was constant over the course of the recordings and reached mean values 

of 222.0 ± 4.91 Hz in the late activity phase (ZT 1; n=6) and 213.8 ± 3.79 Hz during rest 

(ZT 9; n=7). Also with application of 100 µM OAG AP frequencies showed no 
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significant changes over the time of the recordings during activity as well as rest  

(Fig. 4.19; activity phase: P=0.1349, n=6; resting phase: P=0.0708, n=7 ; Wilcoxon 

test). In the presence of OAG, however, the AP frequencies were higher than the 

controls from the first stimulation on resulting in significantly elevated values in all time 

windows investigated (Fig. 4.19 B, D). In recordings starting at ZT 1 mean values of 

293.8 ± 7.42 Hz were calculated for recordings with OAG (n=6) which were significantly 

higher than during the resting phase where an average of 280.1 ± 3.78 Hz was 

reached (n=7; P=0.0159; Mann-Whitney test). However, the presence of 100 µM DOG 

reduced the AP frequency significantly over time in both time windows (Fig. 4.19 B, D). 

In the late activity phase DOG (n=9) immediately reduced the AP frequencies, leading 

 

Fig. 4.19 The frequency of the first 6 bombykal (BAL)-dependent action potentials (APs) was 
increased by OAG but decreased by DOG. (A, B) AP frequencies in recordings during the late activity 
phase (Zeitgebertime, ZT 1) were stable for controls as well as for application of 100 µM OAG. However, 
with OAG the frequencies were significantly elevated in comparison to the controls in the beginning and 
end of the recordings. Infusion of 100 µM DOG significantly reduced the AP frequency compared to 
controls already during the first 20 minutes and further decreased it towards the end of the recordings. (C, 
D) In the first hour of recordings during the animals’ resting phase (ZT 9) application of 100 µM OAG 
significantly increased the AP frequencies while 100 µM DOG had no effect. In the second hour of the 
recordings DOG continuously decreased the frequency of the first 6 BAL-dependent APs while in controls 
as well as with 100 µM OAG the levels were unchanged. (for exact P-values see Tabs. 7.11, 7.13 in the 
appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-
Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison) 
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to significant differences to control recordings (n=6) already in the first 20 min of the 

recordings (P=0.0019; Dunn’s post-hoc test). Whereas during rest a decrease in the 

AP frequencies first appeared after about 40 minutes of the recordings with significantly 

reduced values only in the later time window (Fig. 4.19 D; n=7; P=0.0003; Dunn’s post-

hoc test). Comparison of the mean AP frequencies during the activity phase (154.7 ± 

5.40 Hz) and rest (177.6 ± 4.99 Hz) revealed significant differences (P=0.0023; Mann-

 

Fig. 4.20 Only 100 µM OAG increased the frequency of the first 6 bombykal-dependent action 
potentials (APs) while all other concentrations of both DAG-analogs caused reductions. (A, C) 
Box-plots show the AP frequencies over the two hour recordings under the influence of different 
concentrations DOG and OAG as well as in control recordings with 0.1% DMSO. Asterisks above the 
boxes represent significant differences to the control. A significant decrease in the AP frequencies was 
found for all concentrations of DOG (1 µM, 100 µM, 200 µM) as well as for 1 µM and 200 µM OAG at both 
times. Only application of 100 µM OAG increased the AP frequency significantly during the late activity 
phase and at rest. (B, D) The percentage change illustrates that the highest concentrations of either DAG-
analog resulted in the strongest reduction of the AP frequencies in comparison to the controls. Solely 
100 µM OAG elevated the frequencies by about 30% in the late activity phase as well as during rest. (for 
exact P-values see Tabs. 7.11, 7.12, 7.14 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; 
***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc 
test for multiple comparison) 
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Whitney test) which can be attributed to the delayed decrease of the AP response in 

the resting phase of M. sexta. 

All DOG concentrations tested significantly reduced the AP frequency during the late 

activity phase as well as during rest (Fig. 4.20). In recordings starting at ZT 1 

application of 1 µM DOG (n=7) caused a 12.39 ± 2.20% reduction to the level of 

controls (n=6), resulting in average frequencies of 194.5 ± 4.88 Hz. The strongest 

effect was obtained by application of 200 µM DOG (137.0 ± 7.39 Hz or -38.29 ± 3.33%; 

n=5) and 200 µM OAG (135.4 ± 6.85 Hz or -39.03 ± 3.09%; n=5). Only in the presence 

of 100 µM OAG (n=6) the frequency of the first 6 BAL-induced APs was significantly 

increased (Fig. 4.20 A, B; P<0.0001; Mann-Whitney test and Wilcoxon test for 

percentage change). In the resting phase the smallest decrease in AP frequencies was 

found for 100 µM DOG (n=7; 177.6 ± 4.99 Hz or -16.92 ± 2.34%) and 1 µM OAG 

(200.1 ± 4.23 Hz or -6.39 ± 1.98%; n=6). The highest concentrations of DOG (n=7) and 

OAG (n=5) also resulted in the strongest decreases of AP frequecies (Fig. 4.20 C, D). 

In the case of 200 µM OAG (n=5) a reduction by 52.07 ± 2.61% was calculated. Again, 

only when 100 µM OAG (n=7) was applied the frequency of APs could be increased 

during rest. Here, an average elevation of 31.02 ± 1.77% was found (Fig. 4.20 D). 

To investigate whether the DAG-analogs affect the time course of the distribution of the 

BAL-dependent APs post-stimulus time histograms (PSTHs) were generated. The first 

second of the responses was divided into 10 ms bins and the mean number of APs per 

bin during the first 20 minutes and in the last 20 minutes of each recording are shown 

in Fig. 4.21. At the beginning of recordings in the late activity phase controls (0.1% 

DMSO; n=6) and application of 100 µM OAG (n=6) resulted in the typical phasic-tonic 

AP distribution. The majority of APs in both cases occurred within 150 to 170 ms after 

stimulus-onset (Fig. 4.21 A). The more tonic distribution of APs in the presence of 

100 µM DOG (n=9) further increased throughout the experiments. Also for OAG and in 

controls the maximum number of APs per bin was reduced at the end of the 

recordings, yet the phasic-tonic character was still more prominent as compared to 

recordings with DOG (Fig. 4.21 B). Furthermore, with OAG the maximum number of 

APs was higher than in controls and the distribution of APs was more phasic (Fig. 4.21 
B). During the animals’ resting phase the response pattern of APs showed a phasic-

tonic character in all three datasets at the beginning of the recordings (ZT 9). However, 

the maximum number of APs per bin under the influence of 100 µM OAG (n=7) was 

much higher than in controls (n=7) or during application of DOG (n=7; Fig. 4.21 C). At 

the end of the recordings both DAG-derivates strongly changed the AP distribution. 
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While the phasic character was maintained with OAG, application of 100 µM DOG 

rendered the response pattern more tonic (Fig. 4.21 D). This is in accordance with the 

AP frequencies obtained since a phasic distribution with a high number of APs per bin 

results in high frequencies while a broad distribution leads to low AP frequencies  

(Fig. 4.19). 

Furthermore the latency of the first BAL-induced AP in relation to the onset of the 

sensillum potential was evaluated (Fig. 4.22). At ZT 1, the beginning of recordings 

during the late activity phase the first AP in control recordings occurred after 16.73 ± 

2.69 ms. With increasing duration of the recordings the latency significantly increased 

 

Fig. 4.21 Both diacylglycerol (DAG)-analogs affected the distribution of bombykal (BAL)-induced 
action potentials (APs). In post-stimulus time histograms the mean number of APs in 10 ms bins was 
investigated for 1 s after BAL stimulation in the first and last 20 minutes of each recording. (A) While in the 
first 20 minutes of recordings in the late activity phase (Zeitgebertime, ZT 1) application of 100 µM OAG 
did not change the phasic-tonic response pattern, 100 µM DOG reduced the number of APs per bin and 
rendered the response more tonic. (B) This could also be seen at the end of the recordings during the 
transition from activity to resting phase (ZT 3). Here, also in controls as well as with application of 100 µM 
OAG the distribution of APs became more tonic but to a lesser extent. (C, D) Also in the resting phase 
(ZT 9) the response pattern of controls and with 100 µM OAG was similar. Interestingly, OAG maintained 
the phasic character even better. Instead, application of 100 µM DOG resulted in a strong reduction of 
APs per bin which caused a very tonic response pattern at the end of recordings in the resting phase 
(ZT 11). (solid line = mean; dotted lines = SEM) 
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(31.83 ± 6.59 ms; n=6; P=0.0264; Wilcoxon test) along with a strong increase in the 

variation (Fig. 4.22 A, B). With 100 µM OAG (n=6) the latency of the first AP did not 

differ significantly from the controls. Application of 100 µM DOG (n=9) constantly 

increased the latency from the beginning (from 25.01 ± 2.59 ms to 56.17 ± 6.04 ms; 

P<0.0001; Wilcoxon test). In the first and in the last 20 min of the recordings 

significantly increased latencies occurred also in comparison to the controls (P=0.0004 

for both; Dunn’s post-hoc test). At rest the latency of the first BAL-dependent AP in 

control recordings (n=7) showed no significant differences between the beginning and 

the end of the recordings (Fig. 4.22 C, D; P=0.2312; Wilcoxon test). Although 

application of 100 µM OAG at rest (n=7) significantly increased the latency throughout 

 

Fig. 4.22 The latency of the first bombykal-induced action potential (AP) was increased only with 
DOG. (A, B) During the late activity phase the latency of the first stimulation-dependent AP increased in 
the course of time in control recordings with 0.1% DMSO (n=6) as well as with application of 100 µM DOG 
(n=9) or OAG (n=6). In comparison to the controls only DOG significantly increased the latencies while 
application of OAG showed no significant differences. (C, D) In control recordings during the resting 
phase (n=7) no changes in the latency from beginning to end of the recordings occurred and only a small 
increase was found under the influence of 100 µM OAG (n=7). However, application of 100 µM DOG 
strongly significantly increased the latency of the first AP in the last 20 min of the recordings. (for exact P-
values see Tabs. 7.11, 7.13 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; 
****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for 
multiple comparison) 
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the recordings (P=0.0376; Wilcoxon test) no significant differences in comparison to 

the controls were found. However, comparison of the overall recordings resulted in 

significantly lower latencies in the presence of OAG (P<0.0001; Dunn’s post-hoc test). 

The delay of the first AP without additional DAG analog was on average 19.81 ± 

0.87 ms throughout the resting phase and 14.56 ± 0.36 ms when OAG was applied. 

For the application of DOG the mean values at the beginning of the recordings during 

rest were significantly lower than in the first 20 minutes of the activity phase (P<0.0001; 

Mann-Whitney test). In consistence with the reduction of the AP frequency a strong 

increase in the latency of the first AP under the influence of DOG started after about 

50 min of the recordings (Fig. 4.22 C). As a consequence significant differences to the 

control recordings in this time window occurred (Fig. 4.22 D; P<0.0001; Dunn’s post-

hoc test). 

 

4.3.3. Effects of DAG-analogs on the late, long-lasting pheromone response 

After stimulation with 1 µg BAL the number of APs occurring between 5 and 300 s after 

the stimulus were analyzed. This late, long lasting pheromone response (LLPR) is 

characterized by an elevation of spiking activity compared to the spontaneous activity 

of ORNs (Fig. 4.4). Although the SPA and AP response in control recordings were 

unchanged the number of APs in the LLPR was significantly reduced over time during 

the late activity and the resting phase of M. sexta (Fig. 4.23; late activity: P=0.0047, 

n=6; rest: P<0.0001, n=7; Wilcoxon test). Also application of 100 µM OAG significantly 

reduced the LLPR throughout the recordings, thus, no significant differences were 

obtained for the comparison with the controls (Fig. 4.23 B, D). An average of 625.2 ± 

67.56 APs in 295 s was measured in the beginning of control recordings (n=6) during 

the late activity phase and 702.7 ± 77 APs with application of OAG (n=6). These values 

were reduced to 448.1 ± 35.50 and 352.7 ± 49.22, respectively at the end of the 

recordings. Perfusion of the trichoid sensilla with 100 µM DOG at ZT 1 highly 

significantly reduced the number of APs in the LLPR at the beginning of the recordings 

(P=0.0031, n=9; Dunn’s post-hoc test). Throughout the recordings the LLPR under the 

influence of DOG was stable at a low level and still significantly reduced in comparison 

to the controls during the last 20 min (Fig. 4.23 B; P=0.0040; Dunn’s post-hoc test). 

However, in recordings starting at ZT 9 100 µM DOG (n=7) constantly decreased the 

LLPR in the course of the recordings (P<0.0001; Wilcoxon test). The number of APs in 

the LLPR at the beginning and the end of the recordings with DOG was significantly 

reduced compared to the controls (beginning: P=0.0032; end: P<0.0001, n=7; Dunn’s 
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post-hoc test). At rest application of DOG reduced the LLPR more effectively than 

during the activity phase (at ZT 3: 275.8 ± 23.30 APs in 295 s, n=6; at ZT 11: 166. 3 ± 

23.31 APs in 295 s, n=7; P=0.0021; Mann-Whitney test). The number of APs at the 

beginning of recordings during rest were significantly elevated in comparison to ZT 1 in 

controls (P=0.0326; Mann-Whitney test) as well as with 100 µM DOG (P=0.0020; 

Mann-Whitney test). When 100 µM OAG were applied the number of APs in 295 s was 

significantly lower at the end of recordings during the late activity phase as compared 

to ZT 11, the end of recordings at rest (P=0.0027; Mann-Whitney test). 

 

 

Fig. 4.23 Both diacylglycerol (DAG)-analogs decreased the late, long-lasting pheromone response 
(LLPR). The number of APs between 5 and 300 s after each stimulation with 1 µg bombykal was 
evaluated and statistical analysis was performed for the first and last 20 min of the recordings. (A, B) 
During the late activity phase the LLPR constantly decreased in controls (n=6) and during application of 
100 µM OAG (n=6) to the same extend, thus, no significant differences were found. However, 100 µM 
DOG (n=9) highly significantly decreased the LLPR in comparison to the controls but showed no changes 
over the course of time. (C, D) In recordings during rest the LLPR was reduced in controls (n=7) as well 
as with 100 µM DOG (n=7) or 100 µM OAG (n=7). Again, application of OAG did not change the LLPR in 
comparison to the controls while with 100 µM DOG a significant reduction occurred in the first and the last 
20 min of the recordings. (for exact P-values see Tabs. 7.11, 7.13 in the appendix. n.s. = not significant; 
*P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test 
with Dunn’s post-hoc test for multiple comparison) 
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4.3.4. OAG increased spontaneous activity of ORNs 

It was shown that the fruit fly Orco-protein forms a spontaneously opening ion channel 

which has pacemaker functions (Sato et al., 2008; Wicher et al., 2008; Jones et al., 

2011), thus being responsible for the spontaneous activity of these cells. Since Orco 

can be activated by protein kinase C (PKC)-dependent phosphorylation (Sargsyan et 

al., 2011) and DAG activates PKC, the influence the two DAG-analogs on the 

spontaneous activity was tested without pheromone stimulation. Due to the wide 

scattering of values which appeared in all recordings (Fig. 4.24 A) spontaneous activity 

was recorded for 40 min under control conditions with 0.1% DMSO. Afterwards the 

capillary was switched and the activity of the same sensillum was investigated for 

another 40 min in the presence of either 100 µM DOG or 100 µM OAG. The mean 

spontaneous activity of untreated ORNs ranged from 19.75 ± 2.96 APs at ZT 1 to 72.99 

± 11.90 APs in 295 s during rest. Hence, the activity of ORNs is more than 10-fold 

increased after stimulation with 1 µg BAL (Fig. 4.23). Application of 100 µM DOG had 

mixed effects (Fig. 4.24 A). In most cases only small changes in spontaneous activity 

were observed in the late activity phase (n=10) as well as during rest (n=10). In some 

recordings, especially when activity was low in controls during the activity phase an 

 

Fig. 4.24 OAG increased the spontaneous activity during rest. (A) The number of APs in 295 s 
intervals was measured under control conditions and with DOG or OAG consecutively from the same 
sensillum. Mean values of single recordings are shown as connected dots and distribution of all values is 
represented as box plots. Both DAG-analogs caused increasing (green lines) as well as decreasing 
(yellow lines) spontaneous activity in recordings at ZT 1 and ZT 9. Only during the resting phase 
application of 100 µM OAG (n=9) significantly increased the spontaneous activity of olfactory receptor 
neurons. (B) The deviation from the respective control is shown as percentage change for each dataset. 
Although both DAG-analogs increased the spontaneous activity in the late activity phase this change was 
not significant. During rest application of 100 µM DOG (n=10) had no effect on the number of 
spontaneous APs while in the presence of 100 µM OAG the deviation from controls was significant and 
the spontaneous activity was increased by almost 300%. (for exact P-values see Tabs. 7.15, 7.16 in the 
appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test) 
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increased activity was measured in the presence of DOG (Fig. 4.24 A). Regarding the 

deviation of the values from the respective control recordings resulted in a non-

significant increase (+139.8 ± 104.9%; P=0.8652; Wilcoxon test) while during rest 

almost no changes occurred in the means (Fig. 4.24 B; -12.90 ± 14.97%; P=0.3750; 

Wilcoxon test). Infusion of 100 µM OAG almost always increased the spontaneous 

activity in comparison to the previous control (Fig. 4.24 A). In the late activity phase 

mean values of spontaneous activity were elevated from 41.50 ± 8.41 APs to 80.45 ± 

16.84 APs in 295 s (n=7). Although values of the control recordings were higher during 

rest (60.78 ± 9.91 APs in 295 s), here the increase due to OAG was even stronger to 

223.2 ± 43.86 APs (n=9). This increase was significant for the absolute values as well 

as in the percentage change (Fig. 4.24; P=0.0273 and P=0.0195, respectively; 

Wilcoxon test). 

In summary: The diacylglycerol (DAG)-analogs DOG and OAG were applied in different 

concentrations and their effects during pheromone responses and on the spontaneous 

activity of bombykal (BAL)-sensitive M. sexta ORNs was investigated. With 100 µM 

OAG the immediate response, in particular the SPA and the AP frequency were 

significantly increased at both Zeitgebertimes (ZT 1 and ZT 9). The LLPR was reduced 

over the course of the recordings to the same extent as in the controls. With 100 µM 

DOG the SPA was unchanged during the late activity phase and slightly reduced at 

rest. However, the AP frequency as well as the LLPR was decreased in all recordings. 

Both DAG-analogs showed only marginal effects on the spontaneous activity at ZT 1 

whereas at rest a significant increase was observed in the presence of 100 µM OAG. 

But in comparison with the increase in spontaneous activity achieved with application 

of 10 µM VUAA1 (Nolte et al., 2013) the effect of the DAG-analog was small. With 

lower (1 µM) or higher (200 µM) concentrations of OAG the AP frequency was reduced 

in all recordings, while a slightly increased SPA was found also with 200 µM OAG. With 

1 µM DOG the immediate response to brief BAL stimuli was reduced. Only at rest 

application of 200 µM DOG increased the SPA while simultaneously the AP frequency 

was reduced. During the late activity phase all parameters of the immediate 

pheromone response were decreased with 200 µM DOG. Hence, OAG and DOG might 

affect different targets with either sensitizing or adapting effects which could 

additionally vary depending on the concentration of DAG-analog present and on the 

activity state of the animal. 
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4.4. Influence of diacylglycerol on stimulation with high pheromone 

doses 

 

For male Manduca sexta it is necessary to detect smallest amounts of their species-

specific pheromone during the search for a mating partner. Additionally the hawk moth 

should be able to locate the female also in close range where pheromone 

concentrations are higher. Thus, mechanisms must exist that guarantee a wide 

dynamic range of sensitivity even on the level of single olfactory receptor neurons 

(ORNs). At high pheromone concentrations diacylglycerols (DAGs) appear as 

candidates to modulate or drive a metabotropic pheromone transduction cascade 

which is carried by inositol 1,4,5-trisphosphate (IP3) at low pheromone concentrations 

(Stengl, 2010; Stengl & Funk, 2013), since they can activate transient receptor 

potential channels and protein kinase C. The previous chapter examined the effects of 

two DAG-analogs on the response to stimulation with 1 µg bombykal (BAL, 50 ms). In 

this chapter the influence of a 50 ms pulse with a 10-fold higher BAL dose (10 µg on 

filter paper) was investigated in the absence and presence of 1,2-dioctanoly-sn-glycerol 

(DOG) and 1-oleoyl-2-acetyl-sn-glycerol (OAG). For comparability the two hour long 

recordings were performed at the same Zeitgebertimes (ZT) as in chapter 4.3, 

beginning at ZT 1 and ZT 9, respectively. Both pheromone concentrations are in the 

dose-response range of M. sexta (Dolzer et al., 2003), since stimuli of 10-4 to 102 µg 

BAL caused responses of ORNs without saturation. 

 

4.4.1. Increased response to strong bombykal stimulation 

In consideration of previous studies stimulation of single trichoid sensilla with 1 µg BAL 

is already in the upper part of the M. sexta dose-response curve, although not yet in 

saturation (Dolzer et al., 2003). Therefore a 10-fold increase in the BAL-concentration 

should result in an increase of the response strength. Indeed, in tip recordings during 

the hawk moths’ activity phase the sensillum potential amplitude (SPA) increased. Also 

the action potential (AP) response became swifter and more phasic (Fig. 4.25). 

Statistical analysis revealed a significant increase in the mean SPA after stimulation 

with 10 µg BAL (7.84 ± 0.32 mV, n=5) in comparison to 1 µg BAL (5.52 ± 0.22 mV, 

n=6; Fig. 4.26 A; P<0.0001; Mann-Whitney test). When ORNs were stimulated with 

1 µg BAL the mean SPA during the resting phase was significantly higher as compared 

to the SPA at the late activity phase (n=7; P<0.0001; Mann-Whitney test). However, 
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with higher BAL-concentrations no ZT-dependent difference was obtained (P=0.1262; 

Mann-Whitney test). At rest the increase in BAL concentration had no effect on the 

mean SPA due to high variations after stimulation with 10 µg BAL (n=6; Fig. 4.26 A; 

P=0.9850; Mann-Whitney test).  

The mean AP frequency over 120 minutes was also increased after stimulation with the 

higher BAL-concentration during the late activity phase (n=5; P<0.0001; Mann-Whitney 

test) while no difference was obtained at rest (n=6; Fig. 4.26 B; P=0.3005; Mann-

Whitney test). Comparing the AP frequencies after stimulation with 10 µg BAL at both 

ZT-times revealed significantly lower values for recordings during rest (P<0.0001; 

Mann-Whitney test). With weaker BAL-stimulation no difference between activity and 

resting phase was found (Fig. 4.26 B; P=0.1229; Mann-Whitney test). By generating 

post-stimulus time histograms the AP distributions of the first 20 minutes of recordings 

in response to stimulation with 1 µg and 10 µg BAL were compared at both ZTs  

(Fig. 4.26 C, D). The typical phasic-tonic response pattern occurred in all recordings. 

While at rest an increase in the BAL-concentration did not change the AP distribution 

(Fig. 4.26 D), 10 µg BAL rendered the response more phasic during the late activity 

phase. In these experiments the AP response was terminated within less than 200 ms 

and the neuronal activity was completely inhibited for at least the following 800 ms 

(Fig. 4.26 C). Additionally, the AP response as well as the beginning of the sensillum 

potential display shorter delays after stimulation with 10 µg BAL during the activity 

phase (Figs. 4.25, 4.26 C). Thus, M. sexta ORNs employ mechanisms to adjust their 

responses to different BAL concentrations according to their physiological state. It 

 
 

Fig. 4.25 A ten-fold higher bombykal (BAL)- 
concentration increased the slow and fast 
potential changes of M. sexta ORNs during the 
late activity phase. The original recording shows a 
50 ms pulse of 1 µg BAL (black) that elicited a 
sensillum potential with superimposed action 
potentials (APs). In recordings during the activity 
phase a 10-fold higher BAL-concentration (grey) 
strongly increased the amplitude of the sensillum 
potential (upper trace). Additionally, the latency of 
the response to higher BAL-concentrations was 
reduced and the AP frequency increased as shown 
in the high pass filtered signal in the lower traces. 
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appears that the dose-response curve during rest is shifted to lower concentrations 

since both BAL concentrations elicited equal SPAs hinting to saturation. Additionally 

the sensitivity to BAL seems higher at the late activity phase since AP frequencies 

were elevated and response kinetics increased with higher BAL concentrations as 

compared to the resting phase. 

 

4.4.2. Diacylglycerol-analogs decreased the normalized sensillum potential 

amplitude 

To test whether the observed dose- and ZT-dependent effects involve DAG-dependent 

mechanisms, the same DAG-analogs as in 4.3, DOG and OAG, were applied while 

stimulating with 10 µg BAL. The normalized SPA was constantly reduced by both 

 

Fig. 4.26 Different parameters of the bombykal (BAL)-response were modulated via BAL-dose- and 
Zeitgebertime (ZT)-dependent processes. Only at the late activity phase the mean sensillum potential 
amplitude (SPA) (A) and the phasic action potential response (AP frequency) (B) increased dose-
dependnetly over the course of the 2 hours-long recordings (n=5). At ZT 1 also the distribution of the BAL-
dependent APs became more phasic during the first 20 minutes of the recordings (C). On the contrary, no 
significant differences in all parameters were found for stimulating with 1 µg or 10 µg BAL during the 
animals’ resting phase. (for exact P-values see Tabs. 7.17, 7.18 in the appendix. n.s. = not significant; 
*P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Mann-Whitney test) 
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derivates already from the second stimulation on in recordings at the late activity phase 

(ZT 1) (Fig. 4.27 A, B). Thus, comparing the first and last 20 minutes of the 

experiments under the influence of 100 µM DOG (n= 9; P= 0.2003; Mann-Whitney test) 

as well as with 100 µM OAG (n=7; P=0.8518; Mann-Whitney test) showed no 

significant differences for the normalized SPA (Fig. 4.27 A, B). However, in 

comparison to the control recordings a significant reduction in the normalized SPA was 

found for both DAG-analogs at the beginning as well as at the end of the recordings 

during the late activity phase (Fig. 4.27 B). Also during the animals’ resting phase a 

strong decrease in the normalized SPA occurred when 100 µM DOG (n=8) was applied 

while the presence of 100 µM OAG (n=8) caused only a transient reduction of the 

normalized SPA in the first 30 minutes of the recordings (Fig. 4.27 C). At the beginning 

 

Fig. 4.27 The normalized sensillum potential amplitude (SPA) was decreased in the presence of a 
DAG-analog. (A, B) In the late activity phase (ZT 1) application of 100 µM of either DOG (n=9) or OAG 
(n=7) lead to a fast and constant decrease of the normalized SPA when ORNs were stimulated with 10 µg 
bombykal (BAL). No difference in the effectiveness of both DAG-derivates was observed. (B, D) On the 
contrary, during the resting phase (ZT 9) only application of 100 µM DOG (n=8) constantly decreased the 
normalized SPA while OAG (n=8) lead to a transient reduction in the first 30 minutes of the recordings. 
(for exact P-values see Tabs. 7.17, 7.19 - 7.21 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; 
***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc 
test for multiple comparison) 
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of the recordings both analogs strongly and significantly decreased the normalized 

SPA (DOG: P<0.0001, n=8; OAG: P<0.0001, n=8; Dunn’s post-hoc test). At the end of 

the recordings the normalized SPA was significantly reduced only in the presence of 

100 µM DOG (P<0.0001, n=8; Dunn’s post-hoc test) while under the influence of OAG 

the values returned to the basal level, thus, no significant differences from the controls 

were found (Fig. 4.27 D; P=0.3664, n=8; Dunn’s post-hoc test). Averaged over the 

whole recordings the reduction of the normalized SPA with DOG was significantly 

stronger during the resting phase as compared to recordings starting at ZT 1 

(P<0.0001; Mann-Whitney test), while OAG had a significantly stronger and sustained 

effect during the late activity phase (P<0.0001; Mann-Whitney test). Thus, also when 

stimulating with high pheromone concentrations both DAG-derivates have different 

effects on the normalized SPA, suggesting different targets for each analog. However, 

in contrast to stimulation with 1 µg BAL OAG did not increase the normalized SPA. 

 

4.4.3. Both DAG-analogs alter the phasic action potential (AP) response 

The frequency of the first 6 BAL-induced APs (=phasic AP frequency) was stable in 

control recordings (0.1% DMSO) during the late activity phase (257.5 ± 2.89 Hz, n=5) 

as well as at rest (205.4 ± 3.95 Hz, n=6). Thus, statistical analysis of the first and last 

20 minutes of the recordings (grey area in Fig. 4.28 A, C) revealed no significant 

differences (Fig. 4.28 B, D; ZT 1: P=0.9796, n=5; ZT 9: P=0.3755, n=6; Mann-Whitney 

test). However, the mean AP frequency in the activity phase was significantly higher 

than during the resting phase (P<0.0001; Mann-Whitney test). Application of 100 µM 

DOG at the animals’ late activity phase (ZT 1) continuously reduced the AP frequency 

over the 2 h (Fig. 4.28 A, B; P=0.0195, n=9; Mann-Whitney test), resulting in 

significantly lower values in comparison to the controls in the last 20 min of the 

recordings (P=0.0139; Dunn’s post-hoc test). Similar results were found for the AP 

frequencies in the presence of 100 µM DOG during rest (Fig. 4.28 C, D). Here, a fast 

decline occurred during the first 20 min of the recordings while the values were 

constant for the rest of the recording (Fig. 4.28 C). However, significant differences to 

controls were only found in the last 20 min of recordings during rest (Fig. 4.28 D; 

P=0.0406, n=8; Dunn’s post-hoc test). The overall effect of DOG was significantly 

stronger during the resting phase, since the decrease occurred faster and lower AP 

frequencies were measured as compared to the animals’ late activity phase (P=0.0043; 

Mann-Whitney test). Additionally, with lower BAL-concentrations the reduction of the 

AP frequency was significantly more effective at ZT 9 as compared to stimulation with 
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10 µg BAL (P=0.0046; Mann-Whitney test), since a general increase in the AP 

frequencies could be observed in response to stimulation with 10 µg BAL (see section 

4.4.1). In recordings starting at ZT 1 application of 100 µM OAG had no effect on the 

mean frequency of the first BAL-induced APs compared to control recordings (Fig. 4.28 
A, B; beginning: P=0.8784, n=7; end: P>0.9999, n=7; Dunn’s post-hoc test). Although 

also at rest the AP frequencies under the influence of 100 µM OAG were constant 

throughout recordings (P=0.1592, n=8; Mann-Whitney test), they were significantly 

elevated in comparison to the controls (Fig. 4.28 C, D; beginning: P<0.0001, n=8; end: 

P<0.0001, n=8; Dunn’s post-hoc test). Comparison between recordings during rest and 

late activity in the presence of OAG revealed no significant difference. Hence, 

application of OAG at rest increased the AP frequency onto the level of control 

 

Fig. 4.28 DOG and OAG had opposite effects on the bombykal (BAL)-dependent action potential 
(AP) frequency. (A, B) The frequency of the first 6 APs after stimulation with 10 µg BAL during the late 
activity phase (Zeitgebertime ZT 1) was decreased only in the presence of 100 µM DOG (n=9). Statistical 
analysis of the first and last 20 min of the recordings (grey in A) showed a significant reduction compared 
to controls at the end of the recordings. Application of 100 µM OAG (n=7) had no significant effect on the 
AP frequency. (C, D) However, in recordings during rest (ZT 9) a significant increase of the AP frequency 
in the presence of 100 µM OAG (n=8) was observed while DOG (n=8) reduced it. Both effects were 
significant in comparison to the controls only at the end of the recordings. (for exact P-values see Tabs. 
7.17, 7.19 - 7.21 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; 
Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparison) 
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recordings at ZT 1. However, after stimulation with lower BAL-concentrations during 

the late activity phase the AP frequencies could be elevated even further under the 

influence of 100 µM OAG, since significantly higher values were measured in 

responses to 1 µg BAL in comparison to stimulation with 10 µg BAL (P=0.0016; Mann-

Whitney test) while no significant BAL-concentration-dependent effects were found at 

rest (P=0.4645; Mann-Whitney test). 

Investigation of the phasic-tonic distribution pattern of the stimulation-induced APs in 

post-stimulus time histograms (PSTHs) revealed different effects for both DAG-analogs 

 

Fig. 4.29 Opposite effects of DOG and OAG on the distribution of action potentials (AP) in 
response to 10 µg bombykal (BAL). The number of APs per 10 ms bin was calculated and shown in 
post-stimulus time histograms (PSTHs) for the first and last 20 min of recordings at the late activity phase 
(A, B) and at rest (C, D). (A, B) At Zeitgebertime (ZT) 1 as well as ZT 3 control recordings during the late 
activity phase show the typical phasic-tonic distribution pattern of APs. While 100 µM DOG rendered the 
response more tonic, application of 100 µM OAG did not change the PSTHs. (C) Already in the first 20 
min of recordings at rest (ZT 9) application of 100 µM DOG rendered the response more tonic while with 
100 µM OAG the response characteristic became more phasic. (D) At the end of recordings during the 
resting phase the number of APs per 10 ms bin was reduced in controls but the phasic response pattern 
was maintained. In the presence of 100 µM OAG the response characteristics as well as the number of 
APs per 10 ms bin was unchanged compared to the beginning of these recordings. With 100 µM DOG, 
however, the distribution of APs became more tonic and the onset of the response was delayed. (solid 
line = mean; dotted lines = SEM) 
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at the late activity phase (ZT 1) as well as at rest (ZT 9) (Fig. 4.29). In recordings 

starting at ZT 1 100 µM DOG (blue line, n=9) rendered BAL-responses more tonic, 

resulting in lower maximum numbers of APs per 10 ms bin and a broader distribution of 

the APs in the first 400 ms after stimulation as compared to the control recordings (grey 

line, n=5; Fig. 4.29 A). Application of 100 µM OAG did not change the distribution of 

APs after BAL-stimulation at ZT 1. In control recordings the response pattern was 

almost unchanged at the transition from late activity to resting phase (ZT 3). In the 

presence of 100 µM DOG or OAG the overall amount of APs was reduced and the 

onset of the AP response was slightly delayed with OAG, yet the phasic response 

characteristic was maintained with both analogs (Fig. 4.29 B). The distribution pattern 

of APs at the beginning of recordings during rest (ZT 9) was more tonic also in the 

controls as compared to the late activity phase. Application of 100 µM DOG enhanced 

this shift to the tonic pattern. On the contrary, with 100 µM OAG the response pattern 

became more phasic and the maximum number of APs increased (Fig. 4.29 C). At ZT 

11 the number of APs per 10 ms bin in control recordings was reduced, rendering the 

response pattern more tonic. While in the presence of 100 µM OAG the phasic 

character of the response was maintained, with 100 µM DOG the response was 

rendered more tonic, the onset of the response was delayed and the maximum number 

of APs was reached much later (Fig. 4.29 D). 

 

4.4.4. DAG-analogs influence the latency of the first action potential (AP) 

Zeitgebertime-dependently 

The time between onset of the sensillum potential and occurrence of the first 

pheromone-dependent AP is measured as the latency. In control recordings containing 

0.1% DMSO the mean delay during the late activity phase (15.20 ± 0.41 ms, n=5) was 

significantly lower than at rest (25.47 ± 1.18 ms, n=6; P<0.0001; Mann-Whitney test). 

Throughout the 2 h recordings the latencies at both ZTs were constant in control 

recordings (Fig. 4.30; late activity: P=0.7008, n=5; rest: P=0.0684, n=6; Mann-Whitney 

test). Although application of 100 µM OAG at ZT 1 increased the latency over the 

course of the recording (P=0.0405, n=7; Mann-Whitney test), no significant differences 

occurred in comparison to the controls (Fig. 4.30 B; beginning: P>0.9999, n=7; end: 

P=0.5080, n=7; Dunn’s post-hoc test). However, with 100 µM DOG the latency of the 

first BAL-dependent AP was significantly increased already in the first 20 min of the 

recordings (P=0.0004, n=9; Dunn’s post-hoc test). Over the course of time the latency 

further increased under the influence of DOG (P=0.0405, n=9; Mann-Whitney test) 
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along with a strong increase in the variability, leading to a broad scattering of the 

values (Fig. 4.30 A, B). In recordings during the resting phase both DAG-analogs 

increased the latency of the first AP over time, which resulted in significantly elevated 

values in the last 20 min of the recordings (Fig. 4.30 C, D; DOG: P=0.0033, n=8; OAG: 

P=0.0284, n=8; Mann-Whitney test). In comparison to the controls, however, no 

significant differences could be observed between the latencies with and without 

application of 100 µM DOG (beginning: P=0.9101, n=8; end: P=0.7993, n=8; Dunn’s 

post-hoc test). During the late activity phase the mean latency under the influence of 

DOG (44.65 ± 3.43 ms, n=9) was significantly higher than at rest (31.15 ± 1.89 ms, 

 

Fig. 4.30 The latency of the first bombykal (BAL)-induced action potential (AP) was Zeitgebertime 
(ZT)- and analog-dependently affected. (A, B) In recordings during the late activity phase (ZT 1) the 
latency was constant in controls (DMSO, n=5) while an increase of the latency over time occurred with 
100 µM DOG (n=9) or 100 µM OAG (n=7). However, no significant differences were observed between 
controls and application of OAG. With DOG, on the contrary, already in the first 20 min a significant 
increase in the latency occurred compared to the controls. Along with the increased latency also the 
variability of values strongly increased. (C, D) At rest (ZT 9) the latency of the first BAL-dependent AP was 
increased over time by 100 µM DOG (n=8) but no significant differences were found in comparison to the 
controls (n=6). However, 100 µM OAG (n=8) significantly reduced the latency compared to the controls 
although also here a significant increase of the latency from the beginning to the end of the recordings 
occurred. (for exact P-values see Tabs. 7.17, 7.19 - 7.21 in the appendix. n.s. = not significant; *P<0,05; 
**P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s 
post-hoc test for multiple comparison) 
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n=8; P=0.0001; Mann-Whitney test). Application of 100 µM OAG during the resting 

phase significantly decreased the latency of the first BAL-induced AP after stimulation 

with 10 µg of the main pheromone component as compared to the controls and 

showed a very low variability especially at the beginning of the recordings (Fig. 4.30 C, 
D; beginning: P=0.0063, n=8; end: P=0.0381, n=8; Dunn’s post-hoc test). Comparison 

of the mean values in the presence of OAG revealed significant differences between 

rest (12.28 ± 0.71 ms, n=8) and late activity phase (16.83 ± 0.75 ms, n=7; P<0.0001; 

Mann-Whitney test). While the latencies in the presence of 100 µM DOG were equal for 

stimulation with 1 µg and 10 µg BAL at both ZTs (late activity phase: P=0.1268, resting 

phase: P=0.3154; Mann-Whitney test), with 100 µM OAG significantly smaller latencies 

occurred after stimulation with 10 µg BAL at rest (P<0.0001; Mann-Whitney test) 

 

4.4.5. Only OAG affected the late, long-lasting pheromone response at rest 

Finally, the late, long-lasting pheromone response (LLPR), which occurs in the seconds 

to minutes after pheromone stimulation was analyzed. The number of action potentials 

(APs) from 5 s to 300 s after each BAL-stimulus was calculated for each inter-stimulus-

interval. With 10 µg BAL the number of APs in the LLPR significantly decreased over 

time in control conditions at the late activity phase (P=0.0014, n=5; Mann-Whitney test) 

as well as during rest (P=0.0005, n=6; Mann-Whitney test) (Fig. 4.31). Additionally, the 

mean values of the LLPR in recordings starting at ZT 1 showed no significant 

differences if stimulation was performed with 1 µg or 10 µg BAL (P=0.2748; Mann-

Whitney test). However, during rest the mean number of APs between two stimuli was 

significantly lower after stimulation with 10 µg BAL (370.7 ± 20.93 APs in 295 s, n=5) 

as compared to the lower pheromone dose (542.8 ± 19.70 APs in 295s, n=7; 

P<0.0001; Mann-Whitney test). At the late activity phase neither 100 µM DOG (n=9) 

nor 100 µM OAG (n=7) affected the LLPR as compared to the controls (Fig. 4.31 B). 

Thus, over the course of the recordings the number of APs was in the presence of 

DOG or OAG was reduced to the same extend (Fig. 4.31 A, B; DOG: P<0.0001, OAG: 

P<0.0001; Mann-Whitney test). Comparison of recordings at ZT 1 and ZT 9 revealed 

significantly lower values for the LLPR at the resting phase in controls as well as with 

application of 100 µM DOG (controls: P<0.0001, DOG: P=0.0272; Mann-Whitney test). 

Yet, also at rest DOG did not significantly change the LLPR in comparison to the 

controls (Fig. 4.31 C, D; beginning: P>0.9999, n=8; end: P>0.9999, n=8; Dunn’s post-

hoc test). However, the LLPR under the influence of 100 µM OAG was significantly 

elevated throughout the recordings at rest in comparison to the controls (beginning: 
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P<0.0001, n=8; end: P<0.0001, n=8; Dunn’s post-hoc test) even though a significant 

decrease in the LLPR over time was also found for the recordings with OAG as well 

(P<0.0001, n=8; Mann-Whitney test). 

 

In summary: Single BAL-sensitive ORNs of M. sexta are able to discriminate even high 

pheromone concentrations at least during the animals’ activity phase. At the end of 

which (ZT 1) application of 10 µg BAL elicited a significantly stronger response as 

stimulation with 1 µg BAL. However, during rest the dose-response curve of ORNs 

seems to be shifted to lower concentrations and/or the dynamic range of odor 

 

Fig. 4.31 OAG significantly increased the late long-lasting pheromone response (LLPR) at rest. The 
number of action potentials (APs) between two bombykal-stimuli decreased over the course of the 2 hour-
long control recordings (0.1% DMSO) in the late activity phase (n= 5) as well as during rest (n=6). (A, B) 
Recordings beginning at Zeitgebertime (ZT) 1 showed no significant changes in the presence of either 
100 µM DOG (n=9) or 100 µM OAG (n=7) in comparison to controls in the first or in the last 20 min of the 
recordings. However, over the course of time the LLPR in all three conditions was significantly reduced. 
(C, D) During rest application of 100 µM OAG (n=8) resulted in significantly elevated LLPR in comparison 
to the control recordings. Although the LLPR significantly decreased over the course of the recording, the 
number of APs at the end of recordings during rest was still significantly higher as compared to the 
controls. Application of 100 µM DOG (n=8) did not significantly alter the LLPR in comparison to control 
recordings. (for exact P-values see Tabs. 7.17, 7.19 - 7.21 in the appendix. n.s. = not significant; *P<0,05; 
**P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test, Mann-Whitney test or Kruskal-Wallis test with Dunn’s 
post-hoc test for multiple comparison) 
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responses is narrower at rest, since both, 1 µg and 10 µg BAL elicited equal responses 

hinting to saturation. These shifts in sensitivity are most likely based on metabotropic 

transduction mechanisms. Thus, the influence of DOG and OAG in responses to high 

pheromone concentrations was analyzed. Application of 100 µM DOG significantly 

reduced the response to 10 µg BAL at the late activity phase as well as during rest. In 

contrast to stimulation with 1 µg BAL (see section 4.3) also the normalized SPA was 

significantly reduced. With 100 µM OAG only the normalized SPA was significantly 

decreased during the late activity phase while all other parameters of the immediate 

response as well as the late, long-lasting pheromone response were unchanged. 

However, at rest 100 µM OAG increased the phasic AP frequency as well as the LLPR 

and decreased the latency of the first AP. Surprisingly, also the normalized SPA was 

significantly decreased at the beginning of recordings at rest. These results support the 

hypothesis that both DAG-derivates act on different targets that have opposite effects 

on the pheromone response. 

  



 
Results  86 

 
 

4.5. The role of protein kinase C in Manduca sexta olfaction 

 

A crucial step for the activity of various proteins, enzymes or ion channels is the 

phosphorylation via protein kinase C (PKC). Also in insect olfactory receptor neurons 

(ORNs) PKC is present (Maida et al., 2000) and involved in processes directly or 

indirectly coupled to the olfactory transduction. Previous work and the findings of the 

chapters 4.1 to 4.4 of this study suggest that pheromone-stimulation activates a 

phospholipase Cβ (PLCβ)-dependent signal transduction cascade which involves 

diacylglycerol (DAG)- and Ca2+-dependent activation of PKC (review: Stengl, 2010). In 

patch clamp studies activation of PKC increased the activity of medium-conductance 

ion channels while other channels (i.e. small- and large-conductance ion channels) 

were PKC-dependently inhibited (Dolzer et al., 2008). Furthermore, inhibition of PKC in 

antennal preparations from Heliothis virescens prolonged the pheromone-dependent 

increase of IP3, suggesting that PKC is necessary for termination of the transient 

pheromone response (Schleicher et al., 1994). PKC-dependent phosphorylation is also 

a prerequisite for activation of the olfactory coreceptor Orco in the fruit fly (Sargsyan et 

al., 2011). Thus, the level of PKC activity should influence the spontaneous activity of 

ORNs and the late, long-lasting pheromone response during the seconds to minutes 

after pheromone stimulation. Here, we investigated the response of single M. sexta 

ORNs to brief pulses of the main pheromone component bombykal (1 µg BAL) in long-

term tip recordings in the presence of the specific PKC inhibitor Gö 6976 (10 µM) or the 

PKC-activating phorbol ester PDBu (100 nM). The 90 or 120 minute-long recordings 

were performed during the resting phase, starting at Zeitgebertime (ZT 9) and at the 

end of the activity phase (ZT 1). If pheromone transduction solely relies on ionotropic 

mechanisms depending on OR/Orco activity, independent of any second messenger 

(Sato et al., 2008), inhibition or activation of PKC should not influence the initial 

pheromone response. If a mixed ionotropic and metabotropic transduction cascade via 

Orco plus additional rises of cAMP underlie the pheromone response where 

phosphorylation of Orco is necessary to enable Orco-activity (Wicher et al., 2008; 

Sargsyan et al., 2011), inhibition of PKC should reduce the pheromone response ZT-

independently. Finally, if pheromone transduction is mediated via PLCβ-dependent 

rises in IP3 and subsequent opening of Ca2+- and cation channels, as suggested for 

M. sexta (Stengl, 2010), the PKC-dependent termination of PLCβ activity would be 

prevented in the absence of PKC and, thus, continuous Ca2+ rises would inactivate the 

Ca2+-sensitive fast Ca2+ channels leading to reduced amplitudes of the sensillum 

potential and prolonged latencies of the action potential response. 
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4.5.1. Inhibition of protein kinase C strongly reduced the sensillum potential 

amplitude (SPA) 

In control recordings stimulation with 50 ms pulses of 1 µg BAL a slow depolarization 

(sensillum potential, SP) as well as a burst of action potentials (APs) was elicited  

(Fig. 4.32). At both ZTs investigated the SPA strongly decreased after the application 

of 10 µM Gö 6976. Additionally, the frequency of the BAL-dependent APs was reduced 

together with an increase in the delay. The effects of PKC-inhibition were more 

pronounced in recordings during rest (Fig. 4.32 B). Especially the generation of APs 

was inhibited which in some cases resulted in a complete lack of APs within the first 5 s 

after BAL-stimulation. Also the kinetics of de- and repolarization were slowed down by 

inhibition of PKC during rest (Fig. 4.32 B). 

To analyze the sensillum potential amplitude (SPA) the values of each dataset were 

normalized to the value of the first stimulation and proportional changes throughout the 

recordings could be identified. Hereby it was focused on the comparison of the first and 

the last 20 min of recordings which in each case covered five consecutive BAL-

stimulations (grey areas in Fig. 4.33 A, C). The normalized SPA of controls (0.1% 

DMSO) starting at ZT 1 were stable over the 90 min-long recordings, thus, the first and 

last 20 min of recordings showed no significant differences (Fig. 4.33 A, B; P=0.6875; 

n=7; Wilcoxon test). However, in the presence of 10 µM Gö 6976 (n=8) at the late 

 

Fig. 4.32 Inhibition of protein kinase C (PKC) reduced the response to brief bombykal (BAL) 
stimulation. Original traces of representative control recordings (black) as well as with application of 
10 µM Gö 6976 (magenta) during the late activity phase (A) and at rest (B) are shown. (A) The potent 
PKC inhibitor Gö 6976 reduced the slow potential changes and delayed the action potential (AP) response 
in recordings starting at Zeitgebertime (ZT) 1. (B) At rest (ZT 9) application of Gö 6976 strongly reduced 
the AP response and altered the kinetics of the slow potential changes. 
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activity phase the normalized SPA continuously decreased and reached minimum 

values about 20 min after beginning of the application. Subsequently the normalized 

SPA partially recovered but did not reach its initial level (Fig. 4.33 A). Hence, at the 

beginning as well as at the end of these recordings the normalized SPA under the 

influence of Gö 6976 was significantly lower in comparison to the control recordings 

(Fig. 4.33 B; beginning: P<0.0001, end: P=0.0002; Mann-Whitney test). No significant 

differences were found when comparing beginning and end of recordings with Gö 6976 

at the late activity phase (P=0.9453; Wilcoxon test). At rest application of 10 µM 

Gö 6976 (n=8) constantly reduced the normalized SPA throughout the 90 min-long 

 

Fig. 4.33 The normalized sensillum potential amplitude (SPA) was strongly reduced by the protein 
kinase C inhibitor Gö 6976. (A, B) Throughout the recordings starting at Zeitgebertime (ZT) 1 the 
normalized SPA was stable in controls (DMSO, n=7) while application of 10 µM Gö 6976 (n=8) strongly 
reduced it. A minimum was reached about 20 min after the start and the normalized SPA slowly recovered 
towards the end of the recordings but did not reach basal level. For statistical analysis the values of the 
first and last 5 stimulations (grey areas in A) were compared and a significant reduction of the normalized 
SPA in comparison to controls was found in both time windows. (C, D) During rest (ZT 9) the decrease of 
the normalized SPA in the presence of 10 µM Gö 6976 was constant over the 90 min-long recordings 
while in controls no significant differences were observed. Since the lowest values of the normalized SPA 
were reached after 30 to 40 min the comparison between the first and last 20 min of the recordings 
revealed a significant reduction of the normalized SPA when 10 µM Gö 6976 was applied. (for exact P-
values see Tabs. 7.22 - 7.25 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; 
****P<0.0001; Wilcoxon test or Mann-Whitney test) 
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recordings while controls (n=9) were stable (Fig. 4.33 C). Statistical analysis of the first 

and last 20 min not only showed a significantly lower normalized SPA in the presence 

of Gö 6976 as compared to the controls (beginning: P<0.0001, end: P<0.0001; Mann-

Whitney test) but additionally revealed a significant reduction of the normalized SPA 

between beginning and end of the recordings with Gö 6976 (Fig. 4.33 D; P=0.0234; 

Wilcoxon test). 

As shown in Fig. 4.32 the kinetics of the development of the sensillum potential were 

altered when 10 µM Gö 6976 was applied, especially at rest. For statistical analysis the 

slope of the initial phase of the SP, which indicates the steepness of the deflection in 

µV/ms, was investigated between start and half-maximal SPA. Over the 90 min-long 

 

Fig. 4.34 10 µM Gö 6976 reduced the slope in the initial phase of the sensillum potential (initial 
slope). (A) The steepness of the sensillum potential, described by the initial slope, was constant over the 
90 min-long control recordings (DMSO, n=7) at the late activity phase. Application of 10 µM Gö 6976 
(n=8) decreased the initial slope with minimum values about 20 to 30 min after start of the recordings. (B) 
Statistical analysis of the first and last 20 min showed significant differences between controls and 
application of Gö 6976 but no changes between beginning and end of either experimental group. (C, D) 
Also during rest the initial slope of controls (DMSO, n=9) was stable throughout the recordings while 
application of 10 µM Gö 6976 (n=8) significantly reduced the slope at the beginning as well as at the end 
of the recordings. Furthermore, a significantly lower initial slope was found in the last 20 min of recordings 
with Gö 6976 compared to the beginning. (for exact P-values see Tabs. 7.22 - 7.25 in the appendix. n.s. = 
not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test or Mann-Whitney test) 



 
Results  90 

 
 

recordings the slope was stable in control recordings during the late activity phase 

(86.86 ± 1.11 µV/ms, n=7) whereas application of 10 µM Gö 6976 in the same time 

window significantly reduced the slope (Fig. 4.34 A, B; 49.36 ± 2.60 µV/ms, n=8). Also 

in recordings starting at ZT 9 the initial slope in controls was constant (68.35 ± 

1.10 µV/ms, n=9) while it significantly decreased in the presence of 10 µM Gö 6976 

(Fig. 4.34 C, D; 29.35 ± 2.83 µV/ms, n=8). Furthermore, both, the slope in control 

recordings as well as with 10 µM Gö 6976 was significantly lower at rest as compared 

to the late activity phase (control: P<0.0001; Gö 6976: P<0.0001; Mann-Whitney test). 

A strong correlation between the SPA and the initial slope was found, which means 

that low SPAs would always result in lower values of the initial slope. Therefore a linear 

regression analysis was performed for each experimental group and the slopes of the 

regression lines were compared (Fig. 4.35). At the late activity phase the SPA and the 

initial slope in control recordings showed a strong correlation (r=0.9409, n=7; 

Spearman nonparametric correlation). The same was found in recordings with 10 µM 

Gö 6976 (r=0.9662, n=8; Spearman nonparametric correlation). After performing a 

linear regression analysis comparison of the slopes of the regression lines of 

recordings with and without 10 µM Gö 6976 revealed no significant differences at ZT 1 

(Fig. 4.35 A; P=0.6981). During the resting phase also a strong correlation between 

initial slope and SPA was found in controls (r=0.9703, n=9; Spearman nonparametric 

 

Fig. 4.35 The correlation between sensillum potential amplitude (SPA) and initial slope was altered 
by Gö 6976 at rest. In all recordings a linear correlation between an increasing SPA and its initial slope 
was observed. Since application of Gö 6976 reduced the SPA lower values for the initial slope would be 
expected. When the SPA was plotted against the according initial slope a linear regression could be 
performed illustrating the correlation. (A) In recordings during the late activity phase the slope of the 
obtained regression lines in control recordings (DMSO, n=7) and with 10 µM Gö 6976 (n=8) were almost 
identical. (B) However, during rest the slope of the regression line obtained from the correlation of SPA 
and initial slope in the presence of 10 µM Gö 6976 (n=8) was significantly reduced compared to control 
recordings (n=9). Equations of regression lines are shown at the top of the graphs. 



 
Results  91 

 
 

correlation) as well as under the influence of 10 µM Gö 6976 (r=0.9561, n=8; 

Spearman nonparametric correlation). However, the slopes of the regression lines of 

both experimental groups were significantly different (Fig. 4.35 B; P<0.0001), 

indicating to an altered relation between SPA and initial slope in the presence of 10 µM 

Gö 6976 during the animals’ resting phase. 

 

4.5.2. The action potential response was strongly reduced and delayed by 

Gö 6976 

The frequency of the first 6 action potentials (APs) occurring after brief BAL-stimulation 

was constant throughout the 90 min-long control recordings at the late activity phase 

(Fig. 4.36 A, B, mean: 250.7 ± 9.09 Hz, n=7). When the potent PKC inhibitor Gö 6976 

was applied in tip recordings the AP frequency during the late activity phase was 

reduced from the first stimulation on and continued to decrease within the first 30 min 

of recordings (Fig. 4.36 A). When analyzing the first and last 20 min of the recordings a 

significant reduction of the AP frequency compared to the controls was found in both 

time windows (beginning: P=0.0001, end: P<0.0001; Mann-Whitney test), however, no 

differences occurred between beginning and end within controls as well as with 10 µM 

Gö 6976 (Fig. 4.36 B; control: P=0.5781, Gö 6976: P=0.7422; Wilcoxon test). In 

recordings starting at ZT 9 the mean AP frequency of controls was significantly lower 

as compared to ZT 1 (179.7 ± 4.23 Hz, n=9; P<0.0001, Mann-Whitney test). 

Furthermore, a significant reduction of the AP frequency between beginning and end of 

the recordings at rest was observed (Fig. 4.36 C, D; P=0.0039, Wilcoxon test). 

Although AP frequencies were generally low during rest, application of 10 µM Gö 6976 

further reduced them significantly already at the beginning and this effect persisted until 

the end of the recordings (Fig. 4.36 C, D; beginning: P<0.0001, end: P<0.0001; Mann-

Whitney test). The overall AP frequencies in the presence of 10 µM Gö 6976 were 

significantly lower during rest (83.11 ± 5.53 Hz, n=8) in comparison to the frequencies 

at the late activity phase (151.5 ± 6.85 Hz, n=8; P<0.0001; Mann-Whitney test). 
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In post-stimulus time histograms (PSTHs) the mean distribution of BAL-stimulation-

induced APs at the beginning and at the end of all recordings was investigated  

(Fig. 4.37). The majority of APs occurred within the first about 150 ms after stimulation 

(phasic response) at the beginning and the end of control recordings during the late 

activity phase as well as during rest (black lines in Fig. 4.37). Starting the application of 

10 µM Gö 6976 at ZT 1 delayed the onset of the AP response, however the phasic-

tonic distribution of APs was unaltered in the first 20 min of the recordings (Fig. 4.37 
A). At the end of the recordings, at ZT 2, Gö 6976 reduced the maximum number of 

APs per 10 ms bin during the phasic part and rendered the response more tonic  

 

Fig. 4.36 The protein kinase C inhibitor Gö 6976 reduced the bombykal (BAL)-dependent action 
potential (AP) frequency. (A, B) At the late activity phase (Zeitgebertime, ZT 1) in control recordings 
(DMSO, n=7) as well as with application of 10 µM Gö 6976 (n=8) the frequency of the first 6 BAL-induced 
APs was stable and no significant differences were found when comparing the first and last 20 min of the 
recordings (grey areas in A). However, the mean frequency of recordings with 10 µM Gö 6976 was 
significantly lower as in controls at the beginning and at the end of the recordings. (C, D) In recordings at 
rest the AP frequency of controls (n=9) decreased over time resulting in significant differences between 
beginning and end of the recordings. In the presence of 10 µM Gö 6976 (n=8) significantly lower AP 
frequencies were obtained at the beginning as well as at the end of recordings during rest. However, no 
significant changes were observed within recordings with 10 µM Gö 6976. (for exact P-values see Tabs. 
7.22 - 7.25 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon 
test or Mann-Whitney test) 
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(Fig. 4.37 B). At rest the response pattern in the presence of Gö 6976 was altered from 

the beginning on. Although the average number of APs per 10 ms bin in the tonic part 

of the response (200 - 1000 ms after stimulation) was unchanged in comparison to 

controls the number of APs in the phasic part was drastically reduced suggesting that 

less APs were generated in response to BAL-stimulation. This pattern intensified at the 

end of recordings (ZT 10) resulting in a strongly tonic distribution of APs (Fig. 4.37 C, 
D). 

 

 

Fig. 4.37 The distribution of action potentials (APs) in response to bombykal (BAL)-stimuli was 
reduced by Gö 6976. In post-stimulus time histograms (PSTHs) the mean number of APs in the first 
1000 ms after BAL stimulation is shown for the first and last 20 min of recordings with and without 10 µM 
Gö 6976. (A, B) At the late activity phase the PSTHs of control recordings (0.1% DMSO, n=7) showed the 
typical phasic-tonic distribution pattern at the beginning and at the end of the recordings. In the presence 
of 10 µM Gö 6976 (n=8) the onset of the AP response was delayed at the beginning while the response 
pattern was unchanged. At the end of the recordings, however, the number of APs in the phasic part (0 - 
150 ms) was reduced, resulting in a more tonic distribution. (C, D) Control recordings starting at 
Zeitgebertime (ZT) 9 (n=9) also showed a clearly phasic-tonic AP distribution at the beginning and at the 
end of the 90 min-long recordings. When applying 10 µM Gö 6976 (n=8) the number of APs during the 
phasic part was reduced already in the first 20 min and even more though towards the end of the 
recordings, resulting in a more tonic distribution pattern. (solid line = mean; dotted lines = SEM) 
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Furthermore the latency of the first BAL-dependent AP was analyzed. For this usually 

the delay between onset of the sensillum potential and occurrence of the first AP was 

estimated. However, with 10 µM Gö 6976 the SPA was strongly reduced which made it 

difficult to define the beginning of the SPA. Thus, instead the trigger latency was 

analyzed by calculating the delay between the beginning of BAL-stimulation and the 

first AP. If no APs occurred after stimulation the trigger latency was set to 5000 ms, the 

end of the stimulus recording files. As shown in Fig. 4.38 the trigger latency of control 

recordings, containing 0.1% DMSO was stable during the late activity phase (mean: 

81.62 ± 4.26 ms, n=7). Application of the PKC inhibitor Gö 6976 (10 µM; n=8) in 

 

Fig. 4.38 The latency of the first bombykal (BAL)-dependent action potential (AP) was strongly 
increased by Gö 6976 at rest. The time between beginning of the BAL-stimulation and the occurrence of 
the first AP was defined as trigger latency. (A, B) The latency of the first BAL-dependent AP in relation to 
the start of the stimulation was constant in control recordings (n=7) in recordings starting at Zeitgebertime 
(ZT) 1. Application of 10 µM Gö6976 (n=8) increased the latency of the first AP throughout the 90 min-
long recordings resulting in significant differences to the controls at the beginning and at the end of the 
recordings. However, no significant differences were obtained when comparing beginning and end of 
either controls or recordings with 10 µM Gö 6976. (C, D) At rest the latency of the first BAL-dependent AP 
was significantly increased at the end of control recordings (n=9) as compared to the beginning. In the 
presence of 10 µM Gö 6976 (n=8) the trigger latency strongly increased about 15 min after starting the 
recordings and stayed at very high levels throughout the recordings. Thus, comparison with the controls 
revealed highly significant differences as well as comparing beginning and end of recordings with 10 µM 
Gö 6976. (for exact P-values see Tabs. 7.22 - 7.25 in the appendix. n.s. = not significant; *P<0,05; 
**P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon test or Mann-Whitney test) 
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recordings starting at ZT 1 continuously increased the latency of the first BAL-

dependent AP over the 90 min-long recordings. Comparing the first and last 20 min of 

the recordings at the late activity phase showed significantly higher trigger latencies in 

the presence of 10 µM Gö 6976 at both time windows (Fig. 4.38 B; beginning: 

P=0.0084; end: P<0.0001; Mann-Whitney test). However, although the trigger latency 

with 10 µM Gö 6976 was higher in the last 20 min as compared to the beginning, no 

significant differences were obtained due to high variability (beginning: 93.26 ± 

7.04 ms; end: 150.21 ± 18.18 ms; P=0.3828; Wilcoxon test). In control recordings 

starting at ZT 9 the mean latency of the first BAL-induced AP was significantly higher in 

comparison to the late activity phase (mean: 89.25 ± 2.12 ms, n=9; P<0.0001; Mann-

Whitney test). Analysis of the first and last 20 min of these recordings additionally 

showed a significant increase in the trigger latency within the controls (P=0.0039; 

Wilcoxon test). With application of 10 µM Gö 6976 the trigger latency abruptly 

increased after about 15 min of the recordings and stayed very high until the end  

(Fig. 4.38 C). Although variations of the latencies in the presence of 10 µM Gö 6976 

were high also during rest, significant differences to the controls were found at the 

beginning as well as at the end of the recordings (Fig. 4.38 D; beginning: P=0.0002; 

end: P<0.0001; Mann-Whitney test). 

 

4.5.3. Gö 6976 strongly reduced the late, long-lasting pheromone response 

Since application of 10 µM Gö 6976 strongly affected the AP generation in response to 

stimulation with 1 µg BAL the number of APs between 5 and 300 s after pheromone 

stimulation, the late, long-lasting pheromone response (LLPR) was also investigated. In 

control recordings (0.1% DMSO) at the late activity phase (ZT 1) a wide scattering in 

the number of APs during the LLPR occurred but mean values were stable over the 

90 min-long recordings (Fig. 4.39 A, B; beginning: 515.4 ± 51.05 APs in 295 s; end: 

490.9 ± 69.33 APs in 295 s, n=9; P>0.9999; Wilcoxon test). When 10 µM Gö 6976 

(n=8) was applied the LLPR was significantly reduced compared to the controls at the 

beginning as well as at the end of the recordings (beginning: P<0.0001, end: P=0.0006; 

Mann-Whitney test) while no significant differences were found within recordings with 

10 µM Gö 6976 (Fig. 4.39 B; P=0.6406; Wilcoxon test). Control recordings which 

started at ZT 9 showed significantly lower values of the LLPR with less variation (mean: 

332.2 ± 12.70 APs in 295 s, n=9; P=0.0003; Mann-Whitney test). Additionally the 

number of APs significantly decreased throughout control recordings (Fig. 4.39 C, D; 

P=0.0117; Wilcoxon test). Although the number of APs between two BAL-stimuli was 
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already low in controls application of 10 µM Gö 6976 (n=8) at rest significantly reduced 

the LLPR at the beginning and at the end of the recordings (Fig. 4.39 D; beginning: 

P<0.0001, end: P<0.0001; Mann-Whitney test). Also compared to the LLPR in the 

presence of Gö 6976 during the late activity phase values at rest were significantly 

lower (P<0.0001; Mann-Whitney test). However, comparing the beginning and the end 

of recordings with Gö 6976 at rest showed no significant changes over time (P=0.0781; 

Wilcoxon test). 

 

 

Fig. 4.39 The late, long-lasting pheromone response (LLPR) was significantly reduced by 10 µM 
Gö 6976. (A, B) In control recordings (0.1% DMSO, n=7) during the late activity phase (Zeitgebertime, 
ZT 1) the number of APs between 5 and 300 s after each bombykal (BAL)-stimulus was stable over the 
90 min. Application of 10 µM Gö 6976 (n=8) significantly reduced the LLPR at the beginning and at the 
end of the recordings but no significant changes occurred within these recordings. (C, D) When control 
recordings started at ZT 9 (n=9) a significant reduction of the number of APs in the LLPR was found by 
comparing beginning and end of the recordings. However, application of 10 µM Gö 6976 (n=8) resulted in 
even stronger decreases in the number of APs and significant differences could be obtained for 
comparison with the controls at the beginning and the end of the recordings. (for exact P-values see Tabs. 
7.22 - 7.25 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon 
test or Mann-Whitney test) 
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4.5.4. Effects of the PKC-activating phorbol ester PDBu 

In experiments with the phorbol ester PDBu (100 nM) which specifically activates PKC 

control recordings with 0.1% DMSO were performed for 40 min at ZT 1 and ZT 9. 

Afterwards the sensillum-lymph Ringer-solution (SLR) containing recording electrode 

was replaced by SLR with 100 nM PDBu and placed over the same sensillum as 

before. The recording continued for another 80 min. Hence, the response behavior of 

one ORN was investigated first under control conditions and subsequently under the 

influence of PDBu. Thus, observed effects could clearly be attributed to the phorbol 

ester applied. Due to this approach the normalization of the SPA could be omitted in 

these experiments. In the preceding controls of recordings starting at ZT 1 a mean SPA 

of 2.80 ± 0.11 mV was obtained (n=6). After changing the Ringer-solution and applying 

100 nM PDBu (n=6) the SPA did not change significantly (Fig. 4.40 A, C; P=0.3125; 

Wilcoxon test). The SPA in control recordings starting at ZT 9 was almost identical to 

the late activity phase (2.93 ± 0.16 mV, n=8), thus, no significant differences were 

found between the control groups (Fig. 4.40 C; P=0.2996; Mann-Whitney test). 

However, directly after changing the recording electrode a significant increase in the 

SPA could be observed under the influence of 100 nM PDBu at rest (Fig. 4.40 B, C; 

P=0.0391; n=8; Wilcoxon test). This also resulted in significant differences in the SPA 

with PDBu during late activity and rest (P<0.0001; Mann-Whitney test). In contrast to 

the SPA the AP frequency of control recordings at ZT 1 (n=6) was significantly higher 

than during the resting phase (Fig. 4.40 D-F; P<0.0001; Mann-Whitney test). When 

100 nM PDBu was applied during the late activity phase (n=6) the AP frequency 

immediately decreased and stayed at this significantly reduced level until the end of the 

recordings (Fig. 4.40 D, F; P=0.0313; Wilcoxon test). Changing the recording electrode 

to SLR with 100 nM PDBu at rest significantly increased the AP frequency directly with 

the beginning of application (Fig. 4.40 E, F; P=0.0391; n=8; Wilcoxon test). Also 

between late activity phase and rest a significant difference in the AP frequencies in the 

presence of 100 nM PDBu was obtained (P=0.0001; Mann-Whitney test). The late, 

long-lasting pheromone response (LLPR), which is represented by the number of APs 

between 5 and 300 s after pheromone stimulation showed no significant differences 

between control recordings at the late activity phase in comparison to the resting phase  

(Fig. 4.40 G-I; P=0.9707; Mann-Whitney test). However, a wide variability in the values 

of the controls starting at ZT 1 was found. Although the presence of 100 nM PDBu did 

not change the number of APs in the LLPR in comparison to the controls at both time-

windows (late activity phase: P=0.3125; resting phase: P=0.7422; Wilcoxon test), a 
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significantly elevated LLPR was found for application of PDBu at rest (Fig. 4.40 I; 
P<0.0001; Mann-Whitney test). 

 

 

Fig. 4.40 The phorbol ester PDBu increased the sensillum potential amplitude (SPA) and action 
potential (AP) frequency only during rest. Control recordings lasted 40 min (black) followed by 80 min-
long recordings with 100 nM PDBu (magenta). Application started with changing the recording capillary 
containing either 0.1% DMSO (controls) or 100 nM PDBu (arrow). (A-C) The SPA of control recordings at 
the late activity phase (n=6) as well as at rest (n=8) was stable. Only during rest application of 100 nM 
PDBu (n=8) significantly increased the SPA. (D-F) The AP frequency of control recordings at 
Zeitgebertime (ZT) 1 (n=6) was significantly higher in comparison to the resting phase (n=8). With the start 
of PDBu application at the late activity phase (n=6) the AP frequency significantly decreased while it was 
significantly elevated by 100 nM PDBu at rest (n=8). (G-I) The number of APs between 5 and 300 s after 
pheromone stimulation, representing the late, long-lasting pheromone response (LLPR), showed a wide 
variability in control recordings at ZT 1 (n=6) but overall values were not significantly different from controls 
at rest (n=8). At both ZTs investigated application of 100 nM PDBu had no effect on the LLPR, though 
mean values at rest were significantly higher than in recordings at ZT 1. (for exact P-values see Tabs. 
7.26, 7.27 in the appendix. n.s. = not significant; *P<0,05; **P<0.01; ***P<0.001; ****P<0.0001; Wilcoxon 
test or Mann-Whitney test) 
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In summary: Inhibition as well as activation of the protein kinase C activity strongly 

influenced the responses to 1 µg BAL of M. sexta ORNs. With the potent PKC inhibitor 

Gö 6976 the kinetics of the immediate pheromone response were significantly altered 

during the late activity phase as well as at rest. The normalized SPA was reduced and 

in recordings starting at ZT 9 also the correlation between SPA and initial slope was 

changed. Thus, PKC seems to be important to maintain the fast kinetics of the 

sensillum potential. Furthermore, inhibition of PKC strongly reduced the AP frequency 

and increased the latency of the first BAL-dependent AP, especially during rest. Also 

the late, long lasting pheromone response (LLPR) was significantly reduced by 

Gö 6976 showing the strongest effect during rest. Activation of PKC, on the other hand, 

could only increase the BAL-response in recordings starting at ZT 9. At the late activity 

phase application of the phorbol ester PDBu reduced the AP frequency but did not 

change the SPA after stimulation with 1 µg BAL. However, at both ZTs the LLPR was 

unchanged by activation of PKC. Thus, both, activation as well as inhibition of PKC had 

strong ZT-dependent effects on the immediate as well as the late, long-lasting 

pheromone response. This suggests that PKC is involved in different mechanisms that 

control and modulate the sensitivity and phasic character of the BAL-response.  
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5. Discussion 

Passages written in italic and marked with “…” are exact quotes from Nolte et al. 

(submitted). 

 

5.1. Is pheromone transduction in olfactory receptor neurons of 

Manduca sexta ionotropic or metabotropic? 

The mechanisms underlying odor transduction in insects are still not resolved. Insect 

olfactory receptors (ORs) belong to the clade of 7 transmembrane domain receptors 

with an inverse membrane topology. They heteromerize with the conserved and 

ubiquitously co-expressed OR co-receptor (Orco) and form an ion channel complex in 

heterologous expression systems and apparently also in olfactory receptor neurons 

(ORNs) (see section 1.6). Thus, a dependence of the olfactory transduction on G 

protein-coupled mechanisms is controversially discussed. Two studies which focused 

on the investigation of D. melanogaster ORs suggested a primarily ionotropic 

mechanism for olfactory signaling. “While Sato et al. (2008) proposed purely ionotropic 

[odor] transduction based upon OR/Orco receptor ion channel heteromers, Wicher et 

al. (2008) hypothesized that in addition to a fast Orco-dependent ionotropic 

[mechanism] of low sensitivity the odor-binding ORs couple to Gαs elevating 

intracellular cAMP levels and, thus, support an additional slower, metabotropic 

transduction cascade of high sensitivity.” These hypotheses are contrary to the 

accumulating evidence for metabotropic, G protein-coupled signaling in moths but also 

in Drosophila (see section 1.8). The role of Orco in this context is the main question 

that needs to be resolved to elucidate the olfactory transduction mechanisms in 

insects. 

In this study in vivo tip recordings from single pheromone-sensitive trichoid sensilla of 

the hawk moth Manduca sexta were performed to further investigate the OR/Orco ion 

channel complex and several components of a phospholipase Cβ (PLCβ)-dependent 

metabotropic transduction cascade. Since in previous studies investigating Orco in 

heterologous expression systems physiological conditions were not always considered, 

in the current study the analysis of Orco in vivo was focused. Hereby the effects of odor 

concentration and Zeitgebertime (ZT) on the pheromone transduction were also of 

interest. Furthermore, during analysis the phasic response during the first 1000 ms 

after stimulation with the main pheromone component (bombykal, BAL) was strictly 

separated from the long-term response within several seconds to minutes after 
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pheromone application. Inhibition of Orco with the Orco antagonist OLC15 did not 

affect the phasic BAL-response. Only in a time-window within seconds to minutes after 

pheromone stimulation the late, long-lasting BAL-response was reduced. Furthermore, 

OLC15 reduced spontaneous activity of ORNs in the absence of BAL. In contrast, 

inhibition or activation of different steps of the PLCβ cascade always affected the 

immediate, phasic pheromone response. 

 

5.1.1. The ion channel repertoire of M. sexta ORNs 

To evaluate the role of Orco in olfactory transduction and to examine the involvement 

of a metabotropic cascade first it has to be clarified which second messenger-

dependent ion channels occur in ORNs. Non-stimulated moth ORNs show irregular 

spontaneous generation of APs which underlies fluctuations in the membrane potential. 

These subthreshold membrane potential oscillations (STMPOs) are generated by the 

interplay of de- and hyperpolarizing voltage-dependent ion channels (Stengl, 2010). 

Generation of STMPOs and spontaneous activity is a general feature of pacemaker 

neurons (Ramirez et al., 2004) and might also play a crucial role in determination of 

temporal encoding properties (Stengl, 2010). A prerequisite for STMPOs is the 

presence of pacemaker channels which open during hyperpolarization, thus, 

depolarizing the cell up to the spiking threshold (Kaupp & Seifert, 2001; Robinson & 

Siegelbaum, 2003). This was confirmed by studies which found hyperpolarization-

activated cyclic nucleotide-gated (HCN) ion channels in moth ORNs (Krieger et al., 

1999; Krannich & Stengl, 2008). Hyperpolarization can be induced by the activity of Cl- 

or K+ channels which open during depolarization. In moth ORNs a Ca2+-induced Cl- 

current (Pezier et al., 2010) as well as outward rectifying K+ channels which open at 

depolarizing membrane potentials were described (Zufall et al., 1991; Lucas & 

Shimahara, 2002; Dolzer et al., 2008). Another current that most likely contributes to 

the resting potential and to underlying STMPOs is the spontaneously opening OR/Orco 

cation channel (Sato et al., 2008; Wicher et al., 2008; Stengl, 2010; Stengl & Funk, 

2013). Since mutations of Orco strongly reduced spontaneous activity of ORNs 

(Larsson et al., 2004; Benton et al., 2007) the OR/Orco ion channel can be considered 

as a pacemaker channel in sensory neurons. Consistently with this assumption Orco 

activation via agonists increased spontaneous activity in vitro and in vivo (Jones et al., 

2011; Jones et al., 2012; Nolte et al., 2013) while OLC15-dependent inhibition of Orco 

reduced it (see section 4.1). 
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A thorough investigation of single channel activities of M. sexta ORNs in patch clamp 

studies revealed a variety of voltage-, cyclic nucleotide-, and directly or indirectly Ca2+-

dependent ion channels (Stengl et al., 1992; Stengl, 1993; 1994; Dolzer et al., 2008; 

Krannich, 2008; Krannich & Stengl, 2008). After pheromone stimulation Stengl et al. 

(1992) found a sequence of activated inward currents. Further characterization showed 

that inositol 1,4,5-trisphosphate (IP3) opened a very transient Ca2+ current which was 

blocked by rising intracellular Ca2+ concentrations. Due to the IP3-induced Ca2+ rises a 

Ca2+-dependent cation channel was activated (Stengl, 1994). The third observed ion 

channel opening after pheromone stimulation was described as sustained unspecific 

cation inward current which resembled a previously described protein kinase C (PKC)-

dependent non-Ca2+-permeable current (Stengl, 1993; 1994). Additionally to these 

pheromone-induced currents a variety of further unspecific cation channels of different 

conductance were found. Among these Dolzer et al. (2008) described medium-sized 

currents with a conductance of 40 - 70 pS which were activated in the presence of a 

PKC-activating phorbol ester. However, under the same conditions the open-probability 

of small conductance (10 pS) and large conductance (> 100 pS) currents decreased. 

With co-application of a membrane-permeable cyclic guanosine monophosphate 

(cGMP) analog the PKC-activated 40 pS conductance was observed less frequently. 

Additionally, several medium-sized and large conductance ion channels were activated 

during application of cGMP alone. Thus, the ion channel activity in the presence of 

PKC and cGMP strongly differed from control conditions (Dolzer et al., 2008). This 

suggests that depending on the presence of different second messengers, e.g. due to 

hormone activity or daytime-dependent control of enzyme abundance and/or activity, 

M. sexta ORNs are able to guarantee ion channel activity in response to external 

stimuli even if the internal homeostasis was changed. Since PKC and cGMP are 

involved in mechanisms of short- and long-term adaptation (Ziegelberger et al., 1990; 

Boekhoff et al., 1993; Stengl et al., 2001; Dolzer et al., 2003; Flecke et al., 2006) their 

ability to alter the set of activated ion channels shows that M. sexta ORNs can maintain 

their responsiveness under these conditions. Next to this, in whole-cell patch clamp 

recordings from M. sexta ORNs application of the diacylglycerol (DAG)-analog DOG 

elicited sustained inward currents through non-selective cation channels. While 

activation of this current was PKC-independent, it could be modulated by 

Ca2+/Calmodulin (CaM) and PKC after activation and, thus, resembled a Drosophila 

transient receptor potential (TRP) channel (Krannich, 2008). Furthermore also cyclic 

nucleotide-activated unspecific cation currents and a cyclic adenosine monophosphate 

(cAMP)-dependent Ca2+ current were found in M. sexta ORNs (Krannich & Stengl, 

2008). Next to the unspecific cation currents as many as six different potassium 
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currents could be identified by perforated patch clamp experiments (Dolzer et al., 

2008). Among them a voltage-activated delayed rectifier K+ channel (IK), a cGMP-

sensitive K+ current (IK(cGMP)) (Zufall et al., 1991; Stengl et al., 1992; Dolzer et al., 2008) 

and a Ca2+-activated K+ current (IKCa2+) (Zufall et al., 1991; Dolzer et al., 2008). 

The presence of this variety of ion channels in cultured M. sexta ORNs indicates that 

the resting membrane potential, the response to odor molecules as well as the 

sensitivity of these neurons underlie the activity of many different currents which 

themselves can be modified in manifold ways. Freely behaving moths are able to 

detect and respond to a great range of pheromone concentrations (see section 1.1) 

which could also be confirmed in tip recordings from BAL-sensitive ORNs (Dolzer et al., 

2003). Thus, tuning the sensitivity of these neurons and providing the ability to detect 

even very small amounts of pheromone via employing different second messenger 

cascades seems appropriate for M. sexta. Whether the OR/Orco ion channel complex 

is the primary origin of pheromone-induced cation influx (Sato et al., 2008; Wicher et 

al., 2008) will be discussed in the next chapter. 

 

5.1.2. No evidence for solely ionotropic Orco-based transduction mechanisms 

in M. sexta 

The development of Orco-agonists and antagonists in recent years (Jones et al., 2011; 

Chen & Luetje, 2012; Jones et al., 2012; Taylor et al., 2012) allowed for a differentiated 

analysis of the role of Orco from different species. The effectiveness of the Orco 

agonist VUAA1 was shown in heterologous cell systems for OR/Orco complexes from 

e.g. D. melanogaster, H. virescens, A. gambiae, and Harpegnathos saltator (Jones et 

al., 2011; Taylor et al., 2012). Previous studies found that stimulation of different 

OR/Orco complexes expressed in human embryonic kidney (HEK293) cells with the 

ligand of the respective OR caused cation influx (Sato et al., 2008; Smart et al., 2008; 

Wicher et al., 2008). Since activation of the OR/Orco complex via Orco-agonist VUAA1 

also induced inward currents in HEK293 cells it was suggested that both currents are 

identical and, thus, VUAA1 can activate cation influx via the OR/Orco receptor ion 

channel complex in the absence of odor (Jones et al., 2011; Nolte et al., 2013; Stengl & 

Funk, 2013). As Nolte et al. (2013) could show application of 100 µM VUAA1 into 

pheromone-sensitive trichoid sensilla did not potentiate the response to physiological 

pulses of BAL, which would be expected if M. sexta Orco (MsexOrco) was involved in 

the phasic pheromone response. Rather, an increase in the activity several seconds to 
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minutes after BAL-stimulation as well as strongly elevated spontaneous activity were 

obtained via VUAA1 application to M. sexta ORNs in vivo (Nolte et al., 2013). In 

chapter 4.1 the effect of Orco-antagonists on pheromone transduction was examined. 

OLC15 (Chen & Luetje, 2012) was shown to antagonize the VUAA1-dependent 

increase in spontaneous activity dose-dependently, confirming that OLC15 is an 

MsexOrco antagonist (Fig. 4.1). If pheromone detection in M. sexta relies on ionotropic 

transduction mechanisms solely depending on the OR/Orco ion channel complex 

inhibition of its functionality should strongly decrease the phasic pheromone response 

in the first 100 ms after stimulation. Application of 10 µM OLC15 which caused about 

half-maximal reduction of the VUAA1-evoked spontaneous activity did not change the 

normalized sensillum potential amplitude (SPA) (Fig. 4.3), nor the AP frequency during 

the phasic part of the BAL-response (Fig. 4.6). These findings argue against the 

hypothesis that “odor-dependent opening of OR/Orco heteromers is the primary 

pheromone transduction event”. Although it was shown that VUAA1 and OLC15 target 

MsexOrco and act via allosteric mechanisms it cannot be ruled out that both agents 

have additional, yet unknown targets. 

Furthermore, the suggestion that amiloride derivates are also Orco-antagonists (Pask 

et al., 2013) could not be verified, since application of 10 µM HMA or MIA significantly 

reduced the parameters of the immediate pheromone response (Figs. 4.2, 4.3, 4.5, 
4.6) and, thus, both amilorides affected different targets as OLC15. However, it could 

not be excluded that MsexOrco is an additional target for HMA and MIA. Due to the 

significantly different effects of HMA and MIA and their daytime-dependency, especially 

on the AP frequency and late, long-lasting pheromone response these targets of HMA 

and MIA differ (see section 5.6). 

 

5.1.3. The OR/Orco ion channel complex controls the membrane potential in 

M. sexta ORNs 

If MsexOrco is not involved in the primary response to odors, as the results of this 

study suggest, what function does Orco serve in M. sexta ORNs? As described above 

(see sections 1.6 and 1.7) there is consensus that Orco has several different functions 

in insect ORNs: Firstly, the heteromerization with conventional ORs, secondly, the 

transport, insertion, and maintenance of ORs in the cilium membrane and thirdly, the 

formation of a spontaneously opening cation channel together with the OR. 
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In tip recordings from pheromone-sensitive trichoid sensilla application of VUAA1 

strongly increased the late, long-lasting pheromone response (LLPR) and spontaneous 

activity in the absence of BAL (Nolte et al., 2013). In accordance with this inhibition of 

MsexOrco with 10 µM OLC15 significantly decreased LLPR and the VUAA1-induced 

spontaneous activity (Figs. 4.1, 4.7). Furthermore, the latency of the first BAL-

dependent AP was prolonged in the presence of OLC15 (Fig. 4.5). It is known that in 

heterologous expression systems the OR/Orco complex builds a spontaneously 

opening cation channel which opens at resting potential (Sato et al., 2008; Wicher et 

al., 2008). Furthermore, depolarization of the ORN via current injection directly or 

indirectly activated MsexOrco, since inhibition of Orco prevented the increase in 

spontaneous activity (Fig. 4.9). The constant cation influx via OR/Orco ion channel 

most likely contributes to subthreshold membrane potential oscillations (STMPOs) of 

ORNs underlying spontaneous activity. Thus, inhibition of Orco reduces STMPOs 

which leads to lower resting potentials further away from AP threshold. With “increasing 

concentrations of MsexOrco inhibition [ORNs get] increasingly hyperpolarized” which 

would finally also decrease the SPA, AP frequency, and kinetics of the phasic part of 

the response (Fig. 4.8). “Consequently, at high concentrations of Orco antagonists and 

agonists” or prolonged application a differentiation “between a function of Orco as 

pacemaker channel which contributes to membrane potential, or a function of Orco in 

ionotropic signal transduction” is no longer possible. 

As a leaky ion channel that contributes to the spontaneous activity of ORNs there is a 

constant cation influx via the OR/Orco ion channel (Sato et al., 2008; Wicher et al., 

2008). If ORNs are stimulated with very low odor concentrations binding of only few 

odor molecules to the OR would cause only marginal increased cation influx. Thus, 

differentiation between “background activity” of the ion channel and odor-induced 

cation influx would be very difficult and detection of low odor concentrations without 

amplification mechanisms would be rather unlikely. Hence, the extreme sensitivity of 

moths to their species-specific pheromone contradicts an Orco-dependent ionotropic 

transduction mechanism in pheromone sensing. “Because MsexOrco was not opened 

during the first 100 ms of [the BAL response] but rather several hundred ms to minutes 

after pheromone stimulation possibly only MsexOrco inserted into the soma membrane 

but not in the dendritic cilia contributes to odor-dependent potential changes, 

suggesting distinct functions for [Msex]Orco depending on its location” (Fig. 5.1). 
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5.1.4. Evidence for Gq protein-coupled pheromone transduction in M. sexta 

ORNs 

Activation (Nolte et al., 2013) or inhibition of MsexOrco (see section 4.1) caused no 

changes in the phasic pheromone response within the first 100 - 200 ms after BAL-

stimulation. Thus, there is no evidence for an ionotropic Orco-based transduction 

mechanism in pheromone detection in male M. sexta in vivo. On the contrary, there is 

accumulating evidence for a PLCβ-dependent transduction cascade not only in moths 

but also in other insect species, like Drosophila. The presence of a Gq protein which 

initiates PLCβ-activity was confirmed in ORNs of the fruit fly as well as in different moth 

species where it was predominately localized in the dendritic cilia (Talluri et al., 1995; 

Laue et al., 1997; Jacquin-Joly et al., 2002; Miura et al., 2005). Its functional 

importance for the olfactory transduction was also confirmed by knockout experiments 

in Drosophila resulting in significantly reduced odor responses (Kain et al., 2008) and 

impaired olfactory guided attraction and avoidance behavior (Kalidas & Smith, 2002). 

 

Fig. 5.1 The function of the olfactory co-receptor Orco might depend on its location. An involvement 
of MsexOrco in the primary transduction process is unlikely. Therefore, in dendritic cilia (top right) Orco’s 
main function could be the insertion and maintaining of the odor-specific ORX into the membrane while the 
transduction of the olfactory signal is carried by a metabotropic signal transduction cascade via 
phospholipase Cβ and subsequent inositol 1,4,5-trisphosphate-dependent activation of Ca2+ channels. 
Odor-induced depolarization and increasing levels of protein kinase C could then activate Orco inserted in 
the soma membrane (bottom right) where it would act as pacemaker channel which controls membrane 
potential and subthreshold oscillations responsible for AP threshold and response kinetics. 
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On the other hand, Yao and Carlson (2010) argued against the direct involvement of 

Gq in olfactory transduction, since they found no effects on the odor response of 

several OR/Orco combinations when performing a knockdown of the Gαq-subunit in 

D. melanogaster. However, a reduction of the response occurred after constitutive 

activation of Gαq but not when Gαq expression was acutely induced by heat-shock (Yao 

& Carlson, 2010). These findings stand in direct contrast to the work of Kain and 

colleagues (2008). It is known that PLCβ can be activated by the α-subunit of Gq but 

additionally an activation via the βγ-subunit of the Gi/o was reported (review: Clapham & 

Neer, 1997; Rebecchi & Pentyala, 2000) which could guarantee the ORNs’ 

responsiveness in the absence of Gαq and would explain why responses were not 

completely suppressed (Kain et al., 2008). In accordance with this, in the fruit fly the 

adenylyl cyclase (AC)-inhibiting Gi as well as a Go protein were located in the antennae 

(Boto et al., 2010). Furthermore, inhibition of Go alone (Chatterjee et al., 2009) or in 

combination with Gi (Ignatious Raja et al., 2014) reduced the odor response while 

overexpression of a Gi protein increased it. Surprisingly, overexpression of Go also 

decreased the odor response which the authors explained by the activity of the βγ-

subunit of Go which could interfere with Gαi and, hence, reduces the response 

(Ignatious Raja et al., 2014). Finally, also the AC-activating Gs was found in ORNs of 

Drosophila and B. mori (Miura et al., 2005; Boto et al., 2010). Thus, the presence of 

different G proteins in insect ORNs was confirmed and they were shown to modulate 

olfactory sensitivity but it is still unclear if they are the first step of a metabotropic 

transduction cascade, and if so, which cascade drives odor responses. In moths 

studies investigating G protein activity are rare. However, in tip recordings of BAL-

sensitive trichoid sensilla of male M. sexta it was shown that application of the general 

G protein inhibitor GDP-β-S significantly reduced the response to brief BAL-pulses 

without affecting the late, long-lasting pheromone response (Nolte, 2016). Furthermore, 

with G protein-activating fluoride the activity of single B. mori ORNs was significantly 

increased (Laue et al., 1997). Both studies confirm the importance of G proteins in odor 

detection but since a complete suppression of the odor response by inhibition of  

G protein activity was not observed yet, further investigation is needed to resolve the 

question of a direct coupling of the OR/Orco complex to one or several G proteins 

which induce a metabotropic signal transduction cascade. 

However, many studies which investigated the Gq-dependent pathway in insect ORNs 

by focusing on the function of PLCβ and its products IP3 and DAG also support the 

hypothesis of a direct activation of Gq after odor stimulation (review: Stengl, 2010; 

Stengl & Funk, 2013). A phospholipase Cβ was found in the ORNs of e.g. lobster, 
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Drosophila, and different moth species (Riesgo-Escovar et al., 1995; Xu & McClintock, 

1999; Maida et al., 2000; Chouquet et al., 2010). Knockout of two different PLCβ genes 

in the fruit fly severely reduced the responses to different odors (Riesgo-Escovar et al., 

1995; Kain et al., 2008). In P. americana, Locusta migratoria, and H. virescens the 

PLC-activity in antennal homogenates was proven indirectly by measuring the IP3 

concentration. In all three species the IP3-level significantly increased after odor 

stimulation. This elevation of IP3 was both, very fast and transient (Boekhoff et al., 

1990a; Boekhoff et al., 1990b; Breer et al., 1990; Boekhoff et al., 1993). Additionally, 

patch clamp recordings from primary cell cultures of M. sexta ORNs confirmed this 

pheromone-dependent activation of the PLCβ, since the first pheromone-induced 

current was shown to be an IP3-dependent very transient Ca2+ current which was 

inhibited by rising Ca2+ concentrations within 50 ms (Stengl, 1993; 1994). In the current 

study tip recordings were performed to investigate the role of PLCβ in M. sexta 

pheromone transduction in vivo. In accordance with previous findings inhibition of PLC 

by applying 10 µM U73122 into single trichoid sensilla significantly reduced the 

response to brief pheromone pulses (see sections 4.2 and 5.2). Hence, there is strong 

evidence for a Gq protein-dependent metabotropic transduction cascade in insect 

olfaction. 

On the other hand, a transduction cascade that utilizes AC-dependent rises in cAMP 

levels as in vertebrate olfaction seems unlikely for insects (Breer et al., 1990; review: 

Kaupp, 2010). For cAMP rather a modulatory role is suggested since pheromone 

stimulation of antennal homogenates of moth and cockroaches found no changes in 

cAMP-levels (Breer et al., 1990; Boekhoff et al., 1993). Whereas daytime-dependent 

changes in the basal level of cAMP (Schendzielorz et al., 2015) and the cyclic 

nucleotide-dependent activation of Orco (Wicher et al., 2008; Sargsyan et al., 2011) 

were found (see section 5.5). This also corresponds with the increased LLPR 

measured in tip recordings in the presence of a membrane-permeable cAMP analog 

(Flecke et al., 2010). The presence of guanylylcyclases in M. sexta antennae (Nighorn 

et al., 2001) and the slow rise of cGMP-levels in antennal homogenates (Ziegelberger 

et al., 1990; Boekhoff et al., 1993) as well as the localization of cGMP in ORNs after 

strong pheromone stimulation (Stengl et al., 2001) suggest a role for this cyclic 

nucleotide under conditions of long-term adaptation or if very high pheromone 

concentrations are applied for minutes. 
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5.2. Phospholipase Cβ is involved in M. sexta pheromone transduction 

As discussed above most evidence indicate to a Gq protein-dependent activation of 

phospholipase Cβ (PLCβ) as the first step in pheromone transduction of M. sexta and 

other insects (see section 5.1.4). In section 4.2 the influence of the PLC inhibiting 

aminosteroid-derivate U73122 and its non-functional analog U73343 was investigated. 

Application of 10 µM U73343 affected the AP frequency in the beginning of recordings 

during rest and at the late activity phase (Fig. 4.12). These results were unexpected, 

since U73343 was described as ineffective in PLC inhibition in vertebrates but also in 

HEK293 cells expressing insect OR/Orco constructs (Smallridge et al., 1992; Jin et al., 

1994; Sargsyan et al., 2011). However, so far no studies investigated the effects of 

both analogs in insect olfaction in vivo. Thus, in M. sexta ORNs it is unknown if U73343 

is unable to inhibit the PLCβ or if the observed reduction of the AP frequency in the first 

30 min of the recordings could be due to an impaired function of PLCβ which could be 

compensated later. However, this is unlikely since neither the normalized SPA nor the 

latency of the first AP were affected by 10 µM U73343. Additional PLC-independent 

functions, as described for U73122 (see below) are also possible for the inactive 

analog. Thus, U73343 could directly inhibit ion channels involved in AP generation. 

When 10 µM U73122 was applied all parameters of the immediate pheromone 

response, i.e. the normalized SPA and the AP frequency were significantly reduced 

(Figs. 4.11, 4.12). Additionally, the latency of the first bombykal (BAL)-dependent AP 

was significantly increased with the strongest effect during rest (Fig. 4.14). Thus, 

inhibition of the PLCβ in BAL-sensitive hawk moth ORNs severely influenced the 

response within the first 100 ms after stimulation. This is in accordance with previous 

findings (see section 5.1.4) and would be expected if a G protein-coupled second 

messenger cascade primarily drives the pheromone response. BAL-stimulation in the 

presence of the PLC inhibitor would still result in receptor activation and cleavage of 

the Gq protein, however, activation of the PLCβ would be reduced or completely 

prevented. In this case the stimulation-induced increase in IP3 (Boekhoff et al., 1990a; 

Breer et al., 1990; Boekhoff et al., 1993; Stengl, 1994) would be delayed and slowed 

down resulting in reduced response kinetics (Fig. 4.13). In addition a significant 

reduction of activity in the time-window of the LLPR (between 5 and 300 s after BAL-

stimulation) was found. If the PLCβ-dependent transduction cascade is involved in the 

immediate pheromone response also an influence over larger time-scales can be 

expected in two different ways. On the one hand, BAL-stimulation leads to 

depolarization of the ORN and elevated spike levels even minutes later. This increased 

ORN activity could be a sign for sensitization and increased alertness of the moth. It 
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was shown that pre-exposure to their sex-pheromone increased the behavioral 

response of male S. littoralis to subsequent stimulation even up to 27 hour later and the 

sensitivity of antennal lobe neurons (Anderson et al., 2003; Anderson et al., 2007). Also 

in electroantennogram- as well as single sensillum recordings an increased sensitivity 

of ORNs was found after pre-exposure to physiological pheromone concentrations 

(Guerrieri et al., 2012; Quero et al., 2014). In Drosophila repeated stimulation with a 

subthreshold odor concentration caused a significant response if the second stimulus 

was given with a 10 s to 3 min delay, thus, the sensitivity of the ORN seemed to be up 

regulated in this time-window. If PLC-activity is inhibited, this sensitization of ORNs 

would be prevented. Additionally, application of cAMP could mimic this increased 

sensitivity most likely via activation of Orco (Wicher et al., 2008; Getahun et al., 2013). 

Since Orco-activity strongly affects spontaneous activity and LLPR and since it needs 

to be phosphorylated before cAMP-dependent activation (Sargsyan et al., 2011) a 

reduced level of PKC via inhibition of PLCβ would also negatively affect ORN 

sensitivity. Furthermore, this study could show that generation of spontaneous activity 

most likely via activation of MsexOrco is directly or indirectly voltage-dependent  

(Fig. 4.9). If the BAL-response is weaker and, thus, the receptor potential smaller this 

reduced depolarization also activates Orco less which causes reduced LLPR. 

However, as shown before (see section 5.1.2) reduced activity of Orco alone would not 

explain the reduction in SPA and AP frequency since Orco activity seems to be not 

involved in the immediate pheromone response. Thus, inhibition of PLC via application 

of 10 µM U73122 affects two mechanisms: first, the phasic BAL-response via reduced 

production of IP3 which prevents the IP3-dependent Ca2+ influx and second, inhibition of 

Orco activity which reduces the sensitivity to further stimulation. 

However, even after 90 min perfusion of the PLCβ inhibitor still a response to the 

applied 1 µg BAL stimulus was measured. Hence, it is possible that either the 

specificity of the Inhibitor itself for insect PLCs is low or the passage into the dendritic 

cilia of the ORNs was pure or the applied concentration was too low. Various studies in 

vertebrates and cell systems confirmed that U73122 specifically inhibits hydrolysis of 

PIP2 to IP3 and DAG (Bleasdale et al., 1990; Smith et al., 1990; Yule & Williams, 1992; 

Inamura et al., 1997). It was reported that the DAG-dependent activation of the TRPL 

channel in Drosophila phototransduction was inhibited by U73122 (Estacion et al., 

2001), however, another PIP2-sensitive TRP channel, Kir2.1, was directly inhibited by 

U73122 also in the absence of PLC (Hardie et al., 2004). Another side-effect observed 

after application of U73122 was a constitutively elevated intracellular Ca2+ level which 

might be caused by Ca2+ release from internal stores (Jin et al., 1994). This increased 
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Ca2+ levels could counteract the inhibition of the olfactory response to some extend 

and, thus, enable a BAL-dependent depolarization via Ca2+- and protein kinase C 

(PKC)-dependent ion channels. Although U73122 was used in many studies 

investigating the olfactory transduction cascade (Smart et al., 2008; Sargsyan et al., 

2011; Getahun et al., 2013) it cannot be determined whether the reduction of the 

olfactory response measured here is due to inhibition of PLC-activity or if further targets 

of U73122 are involved.  

Several studies revealed the importance of IP3 in the initial phase of the pheromone 

response (Breer et al., 1990; Boekhoff et al., 1993; Stengl, 1994). Since IP3 is only 

produced together with diacylglycerol the effect of increased levels of DAG on the BAL-

response was investigated in chapter 4.3 by application of two DAG analogs, 1,2-

dioctanoly-sn-glycerol (DOG) and 1-oleoyl-2-acetyl-sn-glycerol (OAG). Depending on 

the analog used and the concentration which was applied the effects on the response 

varied. However, at least one parameter of the phasic pheromone response was 

affected in all experiments. Thus, it can be assumed that DAG is important for the 

sensitive response to physiological doses of BAL. While the generation of the receptor 

potential could mainly be driven by IP3- and Ca2+-dependent fast ion channels DAG 

seems necessary for modulation of the sensitivity by affecting different targets (see 

section 5.4). As one of these, PKC itself has several functions and controls different 

processes in ORNs, e.g. by phosphorylation. By inhibiting PKC activity using the 

blocker Gö 6976 the importance of PKC in the BAL response was evaluated in chapter 

4.5. It could be demonstrated that the presence of PKC is necessary for the fast and 

transient character of the response. Although the experiments showed the influence of 

PKC they cannot distinguish between a metabotropic transduction cascade and an 

Orco-based transduction process which is modulated by PKC. 

 

5.3. The multifunctional role of protein kinase C in M. sexta olfaction 

As a result of PLCβ activity PKC can be activated by DAG in the presence of elevated 

Ca2+-levels (Huang, 1989; Liu & Heckman, 1998). This enzyme has a central role in 

many different processes and is suggested to be responsible for modulating the 

sensitivity of the olfactory system in insects. It could be shown that PKC is present in 

insect trichoid sensilla (Maida et al., 2000) and its involvement in different processes in 

odor transduction was confirmed in numerous studies. After stimulation with the main 

pheromone component PKC activity in antennal homogenates of A. polyphemus 
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increased significantly (Maida et al., 2000). Several different PKC-dependent cation 

channels are known from M. sexta ORNs (see section 5.1.1). Among them a PKC-

dependent cation channel which opened within seconds after stimulation with 

pheromone in primary cell cultures of M. sexta ORNs was found (Stengl, 1993; 1994). 

Similar openings of a PKC-dependent ion channel were observed after prolonged 

pheromone incubation of dendritic cilia from A. polyphemus (Zufall & Hatt, 1991b). 

Since PKC-activity requires high Ca2+ concentrations next to the presence of DAG and 

PKC-dependent cation channels are impermeable for Ca2+ (Dolzer et al., 2008) it was 

assumed that opening of these channels in response to pheromone only occurs under 

conditions of short-term adaptation and enables depolarization of the ORN even if Ca2+ 

levels are elevated (Dolzer et al., 2008; Stengl, 2010). However, PKC also seems to 

contribute to the phasic properties of the pheromone response in the presence of low 

odor doses, since the transient nature of IP3 increase after pheromone stimulation in  

H. virescens antennal homogenates was abolished after inhibition of PKC and IP3 

levels stayed elevated. Additionally there was evidence for peptide phosphorylation in 

response to pheromone stimulation (Schleicher et al., 1994). Due to the fast 

terminating activity of PKC negative feedback on the PLCβ could be a target of 

phosphorylation (Ryu et al., 1990). Furthermore, the fast Ca2+-dependent cation 

channel found in M. sexta ORNs after pheromone stimulation was closed in the 

presence of PKC (Stengl, 1993; Dolzer et al., 2008). Another target of PKC activity is 

Orco since it could be shown that the co-receptor from D. melanogaster bears five 

phosphorylation sites and mutation of these resulted in loss of spontaneous activity and 

reduced cation influx after Orco stimulation with cAMP (Sargsyan et al., 2011). 

In chapter 4.5 the response of BAL-sensitive M. sexta ORNs to brief pheromone 

stimulation during PKC-inhibition was investigated. It was found that application of 

10 µM of the PKC antagonist Gö 6976 strongly reduced the AP frequency (Fig. 4.34) 

and normalized SPA (Fig. 4.33) of the immediate BAL-response as well as the number 

of APs during the LLPR (Fig. 4.39). Additionally an alteration in the development of the 

sensillum potential in the absence of PKC was found in recordings during the resting 

phase of M. sexta but not in the activity phase (Fig. 4.35). These results are in 

accordance with the assumed function for PKC in termination of the phasic pheromone 

response and as modulator of the ORNs’ sensitivity. In the absence of PKC 

phosohorylation of Orco is impaired (Sargsyan et al., 2011) which would result in a 

reduced resting membrane potential further away from AP threshold (Stengl, 2010). 

Thus, stimulus-dependent depolarization would result in lower maximum membrane 

potentials and delayed generation of APs (Fig. 4.38). Furthermore, inhibition of the 
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Ca2+-dependent cation channels which open after pheromone stimulation (Stengl, 

1993; 1994) would be prevented if PKC is inhibited. Thus, stronger Ca2+ influx causes 

conditions of short-term adaptation and since PKC-dependent cation channels cannot 

open BAL-responses get increasingly weaker. An especially strong increase in the 

latency of the first stimulation-dependent AP was found after inhibition of PKC by 

application of 10 µM Gö 6976 (Fig. 4.38). Via phosphorylation the activity of proteins 

and ion channels could be coordinated and would enable the fast and transient 

response to BAL-stimuli. The lack of PKC could result in loss of synchronization and, 

thus, a delayed response. Additionally the voltage-dependent sodium channel 

responsible for generation of APs can also be rapidly phosphorylated by PKC in 

vertebrates where it slows down its inactivation (Costa & Catterall, 1984b; Catterall, 

2000). Further protein kinase A (PKA)-dependent phosphorylation is also known from 

Na+ channels resulting in reduced Na+ current (Costa & Catterall, 1984a; Cantrell & 

Catterall, 2001). Also in P. americana dorsal unpaired median (DUM) neurons 

phosphorylation of a Na+ channel by PKA and PKC was reported which resulted in 

reduced Na+ current (Wicher, 2001). A convergent activity of PKC was reported to be 

necessary for PKA-dependent phosphorylation of sodium channels at low resting 

potentials. Surprisingly, while PKA-activity reduced the Na+ current in hippocampal 

pyramidal neurons it was increased in dorsal root ganglion neurons (review: Cantrell & 

Catterall, 2001). Possibly in insect ORNs the lack of PKC-induced phosphorylation of 

Na+ channels together with lower resting membrane potential (Stengl, 2010) also 

prevents PKA activity which could lead to an additional reduction in Na+ current and 

delayed AP generation. 

An increase in the response parameters after pheromone stimulation in the presence of 

the PKC-activating phorbol ester PDBu (100 nM) was shown in tip recordings from 

BAL-sensitive trichoid sensilla only during the resting phase (Fig. 4.40). However, no 

significant changes in the LLPR were found at both Zeitgebertimes. These results show 

that the level of PKC activity and the availability of phosphorylation targets changes in 

the course of day and might be critical for the sensitivity of the peripheral olfactory 

system of M. sexta. Since activation of PKC had no effect during the animals’ activity 

phase it can be suggested that internal kinase activity was already at its maximum at 

ZT 1, since a reduction of the response by PKC-inhibition was possible (Figs. 4.33, 
4.36 - 4.38). However, due to higher pheromone sensitivity of the ORNs during the 

activity phase it is possible that the initial pheromone response, illustrated by SPA and 

AP frequency is independent of PKC at ZT 1 and most likely is driven by IP3- and Ca2+-

dependent ion channels, while at rest, under conditions of adaptation, the PKC-
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dependent cation currents found after pheromone stimulation (Stengl, 1993; 1994) 

could have a stronger influence on the pheromone response. Additionally PDBu failed 

to increase AP activity between BAL-stimuli during the activity phase (Fig. 4.40 G-I). 
From the current injection experiments in chapter 4.1 the conclusion was drawn that 

the mechanisms underlying spontaneous AP generation vary daytime-dependently 

since inhibition of Orco with OLC15 prevented increased spontaneous activity rise after 

current injection only during the activity phase (Fig. 4.9). Thus, increased PKC activity 

which phosphorylates Orco should increase its activity (Sargsyan et al., 2011). 

However, already in the first 20 min of the control recordings a strong decrease in the 

LLPR was observed suggesting that mechanisms of short-term adaptation which 

reduce the resting membrane potential to maintain sensitivity of the immediate 

response might have occurred (Dolzer et al., 2003). Possibly, the activity of Orco and 

other ion channels has a bell-shaped dependence on the level of phosphorylation 

where activity is first increased via PKC activity but further phosphorylation could cause 

steric interactions which would again reduce ion channel activity. Thus, the 

pheromone-induced increase in PKC (Maida et al., 2000) during the preceding controls 

could cause this downregulation of Orco activity, visible as reduced LLPR, and 

subsequent application of PDBu causing increased PKC activity was ineffective  

(Fig. 4.40 G, I). However, during the resting phase PDBu-induced PKC activity 

significantly influenced the phasic part of the pheromone response while the late long-

lasting response was unaffected (Fig. 4.40). Possibly during rest PKC has a different 

role in olfactory transduction due to changed requirements to the sensitivity of odor 

detection (see section 5.5). Thus, in a state of reduced sensitivity primary transduction 

mechanisms might be dependent upon PKC-induced activation of cation channels 

(Stengl, 1993; Dolzer et al., 2008; Stengl, 2010). These experiments showed clearly 

that the mechanisms underlying BAL-transduction in M. sexta vary daytime-

dependently and the recruitment of different second messengers seems to depend on 

the physiological state (see section 5.5). 

 

5.4. Protein kinase C and transient receptor potential channels as 

targets for diacylglycerols 

Since it could be shown that within 50 ms after pheromone stimulation the IP3 level in 

antennal homogenates of moth and cockroaches transiently increased (Breer et al., 

1990; Boekhoff et al., 1993) and IP3-dependent Ca2+ currents resembled the first 

current measured after pheromone stimulation in primary cell cultures of M. sexta 
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ORNs (Stengl, 1993; 1994) a transduction cascade via PLCβ and IP3 was assumed to 

be responsible for pheromone transduction in moths (Stengl, 2010; Stengl & Funk, 

2013). The hydrolysis of PIP2 leads to the production of diacylglycerol (DAG) in 

equimolar amounts next to IP3. Depending on the phospholipase and the substrate 

used different DAG derivates with varying side chains can be produced (review: 

Carrasco & Merida, 2006). To investigate the role of DAGs in the olfactory transduction 

cascade two different analogs, DOG and OAG, were infused into single trichoid sensilla 

and their influence on the response to brief stimulation with 1 µg and 10 µg BAL was 

analyzed (see section 4.3 and 4.4). Regarding the response to the lower BAL 

concentration revealed different effects of an increased DAG-level depending on the 

derivate used as well as on the respective concentration. It could be shown that the AP 

frequency was generally decreased in the presence of DOG which was concentration-

dependent during the late activity phase (Figs. 4.19, 4.20). Also the normalized SPA 

was influenced by application of different concentrations of DOG. However, while the 

strongest decrease in the AP frequencies were measured with 200 µM DOG at both 

ZTs, the normalized SPA was significantly decreased at the late activity phase but 

during rest a strong increase in the normalized SPA was found with 200 µM DOG  

(Fig. 4.18). These contradictory effects indicate that the measured SPA and the 

stimulation-dependent generation of APs are not directly coupled. Since SPA and 

receptor potential of the BAL-sensitive ORN are not equal and leakage currents 

between ORN and accessory cells via gap junctions exist (Kaissling & Thorson, 1980; 

Gu & Rospars, 2011) it is possible that the elicited potential changes form a bypass-

current which does not elicit APs at the axon hillock of the ORN. Thus, the changes in 

SPA and AP frequency which can also occur in control recordings are caused by the 

incomplete electrical isolation from ORN and thecogen cell. Additionally, the ion 

channels which generate the depolarizing receptor potentials are located in the 

dendritic cilia of the ORN while APs are generated in the soma or the axon hillock 

(Kaissling & Thorson, 1980; Zack Strausfeld & Kaissling, 1986; Gu & Rospars, 2011). 

Hence, the effect of applied substances, such as DOG or ion channel blockers, on the 

SP and APs can vary depending on the ion channels involved in their generation and 

the transport of these pharmacologically active substances within the cell. 

In the presence of elevated Ca2+-levels, e.g. due to Ca2+ influx after BAL-stimulation, 

DAG can bind PKC to the cell membrane and facilitate its activity (Huang, 1989; Liu & 

Heckman, 1998). As could be shown for direct activation of PKC by PDBu (see section 

4.5) during rest a significant increase in the SPA was measured while at the late 

activity phase only a reduction in the AP frequency was found (Fig. 4.40).These results 
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resemble the effects of high DOG concentrations which is in consistence with the 

finding that 100 µM DOG caused about 90% of the PDBu-induced PKC activity in the 

presence of high Ca2+ concentrations (Johnson et al., 1995). Thus, it can be concluded 

that the main target of DOG might be PKC. Furthermore, it is possible that PKC has 

different affinities to its various targets (see section 5.3) and, thus, depending on the 

amount of the applied DAG-derivate the inhibiting or activating effects of PKC 

predominate. Therefore, low DOG-concentrations could lead to enhanced 

phosphorylation of the transient Ca2+-permeable ion channels involved in the primary 

pheromone response (Stengl, 1993; 1994; Dolzer et al., 2008) and reduce the 

response to 1 µg BAL (Fig. 4.19). On the other hand, it was shown for DOG that it 

inhibits a L-type Ca2+ current in cardiomyocytes independently from PKC-activity 

(Conforti et al., 1995; Schreur & Liu, 1996) indicating that the inhibitory effects of DOG 

might also result from direct modulation of voltage-dependent Ca2+ channels (Dolzer et 

al., 2008) rather than PKC-dependent phosphorylation. 

With application of 100 µM OAG a significant increase in SPA as well as AP frequency 

was found during recordings at the late activity phase and at rest (Fig. 4.17, 4.19). 

While with higher OAG concentrations only a slight increase in the SPA and a strong 

decrease of the AP frequency were measured, application of lower OAG 

concentrations strongly decreased all parameters of the primary BAL-response (see 

section 4.3). Although OAG is also used to facilitate PKC-activity (Wicher, 2001; 

Sargsyan et al., 2011) the structure of its side-chains strongly differs from DOG and, 

thus, differences in binding affinity and modulation of PKC activity could result. 1,2-

diacylglycerols in general consist of a glycerol backbone with two fatty acids bound on 

the C1 and C2 atoms (Carrasco & Merida, 2006). The acyl chains can vary in length 

and degree of saturation. The hydroxyl group on position 3 is necessary for the 

interaction of DAG with PKC (Kerr et al., 1987).The two DAG-derivates used in this 

study differ significantly in the length of their side chains and OAG is an unsaturated 

diacyglycerol while DOG is saturated (Fig. 5.2). Experiments which investigated the 

structural requirements for DAGs to activate PKC revealed that the chain length of the 

acyl group at C2 is essential for this function. In an in vitro assay it was found that the 

EC50 value of OAG was 4 times higher than for DOG (200 µM vs. 50 µM, respectively) 

(Kerr et al., 1987). Thus, the effects of lower OAG concentrations, especially the 

significant increase in the AP frequency with 100 µM OAG might not result from DAG-

dependent PKC activity. Also in B. mori and A. polyphemus a DAG-dependent increase 

in ORN activity was found (Maida et al., 2000; Pophof & Van der Goes van Naters, 

2002). While the canonical Ca2+-dependent PKCs (α, βI, βII and γ) are the primary 
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target of DAG also interactions with other PKC isoforms are known (Liu & Heckman, 

1998). Hence, different DAG-derivates can have diverse targets, e.g. repeated 

treatment of Swiss 3T3 cells with OAG caused down-regulation of the Ca2+-

independent PKCδ and PKCε (Olivier & Parker, 1994). Additionally, it could be shown 

that in pituitary cells application of OAG reduced two types of Ca2+ currents 

independent of PKC activity (Marchetti & Brown, 1988). Further well known targets of 

DAG-activity next to PKC are transient receptor potential (TRP) ion channels. Among 

the large group of these Ca2+-permeable cation channels several members of the 

classical TRP channels (TRPC) of mammals were shown to be directly DAG-

dependent (Hardie, 2003; Lucas et al., 2003). In D. melanogaster phototransduction 

TRP channels were initially identified and it could be demonstrated that their activity 

was crucial for the transduction mechanism (review: Hardie, 2003; Raghu & Hardie, 

2009). There is great evidence that the TRP channels involved in Drosophila vision are 

activated by DAG or its metabolites (polyunsaturated fatty acids, PUFAs) (Chyb et al., 

1999; Estacion et al., 2001) and possibly deactivated by another metabolite, 

phosphatidic acid, which is produced by diacylglycerol kinase (DGK) activity (Raghu et 

al., 2000). In patch clamp recordings from primary cell cultures of M. sexta and 

S. littoralis ORNs DAG-activated cation currents were measured which resembled the 

Drosophila TRPL channel (Krannich, 2008). Activation of these currents was PKC-

independent, however, phorbol ester-induced PKC-activity inhibited the DAG-

dependent cation currents. Inhibition of DGK resulted in constant opening of the DAG 

channels (Krannich, 2008). Also the cDNA of a DGK could be cloned from antennae of 

S. littoralis and localized to the base of olfactory sensilla (Chouquet et al., 2008). 

Furthermore, with RT-PCR cDNA fragments of two putative TRP channels were found 

 

Fig. 5.2 Structural formulas of the two Diacylglycerol (DAG) derivates DOG and OAG. As typical 
DAGs both consist of a glycerol backbone (magenta) with two fatty acyl groups at the first and second C-
atom. These side chains can vary in length and saturation. (A) 1,2-Dioctanoyl-sn-glycerol (DOG) is a 
medium-chain diglycerol with two equally long and saturated fatty acids. (B) 1-Oleoyl-2-acetyl-sn-glycerol 
(OAG) bears a long and mono-unsaturated fatty acyl group at C1 and a short side chain on C2. While the 
degree of unsaturation is irrelevant for interaction with protein kinase C (PKC) the length of the acyl group 
at C2 seems to be critical for PKC activation (Kerr et al., 1987). 
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in antennal and brain tissue of M. sexta (Krannich, 2008) and the cDNA encoding a 

TRPγ channel was identified in antennae of S. littoralis. Using in situ hybridization the 

transcript of this channel could be localized at the base and the shaft of pheromone-

sensitive sensilla trichoidea which hints to expression in ORNs and, thus, a role in 

olfactory processes (Chouquet et al., 2009). 

The results of the current study show that DAG has an important role in olfactory 

transduction although it is most likely not directly involved in the generation of the 

receptor potential and APs. Due to its many possible targets DAG is well suited to 

modulate different steps in the transduction process that determine the sensitivity and 

kinetics of the system. Depending on the physiological state and the amount of DAG 

which is produced, e.g. depending on the strength of the stimulation, DAG-activity 

could modulate the transduction cascade either via inducing phosphorylation of ion 

channels or proteins like Orco or more directly via modulation of TRP channels. 

 

5.5. Zeitgebertime-dependent differences in olfactory sensitivity 

Activity of the crepuscular moth M. sexta was observed throughout the night with 

maximal activity at dawn and dusk while it rests during the day in field as well as 

laboratory colonies (Madden & Chamberlin, 1945; Schendzielorz et al., 2015). It could 

be shown that also the sensitivity to their species-specific sex pheromone varies 

daytime-dependently in moths showing stronger responses during the activity phase 

(Merlin et al., 2007; Flecke & Stengl, 2009). Thus, it can be assumed that mechanisms 

to modulate and control the level of sensitivity of the olfactory system have evolved. 

The results of this study showed increased responses to bombykal (BAL) during the 

late activity phase in comparison to stimulation with the same BAL-concentration at 

rest. Influencing the olfactory transduction by application of agonists and antagonists of 

the PLCβ pathway (see sections 4.2 - 4.5) and the olfactory co-receptor Orco (see 

section 4.1) also revealed Zeitgebertime (ZT)-dependent differences in their effects on 

the pheromone response. It is hypothesized that different sets of ion channels 

predominate the pheromone response during activity and rest, respectively (Stengl, 

2010). Hereby, fast and transient Ca2+-channels might drive the response when the 

animal is active while PKC-dependent cation channel could be mainly responsible for 

signal transduction during rest. Mechanisms, such as phosphorylation or ion channel 

expression could be responsible for this switch. 
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The endogenous activity/rest cycle of insects is mainly controlled by gene expression 

as well as neurotransmitter and hormone release in brain and peripheral tissue (see 

section 1.2). The octopamine (OA) concentration in hemolymph and homogenates of 

moth antennae shows daily oscillations with maximum values correlating with the 

activity phase (Linn et al., 1994; Linn et al., 1996; Schendzielorz et al., 2015). Since 

infusion of OA increased the pheromone response in single ORNs of different moth 

species in a daytime-dependent manner (Pophof, 2000; 2002; Flecke & Stengl, 2009; 

Hillier & Kavanagh, 2015), it can be assumed that different levels of OA influence the 

sensitivity of the olfactory system depending on the time of day. Furthermore, OA 

receptors were cloned from antennae of M. sexta and Mamestra brassicae (Dacks et 

al., 2006; Brigaud et al., 2009). In accordance with the daily rhythm in OA 

concentration the level of cAMP showed very similar variations while the concentration 

changes in IP3 over the day only partly matched OA rhythms in M. sexta antennae 

(Schendzielorz et al., 2015). Thus, it can be assumed that OA mainly signals via 

controlling the level of cAMP. The changing hemolymph concentrations of OA might 

result from circadian-controlled OA-release which subsequently regulates the cAMP 

concentration in antennae (Stengl, 2010; Schendzielorz et al., 2015). Since ORNs can 

be influenced by the addition of OA and respond with increased sensitivity to olfactory 

stimuli (Pophof, 2000; 2002; Flecke & Stengl, 2009), it can be assumed that ORNs 

themselves express OA receptors and, thus, are controlled in their degree of sensitivity 

most likely due to variations in the cAMP levels (Stengl, 2010). A second, acute effect 

of the stress hormone OA was suggested, since fibers which could be labeled with an 

antibody against tyramine, the precursor of OA, projected into the hawk moth antennae 

(Schendzielorz et al., 2015). Thus, acute release of OA as response to a stressor, e.g. 

the detection of a pheromone trace, could directly modulate the olfactory transduction 

cascade and might reduce response thresholds (Stengl, 2010; Schendzielorz et al., 

2015). 

The increased levels of OA and cAMP during M. sexta’s activity phase correlate well 

with the endogenously higher spontaneous activity of ORNs and the increased 

response to pheromone measured in tip recordings (Flecke & Stengl, 2009; Nolte et al., 

2013; sections 4.1 - 4.5 of the current study). Since the OR/Orco ion channel complex 

is suggested to contribute to resting membrane potential and spike threshold of ORNs 

(see section 5.1.3) and since Orco activity was shown to be cAMP-dependent (Wicher 

et al., 2008; Sargsyan et al., 2011) it can be assumed that oscillating cAMP 

concentrations influence the Orco-dependent cation influx resulting in increased 

membrane potentials during the activity phase when cAMP levels are high (Stengl, 
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2010; Stengl & Funk, 2013; Schendzielorz et al., 2015). Furthermore, Orco activity and 

its sensitivity to cAMP are dependent on Orco phosphorylation by PKC (Sargsyan et 

al., 2011). Thus, the daytime-dependent differences in baseline activity of ORNs which 

most likely underlies Orco activity could also be derived from changing levels of Orco 

phosphorylation. Measurement of antennal IP3 levels also revealed daytime-dependent 

oscillations for this second messenger (Schendzielorz et al., 2015). Due to the co-

production of DAG which activates PKC in the presence of Ca2+ it can be suggested 

that most likely also the level of PKC varies throughout the day. Further investigation 

on this hypothesis is still needed. On the other hand, it is as well possible that basal 

phosphorylation of Orco is constant throughout the day and the oscillation in cAMP 

level alone results in different amounts of Orco activity. However, inhibition of PKC with 

Gö 6976 as well as activation with either a DAG-derivate or the phorbol ester PDBu 

always showed differences in the amount of their effect on the pheromone transduction 

in activity and rest (see sections 4.3 and 4.5). Thus, a constant basal level of PKC 

throughout the day is unlikely since phosphorylation of proteins and ion channels is an 

elegant way to modify sensitivity. It is known that PKC activity is necessary for the fast 

termination of the sensitive olfactory response (Schleicher et al., 1994) most likely via 

closing transient Ca2+-dependent ion channels which open after pheromone stimulation 

(Stengl, 1993; 1994; Dolzer et al., 2008) and/or negative feedback on the PLCβ (Ryu et 

al., 1990). Also PKC-dependent activation of Ca2+-impermeable cation channels was 

reported which are most likely responsible for conducting the pheromone response 

under conditions of short-term adaptation (Dolzer et al., 2008; Stengl, 2010). 

Furthermore, oscillations in the basal level of cGMP in antennal homogenates of 

M. sexta were found which were inversed to cAMP level oscillations (Schendzielorz et 

al., 2015). cGMP is assumed to be responsible for long-term adaptation in ORNs since 

only minute-long and very strong pheromone stimuli caused delayed rises in cGMP 

(Ziegelberger et al., 1990; Boekhoff et al., 1993). In addition, elevated cGMP levels 

reduced the open probability of fast and transient ion channels in cultured M. sexta 

ORNs (Dolzer et al., 2008) and decreased the pheromone response of single ORNs 

daytime-dependently (Flecke et al., 2006). Thus, during rest when cGMP 

concentrations are high and the transient IP3- and Ca2+-dependent cation channels are 

blocked the peripheral olfactory system is adapted resulting in an elevated detection 

threshold and reduced pheromone responses. Furthermore, PLCβ activity could 

additionally be suppressed by cGMP-dependent protein kinase (PKG)-activity which 

phosphorylates PLCβ in vertebrates (Xia et al., 2001). The remaining response could 

be mediated either via PKC-dependent mechanisms or directly via receptor guanylyl 

cylases (Stengl, 2010). Obviously PKC has at least two distinct functions in daytime-
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dependent regulation of the olfactory sensitivity. It enables pheromone responses 

under conditions of adaptation, e.g. during rest or in close proximity to the calling 

female. On the other hand, it terminates the fast and transient pheromone response 

during the activity phase which guarantees higher sensitivity and the ability to resolve 

odor pulses of high frequencies which correlate with the hawk moth’s wing beating 

(Tripathy et al., 2010; Daly et al., 2013). To further determine the role of PKC in 

M. sexta pheromone transduction experiments are needed which specifically 

discriminate between the different targets of PKC in ORNs. 

Moth ORNs have the properties of peripheral pacemaker neurons since they express 

circadian clock genes, such as period and cryptochrome (Merlin et al., 2006; Merlin et 

al., 2007; Schuckel et al., 2007). In Danaus plexippus an oscillation in the expression 

level of these genes could be observed in antennal tissue (Merlin et al., 2009). From 

Drosophila it is known that the expression of many genes, apart from those directly 

involved in the molecular circadian feedback loop (see section 1.2), is under circadian 

control (Claridge-Chang et al., 2001; Boothroyd & Young, 2008). Among these, cycling 

expression of protein kinases and transcription factors such as cAMP response 

element-binding protein (dCREB2) and nuclear factor kappa-B (NF-κB) was reported in 

D. melanogaster (Ceriani et al., 2002; Tanenhaus et al., 2012). Thus, it is likely that 

expression of proteins and/or ion channels involved in olfaction is under circadian 

control (Stengl & Funk, 2013). Indeed, several studies focused on mosquitoes and the 

fruit fly found oscillating expression of olfactory related genes and rhythms in protein 

abundance, e.g. for odorant binding proteins (OBPs), G protein-coupled receptor 

kinase 2, and the A. gambiae OR7 (Ceriani et al., 2002; Tanoue et al., 2008; Rund et 

al., 2011; Rund et al., 2013a). Furthermore, investigation of possible oscillating mRNA 

levels of an odorant-degrading enzyme (ODE), a pheromone binding protein (PBP) as 

well as the Orco homolog of S. littoralis only revealed circadian rhythms in ODE 

transcripts (Merlin et al., 2007). Although it seems likely that olfactory related proteins 

are under circadian control, evidence for rhythms in OR or Orco expression in moths 

are still missing. Possibly the OR/Orco complex is constitutively expressed in ORNs 

and oscillations in sensitivity occurs via different levels of PBP and/or ODE abundance 

or via changes in the degree of Orco phosphorylation. Also the expression level of ion 

channels involved in the metabotropic pheromone transduction cascade could vary 

daytime-dependently, since circadian clock-controlled expression of a potassium 

channel which is involved in generating rhythmic behavior was found in Drosophila 

(Ceriani et al., 2002). 
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5.6. Different targets for HMA and MIA in moth olfactory transduction 

The targets of the amiloride-derivates HMA and MIA which were used in this study are 

not yet clearly identified. It could be shown that amiloride application inhibited Ca2+-

dependent cation currents in cultured moth ORNs (Zufall & Hatt, 1991a) which 

“resembled the PLCβ- and pheromone-dependently activated Ca2+-dependent cation 

current of hawk moths (Stengl, 1993; 1994). Furthermore, amilorides blocked odor 

transduction via interference with TRP-like ion channels in crustacean ORNs (Bobkov 

& Ache, 2007).” On the other hand, Pask et al. (2013) suggested that both, HMA and 

MIA, as well as OLC15 are antagonists of Orco in A. gambiae. As discussed above, 

this could not be confirmed with the experiments in this study (see section 5.1.2). While 

both amilorides significantly reduced the parameters of the phasic pheromone 

response, OLC15 failed to do so (Figs. 4.3, 4.5, 4.6). Since application of 10 µM HMA 

reduced the AP frequency and the late, long-lasting pheromone response during rest 

significantly stronger as compared to application of MIA but the effects of both 

amiloride-derivates were equal during the activity phase (Figs. 4.3, 4.5 - 4.7), 

additional targets for HMA might exist. It is suggested that MIA mainly targets Ca2+-

dependent cation channels different from MsexOrco whereas HMA could either solely 

or additionally to these Ca2+-dependent ion channels inhibit PKC-dependent ion 

channels which most likely drive the pheromone response during rest (see section 5.5). 

Further investigation is needed to challenge this hypothesis. 

 

5.7. Different pheromone doses might activate different transduction 

pathways 

The olfactory system of M. sexta excels by its extreme sensitivity and its wide detection 

range spanning several log-units of pheromone concentration. In tip recordings 

responses to bombykal (BAL)-stimulation were obtained for concentrations ranging 

from 10-6 µg up to 10 µg BAL delivered on a strip of filter paper. Dose-response curves 

revealed maximal AP frequencies in response to 1 µg or 10 µg BAL with a stimulus 

duration of 500 ms or 50 ms, respectively (Kalinova et al., 2001; Dolzer et al., 2003). In 

the current study BAL-stimuli with a duration of 50 ms and concentrations of 1 µg or 

10 µg were applied to male M. sexta antennae in long-term tip recordings. BAL-

sensitive ORNs reliably responded to brief stimuli with the typical sensillum potential 

and a phasic-tonic train of APs without significant changes in these parameters 

throughout the 2 h recordings. It was shown that responses to 10 µg BAL were 
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significantly stronger as compared to stimulation with 1 µg BAL only during M. sexta’s 

activity phase while no increase in the response strength was observed at rest  

(Fig. 4.26). This suggests that the detection range for pheromone in active male moths 

is broader than at rest. If a male hawk moth follows a pheromone trail to its source, the 

calling female, it will encounter extremely low concentrations in greater distances and 

high odor doses (23.8 ng BAL per female gland extract) (Tumlinson et al., 1996) in 

close proximity to its mate and must be able to detect both. During rest, however, the 

olfactory system could be down-regulated and, thus, the sensitivity to low as well as 

very high odor concentrations might be reduced for reasons of saving energy 

resources. The discrepancy between the amount of BAL produced by the female and 

the concentration applied in tip recordings could be explained by the experimental 

setup in which the distance between antenna and odor source (cartridge with inserted 

filter paper) was approximately 10 cm and due to the applied air stream which also 

reduced the number of odor molecules delivered to the antenna (see section 3.3.3) 

(Kaissling & Priesner, 1970). Unfortunately, the exact amount of BAL reaching the 

antenna was not measured or otherwise estimated. 

To enable this wide range of responsiveness ORNs must possess mechanisms for 

amplification of very small signals elicited by low pheromone concentrations but also 

other mechanisms that enable responses to high concentrations. M. sexta ORNs are 

equipped with a great variety of ion channels with very divergent activation properties 

and kinetics (Zufall et al., 1991; Stengl et al., 1992; Stengl, 1993; 1994; Dolzer et al., 

2008). Thus, they are most likely able to employ different metabotropic transduction 

cascades involving different second messengers according to the physiological state of 

the animal and the pheromone concentration perceived by the ORNs. As discussed the 

sensitive detection of low and medium BAL doses in M. sexta is most likely driven by 

the fast and transient opening of IP3-dependent Ca2+ channels and subsequent 

activation of Ca2+-dependent cation currents (see sections 5.1.2 and 5.1.4). Depending 

on the amount of BAL that reaches an ORN the number of activated ORs and, thus, 

the pheromone-dependent increase in IP3 levels and subsequent Ca2+ influx vary odor 

dose-dependently (Breer et al., 1990; Boekhoff et al., 1993). In the presence of high 

BAL concentrations (10 µg) which are repeatedly presented to the antenna these fast 

and sensitive ion channels would be blocked due to the constantly increased Ca2+ level 

and would thus be unable to generate the transduction current (Stengl, 1993; 1994; 

2010). Since it is crucial for successful mating not to lose the pheromone trace shortly 

before reaching the female transduction of high odor concentrations might be 

guaranteed by the slower PKC-dependent cation channels which are impermeable for 
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Ca2+ and, thus, would be able to depolarize the ORN without further Ca2+ increase 

(Stengl, 1993; 1994; Dolzer et al., 2008; Stengl, 2010). Different mechanisms of 

adaptation additionally should prevent the ORNs from overstimulation and resulting 

inactivity. Repeated stimulation with brief odor pulses with inter-stimulus intervals of 

20 s and less reduce the response to the second stimulus reversibly by means of 

elevated Ca2+ concentrations (Zufall & Leinders-Zufall, 2000; Dolzer et al., 2003). 

However, an inter-stimulus interval of 5 min as used in this study prevented a constant 

reduction of the BAL response, thus, excluding possible effects of short-term 

adaptation. Prolonged stimulation of ORNs resulted in a prolonged SP matching the 

stimulus duration but still produced a phasic-tonic train of APs similar to brief stimuli 

(Dolzer et al., 2003). This indicates to a separate form of adaptation which occurs in 

the dendritic cilium but not at the axon hillock, the region of AP generation (Zack, 1979; 

Dolzer et al., 2003). This form of desensitization is characterized by reduced response 

amplitudes and slowed down kinetics and most likely is dependent on Ca2+ increase 

and/or phosphorylation (Zufall & Leinders-Zufall, 2000; Dolzer et al., 2003). Thus, 

stimulation with high pheromone concentrations or with long durations change Ca2+ 

content and possibly also phosphorylation state of ion channels and enzymes in ORNs. 

These processes enable the detection of high odor concentrations under conditions of 

adaptation and/or desensitization without causing overstimulation. Accordingly, further 

increasing the activity of PKC by application of DAG-derivates like DOG or OAG 

reinforces adaptation mechanisms and, thus, constantly reduces SP amplitude and as 

a consequence also AP frequency especially during the moths’ activity phase (see 

section 4.4). 

During rest a third type of adaptation, long-term adaptation, might influence the 

effectiveness of increased PKC activity, especially if the applied DAG derivate has 

lower affinities for PKC, like OAG. Very strong and long odor stimulation cause slow 

increases in cGMP concentrations in ORNs (Boekhoff et al., 1993; Stengl et al., 2001). 

Elevated basal levels of cGMP in antennal homogenates were also observed when 

M. sexta is at rest (Schendzielorz et al., 2015). Possibly at rest cGMP increases Ca2+ 

levels via opening of slow Ca2+-permeable cation channels while it additionally closes 

fast K+ channels as well as PKC-dependent ion channels (Zufall & Hatt, 1991a; Zufall 

et al., 1991; Dolzer et al., 2008; Krannich & Stengl, 2008; Stengl, 2010). Adaptation 

and slowed-down kinetics were also observed after infusion of a membrane permeable 

cGMP analog into single trichoid sensilla (Flecke et al., 2006). 
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In conclusion: With the experiments in the current study no evidence for the 

involvement of the olfactory co-receptor Orco in the primary pheromone transduction 

mechanism of BAL-sensitive M. sexta ORNs was found. In fact, inhibition of Orco only 

reduced the ORN activity within seconds to minutes after pheromone stimulation and 

significantly reduced the spontaneous activity. Thus, it was concluded that the cation 

current via the OR/Orco ion channel complex is not the pheromone-dependent current 

but is responsible for resting membrane potential and baseline activity of the ORN. On 

the other hand further evidence is provided for a phospholipase Cβ-dependent 

pathway and IP3-induced Ca2+- and cation influx as the main transduction mechanism 

in response to pheromone stimulation in M. sexta ORNs which can be modulated by 

DAG and PKC depending on the physiological state and the pheromone concentration. 
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7. Appendix 

7.1. Statistics for application of putative Orco-antagonists MIA, HMA 

and OLC15 

 

Tab. 7.1 Number of action potentials (APs) in 295 s (mean ± std. error) from recordings of 
spontaneous activity in the presence or absence of 10 µM VUAA1 and combinations of 10 µM 
VUAA1 with OLC15 in different concentrations to examine the OLC15-dependent block of the 
VUAA1-induced spontaneous activity 

 DMSO n=14 
10 µM VUAA1 
n=9 

VUAA1 + 
1 µM OLC15 
n=10 

VUAA1 + 
10 µM OLC15 
n=12 

VUAA1 + 
100 µM 
OLC15 n=9 

Resting 
phase (ZT 9) 

26.21 ± 9.32 398.6 ± 41.24 332.9 ± 25.49 248.6 ± 20.30 148.7 ± 14.10 

 DMSO n=16 
10 µM VUAA1 
n=12 

VUAA1 + 
1 µM OLC15 
n=9 

VUAA1 + 
10 µM OLC15 
n=14 

VUAA1 + 
100 µM 
OLC15 n=12 

Late activity 
phase (ZT 1) 

41.16 ± 5.16 591.0 ± 55.47 389.9 ± 29.36 326.8 ± 24.64 168.0 ± 17.12 
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Tab. 7.2 Statistical analysis of OLC15-dependent block of VUAA1-induced spontaneous activity. 
Analysis was performed using Kruskal-Wallis test with Dunn’s post-hoc test for comparison of treatment-
groups and Mann-Whitney test for comparison between Zeitgebertimes (ZTs). Level of significance: 
α= 0.05; n.s. = not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups 
Resting phase  
(ZT 9) 

Late activity 
phase (ZT 1) 

DMSO 10 µM VUAA1 **** P< 0.0001 **** P< 0.0001 

DMSO VUAA1+1 µM OLC15 **** P< 0.0001 **** P< 0.0001 

DMSO VUAA1+10 µM OLC15 **** P< 0.0001 **** P< 0.0001 

DMSO VUAA1+100 µM OLC15 *** P= 0.0004 **** P< 0.0001 

10 µM VUAA1 VUAA1+1 µM OLC15 n.s. P> 0.9999 n.s. P> 0.9999 

10 µM VUAA1 VUAA1+10 µM OLC15 * P= 0.0144 * P= 0.0260 

10 µM VUAA1 VUAA1+100 µM OLC15 **** P< 0.0001 **** P< 0.0001 

VUAA1+1 µM OLC15 VUAA1+10 µM OLC15 n.s. P= 0.0972 n.s. P> 0.9999 

VUAA1+1 µM OLC15 VUAA1+100 µM OLC15 **** P< 0.0001 **** P< 0.0001 

VUAA1+10 µM OLC15 VUAA1+100 µM OLC15 ** P= 0.0071 ** P= 0.0018 

Resting phase vs. late activity phase 

DMSO DMSO * P= 0.0136 

10 µM VUAA1 10 µM VUAA1 * P= 0.0102 

VUAA1+1 µM OLC15 VUAA1+1 µM OLC15 n.s. P= 0.1046 

VUAA1+10 µM OLC15 VUAA1+10 µM OLC15 * P= 0.0320 

VUAA1+100 µM OLC15 VUAA1+100 µM OLC15 n.s. P= 0.4102 
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Tab. 7.3 Mean values ± std. error of the response parameters in control recordings and under the 
influence of MIA, HMA or OLC15 (10 µM, each) during the 20 min recordings. 

 norm. SPA latency (ms) APF (Hz) LLPR 

Resting 
phase  
(ZT 9) 

DMSO n=9 0.992 ± 0.033 16.21 ± 2.14 197.7 ± 9.16 399.9 ± 25.14 

10 µM MIA n=10 0.751 ± 0.046 60.07 ± 19.77 159.9 ± 11.41 383.2 ± 32.93 

10 µM HMA n=10 0.659 ± 0.046 114.3 ± 28.32 98.42 ± 11.13 182.1 ± 26.83 

10 µM OLC15 n=10 0.984 ± 0.037 43.36 ± 13.57 174.1 ± 7.74 379.5 ± 28.91 

Late 
activity 
phase  
(ZT 1) 

DMSO n=10 0.966 ± 0.035 18.75 ± 1.92 220.8 ± 11.27 604.3 ± 47.94 

10 µM MIA n=10 0.772 ± 0.056 98.46 ± 37.63 151.2 ± 12.15 293.8 ± 34.45 

10 µM HMA n=10 0.792 ± 0.035 123.8 ± 44.72 171.6 ± 17.14 326.0 ± 32.58 

10 µM OLC15 n=10 1.125 ± 0.073 90.03 ± 39.38 181.2 ± 9.05 311.9 ± 22.66 

 

Tab. 7.4a Statistical analysis of response parameters with and without treatment with MIA, HMA or 
OLC15 (10 µM, each). Analysis was performed using Kruskal-Wallis test with Dunn’s post hoc test for 
comparison of treatment-groups and Mann-Whitney test for comparison between Zeitgebertimes (ZTs). 
Level of significance: α= 0.05; n.s. = not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups 
norm. SPA latency AP frequency LLPR 

Resting phase 

DMSO MIA ** P= 0.0016 **** P< 0.0001 n.s. P= 0.0525 n.s. P> 0.9999 

DMSO HMA **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

DMSO OLC15 n.s. P> 0.9999 *** P= 0.0007 n.s. P= 0.3497 n.s. P> 0.9999 

MIA HMA n.s. P> 0.9999 n.s. P> 0.9999 ** P= 0.0024 **** P< 0.0001 

MIA OLC15 *** P= 0.0008 n.s. P> 0.9999 n.s. P> 0.9999 n.s. P> 0.9999 

HMA OLC15 **** P< 0.0001 n.s. P> 0.9999 *** P= 0.0001 **** P< 0.0001 

Late activity phase 

DMSO MIA * P= 0.0173 ** P= 0.0026 ** P= 0.0031 **** P< 0.0001 

DMSO HMA * P= 0.0134 *** P= 0.0002 n.s. P= 0.0680 **** P< 0.0001 

DMSO OLC15 n.s. P> 0.9999 ** P= 0.0021 n.s. P= 0.2200 *** P= 0.0001 

MIA HMA n.s. P> 0.9999 n.s. P> 0.9999 n.s. P> 0.9999 n.s. P> 0.9999 

MIA OLC15 ** P= 0.0048 n.s. P> 0.9999 n.s. P= 0.8272 n.s. P> 0.9999 

HMA OLC15 ** P= 0.0037 n.s. P> 0.9999 n.s. P> 0.9999 n.s. P> 0.9999 
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Tab. 7.4b Continued from previous page 

Resting phase vs. late 
activity phase 

norm. SPA latency AP frequency LLPR 

DMSO DMSO n.s. P= 0.8722 n.s. P= 0.5863 n.s. P= 0.1732 ** P= 0.0027 

MIA MIA n.s. P= 0.6805 n.s. P= 0.8867 n.s. P= 0.7192 * P= 0.0367 

HMA HMA * P= 0.0214 n.s. P= 0.8521 ** P= 0.0016 *** P= 0.0002 

OLC15 OLC15 n.s. P= 0.5920 n.s. P= 0.6563 n.s. P= 0.5024 n.s. P= 0.0584 

 

Tab. 7.5a Mean values ± std. error and statistical analysis of higher OLC15 concentrations (100 µM) 
on SPA, AP frequency and late, long-lasting pheromone response. Analysis was performed using 
Kruskal-Wallis test with Dunn’s post hoc test for comparison of treatment-groups and Mann-Whitney test 
for comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = not significant; 
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Resting phase (ZT 9) SPA (mV) APF (Hz) LLPR 

DMSO n=10 5.362 ± 0.457 197.7 ± 9.16 399.9 ± 25.14 

10 µM OLC15 n=10 4.739 ± 0.277 174.1 ± 7.74 379.5 ± 28.91 

100 µM OLC15 n=8 2.831 ± 0.196 138.7 ± 9.08 136.4 ± 14.43 

Comparison of groups 

DMSO 10 µM OLC15 n.s. P> 0.9999 n.s. P= 0.0953 n.s. P> 0.9999 

DMSO 100 µM OLC15 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

10 µM OLC15 100 µM OLC15 **** P< 0.0001 * P= 0.0190 **** P< 0.0001 

Activity phase (ZT 1) 

DMSO n=10 5.022 ± 0.313 220.8 ± 11.27 604.3 ± 47.94 

10 µM OLC15 n=10 4.164 ± 0.260 181.2 ± 9.05 311.9 ± 22.66 

100 µM OLC15 n=4 2.487 ± 0.243 147.9 ± 13.80 169.7 ± 29.94 

Comparison of groups 

DMSO 10 µM OLC15 n.s. P= 0.1009 n.s. P= 0.0942 **** P< 0.0001 

DMSO 100 µM OLC15 **** P< 0.0001 *** P= 0.0005 **** P< 0.0001 

10 µM OLC15 100 µM OLC15 ** P= 0.0042 n.s. P= 0.0961 * P= 0.0271 
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Tab. 7.5b continued from previous page 

Resting phase vs. late activity phase SPA (mV) APF (Hz) LLPR 

DMSO DMSO n.s. P= 0.4236 n.s. P= 0.1732 ** P= 0.0027 

10 µM OLC15  10 µM OLC15 n.s. P= 0.0904 n.s. P= 0.5024 n.s. P= 0.0584 

100 µM OLC15 100 µM OLC15 n.s. P= 0.5706 n.s. P= 0.5569 n.s. P= 0.5311 

 

Tab. 7.6 Mean ± std. error for current injection experiments in the presence and absence of 10 µM 
OLC15. Values are given as number of action potentials in 60 s. 

 
DMSO, 0 nA 
n=18 

DMSO, 3 nA 
n=12 

10 µM OLC15,  
0 nA n=10 

10 µM OLC15,  
3 nA n=17 

Resting phase 
(ZT 9) 

12.57 ± 2.61 53.50 ± 8.13 21.31 ± 3.72 33.68 ± 3.83 

 
DMSO, 0 nA 
n=18 

DMSO, 3 nA 
n=12 

10 µM OLC15,  
0 nA n=10 

10 µM OLC15,  
3 nA n=11 

Late activity 
phase (ZT 1) 

16.21 ± 2.42 92.47 ± 8.33 22.87 ± 5.44 22.95 ± 4.72 

 

Tab. 7.7 Statistical analysis of current injection experiments in the presence and absence of 10 µM 
OLC15. Analysis was performed using Mann-Whitney test for comparison of treatment-groups as well as 
for comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = not significant; 
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups Resting phase (ZT 9) Late activity phase (ZT 1) 

DMSO, 0 nA DMSO, 3 nA **** P< 0.0001 **** P< 0.0001 

OLC15, 0 nA OLC15, 3 nA * P= 0.0446 n.s. P= 0.5025 

DMSO, 0 nA OLC15, 0 nA **** P< 0.0001 n.s. P= 0.2663 

DMSO, 3 nA OLC15, 3 nA n.s. P= 0.2339 **** P< 0.0001 

Resting phase vs. late activity phase 

DMSO, 0 nA DMSO, 0 nA * P= 0.0107 

DMSO, 3 nA DMSO, 3 nA *** P= 0.0005 

OLC15, 0 nA OLC15, 0 nA n.s. P= 0.9456 

OLC15, 3 nA OLC15, 3 nA * P= 0.0224 
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7.2. Statistics for application of the phospholipase C inhibitor U73122 

and its non-functional analog U73343 

 

Tab. 7.8 Mean values ± std. error of the response parameters in control recordings and under the 
influence of 10 µM U73122 or U73343 during the 90 min recordings. Additionally mean values ± std. 
error for the first (0 - 20 min) and last (70 - 90 min) 20 min of each group are given. 

  norm. SPA APF (Hz) latency (ms) LLPR 

Resting 
phase 

90 min 

DMSO n=9 0.978 ± 0.021 179.7 ± 4.23 29.34 ± 1.89 332.2 ± 12.70 

U73343 n=8 0.935 ± 0.030 174.4 ± 4.18 20.81 ± 1.30 330.0 ± 15.60 

U73122 n=10 0.778 ± 0.022 127.9 ± 4.34 66.12 ± 6.39 249.1 ± 14.57 

0 - 20 min  

(ZT 9) 

DMSO n=9 0.917 ± 0.029 193.4 ± 7.92 23.58 ± 3.63 435.1 ± 27.40 

U73343 n=8 0.851 ± 0.036 157.2 ± 6.58 18.52 ± 1.71 322.2 ± 26.26 

U73122 n=10 0.878 ± 0.045 154.3 ± 6.10 29.13 ± 3.12 270.9 ± 18.85 

70 - 90 min 

(ZT 10) 

DMSO n=9 1.003 ± 0.049 155.7 ± 7.56 41.81 ± 4.27 238.3 ± 19.03 

U73343 n=8 1.010 ± 0.060 174.6 ± 11.50 21.81 ± 3.35 278.0 ± 39.56 

U73122 n=10 0.695 ± 0.032 96.9 ± 9.28 113.1 ± 18.56 231.6 ± 34.49 

Early activity 
phase 

90 min 

DMSO n=7 1.545 ± 0.091 199.2 ± 5.27 19.55 ± 1.10 483.1 ± 24.34 

U73122 n=5 0.690 ± 0.037 146.1 ± 7.53 46.90 ± 6.83 125.5 ± 9.43 

0 - 20 min  

(ZT 17) 

DMSO n=7 1.028 ± 0.058 188.0 ± 9.57 16.79 ± 1.85 604.7 ± 61.70 

U73122 n=5 0.814 ± 0.039 201.0 ± 8.69 20.08 ± 2.24 153.5 ± 20.88 

70 - 90 min 

(ZT 18) 

DMSO n=7 1.828 ± 0.217 201.9 ± 11.64 23.15 ± 2.56 428.2 ± 35.08 

U73122 n=5 0.552 ± 0.083 88.5 ± 12.55 77.94 ± 20.67 101.7 ± 18.91 

Late activity 
phase 

90 min 

DMSO n=7 0.985 ± 0.015 250.7 ± 9. 09 24.87 ± 2.63 531.3 ± 36.03 

U73343 n=8 0.906 ± 0.029 182.8 ± 3.26 18.53 ± 0.92 310.5 ± 14.79 

U73122 n=10 0.698 ± 0.024 139.4 ± 4.19 47.87 ± 5.20 247.7 ± 17.75 

0 - 20 min  

(ZT 1) 

DMSO n=7 0.963 ± 0.028 254.4 ± 16.06 19.19 ± 2.38 515.4 ± 51.05 

U73343 n=8 0.826 ± 0.038 171.7 ± 5.53 18.46 ± 1.81 382.6 ± 35.16 

U73122 n=10 0.798 ± 0.040 164.0 ± 5.99 18.34 ± 1.38 391.0 ± 50.47 

70 - 90 min 

(ZT 2) 

DMSO n=7 1.001 ± 0.030 253.6 ± 16.23 26.77 ± 4.35 490.9 ± 69.33 

U73343 n=8 0.989 ± 0.086 183.2 ± 9.00 22.72 ± 2.77 231.4 ± 16.11 

U73122 n=10 0.589 ± 0.045 118.5 ± 10.04 86.25 ± 17.14 167.4 ± 21.63 
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Tab. 7.9 Statistical analysis of the response parameters (mean values of 90 min) with and without 
application of 10 µM U73122 or U73343. Analysis was performed using Kruskal-Wallis test with Dunn’s 
post hoc test or Mann-Whitney test for comparison of treatment-groups. Additionally, Mann-Whitney test 
was used for comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = not 
significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups 
norm. SPA APF latency LLPR 

Resting phase 

DMSO U73343 n.s. P= 0.2263 n.s. P= 0.6499 * P= 0.0144 n.s. P> 0.9999 

DMSO U73122 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

U73343 U73122 *** P= 0.0003 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

Early activity phase 

DMSO U73122 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

Late activity phase 

DMSO U73343 * P= 0.0136 **** P< 0.0001 n.s. P> 0.9999 ** P= 0.0028 

DMSO U73122 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

U73343 U73122 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

Resting phase vs. early activity phase 

DMSO DMSO n.s. P= 0.1844 n.s. P= 0.0588 ** P= 0.0012 **** P< 0.0001 

U73122 U73122 * P= 0.0428 n.s. P= 0.1238 n.s. P= 0.0559 **** P< 0.0001 

Resting phase vs. late activity phase 

DMSO DMSO n.s. P> 0.9999 **** P< 0.0001 ** P= 0.0011 *** P= 0.0002 

U73343 U73343 n.s. P=0.5844 n.s. P= 0.2574 n.s. P= 0.4650 n.s. P= 0.2339 

U73122 U73122 * P=0.0462 n.s. P= 0.8106 *** P= 0.0003 n.s. P= 0.5257 

Early activity phase vs late activitiy phase 

DMSO DMSO n.s. P= 0.5734 *** P= 0.0002 n.s. P> 0.9999 n.s. P> 0.9999 

U73122 U73122 n.s. P> 0.9999 n.s. P= 0.7354 n.s. P> 0.9999 *** P= 0.0003 
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Tab. 7.10a Statistical analysis of the response parameters for the beginning (0 - 20 min) and end 
(70 - 90 min) of recordings with and without application of 10 µM U73122 or U73343. Analysis was 
performed using Kruskal-Wallis test with Dunn’s post hoc test or Mann-Whitney test for comparison of 
treatment-groups. Additionally, Mann-Whitney test was used for comparison between Zeitgebertimes 
(ZTs). Level of significance: α= 0.05; n.s. = not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

comparison of groups 
norm. SPA APF latency LLPR 

Resting phase 0 - 20 min 

DMSO U73343 n.s. P= 0.0841 *** P= 0.0006 n.s. P> 0.9999 * P= 0.0233 

DMSO U73122 n.s. P= 0.3025 *** P= 0.0001 * P= 0.0225 **** P< 0.0001 

U73343 U73122 n.s. P> 0.9999 n.s. P> 0.9999 * P= 0.0167 n.s. P= 0.4115 

Resting phase 70 - 90 min 

DMSO U73343 n.s. P> 0.9999 n.s. P= 0.6372 * P= 0.0170 n.s. P> 0.9999 

DMSO U73122 **** P< 0.0001 **** P< 0.0001 ** P= 0.0020 n.s. P= 0.2435 

U73343 U73122 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 n.s. P= 0.1741 

Resting phase 0 - 20 min vs. 70 - 90 min 

DMSO DMSO n.s. P= 0.4838 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

U73343 U73343 n.s. P= 0.1186 n.s. P= 0.0858 n.s. P= 0.8932 n.s. P= 0.6273 

U73122 U73122 *** P= 0.0008 **** P< 0.0001 **** P< 0.0001 n.s. P= 0.0899 

Early activity phase 0 -20 min 

DMSO U73122 * P= 0.0224 n.s. P= 0.4189 n.s. P= 0.1828 **** P< 0.0001 

Early activity phase 70 -90 min 

DMSO U73122 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

Early activity phase 0 -20 min vs. 70 - 90 min 

DMSO DMSO ** P= 0.0082 n.s. P= 0.3423 n.s. P= 0.1547 * P= 0.0200 

U73122 U73122 * P= 0.0172 **** P< 0.0001 ** P= 0.0010 n.s. P= 0.1851 

Late activity phase 0 - 20 min 

DMSO U73343 n.s. P= 0.0539 *** P= 0.0004 n.s. P> 0.9999 n.s. P= 0.3025 

DMSO U73122 ** P= 0.0059 **** P< 0.0001 n.s. P> 0.9999 * P= 0.0261 

U73343 U73122 n.s. P> 0.9999 n.s. P> 0.9999 n.s. P> 0.9999 n.s. P> 0.9999 
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Tab. 7.10b continued from previous page 

Late activity phase 70 - 90 min norm. SPA APF latency LLPR 

DMSO U73343 n.s. P> 0.9999 n.s. P= 0.1189 n.s. P> 0.9999 n.s. P= 0.3978 

DMSO U73122 **** P< 0.0001 **** P< 0.0001 *** P= 0.0003 **** P< 0.0001 

U73343 U73122 *** P= 0.0008 ** P= 0.0046 ** P= 0.0071 n.s. P= 0.0625 

Late activity phase 0 - 20 min vs. 70 - 90 min 

DMSO DMSO n.s. P= 0.2799 n.s. P= 0.7230 n.s. P= 0.2071 n.s. P= 0.8907 

U73343 U73343 n.s. P= 0.0547 n.s. P= 0.3683 n.s. P= 0.4180 n.s. P= 0.1363 

U73122 U73122 ** P= 0.0022 ** P= 0.0026 **** P< 0.0001 **** P< 0.0001 
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7.3. Statistics for application of the diacylglycerol-derivates DOG and 

OAG in recordings with 1 µg bombykal 

 

Tab. 7.11a Mean values ± std. error of the response parameters in control recordings and in the 
presence of different concentrations DOG and OAG during the 120 min recordings. Additionally 
mean values ± std. error for the first (0 - 20 min) and last (100 - 120 min) 20 min of each group are given. 

  norm. SPA APF (Hz) latency (ms) LLPR 

Resting 
phase 

120 min 

DMSO n=7 1.038 ± 0.018 213.8 ± 3.79 19.81 ± 0.87 542.8 ± 19.70 

1 µM DOG n=6 0.743 ± 0.023 153.8 ± 5.99   

100 µM DOG n=7 0.973 ± 0.023 177.6 ± 4.99 32.95 ± 4.10 323.3 ± 17.91 

200 µM DOG n=7 1.738 ± 0.179 125.6 ± 4.44   

1 µM OAG n=6 0.996 ± 0.024 200.1 ± 4.23   

100 µM OAG n=7 1.267 ± 0.019 280.1 ± 3.78 14.56 ±0.36 618.6 ± 19.79 

200 µM OAG n=5 1.132 ± 0.033 102.9 ± 5.61   

0 - 20 min  

(ZT 9) 

DMSO n=7 0.974 ± 0.035 215.5 ± 8.52 17.58 ± 2.06 764.1 ± 49.00 

100 µM DOG n=7 1.032 ± 0.039 218.3 ± 9.18 13.89 ± 1.17 521.2 ± 39.41 

100 µM OAG n=7 0.975 ± 0.022 270.7 ± 6.40 12.96 ± 0.44 757.4 ± 38.53 

100 - 120 min 

(ZT 11) 

DMSO n=7 1.090 ± 0.057 210.4 ± 6.76 18.04 ± 2.23 384.7 ±25.23 

100 µM DOG n=7 0.825 ± 0.053 122.8 ± 11.07 64.21 ± 5.50 166.3 ± 23.31 

100 µM OAG n=7 1.413 ± 0.025 285.3 ± 9.84 16.71 ± 1.27 548.9 ± 47.56 

Late activity 
phase 

120 min 

DMSO n=6 1.008 ± 0.020 222.0 ± 4.91 20.91 ± 1.67 571.6 ± 25.05 

1 µM DOG n=7 0.793 ± 0.023 194.5 ± 4.88   

100 µM DOG n=9 1.048 ± 0.033 154.7 ± 5.40 38.77 ± 2.45 320.3 ± 16.37 

200 µM DOG n=5 0.725 ± 0.034 137.0 ± 7.39   

1 µM OAG n=5 0.907 ± 0.038 186.7 ± 5.05   

100 µM OAG n=6 1.358 ± 0.032 293.8 ± 7.42 20.27 ± 1.62 486.9 ± 26.34 

200 µM OAG n=5 1.132 ± 0.038 135.4 ± 6.85   

0 - 20 min  

(ZT 1) 

DMSO n=6 1.001 ± 0.037 228.5 ± 10.69 16.73 ± 2.69 625.2 ± 67.56 

100 µM DOG n=9 0.999 ± 0.037 162.4 ± 9.99 25.01 ± 2.59 366.3 ± 47.67 

100 µM OAG n=6 1.036 ± 0.039 298.6 ± 14.68 13.33 ± 1.04 702.7 ± 77.77 
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Tab. 7.11b continued from previous page 

Late activity phase norm. SPA APF (Hz) latency (ms) LLPR 

100 - 120 min 

(ZT 3) 

DMSO n=6 0.954 ± 0.045 201.0 ± 11.53 31.83 ± 6.59 448.1 ± 35.50 

100 µM DOG n=9 1.064 ± 0.096 128.3 ± 10.80 56.17 ± 6.04 275.8 ± 23.30 

100 µM OAG n=6 1.392 ± 0.082 267.2 ± 19.66 33.05 ± 5.30 352.7 ± 49.22 

 

Tab. 7.12a Statistical analysis of the response parameters (mean values of 120 min) with and 
without application of 1 µM, 100 µM or 200 µM DOG or OAG. Analysis was performed using Kruskal-
Wallis test with Dunn’s post hoc test for comparison of treatment-groups. Mann-Whitney test was used for 
comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = not significant; *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups 
norm. SPA APF latency LLPR 

Resting phase 

DMSO 1 µM DOG **** P< 0.0001 **** P< 0.0001   

DMSO 100 µM DOG n.s. P= 0.3070 *** P= 0.0001 n.s. P> 0.9999 *** P= 0.0006 

DMSO 200 µM DOG *** P= 0.0001 **** P< 0.0001   

DMSO 1 µM OAG n.s. P= 0.1184 * P= 0.0387   

DMSO 100 µM OAG **** P< 0.0001 **** P< 0.0001 *** P= 0.0002 n.s. P= 0.0509 

DMSO 200 µM OAG n.s. P= 0.0862 **** P< 0.0001   

1 µM DOG 100 µM DOG **** P< 0.0001 * P= 0.0461   

1 µM DOG 200 µM DOG **** P< 0.0001 **** P< 0.0001   

100 µM DOG 200 µM DOG **** P< 0.0001 **** P< 0.0001   

1 µM OAG 100 µM OAG **** P< 0.0001 **** P< 0.0001   

1 µM OAG 200 µM OAG ** P= 0.0042 **** P< 0.0001   

100 µM OAG 200 µM OAG **** P< 0.0001 **** P< 0.0001   

100 µM DOG 100 µM OAG **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

Late activity phase 

DMSO 1 µM DOG **** P< 0.0001 **** P< 0.0001   

DMSO 100 µM DOG n.s. P= 0.878 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

DMSO 200 µM DOG **** P< 0.0001 **** P< 0.0001   

DMSO 1 µM OAG ** P= 0.0012 **** P< 0.0001   

DMSO 100 µM OAG **** P< 0.0001 **** P< 0.0001 n.s. P> 0.9999 n.s. P= 0.1299 

DMSO 200 µM OAG * P= 0.0371 **** P< 0.0001   
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Tab. 7.12b continued from previous page 

Late activity phase norm. SPA APF latency LLPR 

1 µM DOG 100 µM DOG **** P< 0.0001 **** P< 0.0001   

1 µM DOG 200 µM DOG n.s. P= 0.2918 **** P< 0.0001   

100 µM DOG 200 µM DOG **** P< 0.0001 n.s. P= 0.2938   

1 µM OAG 100 µM OAG **** P< 0.0001 **** P< 0.0001   

1 µM OAG 200 µM OAG **** P< 0.0001 *** P= 0.0004   

100 µM OAG 200 µM OAG **** P< 0.0001 **** P< 0.0001   

100 µM DOG 100 µM OAG **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

Resting phase vs. late activity phase 

DMSO DMSO n.s. P= 0.847 n.s. P= 0.1229 n.s. P= 0.6276 n.s. P= 0.8288 

1 µM DOG 1 µM DOG n.s. P= 0.1840 **** P< 0.0001   

100 µM DOG 100 µM DOG n.s. P=0.099 ** P= 0.0023 ** P= 0.0019 n.s. P= 0.9055 

200 µM DOG 200 µM DOG **** P< 0.0001 n.s. P= 0.1260   

1 µM OAG 1 µM OAG ** P= 0.0060 * P= 0.0121   

100 µM OAG 100 µM OAG n.s. P= 0.141 * P= 0.0159 n.s. P= 0.0657 **** P< 0.0001 

200 µM OAG 200 µM OAG n.s. P= 0.9407 *** P= 0.0002   
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Tab. 7.13 Statistical analysis of the response parameters for the beginning (0 - 20 min) and end 
(100 - 120 min) of recordings with and without application of 100 µM DOG or OAG. Analysis was 
performed using Kruskal-Wallis test with Dunn’s post hoc test for comparison of treatment-groups. Mann-
Whitney test was used for comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = 
not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups 
norm. SPA APF latency LLPR 

Resting phase 0 - 20 min 

DMSO 100 µM DOG n.s. P= 0.3910 n.s. P> 0.9999 n.s. P> 0.9999 ** P= 0.0032 

DMSO 100 µM OAG n.s. P> 0.9999 **** P< 0.0001 n.s. P> 0.9999 n.s. P> 0.9999 

100 µM DOG 100 µM OAG n.s. P= 0.2173 *** P= 0.0002 n.s. P> 0.9999 *** P= 0.0008 

Resting phase 100 - 120 min 

DMSO 100 µM DOG ** P= 0.0097 *** P= 0.0003 **** P< 0.0001 **** P< 0.0001 

DMSO 100 µM OAG *** P= 0.0002 *** P= 0.0003 n.s. P> 0.9999 n.s. P= 0.3245 

100 µM DOG 100 µM OAG **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

Resting phase 0 - 20 min vs. 100 - 120 min 

DMSO DMSO n.s. P= 0.2346 n.s. P= 0.5843 n.s. P= 0.2312 **** P< 0.0001 

100 µM DOG 100 µM DOG *** P= 0.0002 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

100 µM OAG 100 µM OAG **** P< 0.0001 n.s. P= 0.0708 * P= 0.0376 *** P= 0.0008 

Late activity phase 0 - 20 min 

DMSO 100 µM DOG n.s. P> 0.9999 ** P= 0.0019 *** P= 0.0004 ** P= 0.0031 

DMSO 100 µM OAG n.s. P> 0.9999 * P= 0.0221 n.s. P> 0.9999 n.s. P> 0.9999 

100 µM DOG 100 µM OAG n.s. P> 0.9999 **** P< 0.0001 *** P= 0.0008 *** P= 0.0003 

Late activity phase 100 - 120 min 

DMSO 100 µM DOG n.s. P> 0.9999 ** P= 0.0018 *** P= 0.0004 ** P= 0.0040 

DMSO 100 µM OAG ** P= 0.0042 n.s. P= 0.1300 n.s. P> 0.9999 n.s. P= 0.1857 

100 µM DOG 100 µM OAG * P= 0.0210 **** P< 0.0001 ** P= 0.0047 n.s. P= 0.7280 

Late activity phase 0 - 20 min vs. 100 - 120 min 

DMSO DMSO n.s. P= 0.8139 n.s. P= 0.4515 * P= 0.0264 ** P= 0.0047 

100 µM DOG 100 µM DOG n.s. P= 0.6816 *** P= 0.0005 **** P< 0.0001 n.s. P= 0.3670 

100 µM OAG 100 µM OAG *** P= 0.0008 n.s. P= 0.1349 **** P< 0.0001 **** P< 0.0001 
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Tab. 7.14 Mean values ± std. error and statistical analysis of the percentage changes of the 
normalized sensillum potential amplitude (norm. SPA) and action potential (AP) frequency in 
recordings with 1 µM, 100 µM or 200 µM DOG or OAG from the control recordings. Analysis was 
performed using Mann-Whitney test for comparison of each treatment-group with the control. Level of 
significance: α= 0.05; n.s. = not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Resting phase 
(ZT 9) 

norm. SPA AP frequency 

percentage 

change 
statistics 

percentage 

change 
statisitcs 

1 µM DOG -28.40 ± 2.24 **** P< 0.0001 -28.07 ± 2.80 **** P< 0.0001 

100 µM DOG -6.27 ± 2.18 ** P= 0.0076 -16.92 ± 2.34 **** P< 0.0001 

200 µM DOG +67.45 ± 10.52 **** P< 0.0001 -41.27 ± 2.08 **** P< 0.0001 

1 µM OAG -4.04 ± 2.05 * P= 0.0366 -6.39 ± 1.98 ** P= 0.0066 

100 µM OAG +22.11 ± 1.80 **** P< 0.0001 +31.02 ± 1.77 **** P< 0.0001 

200 µM OAG +9.05 ± 3.19 * P= 0.0389 -52.07 ± 2.61 **** P< 0.0001 

Late activity phase (ZT 1) 

1 µM DOG -21.38 ± 2.23 **** P< 0.0001 -12.39 ± 2.20 **** P< 0.0001 

100 µM DOG +4.01 ± 3.31 n.s. P= 0.3154 -30.33 ± 2.43 **** P< 0.0001 

200 µM DOG -28.03 ± 3.41 **** P< 0.0001 -38.29 ± 3.33 **** P< 0.0001 

1 µM OAG -10.06 ± 2.73 *** P= 0.0001 -15.92 ± 2.28 **** P< 0.0001 

100 µM OAG +34.70 ± 3.15 **** P< 0.0001 +32.33 ± 3.34 **** P< 0.0001 

200 µM OAG +12.33 ± 3.75 ** P= 0.0023 -39.03 ± 3.09 **** P< 0.0001 

 

Tab. 7.15 Number of action potentials (APs) in 295 s (mean values ± std. error) from recordings of 
spontaneous activity with and without application of 100 µM DOG or OAG. Additionally, the 
percentage changes from the respective controls are given. 

 Resting phase (ZT 9) Late activity phase (ZT 1) 

 APs in 295 s 
percentage 

change 
APs in 295 s 

percentage 

change 

DMSO (before DOG) 72.65 ± 27.14  19.97 ± 6.04  

100 µM DOG 51.64 ± 21.96 -12.90 ± 14.97 28.33 ± 11.48 + 139.8 ± 104.9 

DMSO (before OAG) 62.94 ± 20.04  40.00 ± 14.71  

100 µM OAG 225.6 ± 114.4 +289.7 ± 149.5 73.00 ± 42.59 + 148.0 ± 85.80 
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Tab. 7.16 Statistical analysis of the absolute values and percentage changes of the spontaneous 
activity in recordings with 100 µM DOG or OAG in comparison with the preceding controls. Analysis 
was performed using the Wilcoxon test for paired groups. For comparison of the Zeitgebertimes (ZTs) 
Mann-Whitney test was used. Level of significance: α= 0.05; n.s. = not significant; *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001 

Comparison of groups 
 APs in 295 s percentage change 

Resting phase 

DMSO (before DOG) 100 µM DOG n.s. P= 0.0840 n.s. P= 0.3750 

DMSO (before OAG) 100 µM OAG * P= 0.0273 * P= 0.0195 

DMSO (before DOG) DMSO (before OAG) n.s. P= 0.8260  

100 µM DOG 100 µM OAG n.s. P= 0.0786  

Late activity phase 

DMSO (before DOG) 100 µM DOG n.s. P> 0.9999 n.s. P= 0.8652 

DMSO (before OAG) 100 µM OAG n.s. P= 0.3750 n.s. P= 0.1563 

DMSO (before DOG) DMSO (before OAG) n.s. P= 0.1609  

100 µM DOG 100 µM OAG n.s. P= 0.3130  

Resting phase vs. late activity phase   

DMSO (before DOG) DMSO (before DOG) n.s. P= 0.2150  

DMSO (before OAG) DMSO (before OAG) n.s. P= 0.6556  

100 µM DOG 100 µM DOG n.s. P= 0.7243 n.s. P= 0.6447 

100 µM OAG 100 µM OAG n.s. P= 0.1706 n.s. P= 0.6556 
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7.4. Statistics for application of the diacylglycerol-derivates DOG and 

OAG in recordings with 10 µg bombykal 

 

Tab. 7.17 Mean values ± std. error of the response parameters in control recordings and in the 
presence of 100 µM DOG or OAG during the 120 min recordings when stimulating with 10 µg 
bombykal (BAL). 

  DMSO n=6 100 µM DOG n=8 100 µM OAG n=8 

Resting phase  
(ZT 9) 

SPA (mV) 9.750 ± 0.553 5.142 ± 0.264 10.82 ± 0.278 

norm. SPA 1.072 ± 0.013 0.521 ± 0.026 0.913 ± 0.025 

APF (Hz) 205.4 ± 3.95 154.6 ± 4.43 271.9 ± 3.47 

latency (ms) 25.47 ± 1.18 31.15 ± 1.89 12.28 ± 0.71 

LLPR 370.7 ± 20.93 394.7 ± 26.31 626.3 ± 28.12 

  DMSO n=5 100 µM DOG n=9 100 µM OAG n=7 

Late activity 
phase (ZT 1) 

SPA (mV) 7.841 ± 0.319 5.850 ± 0.210 5.941 ± 0.217 

norm. SPA 0.985 ± 0.015 0.721 ± 0.016 0.720 ± 0.018 

APF (Hz) 257.5 ± 2.89 186.3 ± 5.54 262.9 ± 3.48 

latency (ms) 15.20 ± 0.41 44.65 ± 3.43 16.83 ± 0.75 

LLPR 528.5 ± 28.84 470.4 ± 32.45 495.7 ± 45.33 
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Tab. 7.18 Statistical analysis of responses to stimulation with 1 µg or 10 µg bombykal (BAL) in 
control recordings and under the influence of 100 µM DOG or OAG. Analysis was performed using the 
Mann.Whitney test for comparison of treatment-groups with different BAL concentrations. Level of 
significance: α= 0.05; n.s. = not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups 
SPA APF latency LLPR 

Resting phase 

DMSO 1 µg 

BAL 

DMSO 10 µg 

BAL 
n.s. P= 0.9850 n.s. P= 0.4931 *** P= 0.0004 **** P< 0.0001 

DOG 1 µg 

BAL 

DOG 10 µg 

BAL 
**** P< 0.00001 *** P= 0.0005 n.s. P= 0.1268 n.s. P= 0.0529 

OAG 1 µg 

BAL 

OAG 10 µg 

BAL 
* P= 0.0268 n.s. P= 0.4645 **** P< 0.0001 n.s. P= 0.8854 

Late activity phase 

DMSO 1 µg 

BAL 

DMSO 10 µg 

BAL 
**** P< 0.00001 **** P< 0.00001 n.s. P= 0.3438 n.s. P= 0.2748 

DOG 1 µg 

BAL 

DOG 10 µg 

BAL 
**** P< 0.00001 ** P= 0.0046 n.s. P= 0.3154 **** P< 0.0001 

OAG 1 µg 

BAL 

OAG 10 µg 

BAL 
** P= 0.0032 ** P= 0.0016 n.s. P= 0.3390 n.s. P= 0.7493 

 

Tab. 7.19 Statistical analysis of the response parameters (mean values of 120 min) with and without 
application of 100 µM DOG or OAG with 10 µg bombykal-stimulation. Analysis was performed using 
Kruskal-Wallis test with Dunn’s post hoc test for comparison of treatment-groups. Mann-Whitney test was 
used for comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = not significant; 
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups 
norm. SPA APF latency LLPR 

Resting phase 

DMSO 100 µM DOG **** P< 0.0001 *** P= 0.0007 n.s. P= 0.4225 n.s. P> 0.9999 

DMSO 100 µM OAG ** P= 0.0011 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

100 µM DOG 100 µM OAG *** P= 0.0002 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

Late activity phase 

DMSO 100 µM DOG **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 n.s. P= 0.1669 

DMSO 100 µM OAG **** P< 0.0001 n.s. P> 0.9999 n.s. P= 0.5741 n.s. P= 0.2049 

100 µM DOG 100 µM OAG n.s. P> 0.9999 **** P< 0.0001 **** P< 0.0001 n.s. P> 0.9999 

Resting phase vs. late activity phase 

DMSO DMSO * P= 0.0354 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

100 µM DOG 100 µM DOG **** P< 0.0001 ** P= 0.0043 *** P= 0.0001 * P= 0.0272 

100 µM OAG 100 µM OAG **** P< 0.0001 n.s. P= 0.3708 **** P< 0.0001 **** P< 0.0001 
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Tab. 7.20 Mean values ± std. error of the response parameters from the beginning (0 - 20 min) and 
the end (100 - 120 min) of control recordings and recordings with 100 µM DOG or OAG when 
stimulating with 10 µg bombykal (BAL). 

Resting phase norm. SPA APF (Hz) latency (ms) LLPR 

0 - 20 min  

(ZT 9) 

DMSO n=6 0.998 ± 0.033 206.4 ± 13.92 23.22 ± 3.72 499.0 ± 53.74 

100 µM DOG n=8 0.600 ± 0.055 173.2 ± 11.66 25.45 ± 4.53 518.8 ± 59.15 

100 µM OAG n=8 0.751 ± 0.034 247.7 ± 9.43 11.62 ± 0.65 826.3 ± 39.49 

100 - 120 min 

(ZT 11) 

DMSO n=6 1.090 ± 0.043 184.8 ± 16.09 31.20 ± 4.34 270.2 ± 27.38 

100 µM DOG n=8 0.501 ± 0.049 134.6 ± 8.67 44.40 ± 5.27 280.3 ± 40.64 

100 µM OAG n=8 0.944 ± 0.029 268.9 ± 8.52 18.13 ± 2.57 470.8 ± 20.92 

Late activity phase 

0 - 20 min  

(ZT 1) 

DMSO n=5 0.905 ± 0.037 252.7 ± 9.49 14.36 ± 1.26 784.6 ± 95.01 

100 µM DOG n=9 0.766 ± 0.030 218.4 ± 13.12 24.48 ± 2.03 735.6 ± 62.21 

100 µM OAG n=7 0.735 ± 0.030 281.6 ± 14.25 13.63 ± 1.04 868.5 ± 74.49 

100 - 120 min 

(ZT 3) 

DMSO n=5 0.956 ± 0.061 262.2 ± 13.45 15.84 ± 1.98 387.9 ± 58.81 

100 µM DOG n=9 0.754 ± 0.065 153.6 ± 19.98 67.83 ± 13.96 319.3 ± 36.52 

100 µM OAG n=7 0.721 ± 0.048 252.2 ± 11.57 20.99 ± 2.12 320.2 ± 33.87 

 

Tab. 7.21a Statistical analysis of the response parameters from beginning (0 - 20 min) and end 
(100 - 120 min) of recordings with and without application of 100 µM DOG or OAG with 10 µg 
bombykal-stimulation. Analysis was performed using Kruskal-Wallis test with Dunn’s post hoc test for 
comparison of treatment-groups. Mann-Whitney test was used for comparison between Zeitgebertimes 
(ZTs). Level of significance: α= 0.05; n.s. = not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

Comparison of groups 
norm. SPA APF latency LLPR 

Resting phase 0 - 20 min 

DMSO 100 µM DOG **** P< 0.0001 n.s. P= 0.2728 n.s. P= 0.9101 n.s. P> 0.9999 

DMSO 100 µM OAG **** P< 0.0001 n.s. P= 0.0907 ** P= 0.0063 **** P< 0.0001 

100 µM DOG 100 µM OAG n.s. P= 0.5799 **** P< 0.0001 n.s. P= 0.0938 **** P< 0.0001 

Resting phase 100 - 120 min 

DMSO 100 µM DOG **** P< 0.0001 * P= 0.0406 n.s. P= 0.7993 n.s. P> 0.9999 

DMSO 100 µM OAG n.s. P= 0.3664 *** P= 0.0006 * P= 0.0381 **** P< 0.0001 

100 µM DOG 100 µM OAG **** P< 0.0001 **** P< 0.0001 *** P= 0.0001 **** P< 0.0001 
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Tab. 7.21b continued from previous page 

Comparison of groups 

norm. SPA APF latency LLPR Resting phase 0 - 20 min vs. 
100 - 120 min 

DMSO DMSO n.s. P= 0.2692 n.s. P= 0.3755 n.s. P= 0.0684 *** P= 0.0005 

100 µM DOG 100 µM DOG n.s. P= 0.1501 * P= 0.0332 ** P= 0.0033 **** P< 0.0001 

100 µM OAG 100 µM OAG **** P< 0.0001 n.s. P= 0.1592 * P= 0.0284 **** P< 0.0001 

Late activity phase 0 - 20 min 

DMSO 100 µM DOG * P= 0.0165 n.s. P= 0.3878 *** P= 0.0004 n.s. P> 0.9999 

DMSO 100 µM OAG ** P= 0.0017 n.s. P= 0.8784 n.s. P> 0.9999 n.s. P> 0.9999 

100 µM DOG 100 µM OAG n.s. P> 0.9999 * P= 0.0102 **** P< 0.0001 n.s. P= 0.5215 

Late activity phase 100 - 120 min 

DMSO 100 µM DOG ** P= 0.0085 * P= 0.0139 **** P< 0.0001 n.s. P= 0.7926 

DMSO 100 µM OAG * P= 0.0229 n.s. P> 0.9999 n.s. P= 0.5080 n.s. P> 0.9999 

100 µM DOG 100 µM OAG n.s. P> 0.9999 ** P= 0.0062 ** P= 0.0026 n.s. P> 0.9999 

Late activity phase 0 - 20 min vs. 100 - 120 min 

DMSO DMSO n.s. P= 0.1780 n.s. P= 0.9796 n.s. P= 0.7008 ** P= 0.0014 

100 µM DOG 100 µM DOG n.s. P= 0.2003 * P= 0.0195 * P= 0.0405 **** P< 0.0001 

100 µM OAG 100 µM OAG n.s. P= 0.8518 n.s. P= 0.1733 * P= 0.0396 **** P< 0.0001 
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7.5. Statistics for application of the protein kinase C inhibitor Gö 6976 

and the phorbol ester PDBu 

 

Tab. 7.22 Mean values ± std. error of the response parameters in control recordings and in the 
presence of 10 µM Gö 6976 during the 120 min recordings. 

  DMSO n=9 10 µM Gö 6976 n=8 

Resting phase (ZT 9) 

norm. SPA 0.978 ± 0.021 0.472 ± 0.030 

initial slope (µV/ms) 68.35 ± 1.10 29.35 ± 2.83 

APF (Hz) 179.7 ± 4.23 83.11 ± 5.53 

trigger latency (ms) 89.25 ± 2.12 775.84 ± 120.2 

LLPR 332.2 ± 12.70 103.4 ± 9.80 

  DMSO n=7 10 µM Gö 6976 n=8 

Late activity phase 
(ZT 1) 

norm. SPA 0.985 ± 0.015 0.598 ± 0.028 

initial slope (µV/ms) 86.86 ± 1.11 49.36 ± 2.61 

APF (Hz) 250.7 ± 9.09 151.5 ± 6.85 

trigger latency (ms) 81.62 ± 4.26 124.01 ± 6.97 

LLPR 531.3 ± 36.03 224.9 ± 16.59 

 

Tab. 7.23 Statistical analysis of the response parameters (mean values of 120 min) with and without 
10 µM Gö 6976. Analysis was performed using Mann-Whitney test for comparison of treatment-group with 
controls as well as for comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = not 
significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

 
Resting phase 
(ZT 9) 

Late activity 
phase (ZT 1) 

Resting phase vs. late activity 
phase 

comparison of 
groups 

DMSO -  

10 µM Gö 6976 

DMSO-  

10 µM Gö 6976 
DMSO - DMSO 

10 µM Gö 6976 - 

10 µM Gö 6976 

norm. SPA **** P< 0.0001 **** P< 0.0001 n.s. P= 0.7589 ** P= 0.0016 

initial slope **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

APF **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

trigger latency **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 

LLPR **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 **** P< 0.0001 
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Tab. 7.24 Mean values ± std. error of the response parameters from the beginning (0 - 20 min) and 
the end (100 - 120 min) of control recordings and recordings with 10 µM Gö 6976. 

Resting phase 

0 - 20 min (ZT 9) 100 - 120 min (ZT 11) 

DMSO n=9 
10 µM Gö 6976 

n=8 
DMSO n=9 

10 µM Gö 6976 

n=8 

norm. SPA 0.971 ± 0.029 0.698 ± 0.053 1.003 ± 0.049 0.420 ± 0.062 

initial slope (µV/ms) 69.42 ± 5.44 44.59 ± 7.94 68.26 ± 6.74 23.76 ± 3.53 

APF (Hz) 193.4 ± 7.92 112.6 ± 7.57 155.7 ± 7.56 76.96 ± 10.94 

trigger latency (ms) 82.55 ± 4.28 228.44 ± 104.2 101.07 ± 4.21 963.08 ± 263.6 

LLPR 435.1 ± 27.40 158.6 ± 26.16 238.3 ± 19.03 75.3 ± 14.27 

Late activity phase 
0 - 20 min (ZT 1) 100 - 120 min (ZT 3) 

DMSO n=7 
10 µM Gö 6976 

n=8 
DMSO n=7 

10 µM Gö 6976 

n=8 

norm. SPA 0.963 ± 0.028 0.658 ± 0.043 1.001 ± 0.030 0.682 ± 0.064 

initial slope (µV/ms) 87.35 ± 7.11 50.40 ± 5.15 85.06 ± 5.43 57.50 ± 8.06 

APF (Hz) 254.4 ± 16.06 164.7 ± 11.81 253.6 ± 16.23 149.4 ± 14.45 

trigger latency (ms) 71.05 ± 3.59 93.26 ± 7.04 78.21 ± 5.02 150.21 ± 18.18 

LLPR 515.4 ± 51.05 263.7 ± 42.60 490.9 ± 69.33 226.8 ± 29.98 

 

Tab. 7.25a Statistical analysis of the response parameters from the beginning (0 - 20 min) and the 
end (100 - 120 min) of recordings with and without application of 10 µM Gö 6976. Analysis was 
performed using Mann-Whitney test for comparison of treatment-groups with the controls as well as for 
comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = not significant; *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001 

Resting phase 0 - 20 min (ZT 9) 
100 - 120 min  
(ZT 11) 

0 - 20 min vs. 100 - 120 min 

comparison of 
groups 

DMSO -  

10 µM Gö 6976 

DMSO-  

10 µM Gö 6976 
DMSO - DMSO 

10 µM Gö 6976 - 

10 µM Gö 6976 

norm. SPA **** P< 0.0001 **** P< 0.0001 n.s. P= 0.5703 * P= 0.0234 

initial slope *** P= 0.0003 **** P< 0.0001 n.s. P> 0.9999 * P= 0.0391 

APF **** P< 0.0001 **** P< 0.0001 ** P= 0.0039 n.s. P= 0.0781 

trigger latency *** P= 0.0002 **** P< 0.0001 ** P= 0.0039 ** P= 0.0078 

LLPR **** P< 0.0001 **** P< 0.0001 * P= 0.0117 n.s. P= 0.0781 
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Tab. 7.25b continued from previous page 

Late activity 
phase 

0 - 20 min (ZT1) 
100 - 120 min  
(ZT 3) 

0 - 20 min vs. 100 - 120 min 

comparison of 
groups 

DMSO -  

10 µM Gö 6976 

DMSO-  

10 µM Gö 6976 
DMSO - DMSO 

10 µM Gö 6976 - 

10 µM Gö 6976 

norm. SPA **** P< 0.0001 *** P= 0.0002 n.s. P= 0.6875 n.s. P= 0.9453 

initial slope *** P= 0.0001 *** P= 0.0002 n.s. P= 0.8125 n.s. P= 0.8438 

APF *** P= 0.0001 **** P< 0.0001 n.s. P= 0.5781 n.s. P= 0.7422 

trigger latency ** P= 0.0084 **** P< 0.0001 n.s. P= 0.4688 n.s. P= 0.3828 

LLPR **** P< 0.0001 *** P= 0.0006 n.s. P> 0.9999 n.s. P= 0.6406 

 

Tab. 7.26 Mean values ± std. error of the response parameters in control recordings and in the 
presence of 100 nM PDBu. Control recordings lasted for 40 min and were performed directly before 
recordings with PDBu lasting for another 80 min. 

Resting phase (ZT 9) SPA (mV) APF (Hz) LLPR 

DMSO n=8 2.927 ± 0.162 134.5 ± 5.62 333.5 ± 25.31 

100 nM PDBu n=8 4.158 ± 0.161 171.6 ± 2.68 369.6 ± 14.40 

Late activity phase (ZT 1)    

DMSO n=6 2.800 ± 0.107 191.7 ± 6.30 346.2 ± 31.11 

100 nM PDBu n=6 2.308 ± 0.091 145.0 ± 6.28 237.6 ± 12.59 

 

Tab. 7.27 Statistical analysis of the response parameters of recordings with 100 nM PDBu and the 
preceding controls. Pair wise comparison of controls and subsequent recordings in the presence of 
PDBu was performed using the Wilcoxon test for paired groups. Mann-Whitney test was used for 
comparison between Zeitgebertimes (ZTs). Level of significance: α= 0.05; n.s. = not significant; *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001 

comparison of groups 
SPA APF LLPR 

Resting phase  

DMSO 100 nM PDBu * P= 0.0391 * P= 0.0391 n.s. P= 0.7422 

Late activity phase    

DMSO 100 nM PDBu n.s. P= 0.3125 * P= 0.0313 n.s. P= 0.3125 

Resting phase vs. late activity phase    

DMSO DMSO n.s. P= 0.2996 **** P< 0.0001 n.s. P= 0.9707 

100 nM PDBu 100 nM PDBu **** P< 0.0001 *** P= 0.0001 **** P< 0.0001 
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