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1 Introduction

1.1 The Synapse 

In the late 19th century Santiago Ramón y Cajal was the first person who 

described the contact zone between two neurons histologically (Ramon y Cajal, 

1894). Three years later, Sir Charles Scott Sherrington termed this very 

specialised contact zone as ‘synapse’, a composition from the greek word ‘syn’ 

for ‘together’ and ‘haptein’ for ‘catch, grab, grope’ (Sherrington, 1897; Bennett, 

1999). At this point, most investigators thought that synapses could only form 

direct electrical connections even though it remained uncertain. However, by a 

series of remarkable experiments, Otto Loewi could show that a chemical 

compound (Acetylcholine) transmitted signals from the Vagus nerve to the heart 

(Loewi, 1921) and could reinforce observations of chemical transmission T. R. 

Elliot had made two decades earlier in the context of adrenaline (Elliot, 1905).  

 

Nevertheless, it still remained opaque, if a chemical way of signalling existed, 

how chemicals could trigger action potentials in neurons. It took around 30 

years and a lot of improvement in technology to verify that both ways of 

neuronal communication, electrical and chemical, co-exist (Fatt, 1954) albeit to 

different extents. Though, Ramon y Cajal already assumed in 1894 that 

learning might cause alterations in synaptic connections, which in turn was 

defined in more detail by Donald Hebb (Hebb, 1949), who described a basic 

concept of learning. Later it could be demonstrated that the chemical synapse 

plays a key role in learning and memory formation, due to its ability to modify 

signals in an activity-dependent manner, a process known as ‘synaptic 

plasticity’ (Abbott and Nelson, 2000; Kandel, 2009; Glanzman, 2010; Feldman, 

2012). Especially investigations on the determinants of learning at a cellular 

level became an intensively studied issue in both the invertebrate (Kandel, 

1976; 2001) and the vertebrate system (Bliss and Lømo, 1973; Bliss and 

Collingridge, 1993)  
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Recently, it has been shown that synaptic plasticity can occur on both synaptic 

sites, as presynaptic changes in transmitter release or as alterations of the 

postsynaptic receptors properties (Choquet and Triller, 2013). Even though 

main parts of this study are performed at chemical synapses, I will distinguish 

electrical synapses from chemical synapses in the following. 

 

Communication between chemical synapses is based on vesicle fusion with the 

presynaptic membrane due to depolarization-induced opening of calcium (Ca2+) 

channels. Subsequently, these vesicles are released into the synaptic cleft 

where they diffuse and bind to the receptors of the postsynaptic (or presynaptic) 

membrane. Basically, a synapse consists of two parts. First, the presynapse 

with its specialised compartment the active zones (AZ) where vesicles, filled 

with transmitter substances, are bound and released (Südhof, 2012). Second, 

the corresponding postsynaptic receptors that are sensitive to the distinct 

neurotransmitters released from vesicles at the presynaptic terminal (Harris and 

Littleton, 2015). Even though this principle is highly conserved, there are 

morphological differences of the AZ between mammals and invertebrates as 

well as some neurotransmitters, which are employed in different contexts. 

 

Main functional parts of the chemical synapse, as in Drosophila, are the 

presynaptic active zones where clusters of synaptic vesicles (SV) and voltage-

gated Ca2+-channels can be found. Within the glutamateric synapses of the 

Drosophila NMJ, the activation of the corresponding postsynaptic glutamate 

receptors (GluR), localised in the postsynaptic density (PSD), leads to changes 

of polarisation at the postsynaptic membrane due to facilitated ion flux (cf. Fig. 

1.A,B).  

 

In Drosophila melanogaster a prominent dense structure visible in electron 

microscopy (EM) defines the AZ (Kittel et al., 2006). One component that 

makes up this structure is called “Bruchpilot” (Brp; crash pilot) which is a 

homolog of ELKS/CAST in mammals (Ohtsuka et al., 2002; Wang et al., 2002) 

and was first described in 2006 (Wagh et al., 2006). Brp acts as an essential 
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part of the cytomatrix of the active zone (CAZ) and its absence leads to 

extinction of T-bar structures (T-bar is shown in Fig.1.C), loss of Ca2+-channel 

clustering, a significant decrease in neurotransmitter release and defects in 

short-term plasticity (Kittel et al., 2006). These are far-reaching consequences, 

as it is known that the anatomical association of SVs (that are associated to the 

T-bar) and voltage-gated Ca2+-channels (VGCCs) are mandatory for effective 

excitation-secretion coupling.  

 

 
Figure 1 | Histological and functional parts of the active zone 

(A) Confocal image of neuromuscular junction with specific staining for Brp (magenta) 
and postsynaptic GluRIID subunit staining (cyan). Arrowhead indicates enlarged region 
shown in B. Scale bar = 10 µm. (B) Confocal image of single bouton with staining like 
in A. Arrowhead indicating GluRIID. Scale bar = 1 µm (C) Electron microscopy images 
of T-bar structure of an AZ. Scale bar = 200 nm. (D) Scheme of vertebrate active zone 
proteins demonstrating their variety and their multiple interaction patterns. (E) Electron 
microscopy image of a type 1b bouton (green) displays a site of synaptic 
neurotransmitter release, or active zone (red box inset F corresponds to cartoon in 
panel F). Asterisk marks T-bar structure. Scale bar = 50 nm. (F) Active zone model as 
found on mature NMJ. Proteins are in coloured in accordance to their names. (A,B,C) 
Taken and modified from Ehmann et al. (2015) (D) Taken and modified from Südhof 
(2012). (E,F) Taken and modified from Van Vactor & Sigrist (2017) 
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Besides fathoming Brp function, structure of Brp has been intensively studied 

and elucidated in the last decade. Brp weighs around 200 kDa and consists 

mainly of an elongated filament where the N-term is fixed at the presynaptic 

membrane (Fouquet et al., 2009; Ehmann et al., 2014). The C-term reaches 

into the cytosol of the bouton and is the main structure where synaptic vesicles 

are tethered (Fouquet et al., 2009) (cf. Fig 1.F). These structures appear as a T-

bar in electron microscopy imaging (cf. Fig. 1.C,E). The described histological 

features of the active zone have been found by employing several different 

microscope techniques over the recent years. Initially, the T-bar structure was 

discovered by employing classical electron microscopy (Atwood et al., 1993). 

Then, it could be demonstrated that Brp forms a torus or donut shaped structure 

(Kittel et al. 2006) by using subdiffraction resolution STED (stimulated emission 

depletion) fluorescence microscopy. Subsequently, by employing electron 

microscopy of high-pressure freezed (HPF) preparations, it could be shown that 

Brp molecules are most likely to be clustered in 10-nm filaments (Jiao et al., 

2010) (cf. Fig. 1.C). Recently, by using dSTORM (direct stochastic optical 

reconstruction microscopy), it was found that each T-bar is composed of ~137 

Brp molecules (Ehmann et al., 2014). The dSTORM imaging disclosed a 

increasing size of the CAZ from proximal to distal that also appeared to be 

functionally relevant (Ehmann et al., 2014).  

 

Even though Brp acts as an essential protein at the AZ, there are also many 

other important components moulding the CAZ. For instance, lack of RIM-

binding protein (RBP; forms the ring of the Brp core) leads to irregular T-bars, 

reduced density of SVs and Ca2+-channel clustering (Liu et al., 2011). 

Moreover, defects in Syd-1 and Liprin-alpha	 lead to misfolded or ectopic T-bars 

and malpositioning of the transsynaptic adhesion protein Neurexin (Nrx). 

Hence, appropriate positioning of pre- and postsynapse is impaired because 

Nrx is needed for PSD organisation and apposition of postsynaptic receptors 

(Kaufmann et al., 2002; Fouquet et al., 2009; Owald et al., 2010, 2012). But this 

is only an excerpt of the proteinaceous varity of the CAZ. (Südhof, 2012; Van 

Vactor & Sigrist, 2017) (cf. Fig. 1.B,F).  
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At the postsynaptic side highly specified morphologies can be observed as well.  

As an important morphological part the postsynaptic membrane forms the 

subsynaptic reticulum (SSR) that is characterised by multiple invaginations to 

extend its surface (Johansen et al., 1989). Just as clusters of specialised 

proteins in the presynaptic membrane, there are important protein clusters at 

the postsynaptic side. Here, disc large (Dlg) is one essential component, which 

is part of the membrane associated guanylat kinase (MAGUK) family (Elias and 

Nicoll, 2007; Zheng et al., 2011). At the SSR it participates in recruitment of 

other SSR-proteins and the formation of the SSR itself (Zito et al., 1997; 

Gorczyca et al., 2007; Thomas et al., 2012).  

 

At the Drosophila NMJ, further crucial postsynaptic components are the 

excitatory ionotropic glutamate receptors, each consisting of four out of five 

possible subunits (GluRIIA-E) (Schuster et al., 1991; Petersen et al., 1997; 

DiAntonio et al., 1999; Featherstone et al., 2005; Qin et al., 2005). Whereby a 

single receptor consists of either GluRIIA (A-type) or GluRIIB (B-type) combined 

with GluRIIC-E that are indispensable for receptor function. The specific 

combination is crucial to determine functional parameters, since subunit 

composition affects desensitisation (DiAntonio et al., 1999). Moreover, 

incorporation of IIA/IIB is activity dependent and influences synapse maturity 

(Schmid et al., 2006 and 2008). However, IIA and IIB can partially substitute 

each other since only complete depletion of IIA and IIB simultaneously lead to 

embryonic lethality (Petersen et al., 1997; DiAntonio et al., 1999; Marrus et al., 

2004; Featherstone et al., 2005; Qin et al., 2005).  
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Figure 2 | Chemical synapse compared to electrical synapse 

This figure illustrates differences of a chemical synapse and an electrical synapse. 
Most obvious differences of anatomy are sketched. The chemical synapse works 
mainly unidirectional, uses neurotransmitter that are emitted at the presynaptic side 
and bind to receptors on the postsynaptic side, whereas the electrical synapse works 
bidirectional via direct cell connections (gap junctions) and does not amplify the 
incoming electrical signal (action potential). Electrical synapses only transmit signals in 
contrast to chemical synapses that can induce various modulation processes at the 
presynapse and the postsynaptic terminal depending on expressed receptors. Modified 
from (Pereda, 2014). 
 

Electrical synapses, in contrast, transmit current per continuitatem whereby two 

or more neurons are connected by gap junctions, which reduce resistance and 

facilitate current transmission (Pereda, 2014). Therefore, the synaptic cleft of 

electrical synapses is around ten times narrower than the cleft of chemical 

synapses (~3,5 nm vs. ~30nm) (Kandel et al., 2012). At electrical synapses 

current is transmitted instantaneously, unamplified and bidirectional due to their 

interim stage free transmission (Bennett and Zukin, 2004). Furthermore, no 

‘real’ action potential is needed to trigger the following cell (Bennett and Zukin, 

2004; Pereda, 2014). Due to these profound functional differences, electrical 

synapses can fulfil disparate tasks, chemical synapses are not suitable for. 

Electrical synapses can be found in great extent in neuronal networks where 

non-delayed signalling is highly functionally relevant. Therefore, electrical 

synapses are well designed to detect coincidence of simultaneous 
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depolarisation within coupled neuronal populations that increases neuronal 

excitability and enhances synchronous neuronal activation (Getting, 1974; 

Getting and Willows, 1974; Galarreta and Hestrin, 2001; Veruki and Hartveit, 

2002; Curti and Pereda, 2004; Curti et al., 2012). A well-known example where 

electrical synapses are employed and indispensable, apart from the central 

nervous system, is the heart. Here, the neuronal network of electrical synapses 

is designed for a coordinated and directed excitation of the different parts of the 

heart tissue (Pape et al., 2010). Moreover, electrical synapses are employed to 

increase sensitivity of sensory systems by lateral excitation, e.g. in the 

mammalian retina (DeVries et al., 2002; Veruki and Hartveit, 2002). 

Furthermore, they are known to occur in conserved escape networks (Pereda et 

al., 1995; Herberholz et al., 2002; Curti and Pereda, 2004) and even in 

Drosophila absence of electrical synapses has far-reaching consequences on 

effective escape behaviour (Phelan et al., 1996). 

 

This manifold and different application range of electrical and chemical 

synapses makes further studies of both types indispensable. Even though 

electrical synapses are expressed to lower extent in the nervous system, they 

are equally important to chemical synapses due to their highly specialised 

functions (Pereda, 2014). Interestingly, electrical synapses are most likely 

required for physiological synaptogenesis of chemical synapses (Todd et al., 

2010).  
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1.2 Mechanosensation  

Perception of our daily environment needs different sensory qualities. Defects in 

our sensory system may lead to massive difficulties in social participation (e.g. 

Usher syndrome; Domanico et al., 2015) and even to life-threatening 

proportions if pain sensation is impaired (e.g. SCNA9 channelopathy; Cox et al., 

2006). Therefore, a profound understanding of how different sensory systems 

work and how they can be manipulated is strongly required to reduce effects of 

sensory disabilities.  

 

Basically, recognizing a stimulus includes three main parts in the peripheral 

nervous system. When an adequate stimulus arrives at a sensory cell it will 

cause changes of the membrane potential (transduction) followed by a 

transformation of the incoming signals and transmission to the downstream 

neuron. Transduction, local depolarisation (or hyperpolarisation) of the receptor 

cell membrane by an occurring stimulus, is the first step of translating this input 

into an utilisable language for the organism. The change of the membrane 

potential is, due to its extent, transformed into a specific sequence of action 

potentials. This second step, called neuronal encoding or transformation, was 

primarily observed in the first half of the 20th century and matches frequency 

and amount of action potentials to an incoming stimulus (Adrian, 1926; Adrian 

et al., 1931; Loewenstein, 1959). In primary sensory neurons both steps are 

proceeded in one cell in contrast to secondary sensory neurons where changes 

in membrane potential lead to proportional transmitter release and action 

potentials in the downstream neuron (Kandel et al., 2012). Once the stimulus is 

encrypted, it is transmitted downstream to projection neurons where basic 

integrative processes take place. Whereby the most important mechanism is 

lateral inhibition to pinpoint the stimulus (Kandel et al., 2012). Afterwards the 

signal from several sensory neurons is transmitted to the central nervous 

system for further integration. 

 

As a part of the sensory system, experiments in this thesis mainly addressed 

mechanosensation whereby sensation of pressure, tension, touch, vibration, 
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pain and proprioception are the main qualities. In mammals, there are different 

designed sensory endings tuned perfectly to one specific purpose (Pape et al., 

2010; Kandel et al., 2012). Traditionally, they are subdivided in slowly adapting 

(SA) and rapidly adapting (RA) mechanoreceptors (Pape et al., 2010). SA-

receptors show mainly proportional action and act as a sensor for stimulus 

intensity. In contrast, RA-receptors mainly react on intensity shifts as a 

differential receptor. However, both kinds of receptors are needed to determine 

a stimulus completely and to generate a better contrast. Therefore, most 

sensory cells perform as both SA- and RA-receptor and they are matched to 

each subdivision according to which type of receptor class they fit best (Pape et 

al., 2010). In fact, most receptors work as so-called proportional-differential-

receptors (PD). When a stimulus occurs they show phasic discharges at the 

beginning which converts to long lasting but smaller tonic discharges (Pape et 

al., 2010) 

 

An interesting example of an important PD-receptor in Drosophila melanogaster 

is the chordotonal organ that is crucial for mechanosensation, which will be 

explained in detail later. 
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1.3 Drosophila melanogaster 

1.3.1 Background  

Drosophila melanogaster, commonly known as the fruit fly, is one of the most 

used and modified organisms in biological research. Especially in the field of 

neuroscience, Drosophila is well established and widely capitalised to study 

development and physiology of synaptic systems (Kazama, 2015; Ugur et al., 

2016) e.g. circadian rhythm (Konopka and Benzer, 1971; Koh et al., 2008; 

Ibanez, 2017) or learning and memory (Quinn et al., 1974). Moreover, these 

insights are not limited to Drosophila itself but have also huge impact on 

vertebrate neuroscience (Bellen et al., 2010).  

 

There are a lot of good reasons why Drosophila can be found in a non-

negligible amount of laboratories (and kitchens) around the world. The most 

obvious reason is that Drosophila is easy to keep and store, normally in plastic 

vials with egg lying medium. Due to their short life cycle Drosophila need to be 

transferred to new vials regularly to separate them from their offspring. On the 

other hand, the short life cycle guarantees a constant supply of enough 

experimental animals at the right developmental stage for investigational 

purposes.  

 

The short life cycle and also an entirely sequenced genome (Adams et al., 

2000) lead to a quite comfortable and easy accessible organism to work with. 

Moreover, a major advantage of Drosophila is a large number of very well 

described genetic tools (Bellen et al., 2010). There are well-characterised 

expression systems that allow targeted genetic modification in nearly any cell 

population. Especially the dyadic UAS-GAL4-system, derived from yeast, is 

broadly employed and allows targeted modification of gene expression in 

distinct cellular populations (Brand and Perrimon, 1993; Duffy, 2002). Over the 

years other two-parted expression systems have been described and are also 

commonly used in daily work with Drosophila melanogaster, e.g. LexA/LexAop 

and the Q/QF system (Lai and Lee, 2006; Potter et al., 2010).  
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Figure 3 | Life cycle of Drosophila melanogaster 

(A) Life cycle of Drosophila melanogaster modified from (Weigmann et al., 2003) at 
25°C. (B) Big and small vial normally used for breeding and keeping of Drosophila flies 
and larvae. (C) Arrangement of adult Drosophila fly (female), pupa and late 3rd instar 
larva. Genotype w1118. Scale bar = 1 mm.  
 

Additionally, the enormous amount of studies discussing behaviour, anatomy 

and development facilitate the detection of deviations from the common wild 

type fly and help to investigate genetic variations precisely. Consequently, there 

are many different models with determined defects, even mimicking human 
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neurological deficits, e.g. nociception deficits, amyotrophic lateral sclerosis, 

attention deficit hyperactivity disorder or even Parkinson’s disease. (Tracey et 

al., 2003; Ratnaparkhi et al., 2008; van der Voet et al., 2015; West et al., 2015). 

 

Figure 3.A shows the life cycle of Drosophila melanogaster at 25°C. Here, egg 

embryogenesis is the first developmental leap that lasts for about 24 hours until 

the first instar larva hatches. From now on the main task of the larva is 

gathering food and growth. This period lasts about four days and includes big 

developmental steps, from first instar to second instar and, finally, to third instar 

larvae. The two days old third instar larvae start wandering in search of a dry 

place where they can pupate. After a four-day long metamorphosis as a pupa 

the adult fly ecloses. Female flies are slightly bigger than males and nearly 

twice as heavy (1,4 mg vs 0,8 mg). Already 12h after eclosing the female flies 

are fertile and the life cycle can start anew. (Stocker and Gallant, 2008) 

 

1.3.2 Neuromuscular junction (NMJ) 

Watching Drosophila melanogaster larvae crawl can be quite delightful. Even if 

you think of how many single steps have been taken until only one single 

muscle contracts (initiation of the signal in the VNC, transmission to and along 

the motoneuron axon and finally signal transmission at the neuromuscular 

junction). Furthermore, how perfectly aligned and timed contractions of the 

muscle system lead to coordinated movements in a certain direction. An 

essential part of this process is the neuromuscular junction (NMJ), the junction 

between neuronal system and muscle tissue. Following its first detailed 

physiological description in 1976 (Jan & Jan 1976a) its anatomy and function 

are meanwhile well described and fundamentally understood (Menon et al., 

2013).  

 

The formation of the larval NMJ is an important part of embryogenesis. It begins 

with the outgrowth and morphological transition of the axons from the VNC as a 

flat growth cone and a directed formation of axonal varicosities to the 
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predetermined muscle (Yoshihara et al., 1997). This initial process is followed 

by a more defined formation of synaptic branches (Schuster et al., 1996; Zito et 

al., 1999). Distinct formation of the Drosophila NMJ begins 13 hours after egg 

laying when the innervating nerve has established first contact to the muscle 

surface and ends after 22 hours when full functionality is achieved (time 

intervals for 25°C ambient temperature) (Broadie and Bate, 1993; Saitoe et al., 

1997). During larval development the arborisation of synaptic varicosity 

increases 5- to 10-fold (Keshishian et al., 1993; Harris and Littleton, 2015) and 

an elevated amount of synapses as well as an increased quantity of vesicles 

per bouton can be found due to an 100-fold increase of the muscle surface 

(Schuster et al., 1996; Prokop, 1999). 

 

 
Figure 4 | Anatomy of Drosophila body wall and neuronal arrangement 

(A) FITC-conjugated Phalloidin staining of larval body wall preparations. Showing third 
instar larva compared to first instar larva. Scale bar 500 µm. Modified from (Gorczyca 
and Budnik, 2006). (B) Schematic representation of the three nerve roots: the 
intersegmental nerve (ISN), the segmental nerve (SN), and the transverse nerve (TN), 
and their respective innervation patterns. (C) Third instar larval body preparation 
expressing green fluorescent protein (GFP) in all motoneurons. Scale bar 250µm. 
(B,C) Modified from (Menon et al., 2013). 
 

For investigational purposes different time points and muscles can be chosen. 

Depending on the scientific issue, analysis of a late embryonic or a mature NMJ 

of a third instar larvae is commonly performed (Kittel et al., 2006; Ehmann et al., 

2014). Moreover, the investigator can choose between several well-described 
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NMJs to address a certain scientific question specifically. Often, synaptic 

function of muscle 6/7 is studied in different experimental setups due to their 

exposed localisation in ventral longitudinal body wall musculature making this 

pair of muscles easily accessible (Jan & Jan, 1976a ; Harris & Littleton, 2015). 

The stereotypic nerve muscle arrangement allows to distinguish each muscle 

based on its positioning in the common larval preparation and, thus, to perform 

electrophysiological measurements at the NMJ (Fig. 4.A-C). The ventral 

longitudinal body wall muscles (VLM) 6/7 are innervated by two mainly 

glutamateric motoneurons (Jan & Jan 1976b), MN6/7-Ib and MNSN b/d-Is, 

whereby MN 6/7 forms Ib (big, 3-6µm) boutons similar to tonic motor neurons 

(Atwood et al., 1993) and MNSN b/d forms Is (small, 2-4µm) that are assumed 

to be more phasic nerve endings (Atwood et al., 1993; Hoang and Chiba, 2001; 

Harris and Littleton, 2015).  

 

Aside from widespread type I motoneurons, Drosophila muscles are also 

innervated by type II or type III motoneurons (Hoang and Chiba, 2001). Type I 

motoneurons employ glutamate as their common neurotransmitter, even though 

peptidergic co-transmission can be assumed (Anderson et al., 1988; Zhong and 

Peña, 1995). Type II motoneurons form smaller boutons (~1µm) but spread 

over a larger area of muscle surface and possess more branches. In contrast to 

type I motoneurons type II motoneurons use octopamine as an additional 

neurotransmitter to glutamate (Monastirioti et al., 1995). Lastly, there are type III 

motoneurons that are known to form a synaptic connection only with muscle 12 

and are receptive for insulin-specific antibodies (Gorczyca et al., 1993). These 

motoneurons are glutamateric and peptidergic and form as a morphological 

mimic of Is and II MNs even though they only match to one specific muscle 

(Hoang and Chiba, 2001).  

1.3.3 Chordotonal organ (ChO) 

The previously described neuromuscular system is the basic prerequisite for 

directional movement of adult Drosophila and larvae. But the ability to move is 

quite useless if you don’t know where to go. Therefore Drosophila melanogaster 
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has a sophisticated mechanosensory system that includes the chordotonal 

organ (ChO), a proprioceptor, which has been studied very intensively lately 

(Lee et al., 2010; Zhou et al., 2012; Scholz et al., 2015, 2017; Langenhan et al., 

2016; Prahlad et al., 2017). The ChO is also involved in perceiving temperature 

changes or sound (Liu et al., 2003; Kwon et al., 2010; Zhang et al., 2013; 

Scholz et al., 2017). Additionally, the larval ChO is the physiological counterpart 

to the Johnston organ of adult flies that is located in the antenna and works as a 

multimodal mechanoreceptor to sense mechanical stimuli, like wind and gravity, 

but also sound (Zhang et al., 2013). 

 

Anyhow, chordotonal organs are not exclusive to Drosophila melanogaster. Due 

to their multiple functionality they are common mechanoreceptors and important 

parts of the auditory system in other insects and arthropods (Yack, 2004). Even 

though, the anatomical arrangement of chordotonal neurons can vary. For 

example, in Drosophila melanogaster there are ‘single’ chordotonal neurons 

and ‘clustered’ chordotonal neurons whereby only the ‘clustered’ neurons form 

the chordotonal organ or Ich5 (it consists of five chordotonal neurons)(cf. Fig. 

5.C,D). The anatomy of each chordotonal neuron does not vary noticeably 

whether they are ‘clustered’ or not. The configuration of the Ich5 is as follows: 

Bipolar neuronal cells are located at the bottom of the ChO projecting directly 

uncrossed into the larval VNC (Langenhan et al., 2016; Tsubouchi et al., 2017). 

The dendrite directly runs into a specialised structure that surrounds all 

incoming dendrites – the scolopale cell. Upon the dendritic tip a cilium is placed 

and mechanically fixed to the cap cell (dendritic cap), which itself is anchored to 

the inside of the larval cuticle. Moreover, an important protein is located in the 

membrane of the cilium, Latrophilin (LPHN/CIRL)(Langenhan et al., 2016). In 

Drosophila melanogaster the homologue to the CIRL protein (expressed in 

vertebrates) is called dCIRL (Südhof, 2001; Yack, 2004; Scholz et al., 2015; 

Langenhan et al., 2016).  
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Figure 5 | Anatomy of the chordotonal organ 

(A) Anatomical sketch of the pentascolopidial organ (Ich5) with designation of the main 
structures. (B) Location of larval chordotonal organs visualised by an iav-GAL4 
(inactive-GAL4) promoter element (anti-GFP, magenta). Counterstaining of the body 
wall muscles with phalloidin (green). Arrowheads indicate seven of eight lch5 on one 
side of the larva. As denoted by the asterisk Cho have traceable projections into the 
larval VNC. Genotype: iav-Gal4 > UAS-EGFP. Scale bar 200µm. (C) The dCirlpGAL4 
driver demonstrates neuronal expression of dCirl within a solitary chordotonal neuron 
(lch1) and an lch5 (anti-GFP, magenta) with a counterstaining of anti-HRP (horse 
radish peroxidase; green). Genotype: dCirlpGAL4 > UAS-GFP::nls. Scale bar = 5µm. (A) 
Adapted from (Scholz et al., 2017). (B) Same recording as shown in (Langenhan et al., 
2016). (C) Ich5 adapted from (Scholz et al., 2017); Ich1 recorded by M. Nieberler and 
shown here with permission. 
 

This protein is called latrophilin due to its sensitivity to α-LTX (α-latrotoxin; the 

toxin of the black widow spider, that is known to lead to exocytosis (Südhof, 

2001)). It has been found to be important for effective proprioception and sound 

perception mediated by the larval chordotonal organ, but dispensable for 

perception of temperature (Krasnoperov et al. 1997; Südhof 2001; Scholz et al. 

2015 & 2017). Latrophilin itself is part of a subclass family of G-Protein coupled 

receptors (GPCR), the adhesion-GPCRs (aGPRC) that are distinguished by a 

long amino-terminal extracellular domain (ECD) also employed for ‘cell-cell-

interaction’ and a unique GPCR-Autoproteolysis-INducing (GAIN) domain inside 

of the ECD (Krasnoperov et al., 1997; Araç et al., 2012). Like other GPCRs, 

aGPCRs have a seven-transmembrane domain (7TM) and an intracellular 

domain (ICD) to couple and interact with G-proteins (Hamann et al., 2015).  

 

Besides dCIRL, there are also other proteins, transient receptor potential (TRP) 

channels, like NOMPC (no membrane potential C; TRPN channel; mediates 
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touch-sensation and partly sound response), NANCHUNG and INACTIVE 

(TRPV channel; absence of each leads to larval deafness) that are crucial for 

full functionality of the ChO (Walker et al., 2000; Gong et al., 2004; Liu et al., 

2007; Zhang et al., 2013). These channels are important to sense intrinsic and 

extrinsic signals and stimuli, for example touch and hygrosensation (Clapham et 

al., 2001; Minke and Cook, 2002; Liu et al., 2007).  

 

Furthermore, the chordotonal organ of Drosophila melanogaster offers 

numerous possibilities to address a variety of scientific issues. Particularly, 

ChOs work as an appropriate model to investigate different components of the 

sensory system in great detail. 
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1.4 Optogenetics and its usage 

Francis Crick, one of the discoverers of the molecular DNA structure (Watson 

and Crick, 1953), stated just pre-millennial: ‘What is really needed is something 

with regional specificity, which acts on only special types of neurons and also 

has temporal precision.’ In this context, he thought of ‘some method’ with which 

one ‘can turn a gene on and off in a mature animal, by some signal or another.’ 

He also mentioned the possibility to employ light to obtain control over distinct 

neuronal populations, but called this idea ‘far-fetched’ at the same time (Crick, 

1999). Interestingly, from our current point of view employing light is not ‘far-

fetched’ at all and nowadays known as optogenetics. 

 

The outset of optogenetics goes back in history approximately 150 years when 

Andrei Sergeyevich Faminzin found that Chlamydomonas locomotion was 

determined by light and its intensity (Faminzin, 1866). Subsequently, it took 

around 100 years until the first potential “optogenetic tools” were described, but 

not in the context of optogenetic issues. These “tools” were bacteriorhodopsin, 

an H+-pump microbial rhodopsin (Oesterhelt and Stoeckenius, 1971) and the 

light-sensitive chloride-pump Halorhodopsin (Hegemann et al., 1985). Around 

that time, it could be shown that “a rhodopsin” works as a photoreceptor in 

Chlamydomonas reinhardtii (Foster et al., 1984; Harz and Hegemann, 1991). 

Finally, three years after the statement of Francis Crick, Georg Nagel and 

colleagues could demonstrate that the photoreceptor-like sequence they found 

in the Kazusa cDNA database has channel-like behaviour. These light-inducible 

cation channels were termed Channelrhodopsin-1 and 2 (ChR1, ChR2) (Nagel 

et al., 2002 and 2003).  

 

Interestingly, around 2002 a first approach was already successful in sensitising 

cultured neurons to light. In this attempt co-expression of the Drosophila 

photoreceptor genes encoding arrestin-2, rhodopsin and the alpha-subunit of 

the cognate heterotrimeric G protein, termed “chARGe” was employed 

(Zemelman et al., 2002) however, this construct was quite slow compared to a 

light-sensitive channel protein. Another approach to sensitise neurons to light 
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was chosen by Lima & Miesenböck in 2005. They designed a ‘key-and-lock 

mechanism’ consisting of the ionotropic purinoceptor P2X2 (‘the lock’) and ATP 

stored in the cell (‘the key’) that was released if green light was applied and, 

thus, triggered light evoked eEPSCs (Lima and Miesenböck, 2005) in 

Drosophila motoneurons. Subsequently, the “breakthrough” came with 

expression of ChR2 in mammalian (and invertebrate) neurons where an 

excellent temporal precision, light sensitivity and a comparatively easy 

opportunity to precise expression could be shown (Boyden et al., 2005; Nagel 

et al., 2005). Just one year later ChR2 was successfully used in brain slices of 

mammalians and the term “optogenetics” was defined (Deisseroth et al., 2006; 

Zhang et al., 2006). In the same year, ChR2 was already used to control 

complex behaviour in Drosophila melanogaster (Schroll et al., 2006). Moreover, 

after ChR2 was shown to work sufficient in an intact mammalian brain, in vivo 

(Arenkiel et al., 2007), many open questions in neurophysiology could be 

addressed more comfortably. For example, even complex networks like a 

amygdala–midbrain–medullary circuit (responsible for freezing behaviour and 

evolutionarily conserved response to threat) could be described and 

investigated in detail by using an optogenetic approach (Tovote et al., 2016). 

Interestingly, since 2007, publications related to the term ‘optogenetics’ 

increased tremendously (Fig. 6.C). By the way, in 2008 it could be shown that 

ChR1 is required for photophobic response in Chlamydomonas (Fig. 6.D,E) 

(Berthold et al. 2008), a behaviour observed by Faminzin 150 years ago 

(Faminzin, 1866). 

 

Nowadays, ChR2 is the best-studied and most used Channelrhodopsin and 

thus its kinetics are quite well understood (Schneider et al., 2015). But even 

though, Georg Nagel et al. were initially able to show that Channelrhodopsin 

has determined non-specific cation selectivity H+ >> Na+ > K+ >> Ca2+ with a 

significant conduction preference for protons (Nagel et al., 2002 and 2003) it 

was unclear where the pore was localised. Therefore, research on novel ion-

selective ChR2s was hampered until the description of the crystalline structure 
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of the chimera C1C2 could facilitate investigations on this crucial topic (Kato et 

al., 2012). 

 

 
Figure 6 | Channelrhodopsin, optogenetics and Chlamydomonas 

(A,B) Visualisation of C1C2 (functional chimera of ChR1 and ChR2) crystal structure. 
Enlarged view of the hydrogen bond where D156 has been replaced by a histidine in 
Channelrhodopsin2-XXM. (C) Graph indicating increasing number of hits for the term 
‘optogenetics’ on pubmed (cf. Deisseroth 2011). Requested from pubmed on 11/2017. 
(D) Experiments to test phototaxis and photophoic response of Chlamydomonas 
reinhardtii at 7 W/mm2 in presence (CW2, cell wall deficient strain) and reduced 
expression of ChR1 (H17). Indicating that ChR1 is necessary for photophobic 
behaviour in Chlamydomonas. (E) Single Chlamydomonas wildtype stained against 
ChR1 (red) that is expressed at the eyespot (arrowhead) and alpha tubulin (green). 
Scale bar 10 µm. (A,B) adapted from (Deisseroth and Hegemann, 2017). (D,E) 
adapted and partly modified from (Berthold et al., 2008). 
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Now, the distinct structure of ChR2 is well known. The complete 

Channelrhodopsin-2 protein contains 737 amino acids whereby the complete 

photocurrent functionality is localised within the amino-terminal of approximately 

300 amino acids that also form the seven trans-membrane domains at the N-

terminal end (Nagel et al. 2003; Kato et al. 2012). The important chromophore, 

all-trans-retinal (ATR), is localised in the retinal binding pocket (RBP) and 

bound covalently to the protein back-bone via Lysine 257 (Fig. 6.A; Kato et al., 

2012). It is crucial to protect Channelrhodopsin from fast (light-induced) 

degradation and opens the channel by a conformational change. Additionally, 

ATR has to be present while Channelopsin is about to bind to the cellular 

membrane (Channelopsin + chromophore = Channelrhodopsin). The reason is 

that a later presence of ATR leads to the same level of Channelopsin 

degradation as if ATR would not be present at all, except for certain ChR-

mutants (Ullrich et al., 2013). Furthermore, an important structure of 

Channelrhodopsin-2 is the possible hydrogen bond between C128 and D156 in 

Helix 3 and 4 as it has been shown to be highly relevant for the lifetime of 

ChR2’s conducting state (Fig. 6.A,B). Modifications at this determined structure 

result in ChR2 variants with multiple changes in physiological functionality 

(Berndt et al., 2009; Bamann et al., 2010; Dawydow et al., 2014; Scholz et al., 

2017). 

 

Apart from that, there are many different ChR descendants with altered open-

state lifetimes, shifted absorption spectra, altered desensitization, better 

expression with increased photocurrent magnitude, amended photochemistry 

and even change of conductivity from cations to anions (Berndt et al., 2009, 

2011, 2014; Wen et al., 2010; Gunaydin et al., 2010; Kleinlogel et al., 2011; Lin 

et al., 2013; Wietek et al., 2014; Dawydow et al., 2014; N C Klapoetke et al., 

2014; Schneider et al., 2015; Scholz et al., 2017; Krause et al., 2017). 

Surprisingly, shortly after two working groups could attain changing the cation 

selectivity of Channelrhodopsin to anion selectivity (Berndt et al., 2014; Wietek 

et al., 2014), very effective naturally occurring anion selective light-sensitive 

channels were found in the alga Guillardia theta (Sineshchekov et al., 2015; 
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Govorunova et al., 2016). These mainly Cl- conducting GtACRs (Guillardia theta 

anion-conducting Channelrhodopsin) turned out to be very effective as inhibition 

tools. 

 

Moreover, there are metabotropic optogenetic tools that allow interfering with 

second messenger pathways by modifying the amount of cAMP (cyclic 

adenosine monophosphate, Stierl et al. 2011) or cGMP (cyclic guanosine 

monophosphate, Gao et al. 2015), which facilitates studies on main second 

messenger pathways. Especially, investigation of effects caused by changes in 

second messenger concentrations in a distinct cellular population is hardly 

possible in vivo without using optogenetic tools. As an example, it could be 

shown that the intracellular level of cAMP regulates the sensitivity of the 

chordotonal organ in Drosophila melanogaster (Scholz et al., 2017) by using 

bPAC (Beggiatoa photo-activated adenylate cyclase; increases intracellular 

cAMP level) (Stierl et al., 2011).  

 

To sum up, optogenetics itself and especially the associated tools have seen 

tremendous improvements over the last decade – making optogenetic 

approaches simpler to realise and delivering a remarkable variety of tools to 

address different (neuro-)physiological questions.  
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1.5 Motivation of the study 

Despite intensive studies on the chordotonal organ of Drosophila melanogaster, 

a recently described protein involved in signal perception, dCIRL (Scholz et al., 

2015), remains understudied. It could be shown that loss of dCIRL leads to 

impaired perception of tactile, proprioceptive and auditory stimuli in Drosophila 

larvae (Scholz et al., 2015). However, little is known about how dCIRL is 

involved in signal transmission or perception of stimulus modalities. In contrast, 

many other proteins that mediate sensitive perception have been studied 

comparatively well (Gong et al., 2004; Lee et al., 2010; Yan et al., 2013; Zhang 

et al., 2013). To close this research gap, a combined approach of optogenetics 

and classical electrophysiology techniques was chosen to investigate distinct 

functions of dCIRL on signal transmission. 

 

Since it is known that the ChO is sensitive, inter alia, to thermal changes (Liu et 

al., 2003) we searched for a very light sensitive Channelrhodopsin that also 

offers high resolution in time. Even though there is a great variety of different 

microbial opsins, most of these excitatory optogenetic tools need high light 

intensities to work efficiently (Nagel et al. 2003; Zhang et al. 2008; Gunaydin et 

al. 2010; Kleinlogel et al. 2011; Lin et al. 2013; Klapoetke et al. 2014) or, if they 

work at low light intensities, lack temporal precision (Dawydow et al., 2014). For 

this reason, research has been conducted to find next-generation microbial 

opsins that offer improved light-sensitivity to minimise possible thermal cell 

damage and heat side effects due to high light irradiation (e.g. direct stimulation 

of thermosensitive structures like the Cho). Moreover, temporal precision is an 

important requirement to interfere physiologically with neuronal cells, like the 

chordotonal organ.  

 

In this study, a new Channelrhdopsin2 descendant, Channelrhodopsin2-XXM 

(ChR2XXM), with improved light sensitivity and high temporal resolution is 

characterised and described. ChR2XXM was employed to interrogate the ChO of 

Drosophila regarding the physiological functions of dCIRL and its effect on 

signal transmission.  
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Furthermore, a recently discovered light sensitive optogenetic inhibitory tool, 

called GtACR (Sineshchekov et al., 2015), was tested for its effectiveness at the 

Drosophila NMJ. Specifically, GtACR was checked for functionality at the 

Drosophila NMJ and possible side effects.  
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2 Materials and Methods

2.1 Fly stocks 

For this study the following genotypes were employed and created (*). 

RJK013, w- ; ok6-GAL4 w+ (2nd) 

RJK021, w+; G7-GAL4 w* / CyO 

RJK382, w1118; PBac{y+-attP-9A}VK00018 UAS –GtACR::YE [w+]}/Cyo 

RJK384, w1118; PBac{y+-attP-9A}VK00018 UAS –GtACR::Flag [w+]}/Cyo 

Ch4, w1118 ;;UAS-chop2315/CyoGFPw- 

RJK200,w1118;PBac{yellow+-attP-9AChop2_D156C(XXL)=pRK010w+}   

    /CyOGFP(w-);; 

RJK255,w1118;PBac{yellow+-attP-       

  9AChop2_D156C(XXL)::tdtomato=pRK010w+} /CyOGFP(w-); 

RJK258*, w1118;{w+mC=pTL538[chop2-D156H(XXM)]}attPVK00018/CyO; 

RJK300*,w1118;{w+mC=pTL537[chop2D156H(XXM)::tdtomato]}attPVK00018  

      /CyOGFP(w-); 

LAT112, w1118;+/CyoGFPw-; P{UAS-iav-Gal4}[attP2]/TM6B, Tb 

 

Stocks of Drosophila flies were raised in transparent plastic tubes 10.5 cm 

(height) x 4.6 cm (diameter) filled with common laying medium and additionally 

some dry baker’s yeast (Big vial in Fig. 2.B). Normally a paper filter was placed 

into the laying medium to extend the dry surface whereon 3rd instar larvae can 

pupate.  

 

Fly crossings for experimental use were set up with initially around 21 virgins 

and 7 males in transparent fly tubes 6.4 cm (height) x 2.6 cm (diameter) which 

were covered with (small vial in Fig. 2.B) red plastic foil or aluminium foil, 

depending on the expressed ChR variant. The laying medium was covered with 

a small paper filter to prevent adult flies from sticking to the food.  

 

Drosophila flies expressing Channelrhodopsin2-XXM, Channelrhodopsin2 wild-

type or GtACRYE received a supplementation of all-trans-Retinal (ATR) for a 
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more sufficient expression and reduced degradation of these constructs. ATR 

was added to the common laying medium and blended smoothly. This way, the 

larvae can ingest the ATR into their system where it is built into the opsin 

protein. Larvae where raised to 3rd instar level at 25 °C and on food containing 

100 µM ATR. Moreover, if Channelrhodopsin2 was used, a “shortened” 

Channelrhodopsin2, called Channelrhodopsin2 wild-type, was employed, only 

containing the necessary 315 amino acids to reach full functionality (Nagel et 

al., 2003 and 2005). This “shortened” Channelrhodopsin2 is also the 

fundamental structure for all Channelrhodopsin2 mutants/variants described in 

this thesis.  
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2.2 Electrophysiology 

2.2.1 The two-electrode voltage clamp (TEVC) technique 

The main task of two-electrode voltage clamp (TEVC) is to hold the membrane 

potential (Vm) of the cell at its original state while recording indirect flowing 

currents to draw conclusions about the cell membrane conductance 

(TheAxonGuide, 2012). But what does that mean in detail and how is that even 

possible? 

 

TEVC allows indirect measurement of cell membrane conductance. 

Conductance (G), inverse of resistance (R), is defined as the ratio of current (I) 

through and the voltage (V) across a certain membrane: 

 

𝐺 =
𝐼
𝑉 =  

1
𝑅 

 

If the membrane potential deviates from this given potential, called command 

potential (Vcmd), due to current flow across the membrane, an equal current of 

inverted polarity is applied by the clamp circuitry to the cell. Indeed, the 

investigator measures this applied compensatory current. Thus, measuring the 

compensatory current and keeping the voltage ‘clamped’ (with a very small 

error) it is possible to determine the initial changes in conductance and 

therewith the activity of ion channels (TheAxonGuide, 2012). 

 

The main parts of the TEVC setup are the two microelectrodes that are inserted 

directly into the cell (Fig. 7 B). The microelectrode wires are made of Ag (silver) 

and coated with a composite of Ag/AgCl (silver/silver-chloride). Electrodes are 

placed in glass pipettes filled up with 3M KCl (potassium chloride) solution. The 

salt solution provides a fluid connection from the cell to the electrode and, 

furthermore, the high electrolyte concentration reduces the electrode resistance 

(TheAxonGuide, 2012). The consequence is minimized rectifying current flow, a 

wider recording bandwidth and a lower voltage error. Furthermore, the high 
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electrolyte concentration dominates the junction potential formed between the 

pipette solution and the cell cytoplasm that leads to resulting junction potential 

that depends primarily on the mobility of cations and anions in the salt solution. 

This is important because anions are mainly slow large loaded proteins in the 

cell and cations are normally small and fast and this difference could lead to an 

artificially depolarised membrane resting potential. But, there is a risk that the 

high concentrated electrolyte solution could enter the cell and induce 

hyperosmotic swelling of the cell. It is possible to minimize this ‘leak’ by using 

very small tip diameters of the electrode but this also results in problems as e.g. 

higher noise, limited recording bandwidth and, of course, diminished current 

passing ability (TheAxonGuide, 2012).  

 

The two microelectrodes themselves differ in their dedicated function, the 

voltage sensing microelectrode (ME1) and current-passing microelectrode 

(ME2). Consequently, ME2 is connected to a high gain differential amplifier that 

logs the differences between Vm and Vcmd via ME1 and the voltage of the output 

of this voltage source leads to current flow through ME2 into the cell and 

compensates the upcoming deviations (cf. Fig. 7.B). The speed of this 

compensation mechanism (called gain [µ], in units V/V) can be adjusted by 

determining how many volts the output changes for each dV between Vm and 

Vcmd. Because the time (𝛕) needed to charge the cell capacitance (Cm) is 

proportional to the resistance of ME2 (Rp2) and gain (µ), this gain can be used 

to some extent to compensate Cm and Rp2 to improve clamp response on a 

voltage step (cf. Fig. A). The given formula is: 

 

τ =  
𝑅p2 ∗ 𝐶m

µ  

 

Furthermore, another very important issue in electrophysiology is how the error 

of the voltage clamp occurs. This can be described in equations that take the 

membrane resistance (Rm) and the resistance of ME2 (Rp2) into account and as 

well show how the gain (µ) can be used to minimise the resulting error. 

Fortunately, it can be shown that an applied step change in the Vcmd causes a 
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change in the membrane potential identical to the current response caused by a 

step change in membrane conductance (TheAxonGuide, 2012). This is 

important to know to detect currents across the cell membrane. Therefore Vm is 

determined as: 

 

𝑉m = 𝑉cmd 
µ𝐾

µ𝐾 + 1 

 

whereas µ is the gain of the clamp amplifier and K is the attenuation of the 

amplifier due to Rm and the resistance of Rp2  

 

𝐾 =  
𝑅m

𝑅m + 𝑅p2
 

 

Hence it follows that the larger the product of µK becomes the smaller the 

resulting difference between Vm and Vcmd gets. Therefore the ideal case could 

be reached if µ would become infinite or Rp2 zero. Since there is a limit how 

much gain can be used to obtain a useful signal, because if µ is very large 

oscillations occur that will cover the signal, so that assets and drawbacks have 

to be balanced carefully. Moreover, if K is maximised (which means that Rp2 is 

minimised) it has to be evaluated how small Rp2 can realistically become, due to 

the fact that very low resistance of ME2 results in a blunter micropipette that is 

more likely to destroy the cell membrane. As a result, balancing these different 

factors is fundamental for conclusive electrophysiological recordings 

(TheAxonGuide, 2012).  
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Figure 7 | Two-electrode voltage clamp circuitry 

(A) Circuitry diagram of TEVC (TheAxonGuide, 2012). Via ME1 the voltage of Vm is 
transmitted and then recorded by a unity-gain buffer amplifier (A1). Afterwards, Vm is 
compared to Vcmd and current proportional to the difference (ε) is forced via ME2 into 
the cell. This is realised by a high-gain differential amplifier (A2; gain = µ) with a polarity 
of µ that the current in ME2 reduces ε. (B) Sketch of TEVC and light application. The 
suction electrode (SE) was used to trigger eEPSCs, if no Channelrhodopsin was 
employed. LED was used to apply light of different wavelengths (440nm / 490nm) and 
different light intensities directly at the Drosophila NMJ via an upright microscope.  
 

There are some more limitations or difficulties known for the TEVC technique, 

like thermal and excess noise of the input micropipette (ME1) or capacitive 

coupling between the ME’s. However, the two-electrode voltage clamp is a very 

suitable procedure for clamping large cells (like larval VLM6). Even to record 

large currents (in the mA spectrum) with a high resolution in time and 

comparatively low voltage errors. For these reasons, TEVC has become a 

commonly used investigation technique, especially for the late 3rd instar larval 

Drosophila NMJ (Harris and Littleton, 2015). Experiments performed in this 

thesis also employed a (Cool) light emitting diode (LED) to stimulate the 

Drosophila motoneuron directly via expressed Channelrhodopsins (Fig. 7.B). 

 



	  31 

2.2.2 TEVC setup for recordings in general 

TEVC recordings were obtained at 22°C from the VLM 6 in anterior abdominal 

segments A2 or A3, of late male 3rd instar larvae. To operate on these larvae, 

they were dissected in ice cold Ca2+-free haemolymph-like solution 3 [HL-3; 

(Stewart et al., 1994)], described as follows: larvae were pinned down with the 

dorsal side facing up at head and tail. Then an initial transversal cut was made 

right before the tail, only severing the dorsal part of the larvae. A longitudinal cut 

along the dorsal midline of the larva was made and the larva was gently 

stretched, forming a rectangle, with four insect pins. Internal organs were 

removed carefully in total and then the segmental nerves were cut near the 

ventral nerve chord and kept long enough to facilitate effective stimulation via 

suction electrode.  

 

HL-3 
 

pH was adjusted to 7.2 by 1 M NaOH 

70   mM NaCl 1.06404, Merck  

 

5     mM KCl 1.04933, Merck  

 

20   mM MgCl2 1.05833, Merck  

 

10   mM NaHCO3 S6297, Sigma Aldrich  

 

5     mM D-(+)-Trehalose T5251, Sigma Aldrich  

 

115 mM Sucrose S9378, Sigma Aldrich  

 

5    mM HEPES 54457, Sigma Aldrich  

 

1    mM CaCl2 21097, Fluka Analytics  
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For TEVC, the ice-cold Ca2+-free HL-3 solution was discarded and HL-3 at room 

temperature (RT; 22°C), containing 1mM CaCl2, was used for 

electrophysiological recordings.  

 

To record evoked excitatory postsynaptic currents (eEPSCs) or extinction of 

eEPSCs in TEVC mode, sharp micropipettes filled with 3 mM KCl and 

resistances of 10-20 MΩ (Kittel et al., 2006; Wagh et al., 2006) were employed. 

All cells chosen for analysis had resting potentials from -50 mV down to -80mV, 

and input resistance of ≥4 MΩ. For recording the cells were clamped at -60 mV. 

Data were acquired with an Axoclamp 900A amplifier (Molecular Devices), 

signals were sampled at 10 kHz, low-pass filtered at 1 kHz and analysed with 

Clampfit 10.2 (cf. Scholz et al., 2017). 

 
Furthermore, if eEPSCs were obtained under light irradiation, a LED was 

utilised at different wavelengths (440nm, 490nm) and light intensities (1µW/mm2 

up to 40 µW/mm2). The light was applied via the upright microscope (Olympus 

BX51WI, 40x water-immersion lens), covering the viewable area the 

investigator adjusted previously (cf. Scholz et al., 2017). 
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2.3 Confocal microscopy  

2.3.1 Basics of confocal microscopy 

Microscopy is one of the most important techniques of today’s biomedical 

science. The use of conventional microscopy (or rather light microscopy) is 

limited due to focusing problems in biology specimens leading to blurred 

images. The solution of this problem is called confocal microscopy where an 

additional pinhole diaphragm is placed in the optical path to eliminate light 

coming from beyond the intended focus level (Fig 8.A) (LSM5Manual, 2005). 

Therefore, an image recorded with a confocal microscope consists of many 

slices (z-planes) of a certain extent and each recorded slice has an improved 

contrast and a minimized blur compared to whole image recording by 

conventional microscopy. As a result the final images appear very clear and can 

also be used for quantification of changes in protein levels, for example at the 

Drosophila NMJ (Kittel et al., 2006; Ehmann et al., 2014).  

 

 
Figure 8 | Confocal microscopy 

(A) Schematic simplified illustration; depicts principle of laser scanning confocal 
microscopy. (LSM5Manual, 2005) (B) Example graph of difference between excitation 
wavelength and resulting emission that is recorded during confocal imaging (Modified 
from LSM5Brochure 2005). 
 

To distinguish one protein from others a distinctive staining is necessary. 

Therefore, compounds of fluorescent proteins bound to antibodies, which in turn 
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bind to certain biological structures, are employed. Subsequently, the 

fluorescent protein is stimulated with a distinct wavelength and the detector of 

the microscope records the resulting emission that has a longer wavelength 

with less energy (cf. Fig 8.B). Staining with more than one fluorescent 

compound is possible and usually applied, but in this case it is very important to 

ensure that the excitation/emission wavelengths have a minimum overlap 

among the different fluorescent compounds, especially the peak-emissions. 

Otherwise, excitation of one compound also leads to excitation of the other 

compound and an overlapping incoming signal in the detector that as a result 

leads to a diminished distinguishability of the different structures. If fluorescent 

proteins are employed, as described above, the imaging technique is called 

epifluorescence microscopy.  

 

Out of this reason it is very important to choose the right fluorescent 

compounds to reach a high resolution.  

 

2.3.2 Immunohistochemistry of the ChO 

Immunohistochemistry was performed as described in Scholz et al. 2017. For 

imaging of the chordotonal organ the following protocol was applied: 3rd instar 

larvae were dissected in Ca2+-free HL-3 (Stewart et al., 1994) fixed in 4% 

paraformaldehyde (PFA) for 10 min (at RT) and blocked overnight at 4°C in 1% 

PBT [phosphate buffer saline [PBS] with 1% Triton X-100 (T8787, Sigma-

Aldrich)] supplemented with 5% normal goat serum [NGS; (005-000-001, 

Jackson ImmunoResearch)]. Primary antibodies were diluted in 1% PBT (5% 

NGS) incubated at 4°C overnight. Subsequently, the samples were rinsed twice 

and washed three times for 20 min using 1% PBT. The secondary antibodies 

were added to 1% PBT (with 5% NGS) and incubated overnight at 4°C. Then 

the filets were washed, two times short and three times for 20 min, with 1% PBT 

and finally mounted in Vectashield (H1000, Vector Laboratories). Afterwards, 

they were stored for at least over night at 4°C. The following primary antibodies 

were employed: rabbit-α-RFP (red-fluorescent protein; 1:500), mouse-α-
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Cadherin-2 (N-Cadherin; 1:50). Secondary antibodies: anti horse radish 

peroxidase (α-HRP) conjugated with Alexa Fluor-488 goat-α-mouse (1:250; Jan 

& Jan 1982), Cy3-conjugated goat-α-rabbit (1:250; Dianova), Alexa Fluor-488 

conjugated goat-α-mouse (1:250, Invitrogen). Confocal images were acquired 

with an LSM 5 Pascal (Zeiss).  

 

2.3.3 Immunohistochemistry of the NMJ  

Immunohistochemistry of the NMJ was performed as described previously 

(Schmid and Sigrist, 2008; Ehmann et al., 2014). The protocol reads as follows: 

full-grown 3rd instar Drosophila larvae were dissected in ice-cold HL-3 and filets 

were fixed for about 10 min (at RT) using 4% paraformaldehyde (PFA) and 

blocked for 30 min in PBT [PBS with 0.05% Triton X-100 (T8787, Sigma-

Aldrich)] containing 5% normal goat serum [NGS; (005-000-001, Jackson 

ImmunoResearch)]. Afterwards, preparations were incubated with primary 

antibodies at 4°C over night. On the next day filets were washed, two times 

short and three times for 20 min with PBT, secondary antibodies (in PBT) and 

5% NGS were added and incubated for 2 h (at RT). Subsequently, the filets 

were washed three times with PBT and then mounted in Vectashield (H1000, 

Vector Laboratories). A α-HRP conjugated with Alexa Fluor 488 goat-α-mouse 

(A11029, Invitrogen) was used as a secondary antibody at a dilution of 1:250. 

Localisation of ChR2XXM::tdtomato was imaged as an endogenous signal. 
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10x PBS  
 

 

74g NaCl 1.06404, Merck  

 

12.46g Na2HPO4 * 2H2O 1.06580, Merck  

 

4.14g NaH2PO4 * 2H2O 1.06345, Merck  

 

Fill up to 1 l with H2O. The pH was adjusted to 7.4 using 1 M NaOH or 1 M HCl.  

 

4% PFA in 1x PBS 

 
 

8g PFA 

 
Merck 1.04005  

 

150ml H2O 

 
Dissolve PFA in H20, heat up to 55°C  

 

2 N NaOH 

 
Merck 1.09136; add some drops until 

solution becomes clear  

 

20 ml 10x PBS 

 
 

Fill up to 200 ml using H2O; pH was adjusted to 7.4 using 1 Mol NaOH or 1 Mol 

HCl  

 

2.3.4 Immunohistochemistry of the ventral nerve cord (VNC) 

Immunohistochemistry of the larval ventral nerve cord (whole mounts) was 

performed according to Scholz et al. (2015). For the isolation of larval brain 

basically the same procedure as for muscle filets was executed. Additionally, 

motoneurons and surrounding tissue were carefully removed using spring 

scissors and forceps. Then the prepared brain was transferred to a 24-well plate 

inset. Larval brains were fixed for 10 min in 4 % PFA. Afterwards the larval 
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brains were blocked for 5 hours (5% NGS and 0.05% PBT; RT). Subsequently, 

the samples underwent over night incubation (4 °C) of primary antibody diluted 

in blocking solution [0.05% PBT +5% NGS and rabbit-α-RFP (1:500)]. The next 

day the samples were washed four times for 30 min and incubated with 

secondary antibody over night (0.05% PBT +5% NGS and α-HRP conjugated 

with Alexa Fluor-488 (1:250), Cy3-conjugated goat-α-rabbit [(1:250), 4 °C]. The 

day after, the probes were washed and subjected to Vectashield incubation (4 

°C, over night) before mounting in Vectashield on cover slips prepared with 

reinforcement washers. 

 

2.3.5 Data acquisition  

All described images were acquired with a Zeiss LSM5 Pascal confocal system 

(objectives: 63x/1.25, plan-neofluar, oil immersions; 10/0.3, plan-neofluar,air) 

and laser power was adjusted individually for each NMJ, VNC or Chordotonal 

organ. Compounds stained with Alex-488 were excited at 488 nm by an Argon-

laser and compounds stained with Cy3 were excited at 543 nm by a He-Ne 

laser. 
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2.4 Optogenetic tools 

2.4.1 Channelrhodopsin2-XXM at the NMJ 

Behavioural experiments were performed as described below. For investigating 

larval locomotion light from a mercury lamp passed through a GFP excitation 

band-pass filter was used to photostimulate crawling larvae expressing tagged 

or untagged ChR2XXM (or other ChR2 descendants for comparison) in their 

motoneurons (ok6-Gal4 driver)(Sanyal, 2009). Measurements determined the 

time between light-induced immobilisation and resumed movement (defined as 

anterior displacement of posterior end) during on-going irradiation.  

 

To analyse behaviour of adult flies a different experimental setup was created. 

Here 10 flies were anesthetised and put for 5 to 10 minutes in a covered Petri 

dish (10cm diameter) to recover fully. Recovery was tested by turning the petri 

dish carefully and screening for non-recovered flies (they would normally fall 

down and not stay attached to the Petri dish). If all 10 flies were fully recovered 

the Petri dish was vertically positioned in front of five blue LED’s (440 nm) of 

steady intensity. To alter the resulting irradiation the distance of the Petri dish to 

the LED’s was changed. Per data point 60 adult flies (1-15 days after eclosion) 

were irradiated and sets of 10 flies were used up to four times (after 5-10 min of 

recovery time) at different light intensities, but every set of 10 flies was only 

irradiated once at individual light intensities. While adult flies received irradiation 

the Petri dish was tapped after 5 s by the investigator and the immobilised flies 

were counted for 5 s. After 10 s in total, the recovery time was measured. 

Subsequently, ‘recovery time’ was denoted as the time until 50% of all flies 

initially immobilised were remobilised. Remobilisation was defined for each fly, if 

the following behaviour occurred: moving ‘two steps’ forward.  

 

Electrophysiological recordings with ChR2XXM expressed at the larval NMJ were 

obtained as described in chapter 2.2.2.  
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2.4.2 GtACR at the larval NMJ and muscle tissue 

Behavioural experiments were carried out by Sven Dannhäuser and performed 

as described in his MSc-Thesis. In short, larvae were put under a blue light 

source (1 mW/mm2) and the time until immobilisation or remobilisation was 

measured.  

 

Electrophysiological data was acquired with little alternation to ChR2XXM 

measurements. In order to examine direct inhibitory effects of GtACR in larval 

motoneurons a 10 Hz or 30 Hz stimulation protocol was employed for 7 s 

whereby an additional light irradiation (1 µW/mm2, 490nm) was applied after 3 s 

for a duration of 2 s directly at the NMJ via the optical path of the microscope.  

 

Examination of the observed ‘baseline shift’ was investigated as follows, using 

previously described settings of TEVC. Drosophila larvae were prepared as for 

TEVC. GtACR1::YE expressed in motoneurons (ok6-Gal4), GtACR1::YE 

expressed in muscle tissue (G7-Gal4) and ‘undriven’ GtACR1::YE were 

compared to which extent a ‘baseline shift’ or rather a direct depolarisation 

occurs in TEVC. Therefore a stimulation protocol of 6 s was employed whereby 

light irradiation lasted for 2 s in between 2 s rest before and after. Stimulation 

started at 1 µW/mm2 and proceeded up to 40µW/mm2  in several steps of 

intensity for each NMJ within the described protocol. To reach statistical 

significance 9-10 NMJs of 3-4 individual larvae were investigated for each 

genotype.  

 

2.4.3 Channelrhodopsin2-XXM in the ChO 

Electrophysiological measurements were carried out essentially as previously 

described (Scholz et al., 2015) and were performed by Chonglin Guan. In brief, 

activity of lch5 neurons was recorded from the axon bundle using a suction 

electrode coupled to an EPC 10 USB amplifier (HEKA Instruments) and 

analysed in Clampfit 10.2 (Molecular Devices). Mechanical stimulation was 

applied through a piezo-actuated, fire-sealed glass electrode placed on the 
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muscle covering the cap cells. Spontaneously active neurons were stimulated 

optogenetically or at the indicated sine wave frequencies (three cycles of 1 s 

stimulation preceded by 1 s rest for each frequency). Data were sampled at 10 

kHz and a notch filter was used to remove the specific stimulation frequency 

from the current trace.  

 

Light from a mercury lamp (Nikon Intensilight C-HGFI) passed a GFP filter (460-

500 nm band- pass) for photostimulation of lch5 neurons via ChR2XXM::tdtomato 

(iav-Gal4>UAS-chop2XXM::tdtomato; 100 µM retinal food supplementation). 

Increasing light intensities (approx. 0.04, 0.08, 0.17, 0.34, 0.68, 1.35, 2.71, 5.42 

mW/mm2) were applied with intermittent 10 s breaks. Genotypes were blinded 

for electrophysiological recordings of ChOs.  

 

 
Figure 9 | Light application setup for behavioural experiments 

Image of the setup used for behavioural experiments. Arrows indicate characteristic 
features of this setup. 
 

Behavioural experiments of Drosophila larvae expressing ChR2XXM in their 

chordotonal organs, without supplement of ATR, were performed as follows. 

Larvae were put in a petri dish of 10 cm diameter filled up to half with 1% agar 

gel. Afterwards, this petri dish was placed in a light proofed box (cf. Fig. 9). 

Above the petri dish an infrared sensitive USB-Camcorder was placed and 

around this recorder, fixed on a ring, one set of three infrared LED’s and one 
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set of three blue LED’s was mounted (cf. Fig. 9). Per run, seven larvae were put 

in the middle of the petri dish and allowed to crawl in darkness for 130 s. 

Subsequently, the same set of larvae were re-arranged in the middle of the petri 

dish and the light protocol, as illustrated in Fig. 17.B., was applied. Analysis of 

the ‘head-swing’-duration was evaluated by analysing the recorded video file. 
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2.5 Data analysis 

Data were analysed in Prism 7.0 (GraphPad). Group means were compared by 

two-tailed Student’s t-test. The assumption of normality of the sample 

distribution was violated as indicated by the D’Agostino & Pearsons omnibus 

normality test, whereas group means were compared by two-tailed Mann-

Whitney U test. Where indicated in figures asterisks denote the level of 

significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Bar charts indicate mean ± 

SEM if not stated otherwise.  
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3 Results

3.1 Characterization of Channelrhodopsin2-XXM at the Drosophila 

NMJ 

Channelrhodopsin2 wild-type (ChR2-wt) can lead to an effective depolarisation 

of neuronal cells and even to a full body contraction of Drosophila larvae if 

expressed in motoneurons (Nagel et al., 2003; Ljaschenko et al., 2013; 

Dawydow et al., 2014). However, ChR2-wt is not sufficient to lead to a 

detectable behavioural effect in adult flies, due to the opaqueness of the adults 

compared to the almost translucent Drosophila larvae (Dawydow et al., 2014). 

Here, functionality and characteristics of a modified Channelrhdopsin2, 

Channelrhodopsin2-XXM (ChR2XXM), expressed at the NMJ of larval and adult 

Drosophila melanogaster are described. Recently, a different ChR2 variant was 

characterised and named Channelrhodopsin2-XXL (ChR2XXL) that was found to 

work very sufficiently even in adult flies (Dawydow et al., 2014). This channel 

possesses a single amino acid substitution at position 156, aspartic acid with 

cysteine (D156C), which leads to a massive change in channel function 

(Dawydow et al., 2014). This becomes obvious in increased photostimulation 

efficiency deriving from high cellular expression and a dramatically extended 

open state lifetime of around 1 minute. Hence this variant was termed ChR2XXL, 

which stands for extra high expression and long open state. To stay in this 

terminology, ChR2XXM was named due to extra high expression and medium 

open state. Here, a similar amino acid replacement was performed where 

aspartic acid at position 156 was replaced by histidine (D156H). This leads to a 

shorter open state lifetime compared to ChR2XXL (but longer compared to 

ChR2-wt) and thus more precise timing but still a high expression of the protein. 

 

3.1.1 Expression of ChR2XXM::tdtomato at the larval NMJ 

Due to its very efficient expression ChR2XXM is detectable at the Drosophila 

NMJ as an endogenous signal if tagged to a red fluorescent protein (RFP). 

Here, a very small and efficient RFP called tdtomato was used and it was found 



	  44 

that ChR2XXM::tdtomato aligns perfectly with the α-HRP (anti horse radish 

peroxidase) counterstaining that marks neuronal membranes in Drosophila 

melanogaster. Moreover, well detectable expression of ChR2XXM in the larval 

ventral nerve cord (VNC) was found due to expression in the cell bodies of the 

motoneurons (Fig. 10). 

 

 
Figure 10 | Expression of ChR2-XXM::tdtomato at larval the NMJ and VNC 

3rd instar larvae expressing ChR2XXM::tdtomato in their motoneurons (ok6-Gal4); were 
dissected and stained with α-HRP (Horse radish peroxidase). Confocal images on the 
left side were recorded from segment A2 of muscle segment 6/7. The second image 
shows ChR2XXM::tdtomato expression at the NMJ. Scale bar = 25µm. Right sided 
images were recorded from the VNC, indicating that ChR2XXM::tdtomato is also 
expressed in the motoneuron axons inside the ventral nerve cord of Drosophila larvae. 
Scale bar = 25µm. Arrowheads indicate cell bodies. Images are maximum projections. 
 



	  45 

3.1.2 Electrophysiological recordings at the larval NMJ 

Since an even distribution of ChR2XXM::tdtomato at the larval NMJ was 

observed, electrophysiological measurements at the Drosophila NMJ were 

performed to verify, if this good distribution leads to a functional impact. 

 

Results of electrophysiological recordings were in line with the stainings. The 

measurements demonstrate efficient recruitment of ChR2XXM::tdtomato to evoke 

one single eEPSC at light intensities as low as 1 µW/mm2 with a pulse duration 

of 50 ms (Fig. 11.B). Higher light intensity (7 µW/mm2) led to fusillades of 

eEPSCs for approximately one second (Fig. 11.A).  

 

 
Figure 11 | Electrophysiological recording at the Drosophila NMJ (TEVC) 

3rd instar larvae raised on ATR supplemented food and expressing ChR2XXM::tdtomato 
in their motoneurons were prepared for TEVC recording and muscles were clamped to 
- 60 mV. Light irradiation was mainly applied on NMJ area. (A) A light intensity of ~ 7 
µW/mm2 with a duration of 50 ms was used to trigger fusillades of eEPSCs. (B) Light 
intensity was reduced to 1 µW/mm2 to trigger one single eEPSC, with unaltered pulse 
duration . (C) 1 ms light pulses with an intensity of around 40 µW/mm2 were used to 
trigger multiple single eEPSCs in a row. 
 

Altering the light intensity and pulse duration, recruitment of ChR2-XXM 

channels/units can be controlled precisely. To reach high resolution in time, the 

light intensity was raised to 40 µW/mm2 and pulse duration was reduced to 1 

ms (Fig. 11.C). Thus a single light evoked EPSC could be triggered. However, 

40 µW/mm2 is still a very low intensity for efficiently evoking neuronal activity. 

Therefore, ChR2XXM is a perfect tool if high precision in time is needed and low 

light intensities are required to reduce possible heat irritations and cell damage.  



	  46 

3.1.3 Larval behaviour 

ChR2-wt is known to lead to an effective full body contraction of Caenorhabditis 

elegans and in Drosophila larvae if expressed in motoneurons, although this 

contraction lasts only for a few seconds and very high light intensities are 

needed in Drosophila melanogaster (Dawydow et al., 2014). Thus, comparing 

periods of total body contraction in larvae of different Channelrhodopsin 

variants provides a proper way to investigate photostimulation efficiency in vivo. 

  

Therefore, three different variants of Channelrhodopsin driven in larval 

motoneurons with or without supplementation of ATR under continuous light 

irradiation were tested. Supplementation is needed because most Drosophila 

cells, in contrast to vertebrate cells (e.g. cortical cells of mice) contain 

considerably less ATR. However, new Channelrhodopsin variants show a much 

higher affinity to bind ATR, which leads to an increased expression pattern and 

is accompanied by increased photostimulation efficiency, even in non-

supplemented food (Dawydow et al., 2014; Scholz et al., 2017). 

 

ChR2XXL, which is shown here for comparison, has been characterised very well 

before and was found to lead to an effective immobilisation of larvae for over 60 

min at light intensities as low as 40 nW/mm2 (blue light spectrum 440nm) if ATR 

was supplemented (Dawydow et al., 2014); Fig. 12). In this work 

ChR2XXL(::tdtomato), without ATR supplementation, and ChR2-wt (with ATR 

supplementation) were compared to the newly developed ChR2XXM(::tdtomato) 

(with or without ATR supplementation). No relevant differences between tagged 

and non-tagged ChR2XXL were found. ChR2XXL leads to an effective full body 

contraction in larvae at light intensities of 0.5 µW/mm2 or 0.1 µW/mm2 (Fig. 

12.A). In contrast, larvae expressing ChR2-wt, fed with ATR supplemented food 

needed higher light intensities (between 0.03 mW/mm2 and 0.2 mW/mm2) to 

show effective immobilisation compared to the other ChR2 mutants (Fig. 12.A). 

Both (new) tested variants, ChR2XXM and ChR2XXM::tdtomato, are situated 

between these two extremes. Interestingly, ChR2XXM and ChR2XXM::tdtomato 

showed indistinguishable light sensitivity if fly food was supplemented with ATR. 
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Light intensities of 2 µW/mm2 already resulted in an effective body muscle 

contraction of the larvae lasting longer than 100 seconds. However, if fly food 

was non-supplemented with ATR and ChR2XXM was employed light intensities 

of 40µW/mm2 were necessary to reach effective contraction (Fig. 12.A). 

 

 
Figure 12 | Immobilisation of Drosophila larvae expressing different ChR variants 

(A) Different Channelrhodopsin variants are expressed in the larval motoneuron 
(presynaptic) leading to full body contraction at specific intensities of light. Time was 
measured when the larvae performed immediate full muscle contraction at given light 
irradiation. Note that no difference between ChR2XXM::tdtomato and ChR2XXM could be 
measured, thus this two genotypes lie on top of each other in this graph. (B) At lower 
light intensities larvae displayed a dosage-dependent response to light. Also, larvae 
showed full body contraction but only over a certain period of time. The time plotted 
was needed until full body contraction under given light intensity occurred. Here, ChR2-
wt is missing, because no such effect was observable at the given light intensities. 
 

If light intensities were too low to result in an instant full body contraction of 

larvae, a dosage-dependent behaviour was observable (Figure 12.B). 

 

3.1.4 Adult behaviour 

To test for efficacy of ChR2XXM to evoke light induced muscular contraction in 

adult flies, a second behavioural setup was established. Thereby, two different 

characteristics of Channelrhodopsin in a two-parted experiment were evaluated. 

At first, adult flies were used to investigate light sensitivity of different 

Channelrhodopsin variants in vivo (Fig. 13.A) and in another setup, recovery 

time after light irradiation was monitored to draw conclusions on the effect of 

channel closing kinetics in the living organism (Fig. 13.C).  
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Figure 13 | Light sensitivity of adult Drosophila expressing different ChR variants 

(A) Drosophila flies expressing different ChR variants in their motoneurons were raised 
to adult stage. Per data point 6 petri dishes of ten flies (ten flies ≙ n = 1) each were 
taken for statistical analysis. Light irradiation was done for 10 seconds and percentage 
of all paralysed flies was counted. (B) Time scale for analysis of light irradiation on 
adult flies. (C) Recovery time. After 10 seconds of light irradiation, time was measured 
until 50% of all initially paralysed flies were recovered. This was done to estimate the 
channel closing time. (C*) n = 3 instead of n = 6. 
 

Therefore, the experimental protocol was performed as described in Fig 13.B. 

Flies were placed in a vertical fixed petri dish and irradiated at different light 

intensities for 10 seconds. After 5 seconds the petri dish was tapped twice to 

make sure all immobilised flies lay on the bottom for counting. Then recovery 

time was benchmarked when 50% of all initially immobilized flies were moving 

again.  
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Here ChR2XXM::tdtomato was found to be congruent with ChR2XXM in relation to 

light intensity needed for immobilization and recovery time, if flies were raised 

on ATR supplemented food. Comparing ChR2XXM (w/o ATR) a right shift in light 

sensitivity occurred, which can also be seen in larvae (Fig. 13.A). As expected, 

the recovery time (time until 50% of all initially paralysed flies were recovered; 

Fig. 13.C) remained the same since no effect of retinal supplementation on 

channel closing kinetics is known for Channelrhodopsin (Nagel et al., 2003 and 

2005).  

 

ChR2XXL(::tdtomato) displayed higher light sensitivity in adult flies (~100%  

immobilised at 8µW/mm2) compared to ChR2XXM(::tdtomato) [~100% 

immobilised at 140 µW/mm2 (with ATR) 400 µW/mm2 (without ATR)]. Compared 

to ChR2XXM(::tdtomato), the recovery time of ChR2XXL(::tdtomato) variants was 

found to be ten times longer (~ 3 - 9s vs. ~ 60 - 90s; cf. Fig. 13.C). This is in line 

with previous studies that reported an open-state life-time of about 76 s for 

ChR2XXL (Dawydow et al., 2014). 
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3.2 Analysis of the chordotonal organ using Channelrhodopsin2-

XXM 

Chordotonal organs, as described before (cf. chapter 1.3.3.), are mainly 

responsible for mechanosensation in Drosophila melanogaster. Experiments 

performed here focused on the pentascolopidial chordotonal organ (lch5), which 

consists of five chordotonal neurons combined to one unit (there is also an Ich1, 

consisting only of one chordotonal neuron). At each hemisegment there is one 

lch5 together with three Ich1 neurons (Langenhan et al., 2016). Since, this 

mechanosensory system is very important and by far not fully understood, it 

was investigated here, how simultaneous, in vivo, activation of the chordotonal 

organ and mutations of dCIRL lead to an altered behavioural pattern or 

changes in ChO physiology. It is already known that absence of dCIRL 

(dCIRLKO) results in stereotypic behavioural patterns of 3rd instar larvae where 

an increased pausing in larval movement and profuse head swing behaviour 

can be observed (Scholz et al., 2015). 

 

In the following sets of experiments ChR2XXM::tdtomato was expressed in the 

chordotonal organ (iav-Gal4) to investigate how direct changes of cation 

concentration may affect mechanosensory responses in Drosophila larvae with 

functional dCIRL. Furthermore, employing electrophysiology could scrutinize 

that ChR2XXM expressed in chordotonal organs is efficient to bypass 

mechanoreceptive deficits triggered by the absence of dCIRL. 

 

3.2.1 Expression in the chordotonal organ 

Since ChR2XXM::tdtomato is known to distribute very evenly at the larval NMJ if 

driven by ok6-Gal4 (cf. Fig. 10), the expression pattern of ChR2XXM::tdtomato 

within the lch5 organ was scrutinized, by employing iav-Gal4 (inactive-Gal4).  

 

First stainings of lch5 against Cadherin-2 (binds to the area around the 

scolopale space) merged with the endogenous tdtomato signal revealed that 

ChR2XXM is mainly located in the chordotonal neuron even in parts of the 
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dendrite and the cilium (Fig. 14.C,D), but signal quality was very low at this 

structures. Thus, a second staining using an RFP-antibody (α-RFP) was 

performed to enhance endogenous tdtomato intensity in order to have a closer 

look on the actual distribution of ChR2XXM::tdtomato, especially in the areas 

where staining was weak before, like the ciliums and the dendrites (cf. Fig. 

14.A,B). Thereby, ChR2XXM::tdtomato was found to spread quite evenly in 

dendrites and ciliums covering both structures in whole length.  

 

This could be verified by an anti-HRP counterstaining that displays the end of 

the dendrite and beginning of the cilium. It covers roughly the area of the middle 

of the cilium and from the dendritic cap into the cap cell. As a result, one can 

distinguish the proximal and distal part of the cilium precisely and find 

ChR2XXM::tdtomato expressed very distinctively here. 

 

 
Figure 14 | Expression of ChR2-XXM::tdtomato in the chordotonal organ 

Images of Ich5 in 3rd instar Drosophila larvae. (A) Ich5 stained with anti-HRP (green) 
and anti-RFP (magenta), which binds to tdtomato and acts as a booster. (B) Inset of 
the ciliar area shown in (A). (C) Ich5 stained with anti-Cadherin2 antibody (green), 
which binds to parts of the scolopale space (cf. Fig. 5.A, anatomy of the chordotonal 
organ) that surrounds the cilium. The second row shows endogeneous tdtomato 
expression. As expected, the intrinsic signal of ChR2XXM::tdtomato is weaker than the 
actual expression (A,B), signal boosted. (D) Inset of (C). (A,C) Scale bar = 10 µm 
(B,D) Scale bar 5 µm. 
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There was also an interest if ChR2XXM::tdtomato is only expressed at the 

beginning of the mechanosensory pathway – the lch5 organ – or even at the 

end of it – the projection neuron in the VNC. Therefore, immunostainings 

against HRP and RFP were performed to stain VNCs of Drosophila larvae. 

Here, a clearly identifiable expression of ChR2XXM::tdtomato inside the VNC 

was found as shown in Fig. 15. 

 

 
Figure 15 | Expression of ChR2-XXM::tdtomato in the larval VNC  

Staining of ChR2XXM::tdtomato with anti-RFP (magenta) to show evenly spread 
expression in the VNC if driven by iav-Gal4. Scale bar = 50µm. 
 

This demonstrates that ChR2XXM is well expressed along the whole 

mechanosensory pathway, as determined by iav-Gal4. The distinct localisation 

of the projecting sensory axon terminals, inside the VNC, was investigated and 

described very recently by Tsubouchi et al. (2017), even though they only 

analysed adult Drosophila melanogaster in their study.  

 

3.2.2 Electrophysiological recordings 

Based on previous behavioural observations the hypothesis that dCIRL does 

not promote membrane excitability per se to help initiate and propagate action 

potentials in the sensory neuron was tested (Scholz et al., 2017). Therefore, 

electrophysiological techniques combined with an optogenetic approach were 

employed to perform measurements at the lch5 and to bypass the receptor 

potential effectively. 
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Figure 16 | Activation of Ich5 by ChR2-XXM 

Data shown in this figure have been acquired by C. Guan; adapted and modified from 
Scholz et al. 2017. (A) Changes in event frequency triggered in the lch5 organ by 
ChRXXM are not significantly different in wild-type compared to dCIRLKO larvae 
expressing ChR2XXM if different intensities of 440 nm light were applied to the organ. 
(B) Example trace of a recording at the lch5 organ to illustrate how light irradiation 
triggers elevated event frequencies.  
 

In this experimental setup it could be shown that blue light (440 nm), by 

bypassing the receptor potential, at certain light intensities did not lead to 

significant differences between larvae expressing ChR2XXM in the lch5 with 

intact latrophilin or in dCIRLKO larvae (Fig. 16.A). As a control, wild type larvae 

crossed to iav-Gal4 were used. These larvae did not respond with changes in 

basal activation of lch5 if blue light was applied (Figure 16.A). To sum up, the 

hypothesis stated (at the beginning of 3.2.2.) has proved to be true.  

 

3.2.3 Light-induced head-swing behaviour 

As previously mentioned, dCIRLKO larvae had impressive alterations in their 

behaviour patterns or more precisely in their ability to elicit goal-directed 

movement (Scholz et al., 2015). These larvae show persistent extensive ‘head-

swing behaviour’ or ‘startle-response’. Based on earlier publications, this was 

assumed to be a result of a diminished mechanosensational resolution along 

with a lower basic activity of the lch5 in the absence of latrophilin (Scholz et al., 

2015).  
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In our experimental setup the hypothesis if the opposite – accelerated activation 

levels of the lch5 – has any behavioural effects in Drosophila larvae was tested. 

Interestingly, expression of ChR2XXM::tdtomato in the lch5 is sufficient to 

provoke a similar head-swing behaviour in larvae as previously described for 

dCIRLKO larvae (Fig. 17.A, B). This ‘startle-response’ did not last for the whole 

time of light application most likely due to adaption mechanisms of the 

mechanosensory system. Larvae expressing ChR2XXM::tdtomato in their lch5 

showed a significantly longer head-swing behaviour compared to larvae that 

carry an undriven UAS-ChR2XXM::tdtomato construct (Fig. 17.A). These larvae 

were chosen as controls to check for possible leak expression of the 

ChR2XXM::tdtomato construct. Impressively, this observation was made under a 

light irradiation as low as 3 µW/mm2. This light intensity was chosen because it 

was found to be sufficient to lead to a full body contraction of larvae with 

ChR2XXM expressed at their NMJs.  

 

To quantify this light-induced head-swing or ‘startle-response’ of the larvae, a 

protocol with spaced light application interrupted by a resting period as 

displayed in Fig. 17.B was designed. Preceding this light stimulation protocol 

each test group of larvae (seven each) was allowed to crawl for the whole 

duration of the protocol in complete darkness. The reason for this procedure 

was, to examine if spontaneous head-swing behaviour appears significantly 

different at given time points in test and control groups. Here, all larvae tested 

showed no detectable difference. Subsequently, the light stimulation protocol 

was performed and revealed that larvae with ChR2XXM::tdtomato in their ChO 

respond to light with a significantly longer head-swing behaviour compared to 

controls (Fig. 17.A).  
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Figure 17 | Quantification of head swing duration 

(A) 3rd instar larvae raised on ATR supplemented food and expressing 
ChR2XXM::tdtomato in their chordotonal organ were exposed to light and head swing 
duration was measured. As a control group 3rd instar larvae carrying only the UAS-
Chop2XXM::tdtomato were used. To exclude that larvae carrying iav-Gal4 show 
increased head swing behaviour, independent of light irradiation, a dark control setup 
was employed. Therefore, same time points were used to measure head swing 
duration and check if head swing occurs more often in iav-Gal4 flies ( n = 21 ). (B) 
Description of the protocol used to visualise head swing behaviour. Modified from 
Scholz et al. 2017. 
 

Even specific types of leak expression, e.g. unintentional expression of 

ChR2XXM::tdtomato in the ChO organ of the control flies, can not be completely 

excluded, it could be found that targeted expression of ChR2XXM::tdtomato in 

the lch5 is sufficient to influence stereotype behavioural patterns of Drosophila 

larvae.  
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3.3 Application of Guillardia theta Anion Channelrhodopsin at the 

Drosophila NMJ 

Guillardia theta Anion Channelrhodopsin (GtACR) (Fig. 18.A) is the first 

described naturally occurring light-sensitive Cl--conducting channel (Fig. 18.B,C; 

Govorunova et al. 2015). Two different GtACRs have been extracted from the 

genome of Guillardia theta and are described in the original publication 

(Govorunova et al., 2015). GtACR1, which shows its sensitivity peak at 515 nm 

and GtACR2 that has its maximum of sensitivity at 470 nm. Furthermore, both 

Anion Channelrhodopsins (ACR) have been described as very sensitive even to 

low light intensities and are therefore a useful tool for light controlled inhibition.  

 
Figure 18 | Function of GtACR 

(A) Schematic depiction of GtACR1::YFP function (B) Action spectra of photocurrents 
of GtACR1 and GtACR2 (C) Photoinhibition of spiking induced by pulsed current 
injection in a typical neuron expressing GtACR2 at 26 µW/mm2. (A) Kindly provided by 
R.J. Kittel (B,C) Adapted and modified from Govorunova et al. (2016).  
 

Moreover, the discovery of these ACR’s is very interesting for future clinical 

research, because inhibition of neurons can be useful in various ways to 

understand neurological diseases. For instance, defects of chloride channels in 

human muscles lead to muscle dystrophies, which are characterised by 

shortcomings in relaxation but also hypertrophic deregulations of muscle tissue 

(e.g. Myotonia congenita type Thomsen, Myotonia congenita type Becker) 

(Hahn and Salajegheh, 2016; Pedersen et al., 2016; Walters, 2017).  However, 

a more obvious approach to employ GtACRs is the implementation of these 

ACRs in neuronal populations to investigate the consequences of inhibiting 

certain cellular populations.  
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Therefore, the effect of GtACR1 on the motoneuron (presynaptic) and the larval 

muscle tissue (postsynaptic) was investigated. 

 

3.3.1 Expression at the larval NMJ 

 
Figure 19 | Expression of GtACR1::YE at the larval NMJ 

GtACR1::YE was stained with an anti-YFP (green) antibody and merged with an anti-
HRP counterstaining (magenta) to evaluate its presynaptic distribution. Arrowheads 
show examples of ‘proteincluster’. Asterisk denotes traversing part of a motoneuron. 
Scale bar = 25µm. 
 

As described for the characterisation of ChR2XXM previously, the distribution of 

GtACR1::YE at the larval NMJ, especially at the boutons, was checked. In 

contrast to ChR2XXM::tdtomato, GtACR1::YE shows a less even distribution at 

the NMJ with some parts appearing as clustered photoprotein (arrowheads in 

Fig. 19) on the presynaptic side.  
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3.3.2 Electrophysical recordings at the larval NMJ 

Here in particular, the inhibiting effect of GtACR1::YE expressed in the larval 

motoneuron was demonstrated. In accordance to earlier publications on 

GtACR1 it was found that GtACR1::YE behaves very sensitive to light (490 nm, 

cyan). Indeed, a light intensity as low as 1 µW/mm2 of cyan light (490 nm) led, 

independent from given frequencies (10 Hz, 30 Hz), to complete extinction of all 

eEPSCs, in this setup (Fig.20.A,B).  

 

 
Figure 20 | Extinguishment of eEPSCs by GtACR1::YE 

3rd instar larvae were prepared for electrophysiology and the corresponding nerve of 
the clamped muscle was stimulated via a suction electrode. While the nerve was 
stimulated at different frequencies the nerve was also irradiated by cyan light (490nm, 
A, B) at the lowest possible intensity (0.5 µW/mm2 ). Stimulation artefacts were 
removed for clarity. (A,B) Cyan light silenced eEPSCs completely and instantly when 
applied on experimental larvae. Therefore, stimulation of GtACR1::YE in motoneurons 
leads to inhibition of electrical transmission. Arrowheads indicate observed shift of 
Baseline (cf. MSc-Thesis of S. Dannhäuser 2016). 
 

Furthermore, if mixed/white light was employed, varying the intensity of applied 

light could control the level of inhibition in the larval motoneuron very effectively 

(Fig. 21). In this ‘white light’ setup only high and low light intensity was defined. 
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To reach a higher resolution in time a 30 Hz stimulation frequency was used 

and a reduction of the resulting eEPSC amplitude depending on the light 

intensity was found. This demonstrates that at a given light intensity GtACRs 

may interfere very precisely within cellular communication beyond switching a 

cell/neuron simply ‘off’. 

 

 
Figure 21 | Extinguishment of eEPSCs using white light and GtACR1::YE 

Preparation as described earlier for cyan light setup. Stimulation artefacts were 
removed for clarity. Graph indicates that reduction of eEPSC amplitude is directly 
proportional to activation of GtACR1. In contrast to pure cyan light stimulation white 
light irradiation shows an increment of inhibition. Therefore the intensity of the white 
light was increased while EPSCs were triggered until a plateau of complete eEPSC 
inhibition was reached, then light intensity was reduced until eEPSCs could be evoked 
as before light stimulation (cf. Dannhäuser 2016). 
 

As emphasised in Fig. 20, a conspicuous baseline-shift during stimulation of 

GtACR1::YE in the larval motoneuron was observed. Surprisingly, this baseline-

shift deviates in the same direction as excitatory currents, something that was 

not expected though GtACR1 is described as a Cl--conducting channel. 

Therefore, GtACR1::YE driven directly in the muscle to the original genotype 

was compared to exclude possible disruptive factors of synaptic transmission. 

Additionally an ‘undriven’ GtACR1::YE was employed as a control. 
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Figure 22 | Depolarisation of larval muscles carrying GtACR1::YE 

A) Peak depolarisation in muscle tissue of larvae expressing GtACR1::YE on the 
presynaptic side (ok6-Gal4), postsynaptic side (G7-Gal4) or larvae carrying only the 
UAS-GtACR1::YE complex without targeted expression in any larval tissue. Data 
shown as mean ± SD. (B) Sample traces of depolarisation plateau measured in ok6-
Gal4 > UAS-GtACR::YE and G7-Gal4 > UAS-GtACR1::YE Drosophila larvae. Arrow in 
(A) indicates irradiance of sample traces (3.5 µW/mm2). 
 

The same ‘extent of baseline-shift’ or rather depolarisation in muscle cells in the 

‘undriven’ GtACR1 larvae as in the larvae expressing GtACR1::YE in 

motoneurons could be found. Furthermore, ten times higher shifts in the 

baseline potential were observable if GtACR1::YE was expressed directly in the 

muscle cell and activated by cyan light as compared to the other experimental 

groups.  

 

This observation might lead to two conclusions. First, some GtACR1::YE is 

even expressed functionally without the use of a common driver line. An effect 

which was also described lately by Mohammad et al. (2017). Secondly, the 

activation of GtACR1::YE - a selective chloride-conducting channel - leads to 

excitatory changes of the membrane potential in the muscle, whereas it inhibits 

in the motoneuron. Therefore, depending on the cell population and different 

intracellular chloride concentrations, the resulting effect of GtACR activation 

spans from distinct inhibition to depolarisation. As a consequence, chloride 

concentrations of the used cell population should be analysed, if not known, 

before employing GtACR.  
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3.3.3 Larval behaviour 

In addition to electrophysiological experiments and stainings, simple behaviour 

patterns of larvae expressing different tagged GtACR1s in motoneurons were 

also analysed. Therefore, in addition to GtACR1::YE, a GtACR1 fused to a Flag 

tag was employed and expressed in larval motoneurons.  

 

 
Figure 23 | Larval immobilisation by GtACR1::YE or GtACR1::Flag 

(A) Bar chart indicates a slightly significant delay (p = 0.0202, n = 30) until effective 
immobilisation occurs of larvae expressing GtACR1::YE as compared to GtACR1::Flag 
(ok6-Gal4 was used to drive expression in motoneurons). Light intensity of 1 mW/mm2 
at 470 nm wavelength. (B) No significant differences were found between both groups 
when the light was switched off until larval remobilisation occurred (p > 0.05, n ≥ 24). 
Data acquired by S. Dannhäuser (Dannhäuser, 2016). 
 

Immobilisation and relaxation (increased body length) due to light exposition 

could be observed. Furthermore, illumination (1 mW/mm2; 470 nm) of larvae 

expressing GtACR1::YE or GtACR1::Flag showed slightly significant differences 

until effective immobilisation occurred (Fig. 23.A), even though all tested larvae 

immobilised within 1 sec. The difference observed in the immobilisation time 

has been discussed previously (Dannhäuser, 2016). It was referred to the 

additional endoplasmatic reticulum export signal (expressed along with the YFP 

signal), which may lead to better expression at the axonal terminals 

(Dannhäuser, 2016). However, no significant differences of the remobilisation of 

the larvae after the light source was switched off could be observed (Fig. 23.B).  
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4 Discussion

4.1 Channelrhodopsin2-XXM 

4.1.1 Channelrhodopsin2-XXM – a new optogenetic tool 

In this thesis it could be shown that Channelrhodopsin2-XXM is a useful tool 

with high accuracy in time. ChR2XXM helped to investigate reasons for 

malfunctioning of the Drosophila chordotonal organ and clarify intracellular 

signalling by dCIRL, in dCIRLKO mutants, which will be discussed later on. 

 

Operating in a determined part of an in vivo (neuronal) system with very high 

temporal precision and minimized irritation of surrounding tissue are the main 

development goals for optogenetic tools. For example, the Drosophila 

chordotonal organ is not only sensitive to proprioception but also to heat 

(Sokabe and Tominaga, 2009) which could appear as a problem if common 

ChR2-wt was employed. As reported previously, this channel is activated at 

high light intensities. Thus, care has to be taken to identify possible heat-

induced side effects. Hence, an optogenetic tool that works efficiently at low 

light intensity levels but without restrictions in temporal precision was needed. 

As a result, Channelrhodopsin2-XXM was chosen as an attractive tool for this 

particular purpose (even though it offers slightly reduced temporal precision 

compared to ChR2-wt). 

 

Three main characteristics of ChR2XXM could be figured out. First, it is very 

sensitive to low light intensities in vivo (from 3 µW/mm2 if ATR is 

supplemented). Second, it possesses a high temporal precision and third, it 

works sufficiently even over longer periods of irradiation. To give an example on 

high precision and sensitivity: it could be demonstrated that a 1 µW/mm2 and 50 

ms light pulse is sufficient to trigger one single eEPSC at the Drosophila NMJ 

(Fig. 11.B). Furthermore, if the pulse duration was reduced to 1 ms and the light 

intensity was increased to 40 µW/mm2 a sufficient 10 Hz stimulation could be 

carried out (Fig. 11.C). 
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Figure 24 | Expression and kinetics of ChR2-XXM in Xenopus Oocytes 

Data acquisition by G. Nagel and staff. (A) Expression of ChR2-WT::YFP and ChR2-
XXM::YFP in Xenopus oocytes (without ATR supplementation) imaged by confocal 
microscopy. (B) Representative photocurrents of ChR2-XXM::YFP in oocytes (473 nm, 
~12.4 mW/mm2). Short light pulses are followed by a rapid biphasic photocurrent decay 
(toff1: 80%, toff2: 20%), whereas the longer time constant (toff) dominates upon prolonged 
photostimulation. Data shown as mean ± SD, n = 4 recordings from individual oocytes 
incubated with 1 mM all-trans-retinal. (C) Quantification of photocurrent amplitudes in 
oocytes with and without retinal supplementation. Data presented as mean ± SEM. All 
data and description shown are recently published in (Scholz et al., 2017). 
 

The characteristics of ChR2XXM are due to an extraordinary high protein 

expression and membrane binding ability as compared to ChR2-wt (cf. Fig. 

24.A) in addition to a prolonged open-state lifetime. Alterations of the ChR2XXM 

photocycle result from a genetic change in the amino acid sequence that leads 

to an altered structure of the hydrogen bond in Channelrhodopsin-2. The 

hydrogen bond forms between C128 in Helix 3 and D156 in Helix 4 (Berndt et 

al., 2009; Bamann et al., 2010; Schneider et al., 2015). Bamann et al. could 

show that alterations of C128 or D156 lead to increased open states and 

therefore a drastically changed photocycle, whereby alternating of D156 leads 

to increased photostimulation efficiency. Therefore this key amino acid region is 

very interesting to screen for other ChR2 mutations with alternations in light 

sensitivity and stimulation efficiency.  

 

Obviously, there are Channelrhodopsin variants that show some of the 

mentioned characteristics but lack others if used in an in vivo system. Earlier 
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described variants, for instance, the original ChR2 lacks light sensitivity (e.g., it 

has no detectable effect on adult Drosophila if expressed in motoneurons) and 

sufficiency over longer periods of stimulation. Another example is the recently 

described ChR2XXL (replacement of aspartic acid with cysteine at position 156 – 

D156C), which is extremely sensitive to light and displays very good expression 

of the protein but lacks the temporal precision (Dawydow et al., 2014). In fact, 

short weak light pulses of blue light (5 µW/mm2) lead to detectable eEPSCs for 

approximately 70 s. Nonetheless, ChR2XXL is an attractive tool for long-lasting 

stimulations at extremely low light intensities. 

  

In this study, aspartic acid at position 156 was replaced by a histidine (D156H). 

This mutation leads a medium open-state lifetime and an increased expression 

of the protein compared to ChR2-wt even without the supplement of all-trans-

retinal chromophore (Fig. 24.A). The chromophore ATR is linked to lysine 257 in 

helix 7 and has to be available in the cell during the protein expression of 

Chop2-wt otherwise Chop2-wt degrades and can not form ChR2-wt. Because of 

this degradation process, which is seen in Drosophila due to insufficient levels 

of intracellular ATR, ChR2-wt can only be effectively employed if high amounts 

of ATR are supplemented. However, the expression of ChR2-wt at the larval 

NMJ remains still low compared to ChR2XXM or ChR2XXL (Schroll et al., 2006; 

Pulver et al., 2009; Ljaschenko et al., 2013).  

 

It was also shown that some mutants are somewhat resistant to degradation 

and are able to bind ATR as a chromophore if added later (Ullrich et al., 2013). 

This leads to better initially protein expression of the mutated channels at the 

cell membrane and improved functionality (Dawydow et al., 2014). For ChR2XXM 

this also seems to be true. Interestingly, if ChR2XXM was tagged with a 

photoprotein, supplement of ATR was needed to reach the same functionality 

as the untagged ChR2XXM. Possibly this is due to interferences between 

phototagged Chop2XXM and the chromophore.  
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The Initially performed characterisation of ChR2XXM in Xenopus laevis oocytes 

displayed pinpoint accuracy of channel kinetics (10 ms: 𝜏off1 = 11 ± 1.2 ms SD, 

𝜏off2 = 1.1 ± 0.1 s SD, Fig.24.B) and, most important, a ten-fold increase of the 

photocurrent amplitude compared to ChR2-wt. ChR2XXM as a new powerful 

variant of ChR2 can be classified nearby ReaChR (red-activatable ChR; Lin et 

al. 2013) if earlier performed comparisons are taken into account (Dawydow et 

al., 2014). Nevertheless, a full body contraction of larvae longer than 100 s 

needs approximately 20-fold more light irradiance if ReaChR is expressed in 

larval motoneurons (2 µW/mm2 at 460nm vs. ~ 40 µW/mm2 at 623nm). 

 

To sum up, ChR2XXM extents the variety of Channelrhodopsins by one ChR with 

pinpoint accuracy at low light intensities and a wide field of possible 

applications. 

 

4.1.2 Mechanosensation by light – ChR2-XXM in the Ich5  

Since Channelrhodopsins are easy applicable tools for direct well-controlled cell 

depolarisation, ChR2XXM, as a new and effective optogenetic tool that enables 

convenient accessibility to the ChO, could be employed. Imaging of the larvae 

expressing ChR2XXM::tdtomato in their Ich5 (iav-Gal4) revealed strong 

expression of the protein along the dendrites of the Ich5. Moreover, expression 

of ChR2XXM::tdtomato till the projection neuron in the VNC of the larvae was 

found, which allows reliable conclusions on an even distribution of the protein 

along the whole pathway.  

 

Since it could be shown that defects of dCIRL lead to an altered 

mechanosensation the chordotonal organ (Scholz et al., 2015), ChR2XXM was 

employed to differentiate to what extent signal transduction or transmission (or 

both) is affected in dCIRLKO larvae. In detail, ChR2XXM was used to ‘by-pass’ 

signal transduction of the ChO (it causes directly changes of the membrane 

potential). The definite effect of dCIRL on signal perception and the chordotonal 

organ itself will be discussed in chapter 4.3.  
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4.2 GtACR 

4.2.1 Use of GtACR as an optogenetic inhibitor tool 

In this thesis the inhibitory power of GtACR1, a Cl--conducting 

Channelrhodopsin, was evaluated precisely. As described in recent publications 

our data supports the observation that GtACR1 is a very effective 

hyperpolarizing/silencing tool at low to very low light intensities (Sineshchekov 

et al., 2015). GtACR1 is very efficient in extinguishing electrically triggered 

eEPSCs in the motoneurons of Drosophila larvae. The used GtACR1::YE was 

sufficient in supressing eEPSCs completely at all time and at all intensities 

tested (lowest intensity 0.5 µW/mm2 at 490 nm). Furthermore, control of the 

‘inhibition level’ was possible very smoothly by an employed white light source 

(Fig. 21). Here a decrease in eEPSCs amplitudes as a function of higher light 

intensity was detected. Differences that could be observed in behavioural 

experiments (cf. Fig. 23.A,B) between GtACR::YE and GtACR::Flag may arise 

from the fact that the YE is a YFP, combined with an endoplasmatic reticulum 

(ER) export signal to lead to a better cellular expression (cf. Klapoetke et al. 

2014). In fact, beside the significant difference in behaviour (Fig. 23.A) an 

increased localisation at the larval NMJ could be observed by confocal imaging 

(Dannhäuser, 2016). In sum, GtACR1 is an attractive tool if very precise control 

of single neurons in a complex network is needed, e.g. to simulate realistic 

communication in a neuronal network even with precise control of amplitudes.  

 

4.2.2 ‘Baseline-shift’ as a mentionable side effect of GtACR 

Interestingly, it could be noticed that stimulation of GtACR leads to a detectable 

positive shift of the baseline. This observation could not be brought into 

accordance with chloride conduction along the motoneuron terminal boutons. 

Therefore, it was hypothesised that either the used motoneuron driver line (ok6-

Gal4) has some off-target expression in the larval muscle tissue or the used 

UAS-construct (UAS-GtACR1) has some leak-expression in other relevant 

larval tissues. Initially, the conspicuous ‘baseline-shift’ was assumed to be most 
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likely to leak-expression of the UAS-construct, because the motoneuron driver 

line (ok6-Gal4) is broadly used and well characterised. Actually, the same 

plateau depolarisation if stimulated ‘undriven’ UAS-GtACR1 and even 

significantly stronger if expressed GtACR1 directly in larval muscle tissue (G7-

Gal4) was found. This leads to the conclusion that the observed depolarisation 

is an effect of direct GtACR stimulation in larval muscle tissue and 

accompanying an effect of leak-expression if GtACR is not expressed in the 

muscle tissue. Subsequently, it was tried to detect the photoprotein (YFP) by 

immunofluorescence microscopy, but no signal of GtACR1::YE could be 

detected without staining.  

 

To sum up, observations lead to two main questions or even obstacles. First, 

how could activation of a high selective Cl--conduction channel result in 

immense depolarisation of the larval muscle tissue? Second, if the used UAS-

GtACR1 construct leads to relevant leak expression in larval (muscle) tissue 

could it also lead to even more delicate side effects? For example, if UAS-

GtACR1 has also relevant expression in the VNC or just parts of it, behavioural 

settings using this construct (and genomic injection side) have to be 

reconsidered. However, due to the exceptional expression of UAS-GtACR1 

‘side-effects’ arise as a consequence, because a possible leak-expression is 

boosted, too. 

 

Even though no leak expression of GtACR1::YE using confocal microscopy was 

detectable and therefore possible ‘areas of leak-expression’ could not be 

identified, a reconstruction (e.g. change of the genomic injection side) of the 

UAS-GtACR1 carrying fly line is strongly recommended, because sensitivity of 

confocal microscopy is much lower compared to electrophysiology. Anyhow, the 

previously described ‘baseline-shift’ can be assumed as direct channel kinetics, 

therefore it had to be admitted that a gradient for chloride from the inside to the 

outside of the cell was the reason for depolarisation via GtACR1. Side effects of 

other metal cations or even protons could be excluded with reasonable 

certainty, because GtACR1 is known to be highly chloride selective 
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(Govorunova et al., 2015; Sineshchekov et al., 2015). However, GtACR1 is 

permeable for the following anions in descending order: 

 

NO3- > I- > Br- > Cl- > F- > SO42- 

 

Whereby GtACR1 is shown to be impermeable for SO42-. Therefore, it could not 

be confirmed fully that the strong depolarisation was just due to potential 

chloride efflux, even though high concentrations of NO3-, I- or Br- in Drosophila 

larval muscle cell were not expected. 

 

Anyhow, specific studies on muscle tissue of mammals could show that smooth 

muscles contain more chloride than expected if chloride would distribute 

accordingly to the Donnan equilibrium (Chipperfield and Harper, 2000). 

Moreover, paradox effects of optogenetic inhibition tools in hippocampal 

neuronal tissue have been described very recently (Mahn et al., 2016; Wiegert 

and Oertner, 2016) showing that GtACR1 expression leads to depolarisation at 

bouton level due to higher chloride concentrations inside the boutons compared 

to the soma (where GtACR1 triggers an inhibiting effect). To clarify this, 

experiments with high/low external chloride concentrations and a setup 

concerning intracellular electrolyte analysis would be desirable.  

 

These experiments indicate that inhibitory tools that interfere mainly with 

chloride ions may generate delicate effects, even the contrary effect as initially 

intended. Therefore, to reduce possible side effects, an optogenetic tool is 

needed, that interferes with neurons/cells mainly via changes of potassium 

concentration, because in most cases potassium works as a physiological 

counterpart of sodium (or calcium) induced excitation. 
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4.3 Chordotonal organ and dCIRL 

In this thesis ChR2XXM was employed to investigate the distinctive function of a 

recently intensively studied adhesion GPCR – dCIRL/Latrophilin - in the 

chordotonal organ of Drosophila melanogaster in more detail. As mentioned 

before, ChR2XXM paved the way to direct non-invasive stimulation of the 

chordotonal organ of Drosophila melanogaster larvae. Experiments carried out 

in this thesis demonstrate that a direct activation of the Ich5 by light induced 

depolarisation is sufficient to lead to a prolonged ‘startle-response’ in 

Drosophila larvae (Fig. 17.A). Since the ‘startle-response’ physiologically arises 

from an adequate (mechanical) stimulus of the chordotonal organ (Zhou et al., 

2012; Scholz et al., 2015) this behaviour pattern can be used as an indicator of 

sufficient in vivo activation of the Cho. Furthermore, ChR2XXM and 

ChR2XXM::tdtomato work sufficiently at low light intensities (3 µW/mm2 were 

used for in vivo experiments), therefore heat effects as described in earlier 

studies, could be justifiably neglected (Liu et al., 2003; Kwon et al., 2010; 

Barbagallo and Garrity, 2015).  

 

Interestingly, the effect of direct ChO activation from optical irritation behaviour 

could not be distinguished initially. No significant differences between larvae 

expressing ChR2XXM::tdtomato in their ChO compared to control larvae (UAS-

ChR2XXM::tdtomato crossed to wt) at higher light intensities (data not shown) 

were found. Subsequently, blue light irradiation to the minimal possible level 

where ChR2XXM still works effectively (2-3µW/mm2) was reduced. Thus, it was 

possible to detect strong significant differences between the two experimental 

groups and it could be concluded that direct depolarisation of the ChO by 

ChR2XXM leads to larval behaviour similar to mechanical activation of the Ich5. 

Moreover, earlier publications could demonstrate that knockout of dCIRL 

(dCIRLKO) results in extensive ‘head-swing behaviour’ or ‘startle response’ 

leading to complete deregulation of larval locomotion due to a profoundly 

reduced mechanosensation (Scholz et al., 2015).  
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Figure 25 | Electron microscopy and temperature sensation of the ChO 

 (A) Electron micrograph of Ich5 in dCIRLlRescue and dCIRLKO animals (B) show no 
detectable morphological differences. The organ consists of a chain of support cell 
types that suspend the mechanosensory neurons (blue) between body wall and 
musculature. Scale bars 10µm. (C,D) Quantification of action current frequencies 
without (C) and with mechanical stimulation (D) in control (black) and dCIRLKO larvae 
(gray). Asterisk denotes p ≤ 0.05 comparing event frequency at 20 °C with a Student’s 
t- test. Data are presented as mean ± SEM, n = 8 per genotype. EM-recordings, graphs 
and graph description (partly) taken from Scholz et al. 2017 (Scholz et al., 2017). 
 

Since it remained unclear if the dCIRLKO mutation as well has an effect on the 

chordotonal organ itself or if only the peripheral signal perception mediated by 

latrophilin is impaired, the employment of ChR2XXM could elucidate these 

questions. Electrophysiological recordings from the Ich5 revealed no significant 

differences in event frequency at certain light intensities in dCIRLKO larvae or 

controls expressing ChR2XXM::tdtomato in their chordotonal organs. 

Correspondingly, signal transmission in and after the Ich5 remains unaffected in 

these larvae. Further observations that dCIRLKO showed no altered 

thermosensation between 15 °C – 30 °C support the conclusion that dCIRL has 

a mechano-specific role in the chordotonal organ (Fig. 25.C,D; Scholz et al. 

2017). Moreover, electron micrographs could not show any morphological 

defects of the chordotonal organ in dCIRLKO Drosophila larvae (Fig. 25.A,B). 

These observations along with the findings that elongation of the N-terminal 

fragment of dCirl results in reduced action current frequencies may lead to the 

deduction that the ‘operating range’ of dCIRL is most likely to be constrained 
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between cutis and the chordotonal organ itself. Moreover, subsequent 

performed experiments in the corresponding paper to this thesis could clearly 

show that high cAMP levels ‘muted’ the functional response of the chordotonal 

organ similar to dCIRLKO mutants (Scholz et al., 2017). Additionally, mechanic 

stimulation of wildtype neurons triggered a cAMP decrease that was missing in 

dCIRLKO larvae, indicating that dCIRL shapes mechanosensation by activity 

dependent suppression of cAMP (Scholz et al., 2017). 
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4.4 Clinical relevance of this thesis and Outlook 

4.4.1 Application of optogenetic tools for therapeutic purposes 

Optogenetic tools nowadays have a wide spectrum of functionality and thus a 

versatile field of application. For example, they can be used for long-lasting 

stimulation (Dawydow et al., 2014) or in setups where pin-point accuracy in time 

is required (Kleinlogel et al. 2011; Scholz et al. 2017). Additionally, there are 

optogenetic effectors that may interfere with second messenger pathways with 

high precision (Stierl et al., 2011; Gao et al., 2015). Thus, optogenetics deliver 

an easy accessible method to interfere with a well-defined cell population in 

many different ways. 

 

However, clinical usage of optogenetic tools to treat movement disorders (e.g. 

Parkinson’s disease, dystonia or choreatic movements) or neuropsychiatric 

disorders (e.g. depression, schizophrenia or dementia) is still not established. 

This is probably due to ethical concerns and technical problems to integrate 

Channelrhodopsins vector based in a particular area of the human brain, 

though ChR2 has been already proven to integrate successfully in human brain 

tissue (Andersson et al., 2016). Moreover, optogenetic tools are on their way to 

be used in a therapeutic manner. For example, it is already possible to integrate 

ChR2 in retina ganglion cells of photoreceptor deficient animals (Bi et al., 2006). 

It is even possible to restore hearing impairment by the use of ChR2 (Shimano 

et al., 2013). These few examples already demonstrate the clinical relevance of 

this technique. But compared to the human brain, these structures are relatively 

easy to access and modify, although there are already minimal invasive 

methods to intervene with human brain tissue.  

 

A well-known example is deep brain stimulation (DBS) where an electrical field 

is generated to interfere with specific structures in the brain (basal ganglia) to 

mainly treat movement disorders. This technique is broadly accepted as a well-

established therapeutic procedure (Perlmutter and Mink, 2006) with very good 

benefit for patients, e.g. with Parkinson’s disease (Volkmann et al. 2001 and 
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2007). It would be very interesting to examine if this approach could be 

improved further in precision and thus in the resulting therapeutic effect by 

integration of optogenetic proteins in specific areas of the human brain tissue. 

But therefore network studies of the relevant neuronal circuits in mammalians 

are inevitable to define exact pathways where ‘light-inducible channel proteins’ 

could be integrated to evoke a determined clinical effect and to reduce 

unwanted side effects. 

 

Moreover, optogenetic approaches are a very effective way to define exact 

pathways in model organisms but they are not suitable for clinical usage in the 

central nervous system at the current stage. One main reason for this is that 

optogenetic tools have not been shown to be ‘safe’ for application in the human 

central nervous system. However, there are already methods that deliver the 

light to the exact anatomical structure (Dufour and De Koninck, 2015; Segev et 

al., 2016) even wirelessly (Wentz et al., 2011; Montgomery et al., 2015; Park et 

al., 2015) and genetic applications like the recombinant adeno-associated virus 

(rAAV) that allow the integration of ChR in specific anatomical structures. But 

yet, further genetic and technological research is needed to achieve an even 

better accuracy in utilisation of the given optogenetic tools. Even though, (red-) 

sensitive optogenetic tools already exist which can be activated through an 

intact skull of an awake mouse (Lin et al., 2013), they still need extremely high 

light intensities. Therefore, further improvement of Channelrhodopsins that offer 

a high spatiotemporal resolution, like chETA [E123T, up to 200Hz; (Gunaydin et 

al., 2010)] or the double mutant E123T/T159C [up to 60 Hz;(Berndt et al., 

2011)] but work, in contrast to chETA or the double mutant, sufficiently at very 

low light intensities (to reduce heat side-effects) is desirable. An example of a 

ChR that may fulfil these criteria is ChR2XXM even though the spatiotemporal 

resolution has not been tested to this extend (Scholz et al., 2017). 

 

However, utilisation of optogenetic tools is not limited to the central or 

peripheral nervous system. There are existing applications of light sensitive 

channel proteins to heart muscle cells or skeletal muscle cells to either regulate 
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malfunction or control movements very accurate (Bruegmann et al., 2010, 2015, 

2016; Pianca et al., 2017). 

 

Nevertheless, optogenetics are just one way to obtain control of a distinct 

neuronal (or other) cell population. Research in further easy accessible and 

controllable ‘channel proteins’ should have high priority.  For example, gaining 

control of neuronal populations by ultra sound or, as already possible, 

magnetothermally (Chen et al., 2015) could also be very useful. Since, initially 

no “application device” like fibre optics or electrodes is needed, even to the 

price of possible local heat development and as consequence thereof cell 

damage. 

 

With respect to the very fast development and improvement of optogenetics in 

the last decade, there will be definitely further path breaking innovations in 

fundamental and clinical research. 

 

4.4.2 Latrophilin  

Recent investigation of Latrophilin (dCIRL) demonstrates that Latrophilin works 

as a crucial regulation protein for incoming stimuli. Since, aGPCRs are the 2nd 

largest class of the seven trans-membrane receptor family and expressed 

ubiquitously in mammalians and invertebrates, it is only a matter of time until 

aGPCRs will be used in greater extent as pharmacological targets (Langenhan 

et al., 2016). In this context, one can think of poorly understood clinical 

syndromes probably caused by defects or malfunctioning in CIRL or other 

aGPCRs.  

 

Therefore, further research could reveal new highly potent pharmacological 

targets and also a better understanding of undertreated diseases or to be more 

precise in diseases associated with mechanosensory deficits. Thereby diseases 

characterised by a malfunctioning nociceptive system should be of major 

interest since nociceptive perception is an important part of the 
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mechanosensory system. Furthermore defects in nociception constitute a broad 

spectrum of undertreated and not sufficiently understood clinical syndromes 

that are very sorrowful to affected patients (Sommer, 2016).  
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5 Summary

Since Channelrhodopsins has been described first and introduced successfully 

in freely moving animals (Nagel et al., 2003 and 2005), tremendous impact has 

been made in this interesting field of neuroscience. Subsequently, many 

different optogenetic tools have been described and used to address long-

lasting scientific issues. Furthermore, beside the ‘classical’ Channelrhodopsin-2 

(ChR2), basically a cation-selective ion channel, also altered ChR2 

descendants, anion selective channels and light-sensitive metabotropic proteins 

have expanded the optogenetic toolbox. However, in spite of this variety of 

different tools most researches still pick Channelrhodopsin-2 for their 

optogenetic approaches due to its well-known kinetics.  

 

In this thesis, an improved Channelrhodopsin, Channelrhodopsin2-XXM 

(ChR2XXM), is described, which might become a useful tool to provide ambitious 

neuroscientific approaches by dint of its characteristics. Here, ChR2XXM was 

chosen to investigate the functional consequences of Drosophila larvae lacking 

latrophilin in their chordotonal organs. Finally, the functionality of GtACR, was 

checked at the Drosophila NMJ. For a in-depth characterisation, 

electrophysiology along with behavioural setups was employed.  

 

In detail, ChR2XXM was found to have a better cellular expression pattern, high 

spatiotemporal precision, substantial increased light sensitivity and improved 

affinity to its chromophore retinal, as compared to ChR2. Employing ChR2XXM, 

effects of latrophilin (dCIRL) on signal transmission in the chordotonal organ 

could be clarified with a minimum of side effects, e.g. possible heat response of 

the chordotonal organ, due to high light sensitivity. Moreover, optogenetic 

activation of the chordotonal organ, in vivo, led to behavioural changes. 

Additionally, GtACR1 was found to be effective to inhibit motoneuronal 

excitation but is accompanied by unexpected side effects. These results 

demonstrate that further improvement and research of optogenetic tools is 

highly valuable and required to enable researchers to choose the best fitting 

optogenetic tool to address their scientific questions.  
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7 Abbreviations 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid   HEPES  

Active zone        AZ 

Adhesion G-Protein coupled receptors     aGPRC  

All-trans-retinal       ATR 

arrestin-2, rhodopsin, alpha-subunit of the G protein  ‘chARGe’ 

attenuation of the amplifier      K 

Bruchpilot         Brp 

calcium         Ca2+   

calcium chloride        CaCl2   

CAZ-associated structural protein     CAST   

cell capacitance        Cm 

Channelrhodopsin       ChR 

Channelrhodopsin-2 wild type     ChR2-wt 

Channelrhodopsin2-XXM      ChR2-XXM 

chimera of ChR1 and ChR2     C1C2  

Chordotonal organ       ChO 

ChR2-E123T accelerated      ChETA 

command potential        Vcmd  

Cyclic adenosine monophosphate    cAMP 

Cyclic guanosine monophosphate    cGMP 

cytomatrix of the active zone      CAZ 

deep brain stimulation      DBS 

di-sodium hydrogen phosphate      Na2HPO4 

direct stochastic optical reconstruction microscopy  dSTORM 

disc large         Dlg  

Drosophila latrophilin      dCIRL 

Drosophila latrophilin knock-out     dCIRLKO 

electron microscopy       EM  

endoplasmatic reticulum      ER 

evoked excitatory postsynaptic current     eEPSC  

extracellular domain       ECD  
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for example, exempli gratia      e.g.  

Förster resonance energy transfer    FRET 

G-Protein coupled receptors      GPCR  

gain          µ 

glutamate receptors       GluR 

GPCR-Autoproteolysis-INducing-domain   GAIN-domain 

Guillardia theta anion-conducting Channelrhodopsin   GtACR  

haemolymph-like solution 3     HL-3 

Horse radish peroxidase      HRP 

INACTIVE        iav 

intersegmental nerve      ISN 

kilo Dalton        kDa 

light emitting diode       LED 

magnesium chloride       MgCl2  

mega Ohm         MΩ  

membrane associated guanylat kinase     MAGUK 

membrane potential       Vm  

membrane resistance       Rm  

microelectrode        ME1 

micrometre        µm (10-6 meter) 

microwatt        µW (10-6 Watt) 

millimetre         mm  

millimolar         mM  

Millivolt        mV 

molar          M  

Neurexin        Nrx 

neuromuscular junction      NMJ 

no membrane potential C      NOMPC 

normal goat serum        NGS 

paraformaldehyde        PFA  

pentascolopidial chordotonal organ     Ich5 

phosphate buffered saline       PBS  
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postsynaptic density       PSD 

potassium chloride       KCl 

proportional resistance of ME2      Rp2  

Rab3 interacting molecule      RIM 

recombinant adeno-associated virus     rAAV 

red-activatable Channelrhodopsin    ReaChR 

Red-fluorescent protein      RFP 

RIM-binding protein       RBP 

room temperature       RT 

segmental nerve       SN 

silver         AG 

silver-chloride        AgCl 

sodium bicarbonate       NaHCO3  

sodium chloride        NaCl 

sodium di-hydrogen phosphate      NaH2PO4  

sodium hydroxide        NaOH  

standard deviation        SD  

stimulated emission depletion     STED 

subsynaptic reticulum       SSR 

synaptic vesicles        SV 

that is, id est         i.e.  

time          𝛕  

transient receptor potential      TRP 

transverse nerve       TN 

Two-electrode voltage clamp      TEVC  

type I big boutons        Ib 

type I small boutons      Is 

ventral longitudinal body wall muscles     VLM 

ventral nerve cord       VNC 

voltage-gated calcium channel     VGCC 

water         H2O 

wildtype        wt  
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