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Abstract

A key challenge in systematically incorporating mechanistic data into human health assessments is 

that, compared to studies of apical health endpoints, these data are both more abundant 

(mechanistic studies routinely outnumber other studies by several orders of magnitude) and more 

heterogeneous (e.g. different species, test system, tissue, cell type, exposure paradigm, or specific 

assays performed). A structured decision-making process for organizing, integrating, and weighing 

mechanistic DNT data for use in human health risk assessments will improve the consistency and 
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efficiency of such evaluations. At the Developmental Neurotoxicology Society (DNTS) 2016 

annual meeting, a symposium was held to address the application of existing organizing principles 

and frameworks for evaluation of mechanistic data relevant to interpreting neurotoxicology data. 

Speakers identified considerations with potential to advance the use of mechanistic DNT data in 

risk assessment, including considering the context of each exposure, since epigenetics, tissue type, 

sex, stress, nutrition and other factors can modify toxicity responses in organisms. It was also 

suggested that, because behavior is a manifestation of complex nervous system function, the 

presence and absence of behavioral change itself could be used to organize the interpretation of 

multiple complex simultaneous mechanistic changes. Several challenges were identified with 

frameworks and their implementation, and ongoing research further developing these approaches 

represents an early step towards full evaluation of mechanistic DNT data for assessments.
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Introduction

Risk assessment has typically focused on apical health outcomes identified in human and 

animal studies. In recent years, however, there has been a push to incorporate more fully 

mechanistic data, including those from a broad range of laboratory techniques that examine 

toxicant effects at the tissue, cellular, and molecular level. These mechanistic studies can 

examine precursor effects, inform the human relevance of animal data, inform susceptibility, 

or inform chemical mode of action and/or support biological plausibility linking a chemical 

exposure to an adverse outcome such as developmental neurotoxicity (DNT). Mechanistic 

information includes any measurements related to health outcomes that inform the 

biological/chemical events associated with chemical exposures but are not generally 

considered by themselves to be adverse outcomes.. In 2014 and 2018, the National Academy 

of Sciences recommended that mechanistic data be better and more efficiently incorporated 

into the assessments performed by the EPA’s Integrated Risk Information Systems program 

by “standardizing an approach for synthesizing evidence within data streams (human, 

animal, and mechanistic) and integrating evidence across data streams” (Council 2014, 

National Academies of Sciences and Medicine 2018). Specifically, these reports identify that 

mechanistic evidence can provide support of conclusions about chemical hazards and their 

related mechanisms of action and suggest methods for identifying and presenting reviewed 

studies in tabular and graphic forms so that study characteristics are clear (Kushman, Kraft 

et al. 2013). The committee expects similar evaluation methods for other types of 

mechanistic evidence to emerge on a case-by-case basis and to include methods for 

determining at what stage and how mechanistic data could be used in an IRIS assessment 

(National Academies of Sciences and Medicine 2018). Nonetheless, establishment of a 

framework for when and how mechanistic data would be identified, evaluated, and used 

remains challenging. The issues surrounding evaluation and use of mechanistic data in 

systematic review are an area of ongoing research in the broader scientific community. 

Addressing this recommendation presents both opportunities and challenges to the risk 

assessment community.
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For risk assessors, the use of systematic review tools can increase transparency and scientific 

rigor by providing a comprehensive summary of the literature, in a manner that is both 

replicable and minimizes the potential for reviewer bias (Cook, Mulrow et al. 1997, Higgins 

and Green 2011, Rooney, Boyles et al. 2014). While this manuscript is not a systematic 

review, it will discuss methods, potential frameworks, and principles for organizing and 

evaluating mechanistic DNT data that may be useful in the context of a systematic review. 

These ideas were part of a symposium held at the 2016 Developmental Neurotoxicology 

Society annual meeting, which focused on organizing principles and frameworks for 

evaluation of mechanistic data relevant to interpreting developmental neurotoxicology data. 

The symposium speakers’ presentation titles and abstracts are presented in supplemental 

information (table S1).

A robust mechanistic database can also be a valuable tool for risk assessors, particularly for 

emerging contaminants or chemicals for which extensive human and animal toxicity data are 

not available. These mechanistic in vitro and in vivo data can provide critical support for the 

biological plausibility of adverse health outcomes. For example, they can inform 

structureactivity relationships and provide information on potential variability in 

physiological responses across species. In addition, mechanistic data can identify and 

quantify key events at the tissue, cellular, and molecular levels that precede adverse 

outcomes; this can then lead to identification of predicative biomarkers and targeted testing 

strategies to enhance chemical evaluation. However, for data-rich chemicals, the sheer 

number of mechanistic studies can also present challenges. Mechanistic studies exploit a 

diverse set of study designs that can include cell culture systems, computational modeling, 

and alternative animal models. Relationships between upstream chemical interactions at the 

molecular level (e.g., receptor binding) and recognized downstream adverse outcomes (such 

as behavioral impairment) are not necessarily well defined or understood in these systems.

Furthermore, interpreting mechanistic data requires knowledge of assay reproducibility, 

biological relevance, predictive validity, and the relationship of the model system to the 

whole animal model and/or to humans. For example, in vitro DNT assays must consider the 

cell and/or tissue types utilized, the physiology of these cells in vitro, potential species and 

sex differences, influence of endocrine/hormonal signals, as well as the impact of these 

chemicals on neurodevelopment at different developmental periods. Additionally, whether a 

chemical can partition across media (blood, cerebrospinal fluid) or cross the blood:brain or 

placental barriers in mammals is a consideration when evaluating the relevance of a 

particular in vitro assay. This manuscript discusses methods, potential frameworks, and 

principles for organizing and evaluating mechanistic neurotoxicity and developmental 

neurotoxicity data that were part of the 2016 DNTS symposium “Systematic Evaluations of 

Mechanistic Data for Developmental Neurotoxicity Outcomes.”.

Traditional Developmental Neurotoxicology Testing

The traditional approach for evaluating developmental neurotoxicity in regulatory guideline 

studies (EPA 1998, OECD 2007, OECD 2012, OECD 2018) includes dosing rats during 

gestation and lactation, and then evaluating neurobehavior (i.e., functional observations, 

auditory startle habituation, motor activity, and/or cognitive testing), brain weights, and 
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neuropathology at juvenile and/or adult life stages in the offspring. This process can lack 

sensitivity for identifying neurodevelopmental outcomes and is expensive and time 

consuming. The guideline tests are not designed to provide an understanding of underlying 

mechanisms that are responsible for observed DNT effects, and the data sets collected may 

have high variability (Sachana, Bal-Price et al. 2018). In addition, many guideline studies 

generally quantify nonspecific apical endpoints (gross neurological abnormalities, 

behavioral changes, physical development, pathology), and many potential neurotoxicants 

may not be revealed by current testing strategies (Vorhees, Sprowles et al. 2018). It is 

estimated that there are over 65,000 substances of interest for toxicity testing, with minimal 

hazard assessments for less than 20% and full hazard assessments possible for less than 2% 

(Crofton, Mundy et al. 2012). Given the current number of chemicals with little or no DNT 

data, alternative testing methods are being used to supplement traditional toxicology testing 

so that more information can be gathered about data-poor chemicals in a rapid and efficient 

manner to allow for prioritization (Crofton, Mundy et al. 2011, Tsuji and Crofton 2012, 

Fritsche, Crofton et al. 2017, Behl, Ryan et al. 2019).

There are usually a smaller number of human and animal toxicological studies available 

relative to the number of in-vitro studies available for use in risk assessments. This is largely 

attributable to the relatively low cost and often rapid throughput of many mechanistic assays. 

In some instances, semi-automated techniques for data collection and analysis have been 

developed to screen rapidly for signals indicative of potential toxicity. In addition to cell- 

and molecularbased assays, non-mammalian animal models (e.g., Danio rerio, Drosophila 
melanogaster, Caenorhabditis elegans) have elucidated toxicity pathways in vivo, while still 

retaining many of the advantages of in vitro testing methods (Peterson, Nass et al. 2008). 

Although these alternative test models cannot definitively determine the risk of toxicity of a 

chemical to humans, they offer a bridge between in vitro screening batteries and mammalian 

toxicology studies. They also can facilitate chemical prioritization by identifying which 

inadequately tested or untested chemicals currently in the marketplace act via mechanisms 

that are frequently associated with toxic responses in humans (Bal-Price, Hogberg et al. 

2010, Behl, Hsieh et al. 2015).

Mechanistic Data from High-throughput Screening Assays for Developmental 
Neurotoxicity

High throughput screening (HTS) and high content screening (HCS) assays are part of 

strategic approach to toxicity testing. These assays may include automation and robotics to 

facilitate screening larger numbers of compounds with reduced time. In vitro assays are 

being used as screening methods to identify potential neurotoxicants, and prioritize them for 

further in vivo testing. Brain development is a highly complex process that occurs well into 

early adulthood in humans, and there are many mechanisms that could lead to adverse 

effects on the nervous system. Thus, in vitro assays that can inform multiple mechanisms for 

chemical perturbation of neurodevelopment are essential. To enhance the utility of in vitro 

assays, many are based on suspected key events using the adverse outcome pathway (AOP) 

framework to contextualize generalized developmental neurotoxicity (Aschner, Ceccatelli et 

al. 2017). AOPs are structured representations of how a chemical exposure affects a 

biological system at the organ, tissue, and cellular level, that are linearly linked to an adverse 
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effect (such as DNT). The AOP framework is considered relevant to risk assessment 

(Ankley, Bennett et al. 2010, Villeneuve, Crump et al. 2014, Villeneuve, Crump et al. 2014, 

Kleinstreuer, Sullivan et al. 2016), and notably, is chemically agnostic. AOPs begin with a 

chemical action, and this is defined as the molecular initiating event (MIE; often 

representing signaling pathways known to be involved in development and 

neurodevelopment) which lead to changes in key events at the cellular and organ level, 

ultimately resulting in (or contributing towards) an adverse outcome (e.g., reduced learning 

ability, cognition, and memory). An ideal DNT assay encompasses several critical factors, 

including representation of a dynamic stage of development (represented by 

neurodevelopmental processes) and an endpoint that can be measured in vivo and in vitro 

(Lein, Silbergeld et al. 2005, Bal-Price, Hogberg et al. 2010, Bal-Price, Crofton et al. 2015, 

Bal-Price, Lein et al. 2017). Key events in an AOP can theoretically be defined based on the 

known biological development of a specific neurodevelopmental process that is known to be 

part of an apical neurotoxic outcome. These key events can be used as an organizing 

principle for mechanistic data across levels of biological organization (Figure 1).

Traditionally, HTS uses “target-based” biochemical assays due to the ability to transfer the 

assay methodology to automated, HTS platforms. In terms of an organizing AOP framework 

(Table 1), the target would refer to a MIE relevant to neurodevelopment and include known 

sites of action of neurotoxicants such as ion channels, enzymes, neurotransmitter binding 

sites, growth factor receptors, transcription factors, and kinases (Bal-Price, Hogberg et al. 

2010, Bal-Price, Crofton et al. 2015, Mundy, Padilla et al. 2015, Aschner, Ceccatelli et al. 

2017, Bal-Price, Lein et al. 2017). More recently, due to advances in technology, 

“phenotypic screening” assays (reviewed in (Fritsche 2017, Fritsche, Crofton et al. 2017, 

Bal-Price, Hogberg et al. 2018) have been developed that can rapidly assess chemical-

induced changes at higher levels of biology including cell- and tissue-based assays of 

morphology (high-content imaging) (Ryan, Sirenko et al. 2016), electrophysiology 

(microelectrode arrays) (Wallace, Strickland et al. 2015, Brown, Hall et al. 2016, Cotterill, 

Hall et al. 2016, Frank, Brown et al. 2017) and growth and behavior of small alternative 

species such as zebrafish (Sipes, Padilla et al. 2011, Miller, Chandrasekaran et al. 2018). 

Depending on the assay, some of these may be “high content” assays, rather than “high 

throughput” assays, but there have been substantial advances to automate phenotypic screens 

and make them higher throughput. Phenotypic screening assays cast a wide net since they do 

not require knowledge of the specific chemical action, but instead look at events that 

represent mechanistic data at the cellular, organ and organism level. Phenotypic screening 

has led to the direct assessment of the neurodevelopmental processes contributing to brain 

development at the cellular level, including neural stem cell proliferation (Breier, Radio et 

al. 2008, Fritsche, Barenys et al. 2018), differentiation and migration (Visan, Hayess et al. 

2012), apoptosis (Druwe, Freudenrich et al. 2015, Harrill, Freudenrich et al. 2018), neurite 

outgrowth (Druwe, Freudenrich et al. 2016, Ryan, Sirenko et al. 2016, Harrill, Freudenrich 

et al. 2018), myelination (Schmidt, Lehmann et al. 2017), synapse formation (Harrill, 

Robinette et al. 2011), and formation of a simple functioning network (Wallace, Strickland 

et al. 2015, Brown, Hall et al. 2016, Cotterill, Hall et al. 2016, Frank, Brown et al. 2017). 

Because the processes are measured in intact, viable cells, these assays integrate 

perturbations in upstream signaling with downstream effects. In addition, there are known 
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neurotoxicants that have been shown to affect these neurodevelopmental processes both in 

vitro and in vivo, identifying them as potential key events in an AOP for developmental 

neurotoxicity (Mundy, Padilla et al. 2015, Aschner, Ceccatelli et al. 2017). Thus, 

neurodevelopmental processes can provide a useful organizing principle for evaluating 

mechanistic data in terms of the relationships between effects at different levels of biology 

(altered receptor binding during synaptogenesis can alter cell cycle, ultimately leading to 

changes in synaptogenesis and decreased neuronal network function and impaired learning/

memory) including apical effects currently used as indicators of developmental 

neurotoxicity. However, it is recognized that cell-based assays lack the complexity of whole 

animal models and have some important limitations (not representative of pregnancy, lack of 

maternal/fetal metabolism, differences in cell types, low level of complexity, representative 

of limited biological stages and/or sex, and differences and/or lack of the blood and 

cerebrospinal fluid barriers). Overall, these strategies hold promise to enhance toxicity 

testing as most were designed to recapitulate aspects of in vivo neurodevelopment, but 

further validation studies are needed to demonstrate that they are an accurate predictor of 

DNT in developing mammals, and that the chemical effects on key events identified in vitro 
can also be recapitulated in an intact system.

Evaluation of the utility and relevance of mechanistic data from cell-based screening for 

DNT can be based on two factors: technical understanding of assay characteristics and the 

biological context of the model system used. Since high-throughput assays are used to 

generate data on thousands of chemicals, they can be useful for prioritization of chemicals 

for further evaluation (detecting chemicals that may be neurotoxic). Ideally, these assays are 

designed to be highly replicable and robust measures for a specific endpoint to increase 

confidence in the generated data (Fritsche, Alm et al. 2015, Fritsche, Crofton et al. 2017, 

Fritsche, Grandjean et al. 2018). The cellular models used should exhibit the endpoint of 

interest (e.g., neurite outgrowth) over a finite developmental period in vitro, and the ability 

to quantify this endpoint using high-throughput technology should be demonstrated. This 

proof-of-principle testing is typically done using an “endpoint-specific” positive control 

chemical (previously shown to selectively perturb the endpoint), which should elicit a 

reproducible response at a given concentration (Mundy, Padilla et al. 2015, Aschner, 

Ceccatelli et al. 2017). The positive control can also be used to determine the appropriate 

metrics for assessing whether a chemical is “active” in the assay and provide a potency 

value. Evaluation of sensitivity/applicability of an assay is also based on the use of a 

“training set” of known positive reference chemicals that have previously been shown to 

alter the key event of interest in vitro (Mundy, Padilla et al. 2015, Aschner, Ceccatelli et al. 

2017). Negative reference controls that have no known effects on the endpoint should also 

be evaluated. The training set of reference chemicals helps to validate an assay and limit the 

likelihood of false positives and negatives, thereby increasing confidence in assay results. 

This is particularly relevant because not all chemicals work well for testing in cellular 

models (i.e., chemicals with a high volatility, insolubility in culture media, or sorption to 

plastic culture dishes). Finally, the cell-based assays should include multiple, simultaneous 

measures of cell viability/cytotoxicity to assess whether the chemical exposure is producing 

a confounding observation of non-specific effects on cell health. Evaluation of mechanistic 

data from cell- and tissue-based assays should also consider the biological context of the 
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model system used, including the source of the tissue or cells (e.g., CNS region, 

developmental stage, sex), complexity of the culture, and the neurodevelopmental processes 

that are manifested in vitro. Demonstration and understanding of the biological context of 

the in vitro system used to assess a specific neurodevelopmental process will increase 

confidence in the data obtained. Of note, aspects of CNS developmental maturation can 

differ across systems (e.g., depending on the cellular composition and other features of the 

model), including differences in functional capacity/capabilities (Seongeun, Andrew et al. 

2007, Clarke and Barres 2013, Belle, Enright et al. 2018); this can complicate in vitro to in 

vivo extrapolations (Wilk-Zasadna, Bernasconi et al. 2015).

There are multiple types of cellular and tissue culture models that can be utilized to study 

neurodevelopment, including transformed cell lines, primary cell cultures (derived directly 

from nervous system tissue) and neural stem cells (neural stem cells/progenitor cells, 

induced pluripotent stem cells) (Druwe, Freudenrich et al. 2015, Druwe et al. 2016). Cell 

lines have been extensively used in screening assays and mechanistic studies due to ease of 

culture and availability, but they may not be physiologically relevant since they have been 

transformed and immortalized or are derived from diseased tissues like cancer tumors. 

Primary cultures derived directly from rodent brain regions of interest are widely used and 

may be preferred since they are “true” neural cells that maintain some regional identity (e.g., 

hippocampal vs neocortical). However, they must be freshly prepared from developing brain 

tissue. and equivalent Human primary cells are not widely available. However, there are 

human induced pluripotent stem cells (IPSC) that are commercially available in limited 

quantity (although with potential restrictions depending on ethical concerns and country 

specific legislation) (Tukker, de Groot et al. 2016). Yet, they may be less well characterized 

and more variable than rodent models. Neural stem cells are a promising model of DNT in 

vitro. They can be derived from rodent or human embryonic or adult-induced pluripotent 

stem cells, are commercially available, and proliferate readily in vitro. Human derivation 

increases their physiological relevance (e.g., they possess human proteins and receptors), 

and cells are clearly sourced from male or female tissue. They can be induced to 

differentiate (using variable methods) and proliferate into neurons and glia, but regional 

identity must be carefully characterized. Regardless of the source, the complexity of in vitro 

neural cultures can vary and range from cultures of a single cell type (e.g., a human 

neuroprogenitor cell line) to cultures containing multiple cell types (e.g., co-cultures of 

primary rodent neurons and astrocytes). A single neuroprogenitor cell type may be 

appropriate for measurement of chemical effects on proliferation, while co-cultures of 

neurons and glia would be required to provide the necessary conditions to accurately model 

synaptogenesis in vitro. The “appropriate” complexity will depend upon what is being 

measured. In general, more complex cultures consisting of multiple cell types growing for 

long periods of time will exhibit neurodevelopmental processes that are more analogous to 

those observed in vivo, even up to the formation of neural synapses in vitro, that display 

electrical activity (Cotterill, Hall et al. 2016). Neurodevelopmental assays utilizing cellular 

models need to characterize fully the composition of the cultures to limit the introduction of 

non-targeted toxicity (such as erroneous cell types being present and counted/imaged 

whenever an assay is targeting effects on a neuron with a specific NT phenotype). It is 

important to note that induced pluripotent stem cells are driven by growth factor cocktails to 
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different phenotypes, and that the longer culture time usually requires an absence of 

antibiotics in the culture media which increases the risk of contamination of cultures. 

Furthermore, only a few neuronal cell types can be successfully grown in culture, and so 

there is limited ability to test the full diversity of brain cell types.

The development and use of high-throughput assays for developmental neurotoxicity was 

predicated on the action of a chemical at a molecular target which leads to a sequence of key 

events at increasing levels of biological organization, ultimately resulting in adverse effects 

in an individual. Thus, the standardized presentation of the relationship between key events 

in the form of an AOP provides a useful framework by which mechanistic data at different 

levels of biology can be organized. Cell-based assays for key neurodevelopmental processes 

have been particularly useful since they provide a test system (live cell) which can integrate 

molecular effects with changes in morphology and function. The key processes of 

neurodevelopment (proliferation, differentiation and migration, apoptosis, growth/

synaptogenesis, myelination) represent dynamic stages that are altered by toxicants and can 

be measured in vitro and in vivo. Figure 2 illustrates an example in which specific molecular 

initiating events can ultimately elicit neurodevelopmental events and result in adverse effects 

on brain morphology, neurochemistry, electrophysiology, or behavior. In this way they can 

provide an organizing principle by which mechanistic data for neurotoxicants can be 

evaluated and can be part of a systematic approach to synthesize and classify data on 

molecular targets, signaling pathways and disease processes related to developmental 

neurotoxicity. It is important to note that there are still research opportunities and data gaps 

for development of models to recapitulate other aspects of brain development that are not 

represented in the current testing battery.

“Key Characteristics” as an alternative organization framework for DNT mechanistic data

To develop ways to organize mechanistic data on developmental neurotoxicants for 

evaluation and use in human health assessments, valuable insight can be gained by exploring 

how mechanistic data has been categorized for carcinogens. For example, Hanahan and 

Weinberg (Hanahan and Weinberg 2000, Hanahan and Weinberg 2011) have proposed 

features of cancer that can be used as a framework for understanding the complex 

mechanisms involved in the development of cancer. More recently, Smith et al. developed a 

process for organizing mechanistic data on relevance to carcinogenesis based on key 

characteristics (Smith, Guyton et al. 2016). This was done as part of an effort to develop a 

systematic way to evaluate mechanistic data used to support human health assessments of 

possible carcinogens. Smith et al. (2016) noted that at least one of characteristic needs to be 

present for carcinogenesis to occur (carcinogens often possess many of the ten 

characteristics) and that the key characteristics can include different mechanistic endpoints, 

but that they are not themselves mechanisms or AOPs (Smith, Guyton et al. 2016).

Using the key characteristics for carcinogenesis, Smith et al. (2016) were able to identify 

relevant mechanistic information through a literature search and screen and organize the 

results of the literature search to facilitate the syntheses of mechanistic information within 

collections of interconnected AOPs, or Adverse-Outcomes Networks (AON). A similar 

process can be envisioned for mechanistic data on chemicals that are developmental 
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neurotoxicants. Although this may not be as straight forward as it is for carcinogens, it is 

known that there are many characteristics that may be inherent to developmental 

neurotoxicants. For example, some can cause increased or decreased apoptosis, disrupt 

normal cell migration, produce oxidative stress, or disrupt long-term potentiation to name 

but a few possible characteristics. In fact, key characteristics have also been developed for 

endocrine disrupting chemicals (EDCs) (La Merrill, Vandenberg et al. 2019), male 

reproductive toxicants (Arzuaga, Smith et al. 2019) and female reproductive toxicants 

(Luderer, Eskenazi et al. 2019), in support of organizing mechanistic studies for evaluations 

of endocrine and reproductive toxicity. There is an ongoing effort for development of key 

characteristics of developmental neurotoxicants (Ahearn 2019).

National Research Council Report on Developmental Toxicity and Risk Assessment: 
Signaling Pathways as an Organizational Framework

Development is a process of complex gene regulation controlled by both time 

(developmental stage) and space (region of interest). From a single genome, thousands of 

different gene combinations must be expressed at specific times and places in the developing 

organism, and, from the developing egg, the information for the selective uses of 

combinations must be generated. A major component of this regulation is the transfer of 

chemical information (i.e., signals) between cells during development. These intercellular 

signals and their responses occur during all stages of development. Cellular responses to the 

signals are governed by both the genotype and by the previous history of cell responses.

By the turn of the 21st century, decades of scientific research in the fields of biology, 

embryology, biochemistry, and genetics led to the identification of 17 intercellular signaling 

pathways commonly used during development (Gerhart 1999, NRC 2000). The 17 signaling 

pathways identified by the 2000 NRC report (Table 2) are shared by most animals, 

explaining in part the array of developmental components and processes that are conserved 

across diverse phyla, and they are identified by their transduction intermediates. These 

pathways are important to a range of developmental processes, including organogenesis, 

cytodifferentiation, growth and tissue renewal, maintenance of homeostasis, and even 

response to injury. Although the 2000 report categorized these pathways into different stages 

of development, research since indicates that many of these pathways are active and 

essential throughout development, and even into adulthood (Tiemeier, Lenroot et al. 2010, 

Álvarez-Buylla and Ihrie 2014, O’Shaughnessy, Thomas et al. 2019, Sathyanesan, Zhou et 

al. 2019). Even so, research on the mechanistic basis of developmental biology and 

toxicology has been successful in the past through framing analyses based on disruptions in 

signaling pathways (Pires-daSilva and Sommer 2003). Thus, organizing systematic DNT 

evaluations around signaling pathways important to brain development and maturation 

(including the 17 pathways noted in the NRC report as well as others identified through 

ongoing research) can help focus analyses, although opportunities exist to fill data gaps and 

better refine such an approach (Antebi, Nandagopal et al. 2017).

These principles have also been applied to the exploration of the mechanisms of normal and 

disrupted neurological development. There is a plethora of studies on the role of specific 

developmental signaling pathways in the ontogeny of the nervous system. Some examples 
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include Wnt (Arenas 2014), transforming growth factor β (Liu and Niswander 2005), 

hedgehog (Gulino, Di Marcotullio et al. 2007), notch signaling (Lasky and Wu 2005, Louvi 

and ArtavanisTsakonas 2006) cytokine signaling (Mousa and Bakhiet 2013), glycogen 

synthase kinase (Hur and Zhou 2010), and a serine/threonine kinase termed mTOR (Lee 

2015). Additional signaling pathways have also been identified that are active in 

neurological development (Fritsche, Crofton et al. 2017). An example is the insulin/insulin-

like growth factor (IGF)-signaling cascade that activates two other major signaling 

pathways: P13K (a lipid kinase) and RAS/Mitogen-activated protein kinase (MAPK) 

(reviewed by (Vogel 2013)). Characterizing the complexities of such signaling cascades will 

be useful in developing the key events in AOPs, which have been recognized as a critical 

aspect of the future of developmental toxicity testing (DeSesso 2017). However, as these 

pathways are redundant across development and across species, careful work needs to be 

completed in vivo to delineate how, and when, these pathways are perturbed by a chemical 

exposure and, hence, lead to DNT. These in vivo data can then be compared to HTS assays, 

in order to determine whether these tests recapitulate biology, and if not, how to design 

better testing strategies for DNT. Many of these potential targeted pathways are summarized 

in the OECD/EFSA workshop report that details non-animal test methods for DNT for 

regulatory purposes (Fritsche 2017).

Bioinformatic Pathway Analysis for DNT

Recent efforts to incorporate structural frameworks into the systematic review of 

neurodevelopmental endpoints have also included a focus on bioinformatic pathway 

analyses. Several factors need to be considered when identifying the biological pathways 

that are hypothesized to result in adverse neurodevelopmental endpoints. As many gene 

regulatory networks are evolutionarily conserved, identifying commonalities across model 

systems is a feasible strategy. Incorporating a combination of genetic studies derived from 

human (case studies, epidemiologic, familial genetic linkage) and murine studies 

(comparative mouse studies, knockout models, genetic linkage), Boyles and coauthors were 

able to identify neural tube defect (NTD) candidate genes previously proposed to be 

associated with increased NTD incidence (Boyles, Hammock et al. 2005). In addition, 

environmental toxicogenomic studies focused on assessing environmentally induced impacts 

(e.g., cadmium or methylmercury) during specific developmental windows (e.g., 

neurulation) were incorporated for an integrated systems-based approach (Robinson, Yu et 

al. 2009, Robinson, Yu et al. 2010). The interface between expression of NTD candidate 

genes and the environment can also be evaluated using toxicogenomic-based assessments 

which analyze thousands of genes simultaneously. Robinson et al., (2010) constructed a 

subset of NTD candidate genes across mice and humans ((Boyles, Hammock et al. 2005, 

Harris and Juriloff 2007). They integrated those findings with their previous research 

(Robinson, Yu et al. 2009, Robinson, Yu et al. 2010) to evaluate NTD candidate gene 

expressed across strain, time and dose. This effort facilitated evaluation of the complex 

interactions of gene and environment in the context of exposure, response and susceptibility 

factors, which is critically important for neurodevelopmental risk assessments. Candidate 

genes were further characterized by NTD phenotype and grouped according to gene 

ontology (GO) classification with the DAVID Bioinformatics Database 6 (Dennis, Sherman 

et al. 2003).
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Bioinformatic pathway analyses revealed that many of the NTD genes are involved in 

developmental-related processes (organ, nervous system, neural tube formation), embryonic 

morphogenesis (organ, embryonic, tube) as well as in transcription-related processes. In 

addition, several candidate genes on the list represent multiple developmental signaling 

pathways (e.g., hedgehog and Wnt signaling), MAPK signaling and cell proliferation/

apoptosis regulation.

While these data demonstrate the potential of bioinformatic tools to describe genes of 

interest, limitations were also apparent. For instance, while there is evidence supporting 

developmental roles in neural tube morphogenesis for the majority of candidate genes, only 

a subset were linked with the GO term “neural tube development”. This emphasizes the need 

for additional database-derived approaches to analyze gene subsets. One such platform that 

was presented at the 2016 symposium on is the Comparative Toxicogenomics Database 

(CTD; http://ctdbase.org/), an open-source platform that links toxicant exposures to disease 

endpoints (Davis, Grondin et al. 2019). Some of the example pathways common to 

neurodevelopmental toxicant exposure and related neurodevelopmental disease endpoints 

identified using CTD include Wnt and MAPK signaling pathways and apoptosis. With the 

endpoints identified, the potential impacts across lifestage can be assessed within a risk 

assessment framework. Indeed, children are known to be particularly vulnerable to toxic 

exposures which have the potential to adversely impact normal neurodevelopmental 

trajectories.

Since the 2016 symposium, more recent approaches have been initiated to optimize hazard 

assessment for human developmental neurotoxicity utilizing animal-free ontology driven 

testing strategies (Baker, Boobis et al. 2018, Hessel, Staal et al. 2018). Given the complexity 

of the human brain, animal studies are limited in their predictive value (construct validity) to 

human neurodevelopmental disorders (e.g., autism, attention-deficit hyperactivity disorder). 

Alternative methods are being developed to not only understand human relevance of animal 

toxicity data but also to support the reduction and replacement of animal testing (Russell and 

Burch 1959).

Indeed, the EPA announced a directive in 2019 to reduce animal testing 30% by 2025 (EPA 

2019). Ontology approaches can provide a formal framework for organizing knowledge of 

chemical effects in a biological network that can, in turn, lead to modeled predictions of 

toxicological outcomes. Hessel et al., provided an overview of human brain development 

and overlaid proposed DNT test batteries based on biological processes and their respective 

developmental timeframes. They also summarized the variable degree to which each of these 

assays are developed, standardized and validated (Hessel, Staal et al. 2018). In addition, a 

transcriptome comparison across time matched neural progenitor cells of different species 

(human, mouse, and rat) identifies unique gene expression patterns, but with clustering in 

similar GO terms like cell migration, gliogenesis, and neurogenesis (Masjosthusmann, 

Becker et al. 2018). In many cases, an ontology would encompass quantitative AOPs.

Several examples of developmental toxicity in silico models have been developed for 

specific individual developmental processes (Kleinstreuer, Dix et al. 2013, Leung, Hutson et 

al. 2016, Hutson, Leung et al. 2017). While no particular in silico models for 
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neurodevelopmental processes have been developed thus far, using approaches to mine 

available data from wide research areas of neuroscience and toxicology will help risk 

assessors move beyond single assays or batteries of assays to design “physiology driven 

software models of embryo neurodevelopment”(Hessel, Staal et al. 2018).

There is also a need for inclusion of toxicokinetic and toxicodynamic information into a 

broader framework for evaluating neurodevelopmental risks (Robinson, Port et al. 2010). 

Since both toxicokinetics and toxicodynamics play important roles in defining toxicant 

response in adults, it follows that these data be considered when defining developmental 

response. In this context, several improvements in quantitative neurodevelopmental risk 

assessment can occur, including biologically based extrapolations within/across species and 

systems as well as across compounds and databases to identify windows of susceptibility 

(Faustman, Gohlke et al. 2005).

In summary, conserved gene regulatory networks were identified in a case example using 

environmental exposures. This study illustrates that bioinformatic analyses across species 

could be used to identify convergent developmental pathways that are a highly correlated to 

DNT. Consequently, this workflow could be used to identify toxicants that impact these 

conserved pathways, and the affected mechanism(s). This framework would address what 

level of exposure and what time point(s) impacts are observed. Finally, taking advantage of 

bioinformatic tools to build gene by environment analyses could identify contributions 

within and between organisms, to define common teratogenic responses.

Behavior as a primary organizing principle for the systematic evaluation of 

mechanistic data for developmental neurotoxicity outcomes: A Case 

Example using Lead Toxicity

A central tenet of neuroscience is that, ultimately, behavior reflects nervous system function. 

Complex behaviors have a long and complex developmental trajectory, and the way changes 

in behavior can be manifest is often highly variable and adaptive, depending on the 

situational context. To add further complexity, behavioral development has a bidirectional 

relationship with underlying mechanisms in that cellular and molecular changes can alter 

behavior, and behavioral changes can lead to in shifts in the underlying cellular and 

molecular processes (Hoffman, Hornig et al. 2004, Fernald, Neufeld et al. 2006). To begin to 

use behavioral changes to potentially organize toxicant-induced mechanistic changes, one 

must identify quantified behavioral outcome(s) at key developmental stages, and then 

determine what developmental changes or disruptions have been associated with these 

phenotypic outcomes. If this is accomplished, behavior may be used to guide the model of 

key mechanistic changes at sequential developmental stages (reviewed in (Sobin and Golub 

2018)).

As a simple case example, rearing behavior in a novel environment as a measure of memory 

(i.e., as compared to rearing behavior in a familiar environment) in lead-exposed mice at 

pre-adolescence can be used to organize understanding of possible pathways and 

mechanisms associated with the effects of early-life lead exposure. The primary goal for a 
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behavioral model of early life low-level lead exposure (blood lead level 3.0 – 5.0 μg/dL) is to 

identify behavioral tests that are sensitive in young or pre-adolescent animals. Rearing is 

thought to be largely controlled via hippocampal cholinergic transmission. Elevated levels of 

hippocampus acetylcholine (ACh) have been associated with rearing in a novel environment, 

both from studies in rats exploring home versus novel environments (Thiel, Huston et al. 

1998), and through studies evaluating modulation of cholinergic activity from opioids 

(agonists (Van Abeelen and van Nies 1983) and antagonists (Van Abeelen, Ellenbroek et al. 

1975)). Memory is also an ideal behavioral endpoint to focus on as it has been shown to be 

disrupted in preadolescent children with early chronic low-level lead exposure (Bellinger, 

Leviton et al. 1991, Lanphear, Dietrich et al. 2000, Sobin, Flores-Montoya et al. 2015). 

Additionally, memory deficits are often associated with mechanistic changes in the 

hippocampus/dentate gyrus (DG), and chronic lead exposure has been shown to alter this 

and other regions of the brain (Gilbert, Mack et al. 1996, Ruan, Chen et al. 1998, Moreira, 

Vassilieff et al. 2001, Gilbert, Kelly et al. 2005). Changes in the DG could potentially lead to 

short- and long-term impacts since it is the center for learning and memory and contributes 

to neurogenesis throughout the lifespan (Jessberger, Clark et al. 2009, Aimone, Deng et al. 

2011). Importantly, lead can also act on other neurological systems (stress and 

hypothalamic-pituitary-adrenal axis functioning, neurotransmitter release) and has varied 

neurotoxicological effects (Cory-Slechta 1995, Cory-Slechta, Crofton et al. 2001, White, 

CorySlechta et al. 2007).

Another example of a behavioral effect that can be used to organize mechanistic data, is the 

Object-in-Place Task which assesses spatial and object visual memory retrieval in a single 

paradigm. The object-in-place task consists of an acclimation period, learning trials, and 

pretest and test trials including tests of spatial memory and object memory (De Viti, Martino 

et al. 2010, Sobin, Flores-Montoya et al. 2017). Primary effects of low-level lead exposure 

included differences in horizontal exploration and vertical exploration. Decreases in spatial 

memory and greater object memory have also been observed (Sobin, Flores-Montoya et al. 

2017). The same pattern of associations was observed for global rearing following lead 

exposure (Sobin, FloresMontoya et al. 2017). As stated above, several studies have 

demonstrated that lead disrupts cholinergic transmission. For example, in rat pups with lead 

exposure from postnatal day (PND) 7 to PND 28, there was selective reduction (35%) in 

cholinergic activity in septal nuclei and hippocampi (Bielarczyk, Tomsig et al. 1994). In 

another study, perinatal lead exposure produced loss of cholinergic projections to the 

hippocampus and decreased cholinergic innervation in rat neonates, and this deficit persisted 

into adulthood (Bourjeily and Suszkiw 1997). It has also been shown that lead exposure 

decreases the breakdown of acetylcholine (Ach) and increases acetylcholinesterase (AChE) 

in the hippocampus (Reddy, Basha et al. 2003).

Many studies have shown that disruption of the cholinergic system also impacts 

dopaminergic and glutamatergic systems. In the hippocampus, ACh receptors are expressed 

in over 90% of all GABAergic neurons (Van der Zee and Luiten 1993). Synaptic plasticity in 

the hippocampus is directly influenced by cholinergic effects on glutamate transmission 

(Hasselmo). Cholinergic interneurons have also been identified in the hippocampus 

(Frotscher, Vida et al. 2000). Lead alters muscarinic modulation of glutamatergic 

transmission (Wang, Luo et al. 2007). ACh has primary and complex effects on synaptic 
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plasticity in the hippocampus (Drever, Riedel et al. 2011). Finally, specifically in the 

hippocampal glutamatergic system, ACh functions as a neuromodulator, altering change in 

“state” of neurons acting via “volume transmission” (Picciotto, Higley et al. 2012).

In this brief example, abnormal rearing behavior in pre-adolescent mice with chronic 

developmental lead exposure was used to organize complex mechanistic data (memory-

dependent rearing behaviors linked to disrupted hippocampal cholinergic transmission, 

leading to altered GABAergic and glutamatergic neurotransmission in the hippocampus). In 

this example, a single behavioral observation was utilized to identify plausible underlying 

mechanistic changes that are known to be associated with that behavior and then led to the 

identification of other potential mechanistic changes hypothesized to be linked to the 

changes. Many tested behaviors associated with other brain mechanisms and pathways have 

not been shown to be disrupted in young lead exposed mice and it is important to 

incorporate knowledge of inconsistent or negative findings in new models..

Behavioral changes that are quantified at multiple stages of development can be used to 

organize the complex mechanistic effects of potential developmental neurotoxicants. The 

example provided was very simple, using one behavioral effect occurring at only one point 

in time (pre-adolescence). For the purposes of using behavior to organize understanding of 

toxicant effects on pathways and mechanisms, it is important to consider that behavior can 

be used to reveal at least four qualitatively different types of mechanistic effects. These 

include initial alterations in mechanistic functions in the absence of obvious damage; 

periods of exceptional mechanistic vulnerability in brain systems (“developmental 

windows”); cumulative effects within a single behavioral domain at different developmental 

stages; and shifting effects across behavioral domains during development from shifting 

disruption of underlying mechanisms.

Challenges with Neurotoxicity Evaluation Framework Implementation

Nervous system development involves the execution of very intricate, well-orchestrated 

events including the appropriate differentiation of glia and neurons, tangential, and radial 

cell migration, programmed cell death, synapse formation, myelination and neural circuit 

establishment. These events (amongst others) occur across defined, and potentially 

overlapping developmental periods which differ according to brain compartment, and many 

rely on cues from surrounding microenvironment (e.g., CNS region). Toxicant exposure 

during discrete periods of vulnerability can detrimentally shift or disrupt normal 

developmental trajectories, leading to life-long consequences in function. Moreover, 

chemical exposures occur within the context of a myriad of other modifying factors that are 

unique on an individual level (i.e., socioeconomic status, age, stress, nutrition, as well as 

health status; Figure 3), and these variables must be considered when identifying susceptible 

populations.

As discussed earlier, developmental timing is a major influential component of exposure 

context and is interrelated to pregnancy itself. There are complex (and often overlapping) 

events between the development of the brain and immune system from gestation to early 

postnatal life in humans. Due in part to these overlapping processes, maternal inflammation 
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during pregnancy can contribute to neuronal dysfunction and altered behavioral phenotypes 

in the offspring (Hava, Vered et al. 2006, Spann, Monk et al. 2018). Emergent evidence 

suggests that maternal immune system activation during specific periods of neural 

development is a common risk factor for several CNS disorders, including schizophrenia, 

autism and epilepsy (Knuesel, Chicha et al. 2014, Estes and McAllister 2016). The impact of 

short- and long-term maternal immune activation are dependent on genetic predisposition, 

sex, specific window of brain development, and the specific insult (Howerton and Bale 2012, 

Knuesel, Chicha et al. 2014). However, immune activation during pregnancy is not always 

adverse (Bilbo and Schwarz 2009), as cytokines are critically involved in many important 

brain development processes (including neuronal/glial cell migration, differentiation, and 

synaptic maturation). To further underscore the role of context, levels of microglial 

activation (measured by the authors, as “reactive or amoeboid morphology”) during 

neurodevelopment are dependent not only on developmental timing but also on sex of the 

child. Male rats were shown to have significantly more activated microglia early in postnatal 

development (postnatal day 4), while females have more microglia with activated 

morphology later in development, as juveniles and adults (postnatal day 30–60) (Schwarz, 

Sholar et al. 2012).

Discussion

Frameworks for describing mechanistic DNT data present challenges. Scientists are 

developing AOPs to help illustrate the relationship between early life mechanistic events and 

later life adverse health effects. To date, the number of AOPs in the AOP wiki related 

specifically to DNT are limited, and mostly focused on those related to thyroid hormone 

disruption (https://aopwiki.org/aops). This limited number of AOPs reflects the complex 

nature of nervous system development. One of the key issues is a determination of when 

mechanistic changes are adverse, since the context and environment of an exposure can 

influence responses. A change in brain morphology or behavior related to exposure is not 

necessarily indicative of an adverse phenotype within the context of the organism. For 

example, a shift toward a more anxiogenic neuroendocrine state or a modulation of 

reproductive success may serve as an advantage for a species living within a high threat 

environment, promoting survival and the propagation of genes (Cameron, Champagne et al. 

2005). Recent discussions regarding the role of sex differences in the brain also provide 

useful insights. Rather than being causal in predicting behavioral differences between males 

and females, these neurobiological features may function to diminish sex-differences that are 

attributable to system-wide organ differences between males and females (de Vries and 

Forger 2015).

One of the common criticisms of using DNT AOPs organized by neurodevelopmental 

process is that complexity increases greatly when trying to integrate modifying factors (such 

as age, epigenetics, and regional specificity). Individual differences in response to exposures 

is the rule rather than the exception and there are a vast range of modifying factors that will 

influence exposure-induced effects. Within an individual, there will be variability in the 

neurodevelopmental impact observed in response to exposure, depending on the age at 

which assessment occurs and the specific neurological processes being analyzed. Behavioral 

output can also modulate these outcomes. Physical activity, exposure to anxiogenic 
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environments, and social encounters may be used to evaluate behavioral phenotypes 

resulting from exposure and can impact the function of neural systems, including 

neuroplasticity, serotonergic activity and the functioning of the hypothalamic-pituitary-

adrenal (HPA) axis. Collectively, these factors will increase the complexity of outcome 

measures and create significant challenges to categorizing data from existing and future 

studies.

As has previously been suggested (Council 2009), one strategy to begin to discern how 

exposure context and modifying factors modulate the response to exposure is to consider 

contexts/factors that share upstream or downstream mechanisms with a neurotoxicant, 

without which interactions would not be expected. For example, lead exposure and stress 

both impact the HPA axis as well as the mesocorticolimbic regions of brain (Cory-Slechta, 

O’Mara et al. 1998, Cory-Slechta, O’Mara et al. 1999, Berger, Barros et al. 2002, Barros, 

Berger et al. 2004, Martinez-Tellez, Hernandez-Torres et al. 2009, Rossi-George, Virgolini et 

al. 2011, Segal, Lin et al. 2015, Sobolewski, Conrad et al. 2018), a fact that likely explains 

why they have common adverse outcomes as well, including deficits in attention-related 

behaviors and cognition (Nigg, Knottnerus et al. 2008, Li, Olsen et al. 2010, Boucher, 

Jacobson et al. 2012). Given their common biological targeting, it could be expected that 

lead and stress would interact. Indeed, studies have demonstrated such interactions (Segal, 

Lin et al. 2015). The fact that most neurotoxic metals appear to have effects on 

glucocorticoid functions (Makino, Tanaka et al. 1996, Elez, Dundjerski et al. 2001, 

Brkljacic, Vojnovic Milutinovic et al. 2004, Spuches and Wilcox 2008) is consistent with the 

observations that other metals (e.g., methylmercury and arsenic) can likewise be shown to 

have neurotoxic consequences that are modified by prenatal stress (Sobolewski, Conrad et 

al. 2018).

Though DNT risk assessments primarily focus on neurobiological and behavioral outcomes, 

the interactions between the brain and other biological systems needs careful consideration 

(Segal, Lin et al. 2015). Within the field of psychoneuroimmunology, the reciprocal impact 

of stress and immune function on the brain has been well documented and there has been 

increasing focus on how disruption to any one of these systems can impact 

neurodevelopment (Knuesel, Chicha et al. 2014). The gut microbiome also impacts brain 

development (Heijtz, Wang et al. 2011) with the potential for reciprocal gut-brain 

interactions driving phenotypic variation (Catron, Keely et al. 2019, Catron, Swank et al. 

2019). Similar to the framework being adopted for sex-differences in the brain (de Vries and 

Forger 2015), a whole body perspective on brain development may create novel avenues of 

research within DNT risk assessment where indirect effects on brain function consequent to 

systemic effects of exposure on other systems are integrated and the bi-directional pathways 

leading to long-term outcomes are more carefully considered.

Conclusions

An alternative DNT in vitro testing battery for regulatory purposes has been identified after a 

series of workshops, that includes in vitro and alternative assays for application of an 

Integrated Approach to Testing and Assessment (IATA) (Tollefsen, Scholz et al. 2014, 

Fritsche 2017, Fritsche, Crofton et al. 2017, Bal-Price, Hogberg et al. 2018). Guidance on 
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how to use/interpret this battery are in progress.(Sachana, Bal-Price et al. 2018), and include 

“collation of available DNT methods and their scoring for readiness, selection of methods to 

form a DNT testing battery, the generation of a reference set of chemical that will be tested 

using the battery, and case studies exemplifying data interpretation, as well as the 

development of an OECD guidance document” (Sachana, Bal-Price et al. 2018). The OECD 

IATA project (http://www.oecd.org/chemicalsafety/risk-assessment/iata-integrated-

approaches-to-testing-and-assessment.htm) that engages regulators, scientists, and 

stakeholders to try to increase new alternative methods (NAMs) in the regulatory arena by 

considering the decision context needs and uncertainty. Structured frameworks, such as 

those discussed in this publication, are essential for weighing different types of mechanistic 

across different levels of biological organization and methods (Tollefsen, Scholz et al. 2014). 

This approach represents a first step toward the incorporation of an understanding of the 

mechanistic basis of DNT into the regulatory process by using phenotypic screening assays.

Using frameworks to structure mechanistic data with developmental neurotoxicity data is a 

challenging task. There is a range of structured frameworks that encompass mechanistic data 

types, each differing in size and complexity. Screening and use of mechanistic DNT AOPs 

are still ongoing research areas for quantitative use in risk assessment, and there are a 

limited number of AOPs available for developmental neurotoxicity. Importantly, the 

influence of stress, social environment, sex, age, and other susceptibility factors can all 

influence the ability to detect effects on neurological function and outcomes (e.g. by altering 

the effective dose of potential toxicants), creating a unique challenge to incorporate so many 

complex factors in a given assessment. In vitro data possess inherent limitations, and even in 

vivo data can be challenging to encompass the full extent of real-world exposure scenarios. 

DNT data are diverse and complex, and framework implementation is a work in progress. 

Typically, DNT endpoints that are used in risk assessment are those representing 

morphological, pathological or functional changes in behavior. To better incorporate 

emerging and non-traditional data types into DNT risk assessment, there is a need for better 

in vitro to in vivo extrapolation (IVIVE), well described animal and human models, and 

AOP models that can consider dynamic changes and qualitative dose response in those 

various.tissues. The variety of modifying factors that can influence neurotoxicity make this 

an exciting and challenging area of research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Mechanistic data from developmental neurotoxicity studies are abundant and 

heterogeneous

• Risk assessments can utilize mechanistic DNT data for diverse uses

• Potential organizing frameworks for evaluation of mechanistic data are 

discussed

• Nervous System is complex, leading to challenges with framework 

implementation
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Figure 1: 
Schematic of an adverse outcome pathway from the molecular initiating event to the adverse 

outcome that occurs at the whole organism level (Ankley, Bennett et al. 2010).
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Figure 2: 
A potential example framework showing how relationships between mechanistic data from 

different sources can be organized. Mechanistic data relevant to neurodevelopment are 

mapped using the adverse outcome pathway construct. In this example, the adverse effects 

are a change in layer thickness, and the original molecular initiating event (MIE) is an effect 

on cyclin dependent kinase (CDK). There are many potential MIEs, pathways, events, and 

adverse effects that could populate this framework. (, ROS=reactive oxygen species, AChE= 

acetylcholinesterase, VGCC = voltage gated calcium channel,, Learning & Memory (L/M), 

Neurotransmitter (NT), electroencephalogram (EEG), long term potentiation (LTP,), GO 

=gene ontology KEEG =Kyoto Encyclopedia of Genes and Genomes).
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Figure 3: 
The blue circle indicates an individual and the arrows indicate the variety of variables and 

risk factors that are unique to each individual and can influence or modify an individual’s 

response to a developmental neurotoxicant. These many variables and factors emphasize that 

the environmental and biological context of an exposure is important when considering its 

impact. All these risk factors collectively influence an individual’s overall health status.
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Table 1:

Perturbation of key neurodevelopmental events results in developmental neurotoxicity when using model 

chemicals.

Key Event Consequence of Disruption Model Chemical

Proliferation Incorrect cell number Ethanol (Miller 1986)

Migration Abnormal cell position MeHg (Guo, Yan et al. 2013)

Differentiation Change in cell identity Ethanol (Tingling, Bake et al. 2013)

Neurite Growth Abnormal connections Cocaine (Jones, Fischer et al. 1996)

Synaptogenesis Abnormal connections Ethanol (Inomata, Nasu et al. 1987)

Apoptosis Incorrect cell number Ketamine (Huang, Zhang et al. 2014)
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Table 2:

List of signaling pathways that are active across development (NRC 2000).

Signaling Pathways Active Across Development (NRC 2000)

Wingless-Int

Transforming Growth Factor Beta (receptor serine and threonine kinase)

Hedgehog

Receptor tyrosine kinase (small G protein)

Notch-Delta

Cytokine receptor (cytoplasmic tyrosine kinases; STAT pathway)

Interleukin-1-Toll Nuclear Factor Kappa Beta

Nuclear hormone receptor

Apoptosis

Receptor phosphotyrosine phosphatase

Receptor guanylate cyclase

Nitric oxide receptor

G-protein couples receptor (large G proteins)

Integrin

Cadherin

Gap Junction

Ligand-gated Cation channel
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