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cluding: neural proliferation, differentiation, migration, neurite 
outgrowth, synaptogenesis, myelin formation, and neural net-
work formation and function. Many of these human cell-based 
assays have been used to study small numbers of chemicals (n 
< 15; e.g., Harrill et al., 2011; He et al., 2012; Rempel et al., 
2015; Baumann et al., 2016; Brown et al., 2016) or to derive 
mechanistic information for limited numbers of chemicals (e.g., 
Gassmann et al., 2010; Balmer et al., 2012; Balmer and Leist, 
2014; Barenys et al., 2016). Only a few have been utilized to 
screen larger numbers (n > 15) of compounds (e.g., Stiegler et 
al., 2011; Zimmer et al., 2012; Culbreth et al., 2012; McConnell 
et al., 2012; Krug et al., 2013; Valdivia et al., 2014; Mundy et 
al., 2015; Hoelting et al., 2016; Nyffeler et al., 2016). 

On the scientific premise that alternative methods are avail-
able and can be assembled into a larger DNT screening battery, 
a joint OECD/EFSA workshop was held in Brussels on October 
18 and 19, 2016 that aimed to facilitate the use of such methods 
in regulatory decision making. Specific objectives of this work-
shop were:
1. Development of a consensus that the proposed testing bat-

tery of alternative DNT methods is ready to be applied right
now, and could be used in a fit-for-purpose manner for either
screening and prioritization, or as a first starting point to con-
duct targeted testing in a tiered testing approach in the pro-
cess of hazard identification and characterization for specific
chemical risk assessment.

2. Identification of the next steps necessary to encourage the
regulatory use of the alternative methods depending on their
level of readiness.

3. Outline what could become an integrated approach to testing
and assessment (IATA) for the purposes of screening and pri-
oritization or hazard assessment.

The meeting was co-chaired by Ellen Fritsche (Leibniz Research 
Institute for Environmental Medicine, IUF) and Kevin Crofton 
(US Environmental Protection Agency, US EPA). Meeting par-
ticipants and their affiliations are reported in the supplementary 
file at https://doi.org/10.14573/altex.1701171s. 

Scientists from 15 countries across the world, representing stake-
holders from regulatory agencies, non-governmental organiza-
tions (NGOs), academia and industry, reached a consensus that 
current data requirements for in vivo developmental neurotoxic-
ity (DNT) testing are not sufficient to screen and characterize 
potentially hazardous compounds. In addition, there was agree-
ment on the need to develop a standardized in vitro testing bat-
tery to generate additional data on the effects of chemicals on the 
developing nervous system. 

The need for more effective DNT screening is driven by the 
scientific fact that the developing nervous system might be more 
sensitive to exposures to some chemical classes of hazardous 
substances. In addition, recent societal concerns have been 
raised linking the rise in children’s neurodevelopmental impair-
ments (e.g., learning disabilities) to chemical exposures. Despite 
a clear deficit in knowledge concerning DNT effects, only ap-
proximately 140 in vivo guideline studies (according to OECD 
426 & EPA OPPTS 870.630) have been conducted to date, leav-
ing a huge data gap on the DNT potential of chemicals within the 
universe of thousands of compounds present in industrial, agri-
cultural and consumer products. This deficit is mainly due to the 
fact that currently accepted guideline studies are at present not 
mandatory data requirements and are extremely time- and cost-
intensive. Additionally, they can result in methodological and 
scientific uncertainties. This includes the challenges in extrapo-
lation of findings from rats to humans that result from timing 
differences in brain development, toxicokinetics, and inherent 
difficulties in the use of non-homologous functional tests (Tsuji 
and Crofton, 2012; Dorman et al., 2001; Kaufmann, 2003). For 
these reasons, DNT has been regarded as an area in need of the 
development of alternative methods in order to establish a time- 
and cost-efficient predictive testing strategy. 

A series of workshops held over the past decade (Lein et al., 
2007; Crofton et al., 2011; Bal-Price et al., 2012, 2015a) have 
fostered the development of in vitro assays or methods using 
alternative model organisms that assess the impact of chemicals 
on cellular processes critical to normal brain development, in-
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The last talks, given by academic researchers, were geared 
to set the stage for breakout group discussions. They reviewed 
the scientific principles of alternative DNT methods to test the 
fundamental neurodevelopmental processes critical for normal 
brain development. This was referred to as a “process control” 
based testing strategy for DNT. In addition, they clearly un-
derlined the regulatory benefit of testing biological processes 
directly linked to toxicity endophenotypes based on the assump-
tion that nervous system development is impaired when key 
biological processes are disturbed (Lein et al., 2005; Smirno-
va et al., 2014). To put this principle into action, a case study 
was presented for the DNT compound methylmercury that was 
tested across a large variety of DNT assays covering different 
neurodevelopmental processes (KEs) and identifying the most 
sensitive endpoint from those. It was concluded that a comple-
mentary in vitro testing battery can be conducted in a relevant 
cell system using human-derived cells, and this would reduce 
some uncertainties in using an in vitro system for regulatory 
decision making. This statement was supported by the OECD-
funded “Report on Integrated Testing Strategies for the identi-
fication and evaluation of chemical hazards associated with the 
developmental neurotoxicity (DNT)” (Fritsche, 2016). 

The meeting continued with four breakout groups discuss-
ing the following topics that were summarized on day 2 of the 
workshop.
1. The regulatory need for alternative DNT testing (Chair: Ro-

land Solecki, BfR; Rapporteur: Martin Wilks, University of
Basel);

2. Proposing a draft DNT testing battery (Chair: Antonio Her-
nandez, University of Granada; Rapporteur: Anna Bal-Price,
EC, JRC);

3. How can knowledge from new DNT tests contribute to epi-
demiology and vice versa (Chair: Stanley Barone Jr., US
EPA; Rapporteur: Marcel Leist, University of Konstanz);

4. Implementing a draft DNT testing battery (Chair: Susanne
Hougaard Bennekou, Danish EPA; Rapporteur: Elissa
Reaves, US-EPA).

There was a clear overall consensus among the workshop par-
ticipants that DNT is a highly relevant toxicological measure, 
and that the amount of data generated to date is not sufficient 
to provide confidence on the safety of the thousands of untested 
chemicals to which pregnant women, infants and children may 
be exposed, nor to be informative or supportive of epidemio-
logical observations on neurodevelopmental disturbances. 

Since there is no current a priori requirement for DNT testing 
in the EU, there was a consensus of an urgent need for a prob-
lem formulation-driven, fit-for-purpose testing paradigm to sup-
ply data for risk assessment to support management decisions. 
Such a testing strategy should be developed and implemented 
to achieve two aims, conducted simultaneously. The first aim is 
to begin using the battery of currently available alternative test 
methods to generate data that could be used to prioritize chemi-
cals for further testing. The second aim is to generate data that 
informs risk management decisions. Examples would include 
data on mechanisms of action, or data allowing refinement of 

The meeting started with a presentation by a speaker from 
the European Food Safety Authority (EFSA), summarizing the 
epidemiological evidence for research needs for DNT testing. 
Despite the evident complexity in the interpretation of epide-
miological read-outs, there is sufficient evidence that early-life 
exposures to some chemicals may result in long-term adverse 
health consequences for the developing offspring, and that a 
multidisciplinary approach including experimental toxicologi-
cal investigations for DNT endpoints is needed. This was fol-
lowed by a speaker from the US EPA on the history and path 
forward concerning alternative test methods for DNT, conclud-
ing on the readiness to apply DNT in vitro assays, the availabil-
ity of reference chemicals for demonstration of predictability 
and the availability of open databases for sharing methods and 
results. The regulatory perspective was introduced by speak-
ers from the US EPA, Danish EPA, German Federal Institute 
for Risk Assessment (BfR) and European Chemicals Agency 
(ECHA), who presented current experiences with the US EPA/
OECD DNT guideline testing. This provided a regulatory per-
spective for a fit-for-purpose DNT testing paradigm, including 
the use of alternative in vitro testing preceding targeted in vivo 
testing. There was consensus amongst the speakers from the dif-
ferent regulatory agencies in support of the implementation of 
a standardized DNT in vitro testing strategy, driven by problem 
formulation (i.e., screening and prioritization vs. chemical spe-
cific hazard identification/characterization).

Speakers from EU and US industries (representing European 
Crop Protection Association/Crop Life America) re-iterated that 
there is a strong need for alternative methods for tiered DNT 
testing to support candidate selection, decision making and 
Mode of Action (MoA) exploration that identify DNT hazards 
in a more time- and cost-efficient manner. For regulatory appli-
cations, practical scientific issues like quality control, reproduc-
ibility, sensitivity, specificity, predictive capability and exposure 
considerations must be addressed with a test battery when using 
alternative approaches. There was also agreement that future ef-
forts should include the development of a testing strategy guid-
ance for DNT by OECD.

The value of development and use of adverse outcome path-
ways (AOPs) for DNT to understand key event (KE) relation-
ships was pointed out by a speaker from the European Commis-
sion-Joint Research Centre (EC-JRC). One of the applications 
of the AOP concept is endpoint selection of DNT assays that 
increase regulatory confidence, since identifying the causative 
link between KEs and AOs for DNT provides a mechanistic 
understanding and increases the scientific confidence in the rel-
evance of the in vitro testing battery. The KEs identified in the 
existing DNT AOPs (AOP-Wiki: https://aopwiki.org/; Bal-Price 
et al., 2015b) could serve as anchors for development of such in 
vitro assays. However, the development of a sufficient number 
of specific DNT AOPs will take time and should not delay de-
velopment and implementation of a testing strategy. Therefore, 
it was suggested that neurodevelopmental processes be utilized 
as KEs, and thus chemical testing across a potential testing bat-
tery could inform AOP-building in the future.

https://aopwiki.org/
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representing a relevant socio-economic, toxicological measure. 
The final question put to the attendees was “Are we there yet? 

Do we currently have assays that are ready for chemical screen-
ing?” The consensus, based on published literature, the EFSA 
DNT review (Fritsche et al., 2015) and OECD report (Fritsche, 
2016), and data presented by the speakers, indicated that the 
response to this question depends on the problem formulation. 
Thus, the answer was “yes” for screening and prioritization, 
since we have already reached a high level of confidence in a 
number of process-control based assays (Fig. 1). Conversely, 
the answer for other regulatory needs, such as replacement of 
animal testing or deriving health-based exposure limits, was 
“not yet” as one requires more confidence and less uncertainty 
in the alternative assays (Fig. 1). The task now is to establish 
performance standards and a testing strategy guidance for an in 
vitro DNT testing battery (consisting of in vitro methods and an 
alternative organism like the zebrafish), followed by challeng-
ing not the single assays, but the whole in vitro testing battery 
by compound testing. 

Overall, the meeting was successful in generating productive 
discussions between regulators, academic scientists and indus-
try that led to a consensus on the need, procedure and content of 
an alternative DNT testing strategy. This was an important step 
taken towards a novel and efficient DNT testing paradigm for 
regulatory purposes using in vitro methods. Thus, the original 
ideas brought up by the National Research Council of the US 
on the future of toxicology (NRC, 2007; Leist et al., 2008) and 
as outlined in a European roadmap (Leist et al., 2014) are now 
finally about to be applied to the field of DNT. As confidence in 
results increases, the domains of regulatory uses will increase 
and may convince risk managers to implement additional data 
requirements for DNT testing. The priority now is to establish a 
concise roadmap that defines the procedures and milestones of 
this mission.
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