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1. Abstract 

With 800 million people suffering from hunger, new innovative crop protection products are 

required to ensure food supply and stop hunger.  

The voltage-sensitive sodium channel (VSSC) was shown to be a safe and effective insecticidal target 

in over 40 years of intensive use of pyrethroids. Arising pyrethroid-resistances, however, require the 

development of new resistance-breaking VSSC modulators. For this purpose, a new high throughput 

screening assay was developed to screen over 1.000.000 compounds. Channelrhodopsin 2 (ChR2), a 

light-activated ion channel, was implemented to activate the sodium channel. Optimizing light pulse 

protocols facilitated the identification of weak and state-dependent modulators.  

After performing the screen, the potential hits were biochemically characterized. Automated patch 

clamp technology was used to validate 2000 potential HTS hits. A tailor-made pulse protocol enabled 

the detection of true VSSC modulators. Subsequently, purified hits and close analogs were 

characterized using fluorescent and electrophysiological readouts. Two different cell lines were used 

to identify resistance-breaking potential and selectivity to one human analog. An injection assay 

monitored potential in vivo efficacy on pest-relevant caterpillars (Spodoptera frugiperda). Finally, one 

hit class was found, showing the following required properties: high selectivity towards the human 

channel NaV1.7, resistance-breaking potential and already strong intrinsic in vivo efficacy. Chemical 

optimization of the hit has started and delivered plausible structure-activity relationships. The in vitro 

activity was thereby matching the in vivo activity.  

In this thesis, mutagenesis studies were implemented to identify the binding site of a new insect-

selective VSSC modulator. A couple of different mutations were created to gain a loss of sensitivity 

towards the modulator by humanizing the insect VSSC. A significant reduction in the response of the 

compound was observed, narrowing down the binding site to a small area. Further experiments must 

be performed to elucidate the binding site. 

In the last part of my thesis, the exact binding site of two different Slo-channel modulators was 

identified in cooperation between the Max Planck Institute Dortmund and Bayer. With the data this 

thesis provides, we were able to characterize the electrophysiological behavior of emodepside and 

verruculogen. The resolved cryo-EM structure helped to understand their mechanism of action and 

explained the interaction between both compounds. Through further mutagenesis studies 

performed at the Slo channel, we gained more profound insights into the mode of action of 

verruculogen and highlighted the importance of the gating threonine for the Slo channel. 
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2. Introduction 

2.1 Crop protection and insecticide market 

In the last 50 years, the worldwide population almost doubled, while the area used for farming 

remained stable. Therefore, the efficiency of agriculture had to increase strongly.1,2 According to 

Oerke, 35 % of the global crop yield is lost to pests even before harvest, with additional losses during 

storage.3,4 The application of innovative crop protection products could help to counteract this 

trend.5 Pesticide use worldwide has increased 15 – 20 fold over the last years, showing the market 

potential of sustainable crop protection products.3,5 The market value of insecticides in 2022 was 

9.12 billion, indicating the market potential of new blockbuster products.6  

 

 

Figure 1 - Development of resistances over the last century7 
 

The rising occurrence of insecticide resistance is one of the main reasons for developing new 

insecticides.8 In Figure 1 development of resistances among crop protection products is shown for 

different branches.8 Insecticidal resistance was first reported by Melander in 2014 to lime sulfur.9 

Since the first application of synthetic insecticides in the 1940s, the number of resistances raised 

rapidly due to intensive and uncontrolled use. As a response, the insecticides resistance action 

committee (IRAC) was founded by several agrochemical companies, including Bayer, to monitor 

resistance and suggest how to use the different agents and modes of actions (MoAs) responsibly. 7,8  

Modern crop protection products require a fast response time between application and effect.10 
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Especially insecticides addressing neurological targets have been proven to cause rapid responses 

due to their devastating effects on the insects’ nervous system. The response times mainly depend 

on the immediate responses of ion channels, leading to fast protection against the crop being eaten.8 

In Figure 2, the market share among the different modes of action (MoA) is shown. It depicts the 

relevance of neurological targets and in particular ion channels. Seventeen percent of the market 

share comprises pyrethroids and VSSC blockers (indoxacarb), showing the importance of the voltage-

sensitive sodium channel (VSSC) as target.  

 

 

Figure 2 - Market share of MoAs divided by target tissues and compound classes (2020)7  
Blue: modulators targeting the nerves and muscles, green: modulators targeting growth and 
development, red: modulators targeting the respiration, yellow: modulators targeting the midgut, 
gray: mode of action unknown. Pyrethroids and VGSC blockers (indoxacarb) are building 17% market 
share, showing the importance of the voltage-sensitive sodium channel (VSSC) as target. 
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2.2 Ion channels 

Ion channels are membrane-embedded proteins, forming pores in the membrane. These pores 

facilitate the passive transport of ions across the phospholipid membrane and increase the 

permeability, either selective for specific ions or unselective.11 Ion channels usually consist of 

different compartments, a funnel, a selectivity filter mediating ion selectivity, a gate and a trigger, 

which depends on the physiological role. For some ion channels, further compartments might be 

added.12 On the intra- or extracellular site, the funnel receives the ions and guides them to the 

selectivity filter, determining the selectivity for a particular ion species.13 The trigger reacts to a 

stimulus, membrane potential, pressure or ligands and induces in response conformational changes, 

leading to the opening of the gate to facilitate ion flux.12 

Ion channels can be expressed in all biomembranes, like cell membranes, separating extracellular 

from the intracellular lumen, but also in membranes of intracellular organelles, like mitochondria and 

endoplasmic reticula, as described by O’Rourke.12,14 The transport follows the electrochemical 

gradient and is driving towards its equilibrium. This gradient is the sum of two driving forces: The 

chemical gradient, determined by the ion concentrations on both sites of the membrane and the 

electrical gradient, determined by the distribution of charges separated by the membrane.15 Typical 

distribution of ions in cells can be seen in Table 1.11 

 

Table 1 - Physiological ion concentrations11 
 
 Potassium 

K+ 

Sodium 

Na+ 

Chloride 

Cl- 

Carbonate 

HCO3
- 

Proteins 

X- 

Calcium 

Ca2+ 

Magnesium 

Mg2+ 
        

intracellular 139 12 4 12 138 0.1 0.8 

Extracellular 

(blood) 
4 145 116 29 9 1.8 1.5 

        

Concentrations [mM] 

 

The membrane potential at which the driving force for one ion is equal to zero is called equilibrium- 

or reversal potential. The net exchange of ions remains constant at this potential. Thus, for each ion 

leaving the cell, one ion enters the cell.16 Considering the ion concentrations, different constants and 

the temperature, this potential can be calculated based on the Nernst equation. This calculation 

requires a membrane separating two different ion concentrations from each other and a selective 

permeability towards the ion of interest.17 (Figure 3) 
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Figure 3 - Nernst equation18 
On the left is the Nernst equation, with variables and constants. On the right site, the simplified 

equation with all constants applied.  

 

In contrast to the Nernst equation, the Goldman-Hodgkin-Katz equation considers all ions applied to 

the test system. This equation is an extension of the prior shown Nernst equation.18 (Figure 4) But it 

has the disadvantage that permeability values must be determined experimentally in advance. 

 

 

Figure 4 - Goldman-Hodgkin-Katz equation19,20 
 

Neurons, expressing ion channels for signal transduction, have three main driving ions determining 

the membrane potential. In a typical mammalian neuron K+, Na+ and Cl- are responsible for a resting 

potential of approximately -70 mV.21–23 The relative permeability in rest for K+ : Na+ : Cl- is 

approximately 1 : 0.05 : 0.45 as K+ features the highest contribution, the resting potential is close to 

the equilibrium potential of K+. During the peaks of an action potential, this permeability shifts to 1 : 
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12 : 0.045, due to the opening of sodium channels, resulting in a membrane potential closer to the 

equilibrium potential of Na+ ions.21,23,24  

 

2.2.1 Ion channel subtypes 

Ion channels can be subdivided based on their gating mechanism. Non-gating ion channels are 

consecutively open, facilitating an unimpeded ion flux. In 1996 Lesage et al. identified the TWIK-1 as 

a leak channel responsible for maintaining the resting potential by background, inward rectifying K+ 

currents. Today, several more are known.25,26    

The other groups are gated ion channels subdivided into three gating mechanisms. (Figure 5) The 

family of mechanosensitive ion channels is responsible for sensing different mechanical stimuli, like 

heat, pressure and motion.25 The transient receptor potential (TRP) is a prominent family among the 

sensory channels, identified by Cosens and Manning in 1969.27 The vanilloid family (TRPV) serves 

different functions and trigger dependent on the organism they are expressed in. In mammals, they 

act as sensors for chemical, thermal and osmotic stress, whereas in insects, they were identified as a 

mechanical sensor by Walker et al.28–30 Its essential role in the insects’ physiology led to the 

development of two different insecticidal, chemical classes. The IRAC classified pymetrozine and 

afidopyropen as TRPV modulators acting at the chordotonal organ.31 

 

 

Figure 5 - Gating mechanisms for ion channels 
Gating mechanisms assigned with exemplary ion channels showing insecticidal potential. Modified 
after Hadiatullah et al.31 
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The second subgroup of gated ion channels is the ligand-gated channel, playing an essential role in 

olfactory sensing and postsynaptic signal transduction.32,33 Binding of ligands to the channel triggers 

conformational changes, which facilitates ion flux, either hyperpolarizing or depolarizing the cell.32 

An example of endogenous ligands are neurotransmitters, opening ion channels at the post-synapse 

after being released into the synaptic cleft.34 The GABA Cl- channel is one of the best-characterized 

inhibitory ion channels. Antagonists, like fipronil, lead to over-excitation of the pest organism.35 

Other ligand binding channels important for pest control are the nicotinic acetylcholine receptor and 

glutamate-gated chloride channel targeted by neonicotinoids and avermectines.36–38  

The last gating mechanism is the voltage-gating ion channel essential for transducing signals among 

nerve fibers.39,40 Voltage-gated channels are sensitive to changes in the membrane potential, sensed 

by voltage-sensing domains consisting of charged amino acids.39 These channels are described in 

more detailed in the next chapter. (2.2.2 Voltage-sensitive sodium channel) 

 

2.2.2 Voltage-sensitive sodium channel 

Voltage-sensitive sodium channels are ubiquitously expressed in all neurons of the central nervous 

system (CNS) and peripheral nervous system (PNS).39 Their crucial role is the depolarization during 

electrical signal conduction of senses, pain, reflexes and motions among all higher animals.41 Their 

ability to quickly activate and inactivate allows fast and repetitive signal transductions by so-called 

action potentials (Figure 6).42 These signals are generated due to the excitation of a neuron and 

range between the equilibrium potentials of potassium and sodium. At rest, neurons have a potential 

of approximately -70 mV.43 Minor excitation leads to the opening of a small population of VSSCs, 

insufficient to generate a full action potential (Figure 6 – dotted line).44 

Sodium channels are heterologous protein complexes consisting of a big α-chain (260 kDa) and a 

small β-chain (30-40 kDa).45 The first evaluation of a VSSC structure was made in 1984 by Noda et al. 

on the first primary sequence isolated form an eel.46 The first 3D-structure was gained by the crystal 

structure of the related bacterial homolog and the cryo-EM structure of american cockroach VSSC by 

Shen et al. in 2017.47,48 The bacterial VSSC is a complex of four homolog α-units contrary to the 

mammalian VSSC.48 In insect and mammalian VSSCs, the α-chain consists of 4 homolog segments (I - 

IV) with six transmembrane domains each.45 The 4th transmembrane domain in each subunit is highly 

conserved with positively charged arginines and lysins and acts as a voltage-sensor.49 The pore is 

formed by the four pore domains, S5 and S6, including their linker in each segment.45 Within the 

linker, a conserved pore-loop (P-loop) is located, all four P-loops form the selective Na+-selective 

filter containing four amino acids, DEKA or EEDD). The intracellular loop, linking segments three and 

four, acts as an inactivation gate. It features a crucial IFM motif, mediating the inactivation.41,50 

Although α-subunits are functional alone, they are complexing with β-subunits modeling the channel 
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kinetics, voltage dependence and trafficking. (Figure 7)51–55 

 

 

Figure 6 – Sodium channel states during action potential 
Different steps of signal transduction (above threshold: action potential, below threshold: dotted 
line) and the assigned channel states. 1 Resting potential with closed sodium channel 2 & 3 
Depolarization with open sodium channel (green: depolarization till threshold, blue: self-enforcing 
depolarization) 4 Repolarization with inactivated sodium channel 5 Hyperpolarization with closed 
sodium channel 
 

At a certain threshold, the whole population of sodium channels opens (self-enforcing).22,23,44 The 

voltage sensors are shifted up and the opening pore facilitates a sodium influx and drives the signal 

toward the equilibrium potential of sodium (depolarization). Within a few milliseconds, the 

inactivation gate closes the pore from the intracellular site and prevents further currents. Whereas 

the sodium channel cannot be activated again during this time, voltage-gated potassium channels 

open, facilitating potassium outflux. The signal is driving back to the equilibrium potential of 

potassium (repolarization). A long potassium outflux facilitates overshooting of the resting-potential 

(hyperpolarization).22,23 At this stadium of the action potential, the sodium channels can be activated 

again as the pore is closed, the voltage sensing domains are down and the inactivation gate is open.41 

(Figure 6 & Figure 7) Inactivation and hyperpolarization are essential for signal transduction, as they 

prevent signals from being bidirectional.50  

Due to its physiological importance, the VSSC was an interesting target before the development of 

insecticides and pharmaceuticals. The evolutionary pressure on predators, prey and plants leads to 

the design of highly potent modulators targeting the VSSC.57,58 Activators can be found among all 

kingdoms in algae, anemones, bacteria, fish, plants, scorpions, snakes, snails, spiders and wasps.50 

Even though these toxins are not necessarily selective, some have evolved to target the insect VSSC 

specifically. Venoms of scorpions and spiders, for example, were developed to hunt insects as 

prey.59,60 Some plants, on the other hand, have evolved pyrethrums to protect against insects.61 So 
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far, Catteral, Lombet et al. and Soderlund et al. have identified nine binding sites at sodium channels 

targeted by these toxins. 62–64 (Table 2) 

 

Figure 7 – Sodium channel constitution and different sodium channel states 
A) snake plot of the overall sodium channel structure with the pore-domain (PD) and voltage sensing 

domain (VSD)50 B) Different sodium channel states with the critical structures and channel 

conformations (R: resting state, O: open state, I: fast inactive state and I*: slowly inactivated state) 

modified after Zybura et al.56 C) Plot of the open channel conformation of VSSC from the extracellular 

view.50 

 

Table 2 - Classification of VSSC binding sites after Catterall, Lombat et al. and Soderlund62–64 
Site Modulator Physiological main effect Allosteric coupling 

    

1 Tetrodotoxin 
Saxitoxin 

Channel inhibition None 

2 Veratridine 
Batracotoxin 

Persistent opening 3, 5, 6, 9 

3 α-Scorpion toxin 
Sea anemone toxin 

Prolonged inactivation 2, 6, 8 

4 β-Scorpion toxin Shift of activation  8 
 

5 Brevetoxin 
Ciguatoxin 

Shift of activation 2, 5, 6, 8 

6 Pyrethroids 
DDT and analogous  

Prolonged activation 2, 3, 5 

7 Gonioporatoxin Prolonged activation None 

8 Pumiliotoxin-B Persistent activation 3, 4, 5 

9 Local anesthetics 
Anticonvulsants  
Dihydropyrazoles  

Channel inhibition 2 
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2.2.2.1 Insect Na channel 

In insects, the α-VSSC subunit is encoded by a single para gene with more than 60 splicing variants as 

published by Loughney et al. in 1989.65 Thackeray and Ganetzky identified the splice variants to be 

important in the different developmental stages of an insect, with different electrophysiological 

properties in 1994.66 Ganetzky furthermore identified four different auxiliary subunits to interact 

with the α-subunit.67 Homologue to the human β-subunits, TipE can enhance the amplitudes of the 

sodium current.68 The pharmacology might vary between the different splicing variants of insect 

VSSC and could show an altered insecticide sensitivity as Tan et al. show for deltamethrin on two 

functional variants.59 

According to expert market research, pyrethroids belong to the most important insecticides and 

vector control agents with a global value of 3.3 billion USD in 2020.71 Pyrethroids are synthetic 

homologs of the pyrethrum, synthesized by different Tanacetum-members.58
  Since the beginning of 

the 19th century, the insecticidal effect of its extracts has been known. In 1924 Ruzicka and 

Staudinger identified the active metabolite pyrethrin and synthesized the first synthetic derivatives.72 

The effect of pyrethroids on channel physiology is diverse. Different substitution patterns mediate 

effects on the inactivated state or facilitate an activation shift.73,74 All pyrethroids, however, have a 

prolonged opening time after channel inactivation in common.73 Type I pyrethroids like permethrin 

were shown to have a faster dissociation constant than type II pyrethroids like β-cyfluthrin.73,75 The 

effect of both subtypes is use-dependent, meaning that the effect becomes stronger every time the 

channel is activated.73 The overexcitation, resulting from the prolonged opening times, leads to a 

breakdown of the nervous system resulting in paralysis of the pest organism.76 

The intensive use of pyrethroids over the last decades led to the development of resistance in field-

relevant pests.77,78 The most prominent type of mutation for the VSSC is the knockdown resistance 

(kdr), mediating resistance by altering point mutations.79 It was first reported in 1956 by Milani, who 

observed reduced sensitivity towards pyrethroids in house flies.80 Nowadays, such mutations are 

found in almost all relevant pests and disease vectors.81–83 Soderlund and Bloomquist showed cross-

resistances of the kdr mutations between pyrethroids and DDT and its analogs.84 Davies et al. 

identified 2007 the L1014F mutation as the most prominent in arthropod pests.74 The exchange of 

leucine to phenylalanine takes place in the S6 segment of the second domain and results in a 10-20 

fold loss of sensitivity towards pyrethroids.85 Further types of mutations were comprehended by 

Dong et al. in 2014: V410 (M/A/G/L), M918 (T/L/V), T929 (I/C/N/V), I1011 (M/V) and V1016 (G/I). The 

different mutations and substitutions varied in their effect on pyrethroid resistance and showed 

significant differences in resistance towards pyrethroids and DDT.85 While an M918T mutation, 

located in the linker of S4 and S5 in domain II, for example, comes along with high resistance towards 

pyrethroids, like permethrin and deltamethrin, it is not protecting pests towards DDT.86,87 Hu et al. 
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identified the F1534 C mutation to discriminate type II pyrethroids by mediating resistance just 

towards type I pyrethroids.75 

A combination of two or more mutations was shown to affect the resistance synergistically. Lee et al. 

and Vais et al. identified in 1999 and 2000 almost simultaneously the combination of L1014F and 

M918T exhibited almost 1000-fold loss of sensitivity, while single point mutations would have a ten-

fold shift.87,88 The double mutation was almost decreasing the activity of deltamethrin to Drosophila 

melanogaster entirely.87  

A far smaller market share of insecticides is covered by indoxacarb. It came into focus due to its new 

mode of action and low mammalian toxicity.89,90 Indoxacarb is a prodrug absorbed by the pest and 

metabolized to the more potent drug DCJW by N-de-carboxymethylation.91 In contrast to 

pyrethroids, DCJW exhibits an antagonistic effect on VSSCs. In experiments on cockroach VSSCs, Song 

et al. have identified the mode of action for DCJW. It inhibits the recovery of the slow inactivated 

state, VSSCs tend to enter after a prolonged depolarization.92 The effect was not shown to be use-

dependent like described for pyrethroids. The new binding site, compared to pyrethroids, made it a 

promising candidate to counteract pyrethroid-resistant pests.63 However, shortly after its admission, 

Shono et al. identified 2004 first cases of resistance for Musca domestica, and Wang et al. identified 

further resistance in Plutella in 2016.93,94 While Shono et al. characterized a metabolic resistance, 

Wang et al. identified two target site mutations. The mutations F1845Y and V1848I were found in 

different strains collected in China and mediated up to 870-fold resistance in vivo experiments. 93,94 

 

2.2.2.2 Human Na channels 

Humans have nine VSSCs, sharing the exact functional domains and 50 – 90 % of the identical 

primary amino acid sequence. The NaV1.1 – NaV1.9 differ in tissue distribution, voltage sensitivity and 

pharmacology.95–97 NaV1.1, 1.2, 1.3, 1.6 and 1.8 (SCN1A, 2A, 3A, 8A and 10A) are expressed in the 

central nervous system (CNS), while NaV1.1 & NaV1.6 are also expressed in the peripheral nervous 

system (PNS) together with NaV1.7 (SCN9A) and 1.9 (SCN11A). NaV1.4 (SCN4A) is expressed in 

skeletal muscles and NaV1.5 (SCN5A) in the heart.95 Pharmacological highest relevance have NaV1.5 

and 1.7 due to their pharmacological role in the heart and the importance in pain sensation.98,99  

Drug discovery extended the panel of potent drugs shown in Table 2 by synthetic modulators 

targeting the ninth binding site. The ninth binding site is the only one targeted by pharmaceuticals, 

targeted by local anesthetics, like lidocaine, and anticonvulsants, like carbamazepine.63 The analgesic 

effect of lidocaine is thereby mediated by the inhibition of NaV1.7 in the peripheral nervous 

system.100 Application is indicated in treating acute pain, in combination with opioids in chronic pain, 

and for surgeries to numb the operation area.101–103 Carbamazepine’s main indication as 

anticonvulsive is the treatment of epilepsy but is indicated for pain as well.104  
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The mammalian sodium channels, with a particular focus on the human VSSCs, are highly important 

for developing sustainable and safe VSSC-targeting insecticides. The self-enforcing nature of the 

VSSC, making it an excellent insecticidal target, makes it an important selectivity target.105,106 While 

the insect expresses just one VSSC, in mammalian, several subtypes must be considered.95 High 

importance for low mammalian toxicity of pyrethroids is the high target selectivity between  

mammals and insects at the sodium channel.107 Smith et al. and Soderlund and Lee described the rat 

NaV1.2 as pyrethroid insensitive, while the rat isoforms NaV1.3, 1.6 and 1.8 showed minor pyrethroid 

responses.108,109 In a rat model, Vais et al. showed that selectivity is reached by exchanging just a few 

amino acids. They showed that occurring field resistances (M918) in Drosophila melanogaster mimic 

the mammalian VSSC. By exchanging the isoleucine in position 874 of the rat IIA Na channel, analog 

to the M918 position in flys, by a methionine, the channel became 100x more sensitive towards 

deltamethrin.110  

 Discrimination of indoxacarb between different mammalian VSSCs was shown by the investigation of 

rat dorsal root ganglia, expressing two different groups of sodium channels, the TTX resistant channel 

NaV1.8 and the TTX sensitive channels, NaV1.2, 1.3, 1.6 and 1.7. The sensitive VSSCs were also shown 

to be more sensitive towards Indoxacarb and the metabolized drug DCJW. Besides NaV1.8, the heart-

relevant, TTX-resistant NaV1.5 was shown to have a reduced DCJW and indoxacarb sensitivity. The 

overall DCJW sensitivity, however, is also reduced for mammalian channels.110 
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3. Methodology 

3.1. Ion channel measuring techniques 

3.1.1 Electrophysiological measurements 

Since Hodgkin and Huxley developed the electrophysiological recording in the early 50s and Neher 

and Sakmann developed it further to the patch clamp technique.111–114 Today, it is the method of 

choice for ion channel characterization.115 They were able to implement cells into the electric circuit, 

as seen in Figure 10. Outer disturbances were eliminated by a high impedance connection between 

electrode and cell, with a resistance of at least 1 GΩ. The connection is therefore called gigaseal.116 

The most common types of measurement are voltage- and current clamps, entitled by the respective 

altered unit.117,118  

To establish electric circuits like Hodgkin and Huxley described and to perform pharmacological 

experiments, various compartments have to be combined (Figure 8).119,120 The minimal requirements 

for these experiments are a patch pipette comprising an AgCl wire in a glass capillary with internal 

solution (4), a cover slide with cells in external solution (3) and a bath electrode to close the electric 

circuit (8). The cell health is improved when the coverslip is located in a perfusion chamber, 

facilitating a frequent exchange of external solution (2, 5 & 6). The outflow must be higher than the 

cover slide to enable permanent perfusion without aspirating the external solution. Furthermore, the 

diameter of the tube for aspiration should be slightly higher to aspirate additional solutions applied 

during the experiment, preventing spilling. The perfusion has the advantage that compounds or 

solutions of different compositions used over a long time (7) are washed out of the chamber. In this 

setup, the U-tube reversed flow technique described by Fenwick et al. in 1982 was used to apply 

modulators.121 It has the advantage that compound solution permanently flows through the tube 

system without reaching the cells. As soon as a valve downstream the tube is shut, the solution 

covers the area of interest within a few seconds leaf-shaped. When the valve is opened again, the 

negative pressure sucks the compound solution entirely away. Just applications over a long time have 

to be rinsed by the perfusion bath.120,122 

The measurement chamber is embedded into a bigger patch-setup. The chamber is installed within 

an upright microscope to facilitate the visualization. Additional implementation with filter systems 

and external light sources enables the measurement of fluorescently labeled cells and optogenetic 

tools. 
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Figure 8 - Measurement chamber and assembly of a patch-setup  
Chamber and assembly comprise the components required for electrophysiological experiments as 

performed in this thesis. A connected computer processed the data gained by the preamplifier. 

 

All components reaching into the measurement chamber are fixed at two vertical stands. The gravity 

flow of a higher-located tank supplies the u-tube. Downstream the valve is located, triggered either 

by the patch clamp amplifier or manually by the experimenter. Furthermore, a pre-amplifier is 

attached to the amplifier and the stand. It is controlled via a micromanipulator, facilitating 

movements on a nanometer scale. When not powered by gravity, the tubing is driven by a pump, 

with all wastes channeled to a waste bottle. All devices are located on a vibration-damped table 

within a Faraday cage to exclude external disturbance factors. Vibrations would comprise the 

integrity of the seal and the cage prevents disturbing currents increasing the signal-to-noise 

ratio.120,122 

In current clamp measurements, membrane potential changes are measured, facilitating the 
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detection of action potentials.123,124 This thesis used it to ensure VSSC activation by blue light 

application. Nowadays, channel measurements are mainly based on voltage-clamp measurements.118 

The current changes in the voltage clamp are measured indirectly by a feedback mechanism. Thus, 

the measured current is injected into the cell to maintain the defined membrane potential. Different 

current kinetics allow conclusions to the ion channel composition in the present sample, as each ion 

channel family and subtype has some unique responses and features.125  

The potential of these techniques was recognized early and further developed. Different 

conformations allow optimal adaptations to the experiment. At the beginning of every experiment, a 

cell-attached configuration is reached.125 The pipette tip is placed on the cell surface to obtain a giga 

seal. The cell remains intact during this step, and intracellular signaling processes and ion distribution 

are not disturbed. Whole-cell configuration can be reached by rupture of the membrane patch inside 

the tip, either by an electrical pulse or slight suction through the pipette. The internal solution mixes 

with the intracellular lumen through the opening. The large opening furthermore provides better 

electric access. The circuit facilitates recording all populations of channels embedded into the 

membrane. The measured currents exhibit a linear correlation to the ion channel expression on the 

cell surface. However, there are limitations due to the substantial dilution of physiological cell 

mechanisms, like metabolism, enzyme activity and G-protein coupling not occurring. Nowadays 

tendency for automatization led to a high throughput enabled by planar patch systems underlying 

the same advantages and disadvantages of conventional whole-cell voltage clamps. This aspect can 

be circumvented by a perforated patch clamp, where antibiotics (for example, amphotericin-B and 

gramicidin) form pores into the membrane patch inside the tip. The pores facilitate an exchange of 

liquids between tip and cell, but proteins remain inside. This method allows recordings of channels 

requiring intact downstream signaling cascades.123,125,126 (Figure 9) 

Besides recordings from whole cells, also single channels can be measured. From the cell-attached 

configuration, one can come to the inside-out configuration. It is named after the orientation of the 

embedded channel. The intracellular part of the channel points towards the external solution, 

whereas the inner part remains in the tip. One can reach this configuration by lifting the pipette 

during whole-cell configuration to loosen a membrane patch off the cell. This configuration might be 

required for the pharmacological analysis of compounds binding from the intracellular site. The last 

conformation is the outside-out conformation, in which the intracellular part of the channel is 

located inside the tip. The advantages and disadvantages are similar to those from the inside-out 

patch. It is formed by withdrawing the patch pipette from the cell during the whole cell 

configuration. The loose patch surrendering the pipette is then reforming an intact membrane 

comparable to a vesicle. Both single-channel recordings allow the experimenter to characterize 

isolated ion channels precisely.127,128 
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Figure 9 - Configurations possible in electrophysiological experiments125 
 

All different configurations are not measuring the currents mediated by channel opening. But the 

compensation currents, required to adjust the set holding potential at every moment, are measured. 

120,126,129 The simplified circuit in Figure 10 facilitates the current injection and measurement with just 

one electrode. Crucial for this circuit are the operation amplifier (OPA) and the feedback resistor (Rt). 

Both voltages, Upip (-) and Usoll (+), are entering the OPA, and differences between both voltages lead 

to an output voltage at the end of the OPA, proportional to the difference. As a result, different 

voltages are present at the two knots originating from the feedback resistor. Based on Ohm’s law, 

this leads to currents proportional to the voltage difference at Rt. The resistor prevents the current 

from going in another direction than into the pipette. The injected currents alter voltages as long as 

Upip and Usoll differ. As soon as Usoll is equal to Upip, the current injection stops. This harmonization is 

very fast and even minor variations are aligned.  

In amplifiers, additional circuits are implemented to compensate for the delays resulting from 

recharging the capacitator. (Sigworth 1995), one of these capacitors is the feedback resistor. 

Additional capacitors are present at the tip of the patch pipette, resulting from the narrow hole at 

the tip and the different solutions facing each other. The last capacitator is the biomembrane of the 

cell. The lipids separating the various ions and charges from each other must be reversed and 

recharged. The bigger the cell is, the more significant the membrane surface and the capacitative 

artifacts. Therefore the capacitive artifacts can also be used to determine the cell surface by 

measuring the capacity. 
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Figure 10 - simplified electric circuit during patch-clamp experiments111,130 
Shown is the electric circuit as described by (Neher and Sakmann) during a whole-cell voltage clamp 
experiment in blue. The different sections required for this experiment are shown in green. 
 

For larger cells, the one electrode measuring and injecting is not sufficient anymore. Xenopus 

oocytes, for example, have a diameter of 1 mm and a high cell surface compared to mammalian cells. 

These cells are measured by the two-electrode voltage clamp (TEVC) described by Guan et al.131 In 

contrast to the common patch clamp techniques, two sharp electrodes are stuck into the cell but not 

attached to it. One of the electrodes injects the current required to maintain the holding potential 

and the other measures the needed current.131 

 

3.1.2 Fluorescence Measurements 

Fluorescence is a widely used tool in biochemistry and drug research. Jablonski described the physics 

behind fluorescence in 1933. The excitation of a probe with a distinct wavelength (λexc), elevating the 

molecule to an energetic higher level (S1’), is called absorption. This state is meta-stable and energy 

is rapidly transitioned to surrounding molecules (vibronic relaxation) or internal vibrancies (internal 

conversion), leading to a lower energetic level (S1). The fluorescence is the measurable wavelength 

(λem) resulting from the energetic drop from the S1 excited state to the ground state. The loss in 

energy results in a longer wavelength than the excitation and is, therefore, redshifted.131 (Figure 11 

A) 

The classic fluorescence measurement consists of four different compartments. Depending on the 

application of specialized compartments, this may be reduced. In each experiment, a light source is 

required to generate the light to stimulate the probe. The light source can be restricted to a 

particular wavelength, as done in some fluorescent readers, using LEDs emitting the required 
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wavelength. Or the light source emits white light, consisting of all wavelengths of the visible 

spectrum. In the case of a white light source, an excitation filter is required to facilitate the transition 

of the excitation wavelength (λexc). The excitation filter builds the first part of the second complex 

required, a setup of two different filters and a dichroic mirror. The mirror reflects the light for 

excitation on to the probe (compartment 3). The probe is channeling through the other energetic 

states, as described in the Jablonski diagram and emits then the light of a defined wavelength. The 

emitted light passes the dichroic mirror permeable for wavelengths higher than the excitation 

wavelength and is further filtered by the emission filter. Afterward, the emitted light (fluorescence) 

hits on the detector. In fluorescence microscopy, this detector is the eye or a camera setup, while in 

most fluorescent readers, a camera is installed, quantifying the measured fluorescence.132,133  

 
Figure 11 - Explanation of fluorescence in biochemical measurements 
A) Jablonski diagram, showing the different energy states a molecule is transitioning through 
excitation and emission of light.131 B) shows the simplified design of every fluorescence 
measurement device, from microscope to complex plate readers132 
 

The number of biochemical areas fluorescence is applied, is increasing and the generation of new 

tools accelerates this development. Standard techniques with fluorescence are the localization of 

different structures, structures in the cell, cells in the body or tissues in the body.134 Due to 

genetically encoded fluorophores, this can be either done by genetic modulation or externally 

supplied probes attached to antibodies or other anchors.135,136 Methods like FACS (fluorescence-

activated cell sorting) facilitate the characterization of cell populations based on fluorescently labeled 

target structures.137 And even dimerization can be detected by different fluorescent-based methods, 

like proximity ligation assays or FRET (fluorescence resonance energy transfer).138,139 On the nucleic 

level, fluorescent probes are used for quantitative real-time PCR, like recently performed in a highly 

frequent manner for Covid-19 testing.140 This thesis focuses on a fluorescent method facilitating the 

screening of large compound libraries. In such assay systems, fluorescence can detect different 

changes, like in ion concentration, protein conformation or membrane potential.141–143 
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Even though electrophysiological measurements have the highest sensitivity, applying fluorescent 

dyes in high-content screening significantly reduces measurement time, costs, and technical know-

how.144 Therefore, different dyes are commercially available for high-content screenings on sodium 

channels featuring advantages and disadvantages. (Figure 12) Some dyes sense the internal sodium 

concentration directly.145,146 An acetomethyl ester conjugate facilitates membrane permeability and 

cleaves intracellularly, trapping the cell's dyes. These dyes require washing out the remaining dyes in 

the external solution or quenching of extracellular dyes, as the extracellular sodium concentration is 

otherwise activating the dye.147 Commercially available assay kits are CoroNa Green (Thermofischer 

Scientific) Asante NaTRIUM Green-2 (TEFLabs) and SBFI – Sodium-binding benzofuran isophthalate 

(Thermofischer Scientific). Even though sodium is measured, these dyes measure the VSSC effects 

indirectly, as currents are not detected, but changes in the ion concentration are.147,148,149 (Figure 12) 

 

Figure 12 - Principal of different dyes which can be used in sodium channel HTS 
 

Another form of measurement is the detection of changes in the membrane potential. Also, for this 

approach, commercially available systems, like FLIPR membrane potential dye (Molecular Devices) 

and DiBAC4 (Molecular Probes). Both dyes belong to the slow-responding membrane potential 

sensitive dyes.150,151 The hydrophobic substances feature low fluorescence in the aqueous phase, 

quenched by other dyes, but gain higher quantum yields when incorporated into the membrane. 

After depolarization, the negatively charged dye enters the cell and binds to intracellular membranes 

to enhance the fluorescence.149,152 Fast dyes exhibit a slightly faster response time due to FRET 

systems. Wolff et al. showed in 2003 that these dyes, however, have the disadvantage of a strongly 

reduced measurement window.148 Whittaker at al. published in 2001 an advantage over the FLIPR 

MPdye with response times of 10 s over DiBAC4.152 Due to these results, we decided to use the 
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membrane potential dye of Molecular Devices, with high measurement windows and relatively fast 

response times. The indirect measurement of the membrane potential instead of currents results in a 

comparably high number of false positives and potentially also to a low number of false negatives.153 

Implementing such technologies, therefore, requires suitable controls and precise validation.
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3.2 Optogenetics 

The development of optogenetics in the early 2000s gave a powerful tool to the hands of 

neuroscientists worldwide.154 The potential of light-induced effector proteins was quickly recognized 

and adopted by other fields, like biotechnologists and genetic engineers.155, 156 However, 

optogenetics is not the first approach for light-induced experiments in neuronal systems. In 1989 

Kaplan and Somlyo developed caged compounds released by photolysis, later enhanced by Ellis-

Davies (2007). 157,158 Disadvantages of this technique compared to optogenetics are limitations due to 

suitable light-inducible compounds and the cell-type unspecific effect.157 

The initial purpose of optogenetics was the characterization of different neuron subtypes, which is 

essential for a comprehensive understanding of the operating principle of the human brain. Although 

the exact number of neuronal subtypes remains unclear, over 1000 different cell types are thought 

to be found in the human cortex.159, 160, 161 Their differences in physiology, location, morphology and 

gene-expression impede the necessary separation of subtypes. Optogenetics steps into the breach, 

facilitating the excitation or silencing of genetically modified tissues and cells by light stimulation, 

apart from electrophysiology.155 The controlled activation or inactivation of specific neuronal 

subtypes without modification of other cell-types allows their characterization (e.g. physiological 

function, interacting cell-types).162 Light as inducer has advantages in the control of neuronal 

excitability. Light pulses can be induced with response times and precision comparable to those of 

ion channels with a narrow spatial resolution.163 Targeted genetic expression is another advantage, 

leading to specific expression in the target cell or tissue. Successful implementations of optogenetics 

in experiments, however, require some considerations in advance.164,165 

The decision for a suitable photo-receptor is the most essential one. Microbial photo-receptors, 

called rhodopsins, facilitate encroachments into the membrane potential of mammalians. To do so, 

applications are required to enable ion fluxes.166 They can be differentiated into two different 

classes: On the one hand, ion channels (Figure 13 A) allowing specific ions to overcome the bio 

membrane along the electrochemical gradient. On the other hand, ion pumps transporting ions 

against the electrochemical gradient by ATP-hydrolysis.167 Due to genetic engineering, significant 

variability of tools are available in these classes. They show differences in kinetics, sensitivity and 

selectivity towards ions and excitation wavelengths. These aspects have to be considered in the 

decision for the optimal tool.168,169  

Typical optogenetic experiments require cell-type specific expression, which can be achieved by 

controlling the tools though cell-type specific promoters and enhancers. 170 However, this approach is 

unsuitable for most cell-types, as the specificity is usually not determined by a single regulatory 

element.159, 171 A combination of different proteins and several promotors provides distinct 

discrimination between cell types. Another challenge is the sufficient expression of the optogenetic 
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tool required for either silencing or activating the cell.172 These aspects can be circumvented by a 

combination of recombinase and viral transfection or laborious clone selection.173, 174  

 

Figure 13 – Different applications of photoreceptors in research175 
On the left, the mechanism is named with a depiction in the middle and examples for each mode on 
the right. The inactivated state is on the left side, while the excited state is on the right. (modified 
after Cho and Li)175 
 
Another mode of action is G-protein coupled receptors (GPCR). They constitute the most common 

drug target due to their high variability and acceptance of different ligands. All GPCRs constitute of 

seven transmembrane domains and act as second messengers via G-proteins.175 Type II rhodopsins, 

light-activated GPCRs, include the most prominent family of GPCRs with over 700 members.175 Light-

sensitive type II rhodopsins can act as a basis for generating chimeric GPCRs, like the light-activated 

β2-adrenergic receptor. These chimeras can investigate the different downstream signals mediated 

by different G-proteins coupled.176 
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Besides, also sensory photo-receptors are of higher interest for electrophysiologists, as they can act 

as a marker for various ions. Unfortunately, the signal transducers are not compatible with 

mammalian cell systems.176 

Higher relevance have optogenetic tools inducing conformational changes. These proteins are found 

in plants, fungi and bacteria and can be implemented in mammalian cells. The LOV domain (light 

oxygen voltage domain) is the most prominent one undergoing conformational changes upon light 

induction. The primary use is the fusion of the LOV domain to effector proteins by allosteric coupling 

or steric inhibition.177,178 The sterical change can activate kinases, GTPases and proteases, as 

described by Moglich et al. Wu et al. and Strickland et al. in 2009 and 2012.179,180 

Channelrhodopsin 2 (ChR2) is a member of the family of microbial rhodopsins and was the first 

successfully expressed light-activated ion channel in neurons.181 It is the best-studied and most 

prominent optogenetic switch. ChR2 has a retinal as chromophore covalently attached to a lysine 

residue. (Figure 14) The ion-conducting pore is formed by seven transmembrane helices capable of 

closing the pore at three different positions.182  

 

 

Figure 14 - Channelrhodopsin 2 (ChR2) 
A structure of channelrhodopsin from different angles (cysteine bridges: purple)183 B Retinal cavity 
(light blue: retinal, dark blue: interaction partners)183 C excitation spectra of different ChR2 
mutants184  
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The channel opens between 380 and 540 nm wavelengths with a maximum current at 480 nm. 

(Figure 14 C) Exposed to these wavelengths, the gates open and the channel becomes permeable to 

cations, leading to cell depolarization.183 Single-point mutations in the retinal cavity are known to 

lead to altered channel kinetics. The T159C mutation used in this thesis has higher sensitivity and 

currents than the WT-ChR2, whereas the response time is unaffected.184 Mutation L132C exhibits 

even higher currents, however, the decay time and the kinetic are impaired. WT-ChR2 and ChR2 

T159C have a fast and adaptive signal initially, decreasing to the steady state level after repetitive 

activation.184 
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3.3 High throughput screening (HTS) strategy 

As Fraietta and Gasparri described in 2016, introducing high throughput screenings has given a 

powerful tool for drug discovery.185 In this thesis, an HTS campaign was established to test 1 200 000 

compounds of the Bayer compound library on their agonistic effect on the insect VSSC. The HTS cell 

line was expressing the VSSC of Musca domestica. It was co-expressed with channelrhodopsin 2 

T159C (ChR2) implemented in the screen as a light-sensitive channel to activate the sodium channel. 

The frequent light application (pacing) facilitate the numerous and synchronized transition through 

the VSSC states (Figure 15).41,186,187 

 

Figure 15 - depiction of the channel activations during light pacing. 
Lightning: blue light pulse, blue channel: ChR2, green channel: sodium channel, red: potassium pore, 
scale: membrane potential 
 

The demands on buffers in high throughput systems must fulfill high standards regarding buffer 

stability, expenses and device compatibility.188 The FLIPR Tetra is a fluorescence imager produced 

and marketed by Molecular Devices. Even though the device can measure up to 4 different 

wavelengths, the flexibility regarding time and intensity is limited. The capabilities, however, were 

sufficient to optimize several aspects and give a proof of concept. The decision on the membrane 

potential sensitive dye was explained in chapter 3.1.2 Fluorescence Measurements. 

The fast kinetics featured by ChR2 and the VSSC reported by Hodgkin & Huxley and others for the 

sodium channel and Pan et al. for ChR2 T159C do not match the kinetics of the voltage-sensitive dye. 

Whiteaker measured in 2001 a slow response of the dye towards depolarization.41,186,187 Although the 

kinetics are too slow to display the fast switching of the VSSC, the channel is transitioning through 

the channel states.152 
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The structure of the HTS campaign features strong similarities to the cascade published by Yu et al.153 

The HTS cascades constitute different steps, with higher tier studies at each step. In Figure 16, the 

HTS strategy for the campaign is depicted to gain more confidence with each step. The chance to 

detect false positives is higher with each step, so the amount of compounds tested constantly 

decreases.  

 

Figure 16 - Screening cascade including primary HTS, confirmation and validation 
Besides the different screening steps, the applied test parameters, relevant values and used cell lines 
are listed. 
 

As an orthogonal assay, the high throughput electrophysiology platform SyncroPatch384 is chosen 

for a second assay during validation, discriminating between false- and true positives. Automated 

Patch Clamp (APC) measures the Na+ currents with a very high signal-to-noise ratio and is, therefore, 

less susceptible to false positives and more sensitive to weak modulators as shown by Bruegemann 

et al. in 2004.195 Thus, it is a complementation to a fluorescence-based HTS assay, measuring indirect 

effects via the membrane potential.153 The APC measurement not just facilitates the 

electrophysiological control over the VSSC but gains insight into the effect of the modulators and 

provides another high throughput readout method. 153,196 The advantages like direct readout, MoA 

classification, and sensitivity of the electrophysiological measurement over the fluorescence are 

comparably expensive to fluorescent readouts and therefore implemented late in the cascade. More 

decisive for the nomination of compounds for biochemical validation is the performance in the 

orthologue APC assay.  

After identifying primary hits, the chemical cluster is determined in a hit expansion. Therefore the 

chemical surrounding is investigated to synthesize close chemical analogs or search for available 

libraries. The identified cluster members are then checked in the same tests to prove the consistency 

among the whole clusters. 
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The last step of verifying ion channel modulators is the evaluation in manual patch clamp as the 

highest tier study and nerve recordings to complete the characterization and validation. Modulators 

also performing in this step will show a certain level of selectivity towards the human VSSC, have a 

known effect and exhibit resistance-breaking potential. Those candidates are promoted to the hit 

exploration to synthesize further compounds with similar chemical structures to enlarge the 

knowledge about structure-activity relationships. 

 

 

Figure 17 - Biochemical cascade for the verification of HTS-derived hits 
Shown is the testing cascade containing HTS (High throughput screening, optogenetic-based 
fluorescence readout), APC (automated patch clamp), purification FLIPR measurements (fluorescence 
readout), symptomatology (injections in Spodoptera larvae), MPC (manual patch clamp) and nerve 
recordings, (in situ recordings at isolated nerves).  
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3.4 Mutagenesis 

Mutagenesis is the targeted exchange of nucleotides in protein-coding regions (mutations). After 

transcription and translation, these altered genomic sequences are transferred into proteins. 

Mutations can have different effects on the product. They can either be silent, non-sense or 

missense mutations. Silent mutations are of little interest as they mostly do not affect the product. 

They can occur as several nucleotide triplets may code for the same amino acid.198,199 In non-sense 

mutations, an amino acid coding triplet is now coding for a stop codon.200–202 This kind of mutation is 

just required for deletion mutants and the investigation of single protein domains. Mis-sense 

mutations result in an exchange of one amino acid with another, for example, in identifying binding 

sites and post-translational modifications.203  

 

 

Figure 18 - Mutagenesis studies as planned in this thesis 
A) Illustration of mutagenesis studies as performed to generate loss-of-sensitivity mutation for 
binding site detection. B) Illustration of a concentration-response measurement for insect selective 
compounds at wild-type and mutated channels. Shown are fictive results for generating loss-of-
sensitivity mutations by taking advantage of insect selectivity. C) Bar chart for exemplary results for a 
loss-of-sensitivity and gain-of-sensitivity mutant. 
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The investigation of these mutated proteins can have different advantages in research. It can be used 

to investigate the role of a protein in diseases and animal models by silencing or enhancing protein 

functionality.203 Furthermore, it can be used to examine the role of post-translational modifications 

on the protein function and the importance of single amino acids on the catalytic, steric and 

localization features.204 In this study, mutagenesis was used for the identification of the binding site 

of newly found VSSC modulators as Cane did in 1995.205 

 

 

Figure 19 - Depiction of workflow for mutagenesis studies 
1) Compounds with selectivity information, 2) protein sequences, 3) bioinformatic analysis, 4) 
alignment of protein sequences, 5) plasmid ordering, 6) protein expression, 7) tool compound 
selection, 8) mutagenesis experiment 
 

Identifying binding sites with mutagenesis can be approached in two ways: generating either a gain-

of-sensitivity or loss-of-sensitivity towards the substance of interest.206,207 Typically, amino acids are 

exchanged with close homologs for this purpose, differing in one structural feature, a functional 

group, lipophilic side chain, etc. Typical partners for exchange in both directions are: Ser vs. Ala or Tyr 

vs. Phe (OH-elimination), Phe vs. Ala (benzol-elimination) and Gln vs. Asn (chain-reduction).208 

Knowledge of the region where the modulator binds is advantageous, as it drastically reduces the 

possible mutations. Functional studies, literature known homologs and protein structures can make 

conclusions about the regions. In the case of the investigated VSSC modulator, taking advantage of 

the target-selectivity between insect and human channels was possible. The strategy was to 

humanize the insect channel to create a loss of sensitivity mutation. (Figure 18) Alignments of insect 

VSSCs and human NaVs determined the insertion of a surrogate amino acid. Inserting a human 

surrogate amino acid enhanced the chances of maintaining functionality.209,210 Functional expression 

was essential for the investigation, as activities were quantified by electrophysiology. (Figure 19 8)) 
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Suppose the first mutation shows a significant decline in sensitivity. In that case, a second mutation is 

implemented to strengthen this tendency, homolog to the natural occurrence of the kdr (single point 

mutation) and skdr (double point mutation).214 
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3.5 Cryo-EM as uprising technology for structure elucidation  

Cryogenic electron microscopy (cryo-EM) is a method developed and improved by Henderson, Frank 

and Dubochet. In 2015 cryo-EM was voted the method of the year by nature and in 2017, it was 

awarded the Nobel Price.208 Cryo-EM is a powerful method for structure determination, a powerful 

tool for the structure elucidation of membrane-embedded proteins, which are hard to crystalize.215  

The availability of electron detectors and the enhancement of algorithms used for image processing 

supported this technique's rapid gain of importance. Besides others, two main approaches exist for 

the generation of 3D models via cryo-EM. SPA (single particle analysis) cryo-EM studies analyze 

isolated macromolecules and protein complexes in vitro. Cryo-EM via ET (electron tomography) is 

mainly used to analyze cellular structures. Methods like micro-electron diffraction and cryo-scanning 

transmission electron microscopy (cryo-STEM) are not as relevant today.216  

In cryo-EM, SPA 2-4 Å resolution 3D atomic models are generated by aligning several thousand 

images using state-of-the-art processing algorithms. The rapid freezing of samples ensures the 

maintenance of the natural state of the investigated protein. The low effort regarding sample size 

and purification makes it an exciting method for generating multiple atomic maps.216 Critical for a 

good SPA sample is the density of investigated complexes embedded in a thin layer of ice. Sample 

preparation was shown to be the bottle neck for cryo-EM. Several scouting trials need to be 

performed to identify the optimal parameters, like changes in concentration, detergent or addition 

of support films. The sections chosen for analysis are selected carefully. Nowadays, live image 

processing is supporting the decision for valid sections. Better user-interfaces facilitate a simplified 

introduction to the topic and further boost the area of research.215,216 

Cryo-EM was used to study channel-ligand complexes to understand the mode of action better and 

binding modalities. The resolved structures can be used to deduce the chemical surrounding of 

potential ligands.216 
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4. Aim of the thesis 

The aim of the thesis was the electrophysiological characterization of a voltage-sensitive sodium 

channel, including the investigation and identification of state-dependent compounds. Furthermore, 

an optogenetic pacing protocol shall be developed which is suitable for high throughput screening. 

For this implementation we need to investigate the interaction between light-induced ChR2 

activation, voltage-sensitive sodium channel response and fluorescent readout (voltage-sensitive 

dye).  

The overall goal of this thesis is the implementation of a VSSC screening campaign at Bayer Crop 

Science, including the first optogenetic high throughput screening, to find new lead structures. This 

part also comprises the HTS validation by electrophysiological and symptomatological investigations 

and selectivity studies on the human VSSC.  

To overcome the problem of cross-resistances, an additional project focused on mutagenesis studies 

to identify and investigate different binding sites and binding modes of compounds at channel 

proteins.  
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5. Results & Discussion 

5.1 Introduction of pEC10 as decisive value for VSSC modulators  

The EC50 or IC50 are the most common values, calculated based on dose- or concentration-response 

curves, to compare compound efficacy. They describe the dose or concentration mediating 50 % of 

the effect in the used test system, either the effector (EC) or inhibition (IC). The half effect can be 

calculated and represents the inflection point of the sigmoidal curve when concentrations are 

plotted logarithmically. 

 

Figure 20 - Correlation of in vivo vs. in vitro data of pyrethroids 
In-vitro activity (EC-values, gained on Na channel in FLIPR assay - fluorescent readout) plotted 

towards the in-vivo activity (minimal effective dose to induce symptoms acquired by injection in 

Spodoptera frugiperda larvae). In-vitro data were transferred into doses instead of concentration to 

prevent data aggregation and have them comparable. Straight line indicates bisectors of an angle 

with a slope of 1 (line). 

 

In Figure 20, the measured in vitro values, calculated based on concentration-response curves, are 

plotted against the doses required to induce symptoms in injection tests. Each compound is 

represented by two points, one in green showing activity of 10 % (EC10) in the fluorescence assay and 
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one in blue representing the point of half activation (EC50). Almost 70% of the EC50 values and one 

EC10 are above the straight line, pointing out the stronger in-vivo activity of most compounds than 

the in-vitro activity indicates. Most compounds showed an approximately 2-20-fold stronger and one 

compound a 100-fold stronger in-vivo activity compared to the in-vitro efficacy by using EC50. This 

effect becomes even stronger when considering metabolization and excretion. The enhanced 

correlation of EC10 compared to EC50 could be explained by the self-enforcing nature of the sodium 

channel, as described by Gilly and Armstrong, lowering the in vitro activity necessary to see in-vivo 

effects.197 As soon as the membrane potential reaches the threshold potential, all available sodium 

channels open and affect the nervous system. Electrophysiological measurements show that 1 % of 

modified sodium channels already have a physiological function on relevant pest organisms like S. 

frugiperda. (personal communication with Ebbinghaus-Kintscher) In fluorescent assay systems, 10% 

activity represents the threshold for reliable discrimination between signal and noise, as shown by 

Whiteaker and is, therefore, the lowest activity to be reliably determined.152 Besides the higher 

target effectivity, the distribution above the lines could be explained by compound accumulation at 

the target side or a side target for the pyrethroid, which could be targeted by compartment 

purification and quantitative spectrometry. 

These results describe the pEC10 as an adequate value to determine predictive values for in vivo 

activities. 
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5.2 Validation of HTS cell lines (VSSC ChR2 and skdr VSSC) 

The optogenetic VSSC cell line was developed at AXXAM, and the tool compounds required for the 

internal verification of proper channel expression at AXXAM were provided by colleagues from Bayer 

AG. The validation of the cell lines is crucial for the different experiments planned. The cells were 

validated based on their activity and pharmacological profile. After arrival, the cell lines were tested 

in-house to prove sufficient expression and assay compatibility. The first cell line tested was the 

optogenetic cell line stably expressing channelrhodopsin 2 T159C from C. reinhardtii and the α and β-

chain of the VSSC of M. domestica HEK293 cells. The functional expression of both channels was 

proven in manual patch clamp experiments. The expressed channel responded with a short, 

activated state and a subsequent inactivation during elongated depolarization. (Figure 21 A) After 

repolarization, the channel can be activated again, as reported by Hille in 1984 and Stühmer et al. in 

1989.217,218 The VSSC exhibited robust currents of 5 – 10 nA in response to a depolarization from -

100 mV to -10 mV. The presence of ChR2 was proven by applying blue light with the wavelength of λ 

480 nm (Figure 21 B). The fast primary response at the beginning of a peak was adaptive. After 

repetitive activation, it was reduced to the permanent current. This behavior is characteristic of the 

ChR2 response as published by Nagel et al. in 2003.181 The high and robust currents published by 

Berndt et al. in 2011 and Pan et al. in 2014 for the T159C mutant were also visible in the expressed 

channel.184,219 

Besides the electrophysiological measurement of the VSSC, a second requirement on the cell was the 

measurement in the fluorescent-based assay with a membrane potential sensitive dye. The response 

in the second system was part of the characterization due to its importance for the later performed 

HTS. With rudimentary pacing capabilities, the kinetic baseline (till second 200) was elevated for both 

conditions (in the presence and absence of TTX). After applying the reference compound, the insect-

selective VSSC modulator leads to a substantial signal increase. TTX application did not lead to 

increased signals, and the kinetic remained at the elevated baseline level. The baseline elevation 

indicated a reliable measurement of ChR2 (by blue light). Discrimination between the endogenous 

expression of human VSSC in HEK (human embryonic kidney) cells, as described by Zhu et al. in 1998, 

and the insect VSSC was done pharmacologically by applying the insect-selective reference 

compound Bayer Cpd 8. (Figure 21 C))220 

The ChR2 was implemented into the cell to gain control of the membrane depolarization and activate 

the VSSC. The interaction of both channels was investigated in current clamp measurements. This 

interaction was investigated in current-clamp experiments on the cell line (Figure 21 D) as described 

by Agus.221 At holding potentials of -120 mV, blue light application (480 nm, 50 ms) activated the 

ChR2 and increased the membrane potential to -60 mV. The increase was insufficient to reach the 

threshold, activating the whole VSSC population and generating action potentials as shown by Olson 
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et al.69 A slightly elevated holding potential to approximately -100 mV facilitated the ChR2 response 

to overcome the threshold and led to the activation of the whole sodium channel population. In 

response to a light application, the threshold potential is reached by ChR2 opening and all sodium 

channels open, resulting in a fast peak signal comparable to action potentials described by Hodgkin 

and Huxley, reaching potentials of 30 mV.112 The repetitive light application leads to action potential-

analog signals close to sodium's equilibrium potential, indicating the sodium channel's frequent 

transition through the different states, as shown by Zhang.222 This frequent activation lays the ground 

for the concept of the enhanced HTS assay and might support the identification of state-dependent 

modulators. 

 

 
Figure 21 - Characterization of the optogenetic VSSC cell line 
A) Identification of the M. domestica VSSC based on the electrophysiologic and pharmacologic 

behavior B) Proof of functional channelrhodopsin 2 expression after multiple excitations after blue 

light pulses (λ 480 nM, blue bar) C) proving the ChR2 VSSC cell line measurement conditions in the 

fluorescent assay at the FLIPR Tetra D) Current clamp measurements at the optogenetic VSSC cell line 

at two different membrane potentials to validate the postulated channelrhodopsin – VSSC 

interaction. 

 

Another essential cell line ordered at AXXAM is the skdr cell line, expressing a pyrethroid insensitive 

mutant (T929I & L1014F) of the VSSC heterodimer of S. frugiperda, as described by Sawicki in 

1978.214,223,224 The cell line was ordered to give an early prediction on the resistance breaking 

potential of compounds during validation steps, enclosed to the hit validation for the HTS campaign. 
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Analog to the M. domestica channel, the cell line was validated pharmacologically in 

electrophysiology and the cellular fluorescent assay. (Table 3) 

 

Table 3 - The activity of compounds selected for electrophysiological characterization at WT and 
resistant VSSC 

Figure 23. Bayer Cpd 
MUSCDO 

WT 
SPODFR 

resist 
    

A) Bayer Cpd 1 4.3 <4.3 
B) Bayer Cpd 2 5.6 <4.3 
C) Bayer Cpd 3 5 <4.3 
D) Bayer Cpd 4 7.1 <4.3 
E) Bayer Cpd 5 7.4 <4.3 
F) Bayer Cpd 6 5.3 5.7 
 Bayer Cpd 7 5.9 6.5 

    

Bayer Cpd 7 belongs to the same class as cpd 6 and 
features structural similarities  

 

The switching behavior of the channel as a response to a depolarizing pulse is a homolog to the 

behavior of the M. domestica VSSC. After a short channel opening, it transitions into the inactivated 

state, which is not closing completely compared to the WT M. domestica channel. The result is a 

slowly decreasing current from 20 % directly after depolarization compared to 10 % current after 700 

ms, mutations can cause such altered channel physiology as Li already described.225 The response 

after pyrethroid (β-cyfluthrin) application was similar to the control trace (Figure 22), indicating the 

expected loss of sensitivity towards pyrethroids as described by Martinez-Torres et al.214 The tool 

compound with another mode of action and resistance-breaking potential shows equal activity in the 

inactivated state at the skdr mutant compared to the WT.  

 

 
Figure 22 - Characterization of the s-kdr VSSC cell line 
Superimposed current responses of the double point mutated S. frugiperda VSSC (skdr) after voltage 

pulse application before (black trace) and during application of 10 µM β-cyfluthrin (blue trace). The 

cell was clamped to holding potential -100 mV, pulse consisted of 300 ms depolarization to -10 mV  
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5.3 Electrophysiological characterization of VSSC modulators 

The HTS assay aims to identify all kinds of VSSC agonistic modulators. An assembly of all known VSSC 

effects is listed to point the focus on the requirements and features of the developed assay. 

Modulators binding to one of the four channel states (see Figure 7) can have one or more effects. 

Figure 23 shows which effects could be measured by targeting the channel states 

electrophysiologically. Automated patch clamp experiments gained the data on stable cell lines 

expressing the VSSC of Musca domestica.  

Various effects are altering the inactivation of sodium channels. Different neurotoxic peptides (α-

scorpion toxin and δ-conotoxin), isolated from scorpions and marine snails, facilitate conductance 

during fast inactivation as described by Kirsch et al., Benoit and others.226–230 The application of Bayer 

Cpd 1 inhibits the same state and shows a sustained opening during the fast inactivation (Figure 23 

A). After repolarization, the channel is transferred into a closed resting state, preventing ion flux The 

comparably low pEC10 measured in the fluorescent screen might be traced back to a degradation of 

the compound. Another effect, mediated by Bayer Cpd 4 is delayed inactivation, resulting in 

broadened sodium peak during activation. Within a few milliseconds, however, the inactivation is 

complete, and sodium flux is no longer impeded. Both kinetics convey a binding during the open 

state. The effect of 10 µM Bayer Cpd 3 is contrary to the delayed inactivation. However, it also 

modifies the fast inactivated state. The sodium channel peak remains unaffected and almost 

recovering to the level of the control trace in contrast to Figure 23 A and B. During fast inactivation, 

the channel opens again, with currents getting stronger over time (Figure 23 C). After repolarization, 

currents decline with far lower kinetics than observed for A). This kinetic conveys modulator binding 

during the fast inactivated state with slow dissociation after repolarization. 

Bayer Cpd 4 affects fast inactivation as well as repolarization. The VSSC does not convert to the 

closed state following the inactivated state but remains open. This pattern is typical for pyrethroids 

and was first described by Narahashi.73 It requires prior channel activation, which indicates binding 

during the open state.73,231 Within the pyrethroids class, the effect level on the inactivated state 

varies from significant effects on the state to effects restricted to the subsequent effect (tail-

current).232 The tail current is always higher than the current on the inactivation. The electrochemical 

driving force for sodium influx is significantly higher at more negative membrane potentials, as the 

Goldman-Hodgkin-Katz equation describes.19,20 Another aspect typical for pyrethroids is the use-

dependency as first described by Vijverberg.233,234 Therefore, I measured the pulses in Figure 23 E at a 

frequency of 50 Hz, with an increase of the pyrethroid-mediated effect of 50% between pulses one 

and two and a 25% increase between pulses two and three. This indicates an increase of pyrethroids 

binding to parts of the VSSC population upon each activation and more VSSC stay in the open state as 

Zhorov and Dong were showing recently with an AI-guided AlphaFold2 model.74,234,235 
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Figure 23 - Different modes of action at the sodium channel  
Shown are different modes of action at the sodium channel in the presence (blue) and absence 

(black) of different tool compounds. The effect is dependent on the pulse protocol used to mediate 

particular channel states: A) Inhibition of fast inactivation mediated by 10 µM Bayer Cpd 1 B) Slowing 

of inactivation mediated by 10 µM Bayer Cpd 2 C) activation during inactivation mediated by 10 µM 

Bayer Cpd 3 D) tail current mediated by 10 µM Bayer Cpd 4 E) use-dependency mediated by 10 µM 

Bayer Cpd 5 F) voltage shift mediated by 10 µM Bayer Cpd 6.  

 

The effects observed (Figure 23 A-E) were mediated by modulators sharing the same binding site, as 

indicated by a lack of activity at the skdr mutant (see Table 3 in 5.2 Validation of HTS cell lines). All of 

the used modulators are presumably binding to the pyrethroid binding site (site six characterized by 

Lombat et al.)64 and are therefore considered pyrethroid-like. The sodium channels of Musca 

domestica (MUSCDO) and Spodoptera frugiperda (SPODFR) were used in the test. Nevertheless, the 

data are conclusive, as pyrethroids are active in both species, as shown by Casida et al. and Smith et 

al.236,237 The voltage shifter exhibits an enhanced activity at the pyrethroid-resistant mutant, 
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favorable for the development of new insecticides.  

Contrary to the suggestion of Catteral, Lombet et al. and Slotkin et al. trying to assign VSSC binding 

sites to different VSSC effects, the data show that the identification of binding sites only based on the 

modulatory effects is not possible.62–64 If modulators with new effects are found on the VSSC, this 

aspect may hint at new binding sites at the VSSC and resistance-breaking potential. The classification 

of binding sites based on the effects of all these tool compounds facilitates just assumptions. For 

clarification, mutagenesis or radioligand binding studies with docking experiments can gain more 

confidence, as done by Morandi and others.238–241 Those techniques may also be affected by 

allosteric effects, so only structural clarification via crystallization and cryo-EM can precisely define a 

binding site. 

The voltage shift of the activation to more negative potentials is another agonistic MoA known on 

the VSSC (Figure 23 E) and described for β-scorpion toxin and brevetoxin by Campos et al. and 

Catteral et al.242,243 Compound binding mediates an early opening at potentials below the threshold. 

It has the same kinetics under control conditions, with a fast inactivation and a lacking tail current. 

The effect leads to the assumption that such shifters are binding at the resting state and open the 

channel at more negative potentials.  

These data showed the relevance of optogenetics to facilitate transitioning between different 

channel states to expose binding sites during HTS and establish an optimal pacing protocol. 
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5.4 High throughput screening optimization  

5.4.1 Buffer-conditions 

Implementing optogenetics in this assay required adding extra agents into the buffers. The first tests 

to ensure these aspects were conducted at the FLIPR Tetra to optimize buffer and culture conditions. 

The assay window or response over baseline (RoB) was one quality parameter. A high RoB is 

important for the discrimination between weak modulators and false positives, it grants low 

thresholds for later hit picking and is therefore desirable. 244 

The first adjuvant required is retinal from an external source. It is the light-sensitive co-factor for 

channelrhodopsin 2. Our studies on the effect of retinal on the HTS cell line showed increased signals 

with substitution of 5 nM retinal in advance to the measurement of 38 %, coherent with the in vivo 

results of Srinivasan.245 The retinal was applied 60 min before the experiment started. The increase 

remained unaffected after applying 0.5 µM tetrodotoxin, a well-known sodium channel blocker 

(Figure 24). Besides cost reduction, a reduction or even elimination of retinal in the buffer would 

have resulted in higher stability of the buffer. Granit et al. and Nakanishi reported in 1939 and 1991 

the conformational change of the retinal in response to light stimulus, making it unusable for 

ChR2.246,247 To circumvent any issues with the retinal, all experiments were performed in the dark or, 

if not possible, under yellow light to prevent unbound retinal or channelrhodopsin activation 
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Figure 24 - Importance of retinal for the optogenetic VSSC assay 
Shown is the importance of retinal for the channelrhodopsin response. A shows the effect of retinal 

on the target cell line. The addition of retinal in the buffer led with high significance to a 38 % 

stronger signal (p = <0.0001). B The addition of 0.5 µM TTX did not affect the response. 

 

All following improvements required the application of VSSC modulators to detect signal changes. As 

a tool, the reference compound was chosen to identify changes in the RoB, as a potent VSSC 
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modulator, the same reference implemented as standard in the later HTS campaign. For the 

characterization of the reference compound, a concentration-response curve was measured. (Figure 

25) By norming all values to deltamethrin like Tay et al. did in 2019, a concentration of 10 µM 

reference compound reached 100 % VSSC activity. As 10 µM mediates a 100% effect and is not 

impaired by precipitation, this concentration was applied in the follow-up studies. Besides the ECmax, 

the pEC50 and pEC10 were measured and all values exhibited low standard deviations, making 

reference compound a suitable standard, based on the demands proclaimed by An and Tolliday.248  

 

Figure 25 - Concentration-response-curve (CRC) of reference compound on Musca domestica VSSC 
CRC was measured on stable and functionally expressed house fly voltage-sensitive sodium channels 

(VSSC) using a fluorescence-based membrane potential sensitivity assay. All values are normed to 

1 µM deltamethrin resulting in a pEC50 of 6.33 ± 0.059 and a pED10 of 7.35 ± 0.136 with a maximal 

intrinsic activity of 100 %. 

 

The optimal cell incubation was the next aspect under investigation. Incubation conditions and times 

are of tremendous importance for cells expressing insect proteins. Besides the maximal RoB, these 

experiments also calculated the slope as the second success factor. The hill slope is highly important 

in the later HTS, as the optogenetic approach and the fast channel physiology of the VSSC require 

quick response times and kinetics of the dye. The data shown in Figure 26 were gained with loading 

buffers containing 5 nM retinal and 0.75 mg/mL voltage-sensitive dye (VSD), half of the 

manufacturer’s recommendation. However, this concentration was sufficient to feature 

advantageously in reproducibility and sensitivity.149  

With 24 h incubation at 26°C directly after cell seeding, RoBs of approximately 275 % (SEM ± 13 %) 

were observed. A preincubation for 24 h at 37°C before the 26°C incubation was significantly 

advantageous with an RoB of 372 % (SEM ± 12 %). The same is true for the slope, where an increase 

of 40 % from 0.32 (SEM ± 0.02) to 0.53 (SEM ± 0.02) was shown for the preincubation at 37°C. The 
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RoB reduction might result from reduced cell health and a reduced number of attached cells, as seen 

in other assay systems.249–251 After showing the advantage of a 37°C preincubation, the impact of two 

different incubation periods at colder temperatures was investigated. Prolonged incubation of 24 h 

at 26°C was significantly advantageous in both factors over shorter incubation at colder 

temperatures. The RoB is about 20 % higher (301 % ± 7 % vs. 372 % ± 12 %) when 24 h incubation at 

26°C and a slope increase of 15 % (0.46 ± 0.1 vs. 0.53 ± 0.02). The discrepancy between 24 h at 26°C 

and 6 h at 20°C shows that a proper VSSC expression requires time and 26°C 

 

Figure 26 - Effect of different incubation parameters on the kinetics of the sodium assay 
The effect of different incubation times on the window size (Response over Baseline) and the slope is 

shown. The factors were measured after applying 10 µM reference compound and the slope was 

calculated from the moment of application to the point of the kinetics’ maximum. 

 

The next step was proving the importance of the potassium ionophore (KI: Bayer Cpd 9) by showing 

significantly increased measurement windows from 300 to 400 in rudimentary experiments on the 

FLIPR Tetra (Figure 27). The ionophore comes along with two advantages to enhance the 

measurements. The potassium efflux mediated by the KI leads to reduced membrane potential on an 

excitable level, similar to potassium leak channels, as published by Miller and Wiedmann et al.252,253 

The voltage-sensitive dye used (VSD) for measurement is responding to a decline in membrane 

potential with a decreased baseline fluorescence. As the measurement window is calculated as a 

response over baseline, the low fluorescence measured as a baseline with an unimpaired maximum 

resulted in an enlarged measurement window. Furthermore, the KI is required for acquiring 

optogenetic control over the sodium channel. Jiang et al. have proven a resting potential for HEK 
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cells of -35 mV, leading to the transition into the slowly inactivated state of the sodium channel, as 

shown by Adelman & Palti in 1969 and Chandler & Meves in 1970.253–255 They were also able to show 

that a transition from slow inactivated state to the open state is not possible and would therefore 

stand in conflict to the aim of the optogenetic implementation. The enhanced availability of VSSCs 

might have furthermore improved the RoB. After activating the sodium channel, the ionophore 

supports the repolarization of the cell. It shifts the sodium channel back from a fast inactivated to a 

closed state, similar to voltage-gated potassium channels in neurons. This aspect facilitates a 

frequent and simultaneous activation of the whole sodium channel population, as shown by Berndt 

et al., leading to an increased signal.219 The optimal concentration of ionophore was determined by 

considering different pulse protocols (see 5.4.2 Development of light pacing protocol).   
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Figure 27 - Effect of the potassium ionophore (KI) on the window of the VSSC assay 
A & B Show the influence of the KI (Bayer Cpd 9) on the window of the optogenetic VSSC assay under 

two different culture conditions. The white column with the dots represents the data gained in the 

absence of the KI, whereas the grey columns with the squares represent the data points in the 

presence of 20 µM KI. 

 

To prevent detection by mistake of auto-fluorescent compounds, a quencher can be implemented in 

the loading dye as published by Marmor et al.256 Wolff et al. and Jager et al. published the capability 

of ink quenching fluorescence in the liquid phase, while the fluorescent measurements on the z-axis 

of the cell layer remain unaffected.148,257,258 The addition of 0.01 % brilliant black showed no 

significant change in the signal (Figure 28). Due to the missing disadvantages, it was added to the 

buffer. 
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Figure 28 - Effect of brilliant black on the optogenetic VSSC assay 
Shown is the effect of brilliant black (f.c. 0.01 %) on the window size of the VSSC assay after different 

culture conditions 

 

This work has provided a suitable assay buffer for a medium-throughput assay. For a proof of 

concept on the advantage of the optogenetic screening approach, different tool compounds were 

tested on the regular VSSC cell line versus the optogenetic VSSC ChR2 T159C cell line. Both cell lines 

were measured under the same conditions regarding culturing (24 h 37°C & 24 h 26°C) and buffer 

composition (5 nM retinal, 20 µM potassium-ionophore, 0.75 mg/ml VSD, 0.01 % brilliant black). 

Adjustments on excitation intensity, frequency and measurement intervals were later performed at 

the Assay Imager. 

 

Table 4 - Tool compounds used for assay optimization 

Compound class Bayer Cpd 
Effects 

(see Figure 23) 

Pyrethroids and pyrethroid-like Bayer Cpd 10 Tail current (open block)
233

  
Inhibition of inactivation

233
 

voltage shift
233

 
Bayer Cpd 11 
Bayer Cpd 2 
Bayer Cpd 12 

DDT-Likes Bayer Cpd 13 
Bayer Cpd 14 
Bayer Cpd 15 

Tail current (open block) 

BCS-Class Bayer Cpd 16 
Bayer Cpd 17 

Inhibition of inactivation 

ß-Scorpiontoxin-like Bayer Cpd 18 
Bayer Cpd 19 

Voltage shift of activation 

   

A comparison between the old assay and the new assay was not performed, as the concentration of 

the VSD was set 5-fold higher in the new assay setup. This change would have resulted in a far higher 

signal of the optogenetic cell line under all circumstances independent of the optogenetic pacing.  

One significant advantage of the new assay was detected even without compound application. The 
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baseline values measured for calculation in the old assay system were randomly oscillating (data not 

shown). This made proper RoB calculations difficult and raised the baseline values, calculated over 

AUC. The new assay does not feature these oscillations. Oscillations were most likely spontaneous 

activations of VSSC, as also seen by Grimm et al. in iPSCs, as the membrane potential of the HEK cell 

fluctuated close to the threshold potentials.220,259,260 Implementing the potassium ionophore and the 

ChR2 circumvented this effect and guaranteed more stability and control over the membrane 

potential. 

Most window sizes were comparable between VSSC and VSSC ChR2 (Figure 29). Just minor variances 

were observed, with mostly higher values in the optogenetic cell line. However, these variances were 

within the tolerance of cellular assays. Pyrethroids, pyrethroid-like modulators, and DDT-likes are 

chemically optimized to reach market maturity and show high efficacies in in-vitro assays.261–263 The 

high RoBs run towards saturation and efficacies point towards the activation of the whole VSSC 

population, explaining why signals cannot be further enhanced. Just for three compounds, more 

substantial deviations were observed (Figure 29). Both voltage shifters significantly increase 3 – 4-

fold due to optogenetics. The difference between both signals is the discrepancy between detection 

and missing the MoA in a screen. Another increase was observed for Bayer Cpd 21, with a 2-fold 

increase for the inhibitor for inactivation. The other inhibitor for inactivation exhibits just a minor 

increase. 

This increase can be explained by the voltage-shifting effect mediated by this compound class analog 

to the β-scorpion toxins as described by Wheeler et al. and others.264,265 Opening of VSSC under HEKs 

physiological conditions is from the present state, as described earlier. The potassium-ionophore 

applied to the buffer in the new assay set-up reduces the membrane potential to achieve a neuron-

like membrane potential.266,267 At this membrane potential, the M. domestica VSSC is in the resting 

state, facilitating channel opening as a response to membrane potential increases. Blue light-induced 

ChR2 opening leads to an unselective cation influx pushing the membrane potential to a more 

positive potential as described by Bamann et al. in 2008.268 This elevation is strengthened by the shift 

of activation due to modulator binding the VSSC.269 
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Figure 29 - Proof of concept for the benefit of optogenetics in the VSSC assay at FLIPR Tetra 
Shown is the RoB for different tool compounds with different MoAs assigned. 

 

In cell-based high throughput screening systems, frozen cells are favored over permanently cultured 

cells. Frozen cells have the advantage of consistent quality, as the cells in all measured plates exhibit 

a low and identical passaging count. To circumvent biological variance, the assay was tested on the 

compatibility with frozen cells as performed for other high throughput campaigns by Seitz et al., 

Rotordam et al. and Smilkstein.270–272 Results in cultured cells might differ due to the varying cell cycle 

times and minor inconsistencies in culture conditions. Throughout the campaign, aging effects like 

poor channel expression or reduced cell growth, as described by Kaur et al., can be circumvented.273 

Cryo vials were ordered at Accelerate with a declared cell concentration of 107 cells with a passaging 

number of seven.  

Tests for the proof of concept and approval of the Accelerate cells were performed on the FLIPR 

Tetra with a rudimentary but comparable pacing system to the later Assay Imager, developed by 

Bayer AG for flexible and high throughput pacing. The RoB is similar among all MoAs and compounds 

when cultured and frozen cells are compared. The voltage shifter and the inhibitor for inactivation, 

exhibiting a significant difference in the former comparison, are also detectable in the frozen cells 

(Figure 30). In most cases, the cultured cells showed a minor advantage over frozen cells, which is 

negligible regarding the benefits of the frozen cell approach. 
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Figure 30 - Investigation of assay tolerance towards frozen cell approach at the example of 
different tool compounds 
 

5.4.2 Development of light pacing protocol 

The transfer from rudimentary optogenetic measurements performed on the FLIPR Tetra (Figure 29) 

to actual light-induced pacing in a suitable device requires adaption. It facilitates enhanced control 

over the light application and the application of different pacing protocols (excitation intensity 1-100 

%, excitation time and simultaneous application of various wavelengths). Due to the issues regarding 

the light application, the actual screen was performed on the Assay Imager, designed and built by 

Bayer AG (Bayer Business Services, former Bayer central research). 

The conditions were tested one after another with the more advantageous condition compared to 

before. The amplitude height was evaluated as a response to excitation with 30 ms blue light pulses 

(475 nm – 485 nm) with a frequency of 0.1 Hz. Channel amplitude was defined as the difference 

between the signals measured in the presence and absence of 0.5 µM tetrodotoxin (TTX). TTX was 

applied as a control, it is described as an open sodium channel blocker by Yasumura274, maintaining 

the channelrhodopsin activity intact. High sodium channel amplitudes were considered an 

advantage, representing higher populations of VSSC opened synchronically.  

First, experiments were performed with different potassium concentrations as the driving force for 

repolarization. The first approach was strengthening the potassium gradient by loading the cells with 

potassium. Therefore, the cells were preincubated with K10-buffer (10 mM potassium) for 120 min 

before loading dye application, leading to a significant 300 % increase in the VSSC amplitude. (Figure 

31 A) The second approach to enhance the gradient is the reduction of external potassium from 5 

mM to 0 mM during measurement. It led to a significant increase in the VSSC amplitude of 



  Results & Discussion  

49 
 

approximately 400 % (Figure 31 B). The most substantial effects were seen by implementing the 

potassium ionophore to take advantage of the increased gradient. Concentrations of 50 µM 

potassium ionophore were shown to be cytotoxic (data not shown); therefore, concentrations from 0 

– 20 µM were tested. The highest amplitude was measured at potassium ionophore concentrations 

of 20 µM, with an amplitude height of 10 %. The reduction of the ionophore concentration (10 µM) 

comes with a signal reduction (5 %). The cell system's enhanced capability to repolarize and get 

closer to the neuronal resting potential facilitated the physiological VSSC function, as reported by 

Zhang et al. in similar setups.275 Repolarization is essential, as otherwise, the high membrane 

potentials force the majority of VSSC into an unexcitable, slowly inactivated state. Repolarization is 

necessary, as otherwise, the high HEK membrane potentials force the majority of VSSC into an 

unexcitable, slowly inactivated state, as described by Pavlov et al.276 

 

Figure 31 - Effect of potassium and ionophore concentrations on the VSSC amplitude after blue 
light application 
Shown are the VSSC amplitudes in response to 30 ms blue light pulses (λexc: 465 – 485 nm) with a 

frequency of 0.1 Hz. For A) were the cells measured with and without 120 min preincubation of K10 

buffer before the application with loading buffer. B) Shows the VSSC amplitudes with two external 

potassium concentrations after preincubation with K10 buffer. C) Na channel amplitudes at different 

KI concentrations, with preincubation of K10 buffer and K0 tyrode 

 

Further aspects investigated are cell number per well and incubation time with loading dye. (Figure 

32) The amplitudes measured were decreased for long incubation times. The highest signals were 

observed for a cell concentration of 50 K cells, with a minor amplitude reduction for 25 K cells per 

well. The signal decrease of almost 50 % between 30 min and 60 min is the highest. After 60 min, 

minor declines over time were measured for both cell concentrations. An extended incubation was 

shown to be disadvantageous. A possible reason could be the equilibrating potassium gradient was 

equilibrating over time due to the ionophore. The shorter the incubation time was kept, the higher 

the gradient was during the actual measurement and facilitated the generation of robust sodium 

channel amplitudes. The signal for all incubation times was decreased for low cell concentrations. 

The conditions for optogenetic pacing in advance of the actual measurement were completed. All 
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pacing experiments were conducted according to the results above. Different pulse protocols were 

tested with 120 min preincubation of K10-buffer, loading buffer prepared with K0-tyrode and a 

loading dye incubation of 30 min with 25 000 cells per well. For evaluation and identification of the 

actual VSSC signal kinetics, the presence and absence of 0.5 µM TTX were measured.  

 

Figure 32 - Effect of cell density and incubation times on the amplitude level after blue light 
application 
Shown are the Na channel amplitudes in response to 30 ms blue light pulses (λexc: 465 – 485 nm, 0.1 

Hz). The amplitude level is shown for two different cell concentrations with regard to the incubation 

time with loading dye. 

 

The protocols were tested on the optogenetic cell line to investigate the effect of different pulse 

types. Following Whiteaker et al. and Berndt et al., a combination of two different wavelengths is 

required for the assay, green light (λ: 515 – 535 nm) as excitation for the voltage-sensitive dye and 

blue light (λ: 465 – 485 nm) for the ChR2 activation.152,219 Different settings were chosen, varying in 

frequency, pulse number, readout intensity and pulse length. The intensity for green light application 

was shown to be highly important for pacing results. Application of 10 % λexc: 525 nm – 545 nm (thick 

green bar) activates the implemented channelrhodopsin 2 mutant and raises the baseline 

fluorescence. The slope in the absence of TTX is higher. The maxima of the kinetics are not affected 

by TTX. Blue pulses do not affect the kinetics (data not shown). Reducing green light intensity to 1 % 

prevented unintended signal increase and facilitated responses to blue light pulses. These results 

explain what was earlier hypothesized for the effects of the FLIPR Tetra, the green light activates the 

ChR2 as well. The elevated baseline measured comes with an elevated membrane potential and a 

transition of VSSCs to the unexcitable slow inactivated state. (see 5.4.1 Buffer-conditions)  

Based on these findings, different pacing strategies were developed. Different frequencies of pulses 

were shown to activate ChR2 and, thereby, VSSC. Applying blue light pulses with 0.1 Hz leads to 

minor activation of ChR2 with distinguishable but additive responses of VSSC, to an RoB of 1.09. 

Increasing the frequency to 1 Hz leads to a 5x fold increase of the ChR2 response to an RoB of 1.05. 
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Furthermore, it enhanced the VSSC activity to a maximal RoB of 1.12, the total VSSC amplitude was 

not altered. 

In contrast to the elevation by 10 % green light, the elevation is caused by ChR2 and the VSSC. 

However, it did not increase as many times as the ChR2 signal. The signal kinetic equals the dye 

kinetic and the amplitudes are no longer distinguishable. The electrophysiological measurements 

showed that a frequency of 1 Hz is short enough to get repetitive pulses of the fast-switching VSSC 

(see 5.2 Validation of HTS cell lines). In the fluorescent readout, the single pulses cannot be resolved 

due to the inertia of the voltage-sensitive dye.149 (Figure 33) The effect of pulses on a single signal 

required a reduced frequency of light pulses, facilitating discrimination between pulses however 

could also benefit the test system, as possible new lead compounds might affect the area under the 

curve and amplitude width. The frequency of 0.1 Hz was sufficient to discriminate between single 

events. Protocols were either implementing one or multiple highly frequent pulses within the 

frequency of 0.1 Hz. The amplitudes for the high-frequency pulses are sharper compared to the 

single pulse amplitudes, as the artifacts eliminated from the kinetic were extrapolated towards the 

first measurable points. The amplitude height of the high-frequency pulses was higher (1.13) due to 

stronger ChR2 activation (1.06). The additive effect seen for both pulses is based on the inertia of the 

dye. The amplitude for the single pulses is the lowest with 1.09, but the measurable effect is just 

based on the sodium flux as the blue light excites ChR2 just strong enough to induce sodium channel 

opening. 

The decisive aspect of the decision on one of the pacing protocols was the performance with tool 

compounds of different strengths and modes of action. Some of these effects are known to be state-

dependent, a feature this screen was designed to detect. Soderlund described the pyrethroids as a 

state-dependent example, requiring prior opening. Furthermore, other modulators were 

implemented, targeting the inactivated state (see 5.3 Electrophysiological characterization of VSSC 

).233 This diverse selection was expected to give a clear picture during the development. To find the 

optimal protocol, each aspect was tested separately, the frequency with 30 ms pulses first. (Figure 34 

A) Slightly advantageous was the lower frequency pacing among all classes. The minor effects 

detected, however, are primarily based on the calculations. Evaluated is the ratio between baseline 

measurement and the actual compound effect. This ratio becomes lower when the baseline is 

elevated due to higher blue light exposure. Besides this slightly elevated RoB, we have the advantage 

of individual responses to the blue light and therefore stuck to the low-frequency pacing.  

The next step was the testing of the repetitive pulsing versus single pulses. Ten light pulses, meaning 

ten VSSC activations, are translated into one pulse. The expectation was a high frequent passing 

through all VSSC states and therefore, the opening of the different binding sites as seen in vivo by 

Kadala and Soderlund independently.233,277 
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Figure 33 - Effect of pulse protocols on the VSSC kinetics. 
A) kinetics of different pulse protocols over time in the presence (light blue) and absence (dark blue) 

of 0.5µM TTX, light application is indicated as bars and columns below the graphs. The inlet shows 

the Assay Imager, a tailor-made fluorescent and luminescent reader. Artifacts due to blue light 

application are removed from each kinetic. B) Excitation spectrum for different channelrhodopsin 2 

(ChR2) mutants of Pan et al. extended on the inlet containing the excitation spectra used by Assay 

Imager LEDs184 C) Emission kinetic of voltage-sensitive fluorescent dye after depolarization  

 

Single pulses show slightly better results for the same reason as proclaimed for the 1 Hz pacing. The 

high blue light exposure elevates the baseline, just ChR2 mediated and VSSC independent. The next 

step was the length of the blue light application, varying between 30 and 90 ms. The results of almost 

all compounds and MoAs are slightly better for more prolonged exposure. For the pyrethroid and the 

DDT-like substances, the effect is stronger. Both classes exhibit comparable effects and bind the 

same binding site according to Davies et al., Ranson et al. and Chang and Plapp Jr.74,79,278 The more 

prolonged exposure was therefore taken for further experiments. 

Last but not least, the advantage of the optimized pacing protocol (1x, 90ms, 0.1 Hz) was proven over 

the old assay system without blue light application (just the green light). The slight enhancement of 

the effects of potent modulators was negligible. The most significant advantage is optogenetic pacing 

for voltage shifters, which are not detectable without pacing. The frequent application of blue light 

facilitates the detection of all three voltage shifters with RoBs of approximately 40. This assay was 
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designed to identify structures with weak effects and provide new starting points for chemical 

optimization, as Yu et al. showed for HTS.279 Strong modulators would have attracted attention 

during an in vivo screening. These weak voltage shifters were just detectable after implementing 

ChR2 into the cell (Figure 34). With particular regard to the mode of action, this visibility can be 

explained by the effect, it is not persistent but can be measured frequently due to repetitive 

opening.278,280 Furthermore, voltage shifters are just shifting the threshold potential for VSSC towards 

a more negative potential and might support the opening of VSSCs in response to optogenetic 

stimulation.280,281 

The z’-factor for the assay as performed during the HTS was 0.81, which can be considered stable and 

suitable for the screening campaign as defined by Zhang et al.244 Crucial for proceeding was the effect 

on the voltage shifter (Figure 34 D), which is a comparable weak modulator not yet optimized as a 

market product.279 The pacing protocol with one pulse in a frequency of 0.1 Hz and a duration of 90 

ms was chosen to perform the HTS measurements. 

 

Figure 34 - Advantage of optogenetic pulsing by the example of different tool compounds 
A-D) Plotted is the maximal response of representative tool compounds for different MoAs and 

classes measured with different pulse protocols   
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5.5 High throughput Screening Campaign 

5.5.1. High Throughput Screening  

All experiments were conducted according to the developed assay and the optimizations conducted 

in this study. For identifying VSSC agonists, approximately 1 200 000 test compounds were measured 

at a concentration of 10 µM in single point measurements. All areas under the curve (AUC) were 

normed to 50 µM reference compound (200 % activity) and DMSO (100 % activity), as also described 

by Riniker et al.189 (Figure 35)  

 

 

Figure 35 - Results of primary high throughput screening (HTS) 
The hit rate of primary HTS with black dots representing compounds, green dots representing DMSO 

controls (normed to 100 %) and blue dots representing standard (reference compound, normed to 

200 %). The activity threshold was set to 120 % (indicated by the green line). 

 

Based on the experience of prior HTS screens at the VSSC without optogenetics and the low number 

of hits identified during those screens, the threshold activity was set to a low percentage. By doing 

so, the risk of a higher rate of false positives increased, but it also reduced the risk of false negatives 

(enhancing sensitivity) balanced on the criteria of Zhang et al.190 This enhances the possibility of 

finding weak agonists, later filtered by higher tier experiments like electrophysiology and 

symptomatology. The automated patch clamp measurements in later steps can nowadays be 

implemented to filter true positives with an orthogonal high throughput assay. Higher thresholds 

were considered to enhance the confidentiality of true hits (Table 5) 120 % represented the 

scattered activity of the DMSO negative controls, usually exhibiting a stable distribution at the 100 % 

limit. The chance of finding potent modulators was considered low. Otherwise, they would have 

been discovered in a previous HTS assay or in-vivo assays. Almost 50 000 compounds reached the 

threshold of 120 %. Therefore, two filters were applied to further reduce the amounts of hits to 40 

000 preliminary hits. A selection of putative hits with a given activity was made based on two criteria. 
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The compounds were chemically clustered, for each cluster, just up to 20 cluster members with the 

highest activity were chosen. Another filter was a chemical desirability score for agro-like compounds 

based on chemical properties, an adapted Lipinski rule of five for agrochemicals.191,192 This way, the 

number of hits in the primary screen was reduced for the confirmation screen. 

Besides an activity-guided analysis, a kinetic analysis was performed with artificial intelligence (AI) 

based autoencoder. As others performed this analysis and due to confidentiality reasons, the exact 

parameters of the analysis are not further detailed. The limit for the activity-guided analysis was set 

to 30 000, while the new AI-guided analysis had a threshold of additional 10 000 compounds. (Figure 

36) Both analyses had an overlap of 15 000 hits. Frequent hitters were not nominated for further 

testing, as considered as either unselective or false positive, as described by Yang.282 

 

Table 5 - hit rate for different activity thresholds 
Threshold activity Amount of hits Hit rate* 

   

120 49 243 5.2 
125 33 228 3.5 
130 23 746 2.5 
140 13 697 1.4 
150 8 622 0.9 
200 1 532 0.2 
   

*Hit rate was calculated based on 953.271 compounds screened in a 
first approach 

 

All of the already known modulators included in the tested libraries were detected in the assay, 

showing the reliability of the assay. As a further quality control, a quality check plate was measured 

twice a day with tool compounds to evaluate the assay stability and comparability between the 

experimentation days. 

 

Figure 36 - Matrix for different approaches for hit-picking after primary HTS 
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All 40 000 primary hits were then tested in duplicates at 10 µM at the mock cell line (ChR2) and 

target cell line (VSSC ChR2), as similarly performed by YU.153 The activities measured during the 

primary HTS were reproducible but slightly higher than those for confirmation. The activities 

reaching into the area with activities below 120 % were mainly chosen kinetic guided and cannot be 

expected to reach the formerly defined threshold. The reproducibility within the confirmation screen 

is shown in graph 2 of Figure 38. Both replicates are plotted against each other, with the standard 

enclosing the 200 % activity mark (red) and the DMSO negative control located at the 100 % activity 

mark (blue). The majority of compounds are close to the bisector of an angle with a gaussian normal 

distribution. Just a fraction of the compounds exhibiting a low activity have a shift towards replicate 

1. 

 

 

Figure 37 - Example kinetics for agonists and antagonists in the optogenetic screen 
Shown is a depiction of the kinetics for different modes of action expected on the screen. After 

compound application the kinetic changes and the location in a plot of two replicates, based on the 

applied compound (green: two different agonistic effects, transient and weak effect in light green 

and permanent/strong effect in dark green; red: no effect and antagonism in blue) 

 

Figure 37 shows example kinetics, measured on the screen, with their respective position within the 

comparison of replicates. The subset of negative modulators is most likely quenching the signal or 

acts as an antagonist, as indicated by Caroll et al.283 This subset of compounds is mainly derived from 

the kinetic approach and had to be analyzed separately. The potent modulators are located in the 

upper right corner. Due to the evaluation by AUC, the values cannot discriminate between strong 

transient and weaker effects.283  
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Figure 38 - Confirmation results after primary HTS 
A) Reproducibility of activity in primary HTS versus activity of confirmation. B) reproducibility among 

the replicates. C) Specificity was shown by the activity ratio between mock- and target cell lines 

 
The most crucial aspect tested in the confirmation screen is the specificity and reduction of false 

positives. To reduce it, the mock cell line expressing the channelrhodopsin 2 was measured similarly 

to the target cell line expressing both the VSSC as the target and the ChR2 as a tool. The comparison 

revealed that the validation screening candidates were divided into two groups. The violet-labeled 

compounds feature high selectivity between target- and mock cell line. Different tool compounds are 

located within this group, mainly strong pyrethroids. The other group of interest is the blue-labeled 

area with a target- to mock activity ratio of >1.2, consisting of weak potential hits. 

Those compounds showing at least 20% higher activities at the target than the mock cell line were 

considered selective and nominated for next-step validation. 

 

 

Figure 39 - Activity-based approach for Hit selection after the confirmation screen 
 

Validation was performed with two different readout systems. In total, 2050 compounds were 

measured, including 129 known modulators, which were all identified. The reliable identification of 

known modulators indicates a good sensitivity of the established assay. The compounds shown in 

Figure 40 are selected and de-selected based on the criteria of Figure 39. The data were derived from 
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concentration-response curves (30 µM to 3 nM), as shown in the inlet. They were recorded in a 

fluorescent assay to identify pharmacologically relevant values, such as pEC10, pEC50 and pECmax and 

the activity max. The measured target cell values were compared to the ratio of both cells (VSSC & 

ChR2/ChR2) to identify modulators with discriminating and high activities at the target cell line. The 

known modulators set into this step of the testing cascade were mainly located on the bisector of an 

angle, as they showed high selectivity for the VSSC. Some minor selective VSSC modulators were 

located below the others but with an enhanced activity at the target cell line, compared to the mock 

cell. Some of the hit candidates were found in the respective area, too. While most were inactive or 

even unselective, a minority of compounds were plotted within the known VSSC modulators. The 

concentration-response curve in Figure 40 shows the selectivity of one promising candidate out of 

ten (Table 6). Bayer Cpd 23 has an intrinsic activity of 148% normed to reference compound (200 %) 

and a pED10 of 7.2 at the target cell line, while exhibiting no activity at the mock cell line. Selectivity 

towards the mock cell line is the key to identifying valid modulators, as described by Seethala et al.284 

Candidates nominated for further testing after validation had to feature mock-to-target cell pED10 

ratios of >1.1. In the case of an ‘inactive’ label in electrophysiological experiments, this activity profile 

triggered a re-evaluation of the electrophysiological data. 

This step consisted of two different test systems, which turned out to be advantageous in previous 

screens and is also independently recommended by Walters et al. and Yu et al.153,193 One test was an 

analog to the former assays, comprising concentration-response curves from 30 µM to 3 nM, 

measured with the HTS cell line, the mock cell line and a pyrethroid insensitive mutant (skdr) 

described in chapter 2.2.2.1 Insect Na channel and by Soderlund.194 The comparison of the HTS and 

mock cell line facilitated the consolidation of the selectivity of the compound. The values gained by 

the skdr cell line allowed an early estimation of the tested fraction's resistance-breaking potential or 

pyrethroid contamination.  

The candidates were nominated for further testing based on the APC measurements. The orthogonal 

assay had the highest impact on the selection of hits for further characterization. It was performed 

with the same compounds as in fluorescence measurements, however, processed individually for the 

electrophysiological measurements. Only compounds with a firm activity profile in the fluorescence 

assay were nominated without activity in APC. 
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Figure 40 - Validation results 
Plotted are the pED10 of the VSSC ChR2 cells versus the ratio of pED10 VSSC ChR2 and pED10 ChR2. The 

green dots represent the known VSSC modulators, while the unknown hits are labeled in blue. The 

inlet shows the measured concentration-response curves at the mock- and target cell line for Bayer 

Cpd 23. 

 

Table 6 - Confirmation results of the ten most promising candidates based on the fluorescence 
readout 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.5.2 Pulse protocol design SyncroPatch384FX 

Measurement of the VSSC required the development of a pulse protocol capable of detecting 

different effects and addressing all channel states (5.3 Electrophysiological characterization of VSSC ) 

as described by Goldman.196 Compounds covering all known effects were chosen for evaluation.  

Compound 
Activity Max [%] 

VSSC ChR2 
pEC10 VSSC ChR2 pEC10 Mock ChR2 

    

Bayer Cpd 24 40 6.80 5.6 
Bayer Cpd 25 60 6.50 <4.5 
Bayer Cpd 26 63 6.60 <4.5 
Bayer Cpd 27 52 6.70 <4.5 
Bayer Cpd 28 66 6.70 <4.5 
Bayer Cpd 23 48 7.20 <4.5 
Bayer Cpd 29 69 7.30 <4.5 
Bayer Cpd 30 35 8.00 5.6 
Bayer Cpd 31 33 8.20 5.7 
Bayer Cpd 32 64 7.30 <4.5 
    

*Values were gained based on concentration-response curves normed to reference 
compound, the bold compound of DRC inlet in Figure 40 
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As the measured values were gained by measuring the VSSC population of just one cell, the 

measured effects are underlying higher biological variance.153 Different parameters were considered 

to circumvent artificial effects due to these single-cell measurements. All compounds were measured 

in at least three cells, with seal resistances after the patch of at least 200 MΩ and sodium currents of 

at least 200 pA. Currents below the threshold were not considered as they might result from 

endogenous expressed human VSSCs or did not exhibit an acceptable signal-to-noise ratio to identify 

actual modulators confidentially.195,285 The data were evaluated with and without leak correction to 

discriminate between real effects and compensational artifacts as well as to identify compounds 

mediating leak-like effects. As a negative control, DMSO was applied, with minor results on some 

cursors, explainable by the small leak currents occurring over time, as also seen by Lei286. 

For evaluation, cursors were implemented into the pulse protocol picking out important and 

characteristic values. This way, an automated analysis could have been performed to differentiate 

the different effects by monitoring all cursors over time. All values were normed to the maximal 

current measured for the -10 mV amplitude. Values detecting a voltage shift are recorded at the 

third peak of each clamped membrane potential from the activation curve. Other cursors were 

placed during the inactivation of -10 mV pulses, the triple pulse, and the long 10 mV pulse. The long 

pulse cursor can detect effects requiring prolonged inactivation. The third pulse of the fast 

inactivation is to detect the use-dependent effects on the inactivation. The last cursor is set to detect 

potential tail currents after the inactivation of the third -10 mV pulse. Characteristic traces for the 

different MoAs and the cursor behavior over time can be seen in Figure 41.  

The holding potential during APC experiments was set to -100 mV to have the whole VSSC population 

excitable. Furthermore, it facilitated a measurement over a long time with a stable giga seal. A 

rudimentary activation curve was implemented, enabling the detection of voltage shifters with 20 ms 

pulses to membrane potentials of -50 mV, -40 mV, -35 mV and -10 mV. The first three membrane 

potential changes were chosen to be below the threshold potential of VSSC from Musca domestica, 

while a depolarization to -10 mV guarantees activation. The voltage shifter tool compounds 

(exemplary 10 µM Bayer Cpd 6) were identified with strong signals at membrane potentials 

of -40 mV and some minor effects below the other peaks at -50 mV. The signal reaches just 500 pA, 

as -50 mV does not match the new threshold potential. So, just a subset of the VSSC population 

opens as also observed for other voltage shifter characterized by Buczek et al. and Zhang et al.280,281 

Other cursors were not affected by this compound class. (Figure 41) 

The activation curve consisted of three pulses for each membrane potential to find use-dependent 

effects on the measured potentials. Use-dependent effects were shown to be measurable with 

prallethrin leading to currents after channel inactivation (tail-currents) as described by Amar et al. in 

1992.285 The visible tail current is additive after high frequent pulsing as proclaimed by Kadala et al.277 
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Besides the main effect on the tail current, this pyrethroid also led to use-dependent currents below 

the threshold potential.  

A permanent open VSSC can be observed after applying 10 µM Bayer Cpd 15. The currents recorded 

equal those of a leak during the measurement. Discrimination between leak currents and actual 

effects required further analysis. This effect is critical to monitor, as it can be either a false-positive 

hit or a positive. Discrimination based on the cursor is not possible and requires further investigation, 

such as monitoring the early effects when the effect is established. For example, false positives 

inducing this effect might permeabilize the membrane, as described by Ishibashi et al. and Linely, 

leading to unselective and undirected ion fluxes across the patched cell.287,288 If the sodium channel 

mediates the effects, the channel is open consecutively, leading to a permanent sodium current 

among the electrochemical gradient. Furthermore, the main sodium current, measured at -10 mV, 

weakened over time when the sodium channel is kept open, as the electrochemical gradient for 

sodium intra- and extracellular comes alike. 

The last aspect considered in the design of the pulse protocol was a long pulse to identify modulators 

targeting the inactivated state. Therefore, the previous pulse is prolonged to identify all effects on 

this particular state, from a fast response like delayed inactivation to a delayed opening during the 

inactivated state, as described in 5.3 Electrophysiological characterization of VSSC modulators. 

All compounds and effects were identified, and the effect was reliably assigned to the tool 

compound. The chosen cursor facilitated a clear identification of the effect. Smaller effects were 

difficult to detect via the cursor, as deviations in control traces might lead to misjudgments. 

Therefore, all traces during pulse protocol design and hit verification were inspected visually to 

detect weak effects, as expected for VSSC hits.  
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Figure 41 - Development of a pulse protocol for the validation of potential HTS-hits  
A) Pulse protocol (black) developed for the identification of a board spectrum of VSSC mode of 

actions with a characteristic trace (blue). The protocol consists of a total of 13 pulses, nine subliminal 

pulses of 20 ms representing a rudimentary IV curve in triplicates (-50 mV, -40 mV, -35 mV), and four 

pulses at -10 mV overcoming the threshold potential of the sodium channel (3x 20 ms and 1x 200 

ms), the protocol was repeated every 10 s for 72 sweeps. The colored areas indicate cursors used for 

evaluation. B) Collection of different modes of action, with characteristic behavior of the cursors over 

time on the left (blue bar: compound application) and characteristic APC traces recorded on the 

right. Compounds were applied after 17 sweeps, the final evaluation was done after sweep 70 (9 min 

of incubation). 
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5.5.3 Electrophysiological validation of HTS hits (orthogonal assay)  

Tested were 2049 compounds at a concentration of 10 µM in automated patch clamp. In these 

experiments, the VSSC ChR2 cell line was exchanged by a just VSSC expressing cell line, as channel 

opening was controlled electrophysiological. I measured each compound eight times to ensure a 

dataset of at least a triplicate. Classification and hit picking required a minimum of two cells with the 

same effect or a minimum of 60 % success rate. Otherwise, they were considered inactive. The 

majority of compounds did not show any effect. For quality check and data confidence, known 

modulators among all MoAs were blinded and included in the test. All 129 compounds were 

identified and assigned to the correct MoA. In the end, 51 candidates with high overlap between 

both validation assays were identified as potential hits and selected for the tailor-made verification 

cascade. (Figure 42) 

 

Figure 42 - APC results in Validation of 2049 compounds 
left pie chart summarizing the validation results of the APC experiments, right potential hits, broken 

down to the respective mode of actions. 

 

These candidates were assigned to different MoAs. Two compounds enhanced the current by at least 

20 %. Eleven inhibited the fast activation with a similar electrophysiological profile as seen in Figure 

23 C. The inactivation was sharp and the tail current remained unaffected. The inactivation was 

affected by four further compounds slowing down the inactivation. The majority of detected 

compounds induced voltage shifts of different strengths at the VSSC (n=34). This met the 

expectations, as the optogenetic implementation already revealed strengths in detecting these 

modulators during the pacing protocol design. (see 5.4 High throughput screening optimization ) 

Although a bigger substitute of voltage shifters was expected due to the strengths of the assay, not 

all of them must necessarily be true positives. This MoA has the highest vulnerability of false 

positives within the electrophysiological measurement.  
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5.5.4 Hit selection and cluster optimization 

In hit selection, the purified compounds are investigated in three test systems in parallel. Automated 

patch clamp experiments were performed at the Musca VSSC cell line to check the consistency of the 

previously seen effect and validate the FLIPR results. Those compounds exhibiting activity in the 

FLIPR assay, restricted to the HTS cell line but not the skdr cell line, were tested in APC at the skdr 

channel. As shown in chapter 5.4.2 Development of light pacing protocol cell lines not expressing the 

ChR2 cannot find all modulators in the FLIPR. In APC, the resistance-breaking potential could have 

been proven or disproven. Compounds performing in all tests were further nominated and chemical 

homologs were identified. The hit candidates resulting from the parallel approach in APC and the 

validation by the fluorescent assay at the Assay Imager were further verified. After HPLC purification 

or resynthesis, the candidates were biologically and biochemically characterized. Resynthesis was 

required as previous screens showed that even minor contaminations with VSSC modulators of the 

tested fraction could lead to false-positive results.197 The new fractions were then measured in a 

tailor-made cascade of biochemical assays. The hit cluster selection was made based on the results of 

the 51 selected and purified compounds in three parallel assays. The APC results shown in Figure 43 

validated the effects of 36 compounds with a consistent effect. Fifteen compounds, however, were 

no longer positive. Even weak effects were considered true to increase the sensitivity analog to the 

HTS strategy. Twenty-four of the candidates had a voltage shift as MoA, with just two candidates 

exhibiting a strong effect. Nine purified compounds inhibit the inactivation with just one strong 

effect. The last MoA detected was a weak slowing during the fast inhibition in 3 modulators. 

 

 

Figure 43 - Automated patch clamp experiments of purified fractions 
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Symptomatology was performed to test in vivo activity and to see whether the expected excitatory 

symptoms appeared upon injection. Four compounds were showing activity, differing in their 

symptoms. Two had inhibitory symptoms starting after 48 or 72 h, indicating actions aside from the 

VSSC or disadvantageous pharmacokinetic parameters. VSSC modulators, besides prodrugs, feature a 

fast and excitatory response in vivo, as proven for different compound classes at Bayer and 

pyrethroids by many.76,212,289 The other two modulators featured excitatory symptoms from the 

beginning. One of those compounds was active for 4 h just at concentrations of 40 mg/g, while the 

other was significantly more potent with an in vivo activity until 2 mg/g. At high concentrations, this 

compound was lethal. The excitatory symptoms were switched to inhibitory at high concentrations 

or after a couple of hours. Even though the inhibitory symptom seems to contradict the excitatory 

MoA, these results are evident for an excitatory MoA. The excitatory symptoms result from the VSSC 

modulation in the first hours after the injection. The muscles contract with high frequency due to the 

modulation in the central and peripheral nervous systems. The inhibitory symptoms are a result of 

the larvae’s exhaustion, as also reported for pyrethroids by Yamamoto.72,197,221,295 

 
Figure 44 –Hit selection results of Bayer Cpd 23 
A) DRC recorded in the FliprTetra at three different cell lines (WT and skdr normed to reference 

compound, human NaV1.7 normed to Bayer Cpd 33) B) APC trace recorded during validation at 

SyncroPatch384 in the presence (blue) and absence (grey) of 10µM compound. C) Injection 

experiments with Spodoptera frugiperda larvae L5 at different dosages, screened at different time 

points  

 

The FLIPR assay measures analog to the HTS assay three different cell lines, HTS cell line, skdr cell line 

and human NaV1.7. The last test during hit verification was the fluorescence measurement in the 

FLIPR Tetra at different cell lines (HTS cell line, skdr cell line and a cell line expressing human NaV1.7). 

Some of the compounds were not exhibiting activity at either one of the cell lines. Other compounds 

exhibited more than 50 % stronger activities than the reference compound, which is why they were 

considered false positives. Yang et al. have shown that autofluorescent or reactive compounds (false 

positives) and promiscuous compounds with disadvantageous side targets might be the reason for 

these activity values.282 The human NaV1.7 was chosen because of its good characterization as a pain 

target in the pharmaceutical context and its sequence similarity of approximately 40%. Compounds 

were considered attractive, which exhibited activity in the insect cell lines, but lacking activity at the 

human cell line. Compounds acting at the human VSSC were discarded as they were missing 
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selectivity towards the insect. A strong activity among all three cell lines would hint to frequent 

hitting or unselective compounds. Activity at both insect cell lines was required as resistance-

breaking potential is necessary to approve new insecticides. 

Bayer Cpd 23 was the only compound leading to positive results in all three test systems, as seen in 

Figure 44. In APC, the voltage shift was validated, showing weak sodium channel peaks until 

membrane potentials of -50 mV. During the injection studies, it featured the strongest symptoms, 

persistent for seven days at high dosages, even leading to lethal effects. FLIPR Tetra measurements 

showed strong activity at the HTS cell line, with a pED10 of 7.0 and Emax of 45 % (5.1 ). No significant 

activity was measured in the skdr cell line and the human cell line. The lack of activity is unfavorable. 

However, as shown in 5.4.2 Development of light pacing protocol, detecting weak modulators 

requires optogenetic control, especially those with a voltage shift. This dependence was already 

described by Prigge et al. for the Ca2+ channel.194 The resistance-breaking potential was therefore 

proven in electrophysiological experiments in MPC measurements (Figure 45).  

 
Figure 45 - further electrophysiological characterization of the hit class 
C & D) MPC traces of WT Musca domestica VSSC and skdr Spodoptera frugiperda VSSC in the 

presence (blue) and absence (grey) of 30 µM compound. E) ex vivo nerve recording of 100 nM 

compound with the action potential amplitude (red) and frequency (blue). 

 

The voltage shift was confirmed at the WT and the skdr cell line. These results indicated the 

resistance-breaking potential of Bayer Cpd 23 even though it was not measurable in the fluorescent 
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readout. Further tests on the non-optogenetic human cell line verified the selectivity towards the 

insect sodium channel.  

The next step in verification was the in situ testing of Bayer Cpd 23 on the isolated efferent nerve 

cord of Spodoptera frugiperda (7.2.6.2 In situ nerve recordings). Electrical discharges after the 

application of 100 nM compound revealed repetitive burst activity. VSSC modulation periodically 

increased the action potential amplitudes. The periodic elevation of action potential frequencies 

correlates with the rhythmical contractions of the animals in the in vivo studies. This phenotype 

correlates with the excitatory effect of other voltage shifters, like beta scorpion toxin, as published in 

1982 by Couraud and fits the rhythmic contractions seen in the injection studies.291 The drop of 

action potential frequency between the bursts results in a shift of high portions of the VSSC 

population into the slow inactivated state due to the overexcitation of the cell and the persistently 

elevated membrane potential.292 

All results confirmed Bayer Cpd 23 as a valid, potent and resistance-breaking VSSC modulator. In the 

hit expansion, chemical relatives of Bayer Cpd 23 reentered the testing cascade. The whole clusters 

were tested in all verification assays to give structure activity estimations, check for data consistency, 

and validate the hit cluster as true. The FLIPR results allowed a primary SAR showing chemical target 

points for at least three positions at the structure. Also, the results of the APC were consistent 

among the cluster, showing the voltage shift and the resistance breaking potential. In the injections, 

intrinsic activity for several members of the hit cluster was proven. The in vivo activity correlated 

strongly with the in vitro activity (pEC10 measured in FLIPR). (Figure 46)  

 

 

Figure 46 - In-vivo/in-vitro correlation of Bayer Cpd 23 cluster members 
Correlation of in-vitro data (pEC10 and pEC50) measured in FLIPR Tetra vs. in-vivo data (number of 

green boxes from 1 – 7 h among all measured dosages). Shown are values for all cluster members (B) 

and aggregated based on their pEC10 (C). 
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A new approach to correlate the in vitro and in vivo data were investigated for this analysis. Different 

time points and systems were considered, like lethality and the number of symptoms after two 

hours, within two hours, seven hours or two days. It was shown that the number of symptoms within 

the first seven hours (at 1 h, 2 h, 4 h and 7 h) among all measured concentrations assists as predictive 

transfer value to the in vitro pEC10 data. The pEC50 data were not correlating as they were not 

measurable in this setup, pointing out the relevance of the pEC10 as a relevant value for the VSSC. 

These data give a comprehensive overview of the features of the hit Bayer Cpd 23 and the whole 

chemical cluster. Electrophysiology proved resistance-breaking properties, and a good preliminary in 

vivo performance was verified. 
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5.6 Identification of Binding Site at the VSSC via Mutagenesis 

For the identification of the binding site, mutagenesis studies were performed in different areas of 

the VSSC according to the strategy discussed in 3.4 Mutagenesis. The sequences were blasted on the 

internet based on the Musca domestica sequence. All ten human sodium channels were analyzed 

and compared to four insect channels of different species for alignment. Those were the sequences 

of Musca domestica & Spodoptera frugiperda as species with available VSSCs and Anopheles funestus 

and Leptinotarsa decemlineata to enlarge the aligned panel with two further insect classes and pest 

species.211–213 Based on the primary sequences available on the internet, an alignment was made to 

identify the variable amino acids between insect and human VSSCs (see Figure 47). As decisive VSSCs, 

the human NaV1.7 and the Musca domestica channel were chosen, as the selectivity profile was 

conducted based on these two channels. Based on these alignments, the amino acids and their 

surrogates were determined (amino acids highlighted with arrows in Figure 47) to humanize the fly 

channel and create a loss of sensitivity mutant.  

The mutants were ordered at GeneArt and expressed transiently in a HEK293 cell, already stably 

expressing the β-subunit. In the next step, this mutant was treated with selective and unselective 

compounds from one cluster to see whether a decline in sensitivity was reached and a human NaV-

like pharmacological pattern was seen for the mutant. Besides the selectivity, two additional 

parameters were chosen to decide on areas to mutate. On the one hand, a binding site located in the 

upper funnel of the voltage sensor in domain three was identified by co-crystalization of a NaV1.7 

antagonist in the NaV by Ahuja et al. making it an interesting area to investigate.210 Furthermore, the 

effect on the VSSC was considered by making conclusions on the binding site based on the measured 

effect. Besides the humanization of whole areas, also point mutations were tested, covering another 

area than the voltage sensor of domain three. These minor interventions were not expected to lead 

to a complete loss of sensitivity.  

The first area of interest was the voltage sensor of domain III, which came into focus as Ahuja et al. 

were publishing compound binding of a human NaV1.7 inhibitor in the upper funnel.210 Nineteen 

amino acids in the entire region were then humanized (see Figure 47), some with drastic changes like 

from glutamine to glutamic acid (polar to negatively charged) or from aspartic acid to tyrosine 

(negatively charged to hydrophobic). Others with minor modifications, from lysine to arginine or 

valine to isoleucine, where the chemical properties remained the same, but minor steric differences 

occurred.293 The functional expression was successful, but the activity of the reference compound 

showed no significant decline in the humanized mutant compared to the WT Musca domestica VSSC. 

(Figure 47) 
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Figure 47 - Mutagenesis studies at the humanized voltage sensor 3 (VS3) 
A) Alignment of the primary VSSC sequence from VS3 (upper funnel: blue bars) with the mutated 

sites indicated by arrows. Shown are four representatives of insect channels and all humans. B) 

Relative currents of transiently transfected HEK cells with the humanized channel. Measured were 

currents during the inactivated state after applying 10 µM reference compound for three different 

sodium channels. The data set consists of triplicates on all VSSC subtypes, statistical significance 

cannot be proven.  

 

After excluding the whole voltage sensor three as the binding site, another area came into focus. For 

confidentiality reasons, the exact sequences remain secret in this thesis. In MPC experiments, it was 

shown that both mutants are functionally expressed. One mutant consisted of a point mutation and 

an amino acid depletion, while the other was just mutated once. The first mutant had a serine 

exchange by glutamine (alcohol to amid), featuring other steric properties besides the functional 

groups. The functional expression was successful and robust Na currents were measurable. The 

channel physiology, however, was altered, as the mutation caused a sub conductance during the fast 

inactivated state. The double point mutation shows no decline in response to the tool compound 

compared to the WT VSSC. The second mutation made with this approach was an exchange of 

glutamine to valine (polar to nonpolar), eliminating the functional amid reaching in the proclaimed 

cavity. The relative activity in the insect channel significantly dropped from 40 % at the WT channel 

to 25 % for the single point mutation Q > V after applying Bayer Cpd 33 (Figure 48). Even though this 

mutant did not create a loss of sensitivity, these results indicate the identification of the potential 

binding cavity.  

Based on the Q > V mutant, a second mutation was introduced, exchanging methionine with an 

alanine (nonpolar to polar). The functional expression after chemical transfection of this mutant 

failed (out of 22 measured cells, none showed a significant Na+ current). 
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Figure 48 - response of different WT and humanized VSSCs to 10 µM Bayer Cpds 
A) Relative currents of the VSSCs during the inactivated state after application of 10 µM Bayer Cpd 33 

for four different sodium channels. The data set consists of triplicates on all 4 VSSC subtypes, 

statistical significance was proven by an unpaired two-tailed t-test (p 0.0278). B) Shown are CRCs and 

EC50 values of transiently transfected VSSCs for Bayer Cpd 8. The curves were normed to (their 

maximal response) fitted and calculated in GraphPad Prism using the commonly used variable slope 

fit. 

 

Therefore, further experiments were conducted in the FLIPR Tetra after electroporation. Transfection 

was conducted in the MaxCyte®, having much higher transfection efficiencies as reported by Kim.294 

Tested was an insect-selective compound. It was measured at four cell lines in parallel after 

transfection. The selective compound (Bayer Cpd 8) exhibits the expected higher activity at the insect 

VSSC (pEC50 6.38 ± 0.03) than the human homolog (pEC50 5.03 ± 31.5). The high deviation results 

from an outlier at 10 µM, causing a too steep slope for curve fitting (Figure 48). At this concentration, 

just 1 out of 2 values showed a disproportionately higher effect than regular. A possible reason could 

be poor channel expression due to transient transfection. The concentration-response curve and the 

humanized channels' activity are located between both WT channels. The single point mutation 

(pEC50 5.83 ± 0.04) features a slightly higher activity of Bayer Cpd 8 than the double point mutation 

(pEC50 5.63 ± 0.1), resulting in an overall activity based order for reference compound: Musca VSSC < 

1x humanized VSSC < 2x humanized VSSC < human NaV1.7. These data align with the 

electrophysiological results of the single point mutation (Figure 48) and might help narrow down the 

binding cavity. However, those data are preliminary and require further investigation. 
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5.7 Drosophila melanogaster Slo 

5.7.1 Electrophysiological characterization and cryo-EM structures 

The physiological role of the Slo potassium channel makes it an exciting target for developing new 

insecticides. Therefore, two known modulators were electrophysiologically characterized. 

Emodepside is an anthelmintic market product in animal health, acting as an agonist. On the other 

hand, verruculogen, a mycotoxin, acts as an antagonist at the Slo channel. Parts of this thesis were 

published in Nature communications by Raisch,T., Brockmann, A., Ebbinghaus-Kintscher, U. et al.295 

The modulators were characterized in manual patch clamp experiments and supported by 

automated patch clamp (APC) experiments for statistical significance. 

The traces in Figure 49 B revealed the characteristics of emodepside and verruculogen. Low 

intracellular Ca2+ concentrations were not able to activate Slo. After applying 3 µM emodepside, the 

channel opens, facilitating potassium influx at low potentials and outflux at high potentials. The 

measured currents for each pulse are equidistant, leading to the linear voltage-current relationship. 

As shown by the IV curve in Figure 49 C, the effect of emodepside at high Ca2+ concentrations is 

similar to those at low Ca2+ concentrations (Figure 49 B, upper panel and third panel). This indicates a 

loss of Ca2+ dependency, as already described by Crisford et al.296 In this experiment, the reversal 

potential of -86 mV was measured, close to the equilibrium potential for potassium calculated by the 

Goldman-Hodkin-Katz equation, revealing the potassium ions as the driving force. The in and outflux 

at high and low membrane potentials were also shown in APC experiments (see Figure 52) with the 

cursor at -160 (light blue) and 100 mV (dark blue). 

This effect's mechanics were resolved with the Max-Planck institute, which determined the cryo-EM 

structure. Figures 50 A and B show that the emodepside spans over all four subunits, and the side 

chains reach into the S6 segments within the central pore. Emodepside binding locks the channel in 

an open conformation. The ring structure with the central hole was shown to be wide enough to 

facilitate K+ translocation despite binding. Even though an ion flux is still possible, it might be 

impaired by traveling across the ring structure. The cryo-EM structure furthermore revealed that 

coordination of dehydrated K+ ions is possible but imperfect. The angles of the carbonyls are slightly 

diverging, leading to the observed lowered signals at high internal Ca2+ concentrations. The observed 

pore-like behavior is perfectly explained by the facilitated conductance through a permanently open 

and voltage and Ca2+ independent Slo channel.295  

Verruculogen was measured under high internal Ca2+ concentrations, leading to a full block of 

potassium influx in MPC and APC, similar to the results of Crisford et al.296. In MPC and APC 

experiments, it was shown that verruculogen could not block emodepside-induced currents and vice 

versa.  
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Figure 49 - Electrophysiological measurements on Drosophila melanogaster Slo channel with two 
tool compounds 
A Shown are concentration-response curves of emodepside, verruculogen, and their interaction. 

Measured were cells stably expressing Slo at low (just first curve) and high internal Ca2+ in APC. B 

MPC data of the same cells were measured in ten voltage steps (∆20 mV) starting at -120 mV and a 

holding potential of -70 mV. Measured were low (30 nM) and high (300 nM) internal Ca2+ conditions 

in the presence and absence of two tool compounds. C Emodepside effect (blue) on Slo channel at 

high intracellular Ca2+ levels measured in MPC with voltage ramps from -160 mV to 60 mV under 

control conditions (black). 
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Figure 50 - cryo-EM structures of Slo bound to both tool-compounds295 
The cryo-EM structure of Slo comprises all four macromolecular chains (color-labeled), the two 
modulators (violet and red) as well as potassium ions (red dots). A) Section of the cavity of 
emodepside bound Slo from the side. One of four macromolecular chains was removed to facilitate a 
view into the cavity B) Section of the cavity of emodepside bound Slo from the cytosol. C) Section of 
the cavity of verruculogen-bound Slo from the side. One of four macromolecular chains was removed 
to facilitate a view into the cavity. D) Section of the cavity of verruculogen-bound Slo from the 
cytosol. 
 

The nature of the interaction for both compounds was solved by the already mentioned cryo-EM 

structure of verruculogen and emodepside bound Drosophila Slo. As a reason for the interference, 

we identified an overlap of the binding sites for both compounds, as seen in Figure 51. Two minor 

clashes between the morpholino of the cyclooctadepsipeptide and the isobutyl-group of two 

opposite verruculogen molecules prevent the binding of both modulators. Furthermore, two major 

clashes are between the verruculogen molecules binding at a 90° angle, the interaction of the 

isobutyl group and the emodepside heterocycle. Both compounds bind in the same cavity and have 

four clashes, preventing the other modulator from binding.  
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Figure 51 - An overlay of verruculogen and emodepside binding sites 
Overlay of total CryoEM structure from Drosophila melanogaster Slo with either emodepside or 
verruculogen bound (left side) and overlay of the central pore region of verruculogen and 
emodepside bound Slo channel shown from the cytosol (right side). 
 

The CRC quantification and calculations were made based on the APC experiments. The channel was 

activated by increased internal Ca2+ concentrations and measured by voltage ramps from -160 to 

100mV. Control applications with DMSO revealed a decline in the signal at 100 mV. Rothberg et al. 

identified 1996 high Ca2+ concentrations to cause a desensitization of Slo channels in rat muscles, 

which could explain the measured effects.297 These rundown effects were considered for calculations 

by applying the linear function depicted in Figure 52 (dotted green line). 

The physiological agonistic effect of emodepside was quantified at low internal Ca2+. Automated 

patch clamp experiments showed a pEC50 5.76 ± 0.1 for emodepside. The upper panel of Figure 49 B 

and C MPC data describes the emodepside effect under low and high internal Ca2+. A pEC50 is not 

published for the insect channel as emodepside is an anthelmintic market product. Kashyaop et al. 

published 2019 a sex-dependent EC50 of 0.72 and 0.29 µM for Brugia malayi, a tropical nematode.298 

Hübner et al. published 2021 EC50 values of emodepside for different nematode assays ranging from 

0.01 – 0.35 µM.299 Our measured pEC50 of 5.76 (EC50 of 2.14 µM) at the Drosophila melanogaster Slo 

in APC are approximately 10 - 100x fold higher.295 This spectrum of selectivity has to be considered, 

as emodepside was optimized to target the nematode Slo and does not contradict but approves the 

measured insect values. Furthermore, Crisford et al. published 2015 data on emodepside use on 

drosophila Slo, which showed comparable activities, even though a complete concentration-response 

curve was not measured in 2015.296 

The application of verruculogen leads to a reduced current, with complete inhibition at higher 

concentrations. The pIC50 value gained for verruculogen was measured in APC and calculated based 

on the described method. The measured pIC50 of 8.14 (IC50 of 7.24 nM) corresponds to the pIC50 value 

published in 2015 by Crisford et al. using MPC measurements.296  
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Figure 52 - Evaluation of automated patch clamp results on the Slo channel 
Shown are Slo currents at potentials of -160 (light blue) and 100 mV (dark blue) in response to 

different changes (an increase of internal Ca2+, application of 30 µM emodepside (Emo), 300 nM 

verruculogen (Verr) and 3 mM BaCl2). The dotted green line describes the extrapolation of the 

rundown of potassium currents seen occasionally, with the assigned function used for calculation. 

 

5.7.2 Mutagenesis studies  

The mutagenesis studies were performed to identify the mechanics of the antagonist verruculogen. 

The cryo-EM structure discussed in the previous chapter revealed an unexpectedly large pore 

diameter of verrucologen-bound Slo, which is still capable of translocating potassium ions.295 One 

reason verruculogen is nevertheless inhibiting ion flux might be the modification of gating physics. 

Gordon et al. published in 2010 the role of threonine 352 to the modulator (HMIMP) of the human 

Slo1.300 The threonine was exchanged by a serine, maintaining the functional group without the 

methyl as a lever. The homolog mutation was performed in the Drosophila melanogaster Slo at 

position 301 and the mutant tested in MPC and APC. MPC data showed an altered channel behavior 

upon mutation under control conditions. While the WT channel requires membrane potentials of at 
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least +60 mV for measurable outward currents at 30 nM Ca2+, the mutated channel is persistently 

open. The mutated channel remains pore-like for increased internal Ca2+, with higher currents than 

low internal Ca2+. APC results indicate impaired verruculogen binding in two independent 

experiments. The effect of verruculogen on the mutant was investigated by applying a discriminating 

concentration of 100 nM. At this concentration, the WT channel was approximately 95 % blocked. 

The response of the T301S mutant to 100 nM verruculogen was significantly weaker (35%) than the 

inhibition at the WT channel. These findings were proven by concentration-response curves 

performed in APC. (Figure 53) The activity at the T301S mutant is reduced by one order of magnitude 

with a pIC50 of 7.52 ± 0.003 for the WT Slo and a pIC50 of 6.41 ± 0,067 for the mutant. Those findings 

are comparable to HMIMP at the human mutant as measured by Gordon et al.300 

The channel behavior resembles an emodepside bound WT Slo, featuring: 

 Reduction of Ca2+ sensitivity 

 Linear current-voltage relation 

 Reduction of verruculogen sensitivity 

 

 

Figure 53 - Effect of T301S mutation on the insect Slo channel 
A) Effect of the channel mutation on the calcium sensitivity shown based on two different calcium 
concentrations. The pulse protocol consisted of 10 voltage steps with 20 mV increments, starting at -
120 mV. B) Block of Slo channels by a discriminating verruculogen concentration of 100 nM. C) 
Concentration-response curve of verruculogen on WT and T301S mutant. 
 

These data are fitting to the results Gordon et al. published for HMIMP. Their reasoning is rotamer 

preference for the WT channel, as the required energy is 3.94 and 6.92 kcal/mol higher for the 

Ser352 mutant.300 This theory does not consider that the pore diameter upon verruculogen binding 

remains wide enough for potassium translocation. Therefore, we proclaim an impaired dehydration 

or rehydration of potassium ions passing the selectivity filter. Instead of reducing verruculogen 



  Results & Discussion  

78 
 

affinity to the Slo channel, the exchange of threonine might lower the impact of verruculogen on the 

gating serine and, therefore, its function. On the other hand, the enhanced hydrophobicity in the 

verruculogen-bound Slo's central cavity prevents water molecules from entering the pore region.301 

This highly lipophilic environment impedes the transition of hydrated potassium ions to the pore 

domain, preventing ion transport across the channel.302 Further analysis of the exact MoA requires 

further experiments investigating alterations in ion selectivity, radioligand binding studies or 

additional mutations. A better understanding would result in a targeted approach to identifying and 

synthesizing new Slo modulators. 
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6. Conclusion & future work 

6.1 Optogenetic HTS for the voltage-sensitive sodium channel 

In this thesis, an optogenetic HTS assay was developed and optimized and developed. Part of the 

work was the optimization of buffers on the requirements of a stable HTS assay. The new assay 

enhanced the response over baseline for different tool compounds covering various modes of action 

at the insect sodium Para-channel (VSSC). Weak tool compounds, including voltage shifter, not 

detectable in former HTS, are now measurable with the optogenetic screen. The ionophore facilitates 

the reduction of the resting potential resulting in a bigger measurement window. The interaction of 

ionophore and channelrhodopsin facilitated the frequent transition through all channel states.  

 

Figure 54 - Summary of VSSC high throughput screening campaign 
Shown are the different sections the compounds had to pass until being considered a hit. Numbers 

indicate the number of compounds passing the stage and entering the next one.  

 

In this HTS campaign, 1 200 000 compounds were tested in the Target Research department. After 

different selection steps, 2100 compounds were validated in parallel in the fluorescent readout and 

automated patch clamp (Figure 54). Different tool compounds covering voltage shifters, inhibitors of 

inactivation and tail currents were used to validate the pulse protocol. The decision of which 

compounds to choose for further biochemical validation was made on the primary basis of the patch 

clamp experiments. Additional aspects considered were the performance in the HTS fluorescent 

readout and the chemical attractiveness and accessibility of the compounds. 

For biochemical validation, a testing cascade was established to identify the lead structures with the 

highest probability of success. Fifty-one compounds were tested in the analog fluorescent readout 
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(FLIPR), APC and symptomatology. One candidate, including its chemical analogs, showed the 

appropriate result profile (Figure 55). In electrophysiological experiments, the compound class was 

shown to shift the activation of the sodium channels towards more negative potentials. Besides, 

these experiments proved the resistance-breaking potential of this class by shifting the activation at 

the pyrethroid insensitive skdr mutant. The measured cluster of compounds had a consistent 

structure-activity relationship at the sodium channel. When comparing the fluorescence 

measurements with the injection studies, this class showed a good correlation between the in vitro 

and in vivo values. 

 
Figure 55 - Result profile of Bayer Cpd 23 as the most promising hit compound 
 

In parallel binding studies for other VSSC modulators were implemented. In mutagenesis studies, 

different constructs were designed based on the selectivity profile of the compounds. All mutants 

were successfully functionally expressed and measured in either MPC or the FLIPR Tetra. The third 

voltage sensor of the VSSC was excluded as a binding site, while single point mutations close to an 

area of interest had a significant effect (Q > V). Based on these findings, a second single-point 

mutation was made, having a further mutation in this region (Q > V, A > M). In FLIPR experiments, 

the decline of efficacy for the first mutant was proven. Furthermore, the channel possessing the 

double-point (Q > V, A > M) mutation showed a slightly stronger decline than the single-point 

mutation. In follow-up studies, creating a mutant with a total loss of sensitivity would support these 

preliminary data. A cryo-EM structure would help to elucidate the exact binding mode.  

 

6.2 Electrophysiological characterization of Drosophila melanogaster Slo 

Mode of action and binding mode elucidation was performed for two different modulators, 

emodepside, a well-known anthelmintic and verruculogen, a mycotoxin. Both were applied in 

electrophysiological experiments and resolved in cryo-EM studies. The results of the linear current-

voltage relation hinted towards a pore-like behavior. This mode of action was then validated by a 

cryo-EM structure, locating the cyclodepsipeptide in the pore region and facilitating an ion flux 

through the ring structure. Verruculogen binds in the same cavity as emodepside, explaining the 

interaction of both compounds observed in the electrophysiological experiments. Despite the cryo-

EM structure, the antagonistic MoA is not fully understood. Therefore, mutagenesis studies on the 
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threonine, which is involved in gating, were performed. The mutation altered the channel physiology, 

mimicking an emodepside bound state of the Slo channel with a reduced verruculogen activity, an 

uncoupled Ca2+ dependency and linear current-voltage dependency. In further experiments, altered 

ion conductance and additional mutations must be investigated. 
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7. Material & Procedures  

7.1 Material 

7.1.1 Devices 

Device Model Company 

   

Amplifier HEKA EPC10 HEKA Electronics 
Analytical Balance XS105 DualRange Mettler Toledo 
Assay Imager Hamamatsu camera Hamamatsu 
Cell counter LUNAII 

NucleoCounter SCC-100™ 
Logos 
Chemometec 

Centrifuges 5810 R 
5417 C 

Eppendorf 

Fluorescent Reader FLIPR Tetra Molecular Devices 
Heat plate with magnetic stirrer RET 

RCT 
IKAMAG 

Heat block Thermomixer C Eppendorf 
Incubator CCL 170 B 

CB 170 
ESCO 
Binder 

Laminar Airflow Workbenches SAFE2020 Thermo Scientific 
Micromanipulator MP-285 Sutter Instruments 
Microscope Axio Zeiss 
Multidrop MultidropCombi Thermo Scientific 
Multipipettes E1 ClipTip Thermo Scientific 
pE4000 CoolLED pE4000 CoolLED 
pH meter pHMeter 766 Knick 
Photometer   
Pipette robot FELIX Analytic Jena CyBio 
Pipette robot Biomeck Flow Robotics 
Pipettors Pipetus Hirschmann 
Plate robot Platebutler LabServices 
Puller PC-10 Narishige 
SyncroPatch384 SyncroPatch384 FX Nanion Technologies 
Ultrasonic Bath TRAussonic460 FAUST 
Water Bath WNB Memmet 
Water purifier Milliq QPOD Merck 

   

 

 

7.1.2 Software 

Software Company 

  

PatchMaster HEKA Electronic 
Igor WaveMetrics 
Microsoft Office 365 Microsoft 
GraphPad Prism9 Dotmatics 
DNAStar Lasergene 16 DNAStar 
MEGA6 MEGA Software 
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Screenworks4.0 MolecularDevices 

  

  

 

5.1.3 Consumables 

Hardware Model Company 

   

Assay plates 96 well clear Greiner 
384 well clear 
384 read plates poly d Lysine 
treated 

Cellculture flask 75 cm² Sarstedt 
175 cm² 
Triple 450 cm² 
25 cm² 

Coverslips 12 mm  
Dispensing cassette Volume 0.5 – 50 µL Multidrop 
Falcon tubes 15 and 50 mL Sarstedt 
Kits QIAfilter™ Plasmid Midi Kit Quiagen 
Multiwell plates Four well clear Greiner 
Pipette tips Volume 1 – 50 mL Eppendorf 
Reaction tubes 0.5 – 5 mL Eppendorf 
Syncro Chip 384 high resistance 

384 medium resistance 
Nanion 

Syringe 10µL Hamilton 

   

 

 

7.1.4 Chemicals 

All chemicals mentioned in this thesis were purchased from Sigma-Aldrich. Otherwise, it is labeled in 

the text. 

 

7.1.5 Solutions 

Application Buffer/Solutions Component MW [g/mol] 
Molarity 
[mM] 
(or in %) 

pH-value  
(used 
acid/base) 

      

MPC general Standard Ringer NaCl 
KCl 
CaCl2 
MgCl2 

Hepes 

58.44 
74.55 
95.21 
110.98 
238.30 

150 
4 
2 
2 
10 

7.4 (NaOH) 

MPC VSSC CsCl-Pip CsCl 
EGTA 
Hepes 

168.36 
380.35 
238.30 

150 
10 
10 

7.3 (CsOH) 

CsF-Pip CsF 
CsCl 
EGTA 

151.9 
168.36 
380.35 

120 
30 
10 

7.3 (CsOH) 
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Hepes 238.30 10 

MPC Slo KCl-Pip KCl 
EGTA 
Hepes 

74.56 
380.35 
238.30 

150 
10 
10 

7.3 (KOH) 

APC general External solution NaCl 
KCl 
CaCl2 
MgCl2 

Glucose 
HEPES 

58.44 
74.56 
147.02 
203.3 
180.16 
238.30 

140 
4 
2 
1 
9 
10 

7.4 (NaOH) 

Seal enhancer NaCl 
KCl 
CaCl2 
MgCl2 

HEPES 

58.44 
74.56 
147.02 
203.3 
238.30 

80 
3 
35 
10 
10 

7.4 (HCl) 

APC VSSC Internal VSSC CsCl 
CSF 
EGTA 
HEPES  

168.36 
151.90 
380.35 
238.30 

10 
110 
20 
10 

7.2 (CsOH) 

NMDG NaCl 
KCl 
CaCl2 

MgCl2 
NMDG 
Glucose 
HEPES 

58.44 
74.56 
147.02 
203.3 
195.22 
180.16 
238.30 

80 
4 
5 
1 
60 
5 
10 

7.4 (HCl) 

APC Slo Internal Slo 0nM Ca
2+

 KF 
EGTA 
HEPES 
Na2-ATP 
KCl 
MgCl2 

58.1 
380.35 
238.30 
551.14 
74.56 
203.30 

60 
2 
10 
2 
75 
1 

7.2 (KOH) 

Internal Slo 30nM 
Ca

2+
 

KF 
EGTA 
HEPES 
Na2-ATP 
KCl 
CaCl2 
MgCl2 

58.1 
380.35 
238.30 
551.14 
74.56 
147.02 
203.30 

40 
10 
10 
2 
85 
3 
1 

7.2 (KOH) 

Internal Slo high Ca
2+

 KF 
EGTA 
HEPES 
Na2-ATP 
KCl 
CaCl2 
MgCl2 

58.10 
380.35 
238.30 
551.14 
74.56 
147.02 
203.30 

50 
2 
10 
2 
83 
2 
1 

7.2 (KOH) 

Nerve 
recording 

Saline II NaCl 
KCl 
CaCl2 
MgCl2 
Sucrose 
NaH2PO4 
Na2HPO4 

58.44 
74.56 
147.02 
203.3 
342.3 
119,98 
141,96 

28 
16 
9 
18 
175 
1.5 
1.5 

6.5 (NaOH) 

Fluorescence 
assay 

K0-Tyrode NaCl 
NaHCO3 
MgCl2 

CaCl2 

58.44 
84.01 
203.3 
147.02 

130 
5 
1 
2 

7.4 (NaOH) 
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Glucose 
HEPES 

180.16 
238.30 

10 
20 

K10-Tyrode KCl 
NaCl 
NaHCO3 
MgCl2 

CaCl2 

HEPES 

74.56 
58.44 
84.01 
203.3 
147.02 
238.30 

10 
125 
5 
1 
2 
20 

7.4 (NaOH) 

Loading buffer dye 
Retinal 
Bayer Cpd 9 
Pluronic 
K0-Tyrode 

 
284,44 
 
 

[0.75] 
5 
10 
0,0015 % 
ad 

7.4 (NaOH) 

      

A slider was used to calculate internal Ca2+ concentrations in APC Slo solutions. It calculated the 

concentrations based on the applied EGTA and Ca2+ concentrations.  

For MPC Slo experiments, CaCl2 was added to KCl-Pip, to reach the desired Ca2+ concentration. 

 

7.1.6 Cell lines 

Name Host cell line Origin 

   

ßVSSC HEK293 AXXAM 
Musca VSSC ChR2 HEK293 AXXAM 
Mock HTS (ChR2) HEK293 AXXAM  
hNaV1.7 HEK293 AXXAM 
Musca VSSC HEK293 AXXAM 
Spo VSSC skdr HEK293 AXXAM 
DmSlo CHO Bayer Stock 
Mock CHO Bayer Stock 

   

   

 

 

7.1.6 Plasmids 

Plasmid Vector Gene of Interest Accession No. Selection Origin 

      

pcDNA3.1Mut1 pcDNA3.1 Para Q>V  AMP/Puro GeneArt 
pcDNA3.1Mut2 pcDNA3.1 Para S>, L>Q  AMP/Puro GeneArt 
pcDNA3.1hVS3 pcDNA3.1 Para humanized in 

volt. sensor 3 
 AMP/Puro GeneArt 

pcDNA3.1Mut3 pcDNA3.1 Para A>M, Q>V  AMP/Puro GeneArt 
pEGFP-N1  eGFP  Kan  
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7.2 Procedures 

7.2.1 Computational analysis 

Alignment was performed with a default MUSCLE alignment by DNAstar MegAlign Pro 16. Sequences 

analyzed were obtained by blasting the Musca domestica VSSC primary sequence among all 

organisms of interest by NCBI BLAST (Link) for all relevant sequences. Sequences of Musca domestica 

as a model organism were aligned, relevant pest species (Spodoptera frugiperda, Anopheles funestus 

and Leptinotarsa decemlineata) and all human VSSC subtypes. The amino acids were colored by 

chemistry. 

Phylogenetic analysis was performed by the Maximum Likelihood method and a JTT matrix-based 

model (JONES D.T., Taylor W. R., and Thornton J.M. (1992) the rapid generation of mutation data 

matrices from protein sequences). Initial trees for the heuristic search were obtained automatically 

by applying Neighbor-Join and BioNJ algorithms to a matrix of a pairwise distance estimated using a 

JTT model, and then selecting the topology with superior log likelihood value. The tree with the 

highest log likelihood is shown. The tree is drawn to scale, with branch lengths measured in the 

number of substitutions per site. This analysis involved 31 amino acid sequences. There were a total 

of 2293 positions in the final dataset. Evolutionary analyses were conducted in MEGA X (Kumar S., 

Stecher G., Li M., Knyaz C and Tamura K. (2018). MEGA X: Molecular Evolutionary Genetics Analysis 

across computing platforms). 

 

7.2.2 Cell culture 

7.2.2.1 Culturing cells 

Untransfected HEK293-cells were cultured in Minimum Essential Medium Eagle with Earle’s Saltas 

(EMEM, BioWhittaker cat. No. BE12-125F), supplemented with 10 % (v/v) FBS and 2 mM 

Ultraglutamine 1 (BioWhittaker cat. No. BE17-605) at 37°C, 5 % CO2 and 95 % humidity. 

Stably transfected HEK293 cells, expressing the human α NaV1.7 chain (Accession No. NP_002968.1), 

were cultured in the HEK293 medium with the addition of 200 µg/mL geneticin at 37°C, 5 % CO2 and 

95 % humidity. 

Stably transfected HEK293-cells expressing the Musca domestica Vssc1β (Accession No. AAD31018.1) 

were cultured in the HEK293 medium with the addition of 50 µg/mL zeocin. 

Stably transfected HEK293-cells expressing the Musca domestica Vssc1α (Accession No. AAB47604.1) 

and Musca domestica Vssc1β (Accession No. AAD31018.1) were cultured in the HEK293 medium with 

the addition of two selection antibiotics (0.1 µg/mL puromycin and 50 µg/mL zeocin). 

Stably transfected HEK293-cells expressing the Musca domestica Vssc1α (Accession No. 

AAB47604.1), Musca domestica Vssc1β (Accession No. AAD31018.1) and Channelrhodopsin 2 T159C 

(NCBI RefSeq. XM_001701673.1) were cultured in the HEK293 medium with the addition of three 

selection antibiotics (0.1 µg/mL puromycin, 50 µg/mL zeocin and 10 µg/mL hygromycin). 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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Stably transfected HEK293-cells expressing the Spodoptera frugiperda Vssc1α (Accession No. 

QRQ89298.1) and Spodoptera frugiperda Vssc1β (Accession No.  XP_035453136.1) were cultured in 

the HEK293 medium with the addition of two selection antibiotics (0.25 µg/mL neomycin and 10 

µg/mL hygromycin). 

Stably transfected HEK293-cells expressing the Spodoptera frugiperda skdr Vssc1α (Accession No. 

QRQ89298.1 +introduced mutations) and Spodoptera frugiperda Vssc1β (Accession 

No.  XP_035453136.1) were cultured in the HEK293 medium with the addition of two selection 

antibiotics (0.25 µg/mL puromycin and 10 µg/mL zeocin). 

Untransfected CHOK1-cells were cultured in Minimum Essential Medium alpha Medium with 

GlutaMAX™ (MEM alpha medium, Gibco cat No. 32571-028), supplemented with 10 % (v/v) FBS at 

37°C, 5 % CO2 and 95 % humidity. 

Stably transfected CHOK1-cells expressing the Drosophila melanogaster Slo (Accession No. 

NP_001014658.1) were cultured in the CHOK1 medium supplemented with 200 µg/mL geneticin.  

Stably transfected CHOK1-cells expressing the human Slo were cultured in the CHOK1 medium 

supplemented with 200 µg/mL geneticin.  

PC3 cells were cultured in Opti-MEM Medium (Gibco cat No. 31985-047) supplemented with 10 % 

(v/v) FBS. 

 

7.2.2.2 Thawing cells 

Cell culture flasks (75 cm²) were prepared by filling 13 mL of the respective medium without 

antibiotics. The cells were removed from the -80 °C or -150 °C freezer and thawed quickly. The cell 

solution was transferred into a 15 mL tube filled with 9 mL of selection medium and centrifuged 

(80 xg, 4 min). The supernatant was discarded, the cell pellet resuspended in 2 mL medium without 

antibiotics and then transferred into the prepared flask. The flask was incubated under conditions 

suitable for the respective cells (see above). After 1-2 days, the medium was exchanged by medium 

with a selection medium.  

 

7.2.2.3 Passaging cells 

The cells were passaged at a confluence rate of 70 - 80 %. All media and solutions were prepared, 

sterilized and placed in the clean benches in advance. The old medium was discarded, the cells were 

carefully washed with PBS and detached at 37 °C with 2 mL accutase solution to detach. Meanwhile, 

new flasks were prepared by labeling and adding the suitable medium (20 mL). During 2 - 5 min 

incubation, accutase digested the cells’ adhesion molecules and detached them. Subsequently, 7.5 

mL of the respective culture medium was added to stop the accutase reaction. The cells were then 

separated by pipetting the cells up and down against the bottom of the flask. A suitable fraction of 
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the cell suspension was then transferred to the prepared flasks. The remaining volume was used 

further or discarded. The new flasks were incubated under appropriate conditions. 

 

7.2.2.4 Generation of Cryo-Cultures 

Cells were frozen to keep backups in case re-culturing was necessary. The procedure is similar to the 

previously described passaging of the cells. After detachment, the cells were transferred into a 50 mL 

Falcon® tube and centrifuged for 5 min at 200 g. Afterwards, the supernatant was discarded and the 

pellet was resuspended in precooled FCS supplemented with 10 % DMSO. The cells were gently 

frozen in special containers with a reduction of 1°C/min. 

 

7.2.2.5 Determination of Cell Number 

To determine the exact cell number in the NucleoCounter™, 10 µL of cell suspension was diluted in 

40 µL of the respective culture medium. After the addition of 50 µL reagent A100 (chemometic) and 

B (chemometic) with 1 min incubation time in between, the solution was imbibed air bubble free into 

the cassette (NucleoCassette™, Chemometec) by lowering the piston 8 mm. The cassette was then 

transferred into the NucleoCounter™ and analyzed. Dead-life discrimination was not performed. The 

resulting cell number was multiplied by 15 (dilution factor) to get the correct cell number per 

milliliter. 

For cell number determination with the Luna Automated cell counter, 10 µL of cell suspension was 

diluted in 10 µL 0.4 % trypan blue stain (logosbiosystems, cat No. T13001) or Erythrosin B stain 

logosbiosystems, cat No. L13002). The mixture was then applied into the Luna™ Cell Counting Slide. 

The slide was inserted into the Luna Automated cell counter and the focus adjusted. A dead life 

discrimination was performed in the counter and the dilution factor was considered.  

 

7.2.3 Molecular Biology 

The midi plasmid preparation was performed using the QIAfilter™ Plasmid Midi Kit. All preparations 

were performed like in the producer’s manual described. The dried plasmid was then eluted in 

10 mM tris buffer and stored at -20°C. The dried plasmid was eluted in H2O for later electroporation 

experiments and stored at -80°C. 

DNA measurements were performed in a photometer. 10 mM tris buffer was measured as blank in 

advance of the samples. Two microliters of each sample were diluted in 70 µL of 10 mM tris-buffer 

and measured at the excitation wavelengths of λ230, λ260 and λ280. Ratios 260/280 and 260/230 of 

approximately 1.8 and 2.0 – 2.2 were considered pure.  

RNA isolation was performed on cell culture samples grown for 72 h at 37°C and 5 % CO2 on 500 cm² 

tissue flasks. After washing with PBS, cells were detached with accutase solution at 37°C for 5 min. 

After incorporation with medium, cells were harvested by centrifugation (200 xg, 5 min, 4 °C) and 
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stored at -80°C until further processed.  

RNA purification was performed with the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s 

manual disregarding the steps with the respective lysis buffer since this was already performed in 

Trizol. For isolation 1 mL Trizol was added and after vigorously mixing were the samples incubated 5 

min at room temperature. After addition of 0.2 mL chloroform, sample was inverted 5-6 times and 

then centrifuged (12.000 xg, 15 min, 4°C). Samples should show a clear phase separation with a pink 

organic phase containing proteins, an interphase containing the DNA and a clear aqueous phase 

containing the RNA. 200 – 250 µL of the clear phase were transferred into a precooled 1.5 mL 

Eppendorf tube stored on ice. As RNA is no longer protected from degradation it was stored at -80°C 

until further processed.  

Purified RNA was measured two times. First, a photometric measurement was performed with 2 µL 

RNA, diluted in 70 µL 10 mM Tris-buffer at wavelengths of 230 nm, 260 nm and 280nm. The 260/280 

ratio should lay around 2. Differing numbers would indicate protein contamination. The 260/230 

ratio should lay between 2.0 and 2.2. Lower values would indicate a phenol contamination. 

If the photometric measurement was appropriate, samples were analyzed on the BioAnalyzer using 

the RNA 6000 Nano Kit to see whether the RNA was still intact. All steps were performed according 

to the manufacturer’s manual. 

 

7.2.3.1 Transient Transfection 

Before chemical transfection, HEK 293 Mock cells were plated in the desired cell density onto Poly-D 

lysine-treated coverslips. The cells were incubated for 5-6 h under culture conditions to facilitate a 

sufficient cell attachment. One transfection approach (4 wells) consisted of 200 µL Opti-MEM™ 

(Cat-No.: 21985062 Gibco), 0.1 µg pEGFP-N1, 10 µg plasmid with nucleic acid of the respective 

sodium channel and 25 µg FuGENE® HD (Cat-No. E2311, Promega). In the case of co-transfections of 

α- and β-subunit, 5 µg of each was applied in the approach to reach a total of 10 µg of DNA. The 

approach was mixed and incubated for 10-15 min at 20 °C. Afterwards, 50 µL was transferred into 

each well. For human channels, the cells were stored under culture conditions of the HEK293 Mock 

cells, and cells expressing the insect channel were transferred to 26 °C after 12-16 h. After 

approximately 24 h, a GFP signal can be measured. However, electrophysiological measurements 

were performed after 36-72 h. 

The day before electroporation, cells were passaged (HEK293: 1:2, CHO: 1:3) to obtain 80 – 90 % 

confluency on the day of the experiment. On the day of the experiment, 300 µg/mL f.c. DNA (start 

concentration >5µg/µL) was prepared in reaction tubes. The cells were detached with an accutase 

solution and the viability was determined. The required number of living cells was centrifuged (6 min 

at 120 xg) and washed with MaxCyte buffer. The cell pellet was then dissolved in 1/3 of the final 
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volume and filled to the reach a final concentration of 108 cells in MaxCyte buffer. The suitable 

amount was mixed with the DNA and transferred into the electroporation cuvette (max. 

volume/cuvette: 25/OC-3x25, 100/OC-100, 400/OC-400). The electroporation took place in the 

MaxCyteSTX using the suitable program (HEK293 or CHO) with the correct configuration. Cells were 

then transferred into sterile 6 well plates and mixed with 5 µL DNAse solution (1U/µL). After 30 min 

incubation at 37°C and 5 % CO2, 1 mL Medium without antibiotics was added. After determining the 

viability and cell number, the cells were directly plated on 384 well plates (fluorescent 

measurements) or in 175 cm2 flasks (for APC experiments) at the desired concentration. After 24 h – 

48 h, the cells were measured or frozen for later experiments. 

 

7.2.4 Whole-cell voltage clamp measurements 

For all electrophysiological measurements, the electrodes were frequently chlorinated with 

Danklorix. After chlorination, the electrodes were rinsed in H2O. Manual patch clamp electrodes 

were chlorinated once in a month for 72h in the dark, while automated patch clamp electrodes were 

chlorinated for 10 min before each experiment. 

 

7.2.4.1 Manual experiments  

Whole-cell voltage-clamp recordings were performed as described elsewhere (Hamill et al. 1981).303 

The investigated cells were plated onto glass coverslips, previously coated with poly D-lysine (Kat-

No.: A3890401, Gibco™). Cells expressing the Slo channel were incubated at 37 °C and 5 % CO2 for at 

least 12 h to facilitate proper channel expression. Cells expressing the VSSC channel were incubated 

at 37 C and 5 % CO2 for at least 12 h and then transferred to 26 °C and 5 % CO2 for an additional 24 h 

to facilitate proper channel expression. The external bath contained Ringer’s solution and the 

internal pipette solution KCl-Pip with defined Ca2+ concentrations for the Slo channel while 

containing a 2:1 mixture of CsF-Pip : CsCl-Pip for VSSC measurements. Compounds were applied 

using the U-tube reversed flow technique (Fenwick et al. 1982).121 The test compounds were freshly 

diluted from a 10 mM stock solution in DMSO and diluted to the required concentrations in ringer’s 

solution with 0.03 % pluronic and 0.05 % BSA. Currents were measured with the HEKA EPC 10 patch 

clamp amplifier (HEKA, Ludwigshafen, Germany). Current records were low-pass Bessel filtered at 3 

kHz and digitized at a 10 kHz sample rate. 

 

7.2.4.2 Automated experiments 

Automated planar patch clamp measurements were performed with the SyncroPatch 384 (Nanion, 

Munich, Germany) in NPC-384 high-resistance chips (Nanion-Technologies, Cat-No. 221101). Before 

measurements, cells expressing the channel of interest were detached, incorporated in an external 

solution and transferred to the prechilled and shaking cell hotel (10°C and 200 rpm). Cell-catch was 
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performed with internal Slo 0 nM Ca2+ pipette solution for Slo measurements and internal VSSC 

pipette solution for VSSC measurements. Seal building was supported by applying a 40 µL Seal 

Enhancer externally. After 120 s, the Ca2+ concentration was adjusted to the desired concentration by 

changing the internal solution for Slo measurements, while the internal solution for VSSC 

experiments remained stable. The test compounds are freshly dissolved as a 10 mM stock solution in 

DMSO and diluted to the required concentrations in an external solution (f.c. DMSO 1%) with 0.03% 

Pluronic and 0.05% BSA (A9576-50ML) before the experiment. 60 s after the change of the internal 

solution, the compound is applied and evaluated 5 min at specific membrane potentials. Every 10 

seconds, a ramp from -160 mV to 60 mV was recorded. The evaluation was done using the 

DataControl384 software (Nanion-Technologies, Munich). Discrimination of successful experiments 

was performed by adjustable quality control parameters (e.g., peak amplitude, seal resistance). 

 

Figure 56 - Pulse protocol for automated patch clamp experiments at Slo channel 
Pulse protocol for Slo measurement in automated patch clamp. The black graph shows the ramp 

from -160 mV to 60 mV recorded every 10 s. The blue trace shows a characteristic Slo control curve 

under high intracellular Ca2+  

 

 

7.2.5 High Throughput Fluorescence Measurements 

7.2.5.1 FLIPRTETRA Measurements 

HEK cells stably expressing Musca VSSC and ChR2 T159C were plated on black-walled, poly-D-lysine, 

bottom µ-clear 384 well plates with a cell density of 40.000 cells/well (in assay medium: culture 

medium without selection markers). The plate stacks were cultured for 6 h at 37°C and 5 % CO2 and 

then transferred for 18 h to 26 °C and 5% CO2 for proper channel expression. The old medium was 

discarded and exchanged by loading buffer (20 µL/well). The plates were then for 1 h stored in the 

dark. On the one hand, ChR2 was excited (λex: 470-495 nm; exp. time 0.4 s; intensity 30 %) and on the 

other hand, the fluorescence of the membrane potential sensitive dye was measured (λex: 510-545 

nm / λem 565-624 nm; exp. time 0.4 s; intensity 30 %) by the FLIPRTETRA imager (Molecular Devices) 

every 5 s. Before compound application, the baseline was measured for 120 s. Subsequently, the 
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kinetic was measured for 10 min. All test compounds were diluted in DMSO from a 10 mM stock 

solution. In a second dilution step, the compounds dissolved in DMSO were transferred into the 

aqueous phase 2 : 80 (Dilution buffer: Tyrode, 0.03 % Pluronic). Finally, 5 µL was transferred onto the 

cells. The maximal response over baseline after seven minutes of compound application was normed 

to reference compound (Musca domestica VSSC and Spodoptera skdr VSSC) and Bayer Cpd 34 

(human NaV1.7) as 100 % and DMSO as 0 %. Curve fitting was calculated in either Excelfit or 

GraphPad Prism9. 

 

7.2.5.2 HTS Measurements 

The assay was performed on the plate butler system. HEK cells stably expressing Musca VSSC and 

ChR2 T159C were plated on black-walled, poly-D-lysine, bottom µ-clear 384 well plates with a cell 

density of 20.000 cells/well (in assay medium: culture medium without selection markers). The plate 

stacks were cultured for 6 h at 37°C and 5 % CO2 and then transferred for 18 h to 26 °C and 5% CO2 

for proper channel expression. The medium was discarded in the BlueCat Washer (10 s, 800 rpm) and 

exchanged by 50 µL K10-tyrode. After 120 min incubation at room temperature, the K10-tyrode was 

removed and exchanged by 20 µL loading buffer. After 30 min incubation, the baseline fluorescence 

was measured over 120 s (λex: 530 nm, λem: 575 nm, intensity 1 %; λex: 530 nm, intensity 100 %, 90 

ms, 0.1 Hz). The compound application was processed in the FELIX, where 5 µL compound diluted in 

K0-tyrode with 0.0015 % Pluronic (f.c. DMSO 1%) was transferred onto the cells. The final 

measurement was subsequently performed in the Assay Imager for 420 s (λex: 530 nm, λem: 575 nm, 

intensity 1 %; λex: 530 nm, intensity 100 %, 90 ms, 0.1 Hz). The area under the curve before and after 

the compound application was considered in relation to each other (main measurement / baseline 

measurement) and normed to reference compound (Musca domestica VSSC and Spodoptera skdr 

VSSC) as 200 % and DMSO as 100 %. Curve fitting was calculated in Tibco Spotfire. 

 

7.2.6 Insect symptomatology 

7.2.6.1 Injections Spodoptera frugiperda 

For compound characterization, symptomatology and efficiency in Spodoptera frugiperda (strain 

Brasilia) were injected subcutaneously. The compounds were dissolved in either H2O (toxins) or 

DMSO (small molecules), and 3 µL were injected laterally in the abdomen of L5 larvae with an 

approximate weight of 400mg (Hamilton 10 µL, 1701 RN, with a Gauge: 32, Length: 15-20mm 

needle). The symptoms were evaluated 1 h, 2 h, 4 h, 7 h, 24 h, 2 d, 3 d and 7d after injection by 

turning the larvae on their back under control conditions (DMSO) larvae turn back. The symptoms 

are characterized as follows: 
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7.2.6.2 In situ nerve recordings 

An L5 larva of Spodoptera frugiperda was cut open lateral from the abdomen to the head for in situ 

nerve recording. The gut was carefully removed and the remaining tissue was stretched and fixated. 

The preparation is filled with saline II to prevent drying. The head and abdomen are cut off and a 2 

cm long patch of the middle segment is fixated in the flow bath. The nerve, reaching from the 

ganglion over the trachea to the stretch receptor, is cleaned from the remaining tissues. The nerve is 

cut near the ganglion and sucked into the electrode. The preparation requires internal and external 

electrodes to reach the saline 2 solutions. As soon as a stable signal is recorded, the compound of 

interest is applied via the flow bath. Recorded are action potential amplitudes as well as action 

potential frequency.  
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10. Abbreviations 

ADME – acronym for the pharmacokinetic parameters: absorption, distribution, metabolism and 
excretion 
Cpd – Compound  

CRC – concentration response curve 

Cryo-EM – cryogenic electron microscopy 
DRC – dose response curve  

Effect – the impact a certain modulator has on a channel (e.g. voltage shift, tail current and inhibition 
of inactivation) 
FCS – fetal calf serum 

HPLC – High pressure liguid chromatograpy 

KI – potassium ionophor 

MoA – Mode of action, as characterized by the IRAC. Mediated by a certain compound class, at a 
distinct binding site. 
MPDye – membrane potential sensitive dye  

NaV/VSSC – voltage sensitive sodium channel 
PD – pore-domain 
RoB – Response over baseline 

SPA – single particle analysis 
VSD – voltage sensor domain 
VSSC – voltage sensitive sodium channel 


