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for and why it is here, it will instantly disappear and be replaced by something even more 
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I 

Gregor A. Bergmann 

Analysis of Axon Outgrowth and Calcium Responses in Locust Neurons  
Locusts are devastating agricultural pest insects. The food consumption of a comparatively 

small swarm of 40 million locusts is equivalent to that of 35,000 people. However, locusts are 

also very amenable for basic research, elucidating principles of insect neurophysiology, 

neuronal circuitry and neuronal development. 

Chemicals that affect the developing nervous system at sub lethal concentrations by effecting 

changes in structure or function are defined as developmental neurotoxic (DNT) and as such 

pose a threat to human health worldwide. In the embryonic locust limb, a pair of pioneer 

neurons navigate to the central nervous system with the aid of guidance cues such as the 

evolutionary conserved guidance molecule semaphorin. Cytosolic calcium is critically involved 

in the integration of such guidance molecules. Since molecular mechanisms of axonal guidance 

are conserved between mammals and insects, the locust pioneer neuron system was established 

as an alternative to rodent based DNT assays. This locust embryo based assay is capable of 

detecting DNT effects of endpoint specific controls, affecting cytoskeletal dynamics and 

cytosolic calcium levels, as well as the accepted DNT compound rotenone. Additionally, 

I found that elevation of cytosolic calcium disrupts axonal pathfinding. Scanning laser optical 

tomography (SLOT) was used for metric quantification of axon length and detection of 

erroneous growth of locust pioneers, which required extensive clearing of tissue for optimal 

resolution. 

Cytosolic calcium can be monitored by the use of calcium indicator dyes. In this dissertation, 

a membrane permeable calcium indicator was used to record neuronal calcium responses of 

cultured antennal lobe neurons. The locust antennal lobe contains local interneurons and 

projection neurons that modulate and relay olfactory information provided by the antenna in 

glomeruli. The classical transmitter of antennal olfactory receptor neurons is acetylcholine. 

Given their role in the olfactory circuit, projection neurons and local interneurons were expected 

to respond differently to cholinergic input. I was able to demonstrate that projection neurons 

and local neurons indeed respond differently to cholinergic stimulation. In contrast to 

Drosophila melanogaster, muscarinic stimulation yielded calcium responses in projection 

neurons. Furthermore, enhanced nicotinic responses were found in local interneurons after 

nicotinic/muscarinic co-stimulation, similar to findings in Drosophila. 

Despite the damages they cause, locusts are a valuable addition to current methodologies of 

DNT assessment and provide further insight into the olfactory system of a pest insect.  
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Gregor A. Bergmann 

Analyse der Axonalen Wegfindung und Kalziumsignalen von Heuschrecken 

Neuronen  
Heuschrecken sind gefürchtete landwirtschaftliche Schadinsekten, da bereits ein 

vergleichsweise kleiner Schwarm aus 40 Millionen Tieren die gleiche Menge an Nahrung 

verzehren kann wie 38.000 Menschen. Sie sind jedoch auch zugängliche Modellorganismen, 

die zur Erforschung neuronaler Schaltkreise, neuronaler Entwicklung und der 

Neurophysiologie von Insekten genutzt werden. 

Substanzen die bei subletalen Konzentrationen die Struktur oder Funktionsfähigkeit des sich 

entwickelnden Nervensystems verändern können, werden als entwicklungsneurotoxisch (DNT) 

bezeichnet. Demnach stellen DNT Substanzen weltweit eine Gefahr für die Gesundheit der 

Menschen dar. In der Entwicklung des Heuschreckenbeins navigieren zwei Pionierneurone 

selbstständig in das zentrale Nervensystem. Diese Navigation wird durch Wegweisersignale, 

wie zum Beispiel das evolutionär konservierte Semaphorin, vermittelt. Zytosolisches Kalzium 

ist bei der Integration verschiedener Wegweisersignale maßgeblich beteiligt. Da die 

molekularen Mechanismen der Axonalen Wegfindung zwischen Säugern und Insekten 

konserviert sind, konnten Heuschrecken Pionierneurone als Basis einer Alternative zu 

nagetierbasierten Testsystemen in der Erkennung von DNT Substanzen genutzt werden. Dieses 

Testsystem ist in der Lage DNT Effekte endpunktspezifischer Kontrollsubstanzen, welche 

Zytoskelettgeneration oder Kalziumhomöostase stören, und des entwicklungsneurotoxischen 

Rotenon zu erfassen. Außerdem konnte gezeigt werden, dass eine Erhöhung des zytosolischen 

Kalziumspiegels zu Fehlern in der axonalen Wegfindung führt. Scanning Laser Optical 

Tomography (SLOT) wurde zur metrischen Bestimmung der Axonlänge und zur Detektion von 

Wegfindungsfehlern der Pionierneurone eingesetzt. Dieses Verfahren erfordert eine intensive 

Aufklarung des Gewebes um die dafür notwendige Auflösung zu erzielen. 

Mit Hilfe von Kalziumindikatorfarbstoffen können zytosolische Kalziumkonzentrationen 

bestimmt und nachverfolgt werden. In dieser Dissertation wurde ein membrangängiger 

Kalziumindikator verwendet, um Kalziumsignale von kultivierten Neuronen des Antennallobus 

zu Erfassen. Der Antennallobus der Heuschrecke enthält Projektionsneurone und lokale 

Interneurone, die die von der Antenne vermittelte Geruchsinformation in Glomeruli verarbeiten 

und weiterleiten. Acetylcholin ist der klassische Neurotransmitter der antennalen olfaktorischen 

Rezeptorneurone. Es wurde erwartet das Projektionsneurone und lokale Interneurone 

unterschiedlich auf cholinerge Signale reagieren, da diese unterschiedliche Aufgaben im 
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olfaktorischen Schaltkreis übernehmen. Ich konnte zeigen, dass Projektionsneurone und lokale 

Interneurone tatsächlich unterschiedlich auf cholinerge Stimulation reagieren. Anders als in 

Drosophila melanogaster, konnten in Projektionsneuronen von Heuschrecken 

Kalziumantworten auf muskarinische Stimulation nachgewiesen werden. Des Weiteren wurden 

in lokalen Interneuronen nach nikotinischer/muskarinischer Co-stimulation stärkere 

nikotinische Antworten als bei rein nikotinischer Stimulation beobachtet. Dieser Effekt ähnelt 

Ergebnissen aus Forschungen an Drosophila. 

Trotz der Schäden die sie verursachen, stellen Heuschrecken eine wertvolle Ergänzung zu 

aktuellen Methoden zur Detektion von DNT Substanzen dar und liefern wertvolle Erkenntnisse 

über die Funktionsweise des Riechsystems dieser Schadinsekten. 
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1. Introduction 
Locusts are feared pest insects that cause massive agricultural damage, periodically threatening 

human livelihoods since the beginning of recorded history (Nevo 1996). A small swarm of 

40 million locusts is capable of consuming 80 tons of crops each day, which is equivalent to 

the daily food consumption of 35,000 people (FAO, De Vreyer et al. 2012). Ironically, locusts 

also have proven to be valuable model organisms for basic research. For instance, studies on 

the embryonic nervous system of locusts provided insight into nervous system development of 

insects, by investigations of neuronal lineages, directed neurite outgrowth and their underlying 

molecular mechanisms (Bate 1976, Goodman and Bate 1981, Lau et al. 1999, Isbister et al. 

1999). Furthermore, electrophysiological studies have contributed to our understanding of 

olfactory coding in these pest insects (Anton and Hansson 1996, Laurent 1996). 

1.1 Pioneer neurons in the developing nervous system of locusts 

One key aspect of nervous system development is correct neurite outgrowth and wiring of 

neuronal circuits. Pioneer neurons are among the first neurons that arise in the developing 

peripheral nervous system of locusts, forming the first connection between the peripheral and 

the central nervous system. A pair of identifiable pioneer neurons that are very amenable for 

research of axonal navigation are the Ti1 pioneer neurons, which are born in the tibia segment 

of the locust limb bud (Bate 1976). As pioneer neurons, Ti1 axons navigate into the central 

nervous system, where they undergo apoptosis to serve as a scaffold for sensory neurons and 

motoneurons that arise later in development (Kutsch and Bentley 1987). 

The growth cone is a specialized structure at the tip of outgrowing neurites that is necessary for 

neurite elongation and navigation in the developing tissue. Directional input from guidance 

cues is transduced by receptor molecules and integrated by the growth cone via intracellular 

signaling cascades involving kinases, cyclic nucleotides and intracellular calcium (Lowery and 

Van Vactor 2009). These signaling cascades affect localized cytoskeletal dynamics within the 

growth cone via microtubule stabilization and actin polymerization, resulting in the directed 

growth of filopodia followed by the growth cone. Guidance molecules contribute to directed 

outgrowth as attractive, permissive, or repulsive signals to the growth cones. 

Semaphorins (Sema) represent an essential group of guidance molecules (Kolodkin et al. 1992, 

Isbister et al. 1999, Isbister and O'Connor 2000), mediating correct outgrowth of Ti1 pioneer 

neurons in the limb bud (Fig. 1 A-E). The diffusible Sema2a molecule is expressed in repulsive 

gradients in the limb bud and thus drives directed neurite outgrowth (Fig. 1 B & C), whereas  

expression of the membrane bound Sema1a forms an attractive/permissive band in the 
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trochanter segment, stabilizing the ventral turn of the pioneers (Fig. 1 B & D). Semaphorins are 

a conserved class of guidance molecules that are also found in mammals (Pasterkamp and 

Kolodkin 2003). Similar to the invertebrate Sema2 gradients, a Sema3 gradient is found in the 

developing mammalian cortex, directing growth of pyramid cell axons and dendrites (Fig. 1 F). 

Sema3 acts attractive to dendrites guiding them towards the pial surface, and simultaneously 

repulses axons towards the subcortical white matter. This difference in growth cone behavior 

towards the same guidance molecule is based on asymmetric localization of cGMP in dendrite 

and axon (Polleux et al. 2000). Axonal guidance however, is also dependent on substrate bound 

guidance cues. Interactions of the growth cone with the basal lamina and with guidepost cells 

that are contacted by the outgrowing neurites also contribute to axonal navigation (Condic and 

Bentley 1989, Bentley and Caudy 1983, Bentley et al. 1991). The growth cone integrates 

guidance cues via intracellular signaling cascades. Apart from cyclic nucleotides and kinase 

activity, intracellular calcium concentrations play a major role in growth cone steering and axon 

elongation (Gomez and Zheng 2006). Contact with guidepost cells causes a change in 

Fig. 1 Semaphorin mediates directed neurite outgrowth in locust Ti1 pioneers (A-E) and 
mammal pyramid cells (F). The stereotypical growth of Ti1 pioneer neurons is characterized 
by the encounter of four guidepost cells (Fe, Tr, and two Cx1) and two turns in the trochanter 
segment (A). Directed neurite outgrowth is mediated by Sema1a (green band in B & C) and 
Sema2a (red gradient in B & D). Functional blocking of semaphorins via antibodies leads to 
erroneous outgrowth (C-E). In the mammalian cortex, Sema3, a functional analog of Sema2a, 
directs axon repulsion and dendrite attraction following a Sema3 concentration gradient (F).  
This polarity is caused by elevated cGMP concentrations in the dendrite, altering the growth 
cone response to Sema3. A-E after Isbister and O’Connor (2000); F after Polleux et al. (2000). 
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intracellular calcium concentration in Ti1 pioneers, as guidepost cells act as calcium sinks 

(Bentley et al. 1991). A local increase in calcium concentration facilitates the outgrowth of 

filopodia (Lau et al. 1999). In conclusion, calcium appears to be a key intracellular messenger 

that is required for correct outgrowth and orientation of pioneer neurons in the developing 

tissue. 

Since molecular mechanisms of axonal pathfinding are largely conserved between mammals 

and insects (Harrelson and Goodman 1988), Ti1 pioneer neurons can be used for identification 

of chemicals that disrupt growth cone navigation and subsequently the correct nervous system 

development. Deveolopmental neurotoxicity (DNT) is defined as any changes of the nervous 

system in structure or function induced by exposure to chemicals during gestation or lactation 

periods (Mundy et al. 2015). Such changes are caused by disruption of specific 

neurodevelopmental mechanisms, such as differentiation, migration or synaptogenesis. Current 

test guidelines (EPA 1998, OECD 2007) demand the use of at least 1000 rodent pups for DNT 

assessment, at a cost of about $ 1.4 million per tested compound over a testing period of three 

months. In line with the three R principle (reduction, replacement and refinement) proposed by 

Russell et al. (1959), fast and inexpensive in vitro assays to identify DNT compounds are 

needed as an alternative or complementary to current rodent based DNT assays (Smirnova et al. 

2014). Such alternative assays monitor specific and readily quantifiable toxicological endpoints 

such as cell viability, neurochemical differentiation or migration of neuronal precursors. 

Endpoints for general toxicity and specific developmental neurotoxicity are compared in order 

to assess the DNT potential of a given compound. These endpoints are evaluated by the use of 

accepted test compounds and endpoint specific controls, the latter interfering with known 

underlying mechanisms of the endpoint such as microtubule polymerization for the endpoint of 

axonal elongation. Using an ordinal scoring scheme based on easily identifiable events in Ti1 

development (see Fig. 1 of Bergmann et al. 2019), the locust Ti1 pioneer neuron system was 

evaluated by the use of endpoint specific controls, interfering with cytoskeletal dynamics and 

calcium signaling. Ti1 pioneer neurons proved to be an advantageous test system for the DNT 

endpoints neurite outgrowth and axonal navigation. To measure Ti1 axon length in the three 

dimensional limb bud, scanning laser optical tomography (SLOT) was used. This fluorescence 

tomographic method is an advancement of the optical projection tomography (OPT) with 

improved photon collection efficiency. Optimal spatial resolution requires fully cleared 

specimen tissue to reduce light scattering. Eventually, optimal specimen clearing was achieved 

and pioneer neurites in the three dimensional limb bud of the locust embryo were resolved.  
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1.2 Antennal lobe circuitry and function 

The antennal lobe is the site of first order olfactory processing in insects, resembling the 

olfactory bulb in vertebrates. Similar to the olfactory bulb, input is provided by specialized 

sensory neurons called olfactory receptor neurons, residing in the olfactory sensilla of the 

antenna (Ernst et al. 1977). These neurons converge into neuropilar compartments called 

glomeruli, where they interface with modulatory local interneurons and projection neurons that 

send olfactory information into higher brain regions, such as the mushroom body and the lateral 

horn (Ernst et al. 1977, Anton and Hansson 1996, Laurent 1996). In most investigated insects, 

like Drosophila melanogaster or Manduca sexta, olfactory receptor neurons that express the 

same olfactory receptor gene converge into distinct and identifiable glomeruli, similar to 

vertebrates (Vosshall et al. 1999, Rössler et al. 1999, Buck and Axel 1991). As a result, 

the number of olfactory receptor genes roughly corresponds to the number of glomeruli in a 

uniglomerular wiring scheme. In contrast, locusts employ a multiglomerular wiring scheme 

where olfactory receptor neurons, expressing one or more of 174 olfactory receptor genes, 

innervate 1000 glomeruli in a branching pattern (Wang et al. 2015, Anton and Hansson 1996). 

Non-spiking local interneurons, the most common of which being 100 GABAergic and 

50 nitrergic local interneurons (Seidel and Bicker 1997), also innervate multiple glomeruli at 

once in a branching pattern, modulating olfactory input (Fig. 2). Of the 830 spiking projection 

neurons, each of which in turn samples the input of 10-25 glomeruli (Leitch and Laurent 1996, 

Anton and Hansson 1996).  

Immunocytochemical studies suggest that olfactory receptor neurons use acetylcholine as 

a classical transmitter (Ehrhardt and Boyan 2020, Rind and Leitinger 2000), implying that both 

local interneurons and projection neurons receive the same cholinergic input from the antenna. 

The cellular response of vertebrate and invertebrate cholinergic synapses is mediated by 

nicotinic and muscarinic acetylcholine receptors (Thany and Tricoire-Leignel 2011, 

Caulfield 1993, Trimmer 1995). Ionotropic nicotinic acetylcholine receptors mediate fast 

synaptic neurotransmission by a rapid change in membrane potential via ion influx 

(Gundelfinger 1992) and were also shown to be permeable for calcium in locusts, contributing 

about 25 % of the calcium signal after cholinergic stimulation (Oertner et al. 1999). 

In Locusta migratoria, five cDNA clones that encode nicotinic acetylcholine receptor subunits 

have been identified (Hermsen et al. 1998). Such subunits can combine in homo- and 

heteromers, altering the physiological properties of the resulting nicotinic receptor 

(Marshall et al. 1990, Amar et al. 1995, Jones et al. 2005). Metabotropic muscarinic 

acetylcholine receptors on the other hand act via intracellular signaling cascades that can have 
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effects on cation channel conductivity, the release of intracellular calcium stores or cyclic 

nucleotide synthesis (Breer and Sattelle 1987, Caulfield 1993, Trimmer 1994). Biochemical 

evidence for muscarinic receptors in the central nervous system of locusts was found in the 

modulation of acetylcholine release from synaptosome preparations (Breer and Knipper 1984, 

Knipper and Breer 1988). In Drosophila, muscarinic acetylcholine receptors were found to 

increase excitability of inhibitory local interneurons (Rozenfeld et al. 2019). In the same study, 

downregulation of the muscarinic receptor in projection neurons result in no alteration of odor 

induced calcium responses. This suggests that local interneurons and projection neurons may 

differ on the level of receptor composition. 

Within the antennal lobe circuit, non-spiking local interneurons interact with olfactory receptor 

neurons and spiking projection neurons. These interactions synchronize projection neuron 

firing patterns, which is reflected by oscillations in the local field potential.  

 

Fig. 2 Schematic diagram of the locust olfactory network. Olfactory information is provided 
by 50,000 olfactory receptor neurons (ORN), innervating neuropilar compartments called  
glomeruli. There, they interface with roughly 300 non-spiking local interneurons (LN) and 
830 spiking projection neurons (PN). The latter project over the antennal lobe tract (ALT) into 
higher brain regions such as the mushroom body (MB) and the lateral horn (LH). After Leitch 
and Laurent (1996). 
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GABAergic local interneurons are involved in projection neuron synchronization, since 

blockage of GABA receptors abolishes oscillations in the local field potential generated in 

response to odor presentation (MacLeod and Laurent 1996). Galizia (2014) proposes the role 

of local interneurons in the olfactory circuit of insects as a gain control through activity 

dependent inhibition of olfactory receptor neurons and as a threshold controlling mechanism 

that modulates spontaneous activity of projection neurons. 

Anatomical features of the antennal lobe, such as the number of projection neurons and local 

interneurons, seem to be an important factor for simulation of odor responses in silico 

(Laurent 1996, Rajagopalan and Assisi 2020). Such features are well established in the species 

Schistocerca gregaria, but not in Locusta migratoria. Therefore, the number of antennal lobe 

neurons as well as the ratio between projection neurons and local interneurons was ascertained. 

In order to abolish network interactions, antennal lobe neurons of Locusta migratoria were 

characterized by calcium imaging in isolated cell culture, focusing on the classical transmitter 

of olfactory receptor neurons, acetylcholine.   
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2. Thesis outline 
This dissertation is comprised of three scientific manuscripts, two of which were submitted as 

first author. Here, these publications are attached in chronological order. 

In the first paper, a novel method for assessment of developmental neurotoxins, chemicals that 

affect neuronal development at concentrations of no or low general toxicity, is described. In this 

method neurite outgrowth of Ti1 pioneer neurons was evaluated, after locust embryos were 

exposed to a set of chemicals in a range of concentrations. Rotenone, which is known to inhibit 

axon elongation (Krug et al. 2013, Pamies et al. 2018), and compounds that interfere with 

cytoskeletal organization (colchicine, cytochalasine D) were tested. In addition, two different 

classes of voltage gated calcium channel blockers (diltiazem, verapamil) that interfere with 

calcium signaling were tested. 

To improve on neurite length quantification using the ordinal scoring scheme of the previous 

paper, metric measurement of axon length in the three-dimensional limb bud was achieved by 

using scanning laser optical tomography (SLOT), as is described in the second publication. 

For optimal resolution, a series of experiments were performed to test a range of clearing 

agents. Pioneer axons were imaged down to a spatial resolution of 4 µm and similar differences 

in axon elongation were detected as with conventional fluorescence microscopy. SLOT also 

resolved pathfinding errors that were induced by exposure of locust embryos to the DNT 

compound arsenite. This allows automated detection of erroneous neurite growth in response 

to pharmacological manipulation in future applications. 

The third manuscript addresses the use of calcium indicator dyes in cultured locust neurons. 

By screening a range of calcium indicator dyes, I have found that Cal-520 AM readily loads 

locust neurons. To demonstrate this, antennal lobe neurons were isolated, cultivated and 

superfused with cholinergic agonists and antagonists. The two main interneuron types that 

comprise the antennal lobe were found to respond differently to cholinergic stimulation. I was 

able to show that local interneurons have muscarinic acetylcholine receptors that modulate local 

neuron responsiveness, similar to findings in Drosophila (Rozenfeld et al. 2019). In contrast to 

these findings however, locust projection neurons were observed to show calcium responses to 

muscarinic stimulation.  



8 

 

3. Publications 

3.1. Author contributions 

Gregor A. Bergmann, Sarah Frömbling, Nina Joseph, Karsten Bode, Gerd Bicker and Michael 

Stern (2019) An intact insect embryo for developmental neurotoxicity testing of directed 

axonal elongation. ALTEX 36 643-649. DOI: 10.14573/altex.1901292  

GAB, SF, MS, KB and GB wrote the paper. GAB, KB and MS evaluated the data. GAB, SF, 

NJ and KB performed experiments and acquired the data. GAB, SF and MS designed the 

figures. GB conceived the project. 

Karsten Bode, Lena Nolte, Hannes Kamin, Michael Desens, Arthur Ulmann, Gregor A. 

Bergmann, Philine Betker, Jennifer Reitmeier, Tammo Ripken, Michael Stern, Heiko Meyer 

and Gerd Bicker (2020 a) Scanning laser optical tomography resolves developmental 

neurotoxic effects on pioneer neurons. Scientific Reports 10 2641.  

DOI: 10.1038/s41598-020-59562-7 

KB and LN performed experiments, analyzed the data and wrote the paper with help of GB. 

Dissection and incubation experiments with MeHgCl were performed by PB and KB. 

GAB contributed to the initial clearing procedure. AU designed supplemental figures. LN and 

AU made SLOT measurements and segmentations on MeHgCl treated embryos. HK performed 

SLOT measurements and segmentations on arsenite treated embryos. MD developed and tested 

segmentation algorithms. JR performed staurosporine experiments. MS and TR contributed to 

discussions on theoretical feasibility and design improvements. GB and HM conceived and 

supervised the research. 

Gregor A. Bergmann and Gerd Bicker (2021) Cholinergic calcium responses in cultured 

antennal lobe neurons of the migratory locust. Scientific Reports 11 10018.  

DOI: 10.1038/s41598-021-89374-2 

GAB wrote the paper with the help of GB. GAB conceived, performed and analyzed the 

experiments. GB conceived and supervised the research. 
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proliferation, neurochemical differentiation, migration of neural 
precursor cells, and electrical activity in randomly formed neu-
ral networks (Frank et al., 2018). Most in vitro systems do not 
recapitulate many of the complex cell-cell and cell-matrix inter-
actions or morphogen gradients in the intact organism that are 
necessary for normal brain formation and may be subject to sig-
����������by toxicants (Lein et al., 2005). To address pos-
sible adverse effects of chemicals on these complex mechanisms, 
non-mammalian models such as �����embryos can be suc-
cessfully employed (Dach et al., 2019). Alternatively, the applica-
bility of invertebrate models such as Caenorhabditis (Avila et al., 
2012), planarians (Hagstrom et al., 2019), or Drosophila (Rand, 
2010) is recognized. In spite of the phylogenetical distance be-
tween vertebrates and invertebrates, mechanisms of neural de-
velopment appear to be highly conserved (Sánchez-Soriano et 
al., 2007). Comparative DNT studies between a �����and a 

1 Introduction

Developmental neurotoxicity (DNT) of environmental chemicals 
poses a serious threat to human health worldwide, and the result-
ing neurological �����in particular in children, negatively af-
fect families and society. However, far too few chemicals have 
yet been tested, mainly because current in vivo test methods for 
assessing DNT require the use of large numbers of laboratory an-
imals. In the last decade, there has been ������progress in 
the ���of in vitro alternatives to animal models in DNT testing 
(Aschner et al., 2017; Bal-Price et al., 2018a; Coecke et al., 2007; 
Crofton et al., 2011; Delp et al., 2018; Fritsche et al., 2015, 2017, 
2018; Lein et al., 2005; Stern et al., 2014), based on rat primary 
cells, human cell lines, or stem/progenitor based models.

However, alternative in vitro testing methods monitor mainly 
readily �������toxicological endpoints, such as cell viability, 
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Neurotoxicity Testing of  
Directed Axonal Elongation 
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University of Veterinary Medicine Hannover, Institute for Physiology and Cell Biology, Hannover, Germany

Abstract
Developmental neurotoxicity (DNT) of chemicals poses a serious threat to human health worldwide. Current in vivo test 
methods for assessing DNT require the use of large numbers of laboratory animals. Most alternative testing methods 
monitor readily quantifiable toxicological endpoints in cell culture, whereas the formation of a functional brain requires 
precisely timed navigation of axons within a complex tissue environment. We address this complexity by monitoring 
defects in axonal navigation of pioneer axons of intact locust embryos after exposure to chemicals. Embryos develop 
in serum-free culture with test chemicals, followed by immunolabeling of pioneer neurons. Defects in axon elongation of 
pioneer axons are quantified in concentration-response curves and compared to the general viability of the embryo, as 
measured by a resazurin assay. 
We show that selected chemical compounds interfering with calcium signaling or cytoskeletal organization, and the ref-
erence developmental neurotoxicant rotenone, can be classified as DNT positive. The pesticide rotenone inhibits pioneer 
neuron elongation with a lower IC50 than viability. The rho kinase inhibitor Y27632 can partially rescue outgrowth inhi-
bition, supporting the classification of rotenone as a specific DNT positive compound. Since mechanisms of axonal 
guidance, such as growth cone navigation along molecular semaphorin gradients are conserved between locust and 
mammalian nervous systems, we will further explore the potential of this invertebrate preparation as an assay, including a 
prediction model, for testing the DNT potential of chemicals in humans.
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ly locust embryogenesis, a pair of pioneer neurons differentiates 
within the distal tip of limb bud epithelia. These pioneer neurons 
establish the ���axonal pathway to the CNS, using semaphorin 
signals as extracellular guidance cues. Later born sensory neurons 
arise from the limb bud epithelium and follow this pathway. Here, 
we expose intact locust embryos to chemicals in culture medium 
and monitor defects in axonal navigation of limb bud pioneer ax-
ons. Using a resazurin assay, we quantify general cytotoxicity to 
identify possible DNT effects of the chemicals (Fig. 1).

2  Methods

A detailed description of the methods can be found in the sup-
plementary ��1. Locust eggs (Locusta migratoria) were collect-
ed in batches from the same egg pod (50-60 siblings of the same 
age) from our crowded laboratory culture. Embryos were care-
fully staged to 32.5% of completed embryogenesis according to 
Bentley et al. (1979), dissected under semi-sterile conditions in 
serum-free L15 media with 1% penicillin/streptomycin (Invitro-
gen) and kept ex ovo in 48 well plates at 30°C for 24 h in the pres-
ence of test chemicals in groups of 10 embryos per concentra-
tion (two embryos per well). Each experiment included a group 

planarian model revealed a high degree of predictability for ef-
fects on human CNS development (Hagstrom et al., 2019), even 
though a ������number of genes upregulated in the develop-
ing human cortex are ���������when compared to mouse 
(Zeng et al., 2012), or even chimpanzee (Zhang et al., 2011). 

In vivo studies bear the problems of �����exposure pa-
rameters such as actual concentrations in the tissue of interest 
(due to diffusion barriers, metabolism, etc.). Here, we propose an 
ex vivo systemic approach that addresses some of the complexity 
of the in vivo situation in a simple embryonic invertebrate prepa-
ration, under controlled environment, with easy access for test 
compounds.

The formation of a functional brain requires the precisely timed 
navigation of axons within the complex neuronal tissue environ-
ment. As shown by antibody blocking experiments, growth cone 
navigation can depend on membrane-bound or molecular gradi-
ents of diffusible semaphorin cues, ���discovered in the locust 
embryo (Kolodkin et al., 1992; Isbister et al., 1999). These are 
conserved in vertebrates (Luo et al., 1993) including mammali-
ans, where semaphorins play an important role in brain cortex 
formation (Polleux et al., 2000). In contrast to the vertebrate pe-
ripheral nervous system, insect peripheral neurons develop from 
small sets of specialized epidermal cells (Bate, 1976). During ear-

1 doi:10.14573/altex.1901292s

Fig. 1: DNT assay on embryonic locust limb bud pioneer neurons 
(A) Schematic of hind limb bud of an embryo developed to 35% until hatching. Development and axon elongation of the sibling pair of Ti1 
pioneer neurons (red) is divided into 11 steps from birth (0) to reaching the CNS (100), encountering three guidepost cells (Fe, Tr, Cx1) 
on their way. (B) Schematic of the assay setup in part of a 48-well plate, each well receiving two embryos (st, start control, fixed before 
incubation; cont, media control, without toxicant; t1-t4, different concentrations of test compound; blk, blank, media only, no embryos).  
(C) Timing of embryonic development and exposure to toxicants. At 30°C, locust nymphs hatch 12 days after eggs are laid. By the end of day 
3, embryos are staged to 32.5% of development by external features (example: fixed embryo after labeling with DAPI) and subjected to test 
compounds for 24 h in vitro (orange), followed by 2 hours for the viability assay (blue) before fixation and immunofluorescence labeling.

A B

https://doi.org/10.14573/altex.1901292s
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of media controls and a group of start controls, the latter of which 
were ���immediately after dissection (Fig. 1B). After washing 
for 5 min in L15, a resazurin reduction viability assay (Alamar 
Blue, Invitrogen) was performed for 2 h, followed by �����
in 4% paraformaldehyde for 45 min. Leg bud pioneer neurons 
were immunolabeled for a neuronal cell marker (anti-HRP, Di-
anova, 1:2000 preceded by permeabilization in 0.3% saponin and 
blocking in 5% normal rabbit serum for 45 min each). Labeled 
neurons were visualized by a biotinylated rabbit anti-goat antise-
rum (1:250, Dianova) and streptavidin-CY3 (1:250, Sigma) plus  
0.1 µg/ml DAPI as a nuclear marker. Defects in axonal outgrowth 
and navigation of pioneer axons were detected via conventional 
�������microscopy using Zeiss equipment, or confocal mi-
croscopy using a Leica TCS SP5. For each leg bud, elongation 
of pioneer axons along their ������pathway was scored be-
tween 0% and 100% according to the scheme depicted in Fig. 1A. 
Values were normalized to the averages of the matched start and 
media controls. Pooled averages from three independent experi-
ments were plotted in GraphPad Prism 8.0 as means ±SEM Con-
centration-response curves were generated by ����four param-
eter sigmoidal functions. IC50 values were determined from the 
curve, unless values below 50% were not reached. In these cases, 
the highest used concentrations were used to determine IC50 in-
stead, according to Krug et al. (2013).

3  Results and discussion

Locust embryos dissected out of their egg shell continue to devel-
op in serum-free L 15 cell culture medium. Since pioneer neurons 
of body appendages also extend their axon under these conditions 
(Seidel and Bicker, 2000), we explored this embryo culture sys-
tem as a potential in vitro DNT assay. Axon outgrowth from a 
pair of hindleg pioneer neurons follows a characteristic, stereo-
type pathway from the tibia leg segment into the central ner-
vous system (Bentley and Caudy, 1983), both in ovo and ex ovo 
(Fig. 2). However, development is slowed down to about half the  
normal speed ex ovo, conveniently allowing us to monitor the 
process of neurite outgrowth within 24 h that would only take 
12 h in ovo. When embryos staged to 32.5% of their develop-
ment are ���and immunolabeled, their neurites have just be-
gun to grow out (Fig. 2, start). In embryos cultivated in vitro from 
that stage on, neurites will just have arrived in the central nervous 
system by 24 h (Fig. 2, L15 only), as compared to the much fur-
ther developed limb bud cultivated without prior dissection for 
the same time (Fig. 2, in ovo). In vitro culture allows free access 
of chemicals to the embryo and has been successfully used to per-
turb pioneer neuron development, e.g., by interfering with sema-
phorin signaling (Kolodkin et al., 1992; Isbister et al., 1999) or 
the NO-cGMP pathway (Seidel and Bicker, 2000). 

We can monitor development and its impairment by presump-
tive developmental neurotoxicants by ����������and un-
�����endpoints. First, we quantify the progress of the growing 
neurites along their stereotype pathways by applying a well-de-
���elongation score scheme (Fig. 1A) that uses recogniz-
able landmarks like guidepost cells (Bentley and Caudy, 1983) 

or leg segment boundaries. This score is more reliable and al-
so much more quickly obtained than measuring actual neurite 
length on photomicrographs, which is often confounded by vari-
able three-dimensional positions or distortions of the limb buds. 
“Start” values obtained from preparations ���before the sibling 
embryos were subjected to in vitro culture and test compound ex-
posure had to be subtracted in order to measure only the progress. 
Progress can be hindered by both simple growth retardation or by 
������errors, such as growth in incorrect directions, or de-
fasciculations of the sibling pioneer axons (examples in Fig. 2, 
colchicine and rotenone). 

As a second endpoint, we ����the ability of the embryo to 
reduce resazurin to �����(general viability), in order to dis-
tinguish between general cytotoxicity and �����effects on ste-
reotype neurite growth patterns. By normalizing to untreated in 
vitro control embryos, we could measure �����and ������
effects over a wide range of concentrations (Fig. 3A-E). 

Calcium is a key second messenger for regulating cytoskele-
tal dynamics during axonal elongation (Kater and Mills, 1991; 
Kater and Rehder, 1995; Zheng and Poo, 2007). Since ����-
al dynamics necessary for growth cone motility and ������
critically involve Ca2+-signaling also in locust limb bud pioneer 
neurons (Lau et al., 1999), blocking of calcium channels should 
interfere with pioneer axon elongation. The blockers of L-type 
calcium channels, verapamil and diltiazem, effective also in the 
insect nervous system (Lohr et al., 2005), both inhibited pioneer 
axon elongation in a dose dependent manner with an IC50 of 
261.1 µM and 518.4 µM, respectively (Fig. 3A,D). This is in the 
same range necessary to block Ca2+ channels in insect neurons 
and glia cells (Lohr et al., 2005), and only 4-6.5 times larger than, 
for instance, in sensory ����in mouse spinal cord in vitro (Mar-
tinez-Gomez and Lopez-Garcia, 2007). General viability of the 
embryos was also affected in a dose-dependent manner by both 
blockers. However, at the IC50 for elongation, viability was still 
at 78% and 86% of control values, respectively. Thus, these calci-
um channel blockers displayed endpoint �����developmental 
neurotoxicity in our pioneer axon elongation test system, as ex-
pected from calcium imaging data (Lau et al., 1999). 

Likewise, general inhibitors of cytoskeletal dynamics should 
interfere with axon elongation. The inhibitor of actin polymeriza-
tion, cytochalasin D, inhibited elongation of pioneer axons with 
an IC50 of 52.2 nM, whereas general viability was not impaired 
even at the highest tested concentration of 333 nM (Fig. 3B). In 
cell culture assays, such as LUHMES, cytochalasin D is often not 
recognized as a �����developmental neurotoxicant (Krug et 
al., 2013). The microtubule inhibitor, colchicine, impaired pio-
neer axon elongation with an IC50 of 158.4 nM, whereas gen-
eral viability was not impaired at the highest tested concentra-
tion, 5 µM. At high colchicine concentrations, viability measure-
ments above 100% most likely derive from increased metabolism 
during apoptotic cell death induced by colchicine (TUNEL assay 
data not shown). Interestingly, although pioneer axons pursued 
highly erratic pathways even at moderate colchicine concen-
trations (Fig. 2), up to 40% of the pioneer neurons nevertheless 
reached their ���destination, the CNS, even at 5 µM colchicine 
(Fig. 3E). In cell culture, colchicine has been reported to reduce 
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of spinal cord injury and cell cultures of human model neurons 
(Mueller et al., 2005; Roloff et al., 2015; Krug et al., 2013). In 
the locust embryo, application of 50 µM of the small-molecule 
ROCK inhibitor, Y27632, �������alleviated rotenone-in-
duced reduction of pioneer axon elongation (Fig. 3F), ������
a DNT�����action of rotenone. 

Our axon elongation experiments also ������endpoint spe-
���inhibitors of calcium-dependent growth cone motility and 
general cytoskeletal inhibitors as �����effectors, compared 
to general cytotoxicity – a key requirement for a DNT assay 
(Aschner et al., 2017). However, the nervous system contributes 
only ~ 10% of cells to the whole embryo, and other (e.g., prolifer-
ating) cells may be more susceptible to toxicants than postmitotic 
neurons. In our preparations, all neurons with an elongation score 
greater than zero had non-fragmented neurites and most bore ��-
podia – which indicates that cells were still alive at the time of 
�����Thus, the biochemical measurements of general cytotox-
icity to the embryo should not be overinterpreted. The develop-
ment of an alternative viability assay, sensitive to single neuron 
cytotoxicity, would be advantageous. 

The advantage of this assay as an alternative to animal exper-
imentation in DNT screening is that our assay is performed on 
an intact invertebrate embryo cultured in serum-free medium. 
This assay is focusing on an individually �������pair of neu-
rons critically involved in establishing the ���neural pathway 
from the periphery towards the CNS (Bentley and Caudy, 1983;  
Isbister et al., 1999). Since the shape of these parallel-projecting  
pioneer neurons remains fairly constant from embryo to embryo, 
experimentally-induced changes in neuron geometry can be eas-
ily resolved. We are currently exploring a 3D imaging method  
(Lorbeer et al., 2011) to quantify abnormal geometries in the 
wiring of the nervous system under the �����of DNT com-
pounds. On a phylogenetic scale, the embryo of a migratory lo-
cust is clearly remote from any vertebrate embryo, e.g., ���or 
chicken, that are also used in DNT research. This minimizes, if 
not obviates any ethical issues about the use of a pest insect em-
bryo as a test organism.

On the other hand, it is striking that insect pioneer and mam-
malian pyramidal neurons in the cortex rely on members of the 
conserved semaphorin family as extracellular guidance cues 

neurite elongation at much lower concentrations (e.g., IC50 of  
4 nM for LUHMES cells, Krug et al., 2013), whereas in behav-
ioral assays on whole �����larvae, colchicine had no adverse 
effect at concentrations up to 30 µM (Dach et al., 2019). In intact 
tissue, axonal growth cones can react via ������contacts to a 
variety of guidance cues such as guidepost cells, compounds of 
the extracellular matrix, as well as gradients of soluble or cell sur-
face bound factors. All of these cues are absent in an isolated cell 
culture situation where neurite outgrowth might depend much 
less on actin driven ������movements than on forces gener-
ated by microtubule-protein interactions (Roossien et al., 2013; 
Athamneh et al., 2017). This could explain why actin inhibitors 
can be far more potent developmental neurotoxicants in tissue 
than in cell culture, and vice versa for microtubule inhibitors. It 
also emphasizes the �������of tissue culture-based test sys-
tems complementary to cell-based test systems for the translation 
of in vitro data to prediction of in vivo effects.

The pesticide rotenone, a mitochondrial electron transport 
chain blocker, is known for its adverse effect on dopaminergic 
neurons in both mammals and Drosophila (Betarbet et al., 2000; 
Pamies et al., 2018; Coulom and Birman, 2004), and is thus often 
used in Parkinson’s disease research (Heinz et al., 2017), but it is 
also a selective inhibitor of axonal outgrowth of human neurons 
in vitro (Krug et al., 2013). In our experiments, rotenone inhib-
ited pioneer neuron growth with an IC50 of 20.3 nM (Fig. 3C), 
which is in the same range as found for neurite outgrowth in hu-
man neurons (Krug et al., 2013). At this concentration, viability 
of the embryo (measured by resazurin reduction assay) was less 
affected (IC50 56.2 nM), which ������rotenone as a specif-
ic developmental neurotoxicant also in our insect embryo assay. 
Rotenone is not only a mitochondrial respiratory chain complex I  
blocker, but can act in parallel on the cytoskeleton by inhibiting 
microtubule assembly (Marshall and Himes, 1978; Heinz et al., 
2017) and the RhoA/ROCK pathway (Bisbal et al., 2018). Rho 
kinases (ROCKs) are attractive drug targets for restoring neural 
outgrowth, since a multitude of the extracellular signals creat-
ing a hostile environment for neurite regeneration converge on-
to the Rho/ROCK pathway, which regulates cytoskeletal dynam-
ics (Mueller et al., 2005). Pharmacological inhibition of the Rho/
ROCK pathway enhances neurite outgrowth in animal models 

Fig. 2: Embryonic locust limb bud 
pioneer neurons in vitro 
Pioneer neurons immunolabelled for a 
neuronal cell surface marker (anti-HRP), 
either fixed immediately without incubation 
(start) or after 24 h in culture, either in  
ovo or ex ovo, in the absence (L15 only)  
or presence of test compounds (40 nM  
rotenone, 50 nM colchicine). Open 
triangles, pioneer neuron cell bodies; 
asterisks, CNS; open arrows, growth 
direction mistakes; filled arrows, 
defasciculation events; filled triangles, 
neurons born later during development.
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 10 

Methods 11 

Locust embryos 12 

Locust eggs (Locusta migratoria) were collected in batches from the same egg pod (50-60 13 

siblings of the same age) from our crowded laboratory culture at the day of egg deposition, 14 

and kept horizontally in moist petri dishes at 30°C until dissection. On day 3 after egg 15 

deposition, embryos were carefully staged to 32.5% of completed embryogenesis according to 16 

Bentley et al. (1979), surface sterilized in 70% ethanol, and dissected in serum-free L15 17 

media with 1% penicillin/streptomycin (Invitrogen). At this stage (comparable to a three day 18 

chicken embryo), the open dorsal side of the embryo is exposed to the yolk mass, and the 19 

closed ventral side with the developing central nervous system and limb buds is covered by a 20 

membrane, analogous to the vertebrate amnion. Dorsal closure of both entoderm and 21 

ectoderm, and formation of the primary cuticle, takes place much later, at 60% of 22 

development. After removal of amnion membrane and yolk, embryonic tissue is freely 23 

accessible to chemicals from both sides.  24 

 25 

Incubation and exposure to test compounds 26 

For an individual experiment, embryos of a single egg pod were collected in pairs in 200 µl 27 

L15 (with solvent, as appropriate) in 48 well plates, in rows of 5 wells per concentration (5 28 

technical replicates). One group of start controls was fixed immediately after dissection and 29 

kept in PBS at 4°C until the next day. One group of 10 embryos received L15 media only 30 

(with DMSO, if appropriate), the other rows received test solutions prepared freshly from 31 

frozen stocks of chemicals (see Table S1). When necessary DMSO concentrations were 0.1% 32 

or higher, the appropriate amount of DMSO was added to all solutions, including media 33 
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controls. In preliminary experiments, we confirmed that DMSO alone had no effect on 1 

general viability or neurite elongation at concentrations up to 1%. Depending on the number 2 

of intact embryos recovered from an individual egg pod, between 2 and 4 different 3 

concentrations could be tested in each experiment. Embryos were briefly washed in 200 µl 4 

test solution, and incubated in fresh test solution in 48 well plates at 30° C for 24 h.  5 

 6 

Viability assay and immunofluorescence labeling 7 

After washing for 5 min in L15, a resazurin reduction viability assay was performed: 8 

Embryos were incubated in 5% Alamar Blue (Invitrogen) in L15 for 2h at 30°C, including a 9 

row of blanks (without embryos). 150 µl of the supernatant from each well was transferred to 10 

a 96 well plate, and fluorescence was measured at 530 nm excitation/590 nm emission using a 11 

Tecan Infinite 200 reader. Subsequently, embryos were fixed in 4% paraformaldehyde for 45 12 

min. Washing steps and dilution of immunolabeling reagents were carried out in phosphate 13 

buffered saline with 0.1% Triton X-100 as a detergent (PBS-T). Leg bud pioneer neurons 14 

were immunolabeled for a neuronal cell surface marker (anti-HRP, Dianova, 1:2000 preceded 15 

by permeabilisation in 0.3 % saponin and blocking in 5% normal rabbit serum for 45 min 16 

each). Labeled neurons were visualized by a biotinylated rabbit anti goat antiserum (1:250, 17 

Dianova) and streptavidin-CY3 (1:250, Sigma) plus 0.1 µg/ml DAPI as a nuclear marker. The 18 

anti-HRP antibody recognizes a carbohydrate moiety on cell surface proteins of neurons in a 19 

large number of ecdysozoan invertebrate species (Jan and Jan, 1976; Haase et al., 2001), but 20 

not in non-ecdysozoan invertebrates, or in vertebrates. 21 

 22 

Measurement and evaluation 23 

Defects in axonal outgrowth and navigation of pioneer axons were detected via conventional 24 

fluorescence microscopy using a Zeiss Axioscope with an HXP 120 light source, Axiocam 25 

506 colour camera and ZEN lite software. Selected preparations were subjected to confocal 26 

microscopy using a Leica TCS SP5 and Leica LAS AF software. For each leg bud, elongation 27 

of pioneer axons along their predefined pathway was scored between 0 and 100 according to 28 

the scheme depicted in Fig. 1A. Pioneer neurons of both hindleg buds of each embryo 29 

develop independently. Thus, the axon elongation score of the pioneer axons of each leg bud 30 

is considered an individual measurement. From each individual measurement, the average 31 

elongation score of the start controls of this experiment was subtracted, to receive the 32 

elongation between start and end of the experiment. Negative values were counted as zero 33 

elongation. In a next step, each elongation value was normalized to the average elongation of 34 
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the media (solvent) controls of this experiment. This resulted in individual values between 0% 1 

and 100% (or even above 100%, when a neuron had grown farther than the controls). Embryo 2 

viability measurements were also normalized to the average viabilities of the media controls 3 

(after subtraction of the average blank values). Normalization allowed for pooling of data 4 

from different separate experiments, to reflect biological variability. Biological variability is 5 

also reflected in the absolute measurements (viabilities and elongation scores) of all control 6 

embryos (see Figure S1).  7 

 8 

Concentration-response curves and statistics  9 

Values of the same concentrations from at least three different experiments (from different 10 

egg pods, biological replicates) were averaged and plotted in GraphPad Prism 8.0 as means ± 11 

S.E.M. Concentration-response curves were generated by fitting four parameter sigmoidal 12 

functions. IC50 values were determined from the curve, unless values below 50% were not 13 

reached. In these cases, the highest used concentrations were used to determine IC50 instead, 14 

according to Krug et al. (2013). For statistical analysis of the effect of Y27632 on neurite 15 

elongation impaired by 40 nM rotenone, we performed a Kruskal-Wallis test on the 16 

normalized data, as described above, followed by Dunn’s post hoc test with correction for 17 

multiple comparisons, using GraphPad Prism 8.0. Significances are expressed as * p<0.05, ** 18 

p<0.01, *** p<0.001. 19 

 20 

 21 

test compound 

 

CAS Nr 

 

Order 

Nr 

Sigma 

solvent 

 

solvent 

conc. 

stock 

conc. 

max 

conc. 

 

Diltiazem hydrochloride 33286-22-5 D2521 aqua dest 0.5% 1 M  5 mM 

Verapamil 

hydrochloride 152-11-4 V4629 DMSO 0.5% 500 mM 2.5 mM 

Cytochalasin D 22144-77-0 C8273 DMSO 0.033% 1 mM 0.333 µM 

Colchicine 64-86-8 C9754 aqua dest 0.5% 10 mM 50 µM 

Rotenone 83-79-4 R8875 DMSO 0.1% 400 µM 400 nM 

Y-27632 

dihydrochloride 129830-38-2 Y0503 aqua dest 0.5% 10 mM 50 µM 

 22 

Table S1: specifications of test compounds used. 23 
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 1 
Figure S1: Variation of absolute measurements of all solvent controls for the 5 test series. 2 

Each bar is the average ± s.d. of all solvent controls in each experimental series (numbers in 3 

the bars denominate numbers of controls in each series). 4 
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Scanning laser optical tomography 
resolves developmental neurotoxic 
effects on pioneer neurons
Karsten Bode1,3, Lena nolte2,3, Hannes Kamin2, Michael Desens2, Arthur Ulmann1, 
Gregor A. Bergmann1, Philine Betker1, Jennifer Reitmeier1, Tammo Ripken2, Michael Stern1, 
Heiko Meyer2 & Gerd Bicker1*

Developmental neurotoxic compounds impair the developing human nervous system at lower doses 
than those affecting adults. Standardized test methods for assessing developmental neurotoxicity 
(DNT) require the use of high numbers of laboratory animals. Here, we use a novel assay that is based 
on the development of an intact insect embryo in serum-free culture. Neural pathways in the leg of 
embryonic locusts are established by a pair of afferent pioneer neurons, extending axons along a well-
defined pathway to the central nervous system. After exposure to test chemicals, we analyze pioneer 
neuron shape with conventional fluorescence microscopy and compare it to 3D images, obtained by 
scanning laser optical tomography (SLOT) and processed by a segmentation algorithm. The segmented 
SLOT images resolve the 3D structure of the pioneers, recognize pathfinding defects and are thus 
advantageous for detecting DNT-positive compounds. The defects in axon elongation and pathfinding 
of pioneer axons caused by two DNT-positive reference compounds (methylmercury chloride; 
sodium(meta)arsenite) are compared to the biochemically measured general viability of the embryo. 
Using conventional fluorescence microscopy to establish concentration-response curves of axon 
elongation, we show that this assay identifies methylmercury chloride and the pro-apoptotic compound 
staurosporine as developmental neurotoxicants.

The developing fetal and juvenile human brain is more sensitive to exposure to industrial chemicals than the 
adult. Investigations of developmental neurotoxicity (DNT) deal with any adverse effects on the structure or func-
tion of the nervous system during gestational- or lactation-periods1. DNT positive chemicals pose a serious threat 
to the health of our children, because maldevelopment of the brain will eventually result in behavioral abnormal-
ities, such as attention deficit, hyperactivity, and autism spectrum disorder2,3. Since there is growing concern that 
the increase of those neurologic defects may, at least in part, be caused by a cocktail of DNT positive compounds 
used in our daily life, there is now an urgent demand for risk assessment of industrial chemicals.

Until 2017, only 13 different substances have been identified as developmental neurotoxicants in humans by 
epidemiological approaches. In contrast, tens of thousands industrial compounds have not been studied so far 
and remain uncertain2,4. To evaluate these potentially toxic compounds large numbers of vertebrates over long 
testing periods are needed. Due to limitations of traditional animal testing by guidelines of the OECD, alterna-
tive assays have to be developed. Alternative in vitro testing methods focus on key aspects in brain development 
that can be readily quantified in cell culture assays. They include, for example, measurements of cell viability, 
cell proliferation, neurite extension, development of neurochemical phenotype, and electrical activity in ran-
domly formed neural network as toxicological endpoints5–8. However, there are also non-mammalian organism 
based models such as zebrafish, Caenorhabditis elegans, and planarians9–11, displaying molecular developmental 
and functional aspects, which are conserved during the evolution. A recent review about alternative models for 
chemical assessment of DNT pointed out that these assays provide several advantages such as small size, short 
generation time, easy handling in the laboratory8.

An essential aspect of brain development is the anatomical wiring of neuronal processes. To form a functional 
nervous system, axons and dendrites have to navigate precisely through a complex microenvironment12. The 
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tips of these growing processes are termed growth cones, which respond to extracellular chemotactic guidance 
cues, such as for example proteins of the semaphorin family13. One developmental strategy used by vertebrate 
and invertebrate nervous systems is to differentiate a special set of transient neurons whose axons pioneer the 
first fiber tracts. Axons, which develop later, follow these pathways already laid down. This navigational strategy 
is beautifully exemplified in locust embryos where the early axonal pathways in the peripheral nervous system 
are laid down by easily identifiable pioneer neurons14. For example, the neural pathways in the limb are set up by 
specific pairs of peripheral pioneer neurons that traverse the route from their origin near the tip of each append-
age to the central nervous system (CNS), when distances are short14,15. These pioneer neurons have provided a 
useful model system for the study of a precise set of pathfinding processes during growth cone navigation. The 
cell bodies derive from the embryonic epithelium of the body appendage, remain in the periphery, and extend 
an axon that fasciculates with the axon of the sibling pioneer. Pathfinding seems to involve selective adhesion of 
the growth cones to substrate bound guidance cues provided by the epithelial cells and partly by recognition of 
guidepost cells15. A band of transmembrane semaphorin-1-expressing epithelial cells provides a pathway for the 
axons from the dorsal to the ventral side of the developing limb bud13,16. In addition, the epithelial cells of the limb 
bud secrete two gradients of the diffusible semaphorin-2a-molecule that orient the pioneer axons away from the 
periphery towards the CNS17.

A member of the semaphorin molecule family is also a key player in mammalian cortex formation. A gradi-
ent of semaphorin-3A is responsible for axonal and dendritic outgrowth pattern of pyramidal neurons during 
brain development18. Due to conservation of those guidance molecules between vertebrates and invertebrates, the 
pioneer neurons of the locust embryo may provide a useful model for examining blocking effects of neurotoxic 
chemicals on axonal outgrowth and navigation. We recently devised an intact embryo culture system in which 
defects in axonal elongation caused by exposure to chemicals are quantified in concentration-response curves19. 
The comparison of these curves to the biochemically measured general viability of the embryo allows for an 
evaluation of the DNT potential of chemicals, with regard to the endpoint axon elongation. On their pathway 
towards the CNS the developing pioneer axons show stereotypic changes in outgrowth direction15. To quantify 
both axonal extension and correct pathfinding, it would be advantageous to obtain three-dimensional images of 
the pioneers.

Scanning laser optical tomography (SLOT) is a relatively fast 3D-imaging technology that effectively detects 
absorption and fluorescence in transparent biological samples of mesoscopic size20. This technique is an advance-
ment of classical optical projection tomography (OPT)21, which acquires projection images during rotation of the 
specimen at multiple equidistant angles. The 3D information is then obtained by reconstruction methods, such 
as the filtered back projection approach. In an improved laser based setup, SLOT optimizes signal collection effi-
ciency especially at low signal levels20,22,23. To obtain mechanical stability during the rotation and optical clearing, 
it is advantageous to embed the specimen using the CRISTAL (Curing Resin-Infiltrated Sample for Transparent 
Analysis with Light) procedure, which clears the sample optically and embeds it in a rigid resin simultaneously 
without significant deformation as shown by Kellner et al.22.

Two of the well characterized DNT-positive reference compounds targeting animals and humans are methyl-
ated mercury and arsenic4. Here, we incubate intact locust embryos with the developmental toxicants methylmer-
curic chloride and sodium(meta)arsenite to test for their effects on pioneer neuron elongation and pathfinding. 
We analyze the resulting pioneer neuron outgrowth morphology with conventional fluorescence microscopy 
and compare it to 3D images, obtained by the SLOT technology and processed by a segmentation algorithm. In 
addition, we measure the acute toxicity of the respective compounds on the metabolic activity of embryo. The 
combined results demonstrate the potential of the SLOT imaging approach for resolving the 3D structure of the 
pioneers, the ability to quantitatively recognize pathfinding defects in the segmented images and to detect effects 
of established DNT-positive compounds in an alternative test assay.

Using the quantification method of Bergmann et al.19 for conventional fluorescence microscopy images, we 
generate concentration-response curves of axon elongation and determine the acute toxicity both for methylmer-
cury chloride and the alkaloid staurosporine. Our assay identifies not only methylmercury chloride, but also the 
pro-apoptotic compound staurosporine as developmental neurotoxicants.

Results
Clearing and segmentation of SLOT images. A widely-used method for the selective labeling of insect 
neurons is immunocytochemical staining with an antibody against the horseradish peroxidase (HRP) epitope24,25. 
For complete optical 3D imaging of the embryos after immunocytochemical labeling, the samples needed to be 
cleared to reduce light scattering by the tissue. Initially, liquid clearing in a series of glycerol was tested (Fig. 1A). 
The image shows the cell bodies of the pioneer neurons at the tip of the limb buds. The liquid clearing method 
required mounting of the embryos in a pivoted glass capillary, which could result in imaging artifacts due to 
movements of the embryo during image acquisition. Using the CRISTAL procedure22, the embryo could be 
cleared and embedded in a rigid resin block within the same step (Fig. 1B). The embedded sample was directly 
connected to the rotation motor of the SLOT setup. The embedding of the sample inside the solid resin reduced 
motion artifacts of the sample during rotation compared to solvent-based imaging techniques. Additionally, the 
CRISTAL procedure achieved a better clearing, resulting in less scattering and increased contrast between fluores-
cent nervous system and the remaining body tissue. Fluorescence intensity profiles transecting the legs resulted 
in a signal to background ration of 0.53 for CRISTAL and a lower ratio of 0.33 for glycerol-cleared embryos at the 
position of the pioneer axon. In Fig. 1B, both the ventral nerve cord of the central and the pioneer pathways of the 
peripheral nervous system are clearly resolved. This is especially apparent for one of the metathoracic legs which, 
for better visualization, was artificially stretched outside prior to fixation.

To quantify and segment the SLOT data, the semi-automated algorithm of the open source software 
ITK-SNAP was chosen26. The segmented binary image of the axon was subsequently displayed using the 3D 
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viewer (https://imagej.nih.gov/ij/plugins/3d-viewer/) of ImageJ27 (Fig. 1C). Inside the 3D viewer, points were 
placed on the surface of the segmented axons (Fig. 1D). After extraction of the 3D coordinates of these points, 
the total length of the axon could be calculated by the Pythagorean quadruple. Rotating 3D views of the entire 
embryo (supplementary Fig. S1) and the segmented metathoracic pioneer neurons (supplementary Fig. S2) are 
presented in the supplement. Segmentation of the SLOT data of a complete embryo (Fig. 1C) resulted in a total 
tissue volume of 0.033 µl.

Testing for DNT in locust embryos. One of the most thoroughly investigated DNT compounds is meth-
ylmercury. In a single range finding experiment, the test group was exposed to 10 µM MeHgCl for 18 hours. Using 
conventional fluorescence microscopy and the scoring scheme of Bergmann et al.19, we detected reductions of 
axon extension of the pioneer neurons in a number of specimens. Figure 2A shows the immediately fixed start 
situation (n = 6) after dissecting the embryo out of the egg. Compared to the embryos of the media control group 
(n = 20) (Fig. 2D), pioneer axons of MeHgCl-treated embryos were slightly shorter (n = 40) (Fig. 2G). However, 
because the experiment was only performed once in this range finding experiment, the number of evaluated 
embryos revealed no significant effect on the elongation score in the statistical test.

To test whether the absolute axon length determined by the SLOT imaging procedure was affected, these 
embryos were re-embedded using CRISTAL (Fig. 2B,E,H). Similar to the results of conventional fluorescence 
microscopy, segmented axons (Fig. 2C,F,I) of treated embryos (start n = 4; media controls n = 15; 10 µM MeHgCl 
n = 19) showed a reduction of axon extension when compared to the media control group. However, this effect 
was again statistically not significant.

In a series of three independent experiments, we increased the concentration to 33 µM MeHgCl. Conventional 
fluorescence microscopy revealed different lengths for axon extension between the three groups (start group, 
media control group and test compound group, Fig. 3A,D,G). Start groups (n = 31) extended their axons to 48 ± 4 
(mean ± SEM) of the elongation score. Media control group axons (n = 37) reached 89 ± 1 (mean ± SEM) of the 
scoring scheme. Following normalization, these values were set to 0% (start groups) and 100% (media control 
groups). After incubation in 33 µM MeHgCl (n = 39) pioneer axons showed a reduction of outgrowth to 55 ± 3 
(mean ± SEM) of the elongation score. After normalization, this is equivalent to 17% axon extension of control 
(Fig. 3J).

Figure 1. Clearing and segmentation of a locust embryo. To minimize light scattering from opaque tissue 
environment, embryos had to be cleared for SLOT imaging. Picture (A) displays an embryo cleared with 
glycerol (scale bar: 200 µm). In contrast, (B) shows an embryo cleared using the CRISTAL procedure as 
described by Kellner et al.22. The resulting rigid resin block bearing the cleared embryo is glued to a rotational 
axis, which can be incorporated into the SLOT system. The full projection data obtained by scanning the whole 
embryo is reconstructed and finally segmented in (C). Our focus is on the pioneer neurons, located in the hind 
legs as it is shown in (D) (white box in C). For 3D-length measurement, the axon is defined by setting 5 points 
along the pathway to the CNS to generate absolute length data (scale bar: 25 µm).
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Similar results were obtained, when the same embryos were examined by SLOT. The start groups (n = 15), 
extended their axons to 80 ± 19 µm (mean ± SEM) (Fig. 3B,C). After 18 hours of incubation, axons of culture 
media controls (n = 20) reached 182 ± 24 µm (mean ± SEM) (Fig. 3E,F). The treatment with 33 µM MeHgCl 
(n = 19) reduced axon length to 51 ± 9 µm (mean ± SEM) (Fig. 3H,I), shorter than at start (Fig. 3J). The his-
togram of Fig. 3J shows normalized data of three independent experiments, revealing significant differences of 
axon length between media control groups and test compound groups by both conventional fluorescence micros-
copy (p < 0.001) and SLOT (p < 0.001). To distinguish between general cytotoxic and developmental neurotoxic 
effects on axonal extension, we measured the viability of the embryo by a resazurin assay (alamarBlueTM). In this 
biochemical assay, viability was not significantly affected. At 33 µM (when neurite outgrowth was completely 
blocked) the viability still reached 88% of the media control group, indicating a developmental neurotoxic effect 
of MeHgCl on axonal extension (Fig. 3J).

To quantify the developmental neurotoxic effect of MeHgCl on pioneer axon extension in our test system, 
we generated concentration-response curves using the established scoring scheme19 and the resazurin assay 
(Fig. 4A). In this series of experiments, we incubated more than 141 embryos, resulting in a total number of 
n = 244 single axon length measurements. The quantitative evaluation showed that MeHgCl inhibits axon growth 
in a dose-dependent manner. At 3.3 µM MeHgCl, axon elongation was already reduced to 85 ± 4% (mean ± SEM) 
compared to media controls (p = 0.0404). Incubation with 10 µM MeHgCl caused a reduction to 50% of media 
controls (p < 0.001), resulting in an IC 50 of 9.96 µM. In contrast, the viability decreased only significantly at the 
highest test concentration. The IC 50 of the viability curve was estimated to 67.53 µM.

Next, we generated a concentration-response curve (n = 226) for the pro-apoptotic compound staurosporine 
which has been listed as possible DNT positive compound28 (Fig. 4B). At concentrations of 0.5 µM, staurosporine 
reduced axon elongation about 50% compared to media controls. Since apoptosis is often an energy-dependent 
process29 that might result in increased resazurin reduction, we used an alternative type of viability assay, based 
on dead-cell protease detection (CytoTox-FluorTM Cytotoxicity Assay). At a concentration of 5 µM, staurosporine 
significantly reduced the viability (p < 0.001), with an estimated IC 50 of 31.68 µM. Based on the large difference 
(63-fold) of the IC 50 for the elongation score and the viability, our pioneer neuron assay classifies staurosporine 
as developmental toxicant.

Epidemiological studies indicate that arsenic is also a developmental neurotoxicant for humans30. At a con-
centration of 100 µM, incubation with sodium(meta)arsenite resulted in abnormal pioneer axon outgrowth and 
navigation. The cell bodies of insect neurons typically give rise to a single neurite which, in case of the pioneers 

Figure 2. Incubation experiments for DNT testing with 10 µM MeHgCl. Pictures (A–C) show examples for 
start groups that were immediately fixed with paraformaldehyde. (D–F) represent media controls without 
test compound. The last row (G–I) depicts embryos treated with 10 µM MeHgCl. In this single range finding 
experiment, 10 µM MeHgCl led to no significant reduction of axon length compared to the media control 
group, neither by conventional fluorescence microscopy (left column) nor SLOT (middle column and right 
column: segmented data) technique. Asterisks are used to highlight cell bodies of pioneers. Scale bars: 50 µm. 
Measurement of axon length from SLOT data (C): 57 µm; (F): 181 µm; (I): 77 µm. Numbers of individual single 
measurements for conventional fluorescence microscopy A (n = 6), D (n = 20), G (n = 40) and SLOT B–C 
(n = 4), E–F (n = 15), H–I (n = 19).
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Figure 3. Comparison of conventional fluorescence microscopy and SLOT for DNT detection in locust 
embryos. Locust embryos of the same egg pod (technical replicates) were divided into three different 
groups (start, media control, and test group). The start group comprised embryos immediately fixed with 
paraformaldehyde in the beginning of the experiment. (A–C) Embryos incubated in media without any test 
compound are referred to as media control group (D–F), whereas embryos that were incubated with 33 µM 
MeHgCl belong to the test compound group. (G–I) Measurement of axon length from SLOT data (C) 94 µm; 
(F) 139 µm; (I) 42 µm. Biological replicates were pooled and normalized to their corresponding media control. 
To obtain the length of pioneer axons, data of all embryos were adjusted to their start group. In panel J, pioneer 
axon lengths of three independent experiments were pooled, normalized and investigated for their axon length 
during the absence or presence of the test compound (33 µM MeHgCl). Both conventional microscopy via 
fluorescence microscope (left column) and the SLOT technique (middle column and right column: segmented 
data) detected a significant reduction in axon length compared to the media control group. In contrast, viability 
measured by a resazurin assay was not affected after incubation with 33 µM MeHgCl (dotted bars). Asterisks are 
used to highlight cell bodies of pioneers. Statistical analysis were done by using Kruskal-Wallis test combined 
post hoc with multiple comparisons Dunn’s test. Scale bars: 50 µm. n = number of evaluated pioneer neurons. 
The middle line in the box-plots refers to the median and the + sign to the mean.
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develops as the extending axon (Fig. 5A–C). As shown in Fig. 5D–F, the cell bodies of the pioneer neurons gener-
ate several neurites which were recognizable by conventional fluorescence microscopy and SLOT. Moreover, there 
were navigational defects during the establishment of the pathway from cell bodies to the central nervous system 
(Fig. 5D–F). These data show that the insect assay can reveal defects both in axon extension and navigation.

Discussion
With respect to axonal outgrowth, intact locust embryos can provide an alternative to animal experiments in DNT 
testing19. There are several advantages of this system. Up to 50 embryos of the same age can be dissected from 
a single egg pod allowing for multiple replicates of experiments and establishment of concentration-response 
curves. Exposure to test compounds occurs in an intact embryo in which the generation of neurons, establish-
ment of early neural pathways and differentiation of neural phenotypes has been described at single cell reso-
lution31–33. Meanwhile the complete Locusta migratoria genome including transcriptome and methylome data 
has been published34 allowing targeted transcript knockdown via RNAi35. Moreover, in some cases, such as for 
example the leg pioneer neurons, cellular and molecular mechanisms for growth cone navigation have been elu-
cidated in remarkable detail15,16,36. As shown by antibody blocking experiments, growth cone navigation depends 
on membrane-bound or molecular gradients of diffusible semaphorin cues17. The semaphorin protein family, first 
discovered in the locust embryo16,17, is conserved in vertebrates37 including mammalians, where semaphorins 
play an important role in brain cortex formation18. This evolutionary consideration raises the possibility that the 
pioneer axon assay may be used to uncover compounds interfering with semaphorin-mediated signal transduc-
tion also in vertebrate neural development.

In vivo studies suffer from problems of undefined exposure parameters such as actual concentrations in the 
tissue of interest due to diffusion barriers and metabolic turnover. Since the early embryo is not covered by a 
chitineous cuticle, it is, similar to cell based assays, permeable to small molecule ligands and even antibodies. 
Moreover, equivalents of a mammalian placental barrier, a blood-brain barrier, and efficient metabolisation of test 
compounds by a maternal liver are not present. These properties permit the blocking experiments and chemical 
manipulation of intracellular signaling pathways38, responsible for pioneer neuron navigation. We calculated 
from SLOT data a total volume of 0.033 µl for an embryo staged at 35% of development. This value provides an 
approximation of the magnitude of the tissue volume available for metabolism. In the standard incubation pro-
cedure, two embryos were cultured together in a single well in a volume of 200 µl of L-15 medium containing the 
test compounds. We view it rather unlikely that approximately 0.066 µl of embryonic tissue will be able to metab-
olize or chelate large proportions of a certain test compound dissolved in the excess volume of 200 µl. Based on 
the permeability to small molecule ligands38, antibody blocking experiments17, and the consideration of the incu-
bation volume, we surmise that the outgrowing pioneer neurons are exposed to effective concentrations of test 
compounds that closely match the concentrations presented in the graphs. All these features of the insect embryo 
allow us to address in our test system one of the key characteristics of a developing nervous system development: 
the establishment of a specific axonal pathway.

Chemical compounds interfering with calcium signaling, the cytoskeletal organization and the refer-
ence developmental neurotoxicant rotenone, were already classified as DNT positive in the axonal elonga-
tion assay using conventional fluorescence microscopy19. This assay identified endpoint specific inhibitors of 
calcium-dependent growth cone motility and general cytoskeletal inhibitors as specific effectors, compared to 
general cytotoxicity measurements, an essential requirement for a DNT assay4.

Figure 4. Concentration-response curves of methylmercury chloride (A) and staurosporine. (B) Each 
concentration-response curve is the average (mean ± SEM) of at least three independent experiments. Data 
points were normalized to their media controls and start values, respectively. Viability was measured by either 
a resazurin reduction assay (blue curve) or a dead-cell protease assay (black curve). Neurite lengths of pioneer 
neurons were determined by the elongation score and subsequently compared to media controls (red curve). 
Statistical analysis was done by a Kruskal-Wallis and multiple comparisons Dunn’s test (*p < 0.05, **p < 0.01, 
***p < 0.001). Dotted lines indicate the half-maximal inhibitory concentration (IC 50). Numbers of individual 
single measurements for (A) n = 62 (solv. represents the media control group), n = 35 (1 µM), n = 46 (3.3 µM), 
n = 56 (10 µM), n = 36 (33 µM), n = 9 (100 µM). (B) n = 66 (solv. represents the media control group), n = 30 
(0.005 µM), n = 15 (0.05 µM), n = 24 (0.5 µM), n = 21 (1.58 µM), n = 29 (5 µM), n = 23 (15.8 µM), n = 18 
(50 µM).
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In this paper, we showed that MeHgCl inhibits pioneer axon elongation (Figs. 3 and 4A) in a concentration 
range where the viability of treated embryos was not affected (Figs. 3J and 4A). Thus, our insect assay classifies 
this compound as developmental neurotoxic. Other alternative DNT assays have also shown that methylmercury 
is a potent developmental neurotoxicant. It can interfere with several endpoints such as migration or differentia-
tion in human Ntera2 cells39 or neurite outgrowth in PC12 cells at nanomolar levels40. Interestingly, neuropatho-
logical effects in humans, such as decreases in brain size, damage to cortex or behavioral alterations, could be seen 
at high-level exposure with estimated brain concentrations from 55 µM to 93 µM MeHg. In contrast, even lower 
brain concentrations could lead to morphological changes in animal experiments (<14 µM MeHg)41,42. This range 
of effective concentrations is in line with a detection threshold of 3.3 µM methylmercury and an IC 50 of 9.96 µM 
(Fig. 4A), using the scoring scheme of the conventional fluorescence microscopy assay19. To account for biolog-
ical variability, it is evident that multiple separate experiments are required to derive a reliable estimate of the 
detection threshold and the IC 50 of the pioneer axon assay. Even though single specimens (Fig. 2F,I) showed an 
inhibitory effect on axon growth, a single range finding experiment was not sufficient to reveal statistically signif-
icant differences in axon length between media control and 10 µM MeHgCl-treated embryos. This applies both to 
the conventional fluorescence microscopy assay and SLOT imaging. Differences in the variability between groups 
(Fig. 3J) prepared for conventional fluorescence microscopy, which were later re-embedded for SLOT imaging 
are partly due to the technical issue that specimens have been lost in the CRISTAL procedure, accounting for the 
lower number of evaluated legs in Fig. 3J. Other contributing factors are the completely different methods of axon 
length quantification. The conventional assay relies on the scoring scheme that is based on the axon reaching a 
certain landmark visible in the fluorescence microscope. The SLOT imaging assay requires an image segmenta-
tion step in which faintly fluorescent parts of the thin axons may drop below detection threshold, resulting in a 
broader distribution of the axon lengths.

The zebrafish has emerged as promising vertebrate model for developmental neurotoxicity assessment43. A 
transcriptional analysis of the CNS and other organs of the 3-day-old zebrafish embryo demonstrated that sub-
lethal concentrations of 0.3 µM MeHg induce tissue specific expression changes in genes linked to cellular stress 
responses, without affecting the overall structure of the developing brain44. The detection limit of our insect 
system is not sufficient for using axon extension as a bioassay to predict long-term toxicity of MeHg in environ-
mental studies. Life cycle tests of selected fish models are about three orders of magnitude more sensitive45,46. 
However, our assay aims to detect and quantify specific developmental neurotoxicity of chemical compounds.

More than 200 million people are chronically exposed to arsenic which, apart from its carcinogenic and acute 
toxic effects, is classified as DNT-positive compound2,30. Experiments on Neuro2a cells, a mouse neuroblastoma 
cell line, also suggest that arsenic treatment reduces neurite outgrowth prior the onset of apoptosis47. Incubation 
of the locust embryos with 100 µM arsenic induced defects in axonal elongation, navigation, and the formation of 
aberrant neurites (Fig. 5). In comparison, anatomically observable alterations in neural development including 
malformation of the spinal cord and disordered motor axon projections required a two days arsenic exposure of 
zebrafish embryos at a concentration of 2 mM48. Here, the locust embryo assay proves more sensitive.

The pro-apoptotic alkaloid staurosporine is not an established DNT-positive compound, but has been 
listed as potential candidate in a systematic review on DNT testing methods28. Staurosporine acts mainly as 
a broad-spectrum protein kinase inhibitor49 and will most likely interfere with many cellular processes. After 

Figure 5. Investigation of pioneers for axonal defects after treatment with arsenic. Embryos exposed to 
100 µM sodium(meta) arsenite were characterized by abnormal axon outgrowth behavior (arrows) of pioneer 
neurons shown in (D–F) in comparison to media controls. (A–C) Both visualization methods (right column: 
conventional fluorescence microscopy; SLOT: middle column and right column: segmented data) were capable 
to resolve errors during establishment of the pathway to the CNS. Asterisks are used for cell body marking. Scale 
bars: 50 µm. Measurement of axon length from SLOT data (C): 130 µm; (F): 46 µm.
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induction by staurosporine, the energy-dependent cellular degradation mechanism of apotosis will require time 
for completion of cell death. We assume that an assignment of staurosporine either as DNT-positive or negative 
compound will depend on the incubation time. The 63-fold difference of the IC 50 for the elongation score and 
the viability (Fig. 4c) classifies staurosporine as developmental toxicant under the incubation conditions of our 
pioneer neuron assay.

Quantification of neurite length is useful to discover chemical compounds which harm nervous system 
development. Apart from neurotoxicity assays, another potential application lies in the screening of drugs that 
enhance axonal outgrowth. In this respect, conventional 2D fluorescence microscopic examination of embryo 
whole mounts is rather unfavorable, because the viewing of the pioneer neurons is restricted through torsion or 
positioning of the curved limb bud. The 3D images generated by SLOT avoid these limitations and allow for an 
exact quantification of neurite length while the same established fluorescence based staining protocol is used. 
Furthermore, it provides improved collection efficiency, isotropic resolution and no shading effects compared 
to other fluorescence based 3D imaging techniques as optical projection tomography, confocal laser scanning 
microscopy or light sheet microscopy. As examples, the figures in the supplement show the 3D structure of the 
pioneer axons within the environment of surrounding tissue.

We compared the conventional fluorescence method19 with 3D imaging using the SLOT technology (Fig. 3J). 
Pioneer axons of three independent experiments were investigated for their neurite length during the absence 
or presence of the test compound (33 µM MeHgCl). Both conventional microscopy via fluorescence microscope 
and the SLOT technique detect a significant reduction in neurite length compared to the media control group. 
In contrast, viability, measured by a resazurin assay, is not affected after incubation with 33 µM MeHgCl (Fig. 3J, 
dotted bars). After exposure of the embryos to arsenic, the SLOT technique resolved also defects in axonal nav-
igation and abnormal generation of neurites. Furthermore, the introduction of SLOT imaging could provide an 
additional step forward towards semi-automated DNT-detection in an alternative model system. In this method-
ological testing phase of the assay, we relied on setting manually a fluorescence intensity threshold such that the 
segmentation algorithm could reliably reconstruct the 3D image of the pioneer neurons. A further development 
of a fully automated image recognition tool would allow for a more rapid and completely unbiased scoring of 
developmental toxic effects on axonal navigation.

Many chemical compounds have not been investigated for their developmental neurotoxic potential, because 
current test methods for DNT potential require the use of high numbers of laboratory animals50. This lack of 
knowledge together with the consideration of the three Rs (replacement, refinement and reduction of animal 
experiments)51 produced an urgent demand on alternative assays that can reliably detect DNT-positive chemi-
cals. The introduction of in vitro assays using rodent primary cells, human cell lines, stem/progenitor based-, and 
organoid systems7,8,28,52,53, has meanwhile generated considerable progress in the development of alternative test 
systems. However, at least to our knowledge, none of these assays has addressed axonal navigation of identified 
neuron types.

This paper presents an ex vivo systemic approach that addresses some of the complexity of the in vivo situation 
in a simple embryonic invertebrate preparation. We are now calibrating the assay against a battery of positive ref-
erence compounds with known DNT potential in humans and negative compounds, which are toxic, but have no 
specific DNT potential. Since our overall goal is the development of predictive in situ assays for identification of 
developmental neurotoxicity, we plan to monitor birth and death of the transient pioneers, but also of other sen-
sory neurons at defined developmental stages. This will allow for the incorporation of toxicological endpoints for 
neurogenesis and apoptosis in our insect embryo assay. Insect preparations could contribute to reduce or replace 
animal experiments, when integrated in a battery of different DNT tests that assay for the various endpoints8. 
The combination of mesoscale invertebrate embryos with optical 3D imaging allows for complete registration of 
neuron morphology and thereby enables sensitive and reliable detection of axonal growth impairment.

Materials and Methods
Animals and preparation. The methods followed essentially the description by Bergmann et al.19. Embryos 
of Locusta migratoria were obtained from our own culture at the University of Veterinary Medicine Hannover. 
The locusts were raised in breeding cages at a temperature of 30 °C in a 12 hour light and dark cycle. Fertilized 
female locusts provided with moistened sand are able to lay up to 50 eggs in a single egg pod. 24 hours after lay-
ing the egg pods into sand, the pods were removed and subsequently stored at 32 °C in an incubator for 3 days. 
The pods were placed on moistened filter papers in a horizontal position, providing similar oxygen access to the 
humidified air. Then embryos were dissected in serum free Leibovitz L-15 medium containing 1% penicillin/
streptomycin (Invitrogen). After removing the amnion membrane, only embryos staged to 32.5% of embryogen-
esis54 were used.

Incubation and exposure to test compounds. For an individual experiment, embryos of a single egg 
pod were collected in pairs in 200 µl L15 (with solvent, as appropriate) in 48 well plates, in rows of at least 3 wells 
per concentration (technical replicates). Embryos were briefly washed in 200 µl test solution, and incubated in 
fresh test solution at 30 °C for 18 h. Each egg pod contributed to three groups of embryos that were essential for 
analyzing the developmental neurotoxicity potential of test compounds. Start groups: To quantify the length of 
neurites in the beginning of the experiment, about 5 embryos were immediately fixed for immunolabeling. Media 
control groups: The media control group comprised locust embryos cultured in L15 medium without test com-
pound. Test compound groups: Embryos incubated with either methylmercury chloride (Sigma), staurosporine 
(Sigma) or arsenic (Sigma) for 18 hours. For creating concentration-response curves, each row contained three 
to five technical replicates, depending on the size of the egg pod. These technical replicates were incubated in 
different concentrations of the test compound. A concentration-response curve required at least five repeats from 
different experiments (biological replicates). After 18 hours of incubation with the test compound (with DMSO, 
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if appropriate), the endpoint of viability was determined in a biochemical assay. In preliminary experiments, we 
confirmed that DMSO alone had no effect on general viability or neurite elongation at concentrations up to 1%. 
Final DMSO concentrations in test compound groups did not exceed 0.1%.

Viability assays. The viability of locust embryos was measured by an alamarBlueTM viability assay 
(Invitrogen). This assay is based on the ability of living cells to reduce resazurin into the fluorescent resorufin. 
The amount of fluorescent product is proportional to the number of living cells and was detected in a microplate 
reader (Tecan). After incubation of embryos with the test compound in a 48-well plate, the supernatant was 
removed. To avoid any cross-reactions between the test substance and the viability assay embryos were rinsed in 
L15 medium for 5 minutes. Embryo pairs were subsequently incubated in L15 medium including 5% of alamar-
BlueTM assay for two hours at 30 °C. To obtain the background signal, a blank without any embryo was placed on 
the 48-well plate. Finally, the embryos were fixed with 4% paraformaldehyde for further immunofluorescence 
labeling analysis. Since apoptosis depends on cellular metabolic activity29, experiments with the pro-apoptotic 
compound staurosporine required an alternative viability assay (CytoTox-FluorTM Cytotoxicity Assay, Promega). 
This fluorescent assay measures the integrity of cell membranes after chemical exposure, using the supernatant. 
When chemicals disrupt membranes, the release of dead-cell proteases is detected via microplate reader. The 
released proteases cleave the fluorogenic peptide substrate (bis-AAF-R110). In living cells, the substrate is not able 
to pass the membrane, leading to no fluorescence signal. The number of released dead-cell proteases is inversely 
proportional to the viability of cells.

Immunolabeling. All three groups of embryos were processed for immunofluorescence labeling. Embryos 
were fixed in 4% paraformaldehyde/PBS (Sigma) for 60 minutes, followed by permeabilization with 0.3% saponin 
(Sigma) in PBS with Triton-X100 (0.1%, Sigma, PBS-T) for 45 minutes. Then, the embryos were washed in PBS-T 
0.1% for 3 times before they were blocked (30 minutes) with PBS-T 0.1% containing 5% normal rabbit serum 
(NRS, Linaris).

The Ti1-pioneer neurons were labeled with HRP antibodies that are able to detect a specific carbohydrate 
epitope expressed on the neuronal surface of insect neurons24,25. The antibody (goat-anti-HRP, Dianova) was 
diluted 1:2000 in blocking solution, containing PBS-T 0.1% and 5% NRS (Linaris). Next, the embryos were incu-
bated with HRP antibodies over night at 4 °C.

Following the immunolabeling, preparations were washed three times for 10 minutes respectively, before they 
were incubated with the biotinylated secondary antibody (1:250, rabbit-anti-goat in blocking solution, Dianova) 
for one hour at room temperature (RT). After three additional washing steps for 10 minutes in PBS-T, the second 
antibody was detected by incubation for one hour at RT with Streptavidin-Cy3 (Sigma), diluted in PBS-T 0.1% 
(1:250).

DAPI. While adding the secondary antibody linked to Streptavidin-Cy3, embryos were also incubated with 
DAPI (4.6-diamino-2-phenylindole, Sigma) for labeling of the cell nuclei (Fig. 6A). DAPI was diluted in PBS-T 
0.1% (1:500, 0.1 µg/ml). Subsequently the embryos were rinsed again two times in PBS-T 0.1% and once in PBS 
0.1% for each 10 minutes. All samples had to be cleared up for 30 minutes in Glycerol/PBS 1:1 and 10 minutes in 
Glycerol/PBS 9:1.

Conventional fluorescence microscopy. For microscopic evaluation, embryos were mounted on glass 
slides between two spacers and covered with cover slip. Labeled pioneer neurons were visualized using a con-
ventional fluorescence microscope (Carl Zeiss Axioskop) combined with Axiocam 506 color and the Compact 
Light Source HXP 120 V. Images were taken by the means of ZEN 2012 blue edition software version 1.1.2.0. 
Afterwards, images were stacked by ImageJ 1.51q software27 with the setting max intensity.

Evaluation of axon outgrowth. To quantify the axonal length of Ti1 pioneer neurons after exposure to 
test compounds, the elongation score19 was determined using conventional fluorescence microscopy. For each 
leg bud, elongation of pioneer axons along their predefined pathway was scored between 0 and 100 according to 
the scheme depicted in Fig. 6B. This so-called elongation score rates the axonal outgrowth in relation to easily 
recognizable landmarks within the metathoracic leg, such as guidepost cells and segment boundaries. Pioneer 
neurons of both hindleg buds of each embryo develop independently. Thus, the axon elongation score of the 
pioneer axons of each leg bud is considered an individual measurement. From each individual measurement, the 
average elongation score of the start groups of this experiment was subtracted, to receive the elongation between 
start and end of the experiment. In a next step, each elongation value was normalized to the average elongation 
of the media control group of this experiment. This resulted in individual outgrowth values between 0% and 
100% (or even above 100%, when a neuron had grown farther than the media control groups). Embryo viability 
measurements were also normalized to the average viabilities of the media control groups (after subtraction of 
the average blank values). Normalization allowed for pooling of data from different separate experiments, to 
reflect biological variability. Concentration-response curves were generated by fitting four parameter sigmoidal 
functions and IC 50 values were derived. The normalized data were analyzed by the Kruskal-Wallis test followed 
by Dunn’s multiple comparisons test (GraphPad Prism version 8.01 for Windows, GraphPad Software, La Jolla 
California USA, www.graphpad.com).

Sample clearing for SLOT imaging. For initial tests, embryos were cleared in a glycerol series and the 
whole mounts were scanned in the SLOT setup using a glass capillary containing a mixture of 90% glycerol in 
PBS. To account for imaging artifacts (compare results section), the clearing method was changed from the liquid 
clearing approach to the CRISTAL procedure22. The embryos were infiltrated by a monomer (NOA 86, Norland 
Products), which matches in polymerized state the refractive index of the sample (n = 1.56). After polymerization 
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of the UV-cured monomers, the embryos are entirely encapsulated within a transparent cylindrical solid body. 
This resin block was glued to the rotational axis of the SLOT setup to ensure mechanical stability during image 
acquisition. Details of the SLOT procedure using CRISTAL embedding were described by Kellner22.

3D visualization in SLOT. The principle of SLOT has been described in detail elsewhere20,55. Briefly, 
the light of a 520 nm laser diode (LD-520-50SG, Roithner Lasertechnik GmbH, continuous wave (cw) Laser) 
was coupled into a single mode fiber (SMF, P3-460, Thorlabs Inc, USA) to generate a Gaussian beam profile 
(Fig. 6C). The output of the single mode fiber was collimated and enlarged in diameter to 10 mm by a zoom 
telescope (ZL, H10Z1218MP, computar, CBC AMERICAS Corp., USA). The beam was subsequently directed 
on an x-y-scanning mirror system (ProSeries II Scan Head, Cambridge Technology, USA), which is positioned 
in the back focal plane of the telecentric F-Theta scanning lens (S4LFT0080/121, Sill Optics GmbH & Co.KG, 
Germany, focal length: 75 mm). This optical system resulted in a spatial resolution of 4 µm and a depth of field of 
200 µm. This covered one-half of the locust embryo width. During a full rotation of the sample, all points of the 
sample would be in focus. For axon investigation, it was sufficient to position the respective axon in the focus. 
The embedded embryo was connected to a rotational stepping motor (M-060.PD, Physik Instrumente GmbH, 
Germany) and placed inside a cuvette. The cuvette was filled with a silicon oil (INDOMET TETRA, Indomet 
e.K., Germany), matching the refractive index of the CRISTAL polymer (n = 1.55) to avoid diffraction at the 
sample-liquid-interface. The distance between scanning lens and embryo was adjusted to the focal length of the 
scanning lens, to obtain a sharp image of the embryo. The fluorescence of the Cy3 labeled embryo was collected 
from the bottom of the cuvette by a fiber bundle, which fit the shape of the cuvette and directed the light on a band 

Figure 6. The locust embryo as a system for developmental neurotoxicity testing. Picture (A) depicts a locust 
embryo staged to 35% of embryonic development and labeled with DAPI for its cell nuclei. Figure (B) illustrates 
a schematic of a metathoracic limb bud. At this age, the complete pathway to the CNS is laid down. The pioneer 
siblings (Ti1) arise within the tibia segment (shown in red) and extend their axons stereotypically to the CNS, 
passing three guidepost cells (Fe, Tr, Cx1) on their way. The established pathway is divided into ten percent 
intervals from 0 (pioneers are not born or only faintly stained) to 100 (axons reached the CNS). Figure (C) 
displays the setup of the SLOT system, which is used for measuring pioneer length in a three-dimensional 
context. cw-Laser: continuous wave laser; SMF: single mode fiber; ZL: zoom lens; SM: scanning mirror; SL: 
scanning lens; C: cuvette; S: sample; φ: rotation angle; FB: fiber bundle; F: filter; PD: photo diode; PMT: photo 
multiplier tube.
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pass filter (565/24 BP, F37-565, AHF, Germany) and subsequently on a photomultiplier tube (R3896, Hamamatsu 
Photonics K.K., Japan). Simultaneously, transmitted light was directed on a photodiode (PDA36A, Thorlabs Inc, 
USA) to measure the absorbance inside the sample. Projection images were generated pixel by pixel with a pixel 
dwell time of approximately 8 µs. The number of acquired pixels in x- and y-direction was adjusted to the orien-
tation of the imaged embryo individually, resulting in an approximate pixel size of 2 µm (typical number of pixels: 
500 × 500 px²). Respectively, the number of projections (angle increments) was also adjusted individually with 
a typical value of 800 projections for a full rotation of the sample. SLOT imaging of a complete locust embryo 
required an approximate measurement time of 45 minutes. In this paper, only fluorescence data generated by the 
PMT was used. The full projection data set was reconstructed using a filtered back projection algorithm from the 
open source software IMOD56. 3 D images of pioneer neurons were evaluated for axon lengths. Normalization of 
data and statistical analysis was performed as described above.

Data availability
Data used in this study are available on reasonable request.
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Supplementary figures 

Supplementary figure S1: 3D reconstruction of a whole mount locust embryo. The rotating 3D view 

of a locust embryo resolves the central- and peripheral nervous system (red) using SLOT imaging and 

the segmentation algorithm. The cell bodies of pioneer neurons are located in the distal tip of each 

limb bud, extending their axons to the central nervous system. For better visualization of pioneer 

neurons, one metathoracic leg was artificially stretched outside during fixation.  

 

Supplementary figure S2: 3D reconstruction of pioneer neurons in limb bud. The rotating 3D view 

shows the pair of parallel running Ti1 pioneer neurons (red) within a surface rendering of the 

metathoracic limb bud. The two distal cell bodies appear fused. The reconstruction based on SLOT 

imaging and the segmentation algorithm shows the characteristic pathway of pioneer neurons 

growing into the central nervous system. 
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Cholinergic calcium responses 
in cultured antennal lobe neurons 
of the migratory locust
Gregor A. Bergmann  & Gerd Bicker *

Locusts are advantageous organisms to elucidate mechanisms of olfactory coding at the systems 
level. Sensory input is provided by the olfactory receptor neurons of the antenna, which send their 
axons into the antennal lobe. So far, cellular properties of neurons isolated from the circuitry of the 
olfactory system, such as transmitter-induced calcium responses, have not been studied. Biochemical 
and immunocytochemical investigations have provided evidence for acetylcholine as classical 
transmitter of olfactory receptor neurons. Here, we characterize cell cultured projection and local 
interneurons of the antennal lobe by cytosolic calcium imaging to cholinergic stimulation. We bulk 
loaded the indicator dye Cal-520 AM in dissociated culture and recorded calcium transients after 
applying cholinergic agonists and antagonists. The majority of projection and local neurons respond 
with increases in calcium levels to activation of both nicotinic and muscarinic receptors. In local 
interneurons, we reveal interactions lasting over minutes between intracellular signaling pathways, 
mediated by muscarinic and nicotinic receptor stimulation. The present investigation is pioneer in 
showing that Cal-520 AM readily loads Locusta migratoria neurons, making it a valuable tool for future 
research in locust neurophysiology, neuropharmacology, and neurodevelopment.

Abbreviations
AL  Antennal lobe
ORN  Olfactory recetor neuron
PN  Projection neurons
LN  Local neurons
GABA-IR  GABA immunoreactivity
NADPHd  NADPH diaphorase
nAChR  Nicotinic acetylcholine receptor
mAChR  Muscarinic acetylcholine receptor
ROC  Reciever operating characteristic

Migratory locusts are of socio-economical importance as devastating agricultural pests, but they serve also in 
basic research as preparations for insect physiology, genomics, functional analysis of neural circuitry, and for 
understanding underlying mechanisms of  development1–8. In the field of systems neurobiology, locusts have been 
instrumental to elucidate circuit mechanisms of olfactory coding in the insect  brain9. The antennal lobe (AL) is 
the primary olfactory center in insects, resembling the olfactory bulb in mammals. Sensory input is provided 
by the olfactory receptor neurons (ORN) of the antenna, which send their axons into the  AL10. In this primary 
olfactory center, they make synaptic connections with local interneurons and projection neurons. Similar to the 
architecture of the vertebrate olfactory bulb, the synaptic terminals of insect ORN interact with the dendrites of 
local interneurons and olfactory projection neurons in spherical neuropil compartments, termed glomeruli. Most 
investigated insects, like for example the genetic model Drosophila, employ a uniglomerular wiring strategy, in 
which ORN expressing the same olfactory receptor genes converge within the same glomerulus in the  AL11,12. 
Locusts, with their roughly 1000 glomeruli in the  AL13, provide a clear exception of this principle.

In this wiring strategy, each ORN axon branches in the AL, innervating multiple glomeruli, where they inter-
face with both projection neurons (PN) and local interneurons (LN)9,10,13,14. Local interneurons, the most com-
mon of which being GABAergic and  nitrergic15, also contact multiple glomeruli at once and play a modulatory 
role in this  network16,17. The dendrites of each projection neuron, in turn, sample input from several glomeruli. 
The axons of the 830 olfactory projection neurons convey the output of the AL to the mushroom body and the 

OPEN

Institute of Physiology and Cell Biology, University of Veterinary Medicine Hannover, Bischofsholer Damm 15/102, 
30173 Hannover, Germany. *email: gerd.bicker@tiho-hannover.de

http://orcid.org/0000-0001-9191-3072
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-89374-2&domain=pdf
http://orcid.org/0000-0003-3158-067X


2

Vol:.(1234567890)

Scientific Reports |        (2021) 11:10018  | https://doi.org/10.1038/s41598-021-89374-2

www.nature.com/scientificreports/

lateral  horn10,13,16,18. Since the olfactory system is very amenable both to anatomical and electrophysiological 
 analysis13,14,16–18, extensive knowledge about odor encoding in the AL and the mushroom body has accumulated 
over the last four decades. Again, similar to the olfactory bulb, odor stimulation leads to oscillatory activity in 
the  AL17. This synchronized electrical activity is generated through the recruitment of GABAergic inhibitory 
local neurons and reflected in the temporal dynamics of firing patterns of the projection neurons toward the 
mushroom  body17.

Immunocytochemical investigations show that sensory neurons of the antenna express the acetylcholine 
synthetizing enzyme choline acetyltransferase, the vesicular acetylcholine transporter and a high affinity cho-
line  transporter19–22. Based on these investigations of several working groups, the majority of antennal ORN are 
thought to use acetylcholine as classical transmitter. There are two fundamentally different receptor types for 
acetylcholine, which are also present in insects. Ionotropic nicotinic acetylcholine receptors (nAChR) mediate 
mainly fast synaptic neurotransmission while metabotropic muscarinic acetylcholine receptors (mAChR) are 
thought to have modulatory roles via intracellular signal cascades, such as stimulation of phospholipase C, 
adenylate cyclase inhibition, and cation conductance  changes23–26.

Unlike in the model organism Drosophila, where neural activity in defined classes of neurons has been visual-
ized using targeted expression of genetically encoded calcium  indicators27–29, we are aware of only one calcium 
imaging study in the locust olfactory system. To estimate odor-evoked neuronal firing rate from  Ca2+ signals, 
the calcium indicator Oregon-Green BAPTA-1 was injected into single projection neurons which were imaged 
using two-photon  microscopy30. So far, cellular properties of neurons isolated from the circuitry of the olfactory 
system, such as transmitter-induced  Ca2+ responses, have not been reported.

In this investigation, we aim to establish a procedure to characterize large numbers of olfactory system neu-
rons by calcium imaging in dissociated cell culture. However, based on our own experience with cultured locust 
neurons of thoracic ganglia, there are difficulties in recording cytosolic signals with a number of commonly 
applied fluorescent calcium sensors in the acetoxymethyl ester (AM) form, due to rapid intracellular compart-
mentalization and dye extrusion. Here, we use the next generation calcium indicator Cal-520 AM to load AL 
neurons of Locusta migratoria and record their response to cholinergic stimulation. To distinguish between 
classes of local and projection neurons in culture, we label GABAergic and nitrergic  LN15,16 and develop addi-
tional criteria from measuring soma size for appropriate identification. We find  Ca2+ responses to cholinergic 
agonists in neurons of both classes. We also show crosstalk between intracellular signaling pathways mediated 
by nicotinic and muscarinic receptors. This opens new avenues to analyse transmitter-related properties of olfac-
tory network components of a pest insect in a controlled environment. Moreover, it allows for a comparison of 
published cellular properties of AL neurons in the genetic model  Drosophila29 to those of an insect relying on a 
different neuroanatomical wiring, but with well-investigated electrophysiology of the olfactory  system9.

Results
Cell populations of the antennal lobe. To characterize neuronal phenotypes of the AL in the species 
Locusta migratoria, we started with a survey of its complete number of cells. We counted DAPI-labeled nuclei 
on frontal tissue sections, which were double-labeled for anti-acetylated tubulin (Fig. 1a) and GABA (Fig. 1b). 
Evaluation of the composite allowed for a comparison of nuclear size (Fig. 1c) of the GABAergic LN (Fig. 1d) 
with the remaining nuclei belonging to cells of undetermined transmitter phenotype. The AL comprised an 
overall mean of 1422 cells (neurons plus glia), including 83 GABAergic LN (Table 1). These cell counts revealed 
no significant differences between males and females (Table 1; p = 0.0823, p = 0.5368; Mann–Whitney test).

For physiological characterization, we chose to isolate and culture AL neurons in order to remove network 
interactions. In primary cell culture, we recovered 16.9% (± 7.1 s.d. n = 29) of cells for immune- and cytochemical 
characterization of GABAergic and nitrergic  phenotype15, indicative of local neurons. The majority of neurons, 
presumably PN, were unlabeled cells with small somata of about 15 µm in diameter (Fig. 2 arrows). In line with a 
previous histological  study15, GABA-IR (Fig. 2a–c asterisks), NADPHd positive (Fig. 2d–f asterisks), and double 
labelled cells LN were also present (Fig. 2g–i asterisks). A fifth class comprised large neurons with soma diameters 
of about 20 µm and no determined transmitter phenotype, presumably belonging to LN (Fig. 2k–m asterisks).

To obtain a purposeful distinction between PN and LN, we initially quantified nucleus size from the 
paraffin sections and cell culture. To avoid any erroneous inclusion of other brain parts and perineural glia, 
we took care to evaluate only round nuclei in the anterior half of the  AL31. Nuclei of GABA-IR neurons 
(Mean: 16.35 µm ± 0.11 s.e.m. n = 500) were significantly larger than nuclei of all sampled AL cells (Mean: 
12.17 µm ± 0.07 s.e.m. n = 1716; p < 0.0001, Kruskal–Wallis test; Fig. 3). Nuclear diameters of GABA-IR neurons 
showed a normal distribution, whereas those of all measured cells did not (Fig. 3a, b; p = 0.66 and p < 0.0001 
respectively; D’Agostino & Pearson normality test). Nuclear diameters of GABAergic LN appeared to be a nor-
mally distributed subgroup of all nuclei (Fig. 3b i), since their mean diameter coincided with the plateau found 
in the tail of the distribution of all nuclei. For better illustration, we normalized relative frequencies of the 
GABAergic LN nuclear diameters to the total number of measured cells (Fig. 3b).

Assuming that all LN nuclei are of similar size, we analyzed whether nuclear diameters of GABA-IR cells 
could be used to estimate the percentage of LN (GABA-IR and other) in the AL. First, we calculated the nor-
malized frequency of non LN nuclear diameter as the difference of the normalized frequencies of all cells and 
GABAergic LN. This uncovered the range of overlap in both distributions (Fig. 3b ii). Both distributions overlap 
considerably at diameters between 10 µm and 12 µm. Intriguingly, the normalized frequency of the presumptive 
non LN nuclear diameters was close to zero at the mean LN nuclear diameter, which allowed us to calculate the 
percentage of LN in the AL. We counted all cells with nuclear diameters that were larger than the mean nuclear 
diameter of GABAergic LN (representing 50% of all LN), doubled the outcome and divided by the total number 
of measurements. According to this calculation, roughly 24% of AL cells are LN.
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Based on nuclear diameter, PN and LN were not sufficiently distinguishable in culture. Due to losses of very 
large cells, nuclei of cultured LN (14.88 µm ± 0.17 s.e.m. n = 178) appeared to be significantly smaller than LN 
nuclei in sections (Fig. 3a; p < 0.0001, Kruskal–Wallis test). Despite a statistically significant difference between 
nuclear diameters of all measured neurons and labeled LN (Fig. 3a; p = 0.0001, Kruskal–Wallis test), the normal-
ized frequency of non LN at mean LN nucleus diameter was not close to zero (Fig. 3c ii). However, when soma 
diameter was used for LN classification, the normalized frequency of non LN at mean LN soma diameter was 

Figure 1.  Frontal sections through the antennal lobe of Locusta migratoria. Sections were labeled using anti-
acetylated α-tubulin (a) and anti-GABA (b) antisera, and the nuclear marker DAPI (c). To visualize primary 
neurites, sections were labeled against acetylated α-tubulin. GABA-IR local neurons (asterisk) were found in 
the frontal cell group of the antennal lobe. Somata of GABA-IR local neurons were typically larger compared to 
other cells (c). Most PN are also found in the frontal cell group, but had significantly smaller nuclei (arrowhead). 
In d, white color indicates colocalisation of GABA and acetylated α-tubulin. PN and GABAergic LN neurites 
(arrow) arborize into glomeruli. No arbors or connecting neurites were found on the dorsal side of the antennal 
lobe (segmented line). Scalebar = 100 µm.

Table 1.  Comparison of nuclear countings from antennal lobe of female and male migratory locusts. Nuclei 
of 11 antennal lobes (AL) from seven individuals were analyzed. Nuclear counting comprises PN, LN, and 
glia. Mann–Whitney tests revealed, that nucleus counts of all cells and GABAergic cells was not significantly 
different between male and female locusts (p = 0.0823; p = 0.5368 respectively).

Female Male All

# Individuals 3 4 7

# AL imaged 5 6 11

Mean # Cells 1347 ± 104.1 s.e.m 1484 ± 105.1 s.e.m 1422 ± 73.81 s.e.m

Mean # GABA 86.8 ± 10.05 s.e.m 79.9 ± 18.56 s.e.m 83.0 ± 5.93 s.e.m
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Figure 2.  Cellular phenotypes of cultured antennal lobe neurons. Adherent neurons of different soma diameter 
were grown in petri dishes that contained a numbered location grid for proper cell identification after calcium 
imaging. Small neurons with soma diameter of about 15 µm are considered as PN (arrows), whereas large 
neurons of soma diameters above 19.61 µm are regarded to be LN (asterisk). NADPHd activity and GABA-IR 
was detected in large neurons. LN were classified into four types: exclusively GABAergic (a–c); NADPHd 
positive (d–f); GABA-IR and NADPHd positive (g–j); LN with no determined (ND) transmitter (k–m). 
Note that LN are generally larger in diameter, but not homogenous in size. Interneurons showing GABA-IR 
are common, but not morphologically distinct from other non GABA local neurons. LN expressing nitric 
oxide synthase were detected using NADPHd staining as marker (d, g). NADPHd staining tends to quench 
the fluorescence of GABA-IR local neurons (j). Large unlabeled LN showing neither NADPHd activity nor 
GABA-IR (k-m asterisk). Scalebar = 100 µm.



5

Vol.:(0123456789)

Scientific Reports |        (2021) 11:10018  | https://doi.org/10.1038/s41598-021-89374-2

www.nature.com/scientificreports/

close to zero (Fig. 3d ii). Another way to evaluate the suitability of a given classifier is the comparison of the area 
under respective receiver operating characteristic (ROC) curves, in which a larger area indicates a better classifier. 
ROC analysis confirmed that soma diameter (Fig. 3d iii; A = 0.924 ± 0.008 s.e.) is a better classifier than nuclear 
diameter (Fig. 3c iii; A = 0.835 ± 0.017 s.e.) for estimation of the LN population. Therefore, soma diameters of 
labeled LN were used for the estimation of LN number in culture. Soma diameters of labeled LN were normally 
distributed, whereas diameters of all neurons were not (Fig. 3a, d; p = 0.275 and p < 0.0001 respectively, D’Agostino 
& Pearson normality test). Diameters of all measured neurons (15.97 µm ± 0.10 s.e.m. n = 1275) were significantly 
different (p < 0.0001, Kruskal–Wallis test) to diameters of labeled LN (23.87 µm ± 0.87 s.e.m. n = 198). ROC 
analysis showed a classifier specificity of 0.94 at mean LN soma diameter. We calculated a percentage of 10.2% 
LN in the cultures, indicating a preferential loss of LN over PN in the cell culture procedure. Additionally, the 
ROC analysis allowed to calculate a criterion for the distinction between PN and LN based on soma diameter. 
At a threshold diameter of 19.61 µm, the sensitivity was equal to the specificity on the ROC curve. Cells with 
soma diameters smaller or larger than this threshold were predicted as PN or LN respectively and, from now 
on, will be termed accordingly.

Calcium imaging of cultured antennal lobe neurons. After unsuccessful attempts with other indi-
cators (Supplementary Table  T1), we reliably detected calcimycin-induced  Ca2+ transients in cultured locust 
neurons by applying the calcium sensor Cal-520 AM. We selected regions on the dish that contained PN and LN 
using the previously established criterion. Following the imaging sessions, it was possible to verify a potential 
GABAergic or nitrergic phenotype of LN by immunofluorescence and cytochemistry.

Cultured cells responded with pronounced  Ca2+ transients when stimulated with the unspecific cholin-
ergic agonist carbachol (Fig. 4a). Occasionally, they showed also spontaneous transients of lower magnitude 
that returned to baseline fluorescence within 1 min (Fig. 4a, Supplementary Fig. F1). Inhibition of cholinergic 
receptors with specific antagonists reduced the amplitude of responses, yielding a variety of outcomes (Fig. 4).

In some PN, inhibition of muscarinic receptors with atropine resulted in a stronger reduction compared to 
nicotinic receptor inhibition with tubocurarine, but we also imaged PNs with converse responses (Fig. 4a i and ii). 
Antagonists appeared to have stronger effects on labeled LN of GABAergic/nitrergic phenotype (Fig. 4a iii and iv).

To account for the multitude of effects, we normalized  Ca2+ amplitudes in the presence of inhibitors to the 
respective previous response to carbachol (Fig. 4b). Atropine reduced carbachol responses in PN to 70.68% 
(± 5.29 s.e.m. n = 172). We found twelve labeled LN showing GABA-IR, four of which were double-labeled for 
NADPHd activity. When pooled, atropine reduced LN responses to a mean of 41.64% (± 6.95 s.e.m. n = 21) which 
was significantly different to PN response reduction (p = 0.0048, Mann–Whitney test). Tubocurarine reduced 
PN amplitudes to 75.25% (± 3.39 s.e.m. n = 172), and the amplitudes of LN to 57.74% (± 9.94 s.e.m. n = 21) of 
the previous response. We found no significant differences in response reduction by tubocurarine between PN 
and LN (p = 0.0968, Mann–Whitney test). These findings suggest that muscarinic and nicotinic acetylcholine 
receptor activation causes  Ca2+ transients in AL neurons.

Next, we examined whether LN and PN show different responses to stimulation with nicotinic and muscarinic 
agonists (Fig. 5, Supplementary Video V1). In range finding experiments, we determined that 1 µM nicotine 
and 10 µM pilocarpine elicit  Ca2+ transients of similar magnitude in the majority of PNs (Fig. 5a i). However, 
depending on the agonist and the individual neuron, responses were not entirely consistent in amplitude. Alter-
nating nicotine and pilocarpine stimulations revealed three basic response types in PN with equal responses to 
both agonists, stronger responses to nicotine, and stronger responses to pilocarpine (Fig. 5a i–iii). To illustrate 
whether these response types follow a certain distribution, we calculated the difference between the respective 
nicotine- and pilocarpine-elicited amplitudes (ΔN –ΔP), and plotted their relative frequency in a histogram 
(Fig. 5b). Averaged over a large sample of 253 cultured neurons, the used concentrations elicited  Ca2+ responses 
of similar peak amplitude in roughly one third of PN (Fig. 5b–d). LN showed a different behavior towards the 
same experimental protocol.

Labeled LN frequently showed larger  Ca2+ transients during muscarinic than nicotinic stimulation (Fig. 5a 
iv–vi). However, nicotine and pilocarpine responses were not consistent in amplitude, similar to responses 
in PN. On average, nicotinic responses of LN subtypes were smaller in amplitude than nicotinic responses 
of PN (Fig.  5c). Pooling of these LN subtypes resulted in a mean nicotinic amplitude of 20.51  %ΔF/F 
(± 2.69 s.e.m. n = 30), which was significantly different to the respective response amplitude of PN (Mean: 
40.41 %ΔF/F ± 1.45 s.e.m. n = 253; p < 0.0001, Mann–Whitney test). Pilocarpine responses of NADPHd posi-
tive LN were on average similar in amplitude to PN (Fig. 5d). In contrast, pilocarpine responses of exclusively 
GABAergic LN (56.7 %ΔF/F ± 11.70 s.e.m. n = 6) were larger on average than PN amplitudes, whereas amplitudes 
of ND local neurons were lower (17.36 %ΔF/F ± 3.94 s.e.m. n = 16). This difference resulted in a mean response 
amplitude of 29.38 %ΔF/F (± 30.30 s.e.m. n = 2) when LN were pooled, which was not significantly different to 
PN amplitude (p = 0.3825, Mann–Whitney test).

To quantify the relationship between nicotinic and muscarinic responses in individual neurons, we evaluated 
the difference of corresponding response amplitudes (ΔN—ΔP; Fig. 5e). LN (Mean: -9.77 %ΔF/F ± 4.17 s.e.m. 
n = 30) were significantly different (p < 0.0001, Mann–Whitney test) from PN (Mean: 6.84 %ΔF/F ± 1.13 s.e.m. 
n = 253). This indicated that LN show stronger responses to pilocarpine than to nicotine. Furthermore, exclusively 
GABAergic neurons (Mean: -36.33 %ΔF/F ± 14.42 s.e.m. n = 6) seem to form a subset of local neurons that are 
characterized by larger  Ca2+ transients in response to pilocarpine.

Cholinergic neurotransmission can be modulated by crosstalk of intracellular signaling pathways triggered 
by muscarinic and nicotinic receptor  activation32. To detect potential interactions, we utilized a shortened pro-
tocol with stimulations every 2 min for 15 s. The protocol consisted of two 1 µM nicotine pulses, one pulse of 
a co-applied nicotine/pilocarpine mixture (1 µM and 10 µM respectively), another test pulse of nicotine, and 
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a pulse of 10 µM pilocarpine. As a control, we replaced the nicotine/pilocarpine pulse with a nicotine pulse in 
half of the experiments to determine whether nicotinic stimulations yielded consistent responses. Projection 
neurons showed similar transients during each nicotinic stimulation, both in co-application as well as in the 
control (Fig. 6a i–iii, b). On average, we found no significant differences between amplitudes of the control and 
the respective amplitudes of the co-application protocol (Fig. 6b; lowest p = 0.6986 N2 vs. N2, Kruskal–Wallis 
test). In the example of Fig. 6a i, co-stimulation elicited in the PN a larger transient than nicotine alone, whereas 
pilocarpine alone induced a transient of similar magnitude. This was not the case for all PN (Fig. 6a ii–iii). To 
check whether such increased responses can be explained by a simple addition of pilocarpine and nicotine-
induced  Ca2+ transients during co-application, we calculated the sum of the nicotinic response (N2) prior to 
co-application and the respective muscarinic response (P) for each neuron. We found no significant alterations 
in nicotinic responsiveness after co-stimulation in PNs (p > 0.9999, Friedman test). Friedman’s test for paired 
data revealed a significant difference between the sum of nicotine and pilocarpine responses and the respective 
co-application (p < 0.0001).

Local neurons, however, responded notably different than PN. Labeled LN exhibited rather varied responses. 
Whereas some showed enhanced nicotinic responses after co-application compared to prior nicotinic responses 
(Fig. 6a iv–vi), others showed no or weak responses to nicotine throughout the experiment (Fig. 6a vii–ix). We 
found enhanced nicotine responses after co-application in all three labeled LN subtypes. These effects were also 
noticeable in larger mean response amplitude of the 31 pooled LN (Fig. 6c). A significant difference (p = 0.0053, 
Kruskal–Wallis test) was only apparent between the third nicotine stimulation in the control (N3) and the 
nicotine/pilocarpine stimulation in the co-application (NP). The experimentally determined signal amplitude 
of co-application corresponded nicely to the predicted calculated sum, as no significant difference between co-
application and the sum of nicotine and pilocarpine responses was found (Fig. 6c; p = 0.1802, Friedman test). 
This indicated that for LN, the response amplitude during co-stimulation is indeed the result of nicotinic and 
muscarinic  Ca2+ transient addition.

When we examined whether a co-stimulation of nicotinic and muscarinic receptors has notable effects on 
following nicotinic stimulations for the pooled LN (Fig. 6c), we measured a slight increase in mean ampli-
tude without statistical significance (p > 0.9999, Friedman test). This is likely accounted for by heterogeneity 
in response levels and in contrast to findings in individual traces. To provide a more detailed analysis of the 
enhanced response effect in LN after co-stimulation, and to compare it to responses in PN, we calculated the 
difference of nicotinic amplitudes after and prior to co-application (ΔN4 –ΔN2) in order to normalize for 
baseline responsiveness to either agonist (Fig. 6d). This resulted in tailed distributions of amplitude differences, 
reflecting response variability in individual PN and LN. Most PN showed no or little change in amplitude (Mean: 
-1.56 %ΔF/F ± 1.17 s.e.m. n = 177). The distribution of PN amplitude differences was tailed in both directions 
(Fig. 6d). In contrast to PN, the distribution of LN had a larger tail towards stronger nicotine responses after 
co-application (Mean: 19.02 %ΔF/F ± 6.58 s.e.m. n = 31). Amplitude differences of LN and PN were significantly 
different to each other (p = 0.0073, Mann–Whitney test), revealing an enhanced responsiveness of LN to nicotinic 
stimulation after co-application of a muscarinic agonist.

Discussion
In this investigation, we characterized AL neurons of Locusta migratoria neurons by calcium imaging in cell 
culture, focusing on the classical transmitter of the ORN, acetylcholine (ACh). We were motivated by other 
investigations that used calcium indicators in the AM form for recording ACh-induced cell responses in primary 
cultured insect  neurons33,34, and succeeded to obtain  Ca2+ transients in the locust by loading the indicator Cal-520 
AM (Fig. 4; Supplementary Table T1). We showed that both PN and LN respond to nicotinic stimulation (Figs. 4; 
5). The majority of both types of neurons were also responsive to muscarinic stimulation, with local neurons as 
the more sensitive cellular phenotype (Fig. 5). Simultaneous nicotinic and muscarinic stimulation of subsets of 
local neurons caused an enhanced  Ca2+ response to a subsequent nicotine stimulus, indicating an intracellular 
interaction triggered by the activation of the two classes of cholinergic receptor types (Fig. 6).

A prominent subset of the LN in the locust AL use GABA as classical  neurotransmitter9,15,16,35. We utilized 
this information to distinguish between PN and LN in cell culture (Fig. 3), without preceding labeling. Using 

Figure 3.  Discrimination of local and projection neurons based on nucleus and soma diameter. Individual 
size measurements of nuclei and somata in sections (S) and culture (C) including respective mean (gray line) 
are shown in a. Nuclear or soma diameters of labeled LN were significantly larger than respective pooled 
diameters of all neurons in sections and culture (p < 0.0001; Kruskal–Wallis test). Nuclear diameters of labeled 
LN were significantly smaller in culture than in sections (p = 0.0001, Kruskal–Wallis test), due to losses during 
dissociation and culturing. This results, presumably, because larger LN somata are more easily damaged during 
dissociation than smaller LN. Relative frequencies of pooled nuclear diameters of all cells (including LN) in 
black, and labeled LN in red, as determined in sections (b i) and culture (c i). d i shows relative frequencies of 
soma diameters of corresponding cultured neurons shown in c. In b-d ii frequencies were normalized to cell 
counts of all cells. Subtraction of normalized LN frequencies (red) from the pooled cell frequencies (black) 
resulted in a distribution of neurons without LN (non LN; blue). Inspection of this distribution showed that its 
frequency at the mean nuclear/soma diameter was close to zero. This allowed estimation of the number of LN in 
sections. (24%) and culture (10.2%). For binary LN/PN classification, ROC curves of the classifiers nuclear and 
soma diameter were plotted (b–d iii). The area under the ROC curve (A in b–d iii) reflects classifier suitability. 
For classification of cultured neurons, a threshold soma diameter for discrimination of LN from PN was derived 
at a value 19.61 µm, accounting for equal classifier specificity and sensitivity (i.e. equal false positive and false 
negative rate; d iii).

▸
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Figure 4.  Reduction of carbachol-induced  Ca2+ transients by co-incubation with cholinergic antagonists. Neurons were stimulated 
by carbachol superfusion, with stimulus durations represented by the width of the vertical gray band. Antagonist exposure is shown 
as a black bar over the  Ca2+ traces (a). At 10 µM, carbachol elicited  Ca2+ transients, which were reduced when neurons were also 
exposed to 10 µM atropine or tubocurarine. Examples for  Ca2+ signals of PN and LN are shown in a i-iv, illustrating the magnitude of 
reduced transients in individual neurons. The PN in a i showed stronger inhibition by the nicotinic antagonist tubocurarine than by 
the muscarinic antagonist atropine, whereas the PN in a ii showed a converse response. Labeled LN (GABA and GABA + NADPHd) 
showed generally stonger inhibition by antagonists up to a complete response abolishment (a iii & iv). This reduction of  Ca2+ responses 
is summarized in b and c by normalization of amplitudes in the presence of antagonists to amplitudes prior to antagonist application. 
Bars show means ± s.e.m. of pooled PN and LN. Colored datapoints represent subtypes of individual LN. Atropine reduced responses 
of PN to 70.68% (± 5.29 s.e.m. n = 172), and to 41.64% (± 6.95 s.e.m. n = 21) for LN shown in b. These reductions were significantly 
different (p = 0.0048, Mann–Whitney test). As shown in c, tubocurarine reduced responses of PN to 75.25% (± 3.39 s.e.m. n = 172), 
and to 57.74% (± 9.94 s.e.m. n = 21) for LN, which were not significantly different (p = 0.0960, Mann–Whitney test). A = Atropine; 
C = Carbachol; Cal = Calcimycin; T = Tubocurarine.
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ROC curves, we could approach the binary classification problem in culture by analyzing the prediction of the 
transmitter phenotype GABA from the soma diameter (Fig. 3 iii). We settled for a criterion on the ROC curve, 
where the sensitivity is equal to the specificity, considering somata larger than a diameter of approximately 20 µm 
as LN and the PN as smaller. This procedural method, although afflicted with a small risk of inaccuracy, made 
it unnecessary to label neurons with tracers in the experimental animals prior to dissociation. Nonetheless, to 
confirm the GABAergic phenotype, all calcium imaging sessions were followed by labeling for GABA-IR.

Based on the simple assumption of a similar nuclear size distribution of GABA-positive LN and other unla-
beled LN, we could also estimate the total number of LN from size measurements in tissue sections through 
the AL. These calculations excluded the glial cells, which make up 30% of locust brain  cells31. Using the size 

Figure 5.  Nicotine and pilocarpine induced-Ca2+ transients of cultured antennal lobe neurons. Representative 
 Ca2+ signals of PN (i–iii) and LN (iv–vi) are shown in a. Stimulations are shown as vertical gray band, with 
the width representing the duration of the stimulus. PNs show three response types (equal i; stronger nicotinic 
ii; stronger muscarinic iii). A histogram (b) illustrates the distribution of these types as difference in response 
amplitude, with 31.6% of PN showing equivalent responses. Mean amplitudes (± s.e.m.; normalized to 
calcimycin) of pooled PN and LN during stimulation with 1 µM nicotine (PN: 40.41 %ΔF/F ± 1.45 s.e.m.; LN: 
20.51 %ΔF/F ± 2.69 s.e.m.) or 10 µM pilocarpine (PN: 31.24 %ΔF/F ± 1.27 s.e.m.; LN: 29.38 %ΔF/F ± 4.51 s.e.m.) 
are depicted in c and d. Colored data points represent subtypes of individual LN. During nicotinic stimulation, 
 Ca2+ transients of PN were significantly larger than those of LN (p < 0.0001, Mann–Whitney test). When 
stimulated with pilocarpine no significant differences between PNs and LN were observed (p = 0.3825, Mann–
Whitney test). Amplitude difference between nicotine and pilocarpine induced responses (ΔN—ΔP; e) is 
used to quantify the relationship between nicotinic and muscarinic responses in individual neurons (PN: 
6.84 %ΔF/F ± 1.13 s.e.m.; LN: -9.77 %ΔF/F ± 4.17 s.e.m.). LN show a significant difference to PNs (p < 0.0001, 
Mann–Whitney test). Cal = Calcimycin; N = Nicotine; P = Pilocarpine.
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Figure 6.  Ca2+ response alterations by interaction of muscarinic and nicotinic stimulation. To test for lasting response 
alterations, a series of two 15 s pulses of 1 µM nicotine (N1 & N2), one pulse of a 1 µM nicotine and 10 µM pilocarpine mix 
(NP; no pilocarpine in controls N3), one nicotine test pulse (N4) and one pilocarpine pulse (P) were given in consecutive 
order. Stimulations are shown as vertical gray band. a shows examples of  Ca2+ signals in the co-application protocol. Note 
that scale varies for better visibility, but all represent 50 %ΔF/F. a shows various traces of PN (i—iii) and different LN types 
(iv-ix). Nicotinic responses were enhanced after co-application in several LN of all types (a iv—vi), but not in PN. This 
response enhancement was not found in all of the sampled LN (a vii—ix). b and c depict mean  Ca2+ responses (± s.e.m.) of 
PN and LN normalized to calcimycin response. Responses to nicotine (empty circle), pilocarpine (filled circle), or nicotine/
pilocarpine mix (circled dot) are shown in order of application. The predicted N2 + P value (squared dot) was calculated as 
the sum of individual nicotine and pilocarpine responses during co-application. These predicted responses were significantly 
different to the respective co-application response in PNs (p < 0.0001, Friedman test), but not in LN (p = 0.1802, Friedman 
test). In PNs as well as LN (b & c), nicotinic amplitudes before and after co-application were not significantly different to each 
other (p > 0.9999 respectively, Friedman test). To account for variability in baseline responsiveness, amplitude differences of 
nicotinic stimulations after (N4) and prior to co-application (N2) of individual PN (black), LN (gray) and their respective 
subtypes were calculated (d line represents mean). Amplitude differences of LN were significantly different to those of PNs 
(p = 0.0073, Mann–Whitney test), demonstrating an enhancement of nicotinic responses after co-application of the muscarinic 
and nicotinic agonists.
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distribution of DAPI-labeled nuclei of GABAergic neurons as proxy for all LN (Fig. 3a, b) we estimate that 24% 
of the AL neurons are LN. This corresponds nicely to the 26% LNs which were reported for  Schistocerca9. While 
the AL of Schistocerca seems to contain around 1130 neurons in  total9,16, we estimated about 1000 neurons in 
the AL of Locusta migratoria. The number and the ratio between LN and relaying PN is considered to be an 
important factor in the oscillatory transient synchronization of AL output during odor encoding in the intact 
 animal9. Pharmacological blocking of the inhibitory synapse between the GABAergic LN to the PN abolishes 
spike synchronization without affecting the response pattern of each individual  neuron35.

For evaluation of responses to the cholinergic stimulation in cell culture, we chose the peak amplitude of the 
 Ca2+ transients. In the diagrams we present separately the data for LN, that were immuno- and cytochemically 
(GABA, NADPH, double-labeled) characterized and the LN with not determined transmitter phenotype (ND). 
Due to a smaller sample size of neurons with confirmed neurotransmitter phenotype, we chose to perform 
statistical tests only between all PN and LN, as defined by the ROC method (Figs.4–6).

Similar to vertebrates, there are two fundamentally different receptor types for ACh in insects. Ionotropic 
nicotinic AChR for fast synaptic neurotransmission and metabotropic muscarinic AChR with modulatory func-
tions via intracellular signal  cascades23–26. In Locusta, five cDNA clones that encode nAChR subunits have 
been  identified36. As for all insect nAChR subunits, functional expression in heterologous systems is not easy 
to achieve, but has been successful for an alpha-like subunit of Schistocerca in Xenopus  oocytes37,38 and a novel 
beta  subunit39. Modulation of ACh release from synaptosome preparations provided biochemical evidence for 
muscarinic receptors in the CNS of  locusts40,41. The gain of the monosynaptic connection between the cholinergic 
locust wing stretch receptor and an identified wing depressor motoneuron is modulated by muscarinic autore-
ceptors on the presynaptic terminals of the stretch receptor itself and/or on muscarinic receptors of GABAergic 
 interneurons42,43. In intact Drosophila, muscarinic stimulation and blocking of mAChR diminish or enhance 
 Ca2+ transients of PN respectively during odor  presentation29. In the same study, mAChR have been demon-
strated to increase LN excitability as a means to counteract short-term depression at the ORN to LN synapse. 
Here we show that, compared to PN, especially GABAergic LN generate considerably stronger  Ca2+ transients in 
response to muscarinic stimulation, whereas their respective nicotinic response appears to be lower than that of 
PN. However, unlike in Drosophila where PN do not express  mAChR29, muscarinic stimulation elicited clear-cut 
 Ca2+ transients in most locust PN (Fig. 5).

Even though both the spiking PN and non-spiking LN receive cholinergic input from ORN axon terminals in 
the glomeruli, both neuron types may react differently given their role in the olfactory circuit. This was confirmed 
by comparing  Ca2+ transients of LN and PN in response to nicotinic and muscarinic agonists and pharmacologi-
cal inhibition of their corresponding receptor types.

Surprisingly, co-stimulation enhanced subsequent nicotinic responses in some LN that showed no or rather 
small  Ca2+ signals to nicotine prior to co-stimulation (Fig. 6a iv, v). The mechanistic underpinnings of these cellu-
lar phenomena and whether they are also involved in an increase in electrical excitability remain to be elucidated. 
After stimulation with nicotine, the intracellular  Ca2+ concentration can increase via influx through voltage-gated 
 Ca2+ channels, through opening nAChR, and potentially by calcium-induced  Ca2+ release from intracellular 
stores. Combined voltage-clamping and calcium imaging of dissociated somata from Locusta thoracic ganglia 
show that the influx through nAChR contributes to about 25% of the  Ca2+ signal after carbachol  stimulation44. 
Calcium ion fluxes do not only change rapidly the membrane potential, but can also regulate signal transduc-
tion pathways on a longer timescale. Intracellular  Ca2+ accumulation may thus cause lasting plastic changes in 
the cell biology of neurons. For example, Campusano et al.45 decribed a form of neuronal plasticity for cultured 
Drosophila Kenyon cells, in which a brief conditioning pulse of nicotine causes a decrease in responsivenes 
to a second nicotine application 4 h later. In contrast, we detected an enhancement in nicotine-induced  Ca2+ 
responses after co-stimulation with nicotine and pilocarpine that seems to be a distinctive feature of a group 
of local neurons including some of the GABAergic LN (Fig. 6d). The cellular memory of this form of plasticity 
lasts for at least 2 min. Potentially, neuromodulation by muscarinic receptors may upregulate the fast synaptic 
transmission via nicotinic receptors in the intact  AL29.

A subset of LN releases NO in a calcium-dependent manner that stimulates the formation of cGMP in the 
same or other  LN15,46,47. In our calcium imaging study, we also found examples of these LN which were respon-
sive both to stimulation with nicotine and pilocarpine (Fig. 5a v vi, c–e). Further investigations must show how 
increases in cGMP levels may in turn regulate intracellular  Ca2+ levels and neuronal excitability.

We have also found spontaneous  Ca2+ transients mainly in PNs that occured prior to carbachol stimulation, 
but also later at regular intervals between stimulation events. Since the shown traces in the Supplementary Fig. F1 
were not from neurons linked by neurites, these transients do not reflect network activity. Rather they reflect cell 
intrinsic oscillations of similar frequency and amplitude (Supplementary Fig. F1 a) and also irregular fluctua-
tions (b) of  Ca2+ concentrations. In Drosophila cell cultures, spontaneous  Ca2+ transients are also generated by 
Kenyon cells and about 60% of all central brain  neurons48. Whether neuronal  Ca2+ transients are present in the 
developing and adult locust nervous system remains a challenging question for future investigations.

Similar to vertebrate skeletal muscle fibers where ACh receptors do not only cluster at the synapse, but are 
also distributed along the membrane, somata of insect neurons carry neurotransmitter receptors, despite the 
absence of synaptic terminals 5,49. Thus the issue arises, whether extrasynaptic neurotransmitter receptors on 
the cell soma membrane can serve as proxy for the synaptic receptors in the neuropile. Unfortunately, only 
very limited data address the characteristics of synaptic receptors versus those expressed on the cell  bodies49. A 
patch-clamping study compared single channel properties of nicotinic AChRs on synapse-free somata to receptor 
preparations, isolated from the neuropile and reconstituted in planar lipid  bilayers49. This analysis revealed an 
ACh-gated channel type with lower conductance, but longer lifetime on cultured neuronal somata in relation 
to a high conductance, but short mean lifetime channel from the neuropilar preparations. Presumably, these 
two different channel types represent extrasynaptic and synaptic nAChR of the locust central nervous  system49. 
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Thus we assume that AChR-mediated  Ca2+ signals from the somata of our cell cultures may, in part, reflect also 
pharmacological properties of synaptic calcium signaling. However, it will be necessary to expand the present 
cell culture study to the imaging of calcium signals in the neuropile and somata of intact antennal lobes before 
definite conclusions about the in vivo situation can be drawn.

So far, calcium imaging of locust neurons required intracellular injection of calcium  indicators30,44,50, making 
simultaneous calcium imaging of large cell populations difficult. However, Isaacson and Hedwig described an 
innovative technique, in which calcium indicators were introduced via iontophoresis through the nerve sheath 
to multiple  cells51. This method appears technically feasible for easily accessible nerves, but may be rather dif-
ficult to apply for loading neurons of tracts running in the depth of the brain, such as the antennal lobe tract. 
The present investigation is pioneer in showing that Cal-520 AM readily loads Locusta migratoria neurons, 
making it a valuable tool for future research in locust physiology. The genome of the migratory locust had been 
sequenced a few years  ago1 which, alongside advancements in genome editing like CRISPR-Cas9, rekindled the 
interest in research regarding the locust olfactory  system52. Moreover, recent investigations introduced locusts as 
helpful organisms for research on axonal regeneration in the olfactory  system53 and as predictive test system for 
developmental neurotoxicity in  humans54,55. Both lines of research will require information how locust neurons 
exposed to axonal injury or developmental-toxicants respond to these challenges in terms of  Ca2+ concentra-
tion changes. Taken together, the possibility of calcium imaging of selected neuronal populations in a defined 
environment has the potential to unravel new insight into the cellular properties of the olfactory system of a 
devastating pest insect, which is also a fruitful preparation for basic neurobiology.

Methods
Locusts (Locusta migratoria) from our crowded culture were used for cell culture of antennal lobe neurons and 
paraffin sectioning. Locust brains were dissected in sterile Leibovitz’s L15 containing 1% penicillin/streptomycine 
(Invitrogen). All chemicals were purchased from Sigma, unless noted otherwise.

Primary antennal lobe neuron culture. For primary antennal lobe culture, the cell culture protocol of 
Kirchhof and  Bicker56 was modified. A minimum of ten brains of an equal number of male and female fifth instar 
larvae were dissected at room temperature. For optimal culturing of AL neurons, we used brain tissue from 
animals 1—3 days after molting. Brains were desheathed, partially lifting the AL away from the protocerebrum, 
allowing for easy removal with sharp forceps (see Supplementary Fig. F2).

In paraffin sections, we found no neuronal connections between the dorsal side of the antennal lobe and the 
protocerebrum (Fig. 1 d, segmented line). Therefore, it is very unlikely that the removal of the antennal lobes 
removes a significant number of non antennal lobe neurons.

AL were incubated for 45 min in in sterile collagenase/dispase (1 mg/ml in PBS, Roche), which was subse-
quently removed by five 5 min washing steps with L15 medium. Tissue was mechanically dissociated by gentle 
up and down pipetting using a 200 µl siliconized pipette tip (VWR cat No. 53503–794). The resulting suspension 
was seeded in small 20—50 µl droplets on ibiTreat µ-Dishes (Ibidi cat No. 81156). Cells were allowed to adhere 
for 40 min, cultured at 30 °C in 3 ml L15 medium, and washed thoroughly every two days. To select for neurons, 
cells were kept in culture for at least seven days, since glia is not as viable in culture and dies within one  week31,56.

Calcium imaging. After unsuccessful attempts with several other calcium indicators (see Supplementary 
Table T1), we detected calcimycin elicited  Ca2+ transients in cultured locust neurons by applying the calcium 
sensor Cal-520 AM. Prior to loading, cultured neurons were washed for 10 min with L15 medium (supple-
mented with 10 mM HEPES, adjusted to pH 7.3; Roth). Optimal loading of AL neurons was achieved with 
8 µM Cal-520 AM calcium indicator (stock solution 8 mM in DMSO, Abcam cat No. ab171868) in L15/HEPES 
and an incubation time of 90 min at 30 °C. For laminar superfusion of chemicals, a Warner RC-37 W perfusion 
insert was fitted into the culture dish. This setup was mounted on a Zeiss Axiovert 200 inverse epifluorescence 
microscope and connected to an open peristaltic perfusion system, delivering a constant stream of L15/HEPES 
at 4 ml/min.

The indicator fluorescence was detected at excitation with 475 nm light (Colibri 7, filter set 44; ZEISS). To 
reduce photobleaching and phototoxicity, images were taken every two seconds at 2% light source intensity, 
4 × 4 binning (Axiocam 503 mono; ZEISS), 2 × signal amplification, and an exposure time of 500 ms. For image 
acquisition ZEN 2.6 Imaging software (ZEISS) was used.

All cholinergic agonists and antagonists were dissolved and diluted in L15/HEPES. Carbachol, nicotine, pilo-
carpine, and the calcium ionophore calcimycin (5 µM, stock solution 5 mM in DMSO) were applied via a 3-way 
valve which was installed between the medium reservoir and the peristaltic perfusion pump (mdx-biotechnik 
cat No. TL/150). Atropine and tubocurarine were applied by switching from the main L15/HEPES reservoir to a 
separate reservoir containing the antagonist solutions. A stimulation period of 1 min yielded larger and longer 
lasting  Ca2+ responses compared to spontaneously generated transients. This intervall prevented that spontane-
ously generated transients were falsely attributed to cholinergic stimulation and allowed more precise calculations 
of amplitude differences. For antagonist experiments (Fig. 4), we superfused cultured antennal lobe neurons 
every 10 min for 1 min with 10 µM of the nonspecific cholinergic agonist carbachol. A washout period of 9 min 
allowed stimulated cells to return to baseline fluorescence. Using carbachol instead of acetylcholine avoided rapid 
breakdown by catalytic activity of acetylcholinesterase which is expressed on the soma surface of the majority of 
cultured locust  neurons57. To probe for nicotinic or muscarinic components in the  Ca2+ transients, every other 
carbarchol stimulus was applied in the presence of equimolar concentrations of an antagonist. We chose the 
muscarinic antagonist atropine and the nicotinic antagonist tubocurarine, which were pre-incubated for 5 min 
prior to carbachol stimulation. For agonist experiments (Fig. 5), we stimulated cultured neurons with alternating 
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1 min nicotine and pilocarpine superfusions separated by 9 min washout periods. For the experiments shown 
in Fig. 6, a shortened protocol with 15 s stimulations with the appropriate agonists and 105 s of washout was 
used. In co-application experiments, following agonists were applied in consecutive order: 1 µM nicotine; 1 µM 
nicotine; 1 µM nicotine + 10 µM pilocarpine; 1 µM nicotine; 10 µM pilocarpine. For the respective control, the 
nicotine pilocarpine mix was replaced by 1 µM nicotine.

NADPH-diaphorase staining and GABA-immunocytochemistry of cell culture. For identifica-
tion of the GABAergic and nitrergic phenotype of LN, cells were processed for GABA-IR and NADPH-dia-
phorase (NADPHd)  activity46. After image acquisition, cells were fixed in cold GPFA (4% paraformaldehyde 
dissolved in PBS with 0.1% glutaraldehyde) on ice for 20 min, and rinsed with PBS (10 mM sodium phosphate, 
150 mM NaCl, pH 7.4; Roth). Subsequently, fixed cells were washed two times in PBS-T (0.1% Triton X-100; 
Roth) and once in 50 mM Tris HCl (pH 7.8, 0.1% Triton; Roth). NADPHd activity was visualized by incubat-
ing with 50 mM Tris HCl containing 0.24 mM β-NADPH and 0.24 mM nitroblue tetrazolium for 20 min at 
room temperature, until stained LN acquired a dark violet color. Afterwards, cells were permeabilized with 0.3% 
saponine in PBS-T for 20 min, washed and blocked with 5% normal goat serum (Linaris) in PBS-T. The primary 
rabbit antibody against GABA (1:5000 in blocking solution; Sigma cat No. A2052) was incubated overnight 
at 4 °C. After three washing steps in PBS-T, cells were incubated with secondary biotinylated goat anti-rabbit 
(1:333 in blocking solution; Vector cat No. BA-1000) for at least 4 h at room temperature, followed by three more 
washing steps. GABA-IR was visualized by incubation with streptavidin conjugated Cy3 (1:333 in PBS-T) for 
at least 4 h at room temperature. Nuclei were labeled with 0.05 µg/ml 4′,6-Diamidino-2-Phenylindole (DAPI) 
simultaneously with the GABA-IR detection. For estimation of cell populations within the antennal lobe culture, 
we measured soma and nuclear diameters of cells within the field of view, as well as additional labeled LN outside 
the imaging frame. Since neurons can assume ellipsoid or spindle like shapes, we measured the minimal and the 
maximal diameter of somata and nuclei for each cell and used the mean.

Paraffin sections and GABA-immunofluorescence. Paraffin sectioning of locust brains (Table  1) 
was performed as described by Stern et. al.58. Briefly, brains were dissected in L15 medium, fixed in GPFA for 
30 min at room temperature, rinsed in PBS, dehydrated, embedded in paraffin (Roth), sectioned at 14 µm, and 
mounted on chromealum/gelatin coated slides. Sections were rehydrated and washed in PBS. Immunolabeling 
was performed as in culture, including an additional labeling against acetylated-α-tubulin (monoclonal, 1:1000 
in blocking solution; Sigma cat No. T6793), which was detected with Alexa488 conjugated goat anti-mouse 
(1:250 in blocking solution; Invitrogen cat No. A11001). A GABA-IR detection system (secondary antibody 
and streptavidin-Cy3) was used at 1:250 respectively, and DAPI was used at 0.1 µg/ml. Slices were washed, and 
cleared in glycerol. Nuclei within the antennal lobe were counted and evaluated according to the Abercrombie 
 correction59. For determination of nuclear diameters, 1716 randomly selected cells were measured. Since nuclei 
of GABA-IR cells in the antennal lobe were generally larger in diameter, GABA-IR cells were counted and cell 
number was corrected separately, using diameters of 500 GABA positive cells. These measurements served to 
estimate the population of LN within the intact antennal lobe.

Analysis of AL neuron types. To analyze cell populations, we generated histograms of nuclear and soma 
diameters (Fig. 3 b-d i). Histograms shown in Fig. 3 b-d ii were normalized to the nucleus/soma diameter distri-
bution of all measured cells, which include LN as well as PN. The diameter distribution of non LN was calculated 
by subtracting the normalized frequencies of GABA-IR neurons from the normalized frequencies of all meas-
ured cells (Fig. 3 b-d ii). Since the normalized frequency of non LN at the mean LN diameter is close to zero, LN 
percentage was calculated as follows. All cells with nucleus/soma diameters that were larger than the mean LN 
nucleus/soma diameter, representing 50% of the total LN population, were counted, doubled and divided by the 
total number of cells. ROC curves were generated using the Wilson/Brown method in GraphPad Prism 7, based 
on nucleus/soma diameters obtained from sections and from cultured cells.

Analysis of calcium imaging data. Fluorescence of individual Cal-520 AM loaded cells was measured in 
 Fiji60 using manually fitted ROIs for each cell. Background fluorescence at each given frame was subtracted from 
individual cellular fluorescence. Baseline pre-treatment fluorescence (F) was measured 10 min prior to the first 
drug application. The change of fluorescence relative to baseline (ΔF/F) was calculated and normalized to the 
peak amplitude of the signal from stimulation with the calcium ionophore calcimycin (%ΔF/F). The amplitudes 
of  Ca2+ responses to pharmacological stimulation (e.g. ΔN for nicotinic stimulation) were calculated as the dif-
ference of peak %ΔF/F and baseline fluorescence for each cell within a stimulation period. Cells with changes 
in fluorescence above 110% relative to calcimycin were considered as damaged and thus excluded form data 
analysis. We did not apply this criterion for experiments of Fig. 6 to preserve increased transients beyond the 
calcimycin maximum. In this experiment, we calculated a predicted value for co-application by simply adding 
amplitudes of the second nicotinic stimulation (N2) to the respective pilocarpine amplitude in each cell (Fig. 6 
b). This was necessary, since the first nicotinic stimulation (N1) tended to elicit slightly larger  Ca2+ transients in 
control as well as in co-application experiments, and the nicotinic stimulation after co-application (N4) could be 
affected by the previous stimulation of mAChRs.

Statistical analysis. Non-parametric tests were used for statistical analysis, since not all datasets showed 
normal distribution. All tested comparisons were considered significant at alpha < 0.05. Kurskal-Wallis tests for 
comparison of multiple datasets were performed with Dunn’s correction. Two tailed Mann–Whitney tests were 
used for comparing datasets with two groups (i.e. male vs. female or LN vs. PN). Due to lower sample sizes, LN 
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subtypes were not tested against PN. Friedman’s test with Dunn’s correction was used for paired data. Error bars 
represent s.e.m. Calculation of ΔF/F, %ΔF/F, as well as statistical analysis was performed in GraphPad Prism 7, 
 Ca2+ response amplitudes were calculated via Microsoft Excel, and R Studio version 1.3.1056 was used for data 
management.

Data availability
Data used in this study are available on reasonable request.
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Supplementary Table T1: Collection of calcium indicators used for screening. Calcium indicators were 

dissolved in DMSO and diluted to appropriate concentrations in Leibovitz’s L15 medium (maximum 

DMSO concentration 0.1 %). Incubation periods were 30 min, 1 h, 3 h and 24 h for each indicator 

followed by a washout. After addition of 5 µM calcimycine, a pronounced increase in fluorescence was 

only achieved using 1 h incubation in 1 µM Cal 520-AM. All other listed calcium indicators failed in this 

explorative trial. 

 

 

 

Supplementary Video V1: Time lapse video of cultivated antennal lobe neurons, loaded with the 

calcium sensor Cal-520. Cells of the Ca2+ imaging traces depicted in Fig.5a i - iv (a - d in same order as 

in Fig.5a) are marked in white circles. Fluorescence intensity is shown in false color (LUT between 0 

and 255). Application of stimulants (e.g. Nicotine) is represented in a color change of the respective 

label from white to orange for the duration of the stimulus. Surrounding cells also show occasional 

spontaneous activity before and in between stimulations. 

 

  

Calcium indicator Test Conc. Loading ΔF increase Supplier 

Cal 520-AM 1, 5, 8, 10, 15 µM 30 min – 24 h + Abcam ab171868 

Calcium Green-1  
Dextran 3000 MW 

1, 5 µM 30 min – 24 h - Molecular Probes C6765 

Calcium Green-1-AM 1, 5 µM 30 min – 24 h - Molecular Probes C3012 

Calcium Green-2-AM 1, 5 µM 30 min – 24 h - Molecular Probes C3732 

Calcium Orange-AM 1, 5 µM 30 min – 24 h - Molecular Probes C3732 

Fluo-3-AM 1, 5 µM 30 min – 24 h - Invitrogen F1242 



 

Supplementary Figure F1: Spontaneous calcium transients of isolated antennal lobe neurons. 

Calcium signal traces of cultured projection neurons (white arrowhead) are shown (a & b). Cultured 

antennal lobe neurons display spontaneous calcium transients (black arrowheads), which were lower 

in magnitude and shorter in duration than transients elicited via pharmacological stimulation. We 

found no neuronal connections between these examples and adjacent neurons. Spontaneous 

transients were not consistent in magnitude, duration, and frequency between neurons, nor 

throughout the imaging period (a & b). In a repetitive spontaneous transients were observed prior to 

and after stimulation with carbachol. In b, spontaneous transients were lower in magnitude and 

irregular in frequency throughout the imaging period. Spontaneous transients were still discernable 

during preincubation with either cholinergic antagonist. Neither atropine nor tubocurarine had 

apparent effects on spontaneous transients during preincubation. Definitive effects of agonists or 

antagonists on spontaneous transient generation were not ascertained in this study and may be 

subject to further, more detailed investigations. 

 



 

Supplementary Figure F2: Schematic side view of the locust brain before (a) and during desheathing 

(b). The antennal lobe (AL) is attached to the protocerebrum (PC) and the tritocerebrum (TC). There 

are no nerve tracts running towards the PC on its dorsally oriented side. When the nerve sheath is 

pulled from the PC towards the TC, this arrangement results in an uplift, allowing for easy removal of 

the AL and its cells. 
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4. Discussion 
Locust embryos can be used for assessment of DNT chemicals that affect directed neurite 

outgrowth. To evaluate the locust embryo as a test system for such chemicals, the accepted test 

compound rotenone, inhibiting axon elongation, as well as endpoint specific controls for 

cytoskeletal dynamics (colchicine and cytochalasine D) and calcium signaling (verapamil and 

diltiazem) were used. I focused on the effects of the calcium channel blockers and the effects 

of altered calcium levels on Ti1 pioneers. 

Intracellular calcium concentrations change considerably throughout Ti1 pioneer neuron 

development. Using intracellular injection of calcium indicators, Bentley et al. (1991) could 

show that guidepost cells are contacted by Ti1 pioneers and cause a downregulation of 

intracellular calcium levels. Lau et al. (1999) have demonstrated that local increase of 

intracellular calcium in locust growth cones promotes the generation of filopodia. Intracellular 

calcium can be elevated either through the release of intracellular calcium stores or by the influx 

through ion channels (Berridge 1997, Walz et al. 1995, Lohr 2003). Continuous blockage of 

ion channels that allow calcium influx, such as voltage gated calcium channels, may lead to 

overall decreased intracellular calcium concentrations. Verapamil and diltiazem, two classes of 

L-Type calcium channel blockers that are also effective in insects (Lohr et al. 2005), inhibited 

Ti1 outgrowth in a concentration dependent manner, with neurite outgrowth being affected at 

lower concentrations than general viability. Since two different pharmacological classes of 

channel blockers were used, unspecific actions of both blockers on pioneer outgrowth seem to 

be unlikely. The gathered data implies that neurite elongation may be dependent on intracellular 

baseline calcium concentrations, given that blockage of calcium channels does indeed reduce 

calcium levels in the growth cone. Since localized calcium increase in the growth cone 

facilitates the formation of filopodia, reducing extracellular calcium influx may in turn reduce 

growth speed, as fewer filopodia are formed by the growth cone during navigation. 

Intracellular calcium concentrations can be increased by the application of high concentrations 

of caffeine. This effect is caused by ryanodine receptor activation and subsequent release of 

intracellular calcium from the endoplasmic reticulum (Walz et al. 1995). Following the 

experimental protocol by Bode et al. (2020 b), dose response curves of caffeine were generated 

showing a concentration dependent disruption of correct pathfinding (Fig. 3). In contrast to 

experiments with calcium channel blockers, caffeine had no effects on axon elongation and 

general viability at tested concentrations (Fig. 3 A). However, pathfinding and fasciculation of  
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both Ti1 neurites appeared to be disrupted, especially in the trochanter segment of the 

developing limb (Fig. 3 C, D). These observations show some resemblance to findings by 

Isbister et al. (1999) where immunological block of Sema1 resulted in a similar phenotype. 

Bentley et al. (1991) have shown that intracellular calcium concentrations are decreased in the 

Ti1 axon in the trochanter segment, while the growth cones travel along the band of Sema1 

(Kolodkin et al. 1992). As there are currently no direct calcium imaging data of Ti1 growth 

cones available, it is unknown whether this decrease in calcium concentration in the axon is 

indicative for the calcium concentration in the growth cone. However, if this decrease extends 

Fig. 3 Caffeine induces pathfinding errors in Ti1 pioneer neurons of the developing locust 
hindleg. Caffeine is known for its depleting effect on intracellular calcium stores at high 
concentrations. According to the experimental protocol described by Bode et al. (2020 b), I 
generated dose response curves (A) of two viability (resazurine and dead-cell protease assay), 
and two neurite growth endpoints (elongation score and correct pathways). n indicates the 
number of evaluated embryos. Viability and elongation were not affected at any tested 
concentration. However, caffeine induced pathfinding errors were observed (IC50: 20 mM). 
Ti1 pioneer neurons develop stereotypically in embryo culture (B) as described in Bergmann 
et al. (2019). Incubation of developing embryos with caffeine disrupted correct neurite growth 
in a concentration dependent manner (C & D dented arrowheads). Note that increasing caffeine 
concentrations (C & D) affect the quantity of erroneous growth over all specimen and not the 
severity. Soma marked by asterisk, end of axon marked by filled arrowhead.  
Scalebar = 100 µm. 
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to the Ti1 growth cones, then it is conceivable that Sema1 guided growth of the pioneers is 

calcium dependent. In conclusion, the results of these experiments show that pharmacological 

decrease of intracellular calcium leads to reduced neurite growth, whereas calcium increase 

disrupts correct pathway formation in the trochanter segment. Interestingly, these effects are 

not in opposition to each other, suggesting that intracellular calcium concentrations in Ti1 

growth cones has to be tightly regulated to facilitate proper steering and outgrowth. Whether 

this regulation is necessary for Sema1 guided growth in the trochanter segment remains 

a challenging question for future research. 

To resolve pioneer neuron elongation and pathfinding errors in the three dimensional limb, 

scanning laser optical tomography was employed for imaging and metric assessment of neurite 

length. Whereas glycerol clears embryos sufficiently for epifluorescence microscopy, scanning 

laser optical tomography requires even less opacity of the tissue to reduce light scattering. 

A mixture of methyl salicylate and benzyl benzoate has better tissue infiltration properties due 

to its low viscosity, reducing light scattering considerably. However, suspending tissue in 

clearing agents with low viscosity led to insufficient spatial fixation, resulting in movement 

artifacts during image acquisition. Ultimately, embryos were cleared using CRISTAL 

(Curing Resin-Infiltrated Sample for Transparent Analysis with Light), which utilizes 

polymerization of clearing agents under UV irradiation (Kellner et al. 2016), enabling 

simultaneous clearing and immobilization of the specimen. This allowed detection of arsenite 

induced erroneous outgrowth of Ti1 pioneer axons using the SLOT method. Thus, SLOT can 

be used as a rapid and automated imaging tool in future studies of erroneous outgrowth in DNT 

assays. 

To confirm the effects of pharmacological agents for manipulation of calcium homeostasis 

directly, monitoring of cytosolic calcium is required. In organisms like Drosophila, 

introduction of genetically encoded calcium sensors allows for targeted imaging of specific 

neurons (Fiala et al. 2002). In a historical context, this advance is based on decades of research 

into Drosophila genetics (Brand and Perrimon 1993, Adams et al. 2000, Rubin 2000). The 

genome of Locusta migratoria has only been sequenced a few years ago (Wang et al. 2014) and 

a first draft of the Schistocerca gregaria genome has been published very recently 

(Verlinden et al. 2020). Considering the enormous size of locust genomes (6.5 Gb and 8.8 Gb 

respectively), which are 2 to 3 times larger than the human genome and over 50 to 70 times 

larger than the genome of Drosophila, it comes to no surprise that genetic manipulation of these 

animals is extremely challenging. As of yet, no genetic tools allowing manipulations on the 

scale necessary to achieve reliable simultaneous calcium imaging of defined locust neurons 
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have been reported. In locust neurons, calcium imaging has previously been achieved by direct 

intracellular injection (Bentley et al. 1991) or iontrophoretic loading of fluorescent calcium 

indicators (Isaacson and Hedwig 2017). This severely limits the number of cells that can be 

monitored simultaneously for changes in their intracellular calcium levels. For imaging of large 

cell populations, calcium indicators have to be introduced by passive uptake over the cell 

membrane. This is commonly achieved by binding an acetoxymethyl ester (AM) group to 

calcium indicators, allowing for free diffusion over the membrane. Once inside the intracellular 

lumen, the indicator is trapped by hydrolysis of the AM group, which in turn allows calcium 

dependent fluorescence of the indicator. However, calcium indicators that are delivered in such 

a manner are quickly compartmentalized or extruded from locust neurons. I found that the 

calcium indicator Cal-520 AM readily loads locust neurons and is largely resistant to extrusion 

and compartmentalization, allowing for investigation of calcium dynamics. 

Calcium indicators like Cal-520 AM can be utilized in future research for neurotoxicity assays. 

The developmental neurotoxicity assay presented by our lab (Bode et al. 2020 b) has the 

disadvantage that it cannot differentiate between inhibited neurite growth due to DNT effects 

and neurotoxic effects. Since disruption of neurite outgrowth and cell death of the developing 

neurons cause the formation of a functioning nervous system to fail, both effects need to be 

differentiated as they are based on different molecular mechanisms. Understanding the specific 

molecular mechanisms that are disrupted by a DNT compound is crucial for treatment 

of developmental neurotoxic effects. Long term changes in intracellular calcium concentrations 

in response to chemical exposure are indicative of neurotoxic effects (Tymianski et al. 1993). 

Due to its intracellular retention, Cal-520 AM can be used as a fluorometric sensor for calcium 

levels to differentiate general neurotoxicity from developmental neurotoxicity in cultured locust 

neurons. 

Using the next generation calcium indicator Cal-520 AM, I aimed to obtain live calcium 

imaging data of pioneer neurons during development. In order to monitor intracellular calcium 

levels in response to pharmacological manipulation I tried to replicate filet preparations of 

locust metathoracic limb buds (Lefcort and Bentley 1987, Bentley et al. 1991) for subsequent 

loading with Cal-520 AM. However, in contrast to experiments with Schistocerca gregaria, 

embryonic tissue of Locusta migratoria did not sufficiently adhere to coated cover slips for 

stable recording. 
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Monitoring intracellular calcium responses in living cells also proves to be a useful tool to track 

neuronal activity in intact nervous tissue (Fiala et al. 2002, Moreaux and Laurent 2007) as well 

as in isolated neuron culture of insects (Bicker and Kreissl 1994, Campusano et al. 2007, 

Oertner et al. 1999). Since Cal-520 AM readily loads locust neurons, I tried to elucidate 

neurophysiological and neuroanatomical aspects of neurons in the olfactory system of 

Locusta migratoria. Since the number of antennal lobe neurons as well as its respective 

subpopulations of projection neurons and local interneurons were unknown for 

Locusta migratoria, the number of cells within the antennal lobe was ascertained. Accounting 

for glia (Gocht et al. 2009), the antennal lobe is estimated to be comprised of about 

1000 neurons. Calculations based on diameter distributions allowed me to estimate that roughly 

24 % of antennal lobe neurons are local neurons. These numbers correspond nicely to data from 

the locust species Schistocerca gregaria, where the antennal lobe is comprised of 1130 neurons 

with 26 % local neurons (Laurent 1996, Leitch and Laurent 1996). Ernst et al. (1977) reported 

that soma diameters of antennal lobe neurons in the dorsal frontal cap measure between 20 µm 

and 25 µm, whereas somata that lie more ventrally range between 10 µm and 12.5 µm. 

However, I found a more gradual distribution of soma diameters between 10 µm and 35 µm, 

making identification of local interneurons and projections neurons based on diameter difficult. 

Receiver operating characteristic analysis (ROC) can be used for distinguishing individuals in 

a population, based on a suitable criterion. ROC calculates the probabilities of false negative 

and false positive results at a given criterion threshold, dividing a population into two 

subpopulations. Using ROC analysis, soma diameter was found to be a suitable criterion for the 

prediction of projection/local neuron identity and a threshold diameter of about 20 µm was 

defined for projection/local neuron classification.  

Antennal lobe neurons respond to cholinergic stimulation with an increase of cytosolic calcium 

and also show a wide range of responsiveness towards nicotinic or muscarinic stimulations. 

Surprisingly, muscarinic calcium responses in projection neurons were found whereas 

Drosophila projection neurons were reported to be unresponsive to muscarinic stimulations 

(Rozenfeld et al. 2019). This range of nicotinic and muscarinic responsiveness in projection 

neurons could indicate the presence of physiologically distinct subpopulations of projection 

neurons (Croset et al. 2018), expressing different types or quantities of nicotinic and muscarinic 

receptors. Local interneurons were observed to respond differently to cholinergic stimulation 

than projection neurons, possibly as a consequence of the different role they fulfill in the 

olfactory circuit. Particularly GABAergic local neurons were more responsive to muscarinic 

stimulation than other local neurons. GABAergic local neurons appear to be essential for the 
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generation of synchronized projection neuron firing patterns in the odor response of insects 

(Rozenfeld et al. 2019, MacLeod and Laurent 1996). Furthermore, increased nicotinic 

responsiveness of local interneurons was detected after nicotinic/muscarinic co-stimulation, 

suggesting short term memory-like increase of cholinergic responsiveness. In Drosophila, 

a similar mechanism seems to be at play (Rozenfeld et al. 2019). There, muscarinic receptors 

play an important role in the mitigation of short term depression of GABAergic local neurons 

in the olfactory circuit. In locusts, this effect on nicotinic responsiveness was found in all local 

neuron types, but not in all individual local neurons.  

The identification of a calcium indicator that readily loads and is retained by locust neurons 

opens up a new avenue of research in the development of locust specific pesticides. 

Calcium imaging can be used to identify compounds that specifically disrupt locust 

neurophysiology in vivo and in culture. Moreover, recent advancements in genome editing with 

CRISPR-Cas9 rekindled research regarding the locust olfactory system (Li et al. 2016). 

Elucidation of the locust olfactory network utilizing calcium imaging will provide further 

insight in the network mechanisms and cellular properties of the locust olfactory system that 

can be exploited for locust pest control. In conclusion, locusts remain highly relevant as 

devastating pest insects, as a test system for developmental neurotoxicity and as a fruitful 

preparation for basic neurobiology.  
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