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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-
nificant influence by toxicants (Lein et al., 2005). To address pos-
sible adverse effects of chemicals on these complex mechanisms, 
non-mammalian models such as zebrafish 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 zebrafish and a 

1 Introduction

Developmental neurotoxicity (DNT) of environmental chemicals 
poses a serious threat to human health worldwide, and the result-
ing neurological deficits, 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 significant progress in 
the field 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 quantifiable toxicological endpoints, such as cell viability, 
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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 first 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 file1. 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 significant number of genes upregulated in the develop-
ing human cortex are species-specific when compared to mouse 
(Zeng et al., 2012), or even chimpanzee (Zhang et al., 2011). 

In vivo studies bear the problems of undefined 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, first 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.
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of media controls and a group of start controls, the latter of which 
were fixed 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 fixation 
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 
fluorescence microscopy using Zeiss equipment, or confocal mi-
croscopy using a Leica TCS SP5. For each leg bud, elongation 
of pioneer axons along their predefined 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 fitting 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 fixed 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 defining specific and un-
specific endpoints. First, we quantify the progress of the growing 
neurites along their stereotype pathways by applying a well-de-
fined 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 fixed 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 
pathfinding 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 define the ability of the embryo to 
reduce resazurin to resorufin (general viability), in order to dis-
tinguish between general cytotoxicity and specific effects on ste-
reotype neurite growth patterns. By normalizing to untreated in 
vitro control embryos, we could measure specific and unspecific 
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 filopodi-
al dynamics necessary for growth cone motility and pathfinding 
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 fibers 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 specific 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 specific 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 final 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, significantly alleviated rotenone-in-
duced reduction of pioneer axon elongation (Fig. 3F), confirming 
a DNT-specific action of rotenone. 

Our axon elongation experiments also classified endpoint spe-
cific inhibitors of calcium-dependent growth cone motility and 
general cytoskeletal inhibitors as specific 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 filo-
podia – which indicates that cells were still alive at the time of 
fixation. 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 identifiable pair of neu-
rons critically involved in establishing the first 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 influence of DNT com-
pounds. On a phylogenetic scale, the embryo of a migratory lo-
cust is clearly remote from any vertebrate embryo, e.g., fish 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 zebrafish 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 filopodial 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 filopodial 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 significance 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 identifies 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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