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A B S T R A C T

The developing nervous system is particularly vulnerable to chemical insults. Exposure to chemicals can

result in neurobehavioural alterations, and these have been used as sensitive readouts to assess

neurotoxicity in animals and man. Deconstructing neurobehaviour into relevant cellular and molecular

components may allow for detection of specific neurotoxic effects in cell-based systems, which in turn may

allow an easier examination of neurotoxic pathways and modes of actions and eventually inform the

regulatory assessment of chemicals with potential developmental neurotoxicity. Here, current

developments towards these goals are reviewed. Imaging genetics (CB) provides new insights into the

neurobiological correlates of cognitive function that are being used to delineate neurotoxic mechanisms.

The gaps between in vivo neurobehaviour and real-time in vitro measurements of neuronal function are

being bridged by ex vivo measurements of synaptic plasticity (RW). An example of solvent neurotoxicity

demonstrates how an in vivo neurological defect can be linked via the N-methyl-D-aspartate (NMDA)-

glutamate receptor as a common target to in vitro readouts (AB). Axonal and dendritic morphology in vitro

proved to be good correlates of neuronal connectivity and neurobehaviour in animals exposed to

polychlorinated biphenyls and organophosphorus pesticides (PJL). Similarly, chemically induced changes

in neuronal morphology affected the formation of neuronal networks on structured surfaces. Such network

formation may become an important readout for developmental neurotoxicity in vitro (CvT), especially

when combined with human neurons derived from embryonic stem cells (ML). We envision that future in

vitro test systems for developmental neurotoxicity will combine the above approaches with exposure

information, and we suggest a strategy for test system development and cell-based risk assessment.

� 2011 Elsevier Inc. All rights reserved.
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NeuroToxicology
1. Lessons from the past and new challenges for the future of
neurotoxicity testing

Due to metabolic (e.g., high oxygen and energy demands) and
cytoarchitectonic characteristics (e.g., considerable distances
between somata and synaptic compartments), the nervous system
is vulnerable to xenobiotics, such as environmental chemicals and
pharmaceuticals. Accordingly, the CNS is often considered as the
most frequent target organ of systemic toxicity (Klaassen, 2008).
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For more than 40 years (Reiter, 1978) behavioural readouts (e.g.,
motor activity, response acuity and speed) have been used in
experimentally, environmentally or accidentally exposed labora-
tory animals and humans to identify the neurotoxic potency of
particular compounds. Such neurobehavioural readouts are an
integrative approach for investigating the integrity of the nervous
system as a whole that does not require an understanding of the
underlying neurobiological mechanisms. Triggered in part by the
National Research Council (NRC, 2007) report of its vision of
toxicity testing in the 21st century (Tox-21c), researchers from
behavioural toxicology described some toxicity pathways associ-
ated with neurotoxic mechanisms of, e.g., solvents, phthalates and
thyroid signalling disrupters (Bushnell et al., 2010). Some of these
toxicity pathways may involve neurobiological mechanisms
implicated in cognitive function (e.g., Kandel, 2001), suggesting

http://dx.doi.org/10.1016/j.neuro.2011.10.002
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that assays that incorporate endpoints of relevance to these
neurobiological mechanisms may provide mechanistically rele-
vant surrogates of impaired performance of humans and experi-
mental animals in neurobehavioural tests that assess different
functional domains of the CNS (e.g., attention, memory, motor
function). Thus, we propose that this emerging knowledge from
molecular and cellular neuroscience and mechanistic neurotox-
icology can be exploited to design in vitro tests that read out
cellular and molecular endpoints that are predictive of behavioural
signs of neurotoxic exposures in humans. For acute or more
chronic neurotoxic effects the onset of these effects is temporally
associated with the onset of the chemical exposure and usually
follows a dose–response relationship. However, the discipline of
developmental/neurodevelopmental toxicology faces an addition-
al problem. It is difficult to provide evidence for cause–effect
relationships for processes with a long lag time, and to identify
suitable test systems for delayed effects. Research in this particular
area is also motivated by increasing incidence of neurodevelop-
mental disorders such as autism, ADHD and schizophrenia and the
growing awareness that environmental factors influence suscep-
tibility and/or severity of these diseases (Eubig et al., 2010;
Herbert, 2010; Landrigan, 2010; Pessah and Lein, 2008; Winneke,
2011).

Developmental exposure to chemicals and drugs can alter
behavioural function in young and adult animals (e.g., Werboff
and Dembicki, 1962). Therefore, behavioural readouts have been
used and validated since the 1960s as an apical measure of
neurotoxicity. In the 1980s, the U.S. Environmental Protection
Agency (U.S.E.P.A.) developed the first DNT guidelines and
initiated the standardization of this testing strategy by the
Organisation of Economic Co-operation and Development
(OECD). The pertinent OECD test guideline 426 was finally
accepted in 2007 (Makris et al., 2009). A recent review (Makris
et al., 2009) revealed that just over 100 compounds have been
tested in studies using the OECD 426 draft guideline. Most of these
compounds were pesticides (66%) and only 8 industrial chemicals
were included. Another review identified about 174 compounds
for which neurobehavioural risk assessment had been performed,
in many cases also on the offspring of the exposed animals (F1
generation). Only 1% of these compounds were industrial
chemicals (Middaugh et al., 2003). Thus, the available data
regarding the developmental neurotoxicity of industrial chemi-
cals is thus rather limited. For some compounds developmental
neurotoxicity is the most sensitive of all toxicity endpoints
evaluated in a broad safety evaluation battery. Thus, although
developmental neurotoxicity appears to be an important domain
of safety evaluation, test capacity is limited and test costs are
extremely high. This puts pressure on the development of faster
and cheaper in vitro systems that can predict developmental
neurotoxicity, give information comparable to behavioural read-
outs, and facilitate screening or at least prioritization of relevant
drugs and chemicals for further testing.

Endless numbers of in vitro tests would be required to model
each biological process that may be affected by toxicants. However,
many of the underlying mechanisms and signalling pathways are
shared by the various biological processes. This thinking has led to
the development of the Tox-21 strategy, which assumes that there
is a limited number of toxicity pathways and mechanisms (NRC,
2007; Leist et al., 2008b). It suggests the setup of assays that
examine quantitative cause–effect relationships with reference to
relevant and convergent toxicity pathways. Then, prediction
models (e.g., as probed in the ToxCast program) would integrate
this information to arrive at a hazard assessment. Here, an initial
basis is provided for ideas and approaches to utilize new
knowledge and ideas for the design of such future test systems
for DNT and probably neurotoxicity in the developed brain.
This review is arranged in three sections starting with the new
and promising approach of genetic imaging that allows for a better
understanding of neurobiological processes underlying specific
behaviours in humans. The second section is composed of four
chapters describing in vivo and in vitro approaches addressing
specific toxicology pathways and functional endpoints (e.g.,
dendritic and axonal morphology, network formation) of existing
cell systems. The last section will focus on the development of
suitable in vitro test systems for developmental neurotoxicity
based on pluripotent stem cells and neuronal precursors cells
(NPCs).

2. Imaging genetics – SNPs and their relation to inter-
individual differences in performing cognitive/
neurobehavioural tests

The field of ‘imaging genetics’ has attracted much interest in
recent years. In behavioural sciences, researchers are faced with
large inter-individual differences between people and there is
growing interest in elucidating the neurobiological foundations
that may contribute to such difference on a ‘behavioural
phenotype’ level. In this regard a ‘candidate gene’ approach is
widely used. This approach usually begins with selecting a
biological aspect of a particular condition and then identifies
variants in genes and meaningful DNA sequences within a
candidate gene that are thought to impact the candidate biological
process (Hariri and Weinberger, 2003). For the variant to be
significant, it should have an impact at the molecular and cellular
level in gene or protein function (i.e., be a functional variation) and
the distribution of such effects at the level of brain systems
involved in specific forms of information processing should be
predictable (Hariri and Weinberger, 2003). Also, candidate genes
with identified single nucleotide polymorphisms (SNPs) or other
allele variants in coding or promoter regions with likely functional
implications (e.g., non-conservative amino acid substitution or
missense mutation in a promoter consensus sequence) involving
circumscribed neuroanatomical systems would be attractive
substrates (Hariri and Weinberger, 2003). When using this
approach the main research question is how cognitive functions
or performance in a given neuropsychological test vary for
individuals that are characterized by different polymorphisms
(Scerif and Karmiloff-Smith, 2005). In this way the ‘candidate gene
approach’ serves as a bridge between different levels of
investigation and hence integrates the behavioural level with
the neurobiological level. Using such an approach one may assess
the relevance of circumscribed neurobiological processes for a
specific behaviour in vivo. This knowledge on key regulators of
human behaviour may then be translated to refine in vitro models
and to arrive at more sophisticated endpoints. The below example
of BDNF polymorphism illustrate this approach:

Brain-derived neurotrophic factor (BDNF) is an important
neuromodulator influencing cognitive processes. The functional
BDNF Val66Met polymorphism has attracted much interest in
recent years. This polymorphism alters the secretion of the mature
peptide (Egan et al., 2003) and is relevant for cognitive functions
(Bath et al., 2006). Compared to the met allele, the Val allele is
associated with higher activity of the BDNF system (e.g.,
Rybakowski, 2008), leading to increased neural activity (Kafitz
et al., 1999). Besides modulating processes in hippocampal brain
structures that are important for learning and memory, BDNF plays
also an important role in functional basal ganglia-prefrontal
circuits (Han et al., 2010) that are relevant for other cognitive
functions. Basal ganglia-prefrontal loops play an important role in
processes related to the selection, control and inhibition of actions.
Within these loops, BDNF modulates cortico-striatal synapses (Han
et al., 2010; Foltynie et al., 2009). Moreover, BDNF has been shown
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to be an important regulator of gene expression in medium spiny
neurons in the striatum (Saylor et al., 2006; Saylor and McGinty,
2008) and to modulate dopaminergic neural transmission (Do
et al., 2007; Porritt et al., 2005; Narita et al., 2003; Guillin et al.,
2001). BDNF can upregulate dopamine D1 receptors (Do et al.,
2007), and dopamine D1-receptor signalling at a striatal level is
partly mediated via TrkB-receptors (Iwakura et al., 2008), i.e., the
receptor type that mediates neural excitation by binding BDNF
(Kafitz et al., 1999). Obviously, BDNF plays a pivotal role in
modulating striatal neurobiological processes and BDNF should
impact action selection processes, as well.

Beste et al. (2010a) showed that processes related to the
adaptation of actions after the commitment of response errors are
affected by the BDNF Val66Met polymorphism. They showed that
Met allele carriers revealed dysfunctional behavioural adaptation
after the commitment of a response error, compared to a Val/Val
genotype group. Examining neurophysiological processes under-
lying the behavioural effects, they showed that it is the degree of
neural synchronization processes, which differs between geno-
types and drives efficacy of post-error behavioural adaptation.
After correct responses, neurophysiological processes were not
modulated by the polymorphism, underlining that BDNF becomes
especially necessary in situations requiring behavioural adapta-
tion. BDNF may exert these error-specific effects either by
augmenting phasic dopaminergic signalling or the efficacy of
cortico-striatal synapses (Beste et al., 2010a). This result is well in
line with numerous studies accounting for compromised cognitive
processes in Met allele carriers. However, this raises a simple, but
far reaching question: Why is an allele evolutionarily preserved
that confers a disadvantage, or risk to its carriers? To be
evolutionary sustained it is necessary that met alleles of the
BDNF Val66Met polymorphism confer at least some advantage to
its carriers (Tettamanti et al., 2010). In this regard, another
cognitive function related to action selection processes (i.e.,
response inhibition functions) seems to reveal an opposite pattern
of association. Beste et al. (2010b) showed that response inhibition
processes are rendered more efficient in Met allele carriers. Also
other studies accounted for benefits of the Met allele in some
cognitive domains (Gasic et al., 2009). With respect to differences
in post-error adaptation versus response inhibition processes, it is
interesting that Parkinson’s disease patients reveal a similar
pattern of results (Beste et al., 2009, 2010c,d). The basal ganglia are
fine-tuned by parallel inhibitory and excitatory loops, i.e., the
direct and the indirect loops (DeLong and Wichmann, 2007). These
loops reveal different characteristics (e.g., Gale et al., 2008):
Decreases in nigro-striatal activity render the direct pathway less
active while the indirect pathway becomes more active (Gale et al.,
2008). It is possible that Met alleles may displace the balance
between the direct and indirect pathway leaving a predominant
indirect pathway (Beste et al., 2010b). This displacement may lead
to the observed effects in post-error adaptation opposed to
response inhibition processes. Such opposing directions of
association have recently also been reported for gene coding for
pro-inflammatory cytokines (Beste et al., 2010b,d, 2011b), as well
as for the serotonin 1 A receptor (Beste et al., 2011a) and the NMDA
receptor system (Beste et al., 2008).

These examples illustrate that the choice of cognitive-
neurophysiological outcome measure or ‘read-out’ is critical,
and needs careful translation into potential in vitro models. The
effects of a specific neurobiological parameter on cognitive
processes very much depend upon characteristics of the neuronal
networks mediating a specific cognitive function. Depending on
network characteristics, one neurobiological parameter (e.g.,
BDNF) can have opposing effects on cognitive functions. Generally,
‘imaging genetics’ may provide a useful tool to develop in vivo

readouts that relate to cognitive-neurophysiological parameters in
humans. However, even though this field offers a promising
technique to gain insight into the neurobiological foundation of
cognitive brain functions, when using these results for cellular of
molecular endpoint selection for in vitro assays, the interpretation
of the data is not always univocal. As Kovas and Plomin (2006)
pointed out there are three possible mechanisms of effects of a
single gene on the brain and associated cognitive processes. Due to
the first mechanism a gene influences one area of the brain, which
influences different, interrelated cognitive processes mediated by
this brain area (Kovas and Plomin, 2006). Alternatively, a gene may
influence several areas of the brain, with each area mediating a
specific cognitive process, or a gene influences several brain areas
that are all relevant for a specific cognitive function.

In conclusion, the various applications of imaging genetics
might provide important insights into the neurobiological
correlates of specific aspects of cognitive functioning (e.g., action
selection). In vitro tests targeting any alternation of these
correlates (e.g., deviant BNDF levels in glutamatergic cells) may
be able to detect neurotoxic mechanisms that are also of relevance
for neurobehavioural effect observed for a particular compound.

3. Bridging the gap between in vitro and in vivo neurotoxicity:
do we need sophisticated models or functional endpoints?

Current (developmental) neurotoxicity testing largely relies on
(behavioural) animal testing. This is due to the sensitivity of the
model and test system, but also to the absence of validated and
reliable in vitro alternatives that are complex enough to model the
in vivo situation. Unfortunately, (behavioural) animal testing is still
a ‘black box’ that provides limited mechanistic insights, whereas in

vitro systems generally allow for a much larger ‘experimental
freedom’ as well as mechanistic insight. In an attempt to bridge the
gap between in vitro and in vivo neurotoxicity, the neurotoxic
effects of the brominated flame retardant 2,20,4,40-tetrabromodi-
phenyl ether (BDE-47) have been investigated using a simple in

vitro model (PC12 cells) as well as in ex vivo brain slices.
BDE-47 is globally dispersed throughout the environment due

to its lipophilic, persistent and bioaccumulative properties and a
large range of human tissue and serum levels have been reported
(for a review see Dingemans et al., 2011). Early behavioural studies
have demonstrated long-lasting adverse effects on learning and
memory in mice following a single neonatal exposure to BDE-47
(Eriksson et al., 2001). To provide a functional basis for these
behavioural effects, long-term potentiation (LTP) of field-excitato-
ry postsynaptic potentials (fEPSPs) was measured ex vivo in
hippocampal slices from BDE-47-exposed mice. LTP, which is
induced by tetanic stimulation, strong depolarization and a large
increase in intracellular Ca2+ level (for review see Lynch, 2004), has
been used as an electrophysiological substrate for learning and
memory for many years. In hippocampal slices from control mice,
tetanic stimulation evoked a large and sustained (>30 min)
increase of the f-EPSPs, indicative for LTP. However, in accordance
with the observed behavioural effects, LTP was reduced by >50% in
slices from BDE-47-exposed mice (Dingemans et al., 2007).
Subsequent Western blot analysis of protein expression levels in
the postsynaptic density (PSD) of the hippocampus revealed that
the expression levels of the NMDA receptor subunit NR2B, the
AMPA receptor subunit GluR1 and the autophosphorylated-active
form of aCaMK-II were significantly reduced (Dingemans et al.,
2007). As CamK-II autophosphorylation is essential for hippocam-
pal NMDA-dependent LTP (Giese et al., 1998), this specific effect
may underlie the reduction in synaptic plasticity resulting in
behavioural impairments.

While it appears that ex vivo measurements of LTP and levels of
postsynaptic proteins can serve as a first step, it will be difficult to
bridge the gap with in vitro. In vitro measurements of the
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intracellular Ca2+ concentration ([Ca2+]i) can potentially aid in
achieving this goal as [Ca2+]i plays an essential role in a large
number of cellular processes, including neurotransmission (for
reviews see Garcia et al., 2006; Westerink, 2006) and gene
expression (for review see Carrasco and Hidalgo, 2006). Therefore,
acute effects of BDE-47 exposure on in vitro calcium homeostasis
were studied in PC12 cells using single cell fluorescent microscopy.
These in vitro data demonstrated only a modest increase in [Ca2+]i

at 20 mM BDE-47 (Dingemans et al., 2007), whereas the doses of
BDE-47 resulting in impaired learning and memory and LTP were
estimated to result in peak brain concentrations of approximately
1 mM (Staskal et al., 2006). A major difference with the in vivo

situation is the absence of metabolism in in vitro experiments. The
effects of 6-OH-BDE-47, a hydroxylated metabolite of BDE-47,
were therefore compared with the effects of BDE-47 on Ca2+

homeostasis. The data demonstrated that cells exposed to 2 mM
BDE-47 did not show any increase in [Ca2+]i (Fig. 1A1), whereas
cells exposed to 2 mM 6-OH-BDE-47 showed a clear increase in
[Ca2+]i that consisted of an initial transient increase followed by an
additional mores sustained increase (Fig. 1A2). These findings thus
clearly demonstrate that hydroxylation, i.e., metabolism, increases
the neurotoxic potential of BDE-47 (Dingemans et al., 2008).

A major advantage of this in vitro approach is that it allows for
investigation of the mechanisms underlying the biphasic increase
in [Ca2+]i. Further experimentation under Ca2+-free conditions
revealed that the increase in [Ca2+]i originates from intracellular
stores. Additional Ca2+ imaging experiments demonstrated that 6-
OH-BDE-47 was no longer able to evoke the initial transient
increase in [Ca2+]i when the endoplasmic reticulum (ER) was
depleted from Ca2+, though the late increase was still present
(Fig. 1B1). When both ER and mitochondrial intracellular Ca2+

stores were depleted under Ca2+-free conditions, both the initial
transient and the late increase in [Ca2+]i were completely absent
(Fig. 1B2). These combined data thus indicate that the initial
transient increase in [Ca2+]i is mainly due to intracellular Ca2+

release from the ER, whereas the late increase is mainly due to Ca2+

release from mitochondria (Dingemans et al., 2008).
As various hydroxylated metabolites of BDE-47 have been

found to bioaccumulate in humans (for review see Dingemans
et al., 2011), the acute effects of 6-OH-BDE 47, 6-OH-BDE-49, 5 OH-
BDE-47, 3-OH-BDE-47, and 4-OH-BDE-49 on [Ca2+]i were investi-
gated in PC12 cells. All investigated hydroxylated metabolites
induced Ca2+ release from intracellular stores (mainly ER or both
ER and mitochondria), although with different lowest observed
effect concentrations (LOECs), ranging from 1 to 20 mM (Dinge-
mans et al., 2010). Importantly, when the OH group was shielded
on both sides by either the other phenyl ring and/or Br atoms (as in
6-OH-BDE-49 and 3-OH-BDE-47), the OH-PBDE increased [Ca2+]i

less efficiently than when the OH group was shielded on only one
Fig. 1. Effects of BDE-47 and 6-OH-BDE-47 on calcium homeostasis. Example recording o

(2 mM, A1) or its metabolite 6-OH-BDE-47 (2 mM, A2) as indicated by the bar on top o

whereas BDE-47 was without effect. The biphasic increase in [Ca2+]i originated from ER an

following depletion of ER with TG and the late increase was absent when both ER and m
side (as in 6-OH-BDE-47, 5-OH-BDE-47, and 4-OH-BDE-49). The
toxicity of OH-PBDEs is thus attenuated by shielding of the OH
group on both sides (Dingemans et al., 2010). These results thereby
further demonstrate that oxidative metabolism should be included
in human risk assessment of environmental pollutants.

When metabolites must also be taken into account for (in vitro)
neurotoxicity, the number of compounds to be investigated
increases dramatically. While single cell fluorescent microscopy
is perfectly suited to measure real-time dynamic changes [Ca2+]i

with high sensitivity, it is also labor intensive and time consuming.
As a result, the demand for high-throughput screening (HTS) is
increasing. Though HTS has proven powerful for static endpoints
such as cell viability, the highly dynamic nature of Ca2+ regulation
makes HTS for real-time kinetic measurements of [Ca2+]i

challenging. Nonetheless, many laboratories now use plate
reader-based HTS for measurements of [Ca2+]i, though these
results have been questioned as data obtained with plate readers
often differ between studies and in many cases do not match
electrophysiological recordings and fluorescent microscopy data
(Westerink and Hondebrink, 2010). To evaluate the suitability of
HTS for real-time kinetic measurements of [Ca2+]i, data obtained
with single cell fluorescence microscopy and plate readers have
been compared. These data demonstrate that the use of plate
reader systems for high-throughput real-time measurements of
[Ca2+]i is associated with many limitations and pitfalls, including
limited sensitivity, limited possibility for exchange of saline
solutions, lack of single cell resolution as well as erroneous
sustained increases in fluorescence that are independent of
changes in [Ca2+]i. Part of these limitations could be related to
dye-leakage. However, when cells were pre-incubated with
probenecid, which is widely used to prevent leakage, cells were
no longer able to increase [Ca2+]i upon depolarization. Probenecid
thus acts as an inhibitor of depolarization-evoked Ca2+-influx,
limiting its use in HTS measurements of [Ca2+]i. Until solved, these
limitations hamper HTS as well as mechanistic measurements of
[Ca2+]i (Heusinkveld and Westerink, 2011).

In summary, ex vivo measurements of synaptic function are a
good intermediate between in vivo and in vitro. An important
advantage of in vitro experiments, even when using simple cell
lines, includes the possibility to investigate the cellular and
molecular mechanisms underlying the adverse neurotoxic effects.
However, when performing in vitro experiments, oxidative
metabolism should be considered. Consequently, the number of
compounds to be investigated will increase, but great care should
be taken when measuring functional neuronal readouts using HTS.
Further developments in the field of HTS will definitely aid in
bridging the gap between in vitro and in vivo experimentation, even
in the absence of sophisticated in vitro models. Additionally, new in

vitro models that better match the needs for human risk
f [Ca2+]i, expressed as normalized F340/F380, in PC12 cells after exposure to BDE-47

f the recordings. Exposure to 6-OH-BDE-47 induced a biphasic increase in [Ca2+]i,

d mitochondrial intracellular Ca2+ stores as the initial transient increase was absent

itochondria were depleted using TG + FCCP (modified after Dingemans et al., 2008).
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assessment, e.g., human-derived cells, developing cells (neuro-
spheres) and (human) co-cultures with more complex intercellular
interactions, may be a prerequisite for acceptation of in vitro data
for the purpose of human risk assessment. As soon as these
demands are met these new models for functional (high
throughput) in vitro testing, combined with ex vivo validation,
will prove a powerful tool for human neurotoxicological risk
assessment.

4. Linkage of solvent neurotoxicity between in vitro and in vivo
systems via the NMDA-glutamate receptor

The existing literature for solvent neurotoxicity is rich with
regards to the observed neurological effects. Briefly, some of the
neurological effects observed include cognitive disorders, auditory
impairment, motor impairment, general CNS depressive effects,
visual dysfunction, and decreased nerve conduction velocity. It
was originally hypothesized that these neurological changes were
due to perturbations of the lipid bilayer in the cellular membrane,
as proposed by Meyer and Overton in their ‘‘lipid theory’’ published
1899, by a lipophilic molecule (including lipophilic solvents). More
recent evidence has supported that solvents interact with
lipophilic areas on protein receptors (for reviews see Balster,
1998; Bowen et al., 2006).

It was generally reported that solvents inhibit excitatory ion
channel receptors such as the NMDA-glutamate receptor (Cruz
et al., 1998, 2000), the nicotinic acetylcholine receptor (Bale et al.,
2002, 2005a), and potentiate inhibitory ion channel receptors
including the gamma aminobutyric acid-A (GABAA) (Beckstead
et al., 2000), glycine (Beckstead et al., 2000, 2001), and serotonin
(Lopreato et al., 2003). Although selected molecular targets for
solvents were identified, it is unclear which targets contribute to
the overall neurological change(s) observed after solvent exposure.
Ultimately, it is important to ascertain if the molecular targets that
are sensitive to solvents, in vitro, are relevant in vivo.

One approach used was to select an in vivo neurological
endpoint that was sensitive to solvents and was also known to
involve an in vitro molecular target/pathway for the solvent.
Toluene was selected as the test solvent since the acute effects
have been highly characterized (in comparison to other solvents)
in humans and animals as well as having been extensively
characterized in molecular in vitro studies and several targets have
been identified. The NMDA-glutamate receptor was selected as the
molecular target and steady state visual evoked potentials (VEPs)
in Long–Evans rats were selected as the neurological test system
since toluene is known to decrease VEP amplitude (Boyes et al.,
2007a). The strategy that was used to evaluate the effects of
toluene on the NMDA-glutamate receptor, in vivo, was to treat
animals with an NMDA-glutamate receptor agonist (NMDA) or an
antagonist (MK801), prior to toluene exposure and to measure
steady state VEPs during a time course. Since toluene is known to
decrease NMDA-glutamate receptor function in vitro, it was
hypothesized that the agonist, NMDA, would block F2 amplitude
decreases mediated by toluene. Similarly, a co-treatment of MK801
and toluene would exacerbate F2 amplitude decreases since both
agents inhibit NMDA-glutamate receptor function.

Prior to conducting the toluene and NMDA-glutamate receptor
challenge studies, it was important to characterize optimal
exposures and dosages for toluene, NMDA, and MK801 for the
rats for steady state VEP measurements. For toluene exposures,
rats were exposed in a head-only exposure chamber (see Boyes
et al., 2005 for details) to toluene concentrations ranging from
1000 to 4000 ppm between 1 and 2 h (Boyes et al., 2007a). Rats
were presented with a sinusoidal ON–OFF pattern at a frequency of
4.55 Hz. The raw sinusoidal VEP was analyzed using a Fourier
transform to record the amplitude at the frequency of pattern
presentation (4.55 Hz; F1) and at double the frequency of pattern
presentation (9 Hz; F2). Toluene was demonstrated to decrease F2
amplitude over the span of one hour without having an effect on F1
(Boyes et al., 2007a). A 1000 ppm concentration of toluene for one
hour was selected as the optimal exposure because all of the
exposures (1000–4000 ppm) resulted in a similar decrease in F2
amplitude over the time period. Additionally, animals were less
lethargic at this concentration than at higher exposures.

Pharmacological characterization of rat pattern VEPs was
undertaken (for details see Bale et al., 2005b) to determine
optimal doses of NMDA and MK801 for the challenge studies.
2.5 mg/kg NMDA was selected since increases in F2 amplitude
were observed and was opposite to toluene. 0.1 mg/kg MK801 was
selected since no changes in body temperature were noted.

In the first set of challenge studies (presented fully in Bale et al.,
2007), 2.5 mg/kg NMDA or 0.1 mg/kg MK801 was administered to
the rats 10 minutes prior to exposure to 1000 ppm toluene. VEPs
were measured prior to any treatment (baseline measurement)
and approximately every 10 min during the drug treatments for up
to one hour. It was found that NMDA did not have any observable
effect on the toluene-mediated F2 amplitude decreases. However,
pretreatment with 0.1 mg/kg MK801 prior to 1000 ppm toluene
exposure blocked toluene-mediated F2 amplitude decreases. In
order to further elucidate the interaction between MK801 and
toluene, the order of the challenge was switched. Animals were
now exposed to 1000 ppm toluene for 20 min prior to MK801
administration. Toluene-mediated F2 amplitude decreases per-
sisted and strongly suggest that the mechanism is not due to non-
competitive inhibition. However, the study did demonstrate that
there was an interaction between toluene and the NMDA-
glutamate receptor, although apparently more complicated than
originally thought.

One potential hypothetical mechanism is that toluene may
preferentially act upstream of the NMDA-glutamate receptor by
increasing the rate of glutamate release. Two separate studies have
reported that acute toluene exposure results in increased
glutamate release (Perrine et al., 2011; Win-Shwe et al., 2007).
Westerink and Vijverberg (2002) demonstrated that toluene (30–
1000 mM) increased catecholamine release in PC12 cells and
required the presence of calcium. This mechanism could be
extended to increased glutamate release since increases in calcium
influx by toluene could result in increased neurotransmitter
release. It was observed that 10 mg/kg NMDA also decreased F2
amplitude similar to toluene exposure. Potentially, an increased
glutamate release, due to an increase in basal calcium influx,
presynaptically by toluene along with the exogenous addition of
2.5 mg/kg NMDA may mechanistically act similar to higher levels
of NMDA and may have been the reason for the observed
significant decrease in F2 amplitude. Similarly, when MK801
was pre-applied, the hypothesized glutamate release from toluene
exposure would have occurred after MK801 occupied its binding
site on the NMDA-glutamate receptor and would have prevented
the released glutamate from activating the receptor. In the reverse
treatment, it could be that the either toluene’s effect on F2
amplitude was too far along to be blocked my MK801 (i.e., MK801
should have been administered sooner) or a higher dose of MK801
was needed. It is highly unlikely that toluene is acting directly at
the NMDA-glutamate receptor for this neurological effect (VEP)
since toluene and MK801 both inhibit NMDA-glutamate receptor
function. It should be noted that there are other molecular targets
such as the neuronal nicotinic acetylcholine receptor that are
involved producing the VEP (Bale et al., 2005b) and are more
sensitive to inhibition to toluene (Bale et al., 2002, 2005a).

This evaluation demonstrated that there is an interaction
between toluene and the NMDA-glutamate receptor, in vivo.
However, a direct interaction with the NMDA-glutamate receptor



C. van Thriel et al. / NeuroToxicology 33 (2012) 911–924916
and toluene may not be the primary mechanism for VEP changes.
One lesson to be learned from this evaluation is that correlating
one mechanistic component (in vitro) to a whole integrated system
is challenging and requires extensive investigation.

5. Neuronal connectivity determines behavioural function

The functional properties of the vertebrate nervous system are
determined by the connections formed between neurons during
development and by the structural remodelling of these connec-
tions in response to experience. A critical determinant of neuronal
connectivity is the cytoarchitecture of neurons, and in particular
the shape of a neuron’s axonal plexus and dendritic arbor. Axonal
and dendritic morphology determines the pattern of synaptic
connections (Fig. 2), which regulates the distribution of informa-
tion within the nervous system. The shape of these processes also
affects signal processing within the neuron (Lasek, 1988).
Experience (e.g., activity) influences axonal and dendritic mor-
phology, and that structural remodelling of these components is
necessary for adaptive brain functions such as learning and
memory (Butz et al., 2009; Holtmaat and Svoboda, 2009).

Experimental evidence indicates that even subtle perturbations
of temporal or spatial aspects of axonal or dendritic growth can
cause neurobehavioural deficits (Rice and Barone, 2000), and
altered morphogenesis and/or structural plasticity of axons and
dendrites is thought to contribute to clinical symptoms observed in
both neurodevelopmental disorders (Zoghbi, 2003) and neurode-
generative diseases (Butz et al., 2009; Holtmaat and Svoboda,
2009). Collectively, these observations identify axonal and
dendritic morphology as mechanistically relevant cellular corre-
lates of neurobehaviour. This suggests the feasibility and scientific
validity of using well-defined in vitro models of axonal and
dendritic morphology (Lein et al., 2005) as mechanistically
relevant platforms for not only screening chemicals to identify
those with the potential to cause neurobehavioural deficits, but
also for mechanistic studies of toxicant-induced neurobehavioural
deficits. In the following sections, examples from work in our
laboratory are presented in support of this suggestion.

5.1. Dendritic morphology as an in vitro correlate of PCB-induced

neurobehavioural deficits

Population-based studies have consistently demonstrated that
PCBs negatively impact neuropsychological function in exposed
Fig. 2. Schematic of a vertebrate neuron illustrating the major structural components
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circuit). Our data indicate that PCBs selectively interfere with dendritic growth and plasti
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children (Carpenter, 2006; Korrick and Sagiv, 2008; Schantz et al.,
2003). However, the cell and molecular mechanism(s) by which
PCBs derail cognitive and psychomotor development remain
speculative. We have been testing the hypothesis that PCBs elicit
neurobehavioural deficits by interfering with dendritic growth and
plasticity. As an initial test of this hypothesis, we examined
dendritic morphology in the brains of weanling rats exposed to
Aroclor 1254 (A1254) in the maternal diet throughout gestation
and lactation (Yang et al., 2009). A subset of weanling rats from
each treatment group was trained in the Morris water maze
beginning on P24 to assess the effects of developmental PCB
exposure on not only spatial learning and memory but also
experience-dependent dendritic plasticity. Morphometric analy-
ses of Purkinje cells indicated that in P31 littermates not trained in
the Morris water maze, A1254 at 1 but not 6 mg/kg/d in the
maternal diet significantly increased dendritic growth relative to
vehicle controls (Yang et al., 2009). Morris water maze training
increased dendritic complexity in control animals, and this effect
was significantly attenuated in the 6 mg/kg treatment group and
reversed in the 1 mg/kg treatment group. Inverted dose-related
effects on dendritic growth in untrained animals and dendritic
plasticity in trained animals were also observed in pyramidal
neurons of neocortical layer IV in Golgi stained sections from the
same animals (Yang et al., 2009). A similar inverted dose-related
response similar was observed for subtle but statistically signifi-
cant delays in learning and memory (Yang et al., 2009), suggesting
a causal link between these responses.

Consistent with the observations of dendritic growth in non-
maze-trained pups, exposure of primary cultures of rat neocortical
neurons to nanomolar concentrations of PCB 95 significantly
enhanced dendritic growth (Yang et al., 2009). Interestingly,
micromolar concentrations of PCB 95 had no net effect on dendritic
growth compared to controls, recapitulating the inverted dose-
related effects of developmental A1254 exposure on dendritic
growth in vivo. PCB 95 has been shown to increase intracellular
Ca2+ concentrations in neurons via sensitization of the ryanodine
receptor (RyR), a calcium induced calcium ion channel localized to
the endoplasmic reticulum; whereas PCB 66 has negligible RyR
activity (Pessah et al., 2006). Interestingly, PCB 66 had no effect on
dendritic growth in these cultures, suggesting that PCBs interfere
with dendritic growth and plasticity via effects on the RyR. In
support of this hypothesis, the dendrite promoting activity of PCB
95 in cultured neocortical neurons was blocked by pharmacologi-
cal antagonism of RyR activity (Yang et al., 2009). These data
 that determine neuronal connectivity. Dendrites, which are the tapered, highly
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provide the first evidence linking a direct molecular effect of PCBs
(RyR activation) to disruption of a specific neurodevelopmental
event (dendritic morphogenesis).

5.2. Axonal morphology as an in vitro correlate of CPF-induced

neurobehavioural deficits

Organophosphorus pesticides (OPs) are well documented albeit
not well-understood developmental neurotoxicants. Data from
animal models indicate that exposure to OPs during critical stages of
brain development can cause persistent behavioural problems and
cognitive deficits (Costa, 2006; Eaton et al., 2008), and an increasing
number of human studies report an association between chronic
exposure to low-level OPs and behavioural and cognitive problems
in children (Bouchard et al., 2011; Engel et al., 2007, 2011; Eskenazi
et al., 2007; Kofman et al., 2006; Lizardi et al., 2008; Rauh et al., 2011;
Rohlman et al., 2005). It is widely posited that the developmental
neurotoxicity of CPF reflects altered patterns of neuronal connec-
tivity (Costa, 2006; Eaton et al., 2008). In support of this hypothesis,
we observed that exposure to chlorpyrifos (CPF) or its oxon
metabolite (CPFO) significantly decreased axonal growth in primary
cultures of sympathetic neurons derived from neonatal rat superior
cervical ganglia (SCG) (Howard et al., 2005) or sensory neurons
derived from embryonic rat dorsal root ganglia (DRG) (Yang et al.,
2008). These inhibitory effects are observed at concentrations that
have no effect on cell viability, protein synthesis or the enzymatic
activity of AChE. Comparative analyses of the effects of CPF and CPFO
on axonal growth in DRG neurons cultured from AChE nullizygous
(AChE�/�) versus wildtype (AChE+/+) mice indicated that while these
OPs inhibited axonal growth in AChE+/+ DRG neurons, they had no
effect on axonal growth in AChE�/�DRG neurons (Yang et al., 2008).
However, transfection of AChE�/�DRG neurons with cDNA encoding
full-length AChE restored the wildtype response to the axon
inhibitory effects of OPs. These data indicate that inhibition of
axonal growth by OPs requires AChE, but the mechanism involves
inhibition of the morphogenic rather than enzymatic activity of
AChE.

In subsequent studies, we used a zebrafish model to determine
whether OPs alter spatiotemporal patterns of axonal growth in vivo

(Yang et al., 2011) and whether such effects are coincident with
neurobehavioural deficits. Static waterborne exposure to CPFO
from 24 to 72 h post fertilization (hpf) significantly decreased
axonal growth in sensory neurons and primary motoneurons at
1.0 mM and in secondary motoneurons at >0.1 mM. CPFO inhibited
axonal growth in the absence of mortality, gross developmental
defects or reduced numbers of secondary motoneurons, and the
effects on axonal growth were reversible upon termination of CPFO
exposure. These neuronal cell types detect touch stimuli and
mediate an escape response in developing zebrafish (Clarke et al.,
1984), and the touch-induced swimming response was signifi-
cantly attenuated in zebrafish exposed to CPFO from 24 to 72 hpf at
concentrations >0.1 mM (Yang et al., 2011). Thus, both in vitro and
in vivo data identify interference with axonal growth as a
mechanism contributing to altered patterns of neuronal connec-
tivity and support the functional relevance of axon inhibition to
CPF-induced neurobehavioural deficits.

6. The NFA a new in vitro tool for the assessment of
neurotoxicity

As outlined in the previous section the integrity of the nervous
system, and thus unimpaired behaviour, is achieved by inter-
connected neurons and changes in the morphology of these
communicating axons and dendrites is crucial. Thus, examining
the formation and degeneration of neuronal networks in vitro

could allow for screening for developmental and acute/chronic
neurotoxicity. During the last decades of the bygone millennium
several epidemiological studies revealed a dramatic impairment of
nervous system functioning in children after pre- and postnatal
exposures to environmental chemicals like lead, methylmercury or
PCBs (Bellinger and Stiles, 1993; Grandjean et al., 1995; Walkowiak
et al., 2001). Due to these convincing evidence and the reasonable
suspicion for similar effects of compounds like the anticonvulsants
phenytoin (Adams et al., 1990) or valporic acid (Ogawa et al.,
2007), manganese (Brenneman et al., 1999) or toluene (Lin et al.,
2009) neurodevelopment disorders have been considered as one of
the major health risks of the 21st century (Grandjean and
Landrigan, 2006). To cover the important endpoint of develop-
mental neurotoxicity (DNT) in toxicological risk assessment a test
battery (e.g., assessment of sensory and motor function, learning
and memory in the offspring of exposed animals) has been
developed and meanwhile guidelines for animal testing (OECD TG
426) are available. Due to this obvious sensitivity and the known
vulnerability of the developing brain towards neurotoxins (Grand-
jean and Landrigan, 2006), DNT has been mentioned when in vitro

tests methods are discussed that provide an understanding of the
molecular/cellular mechanisms involved in neurotoxicity (Bal-
Price et al., 2010a). One of the most promising readouts that have
been proposed to measure neurotoxicity/developmental neuro-
toxicity is the inhibition of neurite outgrowth (Nordin-Andersson
et al., 1998; Radio et al., 2008; Radio and Mundy, 2008), a hallmark
of neuronal differentiation. Recently, it has been shown that
neurite outgrowth was significantly inhibited by methylmercury
at 0.001 mM, a concentration far below the cytotoxic concentration
(1 mM) of this neurotoxin in PC12 cells that have been used in this
assay (Radio et al., 2010). Such higher susceptibility for inhibited
neurite growth compared to cytotoxicity have also been system-
atically documented for a larger panel of compounds in human
neurons (Stiegler et al., 2011). In order to quantify neurite
outgrowth, several measures (read-outs), such as number of
neurites per cell, cells with neurites, total or average neurite
length, etc., are used. These methods are labor-intensive since most
of the parameters require the manual quantification of outgrowth
length, e.g., in comparison to the diameter of the cell body, in order
to identify small excrescences of cells as neurites. To overcome
these obstacles our group recently proposed a new method, the
network formation assay (NFA), which combines microtechnology
(i.e., microcontact printing) and cell biology (Frimat et al., 2010). By
chemical treatment of the surface of the cell-substrate a spatially
standardized pattern for cell adhesion was created. On this
hexagonal array of adhesion nodes (diameter 70 mm) with a
distance of 100 mm to all neighboring nodes the human SH-SY5Y
neuroblastoma cell-line (DSMZ, Germany) occupied approximate-
ly 80% of the adhesion nodes (on average 7 cells per node) within
24 h after seeding. Over a period of 72 h a network of neurites
between neighboring cells was formed, the number of these
connections was counted manually, and the number of connec-
tions per node (cpn) was used to quantity the ‘‘network formation’’
of the assay. Using the known human neurotoxin acrylamide
(Calleman et al., 1994) that also inhibits neurite outgrowth in vitro

(Nordin-Andersson et al., 2003) we demonstrated the feasibility of
this new assay to pick up the neurotoxic effect of acrylamide. By
calculating the relative potency, a statistical measure for the
comparison of different dose–response curves (e.g., Villeneuve
et al., 2000), we showed that the NFA detects the organ-specific
toxicity (i.e., neurotoxicity) of acrylamide at concentrations 7.55-
times lower than the unspecific, cytotoxic effect, as measured by
the CellTiter-Blue1 cell viability assay (Promega) in the SH-SY5Y
cells. This result illustrates that the NFA might be a useful approach
that could be integrated into broader battery of screening tests
(Smith, 2009) assessing developmental neurotoxicity of drugs and
chemicals.
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However, the NFA has some neurobiological advantages that
have not been exploited yet. The endpoint of this new assay is
network formation among neurons that have been placed on
spatially predefined adhesion nodes. The development of net-
works in the brain is essential during brain development but
existing networks are also modified activity-dependently (Nelson
et al., 1990) and neuronal plasticity is one of the basic
characteristics of the brain (Kempermann et al., 2000). By means
of synaptic plasticity the organism can adapt to new situations
and challenges in its environment, and thus, network dynamics
serve as neurobiological principle of learning and memory
(Kandel, 2001). The assessment of so-called functional domains,
like cognitive functions related to learning and memory, has been
proposed to increase the comparability of neurobehavioural
toxicology in humans and animals (Boyes et al., 2007b) and to
exploit the complementary advantages of the respective
approaches for toxicological risk assessment. Since several
molecular key players in neuronal plasticity have already been
identified, in vitro assays in neurotoxicology might also benefit
from research in molecular neuroscience (see Section 2). The
neurotrophin BDNF is known to modulate differentiation and
survival of neurons of the CNS. Furthermore, it is one of the
molecular key players underlying learning and memory in the
adult brain (Cunha et al., 2010). From experiments investigating
hippocampal long-term potentiation (LTP), typically induced by
high-frequency stimulation (HFS) of excitatory input in gluta-
matergic neurons (see also Section 3), it is known that BDNF is
involved in LTP and subsequent Arc-dependent (Arc: activity-
regulated cytoskeleton-associated protein) consolidation pro-
cesses (Bramham and Messaoudi, 2005). Partly based on such
neurobiological processes neuronal networks might be optimized
via BDNF signalling and thus, we stimulated the NFA by pre-
incubation with BDNF. In a range finding experiment we showed
that incubation of SH-SY5Y cells (pre-differentiated with 10 mM
retinoic acid (RA) for 4 days) with 100 ng/mL BDNF for 72 h
increased the connection per nodes of the NFA from approxi-
mately 0.5 to 1.5 cpn, while treatment with RA or lower BDNF
concentrations had no sustained effect on the network complexi-
ty. In a recent experiment we tried to use the NFA as an in vitro

assay to investigate (a) the degenerative effect of acrylamide on
Fig. 3. Degeneration of existing networks among SH-SY5Y cells during three days of acr

neuroblastoma cells attached to the spatially standardized adhesions nodes of the NFA-ch

B) of acrylamide. Co-treatment of the assay with BDNF (100 ng/ml) (i) increased the netw

0.5 mM acrylamide (panel C) but not the strong effect of 1 mM acrylamide after 72 h (
existing networks and (b) the effect of co-incubation with BDNF
on network degeneration (Hardelauf et al., 2011). Compared to
the control condition both acrylamide concentrations (0.5 and
1 mM) significantly degenerated the existing network after 72 h
and for the 1 mM condition the degeneration was almost
significant after 48 h (see confidence interval in Fig. 3). The
additional co-treatment with BDNF counteracts the degenerative
effect of both acrylamide concentrations for up to 48 h and the
1 mM concentrations significantly degenerated the network after
72 h.

The underlying biological mechanisms of this antagonizing
effect are not totally understood yet, but it seems reasonable that
down-stream signalling of BNDF via TrkB receptors promoting
network formation, is not or less affected by acrylamide.
Mechanistically, disruption of neurotransmission at presynaptic
sites (LoPachin et al., 2004) and elevated [Ca2+]i (Nordin-Andersson
et al., 2003) are more likely to underlie the neurotoxic effect of
acrylamide. However, these results showed that the NFA is also
suitable to investigate the degenerative effect of toxicants on more
mature networks and thus, expanding its usability from DNT to
neurotoxicity in general. Moreover, the system appears to be
suitable for pharmacological interventions that are necessary to
confirm ‘toxicity pathways’. The growing knowledge from
molecular neuroscience about neurobiological factors affecting
and/or supporting cognitive functions like learning and memory
has already been used for the design of in vitro assays (Chen et al.,
2011). This paper showed that BDNF-induced arc expression in SH-
SY5Y cells was reduced after aluminium exposure a neurotoxic
metal affecting neurobehavioural test results in humans (Meyer-
Baron et al., 2007). However, the concentration of arc was
measured in cell lysate and protein localization within the
network/neurons was not possible. The spatially standardized
cell patterning of the NFA will facilitated such protein localization
studies and further experiments with the NFA will address this
issue. We are currently preparing a new NFA chip generation that
can be used with different cell lines (e.g., LUHMES cells, Stiegler
et al., 2011), NPCs from murine ESCs, and primary mouse neurons.
Thereby, the relevance of possible toxicity pathways can be
compared across species, a highly relevant source of uncertainty in
human risk assessment.
ylamide incubation. The existing network of neurites connecting clusters of human

ips degenerated dose-dependently when exposed to 0.5 (panel A) and 1 mM (panel

ork formation for 48 h (panels C and D) and (ii) counteracts the degenerative effect of

see panels B and D).
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7. Use of in vitro models for developmental neurotoxicity
assessment

7.1. What is required for cellular in vitro models?

The nervous system consists of many different cell popula-
tions that may be affected by DNT. Moreover, toxic effects can
have behavioural and functional consequences (e.g., on regula-
tion of mood, intelligence, attention, sensory function, motor
activity) without obvious morphological correlates. This needs to
be taken into account when test systems are being developed. For
instance, the difference in the ratio between different neuronal
populations needs to be detectable in the absence of an overall
loss of cells.

As different brain regions develop during different time
windows, they display different sensitivities to neurotoxicants
at different times. For instance, the DNT compound methylazox-
ymethanol (MAM) has different effects on the brain when given on
different days of embryonic development (Penschuck et al., 2006
and references therein). Thus DNT test systems must also provide
the option to apply potential toxicants in different phases of
development.

Neurodevelopment is a highly complex biological process that
involves proliferation, migration, cell death, differentiation,
synaptogenesis, neurite and network formation, as well as
gliogenesis and myelination. All these processes need not only
to be functional, but also require correct timing and complicated
balances within a microenvironment often referred to as a ‘‘niche’’.
Therefore, one single type of endpoint and one single cell type are
unlikely to be sufficient for a comprehensive testing of DNT.

Potential experimental endpoints of a test battery comprise
electrophysiology, neurotransmitter release, immunostaining and
other methods of protein quantification including proteomics
techniques, methods of RNA quantification (including transcrip-
tomics), cellular metabolism assays (including metabolomics) and
evaluations of cellular morphology and movement. More special-
ised approaches would address specific pathologies, such as
ongoing inflammation and glial activation (Falsig et al., 2004; Lund
et al., 2006) or specific forms of cell death (Blomgren et al., 2007)
and the elimination of dying cells (Hirt and Leist, 2003) Practical
limitations are often due to the heterogeneity of the cultures,
which precludes certain methods of quantification. This heteroge-
neity may be desired, e.g., for generation of ‘‘organ simulating
tissues’’. In most cases it is accidental or stochastic, as currently
used protocols lead to the generation of different cell populations
that are not homogeneously distributed but may rather grow in
patches or islands within a dish. Moreover, some cells grow
preferentially on top of or under other cells. In this situation it is
particularly important to select endpoints that guarantee robust-
ness (reproducible results, also when experimental conditions vary
slightly).

For test system development some issues require particular
attention:

1. Developmental neurotoxicity may arise directly from ‘‘toxicity
for cells present during development’’. This may be tested in
‘‘static’’ test systems that do not change composition over time
(e.g., self-renewing neural stem cell cultures). However, DNT
may also arise from the ‘‘inhibition of a developmental function’’
in the absence of cytotoxicity to a cell. This requires dynamic
test systems showing such changes over time. The endpoints for
these two approaches are very different.

2. In vitro models are often designed to reflect a specific mode of
action (MoA) in vivo, (e.g., inhibition of neurite growth or of
migration). They have therefore a limited applicability domain.
For instance, a model optimised to detect compounds disturbing
differentiation may not identify compounds inhibiting myelina-
tion. Although this appears trivial, it has a major implication for
test design and interpretation, as well as dynamic range with
respect to modes of action of chemicals. However, also
apparently different biological processes such as neurite growth
and migration share some basic mechanisms such as rho kinase
activation. Thus, for some toxicants effects on one of these
processes (migration) may be predictive of effects on the other
process (neurite outgrowth). The design of tests based on such
convergent mechanisms of action would allow for smaller
panels of assays to screen for a broad range of chemicals.

3. Models can only answer certain predefined questions. Unfortu-
nately, they will always yield data, even if the wrong question is
asked. This puts high responsibility on the researcher as even
technically sound and statistically controlled data can be
toxicologically/biologically meaningless when the question
was not appropriate.

4. The quality of the model and of the input determines the quality
of the output (Crofton et al., 2011; Leist et al., 2010). As in the
previous point, data are also obtained from poorly controlled
systems, but in this case their toxicological significance cannot
be judged although they may look statistically significant. This
point and point #3, distinguish in vitro models fundamentally
from animal models. Uncontrolled and inappropriately applied
animal tests will, in many cases, still yield data on the effects of a
compound on the animal – i.e., the model itself remains. Under
in vitro conditions, changes of parameters, such as the initial cell
number, result in a different model that requires completely
new characterization. Thus, data obtained under such situations
cannot be compared to other/older data, as they were derived
from a different model.

5. A multi-stage developmental process will therefore require
several in vitro models for DNT testing. It may appear attractive
on first sight, to establish a complex model incorporating many
successive steps and to expose this model to the test chemical
over the entire time period. However, changes in one step by a
test compound will in many cases change the initial conditions
for the next step, and therefore change the model. One approach
to overcome this limitation, is the testing of compounds in
different shorter and defined experimental windows of the same
more complex model (e.g., days 0–7, 7–14 and 14–21 of a 21-day
model)

At the present stage, many different options are available. To
find the best approaches, more exploratory testing and standardi-
zation of protocols, are necessary. Before a final decision on the
best system for regulatory purposes can be reached, a large variety
of different approaches should be promoted and explored for a
sufficiently long time before a rational selection process can be
initiated with the goal of identifying a smaller set of assays that
may be used eventually for risk assessment.

7.2. Assays for disturbed development of pluripotent stem cells to

neural precursors

This type of test addresses the very first step of differentiation
during the generation of nervous tissue precursor cells. It
corresponds approximately to the period of germ layer formation
and initial development in the early embryo. This phase is
experimentally difficult to address in vivo, and therefore only few
data are available from animals (Stodgell et al., 2006). The timing
would correspond to about weeks 3 and 4 (past fertilization) in
human development. This corresponds to the window of
sensitivity for thalidomide (Kim and Scialli, 2011), but other
toxicological information on this time period is still sparse. In vitro

models use pluripotent stem cells like embryonic stem cells (ESC)
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or induced pluripotent stem cells (iPSC). These cells are then
triggered to differentiate towards neuroectoderm and the neural
lineage. A number of questions arise when one considers using
such cells as potential test systems for DNT (Leist et al., 2008a).
These involve species of the stem cells, the source of the cells, their
genotype, their exact developmental status at the beginning and
end of the experiment, the desired throughput and, last but not
least, the endpoints chosen as readout of the model system.

Several labs have used murine ESCs as an experimental DNT
system. The generation of neural precursors occurs within 5–7
days with high efficiency and it can be monitored by FACS,
immunostaining, or by using mRNA markers. This phase may be
particularly sensitive to toxicants that inhibit proliferation, but for
instance also methylmercury has affected this differentiation step
(Zimmer et al., 2011b; Stummann et al., 2007; Klemm and
Schrattenholz, 2004; Coecke et al., 2007; Groebe et al., 2010). A
special case of this approach is the investigation of toxicity directly
to the ESC (Uibel et al., 2010). More recently, human ESCs have also
been used (Stummann et al., 2009; Schrattenholz and Klemm,
2007). The initial phase of differentiation is characterized by
particularly strong epigenetic changes (Zimmer et al., 2011a), and
it may be susceptible to long-term toxic effects that are manifest
only later in life due to epigenetic memory. The unravelling of the
underlying mechanisms is a focus of current research, and requires
controlled models of synchronous differentiation, that allow the
application of quantitative biochemical endpoints.

7.3. Functional integrity of neural precursors

Neural precursors may be isolated from rodents as neuro-
spheres. They differ according to the brain region from which they
are derived from and whether they are derived from fetal, neonatal
or adult brain. This indicates large functional heterogeneity of
neural stem cells (Robel et al., 2011; Kriegstein and Alvarez-Buylla,
2009; Ma et al., 2010; Suh et al., 2009), and the terms ‘‘neural stem
cell’’ or ‘‘neural precursor (NPC)’’ need to be used with care. Rodent
NPC have been used for toxicity testing, and comparisons between
human and murine NPC have revealed interesting differences
(Gassmann et al., 2010). Human NPC can be obtained from fetuses
at different stages, and they also show large heterogeneity
depending on the age/source of the donor. Such cells from
commercial sources have been used successfully for DNT testing
(Schreiber et al., 2010). One of the major functions of NPC is the
migration to the appropriate position in the brain, and it is possible
to screen for disturbances by toxicants of this function can be
screened for (Breier et al., 2010). Another emerging research model
comprises neural crest stem cells, which are the NPC for the
peripheral nervous system. The migration distance requirements
for these cells are particularly high, and the cells can differentiate
both towards the neural lineage, but also to other lineages. Thus,
testing of function and differentiation of this specific subpopula-
tion of NPC is an important emerging theme in DNT testing.

In addition to primary cells and ESC-derived cells, several NPC
cell lines and immortalized cells have been used successfully for
DNT testing, but a rigorous comparison of cell lines and primary
cells has not been performed (Buzanska et al., 2009; Tamm et al.,
2008; Breier et al., 2008)

7.4. Development of neural precursors to neurons

Neuronal development is associated with dramatic functional
and morphological changes that may be used as assay readouts. For
instance the growth of neurites has often been evaluated as target
for toxic effects of chemicals (Radio et al., 2008; Yang et al., 2008;
Stiegler et al., 2011; Frimat et al., 2010). A major issue of neurite
toxicity assays is the distinction between specific chemical effects
on the neurite and more general toxicity affecting the overall
viability of the cell (Volbracht et al., 1999; Berliocchi et al., 2005;
Lotharius et al., 2005). Moreover, relatively little is known on the
difference of mechanisms responsible for the direct inhibition of
neurite growth (or for excessive growth acceleration) in compari-
son to those responsible for the toxicity of compounds for
developed neurites. An emerging field is also the differential
toxicity of compounds for dendrites vs axons (Kim et al., 2009; Lein
et al., 2007). Different human based model systems have been
described (Harrill et al., 2011b; Stiegler et al., 2011) and may be
used for such purposes.

A second feature of developing neurons is the dramatic change
of the transcriptional profile. This has been used as endpoint for
examining toxicant action (Bal-Price et al., 2010b; Zimmer et al.,
2011a,b; Buzanska et al., 2009; Stummann et al., 2007, 2009;
Kuegler et al., 2010). The problem of how to translate this endpoint
into behaviourally relevant in vivo effects is still unsolved, but
functional neurochemical follow-up assays may build a bridge
here (Zimmer et al., 2011b). Issues that need to be addressed are
criteria for the validation of such assays and endpoints, and the
definition of specificity (Leist et al., 2010). The sensitivity of the
method is potentially very high, but it requires good control of data
normalization, especially when mRNA pools from different cell
populations (differentiated vs non-differentiated) are compared.

7.5. Assays for the maturation and functional integrity of neurons

Disturbances of the functional maturation of neurons might
link directly to behavioural deficits. Different processes have been
examined as an endpoint for DNT. These include myelination,
synapse formation and electrical activity (Hogberg et al., 2011;
Johnstone et al., 2010; Harrill et al., 2011a). Some of these assays
require specialised technical platforms, such as high-content
imagers and microelectrode arrays. This field is developing
dynamically, and is moving towards higher throughput and to
the use of human cells for such evaluations. At present most
studies are still at the proof of concept stage, although some new
information on potential inhibitors of toxic processes has been
found (Zimmer et al., 2011b; Zurich and Monnet-Tschudi, 2009).

8. Notes on the use of cell-based in vitro models for risk
evaluation

As discussed in this review, it is obvious that nervous system
functioning heavily relies on fine-tuned networks of specialised
cell populations that need to interact with high precision. Even
mild deviations from normal conditions might be associated with
measurable differences in behaviour (e.g., neurobehavioural task
performance). Some of these deviations arise from exposures to
xenobiotics in adulthood, but exposure during brain development
might affect nervous system functioning even more severely since
these networks are not fully developed. However, there is also the
counter argument that the developing brain is more plastic than
the adult brain and the capability to recover from toxic insult
might be higher. These opposed arguments indicate that more
research on this issue is needed and recent developments in
neurosciences (e.g., neuroimaging and electrophysiology, geno-
mics and proteomics) enable neurotoxicologists to exploit
emerging evidence identifying cellular and molecular correlates
of behaviour in humans and animals.

There is compelling evidence from both experimental animal
and clinical studies that axonal and dendritic morphology critically
influence neurobehavioural endpoints. For instance, the studies of
PCB and CPF developmental neurotoxicity link changes in axonal
and dendritic morphology in vivo to neurobehavioural deficits and
demonstrate comparable in vivo and in vitro effects of these



Fig. 4. In vitro risk assessment. Future regulatory decisions based on in vitro

methods will require the integration of literature knowledge, e.g., on QSAR or

genetic variability, and of in vitro hazard assessment to arrive at a point-of-

departure (POD) for risk evaluation. In contrast to current methods, this POD will

only be useful after development and application of reliable in vitro–in vivo

extrapolation procedures that take pharmacokinetic parameters into account. The

figure depicts a potential strategy. QSAR: quantitative structure–activity

relationship.
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neurotoxicants on structural components of neuronal connectivi-
ty. Of importance is that these structurally and mechanistically
diverse chemicals exert qualitatively different effects on neuronal
morphology with PCBs enhancing basal dendritic growth and
attenuating activity-dependent dendritic plasticity and CPF
inhibiting axonal growth and possibly also synapse formation
and/or stability (see Fig. 2). Moreover, these effects on neuronal
cytoarchitecture have been causally linked to specific molecular
mechanisms. These observations indicate that the effects of the
toxicants on axonal and dendritic morphology are specific and not
an indirect effect of generalized systemic or cellular toxicity, a
conclusion supported by data indicating that PCBs and CPF affect
dendritic and axonal growth, respectively, at levels that do not
cause signs of systemic toxicity in vivo or decreased neuronal cell
viability in vitro. Collectively, these observations support the
feasibility of using axonal and dendritic morphology in primary
neuronal cell cultures as in vitro correlates of toxicant-induced
neurobehavioural deficits.

It is yet unclear, how such in vitro data will eventually be used
for regulatory purposes. However, generic strategies can be
designed that would provide a scientific framework for employing
in vitro information in the risk evaluation process. This may lead to
more mechanism-based data and to a reduction of animal use
(Leist et al., 2008a; Hartung and Leist, 2008). A brief outline of the
process is presented in Fig. 4.

It would most effectively start with in silico-based methods and
information mining, for instance on QSAR and exposure data. An
important step before the choice of appropriate in vitro systems
would be the evaluation of the biokinetic behaviour of the test
compound under typical culture conditions (volatility, protein
binding, plastic adsorption, stability, potential formation of
metabolites). An in vitro test battery would then be used to assess
the in vitro hazard on the basis of concentration–response
modelling. The data would be used to obtain a point-of-departure
(POD) for in vitro ! in vivo extrapolation. This would involve
physiology-based pharmacokinetic modelling. In a last step,
variability and sensitivity of subpopulations would be considered.
Here, new genetic information on allelic variation and polymor-
phisms, and their biological, roles would be used to finally arrive at
a meaningful risk evaluation.
In conclusion, the CAAT symposium in Xi’an and this review
aimed at a dialogue between neuroscience and neurotoxicolgy to
design in vitro methods and readouts that can be used (a) for basic
research on toxicology pathways in the nervous system as well as
(b) for high-throughput screening (HTS) in drug-development and
risk assessment.
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