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stem-/progenitor cell-based method was published in 2002 (record number 5494) followed by the second 
one in 2004 (record number 4819). Considering the late start in publications with stem-/progenitor cells, 
(see Figure 11b), the total number of 126 individual citations with this cell method in comparison to 119 
with primary cells, which are assessed here since 1994 is impressive.  

Table 32: Total number of ‘True Positives’ and ‘True Negatives’ for DNT compounds across the different cell type 
categories for all endpoints. 

DNT compounds Stem/progenitor cells  Primary Cells Tumor/immortalized Cells 
Human  39 7 19 
Rat 47 95 61 
Mouse 40 17 17 
Sum 126 119 97 
 

The abilities to correctly measure endpoints within endpoint categories (defined in Table 31) are 
summarized in Figure 43. The dark blue color (�) in the pie diagrams reflects the ‘Non-DNT-specific 
Endpoints’, which are not highly relevant as part of an alternative testing strategy because they represent 
very early non-specific key events, which most likely underlie adaptive cellular and organ reactions that 
can subsequently alter the adverse outcome. However, for all mouse cell type categories as well as for the 
few primary human studies, this endpoint category is dominating. 

  
Figure 43: Abilities of cell type categories to assess the 8 endpoint categories (defined in Table 31) correctly. Numbers reflect 
times of citations with one compound and one specific endpoint measure, not number of publications. 
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Fritsche et al. Literature review on in vitro and alternative Developmental Neurotoxicity 
(DNT) testing methods. EFSA supporting publication 2015:EN-778 
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  VITRO	
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Strategy:  
 
1.  Identification of DNT AOPs: 6 (numbers 8, 13, 42, 54, 134, 152;  

https://aopwiki.org/wiki/index.php/Main_Page)  

2.  Compound-based MoA evaluation with regards to signaling pathways and 
neurodevelopmental functions 

3.  Signaling pathways contributing to human brain development by guiding 
neurodevelopmental processes 

➭ Extraction of neurodevelopmental processes necessary for brain 

development: readiness analyses 



EXAMPLES	
  OF	
  SIGNALING	
  PATHWAYS	
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NEURODEVELOPMENTAL	
  PROCESSES	
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NEURODEVELOPMENTAL	
  PROCESSES	
  INVOLVED	
  IN	
  
BRAIN	
  DEVELOPMENT	
  

Availability of HUMAN in vitro method(s) for compound testing on 
neurodevelopmental endpoints: 

✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ (✓) ✗ ✗ ✗ (✓) (✓) ✓ 

Assay2 Assay4 

Assay5 
Assay6 

Assay1 

Assay3 

✓ 



DNT	
  ASSAYS	
  FOR	
  HAZARD	
  IDENTIFICATION	
  ON	
  
NEURODEVELOPMENTAL	
  ENDPOINTS	
  

Proposed In vitro testing battery: 

Assay 1: NPC differentiation 

Assay 2: NPC proliferation & apoptosis 

Assay 3: NCC migration 

Assay 4: Embryonic phase: neuronal differentiation (hESC/hiPSC) 

Assay 5: Fetal phase: radial glia/hNPC migration, neuron/astrocyte/
oligodendrocyte differentiation (hNPC) 

Assay 6: Neuronal maturation (i.e. neurite outgrowth)/synaptogenesis/neuronal 
network formation (hNS/PC-based method, preferably with neurons and 
glia present) 



ITS	
  FOR	
  DNT	
  HAZARD	
  IDENTIFICATION:	
  TIERED	
  TESTING	
  
STRATEGY	
  

Tier	
  0:	
  Pharma-­‐/Toxicokinetic	
  
Modelling	
  

Tier	
  1:	
  Human	
  in	
  vitro	
  Testing	
  Battery	
  

Tier	
  2:	
  Alternative	
  Model	
  Organism	
  
Testing	
  

Tier	
  3:	
  Rodent	
  in	
  vitro	
  Testing	
  

Tier	
  4:	
  Optional	
  rodent	
  in	
  vivo	
  Testing	
  

Kinetic	
  Information	
  on	
  Internal	
  exposure	
  and	
  
metabolites	
  

Most	
  sensitive	
  endpoint	
  (MSE)	
  evaluation	
  

Inter-­‐species	
  comparison	
  

Only	
  in	
  vivo	
  testing	
  when	
  no	
  species-­‐
speciOic	
  MoA	
  



IDENTIFICATION	
  OF	
  MOST	
  SENSITIVE	
  ENDPOINT	
  (MSE)	
  
ACROSS	
  TESTING	
  BATTERY	
  

DNT negatives false-negatives 

Baumann et al. 2015 Arch Toxicol 

DNT positives 
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EXAMPLE:	
  FOOD	
  SUPPLEMENT	
  EGCG	
  AS	
  
AN	
  UNKNOWN	
  COMPOUND	
  

From	
  PharmacokineKcs	
  in	
  Humans	
  and	
  Rats	
  it	
  is	
  es:mated	
  that	
  a	
  3g	
  EGCG/d	
  intake	
  (two	
  tablespoons	
  of	
  commercially	
  
available	
  food	
  supplement)	
  of	
  a	
  pregnant	
  woman	
  might	
  lead	
  to	
  a	
  1	
  to	
  3	
  µM	
  fetal	
  brain	
  concentraKon	
  

EGCG	
  disturbs	
  hNPC	
  migraKon	
   EGCG	
  disturbs	
  laminin-­‐dependent	
  adhesion	
  through	
  integrins	
  

....causing	
  reducKon	
  of	
  radial	
  
glia	
  hNPC	
  in	
  vitro.	
  

....and	
  a	
  reducKon	
  of	
  BrdU+	
  cells	
  in	
  
P28	
  corKcal	
  layers	
  

there	
  is	
  a	
  concern	
  of	
  high	
  dose	
  food	
  supplement	
  intake	
  during	
  
pregnancy.	
  More	
  studies	
  are	
  needed.	
  

EGCG	
  disturbs	
  rNPC	
  migraKon	
  



CASE	
  STUDIY:	
  MEHGCL	
  

•  Methylmercury causes adverse 
neurodevelopmental outcomes in children 

•  It is one of the most data-rich DNT compound 

•  Data for MeHgCl produced with the proposed 
assays of the in vitro testing strategy will be 
displayed 



MEHGCL – HESC DIFFERENTIATION INTO NEP 
(ASSAY1) 

hESC hNEP 

hNEP differentiation, MeHgCl 
treatment for 12 days 

•  Cytotoxicity: NOAEC 25 nM 

•  Functional readout: - 

•  Gene expression changes:  
suppressed NCAM1, 
NEUROD1 and MAP2 
expression.  

•  Cytotoxicity: Benchmark 
concentration (10): 1,5 µM 

•  Functional readout: - 
•  Gene expression changes:  

Stummann et al. 2009 Toxicology 

Krug et al. 2013,  
Shinde et al. 2016 Arch Toxicol 



MEHGCL – NPC PROLIFERATION & 
APOPTOSIS (ASSAY2) 

Baumann et al. 2016, Arch Toxicol  Culbreth et al. 2012 NeuroToxicol 

and reached the threshold of a 100% increase in caspase 3 and p53 at
similar concentrations (Table 6). Staurosporine also increased
apoptosis (Fig. 4C and D), but at a higher concentration than
actinomycin D and was cytotoxic to both cell types (Table 6). At the
apoptotic threshold in the mCNS cells, actinomycin D was not
cytotoxic; however, a concentration-dependent decrease in viability
that reached threshold levels was observed in these cells. To deter-
mine whether increases in apoptosis could be observed in the mCNS
cells in the absence of cytotoxicity, the concentration-dependent

effects of paclitaxel and camptothecin were examined as potential
positive controls. Both compounds increased caspase 3 and p53, with
camptothecin inducing these indicators of apoptosis at a higher
concentration than paclitaxel (Table 7). However, both compounds
also reached a threshold for cytotoxicity at concentrations near
(paclitaxel) or below (camptothecin) the threshold for apoptosis
(Table 7). Actinomycin D (0.01 mM) and paclitaxel (1 mM) were
selected as the in-plate positive-controls for apoptosis in the ReN CX
and mCNS cells, respectively.

Fig. 2. High-content imaging of BrdU, caspase 3, and p53 in untreated and treated ReN CX and mCNS cells. Intact cell nuclei labeled with DAPI were identified in channel 1 for
untreated (A, C) and 0.01 mM actinomycin D treated (B, D) ReN CX and mCNS cells, respectively. A nuclear mask created around intact cell nuclei in channel 1 (blue), was
transposed to subsequent channels (green), so BrdU incorporation (channel 2), activated caspase 3 (channel 3), and activated p53 (channel 4) fluorescence intensity could be
identified in each cell. BrdU incorporates into untreated (E, G) ReN CX and mCNS cells, but minimally incorporates into actinomycin D treated (F, H) ReN CX and mCNS cells.
Minimal caspase 3 and p53 activation is observed in untreated (I, K and M, O) ReN CX and mCNS cells, while threshold level activation is observed in actinomycin D treated (J, L
and N, P) ReN CX and mCNS cells. Note the substantial decrease in cell number in untreated versus actinomycin D treated mCNS cells. Cells that did not have an intact nuclei
were identified in channel 1 (orange), and not transposed to subsequent channels.

Table 5
Threshold concentrations for BrdU incorporation and viability of 5-fluorouracil,
ochratoxin, and cytosine arabinoside treated mCNS cells (n = 3).

Chemical Threshold concentration (mM)a

BrdU Viability

5-Fluorouracil 3 –b

Ochratoxin 10 –
Cytosine Arabinoside 3 10

a The lowest concentration at which there was at least a 50% decrease in BrdU
incorporation or cell viability from DMSO control.

b Did not meet threshold.

Table 6
Threshold concentrations for activation of caspase 3 and p53, and cell viability of
actinomycin D and staurosporine treated ReN CX and mCNS cells (n = 6).

Chemical Threshold concentration (mM)a

ReN CX mCNS

Caspase 3 p53 Viability Caspase 3 p53 Viability

Actinomycin D 0.003 0.001 –b 0.001 0.001 0.03
Staurosporine 0.1 1 0.1 0.3 – 0.1

a The lowest concentration at which there was at least a 100% increase (doubling)
in caspase 3 or p53 activity, or at least a 50% decrease in cell viability from DMSO
control.

b Did not meet threshold.

M.E. Culbreth et al. / NeuroToxicology 33 (2012) 1499–15101504

•  Cytotoxicity >50%: >10 µM 
•  BrdU incorp. <50%: 30 µM 
•  Caspase-3 act. >2-fold: - 

ReN CX cells (Millipore) 

130compensatory effects of FGF [34]. Yet, EGF-R-deficient animals
131die within the first 14 days postnatally.
132It is essential that an endpoint specific control is specifically
133acting on the neurodevelopmental process of interest rather than
134influencing the general viability of the neurospheres. An option for
135assessing viability is to perform an Alamar Blue Assay, which moni-
136tors mitochondrial reductase activity. However, for the endpoint of
137proliferation, the information obtained by this assay does not accu-
138rately reflect cell viability, as sphere diameter and mitochondrial
139activity are directly correlates because of different cell numbers in
140different sized spheres [35]. For this reason, e.g., the lactate dehy-
141drogenase (LDH) assay, which measures cellular membrane integ-
142rity, is the preferred method for monitoring cytotoxic effects of
143compounds in proliferating spheres.
144One benefit of the neurosphere model is the opportunity to
145compare neurodevelopmental processes of different species in par-
146allel in vitro, which facilitates extrapolation between species and
147enables a direct in vivo–in vitro correlation for rodents. For prolif-
148eration, the BrdU and the neurosphere size assay indicated that
149human, mouse, and rat NS/PC proliferate at different rates in
150culture, and thus present different BrdU incorporation levels after
1513 days (Fig. 3a) or different diameter increases after 7 days (Fig. 3b)
152of proliferation.
153How does NS/PC proliferation respond to DNT compounds
154in vitro and in vivo? For the majority of DNTcompounds (reviewed
155in refs. [36], and [37]) there is no mechanistic data available for
156their MoA in humans; therefore, the rodent model is of great value.
157Comparative human–rodent in vitro studies are therefore extremely
158useful in assessing whether the proposed mechanism of action

Fig. 3 Species comparison of the endpoint proliferation. (a) Proliferation was assessed by performing a BrdU
Cell Proliferation ELISA (Roche). Control data (RLU) of 3–5 independent experiments is shown as mean !
SEM. *p-value " 0.05 (students t-test) was considered as significant between the species. (b) Phase-contrast
images of human, mouse, and rat neurospheres taken after 0 days (0 d) or 7 days (7 d) of proliferation, scale
bar ¼ 100 μm (adapted from Baumann et al. 2015 [112])

Neurosphere Assay for DNT Hazard Assessment

BrdU 

•  Cytotoxicity >50%: 1,100 nM 
•  BrdU incorp. <50%: 700 nM 
•  Caspase-3 act. >2-fold: n. d. 

BrdU 
72 hrs 

hNPC (Lonza) 

 
24 hrs 



MIGRATION DURING BRAIN DEVELOPMENT 

NCC/NEP migration 

http://www.glycoforum.gr.jp/science/hyaluronan/HA30/
HA30E.html 

non-epithelial IPCs [20]. Recent investigations provide
partial support for this hypothesis.

Cellular mechanisms
In the developing cerebral cortex of macaque monkeys,
Smart and colleagues first identified the remarkable size
of the SVZ in primates, which specializes into Inner
(ISVZ) and Outer (OSVZ) zones [15]. This expanded
SVZ is present beyond primates in developing gyrence-
phalic cerebral cortices and contains a recently identified
type of RG cell with a long radial process contacting the
basal (pial) but not the apical (ventricular) surface: basal
radial glial cell (bRGC; also known as oRG) [3,21,22]. The
Tangential Divergence hypothesis proposed that the
abundant proliferation of bRGCs in the OSVZ of gyr-
encephalic brains adds a significant number of radial
fibers to the preexisting scaffold in a basally expanding
fan-like manner (Figure 1), thus imposing divergence to
the radial migration of cortical neurons thereby generat-
ing the tangential expansion of the cortical surface and
folding [23]. A prediction of this hypothesis is that the
relative abundance of bRGCs determines the degree of
cortical folding. Accordingly, the number of bRGCs is
residual in lissencephalic cerebral cortices, as in mice and
small primates, while species with highly folded cortices
have very large numbers of bRGCs [3,4!,23–27,28!!,29!!].

In addition to modifying the radial fiber scaffold, a see-
mingly major role for bRGCs is to contribute to cortical

neurogenesis. Live imaging in slice cultures shows that
mouse bRGCs divide only once to generate directly two
neurons, whereas bRGCs in human brain slices either
self-amplify generating two bRGCs or, mostly, generate
self-amplifying intermediate progenitors (Transit Ampli-
fying Progenitors) which eventually generate neurons
[22,24,25,30]. Unfortunately, human tissue is very scarce
and post-mortem clinical material has room for interpret-
ation. To overcome these limitations, Betizeau and col-
leagues have recently performed an unprecedented
extensive time-lapse analysis of progenitor cell dynamics
in brain slices of experimental macaque monkey
embryos, imaging over 1000 cells undergoing nearly
500 divisions [29!!]. This comprehensive analysis demon-
strates that bRG dynamics is much more complex and
plastic than previously characterized. bRGCs in OSVZ
come in four different flavors (depending on the presence
of basal or apical processes, or both), they all have both
self-renewing and neurogenic potential, and exhibit a
remarkable inter-class plasticity (Figure 2). The same
diversity of bRG morphologies had already been
described previously in ferret and sheep, demonstrating
that these specialized variations of bRGCs are common to
gyrencephalic species, and not primate-unique [2,28!!].
Importantly, the abundance of transit-amplifying inter-
mediate progenitors and their contribution to primate
cortical neurogenesis appear to be very minor in com-
parison to bRG, contradicting previous interpretations
and predictions [21,22,31,32]. The largest neuronal

40 Development and regeneration

Figure 1
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Current Opinion in Neurobiology

Divergence of radial fibers and cerebral cortex expansion. (a) Lissencephalic species have few bRGCs (green), and the radial migration of neurons
(blue) mostly follows the parallel trajectories of radial fibers from aRG (red). (b) Gyrencephalic species have many bRGCs, which increases the number
of radial fibers starting at basal positions, hence causing the divergence of the entire scaffold. This creates new routes for the radial migration of
neurons, favoring their lateral dispersion (dashed pink lines) and the expansion of the cortical surface area.

Current Opinion in Neurobiology 2014, 27:39–46 www.sciencedirect.com
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non-epithelial IPCs [20]. Recent investigations provide
partial support for this hypothesis.

Cellular mechanisms
In the developing cerebral cortex of macaque monkeys,
Smart and colleagues first identified the remarkable size
of the SVZ in primates, which specializes into Inner
(ISVZ) and Outer (OSVZ) zones [15]. This expanded
SVZ is present beyond primates in developing gyrence-
phalic cerebral cortices and contains a recently identified
type of RG cell with a long radial process contacting the
basal (pial) but not the apical (ventricular) surface: basal
radial glial cell (bRGC; also known as oRG) [3,21,22]. The
Tangential Divergence hypothesis proposed that the
abundant proliferation of bRGCs in the OSVZ of gyr-
encephalic brains adds a significant number of radial
fibers to the preexisting scaffold in a basally expanding
fan-like manner (Figure 1), thus imposing divergence to
the radial migration of cortical neurons thereby generat-
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folding [23]. A prediction of this hypothesis is that the
relative abundance of bRGCs determines the degree of
cortical folding. Accordingly, the number of bRGCs is
residual in lissencephalic cerebral cortices, as in mice and
small primates, while species with highly folded cortices
have very large numbers of bRGCs [3,4!,23–27,28!!,29!!].

In addition to modifying the radial fiber scaffold, a see-
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neurogenesis. Live imaging in slice cultures shows that
mouse bRGCs divide only once to generate directly two
neurons, whereas bRGCs in human brain slices either
self-amplify generating two bRGCs or, mostly, generate
self-amplifying intermediate progenitors (Transit Ampli-
fying Progenitors) which eventually generate neurons
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and post-mortem clinical material has room for interpret-
ation. To overcome these limitations, Betizeau and col-
leagues have recently performed an unprecedented
extensive time-lapse analysis of progenitor cell dynamics
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embryos, imaging over 1000 cells undergoing nearly
500 divisions [29!!]. This comprehensive analysis demon-
strates that bRG dynamics is much more complex and
plastic than previously characterized. bRGCs in OSVZ
come in four different flavors (depending on the presence
of basal or apical processes, or both), they all have both
self-renewing and neurogenic potential, and exhibit a
remarkable inter-class plasticity (Figure 2). The same
diversity of bRG morphologies had already been
described previously in ferret and sheep, demonstrating
that these specialized variations of bRGCs are common to
gyrencephalic species, and not primate-unique [2,28!!].
Importantly, the abundance of transit-amplifying inter-
mediate progenitors and their contribution to primate
cortical neurogenesis appear to be very minor in com-
parison to bRG, contradicting previous interpretations
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Divergence of radial fibers and cerebral cortex expansion. (a) Lissencephalic species have few bRGCs (green), and the radial migration of neurons
(blue) mostly follows the parallel trajectories of radial fibers from aRG (red). (b) Gyrencephalic species have many bRGCs, which increases the number
of radial fibers starting at basal positions, hence causing the divergence of the entire scaffold. This creates new routes for the radial migration of
neurons, favoring their lateral dispersion (dashed pink lines) and the expansion of the cortical surface area.
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Borrell & Götz 2014 Curr Opin Neurobiol 



MEHGCL – NEURAL CREST CELL MIGRATION 
(MINC) ASSAY (HESC-BASED, ASSAY 3) 

Zimmer et al., 2012 Environ Health Perspect 
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Fig.	22:		‘Migration	inhibition	of	neural	crest	cell’’	(MINC)	assay	combined	with	automatic	analysis.	(A)	
Schematic	illustration	of	the	differentiation	protocol	of	human	embryonic	stem	cells	(hESC)	to	neural	crest	
cell	(NCC).	(B)	Treatment	protocol	of	the	MINC	assay.	(C)	Image	analysis	by	the	KNIME	workflow.	On	day	
0	the	scratch	was	detected	and	the	average	width	of	the	scratch	was	determined	from	three	test	wells.	
After	a	2	day	incubation	period	unbiased	pictures	were	taken.	The	software	automatically	redetected	the	
scratch	in	the	pictures	by	using	the	information	from	day	0	and	determined	the	position	of	the	scratch	and	
thereby	the	region	of	interest	(ROI).	The	cells	in	the	ROI	were	detected	and	counted	automatically	by	the	
software.	Finally,	the	number	of	cells	migrated	into	the	ROI	was	defined	as	the	total	number	of	migrated	
cells.	(D)	Validation	of	the	KNIME	image	analysis	vs.	manual	counting:	the	MINC	assay	was	performed	in	
the	absence	and	presence	of	eight	compounds	at	different	concentrations.	The	number	of	cells	migrating	
into	the	scratch	was	analyzed	either	manually	(as	described	by	Zimmer	et	al.	(2014))	or	by	using	the	
KNIME	analysis	tool,	based	on	the	same	recorded	images	(n	=	85).	From:	Dreser	et	al.	2015	
	
	
1.	Biological	Plausibility	 The	NCC	migration	assay	(MINC)	studies	the	

migration	of	NCC.	This	endpoint	is	very	well	
established	as	essential	for	embryonic	
development.		

	

2.	Extrapolation	to	humans,	or	
broadly	applicable	across	
vertebrates/phyla	

The	assay	uses	human	hESC-derived	cells.	

3.	Availability	of	Resources	 Different	hESC	lines	are	available,	however,	one	
needs	special	permission	to	work	with	them.	
However,	when	cells	are	already	differentiated	
to	NCC	they	can	be	frozen	down	and	one	could	

2.4. Konstanz information miner (KNIME) workflow

The consecutive analysis, i.e. the detection and positioning of
the scratch followed by the counting of the cells inside a scratch
works as follows: in order to detect the scratch after 48 h of
incubation, three wells were scratched and images of the three
wells were taken directly after scratching. Prior observations
allowed us to assume, that the scratch intersects a horizontally
centered line parallel to the y-axis. Starting from a horizontally
centered 1 pixel wide box the algorithm iteratively extends the box
to the left by a certain width S in each iteration. In case the amount
of the cells inside the newly added box of width S exceeds a
threshold predefined T, the growing process stops and starts
growing to the right. In this way, for each untreated image the
scratch is identified and located. The minimum width of a box, i.e.
the minimum width of the detected scratches, is used for the

succeeding analysis, where a box of this width is shifted over the
images from the left to the right. After each shift the number of
cells in the box is determined. The position of the box, where the
minimal number of cells is found is assumed to be the location of
the scratch. This procedure is necessary as the location of the
scratch may vary in its horizontal position. Fig. 1C illustrates this
process (Berthold et al., 2008).

2.5. Quantitative real-time PCR (qPCR)

qPCR samples were obtained after cells were treated for 48 h
with the indicated toxicants at the indicated concentrations. Cells
were lysed in TriFastTM (Peqlab, Germany). Total RNA was isolated
according to the manufacturer’s instruction, and transcribed into
cDNA using the iScript Kit from BioRad (iScriptTM Reverse
Transcription Supermix for RT-qPCR, BioRad). Quantitative

Fig. 1. ‘‘Migration inhibition of neural crest cell’’ (MINC) assay combined with automatic analysis. (A) Schematic illustration of the differentiation protocol of human
embryonic stem cells (hESC) to neural crest cell (NCC). (B) Treatment protocol of the MINC assay. (C) Image analysis by the KNIME workflow. On day 0 the scratch was
detected and the average width of the scratch was determined from three test wells. After a 2 day incubation period unbiased pictures were taken. The software automatically
redetected the scratch in the pictures by using the information from day 0 and determined the position of the scratch and thereby the region of interest (ROI). The cells in the
ROI were detected and counted automatically by the software. Finally, the number of cells migrated into the ROI was defined as the total number of migrated cells.
(D) Validation of the KNIME image analysis vs. manual counting: the MINC assay was performed in the absence and presence of eight compounds at different concentrations.
The number of cells migrating into the scratch was analyzed either manually (as described by Zimmer et al. (2012)) or by using the KNIME analysis tool, based on the same
recorded images (n = 85).

N. Dreser et al. / NeuroToxicology 50 (2015) 56–7058
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•  Cytotoxicity >50%: n.r. 

•  Migration <50%: n.r., 
significant red.: 5 nM 

Migration assay for developmental toxicants

Environmental Health Perspectives  VOLUME 120 | NUMBER 8 | August 2012 1119

assays (Figure 2B). These data indicate that the 
MINC assay has a high sensitivity for broad-
acting developmental toxicants.

To further characterize the response dynam-
ics of the MINC assay, we tested whether differ-
ent mercurials may be ranked according to their 
potency. Thimerosal reduced NC cell migration 
at least as potently and effectively as CH3HgCl 
(lowest effective concentration in the range of 
1–5 nM), whereas inorganic mercury (HgCl2) 
was about 10-fold less potent (Figure 2C,D). 
In all further tests of this study, CH3HgCl 
(50 nM) was measured in parallel with 
unknown compounds as a positive control. The 
acceptance criterion for the use of data from 
all experiments was a > 35% inhibition effect 
by MeHg. The average signal-to-noise ratio for 
this effect was 7.7, and the toxicity of MeHg 
was also observed under altered assay condi-
tions, e.g., in the presence of the migration-
 enhancing medium supplement AlbuMax® [see 
Supplemental Material, Figure S3B (http://
dx.doi.org/10.1289/ehp.1104489)].

In the next step, we investigated chemi-
cals that are known to affect NC cell function 
during development. The triazole fungicides 
triadimefon and triadimenol are developmental 
toxicants that alter NC cell migration in vivo 
and in vitro (Di Renzo et al. 2007; Menegola 
et al. 2000; Papis et al. 2006). Both compounds 
triggered specific adverse effects in the MINC 
assay (in the absence of cytotoxicity) at the rela-
tively low concentrations of > 50 µM (74 ± 6%, 
triadimefon) and > 25 µM (72 ± 9%, triadi-
menol (Figure 2E,F). The antiepileptic drug 
VPA is a human reproductive toxicant, and 
also has adverse effects on the NC of several 
species during early stages of development 
(Pennati et al. 2001). We found here that VPA 
inhibits NC cell migration at concentrations of 
≥ 10 µM (77 ± 2%) (Figure 2G). When tested 
at concentrations of 250 µM, several other sub-
stances such as acetaminophen, aspirin, or man-
nitol did not show any effect at all (Figure 2H). 
Thus, the MINC assay detected known in vivo 
NC toxicants with high sensitivity, whereas 
supposedly innocuous chemicals gave no posi-
tive signal in the assay.

Distinction of hESC-derived NC cells from 
CNS neural precursors. We used broad tran-
scriptome profiling to further investigate the dif-
ference between NC cells and CNS NEP cells. 
We compared the mRNA expression profiles 
of NC cells, NEP cells, and the corresponding 
hESC. The 1,802 transcripts up-regulated in 
NC cells compared to hESC (1,332 transcripts 
up-regulated in NC cells only in addition to 
470 transcripts that up-regulated in both NC 
cells and NEP cells) included classical NC 
markers such as snail homolog 2 (Drosophila) 
(SNAI2; 154-fold), SOX9 (10-fold), and AP2 
(TFAP2A; 8-fold], whereas the transcripts up-
regulated in NEP cells comprised expected 
genes such as PAX6 (117-fold) and forkhead 

box G1 (FOXG1; 16-fold). Only 470 up-regu-
lated transcripts were shared between NC cells 
and NEP cells. Among the 2,560 transcripts 
down-regulated in NC cells (1,907 transcripts 
down-regulated in NC cells only in addition 
to 653 transcripts that were down-regulated in 
both NC cells and NEP cells), characteristic 
pluripotency genes such as SOX2 (165-fold), 

Nanog homeobox (NANOG; 110-fold), and 
Oct3/4 [POU class 5 homeobox 1 (POU5F1); 
27-fold] were identified. These genes, except 
for SOX2, were also identified among the 
down- regulated genes of NEP cells (Figure 3A). 
Principal component analysis of the complete 
transcriptome sets revealed that NC cells and 
NEP cells differed drastically from one another, 

Figure 2. Inhibition of cell migration in NC cells by heavy metals and known NC toxicants shown by the 
effects of different compounds on NC cell migration and viability (resazurin assay). (A) Pb(CH3CO2)4. 
(B) CH3HgCl. (C) Thimerosal. (D) HgCl2. (E) Triadimefon. (F) Triadimenol. (G) VPA. (H) High concentrations 
(250 µM) of acetaminophen, aspirin, or mannitol did not alter NC cell migration. Data are presented as 
mean ± SD of at least three independent experiments normalized to untreated controls. 
* p < 0.05, ** p < 0.01, and # p < 0.001 compared with untreated controls.
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ASSAY (PART OF ASSAY 5) 

modified from: Breier et al. 2009  

	

	 77	

	

• Primary	hNPC	proliferation	assay	

	

Primary	hNPC	(Lonza)	grown	as	neurospheres	in	3D	were	a)	monitored	in	size	over	14	

days	(Baumann	et	al.,	2015,	Baumann,	2014,	Gassmann	et	al.,	2010,	Gassmann	et	al.,	

2012,	Moors	et	al.,	2009,	Schreiber	et	al.,	2010,	Tofighi	et	al.,	2011)	or	b)	underwent	

BrdU	incorporation	after	3	days	(Baumann	et	al.,	2015,	Baumann,	2014)	as	part	of	the	

‘Neurosphere	Assay’.		Evaluation	of	proliferation	was	performed	by	a)	phase-contrast	

image	analysis	or	b)	a	luminescence-based	BrdU	Assay	(Roche)	with	a	luminometer	(Fig.	

20).		

	

	

Fig.	20:	Schematic	set-up	of	the	‘Neurosphere	Assay’	including	NPC	proliferation	
by	size	determination	or	BrdU	incorporation	(modified	from:	Breier	et	al.	2009)	
	

	

	

1.	Biological	Plausibility	 The	hNPC	proliferation	assay	is	based	on	

primary	NPC.	Biological	relevance	of	NPC	

proliferation	is	well	established.	Cell’s	growth	in	

3D	is	advantageous.		

	

2.	Extrapolation	to	humans,	or	

broadly	applicable	across	

vertebrates/phyla	

The	assay	uses	primary	human	cells.	

3.	Availability	of	Resources	 hNPC	are	commercially	available	from	Lonza.	

The	group	has	been	publishing	with	these	cells	

since	2005.	

4.	Reference	Chemicals	 positive	substances:	

					methylmercurychloride	(MeHgCl)	

					sodium	(meta)arsenite	(NaAsO2)	

					methylazoxy	methanol	acetate	(MAM)	

					valproic	acid	sodium	salt	(NaVPA)	

					chlorpyrifos	ethyl	(CPF)	

					parathion	ethyl	(parathion)	
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The ‘Neurosphere Assay‘ (hNPC, Lonza) 



NPC MIGRATION ASSAY – RADIAL GLIA 
MIGRATION  

Schmuck et al. Arch Toxicol in press  
GFAP βIIItubulin Hoechst 

Migration over 24 hours 



MIGRATION ASSAYS (II) – NPC MIGRATION 
ASSAY – RADIAL GLIA MIGRATION  

modified from: Breier et al. 2009  

Nestin GFAP Hoechst 

Migration over 5 days 

Nestin GFAP 

Schmuck et al. Arch Toxicol in press  
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•  Cytotoxicity >50%: >3 µM 

•  Migration <50%: 650 nM, 
significant red.: 30 nM 

Moors et al. 2007, Baumann et al. 2015,  

•  Cytotoxicity >50%: n.r., 
significant red.: 330 nM (40%) 

•  Neuronal migration <50%: - 
 



NEURONAL DIFFERENTIATION 

122 T.C. Stummann et al. / Toxicology 257 (2009) 117–126

ance of cells with neuronal morphology was substantially higher in
the presence of GDNF (100% with vs. 69% without GDNF, Fig. 2B).
NPCB medium supplemented with GDNF was therefore used in all
the following experiments.

The neuroepithelial aggregates were quite variable in size lead-
ing to difficulties in establishment of tests for cytotoxicity towards
maturating neurons. We therefore developed a protocol for dis-
sociation and monolayer plating of the neuroepithelial cells, as
described in Materials and Methods. The NPCB medium sup-
plemented with GDNF supported the monolayer culturing, as
indicated by the facts that the cells survived at least until day
42, that cells with neuronal morphology appeared in all wells,
and that real-time PCR showed !-tubulin III and MAP2 mRNA
to increase with time of differentiation (Fig. 2C and D). MAP2
expression was significantly up-regulated on days 35 and 42 in
both the monolayer and aggregate set-ups as compared to undif-
ferentiated hESCs. The MAP2 expression was only significantly
different between the monolayer and aggregate configuration on
day 42 (threefold higher expression in the monolayer vs. the aggre-
gate set-up, P < 0.001). Expression of !-tubulin III was significantly
up-regulated on days 21, 28, 35 and 42 in the monolayer set-
up and on days 21, 35 and 42 in the aggregate set-up. For all
time points, there was no significant difference between the !-
tubulin III expression in the monolayer and aggregate set-ups.
Strikingly, the expression of mRNAs for !-tubulin III and MAP2
increased continuously in the monolayer set-up, while both mark-
ers reached a plateau from day 21 in the aggregate configuration.
This might indicate the presence of a more continuous neuronal
maturation in the monolayer set-up. Moreover, the standard error
of means for both !-tubulin III and MAP2 mRNA expression was
generally smaller in the monolayer configuration, indicating a bet-
ter reproducibility of these experiments. Hence, cells plated in
a monolayer were applied in all subsequent maturation experi-
ments.

3.3. Neuronal marker mRNA and protein expression profiles
during maturation of hESC derived neuronal precursors

Real-time PCR analysis of marker gene expression kinetics
and immunohistochemistry were performed in order to charac-
terise the maturation of hESC derived neuronal precursors. The
up-regulations of MAP2 and !-tubulin III shown in Fig. 2 were con-
firmed in two additional experiments. The mean results showed
194 ± 29 and 287 ± 55-fold increase of MAP2 on days 35 and 42
(Fig. 3A) and 19 ± 6 and 22 ± 8-fold increase of !-tubulin III on days
35 and 42 (Fig. 3B). Also, NEFL increased upon initiation of matura-
tion of the neuronal precursors, showing significant up-regulation
of 31 ± 10 and 31 ± 9-fold on days 35 and 42 as compared to undif-
ferentiated hESCs (Fig. 3C). NEFM was significantly up-regulated
from day 35 (18 ± 6-fold day 35 and 22 ± 7-fold day 42, Fig. 3D).

Maturation of the neuronal precursors resulted in appearance
of cells with neuron-like morphology and immunohistochemistry
supported the real-time PCR data on !-tubulin III, MAP2 and NEFM
expression by demonstrating the appearance of cells expressing
antigens for antibodies against !-tubulin III, MAP2 and NEFM
(Fig. 4). Counting the !-tubulin III protein expressing cells and the
DAPI stained nuclei, as a measure for the total number of cells,
identified the percentage of !-tubulin III expressing cells to be
approximately 50% (1097 cells were counted in total in random
selected areas throughout the cultures, n = 2).

In addition to exploring the expression of pan-neuronal mark-
ers, we investigated the expression of TH, which is the rate-limiting
enzyme for the synthesis of catecholamines, and ACHE, which is
responsible for degradation of acetylcholine in cells with cholinore-
ceptive sites as well as in cholinergic neurons (Siegel et al., 1998).
The expressions of the rate-limiting enzymes for serotonin synthe-
sis, TPH2 and TPH1, were additionally assessed (Nakamura et al.,
2006; Siegel et al., 1998; Walther et al., 2003). TPH1 was statistically
significantly up-regulated by 53 ± 20-fold on day 42 as compared to

Fig. 4. Immunohistochemical characterisation of neuron-like cells derived from hESCs. The neuronal differentiation resulted in the appearance of cells (day 42) expressing
antigens for antibodies against neuronal cytoskeletal proteins: (A) NEFM (green), (B) !-tubulin III (red) and (C) MAP2 (green). Nuclei staining with DAPI are shown in blue in
panel (A–C). (D) The typical neuron-like morphology of the cells expressing antigens for NEFM, !-tubulin III and MAP2.

hESC-based (Assay 4) 

neurofilament β(III)Tubulin 

MAP2 
Stummann et al. 2009 Toxicology  

hNPC-based (Part of Assay 5) 
After 72 hrs: 
•  Cytotoxicity >50%: 800 nM 
•  Neuronal Differentiation 

<50%: 60 nM  
•  significant red.: 12 nM 

Baumann et al. 2016, Arch Toxicol  

After 12 days: 
•  Cytotoxicity >50%: 39 nM 
•  Neuronal Differentiation (Map2/Ncam/

NeuroD gene expression) at NOAEC: 25 nM 

After 13 days: 
•  Cytotoxicity >50%: 100 nM 
•  Neuronal Differentiation (no Map2+ cells) 

<50%: ≥ 1 nM 

Stummann et al. 2009, Toxicology  

He et al. 2012, Tox Lett 



NEURITE OUTGROWTH ASSAYS 

hESC/hNPC-based methods: 

•  He et al. (2012) uses hESC-derived neural mixed-cultures, HCA (Assay 4) 

•  hN2TM (Aruna, Assay 6): single cell type (neuronal) cultures, HCA 

Computing Environment (v2.8.1) and the IsoGene package (Pramana
et al., 2010).

Results

Time course of neurite outgrowth

Representative images of βIII-tubulin labeled rat and human
neurons are shown in Fig. 2. At 2 h post-plating, a large number of
rat cortical neurons had developed a compliment of neurites greater
than 20 μM in length (Fig. 2A). In contrast, a much smaller percentage
of human neurons had developed neurites at this early time point;
many human neurons did not bear any neurites at 2 h (Fig. 2D). At
24 h, both rat and human neurons had developed a compliment of
neurites which were βIII-tubulin positive (Figs. 2B and E). The com-
plexity of the neurite network increased between 24 and 48 h in
culture (Figs. 2C and F).

In quantitative analyses of primary rat cortical neurons, signifi-
cant increases in neurite outgrowth measurements were observed
between 2 and 24 h (ANOVA: pb0.01, Fig. 3). Both neurite count
and neurite length increased between 2 and 24 h with an additional
increase at 48 h (Figs. 3B and C). There was no significant change
in the number of neurons per field during this time period (Fig. 3A).
The population distribution of neurite bearing cells demonstrated
that the increase in neurite count over time was due to gradual
increase in the percentage of neurite bearing cells and the percentage
of cells with multiple neurites within the morphologically hetero-
geneous neuronal cell population (Fig. 3D).

The time course of neurite outgrowth in rat cortical and human
neural hN2™ cells (Harrill et al., 2010) is summarized in Table 2.
These data demonstrate a critical period for neurite outgrowth occurs
within the first 24 h after seeding in both types of cultures. In the
concentration–response experiments detailed below, both rat and
human neural cultures were treated with chemical at 2 h and mea-
sured at 24 h, within the time period when significant increases in
neurite length and neurite count occur in both models.

Neurite outgrowth assay performance

Lithium chloride (LiCl) significantly decreased the number of
neurons per field, neurite count and neurite length in primary rat

cortical neurons (ANOVA, pb0.01, Fig. 4). Significant decreases in all
three endpoints were observed following exposure to 30 mM LiCl. In
contrast, 10 mM LiCl significantly decreased neurite count and neurite
length with no significant effects on neurons per field. These data

Fig. 2. Neurite outgrowth in rat and human neural cultures. Primary rat cortical (top row) and human neural (bottom row) cultures were grown for either 2 (A, B), 24 (C, D) or 48
(E, F) h in vitro and labeled with βIII-tubulin. Scale bar=30 μm.

Fig. 3. Quantitative measurement of neurite outgrowth in primary cortical cultures.
Primary rat cortical neurons were grown for either 2, 6, 24 or 48 h in vitro, labeled with
βIII-tubulin / DyLight®-488 and analyzed with an optimized version of the Cellomics
Neuronal Profiling BioApplicaiton. Population averages were calculated as listed in
Supplementary Table 1: A) neurons per field, B) neurite length and C) neurite count.
Data were collected across 4 independent cultures for total group sizes of n=18–
24 wells/time point. ***=main effect of time (ANOVA, pb0.05). Data are mean +/−
standard deviation. D) Population analysis of neurite bearing cells. The number of
neurites associated with individual neurons was quantified and data were pooled
across all wells within each time point. Data are presented as a normalized distribu-
tion of cell bearing 0, 1, 2, 3 or N 3 neurites. ~7000–9400 individual cells were analyzed
per time point.

272 J.A. Harrill et al. / Toxicology and Applied Pharmacology 256 (2011) 268–280

β(III)Tubulin/DAPI 

6 X. He et al. / Toxicology Letters 212 (2012) 1– 10

Fig. 3. The effect of MeHg exposure on the mESC- and hESC-derived neuronal cells. (A) Microphotographs of mESC neuronal derivatives on Day 23 (B) and hESC neural
derivatives on Day 50. DMSO, control group; M1,  1 nM MeHg; M10, 10 nM of MeHg; M100, 100 nM of MeHg. Red: MAP2, blue: nucleus stained with Hoechst 33342. (C–F)
Morphological measurement by high throughput automatic imaging analyzer (ICA) (see details in Supplemental Materials, Methods and Figs. S1 and S2). Data from 24-well
culture plates were expressed as mean ± SE (n = 6). (C) Nuclear count per area. (D) MAP2-positive cell number per area. (E) Neurite length per cell. (F) Branching points per
cell.  One-way ANOVA followed by Fisher’s PLSD test as post hoc were used to determine the statistical difference from DMSO control (*p < 0.05; **p < 0.01). (For interpretation
of  the references to color in this figure legend, the reader is referred to the web version of the article.)

the neuronal differentiation of mESCs and hESCs based on EB for-
mation in serum-free suspension cultures (Eiraku et al., 2008;
Watanabe et al., 2005, 2007). According to their reports, telen-
cephalic precursors appeared within 5 days in the case of mESCs,
whereas it took 35 days in the case of hESCs. Consistent with their
reports, our study initially detected the expression of the neuronal
marker genes on Day 4 in mESCs and on Day 17 in hESCs (Fig. 1C and
G). At the end of culture, the mRNA copy numbers of Map2 (mouse)
on Day 23 and MAP2 (human) on Day 50 were approximately equal,
suggesting that the similar amounts of mature neural derivatives
were successfully differentiated from both ESCs (Fig. 1D and H).
In the morphological analysis, neuron proliferation was  observed
until Day 17 for mESC-derivatives, whereas the hESC-derivatives
proliferated colonially in attached cultures on Day 42, and neu-
ron proliferation was observed until Day 50 (Fig. 1B and 1E). These

observations agree with previous studies that have examined the
neuronal differentiation of both mESCs and hESCs (Nat et al., 2007;
Song et al., 2008; Wada et al., 2009). Then, we exposed the cells to
MeHg starting on Day 12 for mESCs and Day 27 for hESC because
these times allowed for equivalent stages of development in both
cell lines.

In utero exposure to MeHg causes severe neurodegenerative
effects in human fetuses, which is known as congenital Minamata
disease in Japan (Harada, 1978). In Iraq, neurodegenerative effects
of MeHg have been attributed to the accidental ingestion of
MeHg-contaminated wheat (Bakir et al., 1973). Whether human
susceptibility to MeHg is greater than that of laboratory ani-
mals is not clear. According to the results of numerous in vitro
studies using neuronal cell-lines of rodents and human, there
is a tendency for human cells to be more susceptible to MeHg

(Harrill et al. 2011 TAAP) 

After 24 hrs: 
•  Cytotoxicity (neurons/field) <75%: 90 nM 
•  Neurite Count <75%: 70 nM 
•  Neurite Length <75%: 200 nM 

(He et al. 2012 Tox Lett) 

After 13 days: 
•  Cytotoxicity (MTT assay) <75%: 100 nM (stat.) 

IC50 ca. 400 nM 
•  Neurite Length <60%: 1 nM (stat.) 
•  Branching points <60%: 100 nM 



NEURITE OUTGROWTH ASSAY (CTD.) 
hESC/hNPC-based methods: 

Composite Fill Neuronal Tracer 

Development of Observer-Independent Methods to Quantify
Neurite Outgrowth and Cell Viability without Need for Cell
Fixation

To establish an algorithm for neurite growth, cells were
differentiated in medium lacking cAMP and GDNF during the
neurite growth phase (Fig. 1A) and stained at different times by
addition of calcein-AM and H-33342 to the medium. The
algorithm for quantification of overall neurite growth is based
on the measurement of the difference in the total area of the
entire neurite network on different time points. This allowed
for the quantification also under conditions of extensive neurite
intersections and network formation and did not necessitate
exclusion of high proportions of cells, as is commonly the case
with single neurite detection algorithms (Fig. 2A). The method
is based on the strategy to measure the entire area (amount of
pixels) occupied by cell bodies ‘‘plus’’ neurites in each field.
Then, cell bodies are identified and subtracted from this area.
The result is regarded as the neurite area. The use of calcein for
neurite labeling not only avoided fixation and staining artifacts
compared with immunocytochemical methods used earlier
(Lotharius et al., 2005), but it also allowed for a direct viability
assay within the same fields used for neurite analysis. The
algorithm that identifies viability on the single-cell level is
based on the assumption that viable cells have a nucleus with
normal chromatin structure and that they accumulate calcein.
By applying object identification based on H-33342 staining
and by combination of the information from two fluorescent
channels for nucleus-calcein colocalization, identified cells
were classified as viable (calcein-positive) or nonviable
(Fig. 2B). This algorithm enables a simultaneous evaluation
of compound effects on neurite outgrowth and on cell viability
under identical experimental conditions.

Basic Assay Characterization

Using the above algorithm and cell differentiation system, the
dynamics of neurite outgrowth were analyzed in LUHMES cells
after predifferentiation and replating. In a typical experiment,
cells had a low neurite area of about 500 pixels/field at 2 h after
plating, which increased to about 3900 pixels/field after 24 h
and to roughly 4800 after 48 h (Fig. 3A). The neurite area further
increased over time, independent of the presence of growth
factors (Fig. 3B). A saturation value was reached after
approximately 4 days, due to neurites growing over cell somata
and over one another. This potential confound has been taken
into account for the selection of the optimal cell number and
timing. We found that the neurite area/field was strongly
dependent on the cell number (Fig. 2C).
For all subsequent assays, 30,000 cells/well were used, and

measurements showed that the number of cells plated initially
remained on the same level throughout this time period
(Fig. 3B). We chose the time period between 2 h and 24 h
after replating for all further analysis to evaluate the neurite
growth during the initial period of vigorous outgrowth. The

FIG. 1. Differentiation of LUHMES cells to mature neurons in-
dependent of cAMP/GDNF addition. Differentiation of cells was initiated on

day 0 (d0) by addition of differentiation medium containing tetracycline,

cAMP, and GDNF. (A) The standard differentiation protocol used in this study

(without cAMP/GDNF from d2 on) is shown. (B) Cells were differentiated in
the presence or absence of cAMP and GDNF from d2 to d6. At the days

indicated, they were fixed in paraformaldehyde and immunostained for the

neuronal form of beta-III tubulin (Tuj1) or the vesicular monoamine

transporter-2 (VMAT), and DNA was stained with H-33342. The width of
the micrographs shown is 100 lm. (C) Cells were differentiated as in B, and

protein lysates were prepared. Syntaxin-1A (syntaxin) amounts were analyzed

by Western blot. GAPDH was detected on the same blot as loading control. A
representative example of two independent experiments is shown.
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•  hNPC-derived young neurons in mixed and mixed-density cultures (Assay 5) 

•  LUHMES cells (Assay 6) for neurite outgrowth assessment (Stiegler et al. 2011, Krug et al. 2013) 

After 5 days: 
•  Cytotoxicity >50%: n.r., significant red.: 

330 nM (40%), neur. diff. <50%: 45 nM 
•  Neurite Length/neuron  <50%: ≈200 nM 
•  Branching points/neuron <50%: ≈200 nM 
•  Neurites/neuron <50%: ≈200 nM 

(Schmuck et al. in press) 

After 24 hrs: 
•  Cytotoxicity (neurons/field) <50%: 110 nM 
•  Neurite Area <50%: 90 nM 

(Stiegler et al. 2011 Tox Sci) 
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(12 nM) 3,000 nM ≥3000 nM 100 nM >50 nM 90 nM 90 nM 800 nM 

800 nM 110 nM n.r. 1100 nM >10,000 nM 

Assay 3 Assay 5 Assay 5 

Assay 6a 

Assay 6b Assay 6b Assay 2a Assay 2b 

Assay 5 

Assay 6a 

Assay 5 Assay 2a Assay 2b 

hNPC 
radial glia 
migration  

24 h 

hNPC 
(neurosphe
re) neuron. 

diff. 
3 d 

LUHMES 
neurite 

area 
24 h 

NCC 
migration  

24 h 

hN2 
neurite 
count 
24 h 

hN2 
neurite 
length 
24 h  

hNPC 
BrdU 
3 d  

ReN CX 
BrdU 
24 h 

stat. stat. stat. stat. IC25 IC25 stat. stat. 



SENSITIVITY	
  OF	
  IN	
  VITRO	
  ASSAYS	
  TOWARDS	
  MEHGCL:	
  
LONG-­‐TERM	
  ASSAYS	
  5	
  TO	
  13	
  DAYS	
  

hESC 
neuron. 

diff. gene 
expression 

12 d 

hNPC 
(Neurosph

eres) 
neuronal 

diff. 
5 d 

hNPC 
(Neurosph

eres) 
neurite 

outgrowth 
5 d 

UKN1 
hESC-NEP 
diff. gene 
expressio

n 
6 d 

100 nM 25 nM 100 nM 1 nM 200 nM 1500 nM 

330 nM 25 nM 100 nM 100 nM 1500 nM 

hESC-der. 
mixed 

cultures 
branching 

points 
13 d  

Assay 5 Assay 4 Assay 5 Assay 5 Assay 6c 

IC25, NOAEC, BMC & statistical significance 

IC50 

44 nM 100 nM <1 nM 

n.r. 100 nM 400 nM 

Assay 4 Assay 5 Assay 4 Assay 6c 

hESC-der. 
mixed 

cultures 
neuron. 

diff 
13 d  

hNPC 
(Neurosph

eres) 
neuronal 

diff. 
5 d 

hNPC 
(Neurosph

eres) 
neurite 

outgrowth 
5 d 

hESC-der. 
mixed 

cultures 
branching 

points 
13 d  

Assay 5 

200 nM 

n.r. 

Assay 1 

- nM 

330 nM 

hNPC 
(Neurosp

heres) 
neuron 

migration 
5 d 

330 nM 

hESC-der. 
mixed 

cultures 
neurite 
length 
13 d  

Assay 6c 

stat. NOAEC 

hESC 
neuron. 

diff. gene 
expression 

12 d 

190 nM 

190 nM 

stat. stat. stat. BMC stat. 



Burbacher TM, Rodier PM, Weiss B (1990) Methylmercury developmental neurotoxicity: a comparison of 
effects in humans and animals. Neurotoxicol Teratol 12(3):191–202 
Castoldi AF, Coccini T, Ceccatelli S, Manzo L (2001) Neurotoxic- ity and molecular effects of methylmercury. 
Brain Res Bull 55(2):197–203 
Lewandowski T, Ponce R, Charleston J, Hong S, Faustman E (2003) Effect of methylmercury on midbrain 
cell proliferation during organogenesis: potential cross-species differences and implica- tions for risk 
assessment. Toxicol Sci 75(1):124–133 

MEHGCL:	
  IN	
  VIVO	
  –	
  IN	
  VITRO	
  EXTRAPOLATION	
  
APPROACH	
  

Maternal hair 
concentration of 
4.5 ppm  

Neuropsychological deficits in 
children (Castoldi et al. 2001) 

(LOAEL)  

approx. 72 nM 

(Burbacher et al. 1990; 
Lewandowski et al. 2003) 

•  Migration 
•  Neuronal Differentiation 
•  Neuronal Maturation (Neurite 

Outgrowth) 



MEHGCL:	
  PUTATIVE	
  AOP	
  ON	
  CHEMICALS	
  BINDING	
  TO	
  
SH-­‐GROUPS	
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 8. Is the AOP specifi c to certain life stages 
(DNT or aging)? 

 Since some functions of the various receptors change accord-
ing to specifi c life stages (e.g. GABAergic signaling in the 
developing brain), this AOP might be more relevant for par-
ticular stages of development. Aging is associated with a lot 
of neurobiological changes, including the expression of gluta-
matergic receptors (Hof et   al. 2002) and, thus, this AOP might 
also be relevant during aging. 

 In astrocytes, GSH production is dependent not only on 
the l- γ -glutamyl-cysteine synthase but also on cellular lev-
els of Glu (Wu et   al. 2001, Mates et   al. 2002). Interestingly, 
astrocytes are critically involved in regulating glutamatergic 
transmission and antioxidant defense (Araque and Perea 2004, 
Takuma et   al. 2004) and play important roles during diff erent 
processes of brain development, including migration and syn-
aptogenesis, which underscores their importance as cellular 
targets in MeHg-induced developmental neurotoxicity. 

 The decreased GSH levels in the CNS have been reported 
to be more pronounced in young rather than adult rodents 
exposed to MeHg (Farina et   al. 2011). Indeed, it is well 
known that the developing brain is even more vulnerable to 

oxidative stress than the mature brain because the former con-
tains limited amounts of protective enzymes and antioxidants 
and is comprised of a higher number of neurons than glia, 
while at the same time it is characterized by increased meta-
bolic demand related to growth.   

 9. How much are initiating and key events conserved 
across species? 

 As described in AOP I,  Binding of antagonist to an NMDAR 
during synaptogenesis contributes to impairment of learn-
ing and memory abilities  and AOP II.  Binding of agonist to 
NMDA receptor causes excitotoxicity that mediates neuronal 
cell death, contributing to reduction (or loss) of cogni-
tive, sensory and motor function,  the cellular and molecular 
targets (e.g. NMDARs) are well conserved across species. The 
same is true for the antioxidant machinery that is aff ected by 
toxin-binding to GSH (Nava et   al. 2009).   

 10. Challenges for further AOP development: strength, 
data gaps and uncertainties to be considered 

 For some aspects of this AOP (e.g. NMDA receptor mediated 
excitotoxicity), there is evidence to support a cause-eff ect 

  Figure 7.     Schematic representation of the putative AOP on  Impairment of learning and memory induced by binding of electrophilic chemicals to the 
SH(thiol)-group of proteins and non-protein molecules in neuronal and glial cells during development.  By binding of a compound to the SH(thiol)-
groups of proteins and non-protein molecules (Molecular Initiation Event) during brain development and the subsequent functional modifi cation of 
their function leads to several distinct cellular key events that depend on the function and location of these proteins in the specifi c brain cell type 
and the brain structure. Mainly proteins and non-protein molecules associated with mitochondria, antioxidant defense, and glutamate storage, release 
and uptake are targeted. This binding leads to the depletion of reduced glutathione, increased of extracellular Glu levels inducing over activation of 
NMDAR, possible neuronal/glial dysfunction of respiratory chain complexes, triggering oxidative and nitrosative stress causing neuronal cell death. 
The induced neurodegeneration contributes to the decreased neuronal network formation and function responsible for the defi cits in developmental 
learning and memory processes (AO). Glutathione (GSH); glutamate (Glu) N-methyl-D-aspartate receptor (NMDAR); neuronal nitric oxide synthase 
(nNOS); nitric oxide (NO); thiol- (SH-). ( * see AOP on  Binding of inhibitors to the mitochondrial respiration chain complex I, II, III or IV or interaction 
of uncouplers with oxidative phosphorylation decreases or blocks ATP production resulting in neurodegeneration ;  *  * see AOP on  Binding of agonist 
to NMDA receptor causes excitotoxicity that mediates neuronal cell death, contributing to reduction (or loss) of cognitive, sensory and motor function ; 
 *  *  * see AOP on Binding of antagonist to an NMDAR during synaptogenesis contributes to impairment of learning and memory abilities).  

Bal-Price et al. 2015 Crit Rev Toxicol; AOP VI 



SUMMARY	
  &	
  CONCLUSION	
  

•  From the current state of science, DNT in vitro testing can be based 
on neurodevelopmentally-relevant processes that can serve as KE in 
an AOP-based framework 

•  ‘Signaling pathway’ to ‘process function’ analyses improve 
confidence in assays, which is necessary for regulatory acceptance 

•  A large variety of neural stem/progenitor cell-based DNT in vitro 
assays is available NOW 

•  Compound testing across a battery of in vitro tests covering timing 
and processes of brain development is the next step forward 



SUMMARY	
  &	
  CONCLUSION	
  



ACKNOWLEDGEMENTS	
  

•  OECD funded Report on ‘Report on Integrated Testing Strategies for the 
identification and evaluation of chemical hazards associated with the 
developmental neurotoxicity (DNT), to facilitate discussions at the Joint EFSA/
OECD Workshop on DNT’, October  18th/19th, Brussels 

•  EFSA funded ‘Literature review on in vitro and alternative Developmental 
Neurotoxicity (DNT) testing methods’ (2015) 

 





CASE	
  STUDIES:	
  MEHGCL	
  SUMMARY	
  OF	
  IN	
  VITRO	
  HAZARD	
  

Endpoint In vitro 
system 

Assay 
number 

Time of 
Exposure 

Measure Effective 
concentration 
Endpoint 

Measure Effective 
concentration 
Viability 

NEP 
differentiation 
(MAP2 gene 
expression) 

hESC 1 12 Days Endpoint 
determination 
 

25 nM NOAEC 25 nM 

NEP 
differentiation 
(global gene 
expression) 

hESC 1 6 days Endpoint 
determination 

1000 nM Benchmark 
concentration 
(10) 

1000 nM 

NPC apoptosis 
(Cspase-3 
activation) 

ReN CX 
cells 
(Millipore) 

2 24 hrs 2-fold 
induction 

- IC50 - 

NPC 
proliferation 
(BrdU incorp.) 

ReN CX 
cells 
(Millipore) 

2 24 hrs IC50 30,000 nM IC50 - 

NPC 
proliferation 
(BrdU incorp.) 

hNPC 
(Neurosph
eres) 

2 72 hrs IC50 700 nM IC50 1,100 nM 

Neural crest cell 
migration (MINC 
Assay) 

hESC-der 
NCC 

3 48 hrs IC50 
Stat. signif. 
 

n.r. 
50 nM 

IC50 
 

n.r., >50 nM 

Radial glia 
migration assay 

hNPC 
(Neurosph
eres) 

4 24 hrs IC50 
Stat. signif. 

650 nM 
30 nM 

IC50 n.r., ≥3000 nM 

Neuron 
migration assay 

hNPC 
(Neurosph
eres) 

4 5 days IC50 
Stat. signif. 
 

- IC50 
Stat. signif. 
 

n.r.,  
330 nM (40% 
reduction)  

Neuronal 
differentiation 
assay (βIIIT+ ) 

hNPC 
(Neurosph
eres) 

4 72 hrs IC50 
Stat. signif. 

60 nM 
37 nM (> 40%) 

IC50 
Stat. signif. 
 

800 nM 
12 & 37 nM  
(< 25%) 

Neuronal 
differentiation 
assay (Map2+) 

hESC (He 
et al. 2012) 

5 13 days IC50 1 nM IC50 100 nM 

Neuronal 
differentiation 
assay (Map2 
gene expr) 

hESC 
(Stumman
n et al. 
2009) 

5 12 days Endpoint 
determination 
at NOAEC 

25 nM IC50 
NOAEC 

39 nM 
25 nM 

Neurite 
outgrowth assay 
Neurite Count 

hN2 (Harrill 
et al. 2011) 

6 24 hrs IC25  70 nM IC25 90 nM 

Neurite 
outgrowth assay 
Neurite Length 

hN2 (Harrill 
et al. 2011) 

6 24 hrs IC25  200 nM IC25 90 nM 

Neurite 
outgrowth assay 
Neurite Length 

hESC-der 
mixed 
cultures 
(Heet al. 
2012) 

6 13 days Stat. sign. 
<60% 

1 nM IC25 100 nM 

Neurite 
outgrowth assay 
Neurite 
Branching 
points 

hESC-der 
mixed 
cultures 
(Heet al. 
2012) 

6 13 days Stat. sign.  100 nM IC25 100 nM 

Neurite 
outgrowth assay 
Neurite Count 

hNPC 
(Neurosph
eres) 

4 5 days IC50 
Stat. signif. 

IC50 
Stat. signif. 

Neurite 
outgrowth assay 
Neurite Length 

hNPC 
(Neurosph
eres) 

4 5 days 
 

IC50 
Stat. signif. 

IC50 
Stat. signif. 

Neurite 
outgrowth assay 
Neurite 
Branching 
points 

hNPC 
(Neurosph
eres) 
 

4 5 days 
 

IC50 
Stat. signif. 

IC50 
Stat. signif. 

Neurite 
outgrowth assay 
Neurite Area 

LUHMES 6 24 hrs IC50 
Stat. signif. 
 

90 nM 
40 nM 

IC50 
Stat. signif. 
 

110 nM 
100 nM 



SENSITIVITY	
  OF	
  IN	
  VITRO	
  ASSAYS	
  TOWARDS	
  MEHGCL:	
  
SHORT-­‐TERM	
  ASSAYS	
  UP	
  TO	
  72	
  HRS	
  

Cell 
Endpoint 

Cultures Exposure 
time 

Measure Effect. 
Conc. 
Endpoint 

Measure Effect. 
Conc. 
Viability 

Literature 

ReN CX cell 
BrdU 

Myc-immort. 
NPC 

24 hrs IC50 
Stat. 

30,000 nM 
3,000 nM 

IC50 
Stat. 

- 
3,000 nM 

Culbreth et al. 2012  
Breier et al. 2008 

Radial glia 
migration 

Primary NPC 
Neurosphere 
Assay 

24 hrs IC50 
Stat. 

650 nM 
30 nM 

IC50 
Stat. signif. 

n.r. 
≥3000 nM 

Baumann et al. 2015 

Neurite Count hN2 24 hrs IC25 70 nM IC25 90 nM Harrill et al. 2011 

Neurite Length hN2 24 hrs IC25 200 nM IC25 90 nM Harrill et al. 2011 

Neurite Area LUHMES 24 hrs IC50 
Stat. signif. 

90 nM 
40 nM 

IC50 
Stat. signif. 

110 nM 
100 nM 

Stiegler et al. 2011  

NCC migration MINC Assay 
hESC-NCC 

48 hrs IC50 
Stat. 

n.r. 
50 nM 

IC50 
Stat. 

n.r. 
>50 nM 

Zimmer et al., 2012  

hNPC BrdU Primary NPC 
Neurosphere 
Assay 

72 hrs IC50 700 nM IC50 1,100 nM Baumann et al. 2015 
 

hNPC neuronal 
diff 

Primary NPC 
Neurosphere 
Assay 

72 hrs IC50 
Stat. signif. 

60 nM 
37 nM (>40% 
reduction) 

IC50 800nM 
12 nM (<25% 
reduction 12 
and 37 nM) 

Baumann et al. 2015 



SENSITIVITY	
  OF	
  IN	
  VITRO	
  ASSAYS	
  TOWARDS	
  MEHGCL	
  

•  Long-term Assays 5 to 13 days 
Cell Endpoint Cultures Exposure 

time 
Measure Effect. 

Conc. 
Endpoint 

Measure Effect. Conc. 
Viability 

Literature 

Neuronal 
differentiation 

hNPC 
(Neurosp
heres) 

5 days 
 

IC50 
Stat. sign.  
 

44 nM 
100 nM 

IC50 
Stat. signif. 
 

n.r. 
330 nM (40% 
reduction) 

Schmuck et al. 2016 
 

Neurite outgrowth 
assay 
Neurite Count 

hNPC 
(Neurosp
heres) 

5 days IC50 
Stat. signif. 

200 nM IC50 
Stat. signif. 

n.r. 
330 nM (40% 
reduction) 

Schmuck et al. 2016 
 

Neurite outgrowth 
assay 
Neurite Length 

hNPC 
(Neurosp
heres) 

5 days IC50 
Stat. signif. 

200 nM 
 

IC50 
Stat. signif. 

n.r. 
330 nM (40% 
reduction) 

Schmuck et al. 2016 

 

Neurite outgrowth 
assay 
Neurite 
Branching points 

hNPC 
(Neurosp
heres) 

5 days IC50 
Stat. signif. 

200 nM 
 

IC50 
Stat. signif. 

n.r. 
330 nM (40% 
reduction) 

Schmuck et al. 2016 

 

Neuron migration 
assay 

hNPC 
(Neurosp
heres) 

5 days IC50 
Stat. signif. 
 

- IC50 
Stat. signif. 

n.r. 
330 nM (40% 
reduction) 

Schmuck et al. 2016 
 

NEP 
differentiation 
(global gene 
expression), 
UKN1 

hESC 6 days Endpoint 
determination 

1500 nM Benchmark 
concentration 
(10) 

1500 nM Shinde et al. 2016  



SENSITIVITY	
  OF	
  IN	
  VITRO	
  ASSAYS	
  TOWARDS	
  MEHGCL	
  

•  Long-term Assays 5 to 13 days (cont.) 

Cell Endpoint Cultures Exposur
e time 

Measure Effect. Conc. 
Endpoint 

Measure Effect. 
Conc. 
Viability 

Literature 

NEP 
differentiation 
(Map2 gene 
expression) 

hESC 12 days Endpoint 
determination 

25 nM NOAEC 25 nM Stummann et al. 
2009  

Neuronal 
differentiation 
assay (Map2 
gene expr) 

hESC  12 days IC50 190 nM IC50 190 nM Stummann et al. 
2009 

Neuronal 
differentiation 
assay (Map2+ 

cells) 

hESC-der. 
mixed 
cultures  

13 days IC50 1 nM IC50 
Stat. sign.  

ca. 400 nM 
100 nM 

He et al. 2012 

 

Neurite 
outgrowth assay 
Neurite Length 

hESC-der. 
mixed 
cultures  

13 days Stat. sign. 
<60% 

1 nM IC50 
Stat. sign.  
 

ca. 400 nM 
100 nM 

He et al. 2012 

Neurite 
outgrowth assay 
Neurite 
Branching points 

hESC-der. 
mixed 
cultures 

13 days Stat. sign.  100 nM IC50 
Stat. sign.  
 

ca. 400 nM 
100 nM 

He et al. 2012 


